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Abstract

Atrial fibrillation (AF) is the most common arrhythmia, affecting over 1% of the population.
Sodium channel blockers are commonly used to treat AF by restoring sinus rhythm. Current
anti-arrhythmic drugs such as flecainide, do not specifically target atrial sodium channels,
and information on electrophysiological differences between atria and ventricles is limited.
Furthermore, flecainide is contraindicated in ischaemic heart disease (IHD) patients due to
increased mortality. The mechanisms are unknown, necessitating further study.
Understanding electrical differences and drug sensitivities is vital for effective treatment

and improved patient outcomes.

The project aimed to characterise electrophysiological properties in left atria (LA) and left
ventricles (LV), distinguish the differential effects of flecainide, in LA and LV, and investigate
interaction of flecainide and ischaemia. Electrical activity from ex vivo hearts were
measured using optical mapping from healthy wildtype (WT) mice aged 10 to 15 weeks.
Global ischaemia was triggered using low perfusion pressure method, and regional

ischaemia was triggered by ligating left anterior descending artery (LAD) ex vivo.

Our data showed a significantly slower conduction and shorter action potential duration
(APD) in the LA compared to LV. Flecainide showed inhibition of the sodium current and
slowed conduction to a greater degree in the LA compared to LV. CV was further slowed
in ischaemic hearts in the presence of flecainide. Ischaemia prolonged the APD when
compared to baseline APD. Further investigation of molecular drivers of the atrial and
ventricular resting membrane potential (RMP) and the molecular interaction partners of
flecainide may help to identify new targets for early rhythm control therapy in patients

with AF.
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1. Introduction

1.1. The heart

1.1.1. Anatomy and function

The heart is a muscular organ made up of four chambers; left atrium and right atrium,
left ventricle and right ventricle, with a septum wall separating the left and right
ventricles. The atria are separated by a thin wall of tissue known as interatrial septum.
The heart lies between the lungs and the sternum, in the thoracic cavity, with the base
of the heart located along the body’s midline and the apex pointing towards the left side
of the body’s midline. The four chambers are relaxed during diastole and systole is
initiated with an action potential originating in the sinoatrial node (SAN) in the right
atrium. The main function of the right atrium is to receive deoxygenated, carbon dioxide
(COz) enriched blood via inferior and superior vena cava and pump it into right ventricle,
through the tricuspid valve. The right ventricle pumps the blood to the lungs via
pulmonary artery to be oxygenated. The left atrium receives the oxygenated blood from
the lungs and pumps it to the left ventricle via the mitral valve. The left ventricle pumps
the oxygenated blood out to the rest of the body via the aorta, the largest artery in the
human body. The flow of blood through the circulatory system once makes up a single
heartbeat. The number of heart beats per minute varies from species to species. Smaller
animals generally have faster heart rates than larger animals [1]. In humans, a normal
heart rate typically ranges from 60 and 100 beats per minute (bpm), whereas in mice it

ranges between 400 and 800 bpm [2].



The heart is made up of 3 main layers, pericardium, myocardium and endocardium. The
pericardium is a thin, double layered sac that surrounds and protects the heart. The
pericardium itself is made up of several layers, the outer fibrous pericardium and the
inner serous pericardium. The outer fibrous pericardium provides protection to the
heart and anchors it to the surrounding structures. The inner serous pericardium is made
up of a further two layers, the parietal layer and visceral layer. The parietal layer lines
the inside of the outer fibrous pericardium, while the visceral layer is attached to the
heart muscle. The parietal and visceral layer is divided by a space known as the
pericardial activity and contains lubricating fluid allowing the heart to move within the
pericardial sac [3]. The visceral layer is also known as the epicardial layer, and the
epicardium is characterised by high cellular plasticity and is critical in heart development
and regeneration. It is composed of connective tissue, fat and coronary blood vessels

and is involved in the formation of the heart’s coronary arteries, Figure 1.1.

The myocardium is the muscular, middle layer of the heart and is responsible for the
heart’s ability to contract and pump blood throughout the body. The myocardium is
made up of striated cells connected by intercalated discs called cardiomyocytes and
these have specific structures and properties enabling cell contractility [4]. There are
two major types of cardiomyocytes: contractile cells which make up 99% of the cardiac
myocytes and conducting cells which make up 1% of the cardiac myocytes. In total,
cardiomyocytes account for approximately 30% of all cardiac cells. Cardiac cells consist
of fibroblasts, endothelial cells, mesothelial cells, and adipocytes. Contractile cells are
responsible for receiving electrical impulses and contraction of the heart with the aid of

contractile proteins, actin and myosin. Conducting cells form the conduction system of



the heart which will be discussed later in the chapter. Cardiomyocytes are enveloped by
sarcolemma and contain a nucleus and several mitochondria. One main feature of
cardiomyocytes is the intercalated discs consisting of junctional components, adherens
junction, desmosomes and gap junctions, Figure 1.1. These junctional components
enable cells to communicate with one another. Adherens junctions associate with the
actin cytoskeleton, joining them with neighbouring cells [5]. Desmosomes create a
stronger connection than adherens junction and join intermediate filaments of
neighbouring cells [6]. Gap junctions are specialised intercellular channels and connect
cytoplasm of adjacent cells through protein channels. lons and small molecules are
diffused between adjacent cells via the gap junctions which are gated by voltage [7].

Voltage of cell membranes are mediated by sodium, calcium and potassium ions.

Finally, the endocardium is the innermost layer of the heart wall which is highly
vascularised and lines the chambers of the heart, heart valves, chordae tendinae and
papillary muscles [8]. It comprises of a layer of endothelial cells and a layer of connective
tissue. The endocardium is involved in the regulation of the heart’s contraction and
relaxation. It contains specialised cells called Purkinje fibres that help to coordinate

electrical impulses and contraction of heart.
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Figure 1.1 Structure and layers of the heart. Top panel shows layers within the heart wall,
pericardium, parietal pericardium, visceral pericardium, myocardium and endocardium. Middle

panel shows composition of myocardium. Bottom panel shows two cardiomyocytes linked
together through gap junctions. Figure adapted from Sheffield 2020.



1.1.2. Cardiac conduction system

The cardiac action potential (AP) is the electrical signal that travels through the heart
during each heartbeat, leading to contraction of the heart muscle and pumping of blood
throughout the body. The action potential originates in the sinoatrial node (SAN), a
crescent-like shaped cluster of myocytes, which is located in the right atria. SAN is made
up of pacemaker cells responsible for setting the rate and rhythm of the heart and acts
as the primary pacemaker of the heart. The SAN generates spontaneous electrical
impulse at a rate determined by the sympathetic nervous system (SNS) and
parasympathetic nervous system (PNS) [9]. It can also be affected by other factors such
as ion concentrations, hormones, medication and ischaemia. The SNS governs the “fight
or flight” response, increasing the heart rate, and the PNS governs the “rest and digest”
response, decreasing the heart rate [10]. Through gap junctions, the action potential
propagates from the SAN in right atria to left atria at a velocity of = 0.5 m/s, through
Bachmann’s bundle, initiating atrial muscular contraction and the filling of ventricles.
The action potential travels to the atrioventricular node (AVN), a structure found on the
interatrial septum that connects the electrical systems of the atria and ventricles [11].
The AVN plays a gatekeeping role in delaying the signal between atria and ventricles.
The conduction velocity slows to = 0.05 m/s at the AVN, preventing premature
contractions of the ventricles. The 0.1 s pause in depolarisation ensures atrial systole is
complete [12]. In the event of SAN failure, the AVN functions as a protective role by

becoming the dominant pacemaker of the heart [13]. The electrical impulse is then



transmitted down Bundle of His and Purkinje fibres, finally reaching the ventricles and

initiating contraction of the ventricles.

There are several types of conduction disorders that can occur along the conduction
system. These include sinus node disease, AV block, SA block, SA pauses and bundle
branch block. The SA and AV nodes are also susceptible to re-entry arrhythmia, a self-

sustaining propagation of action potential in a circus-like closed loop circuit [14].



-~ -,
- fﬂ’;"\ :IL“"";f ,-"l‘.,‘\'.
r xll S 1\\ i !‘f
ll | \I wd =R
i
| /
1 w \
1 P S e ————
;h'_""t L‘f P ; '-;
\ | | ! L
.ﬂ—--——-:: | I /"_'_'L-_-_-_-_?_-‘\L
/ | = I
| —— Ty I
A ! \ ‘J 2 Ir**“" Sy )
S —
et Y P I \\r‘:‘ £
% |
I v 5 \ \ \ ;
l'\ { o PN . S
== 3 = S
{ If ;(/F“\{lf_mxi i \
l “~_ 4 |
I h._ A . . "\ll
| y wl \
1% TS VA Y
1. h'll 3 rf; M — \'-: #\4 1"; 1&1
3 I \ B A}
llll\ Y .-}-11" \ , Y \
AN =D \ \ \ ||
ol i b A | |
il\ ~ A g |
. Hl‘""—-—-.. \\ N, ! #
S ST /
! | R — i
i\ ; HH"‘"—-.._,___- =
e -

Figure 1.2. Transverse section of human heart showing the cardiac conduction system. A
summary of the cardiac conduction system in the human heart with the main components, SA
node, AV node, Bachmann’s bundle, bundle of His, Purkinje fibres, left posterior bundle and right
bundle. AP initiates at sinoatrial node [1], before spreading to Bachmann’s bundle [2] reaching
the left atria. The AP is transmitted to AV node [3], through bundle of His [4], down the bundle
branches [5] and through Purkinje fibres [6]. Figure adapted from Sahu 2015 [15].



1.1.3. Cardiac action potential

The cardiac action potential refers to the change in electrical charge of the cell during a
single heartbeat. The change in voltage in electrical charge is caused by the flow of ions
across cell membranes leading to depolarisation and repolarisation of the cell
membrane. The main ions involved include sodium (Na*), calcium (Ca%*) and potassium
(K*) which travel in and out of cells via specific ion channels, pumps and exchangers,
depending on changes in permeability of the ion transporters. The action potential
consists of 5 phases, phase 0, 1, 2, 3 and 4. At phase 4, the cell is at rest. The cell
membrane is polarised with an intracellular negative charge and extracellular positive
charge. At rest, the resting membrane potential (RMP) is = -90 mV. Phase 0 is a rapid
depolarisation of the cell, caused by the opening of voltage gated Na*channels and influx
of Na* ions. There is an increase in Na* and a decrease in K* conductances and the
membrane potential rises to a more positive voltage range, = +50 mV. Phase O is
represented by the initial upstroke of the action potential. Phase 1 is the initial
repolarisation of the cell membrane. The voltage gated Na* channels become inactive,
terminating influx of Na* ions, and voltage gated K*' channels (/1) and
Na*/Ca?*exchanger (NCX) become active, allowing efflux of K*and Ca®*ions and influx of
Na* ions. This causes the membrane potential to go from = +50 to +30 mV. Phase 2 is
the plateau phase, characterised by a sustained membrane potential. This is due to an
influx of Ca®* ions through voltage gated Ca?* channels, known as L-type calcium
channels (LTCC), and efflux of K* ions through delayed rectifier K* channels (/ks) [16].

Phase 3 refers to the rapid repolarisation of the cell membrane. LTCC close, stopping the



influx of Ca%*ions, while Ixs channels remain open allowing continued efflux of K*ions
from the cell. During this phase, other K* channels open, the rapid delayed rectifier K*
channels (lr) and the inwardly rectifying K* (Kir) channels. As the membrane potential

returns to phase 4 state, Ixs channels close and Kir channels remain open [17].

1.1.3.1. Atrial action potential

As shown in Figure 1.3, the atrial action potential is slightly different from the ventricular
action potential. Like the ventricular action potential, atrial action potential is also
divided into 5 phases. The key difference is in phase 2, the plateau caused by activation
of Is is sustained for a shorter time in atrial action potential compared to ventricular
action potential. The atrial action potential often has a triangular shape as opposed to
the ventricular counterpart's spike-and-dome structure and significant plateau phase.
The atrial RMP, which is more depolarised than that of the ventricular RMP, has been

reported to range between -65 and -80 mV [18].

1.1.3.2. Pacemaker cell action potential

Unlike the ventricular and atrial action potential, the pacemaker cell action potential
consists of 3 phases, phase 0, 3 and 4. The opening of voltage gated Ca?* channels and
an influx of Ca?* ions result in an upstroke in membrane potential, phase 0. The
membrane potential goes from = -40 mV to +10 mV less rapidly than myocardial action

potential upstroke since Ca%*channels are slow channels compared to voltage gated Na*



channels. This results in a slower depolarisation and slower action potentials. Phases 1
and 2 are absent in pacemaker cells and phase 0 is followed by phase 3. In phase 3, Ca%*
channels close, preventing the efflux of Ca*ions and voltage gated K* channels to open,
allowing an efflux of K* ions. This results in a decrease of membrane potential from +10
mV to -60mV. Phase 4 consists of a gradual depolarisation which occurs through the
slow influx of Na* ions via hyperpolarisation-activated cyclic nucleotide—gated (HCN)
channels. As the name suggests, HCN channels are activated by hyperpolarisation and
only open when the cell is at rest or is repolarising. They are important in generation of
pacemaker potentials, sinoatrial impulse propagation, cardiac excitability and precision
of heartbeat [19]. The slow influx of Na* ions through HCN channels cause a slow
depolarisation during phase 4 to go from a membrane potential of = -60 mV to the
threshold potential, = -40 mV. The SAN pacemaker cells depolarise at a rate of 60 to 100
per minute whereas the AVN pacemaker cells depolarise at a rate of 40 to 60 per minute.
The slope of phase 4 from the primary pacemaker, which is the SAN, determines the

heart rate [17].

1.1.3.3. Differences in atrial and ventricular action potential

The changes in action potential morphology between atria and ventricles is largely down
to handling of ions and their underlying transcripts. Differences in expression of some
of the ion channels, pumps and transporters in the atria and ventricles, and also

between species have been characterised.
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In the mammalian heart muscle, action potential amplitudes and durations are mainly
influenced by K* channels that are sensitive to voltage changes. Based on differences in
time and voltage dependent properties, two classes of voltage gated K* currents have
been distinguished: rapidly activating and inactivating transient outward K* currents, /o,
and slowly inactivating outward rectifying K* currents, Ik. lto currents contribute towards
the early phase of action potential repolarisation while the Ik current contributes

towards the late phase of the repolarisation [20].

In the human heart, the Ikur current can be found in the atria, but is absent in the
ventricles. Ikur, also known as the ultrarapid rectifier potassium current, is a major
contributor towards the repolarisation process of the heart. It is carried by the K,1.5
channels and predominantly expressed in the atria, contributing little towards
ventricular repolarisation [21]. The fast /i, current, encoded by K\4.3, and known as fast
cardiac transient outward potassium current, is detected in the human atrium whereas
both fast and slow /i, current can be detected in the ventricles [22] [23]. The G-protein-
gated potassium channel, responsible for lkach, known as acetylcholine-activated inward
rectifier potassium current is encoded by GIRK channels. lkach, density has also been
shown to be greater in the atrium than in the ventricle [24]. A representation of ion

currents in atria and ventricles can be seen in Figure 1.4.
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Figure 1.3. Action potential waveform of SA nodal, ventricular and atrial cell, and their
underlying currents, in humans. This figure shows different phases of action potentials in the
SAN, ventricles and atria and the influx (below the line) and efflux (above the line) of currents.
Figure taken from Jost 2009 [25].
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1.1.3.4. Mouse action potentials

It is important to note the action potentials and underlying currents vary between cell
types, chamber type and species type. In mice, ventricular RMP has been recorded at =
- 73 mV, while the human ventricular RMP has been recorded at = 90 mV [26]. This
difference in resting membrane potential may come from the differential expression
and density of potassium currents [26]. Much like the atrial action potential, mouse
action potential is more triangular in morphology. In mice, L-type Ca?* current contribute
less to the ventricular action potential compared to humans resulting in a gradual
repolarisation rather than a plateau which is observed in humans. Similar to human SAN
action potential, mouse SAN action potential is also similar in morphology but
depolarises at a faster rate. Heart rates of mice range between 431 and 800 bpm. Action
potentials in mouse ventricles is = 50 ms, compared to = 250 ms in humans. According
to Figure 1.5, there are differences in density of potassium channels between human
and mouse ventricular action potential resulting in a change during the repolarisation
phase. For humans, rabbits, and guinea pigs, ventricular repolarisation mostly depends
on lkr and Iks potassium channels, whereas in rats and mice, transient outward K* current
(o) and ultrarapid outward K* current (/kur) have a dominant effect [26]. Despite these
differences, there are still many similarities across both species. The basic mechanisms

of depolarisation, Na*influx, K* efflux and repolarisation are similar in humans and mice.
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Figure 1.4. Atrial action potentials in different species. Representation of atrial action potential
in mouse, rat, rabbit, dog and human [27].
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Figure 1.5. Ventricular action potentials of human and mouse. Human action potential with
their underlying currents shown on the left. Mouse action potential and underlying currents
shown on the right [28].
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1.2. lon homeostasis

The heart is a complex organ that requires precise regulation of ions to maintain normal
electrical and mechanical function. Exchange of positive charged ions including Na*, Ca?*
and K*, play a key role in action potential generation, contractility and maintaining a pH
balance in the cells. lon homeostasis in the heart is maintained through passage of
charged ions through a variety of ion channels, pumps and exchangers. These ion
transporters are highly selective ion pores that span across the phospholipid bilayer of

the cell membrane.

During diastole, the intracellular Ca%* concentration typically ranges from 0.05 to 0.1
umol/L. Action potentials travel along the sarcolemma and into transverse tubules (T-
tubules) initiating depolarisation of the cell membrane. In systole, L-type Ca?* channels
open allowing Ca?* entry into cells during phase 2 of the action potential. Intracellular
Ca?* concentration rises rapidly to approximately 1 pumol/L. The Ca?* influx triggers the
release of large amounts of stored Ca?* from the sarcoplasmic reticulum (SR) through
the ryanodine receptors, a phenomenon known as calcium-induced calcium release.
Most of the Ca?* required for contraction comes from the SR [29]. At the end of the
contraction, the intracellular Ca?* concentration rapidly decreases back to diastolic
levels. Breitweiser 2008 reported extracellular fluid Ca?* concentration to be 1.2 mmol/L

[30].

98% of the entire pool of K*ions are located intracellularly with only 2% located in the

extracellular fluid. The typical intracellular K*in human cardiomyocytes ranges between
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140 and 150 mmol/L. Extracellular concentration of K*is usually conserved between 3.5

to 5 mmol/L [31].

Human cardiomyocytes maintain a large electrochemical Na* gradient across the plasma
membrane. Na* concentration in extracellular fluid is approximately 140 mM, while
intracellular Na* concentration is between 4 and 16 mM [32]. This large electrochemical
gradient is maintained by the activity of the sodium-potassium (NKA) pump, which uses
energy from ATP hydrolysis to actively transport Na*ions out of the cell and K*ions into

the cell [32].

Maintaining ion homeostasis is critical for maintaining cardiac function and preventing
cardiac disorders. Dysregulation of any one of these ionic concentrations can lead to

cardiac dysfunction.

1.2.1. Sodium pathways

As mentioned, cardiac function is maintained through ion transporters that tightly
regulate delivery of ions in and out of cells. lon transporters can be divided into
channels, pumps and exchangers, and collectively these govern the influx and efflux of
Na* into and out of cell, thus maintaining intracellular Na* levels. There are several
transport mechanisms for Na*influx and efflux, voltage gated sodium channels, sodium-
potassium ATPase pump (NKA), sodium-hydrogen exchangers (NHE) and sodium-

calcium exchanger (NCX), Figure 1.6. The main Na*entry pathways are the voltage gated
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channels, NCX and NHE. NKA pump constitutes the only significant sodium extrusion

pathway [30].

+
P 3Na

Figure 1.6. Summary of sodium influx and efflux pathways. Sodium is regulated by voltage
gated sodium channels, Na,1.5, [1], NKA pumps, [2], NHE [3] and NCX [4]. Arrows determine
movement of ions, either against the concentration gradient with the aid of ATP, or down its

concentration gradient. Figure created by author of this thesis.
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1.2.1.1 Voltage-gated sodium channels

Voltage-gated sodium channels (VGSCs) are transmembrane proteins which are
responsible for the rapid upstroke of the cardiac action potential and rapid conduction
through the heart. Nine subtypes of voltage gated sodium channels have been
identified, Nay1.1 to Na,1.9. Na,1.5 is the primary cardiac voltage gated sodium. The
Nay1.5 consists of a principal =220 kDa pore-forming a-subunit and one or more 30 kDa
auxiliary B-subunits. a-subunits are composed of four homologous domains, | — IV, C-
terminus and an N-terminus. Each domain contains six transmembrane segments, S1 —
S6, with the S4 segment acting as a voltage sensor [33]. S5 and S6 segments form the
pore with an intermembrane P-loop and conduct and gate ions, Figure 1.7. Movement
of the voltage sensing function of S4 in domains I-lll activates the Na,1.5 channel. This
movement drives phase 0 depolarisation, activating the cardiac action potential and
propagating the electrical impulse to neighbouring cells. Movement of the voltage
sensing function in domain IV leads to channel inactivation, driving pore occlusion [34].
There are five B-subunits, B-1, B-1B, B2 to B-4, and these also consist of an N-terminus
and a C-terminus. The B-subunits modulate the gating, kinetics and facilitate Na,1.5
localisation at the intercalated disc [35]. B-subunits are encoded by SCN1b-4b genes.
The primary a-subunit expressed in the heart, Na,1.5, is encoded by the SCN5a gene
located on chromosome 3p21. Most mutations in this gene are linked to cardiac
arrhythmias and is also a target for many anti-arrhythmic drugs (AAD). These AADs
include flecainide, propafenone, lidocaine and quinidine, amongst many others, and are

inhibitors of cardiac Nay1.5 Na* channels. Sodium channel blockers work by reducing the
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channel’s affinity for Na* ions, resulting in a slower rate and amplitude of initial

depolarisation and delayed conduction [36].

Nay1.5 channels are able to configure structurally into three distinct states: open, closed
and inactivated. When the cell is at resting membrane potential, Nay1.5 channels are in
the closed state. Upon receiving an electrical stimulus Nay1.5 channels activate and
open, and then rapidly become inactivated during the state of non-conductivity. In the
inactivated state, the channel pore is open but does not conduct ions. Transmembrane
potential, time, temperature, and pH level are the primary determinants of transition
between these states. Under physiological circumstances, recovery from inactivation
takes place during the repolarisation phase of diastole. The number of Nay1.5 channels
that are available for opening determines the upstroke speed of the action potential and

conduction [37].

COOH

Intracellular

NH2 COOH

NH2

Figure 1.7. Schematic illustration of the structure of Na,1.5. Topology of four domains of a-
subunit, | — IV, with associated B-subunit. Each subunit show a C-terminus and N-terminus.
Segment 4 acts as voltage sensor and segment 5 and 6 form central pore domain. Figure adapted
from DeMarco and Clancy 2017 [38].

19



1.2.1.2 Sodium-potassium ATPase pumps

The sodium-potassium ATPase pump (NKA) is an electrogenic transmembrane ATPase
situated in the outer plasma membrane of the cells. NKA is powered by hydrolysis of
ATP to extrude three Na*ions out of the cell in exchange for two K*ions into the cell,
against their concentration gradient [39]. The NKA pump exists in two forms, E1 and E2.
The pump is in E1 form when it has high affinity for Na*ions and is in E2 form when it
has high affinity for K* ions [40]. In mammals, the NKA is made up of four catalytic a-
subunits and three auxiliary B-subunits and seven tissue specific FXYD subunits [40]. The
a-subunit contains a transmembrane region composed of ten helices, MA1-M10. Within
these helices, there are three binding sites that bind specifically to Na*ions and two
binding sites that bind specifically to K*ions [39]. There are four a-subunit isoforms, al-
ad. al- a3 isoforms are expressed in humans, with al making up more than half the
stoichiometric distribution at 62%, followed by a3 at 23% and a2 at 15% [41]. al
isoforms have high potassium affinity and is localised in external sarcolemma
membranes and T-tubular membranes. It is important in the maintenance of Na* and K*
ions. a2 isoforms have low potassium affinity and preferentially assembles with B2-
subunit and is localised in T-tubular membrane. It is important in the role of Ca?*
signalling [42]. a3 isoforms have low Na* affinity and its relative expression to al is
several fold higher in men than in women. The B-subunits also have specific roles. B2
reduces K* affinity and increases extracellular Na* affinity of the pump, compared to B1
and B3. The B1 subunit is the major isoform in the mouse heart. FXYD functions to lower

substrate affinities of the NKA pump and also affect functional properties [40].
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Mutations in the a and B subunits can result in perturbation of atrial and ventricular
action potential which can lead to many types of arrhythmias such as long QT syndrome,
short QT syndrome, Brugada syndrome and familial atrial fibrillation (AF) [43].
Mutations in the ATP1A1 gene which encodes for al subunit, has been shown to have a
gain-of-function effect and causes the NKA to behave as an ion channel instead of as a
pump. Mutations in ATP1A2 and ATP1A3, which code for a2 and a3 respectively, impair
pump action. There are currently no confirmed human genetic diseases linked with
mutations in FXYD subunits [40]. In patients with dilated cardiomyopathy, there was a
40% decrease of total NKA pump concentration [42]. Commonly used therapeutic drugs
that target NKA include cardiac glycosides such as digoxin. Digoxin is frequently used in
clinical practice for atrial arrhythmias. Depending on indication, digoxin is administered
for its positive ionotropy effects, increasing force of contraction of the heart, or for its
vagal effects on the AV node, decreasing heart rate through stimulation of
parasympathetic nervous system. Digoxin inhibits ATPase, leading to increased
intracellular Na* concentrations. This leads to a decreased activity of NCX, increasing

levels of intracellular Ca?* [44].

1.2.1.3 Sodium-hydrogen exchanger

Sodium hydrogen exchanger, NHE, is a glycoprotein which electroneutrally exchanges
one intracellular hydrogen (H*) ion for one extracellular Na* ion. Nine isoforms of NHE
have been identified, NHE-1 to NHE-9. Of all the isoforms, NHE-1 isoform is the most

abundant in the heart and is considered to be a cardiac specific isoform. The inward
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gradient of Na*from NKA provides a constant driving force for H* extrusion and Na*via
NHE-1. NHE-1 plays an important role in the homeostasis of pH. The exchanger releases
acid from the cell when there is a reduction in intracellular pH [45]. NHE-1 is involved in
several other housekeeping tasks such as regulating intracellular Na* and regulating cell
volume. NHE-1 is made up of 815 amino acid residues and consists of an N-terminal and
C-terminal. There are twelve transmembrane regions with an allosteric H* sensor site

[45].

Dysfunction of NHE-1 is associated in several pathologies. Hyperactivation of NHE-1
caused ischaemia/reperfusion injury, myocardial infarction, heart failure, cardiac
hypertrophy and remodelling. Studies have shown inhibiting NHE-1 provided
cardioprotection from diseased states. Examples of NHE-1 inhibitors include cariporide
and eniporide, however clinical data showed these inhibitors did not provide

cardioprotection and further studies are required [46].

1.2.1.4 Sodium-calcium exchanger

NCX is a reversible transporter membrane protein and exchanges three Na* ions coming
into the cell for one Ca?* ion leaving the cell, along its concentration gradient [47]. NCX
is an antiporter, meaning it transports two molecules simultaneously in the opposite
direction. It has a high capacity and low Ca?* affinity [48]. Reversibility of NCX refers to
its ability to operate in either forward mode [49]. In forward mode, Na* ions enter the

cell and Ca?* leave the cell and in reverse mode, Na* ions leave the cell and Ca?* ions
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enter the cell. The NCX operates in the forward mode when the membrane is

hyperpolarised and operates in reverse mode when the membrane is depolarised [50].

The NCX exists in three isoforms, NCX1, NCX2 and NCX3 which all share similar structure,
sharing approximately 70% amino acid structure. Each isoform has specific tissue
distribution and kinetic properties. All three isoforms are expressed in the brain, with
NCX1 being primarily expressed in cardiac muscle. NCX1 is localised in the T-tubule
membrane, peripheral sarcolemma and in intercalated discs. It is made up of 970 amino
acids with a molecular mass of 110 kDa. NCX1 has been reported to have nine
transmembrane segments, separated by an intracellular regulatory loop between
transmembrane segment 5 and 6 and two re-entrant loops connecting transmembrane
segment two and three, and seven and eight [51]. The NCX1 comprises of a regions and
B regions. The al and a2 regions are made up of transmembrane segment two and
three, and seven and eight respectively, and these are involved in ion binding and
transport. The B region is found in the large intracellular loop and aids in binding of Ca?*

[42].

Under physiological conditions, NCX ensures the removal of intracellular Ca?* after every
heartbeat. NCX dysfunction and alteration in NCX expression has been implicated in a
number of diseases including heart failure and post-ischaemic cardiac injury.
Accumulation of intracellular Ca?* through common pathologies is also known to trigger
arrhythmias [52]. The dysfunction of NCX and Ca?* handling can lead to electrical
disturbances such as delayed afterdepolarisations (DADs). DADs are transient

depolarisations that occur after an action potential corresponding to the phase 4 of the
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action potential and are observed during intracellular Ca?* overload. Increased
intracellular Ca?* induce spontaneous Ca?* release from the SR. This activates calcium-
sensitive currents, creating a DAD [53]. Hyperactivation of NCX has been observed in
failing hearts which leads to Ca?* depletion and contractile dysfunction. Drugs targeting
NCX have been developed as potential treatments for conditions such as heart failure
and stroke. SAR340835/SAR296968 is a selective NCX inhibitor, inhibiting all NCX

isoforms across species [54].

1.3. Contractility

Cardiac contractility refers to the ability of the heart to contract and pump blood around
the circulatory system. Initiation of contraction is triggered by the entry of Ca?* ions into
the cardiomyocytes and regulated by changes in intracellular Ca%* concentration [29].
The influx of Ca?* triggers Ca?*ions to be released from the sarcoplasmic reticulum (SR)
via calcium induced calcium release. Cardiac contractility comprises of structural
coupling, and functional coupling. Structural coupling refers to the physical connection
and close interaction between Ca?*ions and proteins and structures within the heart
responsible for regulating contractions. In cardiomyocytes, SR network including
ryanodine receptors (RyR) and t-tubule membranes are closely associated and Ca®*
transporters within dyads are organised to allow tight regulation of Ca?* cycling.
Functional coupling refers to the balancing of Ca2* ions across all membranes to ensure
equilibrium between Ca?* influx and efflux on every heartbeat. Free Ca?* released from

the SR binds to troponin on actin filaments in striated muscles, resulting in a
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conformational change of tropomyosin. Myosin then binds to actin releasing ADP and
inorganic phosphate allowing muscle contraction. After contraction, ATP binds to
myosin causing it to detach from actin. This ATP hydrolyses into ADP and inorganic
phosphate and the cycle begins again. Relaxation of the heart is initiated through
removal of Ca?* ion from the cytoplasm. The RyRs close stopping Ca®* being released
from the SR to the cytoplasm and Ca?* is pumped back into the SR via SR Ca-ATPase

(SERCA) and pumped out of the cell via NCX [29].

Atria and ventricles perform various haemodynamic roles which are linked to their
structural and contractile properties. The chambers exhibit differences in the speed of
contraction, volume of blood delivered, and the pressure range generated. The RV wall
is significantly thinner than the LV wall as the RV pumps blood into a low-pressure
pulmonary vasculature while the LV pumps blood into a high-pressure systemic
circulation [55]. The atrial myocardium has highly elastic properties as they primarily
serve as a reservoir for blood from the systemic venous network and do not normally
have to overcome high pressures during contraction [56]. The contractile properties of
atria and ventricles have not been thoroughly studied although limited studies are
available with inconclusive findings. In 2020, Nollet et al’s study performed a large-scale
contractility measurement in WT rat cardiomyocytes from atria, ventricles and
interventricular septal (IVS). They measured contractile functions from over 2000 cells
and found atrial cells exhibited a lower contraction amplitude and slower kinetics of
contraction and relaxation. Compared to LV and IVS cardiomyocytes, RV cardiomyocytes
displayed lower velocity of shortening. IVS cardiomyocytes had a higher relaxation

velocity compared to LV and RV cardiomyocytes. The ventricles produce a greater
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tension of 30 to 50%, and the duration of the contraction and relaxation cycle is almost
doubled when compared to the atrium [55]. In humans, the ventricles are noted to
predominantly express B-cardiac myosin and the atrium to express mainly a-cardiac
myosin. Myosin is fundamental for the generation of cardiac contractions. The two
isoforms of myosin have distinct mechanical and biochemical properties. They are made
up of two heavy chains and four calmodulin-like light chains. The a myosin is expressed
by MHY6 and the B myosin is expressed by MHY7. a isoform is related to higher ATPase
activity and faster muscle shortening velocity compared to B isoform. It contributes to
the rapid contraction of the atrium allowing efficient filling of the ventricles. Ratio of a
and B myosin has been observed to vary greatly between species with smaller mammals
having greater amount of a-isoform in the ventricles. In humans, the percentage of a
isoform in the ventricle and atrium is 5% and 75% respectively whereas in mice, it is
100% and 100% [57]. The precise number of each isoform and their distribution in the
atria and ventricles remains unknown. In patients with atrial fibrillation (AF), there is an
increase in the amount of slow B isoform heavy chain in the atrium, possibly accounting
for the decrease in contractility. The balance between a and B myosin isoforms ensures
efficient cardiac function and the differences in the expression between atria and
ventricles partly contribute towards differences in atrial and ventricular contractility

[57].
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1.4. Cardiac arrhythmias

The complexity and intricacy of the cardiac system gives rise to disturbances in many
mechanisms leading to cardiac arrhythmias. Cardiac arrhythmias refer to abnormal
heart rhythms, rate or conduction disturbances. Types of arrhythmias can include
supraventricular tachycardia (SVT) characterised by a very fast heart rhythm resulting
from abnormal transmission of electrical impulses across the heart, atrial flutter
characterised by a fast heart rhythm in the atria, sick sinus syndrome, characterised by
periods of very fast or slow heart beats, heart blocks characterised by slow heart rates
resulting from a delay or blockage in the conduction system, and atrial fibrillation (AF),
characterised by an irregular and fast heart rhythm. AF is the most common form of
sustained arrhythmia contributing highly to morbidity and mortality of cardiovascular

disease (CVD) [58].

1.4.1. Atrial fibrillation

The prevalence of AF has increased 3-fold over the past 50 years and continues to
increase globally. As of 2016, prevalence of AF was estimated to be approximately 46.3
million individuals. AF is one of the major causes of stroke, heart failure and sudden
death. Major risk factors contributing to AF include advancing age, race or ethnic
background, pre-existing heart conditions and lifestyle factors for example smoking,
alcohol consumption and obesity [59]. AF is characterised by its occurrence and
progression and is divided into paroxysmal AF, persistent AF, permanent AF, lone AF and

non-valvular AF. Paroxysmal AF is defined by a brief event of AF usually lasting up 24
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hours but can last up to a week, before self-terminating. Persistent AF occurs when AF
lasts more than a week. It may terminate on its own or may require treatment to
regulate heart rhythm. Permanent AF is defined as such when attempts to maintain
sinus rhythm have failed and have been abandoned [60]. Lone AF refers to incidences
of AF in individuals under 60 years of age with no other concomitant heart disease.

Valvular AF is so called as it is related to valvular disease, replacement or repair [61].

The mechanism for AF arises from a complex interaction between triggers, events
responsible for initiating arrhythmia, and substrates, structural or electrical events that
maintain the arrhythmia. Atrial extra systoles or a rapid firing focus of atrial tachycardia
often present themselves as initial triggers. Cardiac diseases predisposing atria to AF
through structural changes such as ischaemic heart disease (IHD), or through electrical
changes are known as substrates [62] [63]. AF events are dependent upon rapidly firing
focus, multiple re-entrant circuit or rotors. When electrical impulse from extra systoles
encounters the myocardium with variable excitability or refractoriness, electrical blocks
can occur, giving rise to re-entry. Early and later after depolarisations contribute
towards atrial ectopic foci. Reduced refractoriness, slow conduction and conduction
barriers contribute towards re-entry [64]. In the event of an electrical block, electrical
impulse circulates around an alternative circuit, repetitively exciting a region of the
heart [65]. This in turn gives rise to generating additional re-entry circuits, ultimately
maintaining arrhythmia. Re-entry occurs in various forms. Re-entrant pathways that
affect the AV node, accessory pathways and the ventricular myocardium, often possess
a long excitable gap, referring to the head of the re-entrant wavefront and the tail of the

previous wavefront. Functional re-entry often occurs in myocardial ischaemia, where
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there is little or no excitable gap, and the impulse propagates around a refractory core

[66].

AF can be caused by and also causes electrical remodelling, contractile remodelling and
structural remodelling in the heart, aiding in further perpetuation of arrhythmia, event
otherwise termed as AF begets AF [67]. A study by Wijffels aimed to understand why AF
tends to become more persistent over time and provides insights into AF’s self-
perpetuating cycle. Goats were connected to a fibrillation pacemaker, artificially
maintaining AF. Electrophysiological changes observed included shortened atrial
effective refractory period, increased inducibility and stability of AF [68]. These changes
observed were found to be reversible within a week. Inducibility of AF was tested again
goats after conversion to sinus rhythm and the inducibility of AF was still very high.
Inducibility of AF decreased after 24 hours and by 1 week, had decreased further.
Shortened atrial effective refractory period also became normalised after 1 week of

sinus rhythm [68].
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Figure 1.8. Mechanism for re-entry. A. Premature atrial complex arises after a block occurs in
a fast pathway. Signals can still propagate down the slower pathway. B. The fast pathway has
repolarized by the time the electrical signal reaches the end of the slow pathway, resulting in
retrograde conduction of the wave. C. The signal travels back along the slower pathway
creating a self-sustaining closed circuit. Figure taken from [69].
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When treating patients with AF, their history must be evaluated, along with symptoms
and duration of AF. This enables the classification of AF and helps guide the
management of AF. Treatment of AF usually involves managing risk factors and
concomitant diseases [70]. In patients, if there is presence of hemodynamic instability,
they undergo direct current cardioversion and are put on anticoagulation. In the
absence of hemodynamic instability, patients are either placed on a rhythm control
strategy, where patients are administered drugs which help control heart rate or placed
on a rate control strategy, where patients are administered drugs that aim to restore
and maintain normal sinus rhythm [71]. Patients with severe asthma would
preferentially be administered calcium channel blockers over beta-blockers. Patients
with heart failure would not be administered beta-blockers [70]. Chapter 1.4.2 will delve
further into classifications and mechanisms of drugs used in the treatment of AF.
Patients may also undergo surgery for the treatment of AF. Catheter ablation can be
offered as primary treatment or after anti-arrhythmic medication has failed. If catheter

ablation is ineffective, surgical ablation may be performed [70].

AF is a multifactorial condition influenced by various factors such as underlying heart
disease, genetics and comorbidities and not all patients will respond to treatment.
Factors associated with better adherence include older age, history of diabetes or stroke
and concomitant cardiovascular medications [72]. Reading’s study investigated why
some patients with AF struggled to adhere to their prescribed medications. Data were
collected from self-reported questionnaires and electronic health records from patients

with incident diagnosed AF. Risk factors for higher probability of non-adherence were
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ethnicity, physical inactivity, memory decline and younger age, below 65. Patients above

the age of 65 and with hypertension had lower probability of non-adherence [73].

1.4.2. Anti-arrhythmic drugs

Anti-arrhythmic drugs (AADs) are a group of medications used to treat abnormal heart
rhythms. They work by restoring the heart’s normal rhythms by modifying electrical
properties within the heart. AADs are categorised according to their main mechanism of

action, of which there are four, Class |, II, lll and IV.

Class | drugs are sodium channel blockers and are typically used to treat ventricular
arrhythmias. Class | drugs are further divided into three groups, Class la, b and Ic. Class
la drugs bind to voltage gated Na* channels, blocking the Na+ current. Blocking these
channels, slows the influx of Na* into the cell, decreasing the slope and amplitude of
phase 0 of the action potential. The blocking of rapid Na* current influx slows the rate
of depolarisation, slowing the conduction of signals, suppressing arrhythmias caused by
abnormal conduction. In addition to Na* channels, class la drugs also block the K* ions.
This leads to a slower rate of repolarisation therefore a longer effective refractory period
(ERP). Examples of class la anti-arrhythmic drugs include quinidine, disopyramide and
procainamide. All three have similar mechanism of action and can be used to treat
supraventricular and ventricular arrhythmias. Some differences exist such as quinidine
exhibits a longer QTc interval on an ECG compared to procainamide and disopyramide,
thus better at restoring QT interval in patients with short QT syndrome [74] [75].

Disopyramide and quinidine exhibit slightly different effects on the K,11.1, the a-subunit
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of K* ion channel [75]. Class Ib drugs, blocks Na* channels and causes a mild degree of
blockage and are used for ventricular arrhythmias only. Its weak effect on the Na*
current means it has little effect on conduction. Class 1b drugs increase the efflux of K*
ions, shortening the repolarisation and reducing APD. Example of Class Ib drugs include
mexiletine, tocainide, aprinide and lidocaine. Class Ib drugs are known to shorten the
action potential by shortening the repolarisation duration and reducing the refractory
period. They also shorten QTc interval in long QT syndrome [76]. Class Ic drugs causes a
more pronounced degree of Na* blockage compared to class la and Ib and significantly
slow the conduction velocity of the heart. Unlike class la and Ib, class Ic drugs do not
affect the QTcinterval. Examples of class Ic drug include flecainide and propafenone and
are often prescribed for ongoing management in patients without structural heart
disease or ischaemic heart disease. It is generally contraindicated in patients with pre-
existing heart disease or structural abnormalities, as they are thought to increase the
risk of proarrhythmia [77]. Flecainide is more effective than propafenone for restoring
sinus rhythm after acute AF, although propafenone is faster at achieving sinus rhythm

[78].

Class Il drugs are beta blockers and are used as rate control in patients with AF. Due to
their safety profile, class Il drugs are the first line of therapy for ventricular rate control
in AF [79]. They are also used in management of supraventricular tachycardia. Beta
blockers work by binding to beta-adrenergic receptors and blocking effects of
epinephrine on the heart. Epinephrine, also known as adrenaline, increases heart rate
and blood pressure. When epinephrine is blocked, the inotropic effects on the heart are

inhibited, resulting in a potent anti-arrhythmic effect. Corresponding receptors for beta
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blockers exist in three subtypes, B1, B2 and B3. Examples of first-generation beta
blockers include propranolol and timolol. Examples of second-generation beta blockers
include atenolol and bisoprolol [80]. Third-generation beta blockers include nebivolol
and carvedilol [81]. This classification is based on their chemical structure and
pharmacological properties. First generation beta blockers are non-selective and block
both B1 and B2 receptors. Second generation blockers are more selective for B1
receptors and have fewer side effects than first generation beta blockers. Third
generation beta blockers are highly selective for B1 receptors and also block 3

receptors and al-adrenoreceptors.

Class lll drugs are K* channel blockers and decrease K* efflux from the cell. Inhibition of
K* efflux prolongs the action potential duration (APD) and repolarisation of cells. This
results in a decrease in heart rate and stabilisation of electrical activity. Class Il
antiarrhythmic drugs include amiodarone, dronedarone and sotalol. Amiodarone is
often used in the treatment of life-threatening ventricular arrhythmias, atrial fibrillation
and ventricular tachyarrhythmias. It blocks the K* rectifier currents, prolonging APD and
ERP. On an ECG, this presents as prolongation of QRS and QTc interval. Amiodarone also
blocks beta-adrenergic receptors, Ca?* channels and Na* channels [82]. Dronedarone
was developed through modification of the structure of amiodarone. It is a noniodinated
amiodarone and reported to be less effective than amiodarone but has less severe side
effects. Dronedarone is a multi-channel blocker, blocking K*, Na*, Ca?* and exhibits
adrenergic properties. It reduces heart rate and blood pressure and has reduced infarct
size in ischaemia/reperfusion animal models [83]. Early trials have suggested

dronedarone prolongs time to recurrence of AF and reduces cardiovascular death and
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hospitalisation [84]. Sotalol is a beta blocker as well as a K* channel blocker. Its K*
channel blocking effect of sotalol is more dominant therefore it is considered a class lll
drug rather than class Il drug. At low doses, sotalol exhibits adrenergic activity and at
higher doses, it exhibits class lll antiarrhythmic effects. Sotalol is used in treatment for
premature ventricular contractions (PVC), hemodynamically stable ventricular
tachycardia, maintaining sinus rhythm and supraventricular tachycardia. Like other class
lIl drugs, sotalol prolongs APD and ERP in atria, ventricles, and nodal and extranodal
tissues. It exhibits reverse use-dependent effects, meaning the slower the heart rate,

the larger the block of K* current. [85].

Class IV drugs are known as Ca* channel blockers. These drugs block the voltage gated
slow Ca%* channels inward current. They decrease the slope of phase 0 and 4 and prolong
phase 2 of the cardiac action potential, slowing down electrical conduction in the heart,
increasing ERP, increasing AV node repolarisation, increasing PR interval and reducing
heart rate. Class IV drugs are used to treat AF, atrial flutter, paroxysmal supraventricular
tachycardia, hypertension and atrial tachycardia. Examples of class IV drugs include

verapamil and diltiazem [77].

In addition to the four main classes of AADs, there are other drugs that have been
developed for the treatment of arrhythmias which do not fit into the class system. These
include adenosine and digoxin among many others. Adenosine is used for diagnosing
and terminating SVT and also helps diagnose atrial flutter or tachycardia. Digoxin is used
for ventricular rate control in patients with AF, in combination with a class Il or class IV

drug [77].
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1.4.2.1. Flecainide pharmacology

Flecainide is a class Ic antiarrhythmic drug that was first synthesised in 1972 and FDA
approved for use in 1984. It is used to prevent and treat abnormal heart rates,
paroxysmal supraventricular tachycardia (PSVT) atrioventricular nodal re-entrant
tachycardia (AVNRT), AV re-entrant tachycardia (AVRT), atrial fibrillation and atrial
flutter in patients who do not have structural heart disease. It is administered orally and
has been proven to be effective in treating cardiac arrhythmias. Flecainide has been
studied in numerous clinical trials in humans and animal models and is now
recommended as one of the first line of therapy in patients with AF and SVT to restore
sinus rhythm. Studies have shown approximately 90% efficacy without profound
adverse effects. It is considered to be highly effective at converting AF to sinus rhythm.
The half maximal inhibitory concentration (ICso) of flecainide is 1 — 2 uM at which
flecainide blocks the cardiac fast inward Na* current, slowing the conduction in the heart
and inhibits opening of K* channel including rapid component of the delayed K* current
(Ikr), prolonging the APD. At higher concentrations with 1Cso of 19 uM, flecainide inhibits
the late Na* current and other K* channels [86]. Scamps et al 1989 reported at higher
doses, flecainide inhibited L-type Ca?* current, when ICso is at 20 pM. Reports have
confirmed even at low doses, flecainide reduced premature ventricular contractions and
ventricular tachycardia [87]. It has a high affinity for open-state Na* channels and slow
unbinding kinetics from these channels, prolonging refractoriness and decreasing
excitability [86]. On an ECG, this presents as prolongation of PR interval and the
widening of the QRS complex. Interestingly, flecainide shortens the APD in the Purkinje

fibres. During the plateau phase of the action potential, flecainide inhibits the slow
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inward Na* current responsible for maintaining phase plateau, thus leading to a faster

repolarisation, hence a shorter APD [86].

The binding mechanism of flecainide to Nay1.5 channel has been studied extensively. It
binds to the Na* voltage gated channel, Nay1.5, occupying a hydrophobic cavity within
the pore lumen of the intracellular side, making contact with S6 within domain IV, Figure
1.7. Under resting conditions, when Na,1.5 channels are closed, flecainide has a low
affinity inhibition, binding weakly to the channel. As frequency of stimulation increases,
flecainide inhibition also increases, which progressively increases over the range of
voltages when the channels are activated. The study revealed that flecainide
preferentially interacts with Nay1.5 channel in either its open or inactivated state and
displays weak inhibition when the channel was in a closed state [88] [89]. Na* ions and
flecainide compete for distinct and functionally overlapping binding sites within the
pore. Flecainide occupying the binding site within the pore lumen of Na,1.5 channel
prevents Na* ions accessing the sites, ultimately inhibiting Na* current passing through

the channel [88].

Flecainide also inhibits the rapid delayer rectifier K* current, Ik, encoded by human
Ether-a-go-go-Related Gene (hERG), also known as Ky11.1 or KCNH2, at clinically
relevant concentrations. Mutations in the hERG can cause long QT syndrome and
increased risk of sudden cardiac death. Flecainide binds to the inner cavity of Kv11.1 and

interacts with S6 helix F656 residue, a principal binding determinant within the channel.
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In voltage-gated K* channels Kv2.1 and K,1.5, flecainide also interacts with the inner

cavity at the subunit interface between S6 and P-helices [90].

Recent studies have reported flecainide use in the treatment of catecholaminergic
polymorphic ventricular tachycardia (CPVT) in patients where B-blocker therapy was
ineffective in suppressing arrhythmias. CPVT is characterised by hyperactivity of
ryanodine receptor (RyR2) channels, caused by mutations in either RyR2 gene or in its
binding partner, calsequestrin (Casg2). Recent studies have reported that flecainide
inhibits RyR2 activity [91]. Kryshtal et al 2021 also found flecainide significantly reduced
RyR2 channel activity, even when Na* channels were blocked and exhibited a marked
efficacy in prevention of ventricular arrhythmias in patients with CPVT [92]. Salvage’s
study explored the effects of flecainide on ryanodine receptor channel and
demonstrated that at low concentrations, RyR2 channels were activated. However, at
higher concentrations, flecainide inhibited the RyR2 channels [87]. This suggests that
flecainide can bind to separate activation and inhibition sites on RyR2, with activation
dominating in lower activity channels and inhibition dominating in more active channels
[87]. The specifics of the binding mechanism of flecainide to RyR2 is unclear, but it has
been established there are at least four inhibitory binding sites and one activation site
in RyR2 channel. The specific location of the binding sites is unknown but it is thought
that due to the voltage-dependence of three of the four inhibitory sites, these binding
sites are located in the pore or transmembrane assembly. The activation site and one of
the inhibitory sites is thought to be located on the cytoplasmic domains of the RyR2

channel. [87]. Flecainide inhibits RyR2 activity through two modes, via a fast block and
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a slow block mechanism. The fast block mode refers to the rapid binding of flecainide to
RyR2, stabilising the closed state of the channel. The channel is open for a significantly
shorter time with a brief interaction between flecainide and the channel protein before
the channel closes. The slow block mode refers to a slower transition between open and

closed states of the channel, Figure 1.9. [93].
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Figure 1.9. Schematic of binding of flecainide to VGSC in open, closed and inactivated state. A.
Nay1.5 channel in its closed state with flecainide unable to bind the channel. B. Voltage sensor
detects membrane depolarisation driving the opening of activation gates, permitting selective
Na*ion entry. Flecainide gains access to its binding site within the channel pore. C. Inactivation
of the channel, involving the closing of inactivation gate occludes the pore trapping the
flecainide in the channel. Figure taken from [94].
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1.4.2.2 Flecainide and myocardial ischaemia interaction

Despite the successful antiarrhythmic effects of flecainide, the Cardiac Arrhythmia
Supression Trial (CAST) revealed that flecainide and encainide, also a class Ic
antiarrhythmic drug, was associated with increased proarrhythmic events in patients
with pre-existing structural heart disease and coronary heart disease. CAST was
designed to investigate if suppression of ventricular ectopy after a myocardial infarction
(M1) reduced the incidence of sudden death. The trial revealed increased mortality in
patients surviving MI. Flecainide suppressed arrhythmia in 1727 of 2309 post-Ml
patients with asymptomatic or mildly symptomatic ventricular arrhythmia and showed
a higher incidence of 8.9% of arrhythmic death than placebo with 1.2% [87]. It was
concluded that the excess number of deaths was due to arrhythmia and shock after
acute recurrent Ml in patients treated with flecainide and encainide [95]. The trial was
terminated early due to excess mortality. Since the trial, flecainide has been
contraindicated in patients with structural heart disease, second- and third-degree AV
block, left bundle branch block (LBBB), right bundle branch block (RBBB), non-sustained
ventricular tachycardia and patients with reduced ejection fraction below 35% [86]. The
mechanisms underlying excess mortality associated with flecainide and encainide
remain unknown. It is thought the interaction between active ischaemia and flecainide
treatment may be responsible for the increased mortality observed in the CAST trial.
Animal studies have shown ventricular proarrhythmia attributed to using flecainide and
is suggested to be caused by rate-dependant conduction slowing in ischaemia and
infarcted myocardium. This promotes heterogeneous conduction, facilitating initiation

of re-entry. Echt et al 1991 also suggested that the negative inotropic properties of
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flecainide and encainide contribute to the mortality of MIs and ventricular
tachyarrhythmias [95]. Additionally, ischaemia significantly impacts action potentials
and calcium handling. When there is reduced oxygen availability, ATP is depleted within
cells causing Kir» channels to open and allow K* to leave he cell. As extracellular K*
concentration increases, and intracellular K* decreases, the cells end up becoming
depolarised. This results in a shorter action potential due to earlier phase 3
repolarisation [96]. The loss of ATP also impacts the NKA pump leading to a further
accumulation of extracellular K* ions. An ischaemia induced slow depolarisation leads to
inactivation of Na* channels causing a reduction in the number of fast Na* channels
available for action potential generation. Slope of the phase 0 of an action potential is
slowed, slowing the rate of depolarisation [96]. The loss of ATP also inactivates the
NCX, reducing Ca?* efflux thus limiting the reuptake of Ca?* into the endoplasmic
reticulum resulting in calcium overload [97]. Since publication of CAST, there have been
many flecainide safety analyses performed in patients with SVT which reported a 99%
survival in control as well as drug groups including AADs such as flecainide [91].

Further studies are required to dissect the interaction between flecainide and ischaemia

and understand the mechanism which leads to increased mortality.
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1.4.2.3. Digoxin pharmacology

Digoxin is a cardiotonic steroid that comes from the foxgloves plant of Digitalis lanata.
It is administered either intravenously or orally for management and treatment of mild
to moderate heart failure and arrhythmias and was approved for clinical use in 1954.
Digoxin has a bioavailability of approximately 75%, this can vary depending on diet of
the patient [98]. Digoxin is usually used as a backup, when first line of therapy is
ineffective. Ideally digoxin is used in patients with systolic heart failure with a reduced

ejection fraction below 40%.

Digoxin has two mechanism of action, positive ionotropic and AV node inhibition.
Through positive ionotropy, digoxin inhibits pumping of ions through NKA pump [99].
This partial NKA pump inhibition which induces an increase in intracellular Na* is
sufficient to drive an influx of Ca?* into the cells and reduce Ca?* efflux via NCX. The
resulting increase in intracellular Ca%* in cytoplasm and SR enhances the force of
contraction. Digoxin’s second mechanism of action is through stimulation of the
parasympathetic nervous system, slowing the electrical conduction of the AV node,
decreasing the heart rate. Digoxin has the ability to mimic the action of the vagus nerve

on the AV node.

Isoforms of NKA have various sensitivity to cardiac glycosides. al has low sensitivity to
digoxin and a2 has high sensitivity to digoxin. The binding site of digoxin is located on
the extracellular side on the NKA pump’s a subunit. Specifically, it binds to the site on
the fourth transmembrane helix of the a subunit, in close proximity to where ATP is

hydrolysed [100].
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Digoxin has a narrow therapeutic index. The recommended serum levels for digoxin is
0.8 to 1.2 ng/ml. Patients of digoxin therapy must be monitored to prevent digoxin
toxicity. Digoxin toxicity causes a further inhibition of NKA that may lead to
hyperkalaemia, a condition defined as excess levels of plasma potassium levels, causing
arrhythmias and intracellular Ca®* overload causing acidosis [99]. Like flecainide
treatment, digoxin is also contraindicated in patients with acute myocardial infarction,
ventricular fibrillation and myocarditis. Despite this, digoxin showed a neutral effect on
mortality in clinical trials. The Rate Control Therapy Evaluation in Permanent Atrial
Fibrillation (RATE-AF) aimed to compare the efficacy and safety of digoxin to bisoprolol
in patients with permanent AF. Patients enrolled were over 60 years of age with AF and
symptoms of heart failure and randomised to digoxin and bisoprolol treatment. The
study found no significant difference in patient-reported quality of life at 6 months but
digoxin was associated with symptom improvement at 12 months with fewer adverse

effects compared to bisoprolol [101].

The aims of this thesis were to: -

investigate atrial and ventricular differences in healthy wildtype mouse

hearts.

e investigate the differential effects of flecainide in atria and ventricles
from healthy wildtype mice.

e investigate the effects of flecainide in ischaemic conditions.

e |nvestigate the pro-arrhythmia effects of flecainide.
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2. Methods

2.1. Ethics

All animal procedures were conducted in compliance with the rules and regulations of
The Animals (Scientific Procedures) Act 1986, and approved by UK Home Office, PPL
PFDAAF77F, and the institutional review board at the University of Birmingham. Mice
were housed in ventilated cages with sex matched littermates, with a 12 hour light/dark
cycle at 22°C and 55% humidity. Food and water were available ad libitum. Health of all
mice were monitored daily, and pre and post procedures. The reporting of animal use
conformed to the ARRIVE guidelines (Animal Research: Reporting of In Vivo

Experiments).

2.2. Animal Models

Experiments were conducted on male and female wildtype (WT) mouse models, aged
between 10 and 15 weeks. Animals were bred on the CD1 background. WT mice were

purchased from Charles River Laboratories.
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2.3. Optical Mapping Methods

2.3.1. Heart extraction

Using refined mouse handling technique, a technique using a tunnel or cupped hands to
handle mice to avoid excess stress, mice were placed into an anaesthesia induction
chamber [102]. Oxygen was switched on to 2 L/min and isoflurane to 5%. Once
respiration rate had lowered and there was an absence of righting reflex, scavenger
system was turned on and mice were transferred to mask to maintain anaesthesia. An
intraperitoneal (IP) injection of 100 ul of heparin was administered as soon as
anaesthesia was induced to prevent thrombus formation and allowed to distribute
through the bloodstream for 1 minute. A pedal reflex was performed to ensure depth
of anaesthesia. Mice were placed in supine position and limbs were taped down, leaving
one limb free to allow retesting of pedal reflex. After loss of pedal reflex, ethanol was
wiped across the chest and fur was removed from thoracic area. Thoracotomy was
performed by making an incision below the diaphragm, and cutting ribcage on both sides
and deflecting back, exposing the heart. Excess tissue was cut until the thoracic tissue
pulled away from the torso. The dorsal ribcage and heart were removed and
immediately placed into a beaker with filtered Krebs-Henseleit buffer with 50 uL of
heparin, to remove excess blood. Krebs buffer contained (in mmol/L): sodium chloride
(NaCl) 114.0, potassium chloride (KCl) 4.0, calcium chloride (CaCl) 1.6, sodium
bicarbonate (NaHCO3) 24.0, magnesium sulphate (MgS0a4) 1.0, monosodium phosphate
(NaH2P0Oa) 1.1, glucose (CeH1206) 11.0 and sodium pyruvate (C3H3Na03)1.0. Calcium

chloride and glucose were added on the day of the experiment. As shown in Figure 2.1,
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the heart preparation was placed onto a silicon dish and pinned down. Lung tissue and
adipose tissue were removed. Using a surgical silk suture, the descending aorta was
cannulated, and heart was retrogradely perfused with 2 ml of Krebs-Henseleit buffer
and 100 pl of heparin with a strength of 1000 I.U./ml, to flush out blood from the heart.

After cannulation, the preparation was transferred to the optical mapping rig.

Figure 2.1. Experimental heart preparation for optical mapping. An image of a heart
preparation for optical mapping. Heart preparation is pinned onto the silicon dish and
descending aorta is cannulated allowing perfusion of the heart with Krebs-Henseleit solution.
ECG leads are attached accordingly to record a pseudo ECG signal.

2.3.2. Optical mapping setup

Figure 2.3 shows a schematic representation of a typical optical mapping system. Hearts
were placed in a double water jacketed chamber to maintain an environmental
temperature of 37°C for the heart. The perfusate was oxygenated with 95% 02 - 5%

CO2 and kept at 37°C in a water-bath. Blebbistatin was added to the perfusate at a final
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concentration of 12 uM. Blebbistatin (100 mg; Axon Medchem, The Netherlands) was
reconstituted in 1 ml dimethyl sulfoxide (DMSO) and stored in 70 ul aliquots of 50 mg/ml
at -20°C. Blebbistatin was added to the experiments to remove motion artefacts. The
oxygenated perfusate was pumped through the system at 4 ml/min, 80 mmHg in
accordance with other studies, using an Ismatec pump [103] [104]. Electrocardiogram
(ECG) leads were attached, and a pseudo bipolar ECG was recorded on LabChart, a signal
generated from propagation of electrical signals undergoing inhibition of contraction,
Figure 2.2. After 10 minutes of recovery, and spontaneous ECG recording, voltage
membrane dye, Di-4-ANEPPS (5 mg/ml) was injected at a rate of 1 ml over 5 minutes,
into the heart via a perfusion port. Di-4-ANEPPS (50 uM; Biotium, California, USA) was
reconstituted in 1 ml DMSO and stored in 25 pl aliquots of 5 mg/ml at 4°C. For each
experiment, each aliquot was mixed with 1 ml Krebs solution and injected. Hearts were
illuminated with three LED lights (530 £ 25 nm) and emitted light collected at >630 nm.
The LED lights were controlled by Dual Optoled Power supply (Cairn, UK), and was
adjusted accordingly to minimise phototoxicity and photobleaching. The LED lights
illuminate the heart or tissue sample, exciting the photons which are detected by Evolve
Delta, electron multiplied charged coupled device (EMCCD) cameras. Two EMCCD
cameras (Photometrics, USA), with a 500 Hz sampling rate, 64 x 64 pixels and a spatial
resolution of 320 um/pixel, were used to each capture action potentials and calcium
transients separately. The EMCCD cameras enable high resolution recording therefore
ideal for recording rapid fluorescent changes on the epicardial surface. The cameras
were run by MetaMorph software (California, USA) which control binning, exposure

time and number of frames. Either Winfluor software or Spike software were used to
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run pacing protocols. Pulse height and pulse width were fixed at 5 V and 0.001 s
respectively and pacing protocol was designed according to experiments. The voltage
for driving the pacing stimulus was controlled by a constant voltage isolated simulator

(Digitimer, UK).
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Figure 2.2 Typical optical mapping setup. Heart is continuously perfused with oxygenated
buffer. A voltage sensitive dye, Di-4-ANEPPS, is injected into heart. LEDs illuminate the sample,
and the dye is excited and emits fluorescent photons, indicated by red arrows. Photons are
filtered and directed to an imaging detector to produce a time series dataset. Dataset was
processed using ElectroMap (developed by O’Shea). Figure created by author of this thesis.
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Figure 2.3. Pseudo ECG recording from mouse heart. In-vitro recorded pseudo-ECG recorded

from electrodes surrounding the heart, on LabChart, and a magnification of a single ECG trace
with P wave and QRS complex labelled.

2.3.3. Ventricular recordings

Whole hearts were mounted onto the optical mapping rig and perfused with filtered,
oxygenated Krebs-Henseleit buffer. ECG electrodes were attached around the heart
within close proximity. Heart was allowed to recover for 10 minutes and di-4-ANEPPS
was added. Using live imaging in MetaMorph, we observed ventricles loading with
fluorescent dye first. Success of dye loading and quality of action potential signals were
checked before continuing with the experiment. Silver bipolar electrodes were placed

at the base of the ventricles for pacing. Pacing threshold was established and doubled.
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The ventricles were paced from 160 ms/CL, decreasing in 10 ms/CL decrements to 50
ms/CL, as shown in Table 1, using LabChart or Spike. The pacing protocol was created to
enable us to observe electrophysiological changes at a physiological heart rate ranging
between 500 and 700 bpm and observe rate-dependent differences (Ho et al 2011).
Ventricles were paced for 60 seconds to achieve a steady state, before being captured
at a framerate of 0.454 kHz with a pixel size of 196 uM. MetaMorph was used to image
and record electrical activity detected by the camera. All ventricular recordings in this
study were taken from a 9 x 9 pixel area in the left ventricle (LV) region. Ventricular
recordings were initially taken from the whole ventricles, but in order for the data to be
comparable to atrial recordings, we decided to keep the region of interest the same in

ventricles and atria. A summary of the experimental protocol is shown in Figure 2.6.

2.3.4. Regional recordings in ventricles

In order to measure regional differences in ventricles, the ventricles were divided into
six 9 x 9 pixel sections, LA-apical, LA-middle, LA-basal, RA-apical, RA-middle and RA-
basal, as shown in Figure 2.5. APD, CV, amplitude, activation measurements were taken

from each section and compared to one another.

2.3.4.1. Data analysis

Optical mapping recordings were processed using ElectroMap. Data comparing the

regional differences in the ventricles at a range of pacing frequency, were analysed using
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a two-way Analysis of Variance (ANOVA) with Tukey’s post hoc analysis. Data comparing
regional differences at 10 Hz were analysed using paired t-tests. Statistical analysis was
performed using GraphPad Prism 8.0. Data were expressed as mean * standard error
and significance was taken as P<0.05, with * denoting P<0.05, ** denoting P<0.01, ***

denoting P<0.001, and **** denoting P<0.0001.

2.3.5. Atrial recordings

Ventricular and atrial recordings were taken from the same heart. Ventricles were paced
first, then the heart was loaded further with Di-4-ANEPPS until atria was loaded and
pacing protocol, Table 1, was repeated. Loading the atria resulted in overloading of
ventricles, therefore recordings would no longer be able to be collected from the
ventricles. To prevent dye loading of the atria, quality of action potential signals were
checked during the loading of the dye. Pacing electrodes were placed on the right atria
(RA) and recordings were taken from left atria (LA). Atria was paced for 60 seconds to
achieve a steady state, before being captured at a framerate of 0.454 kHz with a pixel

size of 196 uM. A summary of the experimental protocol is shown in Figure 2.6.
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Figure 2.4. Region of interest selected in the atria and ventricles. A 9 x 9 pixel region of interest
selected in atria and ventricles for direct comparison.

Figure 2.5. Ventricular regional sections. Ventricles were divided into six sections, RV-basal, RV-
middle, RV-apical, LV-basal, LV-middle and LV-apical.
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Frequency | Cycle length | Beats per minute | Duration
6.25 Hz 160 ms/CL | 375 bpm 1 minute
6.67 Hz 150 ms/CL | 400 bpm 1 minute
7.14 Hz 140 ms/CL | 428 bpm 1 minute
7.69 Hz 130 ms/CL | 460 bpm 1 minute
8.33 Hz 120 ms/CL 500 bpm 1 minute
9.09 Hz 110 ms/CL 545 bpm 1 minute
10.00 Hz 100 ms/CL 600 bpm 1 minute
11.11 Hz 90 ms/CL 667 bpm 1 minute
12.50 Hz | 80 ms/CL 750 bpm 1 minute
14.29Hz | 70 ms/CL 857 bpm 1 minute
16.67 Hz 60 ms/CL 1000 bpm 1 minute
20.00 Hz | 50 ms/CL 1200 bpm 1 minute

Table 1. Pacing frequencies, in Hz, ms/CL and bpm, used to pace atria and ventricles. Atria and
ventricles were paced via bipolar silver pacing wires for 1 minute at each pacing frequency.
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Figure 2.6. Summary of ventricular and atrial pacing protocol. Hearts were stabilised for 10
minutes. Ventricles were loaded and pacing protocol performed. Atria were loaded in the same
hearts and pacing protocol repeated.

2.3.5.1. Data Analysis

Optical mapping recordings taken from the atria and ventricles were processed using
ElectroMap. Measurements comparing baseline atria and ventricles at a range of pacing
frequencies were analysed using two-way ANOVA with Tukey’s post hoc analysis.
Student’s t-test was performed when comparing atrial and ventricular recordings at 10
Hz. Statistical analysis was performed using GraphPad Prism 8.0. Data were expressed
as mean t standard error and significance was taken as P<0.05, with * denoting P<0.05,

** denoting P<0.01, *** denoting P<0.001, and **** denoting P<0.0001.
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2.3.6. Drug treatment

Hearts were isolated and loaded onto optical mapping rig as described in section 2.3.1.
Recordings from atria and ventricles were taken from different hearts. This was because
ventricles and atria loaded at different rates. Ventricles loaded before the atria,
therefore it was not possible to measure baseline recordings in both atria and ventricles
together before adding the relevant drug. Ventricles and atria were loaded with Di-4-
ANEPPS and paced according to Table 1. At the end of baseline pacing, flecainide was
washed in for 15 minutes. This accounted for the time it took for the drug solution to
reach the heart and the onset of action. After 15 minutes of flecainide perfusion, pacing
threshold was established and pacing protocol was repeated. A summary of the

experimental protocol is shown in Figure 2.7.
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Figure 2.7. Summary of ventricular and atrial pacing protocol with drug treatment. Hearts were
stabilised for 10 minutes. Atrial and ventricular recordings were taken from different hearts.
Ventricles or atria were loaded and pacing protocol performed. Flecainide was added and
perfused through the heart for 15 minutes. Pacing protocol was repeated for the stimulation of
either ventricles or atria.

2.3.3.1 Data analysis

Recordings taken from the atria and ventricles at baseline and after flecainide treatment
were processed using ElectroMap. Measurements comparing atria and ventricles at
baseline and after flecainide treatment at a range of pacing frequencies were analysed
using two-way ANOVA with Tukey’s post hoc analysis. Unpaired t-test was performed
when comparing baseline and flecainide, atrial and ventricular recordings at 10 Hz.
Statistical analysis was performed using GraphPad Prism 8.0. Data were expressed as
mean + standard error and significance was taken as P<0.05, with * denoting P<0.05, **

denoting P<0.01, *** denoting P<0.001, and **** denoting P<0.0001.
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2.4. Ischaemia protocols

2.4.1. Low flow rate perfusion

Hearts were prepared and loaded as specified in section 2.3.1. Once di-4-ANEPPS had
been loaded and diastolic threshold had been established, a baseline recording was
taken. Ventricles were paced from 7.14 Hz to 14.29 Hz in a 10 ms/cL increment. A pacing
protocol was created using Spike software. Hearts were stimulated at each cycle length
for 10 beats and paced at 120 ms/CL between pacing ramps. For the pilot study, two
flow rates were tested. After baseline, ischaemia was induced by lowering the flow rate
by 40%, from 4 ml/min to 2.4 ml/min and lowering the flow rate by 60%, from 4 ml/min
to 1.6 ml/min. Pacing protocol was repeated every 10 minutes. A summary of the

experimental protocol is shown in Figure 2.9.

2.4.2. Low perfusion pressure perfusion

Hearts were prepared and loaded as specified in section 2.3.1. Di-4-ANEPPS was loaded
and diastolic threshold was established. Ventricles were paced from 7.14 Hz to 14.29 Hz
in a 10 ms/cL increment. A baseline recording was taken and ischaemia was induced by
lowering the perfusion pressure by 40%, from 80 — 90 mmHg to 50 mmHg. After 10
minutes of stabilisation period, di-4-ANEPPS was added and threshold was established.
Ventricles were paced and a baseline recording was taken. As shown in Figure 2.9,

ischaemia was induced for 30 minutes and 1 uM flecainide was added 15 minutes after
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ischaemia was induced. Flecainide was allowed to wash in for 15 minutes. Pacing

protocol was done every 10 minutes.

2.3.4.3 Data analysis

Optical mapping recordings taken from the ventricles were processed using ElectroMap.
Hearts with a heart rate that fell below 300 bpm, or did not load with dye evenly were
excluded from the study. Measurements comparing different treatment groups at a
range of pacing frequencies were analysed using multiple t-test. One-way ANOVA was
performed when comparing treatment groups at 10 Hz. Statistical analysis was
performed using GraphPad Prism 8.0. Data were expressed as mean % standard error
and significance was taken as P<0.05, with * denoting P<0.05, ** denoting P<0.01, ***

denoting P<0.001, and **** denoting P<0.0001.

2.4.3. Regional ischaemia via LAD ligation

After isolation and cannulation, the heart was immediately loaded with voltage
membrane dye, RH-237 and calcium dye Rhod 2 AM. Unlike previous datasets, dyes
were added before loading onto optical mapping rig. This was to ensure even loading of
dyes across the heart before ligation. For each experiment, a needle was inserted
around the left anterior descending artery (LAD), above the Diagonal 1 and Diagonal 2
coronary arteries, Figure 2.8. This was to eliminate the effects of the needle damaging

the tissue and determine the effects of the LAD ligation itself. The heart was loaded onto
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the optical mapping rig. ECG leads were attached and heart was given time to stabilise.
A baseline recording was taken and then the suture tightened in the relevant
experiments, ligating the LAD. Excess suture was snipped off, and pacing protocol was
repeated. The ventricles were paced every 10 minutes and 1 uM flecainide was added
15 minutes after LAD ligation. At the end each experiment, Evans blue dye was flushed

through the heart via the cannula to visualise the area of blockage and ensure accuracy

and success of LAD ligation.

Figure 2.8. Image and schematic of a LAD ligation. A. Ligated heart imaged under EMCCD
camera during optical mapping showing, 1. RA, 2. LA, 3. Ventricles, 4. Pacing electrodes, 5.
Ligation. B. Representation of a LAD ligation in ex vivo mouse heart showing 1. RA, 2. LA, 3. aortic
arch, 4. ventricles, 5. left anterior descending artery, 6. Diagonal 1, 7. Diagonal 2, 8. location of
the ligation. Figure created by author of this thesis.
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Figure 2.9A-B. Summary of ischaemia experimental protocol. Hearts were allowed to stabilise
for 10 minutes. Pacing protocol was performed and ischaemia was induced in relevant
experiments, either by reducing flow rate or reducing perfusion pressure. Pacing protocol was
repeated every 10 minutes. 1 uM flecainide was added at 30 minutes. Flecainide was washed in

for 15 minutes and

pacing protocol repeated.
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Figure 2.10A-B. Summary of ischaemia experimental protocol. Hearts were allowed to stabilise
for 10 minutes. Pacing protocol was performed and ischaemia was induced in relevant
experiments, through LAD ligation. Pacing protocol was repeated every 10 minutes. 1 uM of
flecainide was added at 30 minutes in relevant experiments. Flecainide was washed in for 15
minutes and pacing protocol repeated.

60



2.5. Calcium transient recordings

Calcium transients were recorded simultaneously to voltage membrane potential with
two separate EMCCD cameras. To record calcium transients and action potentials
simultaneously, fluorescent dyes, fast-responding potentiometric probe, RH-237, and
high affinity calcium indicator, Rhod-2 AM, was used to prevent overlapping of
wavelength emission. RH-237 used for visualising action potentials, has an excitation
peak at 550 nm and an emission peak at 786 nm. Rhod-2 AM, used for visualising calcium
transients, has an excitation peak at 553 nm and an emission peak at 577 nm. The dyes
should have distinct excitation and emission wavelengths to avoid overlap and allow for
clear differentiation of the signals. Wavelength excitation and emission of Di-4-ANEPPS,
which was used for initial optical mapping experiments, is 482 nm and 686 nm
respectively and signals would not have been clearly defined from the calcium transient.
Calcium transient duration (CaTD) was measured from the upstroke to 50%

repolarisation or calcium decay.

2.6. Data Analysis

Optical mapping recordings taken from the ventricles were processed using ElectroMap.
Measurements comparing different treatment groups at a range of pacing frequencies
were analysed using mixed factor ANOVA. Statistical analysis was performed using
GraphPad Prism 8.0. Data were expressed as mean * standard error and significance was
taken as P<0.05, with * denoting P<0.05, ** denoting P<0.01, *** denoting P<0.001, and

**** denoting P<0.0001.
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2.7. ElectroMap processing

All optical mapping data were analysed using ElectroMap which ran on MATLAB.
ElectroMap is an adaptable, high-throughput, open source software that allows
processing of complex electrophysiology datasets that require high spatio-temporal
resolution. It provides analysis of important electrophysiological properties such as
action potential morphology, conduction velocity (CV), activation time, calcium
transient morphology, amplitude, diastolic interval and time to peak [105]. A region of
interest i.e. left atria or ventricle, was selected and image processed using Gaussian
spatial filtering of 3 x 3. Action potential duration (APD) was taken at 50% and 80%
repolarisation with the APD start time being defined as the maximum upstroke of the
action potential [105]. CV was measured using a multi vector method, and single vector
method was also used to compare both methods. The CV was quantified using the Bayly
method with a 5 x 5 window size. Activation time was defined as the midpoint of

depolarisation [105].
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3. Investigating differences in electrical properties in atria and

ventricles

3.1 Chapter Introduction

Atria and ventricles are distinct in their physical characteristics as well as their functions.
They also exhibit significant differences in their electrical properties. They differ in size,
thickness, mass, contractile properties, refractory periods, calcium handling, and there
are also differences between atria and ventricles in structure and organisation of ionic
channels [106]. It has been firmly established that action potentials differ in atria and
ventricles. The ventricles have a longer repolarisation phase compared to atria. This is
due to differences in ionic channel composition and presence of certain ion channels,
such as K,1.5 channels. This difference in action potential waveform has been observed

among many species including humans and mice [107].

Our study investigated the biophysical properties of sodium channels. We quantitively
compared Na* current in cardiomyocytes isolated from mouse left atria and left
ventricles and found significantly lower Na* current in the atria compared to ventricles
at physiological resting membrane potential [108]. This is a fundamental finding since
previous studies have investigated Na* currents at non physiological resting membrane
potential. Differences in peak sodium channel currents in atria and ventricles would
indicate a difference in the conduction velocity (CV). CV is defined as the speed at which
APs are propagated across the heart. It plays a pivotal role in ensuring synchronicity and

time of excitation and contractions. Lower expression of Na* channels result in slower
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CV, as observed in the AV node [109]. Other factors that affect CV include efficiency and
density of gap junctions and cellular architecture [110]. Thomas et al, 1998, investigated
effects of connexin43 deficiency on the conduction velocity of atria and ventricle in
isolated mouse hearts. They found in wildtypes (WTs), atrial (CV) was slower than
ventricular conduction velocity [111]. Draper and Mya-Tu, 1959, studied conduction
velocities across different tissue types and species. They found little differences
between chambers in cat and dog hearts, and slower ventricular conduction velocity in
goat ventricles compared to atria [112]. These studies demonstrate a need for further
study into looking at conduction in atria and ventricles. The differences observed
between papers in conduction velocities between atria and ventricles is possibly down
to differences in ion channel expression and density of gap junctions between species.
Many of these studies have not investigated mouse models and our data could add to
why there are differences among species. Although there are studies available that have
investigated ion channel expression between atria and ventricles in different species,
studies investigating the differences in the density of gap junctions is very limited. Gap
junctions are mediated by connexins and the major cardiac connexin proteins are Cx40,
Cx43 and Cx45 [113]. These proteins have distinct expression patterns. Atrial connexin
expression has been shown to have a larger variation between species compared to
ventricular expression [114]. It could be that differences in conduction observed may be
down to connexin expression and future studies can potentially investigate expression

of connexin isoforms in atria and ventricles.

The susceptibility to arrhythmias differs markedly between atria and ventricles due to

anatomical, physiological and electrophysiological differences. The shorter refractory
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period and higher automaticity possessed by atria increases vulnerability to re-entry
mechanisms and ectopic activity, and the differences in ion channel expression and
resting membrane potential affect the responsiveness to triggers for arrhythmias such
as atrial fibrillation (AF). Atria are also more susceptible to stretch and oxidative stress
which are also triggers for arrhythmias as well as other heart diseases [115]. In contrast
to atria, ventricles are less prone to automaticity and have longer refractory periods,
reducing the risk of re-entry-based arrhythmias. However, ventricles can still develop
life-threatening arrhythmias such as ventricular tachycardia (VT) and ventricular
fibrillation (VF). Ventricles have a large impact on cardiac output, meaning ventricular
arrhythmias are usually immediately life threatening. Although atrial arrhythmias are
not as immediately life threatening, they can still lead to increased morbidity and

increase risk of stroke and other cardiovascular diseases further down the line [115].

Through comprehensively studying electrical differences in the atria and ventricles, we
strengthen our understanding of cardiac physiology and mechanisms behind
arrhythmias and other cardiovascular diseases, leading to targeted interventions for

cardiac diseases.

In this chapter, we aim to answer some of these questions. Using optical mapping
technique, we will measure electrical activity in the atria and ventricles and discuss the
importance of our findings. The patch clamp and western blot data presented in Chapter
3, Figures 3.1 and 3.2, were performed and analysed by Dr O’Brien. The data has been

added as it provides a strong rationale for measuring conduction velocity differences
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between atria and ventricles and has been published in article for which | am a co-author

on.

The aims of this investigation were to: -

e determine electrophysiological characteristics in atrial and ventricular tissue

using optical mapping and understand chamber specific differences.

o determine electrophysiological heterogeneities across ventricular tissue, using

optical mapping.
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3.2 Chapter Results

3.2.1. Na,1.5 and B subunit expression in mouse LA and LV

Firstly, we examined the differences in protein expression of Na* channel subunits in
atria and ventricles. In mouse hearts, Nay1.5 expression was higher in the left atria when
compared to left ventricles, NavB2 and NayB4 expression was lower in left atria when
compared to left ventricles, Figure 3.1. This indicates that the B-subunits may be
responsible for the sodium ion channels opening at a more negative membrane
potential. A negative shift in activation usually leads to earlier activation of the sodium
ion channel, altering the excitability of the cell. This also correlates with our data which
found that expression of NayB4 is significantly lower in healthy human LA compared to
the LV, which can potentially be pro-arrhythmic [108].
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Figure 3.1 Protein expression of sodium channel proteinsin mouse tissue. A. Western
blots showing the protein expression of Nay1.5 from mouse left atrial (LA) and left ventricular
(LV) samples. B. Western blots showing the protein expression of Nayf2 from mouse LA and LV
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samples. C. Western blots showing protein expression of NayB4 from mouse LA and LV samples.
D. Blots were normalized to GAPDH. Nay1.5 showed a higher relative expression in the LA, when
compared to the LV (LA=3.18 £+ 0.40 AU; LV=1.00+0.16 AU; n=13) ****p <0.0001. Both
Na,B2  (LA=0.22+0.03AU; LV=0.41+005AU;n=6, *p<0.05) and Na,p4
(LA=0.09 +£0.003 AU; LV =0.21+0.01 AU; n=6, *****5<(0.0001) are expressed at higher
levels in the ventricle when compared to the atria. Each dot represents an individual heart,
**p <0.01, ***p < 0.001, ****p < 0.0001 (Two tailed Student's t-test). [Experiments performed
by Sian O’Brien].

3.2.2. Sodium current density in LA and LV cardiomyocytes

In subsequent experiments sodium channel current (/na) was measured in isolated
mouse cardiomyocytes using whole cell patch clamp technique. At physiological holding
potential, (-75 mV), Ina was lower in atria compared to ventricles. In addition to this,
voltage at which 50% of the sodium channels were available for activation is more
negative in the LA compared to the LV, Figure 3.2. Although we have seen that the LA
expressed more Nay1.5 protein than the LV, at physiological membrane potentials, the
peak sodium current density is reduced in the LA compared to LV. This data suggests
that sodium handling differs between atria and ventricles and may cause a difference in
conduction. The study of conduction in the heart is particularly interesting as it helps us
understand the determinants of re-entrant arrhythmias. In a healthy heart, with normal
electrical function, a long wavelength and fast excitation ensures the heart is activated
once each heartbeat. Each wavelength refers to the distance travelled by the
depolarisation wave during the functional refractory period. The wavelength is the
product of the CV and the effective refractory period (ERP) [116]. As the wavelength

becomes shorter through slower CV, multiple excitation waves can occur as it allows
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more waves to fit within the same period of cardiac cycle [117]. This re-excites tissue
several times without initiation of a new sinus excitation, increasing the likelihood of a

self-sustained arrhythmia [118].
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Figure 3.2. In, density in LA and LV cardiomyocytes at varying holding potentials. A. /no» mean
density/holding potential relationship, LA (n=24/7 cells/mice) and LV (n=38/10 cells/mice). B. Ixa
density at -120 mV holding potential in LA (-35.72 + 1.718 pA/pF; n=40/13 cells/mice), LV (-30.89
+ 1.322 pA/pF; n=28/13 cells/mice). C. In, density at -85 mV holding potential in LA (-6.569 +
0.8474 pA/pF; n=40/13 cells/mice), LV (-9.735 + 1.075pA/pF; n=28/13 cells/mice). Statistical
significance determined by two-way nested ANOVA, *P<0.05, **p<0.01. [Experiments
performed by Sian O’Brien].
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The differential expression of Na* channels along with the difference in the Na* current
at physiological resting membrane potential, led us to hypothesise that conduction in
the atria would be slower. We used optical mapping to measure electrical activity in the
heart. Cardiac optical mapping is a method used to study cardiac electrophysiology in
health and disease. It allows the study of transmembrane voltage and intracellular
calcium using fluorescent dyes. Here, optical mapping was used to determine
electrophysiological differences between atria and ventricles, using voltage membrane
dye, Di-4-ANEPPS. Atrial and ventricular recordings were taken from the same heart,
ventricular measurements were taken first followed by atrial measurements. Due to
differences in the atria and ventricle’s vasculature, the ventricles loaded first. We
stimulated the ventricles and at the end of the ventricular protocol, we loaded the heart
further until the atria were sufficiently loaded. Atria were then stimulated with the same
pacing protocol. A more detailed experimental and pacing protocol can be found in
Chapter 2. This study was performed on CD1 wildtype (WT) mice aged 10 to 15 weeks.
Figure 3.3 demonstrates the regions that were selected for the atrial and ventricular
analysis. A 9 x 9 pixel region was selected in the atria and ventricles for direct
comparison. Data were analysed using two-way ANOVA with a Tukey post hoc test and
are presented as average values with mean * S.E.M. Additionally we also looked at
values from 10 Hz, which would represent the physiological heart rate of mice. Data

were analysed using a paired t-test with a Gaussian distribution.
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3.2.3. Conduction velocity is slower in mouse LA tissue than mouse LV

tissue

Figure 3.4 shows measurements of electrical parameters in left atria and left ventricles,
across a range of pacing frequencies, from 6.25 Hz up to 16.67 Hz. Conduction velocity
(CV) was acquired from activation maps using the multi-vector method with 5 x 5
window size. Our previous finding of difference in sodium channel protein levels
suggested that conduction velocity would also be different in atria and ventricles. A
slower conduction was observed in the LA compared to LV at each pacing frequency,
however this was not significantly different, Figure 3.4B. Average atrial CV ranged
between 17.5 and 48.3 cm/s and average ventricular CV ranged between 42.1 and 64.2
cm/s. Average values were calculated by taking average of each data point at each
frequency rates. A line of best fit showed a gradual slowing in CV with increasing pacing
frequency, but this was not significant. N numbers varied between 5 and 7 and was
analysed using two-way ANOVA. In Figure 3.4B, we used values from 10 Hz, Figure 3.5B.
At 10 Hz, we see a significant difference in CV between left atria and left ventricle, 30.4
+6.9 cm/s vs. 40.5 + 9.3 cm/s, p = 0.03. CV was significantly faster in ventricles compared
to atria. Average atrial CV was 30.4 + 7.7 cm/s and average ventricular CV was 40.5 *

10.4 cm/s. Data was analysed using student’s t-test.
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3.2.4. Action potential duration is shorter in mouse LA tissue than mouse

LV tissue

APDs were calculated as the time from maximum upstroke velocity to 50%
repolarisation. It has been observed from previous studies that action potential duration
is shorter in the atria compared to ventricles. This correlates with our observation, and
we found a significant difference in action potential duration at 50% repolarisation at
every pacing frequency, p<0.0001, Figure 3.4.A. Average atrial APD 50 ranged between
12.9 and 15.2 ms and average ventricular APD50 ranged between 27.8 and 32.8 ms.
There was no apparent effect of the pacing frequency on APD50. N numbers varied
between 6 and 7 and was analysed using two-way ANOVA. At 10 Hz, Figure 3.4A, APD50
was still significantly different between atria and ventricles. APD50 was significantly

shorter in atria compared to ventricles, 13.1 £ 1.7 ms vs. 31.5+ 7.1 ms, p = 0.006.

3.2.5. No difference in diastolic interval between mouse LA and mouse LV

Diastolic interval was measured at different pacing frequencies, Figure 3.4C. The
diastolic interval refers to the period during which the heart is relaxed, and the ventricles
are filling with blood. Diastolic interval measurements were similar within atria and
ventricles, although it was slightly shorter in ventricles, and showed an overall
shortening as pacing frequency got faster. Average diastolic intervals ranged between
75.1+£6.0 msand 139.9 £ 18.0 msin LV and between 81.3 + 7.3 cm and 142.9 + 18.4 ms

in LA. N numbers varied between 6 and 7 and was analysed using two-way ANOVA. At
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10 Hz, we observed no differences in diastolic interval, average atrial diastolic interval

was 100.4 £ 23.2 and 100.6 + 18.2 in ventricular diastolic interval, Figure 3.4C.

3.2.6. Amplitude is greater in mouse LV compared to mouse LA

Amplitude refers to the intensity of fluorescence emitted by Di-4-ANEPPS and is
dependent on tissue thickness, concentration of dye, dye loading, position of recording
electrode and tissue conductivity. Amplitude was significantly greater in the LV when
compared to LA, at each pacing frequency, Figure 3.4D. N numbers varied between 6
and 7 and was analysed using two-way ANOVA. Overall, amplitude also became shorter
over increased pacing frequency. At 10 Hz, amplitude in LV was significantly greater than
in LA, 1840 + 384.7 a.u. vs. 564.7 + 244.8 a.u., p = 0.005, Figure 3.5D. Data was analysed

using a student’s t-test.

3.2.7. Time to peak in mouse LV compared to mouse LA

Average time to peak ranged from 4.6 £+ 0.3 ms to 5.4 + 1.0 ms in the LV, and 6.0 £ 1.0
ms to 8.4 + 1.7 ms in the LA. Mean time to peak was faster in ventricles compared to
atria at every pacing frequency, but this was not significant, Figure 3.4E. At 10 Hz, time
to peak was slightly faster in the ventricles than in the atria, Figure 3.5E. Average atrial
time to peak was 6.2 + 0.8 ms and average ventricular time to peak was 5.4 + 1.0 ms,

but the difference was not significant, p=0.1.
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3.2.8. Activation time is faster in mouse LV compared to mouse LA

Activation time, which is the time it takes for an area of tissue to be activated, was
established as the midpoint of depolarisation. Activation time was measured as the time
it took from 10% of the tissue being activated to 90% of the tissue becoming activated.
Activation time between atria and ventricles was not significant at 10 Hz, but Figure
3.6.D shows when the data is plotted as an activation curve, LA activation curve is shifted
to the right, indicating that LA has a slower activation time compared to LV. 100% of LA
tissue was activated in approximately 4.3 ms while 100% of LV tissue was activated in
3.3 ms. This correlates with the CV data since the shorter the activation time, the faster

the CV.

Figure 3.3. Regions of interest in mouse heart. Camera image depicting a 9 x 9 pixel region of
interest in LA and LV.

74



/UT *kkk * Kk kK * Kk k ok *kkk * ok k %k * Kk kK —
»n 10017
é *kkk * k kK *k kK *k ok ok * k k% ~
o 407 e
> o
o S~ 80 -
o >
2
c =
301 [$)
[e]
= S 601
« o
] >
a 207 c 40
< o
B o a9 0o o0 0 ¢ /.\. =
o
< -
o 104 s 20
hag ©
o c
o S
- O 0 T T T T T T T T T T T
o 0T—T—T—T—T——T—T—T T T T 6.256.677.147.698.339.09 10 11.1112.514.246.67
b 6.256.67 7.147.698.339.09 10 11.1112.514.246.67 )
< ) Pacing Frequency (Hz)
Pacing Frequency (Hz)
2 —
00 D 2500 1
—_ oxx I P Kk kA .
(9]
S —
Z 1501 S 2000
© o
g Z
° © 1500 1
2 =
- 1004 3
2 ‘a 10004
: :
= 504
3 5009
(a]
0 1 T T 1 T T T T 1 T ] 0 T T T T T T T T 1 1 T
6.256.677.147.698.339.09 10 11.1112.514.246.67 6.256.677.147.698.339.09 10 11.1112.514.246.67
Pacing Frequency (Hz) Pacing Frequency (Hz)
101
_ O A
» 8-
3
=
< (Y
(0]
o
2 41
(0]
E
s o2
O T 1 T 1 1 T 1 1 1 1 T

6.256.677.147.698.339.09 10 11.1112.514.296.67

Pacing Frequency (Hz)

Figure 3.4A-E. APD50, CV, Amplitude, Diastolic Interval, activation time and time to peak in
mouse LA and LV. Measurements were taken in left atria and ventricles of CD1 mice over a range
of pacing frequency. Baseline measurements were taken from same heart. A. Action potential
duration at 50% repolarisation in LA (n = 5-7) and LV (n = 6-7) from CD1 WT mouse hearts.
Significant differences observed at each pacing frequency, P<0.0001. B. Conduction velocity in
LA (n=5-7) and LV (n = 6-7) from CD1 WT mouse hearts. No significant differences observed. C.
Diastolic interval in LA (n = 5-7) and LV (n=6-7) in mouse hearts. D. Amplitude in LA and LV from
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CD1 WT mouse hearts. Significant differences observed at each pacing frequency, P<0.0001. E.
Time to peak in mouse hearts in LA and LV. Statistical difference was determined using two-way
ANOVA with Sidak’s post hoc test and significance quantified as P<0.05. Error bars indicate
S.E.M. * represents significance between atrial and ventricular tissue. * denotes P<0.05, **
denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001, N=5.

76



w
A §, B
< 50- | x | ’\(,? 601 . . |
o & ®
© 404 o o °
Ny ==
= ‘o 40+
T 4. el® o 3
= 30 S R
o) > ® ——
— - C
_g 20 ) g 20- o
(&)
)
= 10- E
= S
o0 T T O 0 o o
5 Left ventricles Left atria Left ventricles Left atria
<
*% D
C 2500+ ' ! D 150
(7))
S £
~— 20004 L — 4;*
5 —
G e S 1001
< 15004 ‘L S ole Y
E e = —— °
2 o °
= 10004 ©
o 6 50-
£ 5
< 500~ ©
(m)
0 T T 0 T 1
Left ventricles Left atria Left ventricles Left atria
E F
10- 5 =
—_ o "
g 81 £4- ©
~ (] o .
X
- € o
8 6 '; = 3 _
[a (] é ) c Q0
2 44 ® 2 2 o
() E [)
e 5 >
= 27 S 17
2 @
0 T T 0 T T
Left ventricles Left atria Left Ventricle Left Atria

Figure 3.5A-F. APD50, CV, amplitude, diastolic interval, activation time and time to peak at 10
Hz. Measurements were taken in left atria and ventricles of CD1 mice. Baseline measurements
were taken from same heart. A. Significant difference was observed in APD50 between LV and
LA, 31.5 £ 7.1 msvs. 13.1 £ 1.7 ms respectively, n=6, p = 0.006. B. CV between LV and LA at 10
Hz, 40.5 £9.3 cm/svs. 30.4 £+ 6.9 cm/s, n=6, p = 0.03. C. Amplitude in LV and LA at 10 Hz, 1840
384.7 a.u.vs. 564.7 + 244.8 a.u., p = 0.005. Statistical difference was determined using student’s
paired t-test and significance quantified as P<0.05. * represents significance between atrial and
ventricular tissue. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes
P<0.0001, N=5.
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Figure 3.6A-D. Action potential duration and conduction velocity in left atria and left ventricles
taken from 9x9 pixel region of interest. A. Representative APD50 maps recorded from mouse
LA and LV tissue paced at 10 Hz. B. Representative CV maps recorded from mouse LA and LV
tissue paced at 10 Hz. Contour lines are spaced by 2 ms. C. Representative example of AP
recorded from LA (orange) and LV tissue (green) at 10 Hz. D. Representative example of
activation curve recorded from LA and LV tissue at 10 Hz.
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3.2.9. Direct comparison of atria and ventricles

To enable direct comparison of atria and ventricles, a 9 x 9 pixel region was analysed
from the left atria and the left ventricles, as shown in Figure 3.7A. The purpose of this
was to select a same sized region in both chambers. To ensure there was no skewing of
dataset by selecting a 9 x 9 pixel region from the left ventricle, we also analysed the

whole ventricles and compared this to 9 x 9 pixel region, Figure 3.6B.

Activation
time (ms)

0

1.5

3.0

4.5

6.0

Figure 3.7. Representative example of how regions of interest were selected and compared.
A) Hearts were analysed through selecting a 9x9 pixel region in the left atria and left ventricle.
B) Hearts were analysed through selecting the whole region of atrial tissue and whole region of
ventricular tissue.

Figure 3.8 shows the different electrophysiological parameters measured and compared
between whole region of ventricles and 9 x 9 pixel region in the left ventricles, at
baseline. The parameters measured, Figures 3.7.A to 3.8.E include APD50, CV,
amplitude, diastolic interval, and time to peak. No significant differences were observed

between the two regions. Significant differences were determined using a mixed factor
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ANOVA, a statistical method which compares mean differences between groups with
two variables [119]. APD50, CV, amplitude and time to peak stayed constant across the
pacing protocol. Diastolic interval became shorter with a faster frequency rate in both
regions. This is to be expected as an increase in heart rate would decrease the duration

of diastole [120].

At 10 Hz, there were no differences in APD50, CV, diastolic interval and time to peak.
Amplitude was slightly increased in the 9 x 9 pixel region compared to the whole

ventricles, but this was not significant.
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Figure 3.8A-E. Comparison of electrophysiological parameters in the ventricles between 9x9
pixel region in the LV and whole ventricles. A) Individual data points of APD50 from 9x9 pixel
region (light green) and whole region (dark green) paced between 6.25 Hz and 16.67 Hz. B)
Individual data points of CV from 9x9 pixel region and whole region. C) Individual data points of
amplitude from 9x9 pixel region and whole region. D) Individual data points of diastolic interval
from 9x9 pixel region and whole region. E) Individual data points of time to peak from 9x9 pixel
region and whole region. Each point represents an individual heart. Statistical difference
determined by mixed factor ANOVA, n = 7 for each group.
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Figure 3.9. Comparison of electrophysiological parameters in the ventricles between 9x9 pixel
region in the LV and whole ventricles, at 10 Hz. A) Individual data points of APD50 from 9x9
pixel region (light green) and whole region (dark green) paced at 10 Hz. B) Individual data points
of CV from 9 x 9 pixel region and whole region. C) Individual data points of amplitude from 9x9
pixel region and whole region. D) Individual data points of diastolic interval from 9x9 pixel region
and whole region. E) Individual data points of time to peak from 9x9 pixel region and whole
region. Each point represents an individual heart. Statistical difference determined using paired
t-test,n=7.
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3.2.10. Conduction velocity: Single vector and multi vector analyses

methods

For this study, we used the multi vector method to obtain CV measurements. This
method calculates the CV across the whole tissue Figure 3.10.C, a method which was
developed by Bayly et al 1998, opposed to single vector method which measures
conduction speed along a vector connecting two points, Figure 3.10.A [121]. The
calculation of CV across the entire tissue offers an overall view of the heart’s electrical
activity. Ideally, the vector would run along the apparent longitudinal axis. We also
measured the CV using single vector method as a comparison which consisted of
measuring CV between two manually selected points perpendicular to the wavefront.
Using the single vector method, a minor deviation in the vector can alter the CV value.
For instance, Figure 3.11 illustrates an area from a single ventricle at 10 Hz with a vector
drawn from point A to B. In both images, point B is chosen at two different locations,
with a single pixel difference between them, resulting in a change in CV. Over a span of
5.31 seconds, the CV was measured at 38.54 cm/s across 0.20 cm, and 42.09 cm/s across
0.22 cm, Figure 3.13A. Despite this, both multi vector and single vector methods
revealed a significant difference in CV in atria and ventricles at 10 Hz, although CV
recordings taken from single vector method were more variable than CV recordings

taken from multi vector method, Figure 3.10.
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Figure 3.10. Single vector and multi vector conduction velocities are reduced in LA compared
to LV. A. Representative single vector CV from mouse LA and LV tissue paced at 10 Hz. B.
Grouped data of single vector CV in LA 33.8+5.5 cm/sand LV, 49.3 £ 7.7 cm/s, p=0.03, N=5, two
tailed student’s t-test. C. Representative multi vector CV from mouse LA and LV paced at 10 Hz.
D. Grouped data of multi vector CV in LA, 30.4 + 3.4 cm/s, and LV, 40.5 + 4.6 cm/s, p=0.03, N=5,
two tailed student’s t-test.
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CV: 42.0872 cm/s
Distance: 0.22347 cm
Time: 5.3098 ms
Figure 3.11A-B. Conduction velocity measurement using single vector methodology. A and B

show differences in CV values when points selected differ by a pixel. A. CV is 38.5 cm/s over a
distance of 0.205 cm. B. CV is 42.1 cm/s over a distance of 0.223 cm.

CV: 38.5382 cm/s
Distance: 0.20463 cm
Time: 5.3098 ms

3.2.11. Heterogeneity of electrical activity across ventricular epicardium

In order to assess variance in electrical activity across the ventricular epicardium of the
heart, sections of the heart were measured independently of one another from WT CD1
mice. A square region of 9 x 9 pixel was selected from 6 regions of the heart; LV basal,
LV middle, LV apical, RV basal, RV middle and RV apical, as shown in Figure 3.11. From
these sections, action potential duration at 50% and 80% repolarisation, conduction
velocity, amplitude, time to peak, diastolic interval and activation time was measured at

10 Hz.
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Figure 3.12. Regions of interest in mouse heart. A 9 x 9 pixel selected across 6 regions; LV basal,
LV middle, LV apical, RV basal, RV middle and RV apical to measure heterogeneity of electrical
activity across the epicardium.

We observed significant differences in APD50 and APD80 within different sections of the
heart. APD50 was the longest in middle of LV while it was the shortest in the apex of the
RV. APD80 was the longest in the basal area of LV and shortest in the apical area of the
RV. CV was analysed using the multi vector method. CV was the fastest in the LV apex
and shortest in the middle area of LV. CV was significantly different between the
following regions, LV base and LV apex, LV base and RV apex, LV middle and RV base, LV
middle and RV middle, and LV middle and RV apex. Amplitude also showed difference
between several regions. Amplitude was the longest in the middle region of LV and

shortest in the basal region of RV. Time to peak was significantly different between LV
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base and RV apex, and RV base and RV apex. Time to peak was the fastest in the basal
region of RV and slowest in the apical region of RV. There was no difference in diastolic
interval across any regions. Activation times showed some differences across some of
the regions. Activation time was significantly different between LV middle and RV base,
LV middle and RV middle, and LV middle and RV apex, with the fastest activation time

being observed in the apex of RV and slowest being in middle of LV.
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Figure 3.12. Electrical activity across epicardium at 10 Hz. Ventricles were separated into six
9x9 pixel regions, LV-Base, LV-Middle, LV-Apex, RV-Base, RV-Middle, RV-Apex. APD50, APD80,
CV, amplitude, time to peak and activation time was measured in each region. Significant
differences were observed and is denoted by asterisks in A. APD50, B. APD80, C. CV, D.
Amplitude, E. Time to peak, F. Diastolic interval, and, G. Activation time. Statistical difference
was determined by mixed factor ANOVA with Tukey post-hoc. Significance quantified as P<0.05.
* denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001, n=75.
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3.3. Chapter Discussion

3.3.1. Overview of main findings

The main findings from this chapter are summarised as follows:

e Action potential duration is longer in ventricles compared to atria.

e Conduction velocity is slower in the atria compared to ventricles.

e Activation time is slower in the atria compared to ventricles.

e Significant differences in action potential duration and conduction velocity exist

across regions of the ventricles.

3.3.2. Electrical differences between LA and LV

3.3.2.1. Action potential duration comparison between LA and LV

There have been a few recent studies investigating electrical differences between atria
and ventricles. It has long been determined that there are significant differences in the
action potential (AP) configuration and conduction, in atria and ventricles. In most
mammalian species, atrial AP is characterised by a shorter repolarisation phase,
compared to the ventricular AP, which has a more prolonged repolarisation phase [122].
Clercq et al, 2018, observed shorter action potential duration in right atria compared to
right ventricle, in healthy, non-sedated horses. They reported an overall mean of APD90
from RA and RV at rest, 1000 ms/CL and 600 ms/CL as 263 + 39 ms and 467 + 23 ms, 262

+41 msand 412 + 38 ms, 236 £ 47 ms and 322 + 29 ms [123]. Haverinen and Vornanen
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2006 also demonstrated larger action potentials in ventricles compared to atria, in
rainbow trout [124]. Knollmann et al, 2007, characterised the cardiac action potential in
a mouse heart. They took monophasic action potential (MAP) recordings from mouse
LA and LV epicardium from the same heart and observed significantly shorter atrial
MAPs than ventricular MAPs. This difference was due to a shorter final repolarisation
phase at APD70 and APD90. However APD30 was significantly longer in the LA compared
to ventricle, and it is likely this is due to lower Kv4.2/4.3 current density in atrial

myocytes compared to ventricular myocytes [122].

The difference in atrial and ventricular repolarisation is due to expression of a number
of ion channels and channel subunits in atrial myocytes which are almost absent in
ventricular myocytes. These include the ultrarapid delayed rectifier current (/kur) which
initiates atrial repolarisation faster than the ventricular myocyte channel equivalent,
rapid delayed rectifier current, (/kr). The outward transient K* current (/o) also facilitates
a shorter atrial APD as it is expressed more in atrial myocytes than ventricular myocytes.
This current greatly influences the early rapid phase 1 repolarisation [125]. Workman et
al 2012 also concluded that contribution of /o potentially shortened APD in atrial

myocytes [126].

Our results correlate with published data. The WT hearts were put through a dynamic
pacing protocol, and as shown in Figure 3.3.A, showed a significant difference in APD50
at every single pacing frequency. Published data have reported, in mice, in the atrial
tissue, APD50 ranging between 10 £ 0.5 and 16 + 1.7, at 10 Hz [127]. This is on par with

our findings in this study, where APD50 was 13.13 ms. In ventricles, it was reported that
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APD50 is approximately 50 ms [27], we reported an average of 32 ms. LA APD50
decreased from 13.9+ 2.9 ms at 6.25 Hz, t0 12.9 + 1.2 ms at 11.11 Hz. Although this was
not significant, it is usual for APDs to shorten with faster pacing frequencies to enable a
sufficient diastolic interval [128]. Shorter APD, which is commonly observed in atria
compared to ventricles, is also associated with shortening of refractoriness, potentially
creating re-entrant arrhythmias. When APD is reduced, the threshold for re-entry

decreases, thus requiring a shorter path length for re-entry [129].

3.3.2.2. Conduction differences between LA and LV

Conduction velocity (CV) depends on several factors including expression and
distribution of specific ionic proteins, tissue excitability and cell size [130]. There are
opposing data published with some reporting that there is no difference in mouse atrial
and ventricular CV, some reporting atrial CV was slower than ventricular CV and some
reporting atrial CV is faster than ventricular CV. Several studies have reported an atrial
CV ranging between 30 — 60 cm/s and a ventricular CV of also ranging between 30 — 60
cm/s in mice [131] [132]. Draper and Mya-Tu, 1959, studied CV across different tissue
types and species and found little differences between chambers in cat and dog hearts,
and slower ventricular conduction velocity in goat hearts compared to atrial conduction
velocity [112]. One of the more recent study published in 2003 by Alcolea et al, show in
their WT mouse models, the CVs in different chambers. They reported a CV of 31.5 +
1.6 and 30.8 + 1.8 cm/s in LA and RA respectively. In the LV and RV, they reported 46.3

t+ 4.2 and 37.5 £ 2.7 respectively [133]. The findings from this study correlates with our
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findings. Another study published in 1998 by Thomas et al, also demonstrated a slower
CV in atria compared to ventricles. CV in the atria was approximately 0.35 m/s and 0.4

m/s in the ventricles [111].

A change in CV is primarily caused by a change in sodium channel availability. As
mentioned previously, it has been shown there is a difference in sodium channel
function in the atria and ventricles. Using Western Blot technique, we showed that
Nay1.5 expression in the LA was greater than in LV in mouse tissue. The study also
showed that Na+ current density is reduced in the atria compared to ventricles at a
physiological resting membrane potential, meaning that more of the channels in the LA

are inactivated at physiological resting membrane potential.

Although our CV data showed no significant difference when analysed as a two-way
ANOVA, at 10 Hz, a paired t-test revealed a significant difference. The atrial tissue
displayed approximately a 30% reduced CV compared to ventricles, regardless of
methodology. This resultis in agreement with the patch clamping dataset which showed
a greater negative shift in the voltage dependence of sodium channel inactivation in left
atrial cardiomyocytes [108]. With faster pacing frequency, CV became slower, this is
caused by a reduced availability of sodium channels which are still inactive from the
previous excitation. A decrease in CV is usually associated with an increased risk of re-
entrant excitation, predisposing to arrhythmia by reducing length scale over which re-
entry can occur [77]. Along with their unique electrical properties, the shortened APD
and slowed conduction are likely part of the reason why atria are more susceptible to

arrhythmia compared to the ventricles.
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Previous reports have shown inconsistency in whether CV is different among atria and
ventricles and recent studies are limited. Many of these studies were also performed in
animal models other than mice. We have demonstrated that CV is modulated by Na+
channel activation and inactivation. Atrial Na*channels were inactivated at more
negative RMPs compared to ventricular Na* channels meaning the number of available
Nav1.5 channels is expected to be reduced and the peak Ina lowered in the atria
compared to ventricles [108]. The importance of precise measurement of CV is crucial
for the study of arrhythmias and electrical remodelling. Understanding how conduction
is modulated would be beneficial in understanding the mechanisms of conduction
disorders. Changes in CV provides a critical foundation for the development of

arrhythmias. A slowing of CV increases the likelihood of re-entrant arrhythmias [118].

3.3.2.3. Preference of using multi vector method over single vector method

We investigated differential CVs in the LA and LV in the same heart using multi vector
and single vector methodologies. Multi vector method and single vector method are two
different approaches to assess electrical activity. The multi vector method calculated CV
across whole tissue, implementing the method from Bayly et a/ [121]. This provides a
more comprehensive view of the heart’s electrical activity [134]. The single vector
method required manually selecting two points perpendicular to the wavefront and
measuring the CV using the distance between the two points, providing a limited view
of the heart’s electrical activity. Selecting two points perpendicular to the wavefront

often proved to be difficult due to complex activation patterns across the tissue. A slight

95



deviation from the perpendicular direction could skew the CV value significantly. Figure
3.11 shows an example of an area from a single ventricle at 10 Hz with a vector drawn
from Ato B. In both images, point B is selected at two different points, with a single pixel
difference from one another. This resulted in a change in CV. Over 5.31 seconds, CV was
measured at 38.54 cm/s across 0.20 cm, Figure 3.13A and 42.09 cm/s across 0.22 cm,
Figure 3.11B. The 0.02 cm increase in distance, yielded a slower CV. Both multi and single

vector methods demonstrated CV was slower in the LA compared to LV.

3.3.2.4. Amplitude differences in LA and LV

Amplitude generally refers to the magnitude of electrical signal generated by the heart.
However, in the context of this study, the amplitude is considered arbitrary and is
modulated by several factors. Amplitude can be affected by dye loading, tissue
thickness, tissue conductivity, location of recording electrode, light illumination and
health of the tissue. Taking these factors into account, amplitude can be compared in a
single chamber at different timepoints, i.e. at baseline and after drug treatment or
between different pacing frequencies but will come with limitations when compared
between chambers and between different experiments due to differential dye loading
of atria and ventricles. In this study, we consistently found the amplitude to be larger in
the ventricles compared to the atria. Thicker tissues tend to generate signals with larger
amplitudes compared to thinner tissues. Since ventricles have larger tissue size and
mass, it is unsurprising that ventricles would generate a significantly stronger amplitude

at all pacing frequencies compared to atria. Knollmann et al 2007, measured action
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potential amplitude in mouse hearts at 130 ms/CL (8.33 Hz) and observed a shorter
amplitude in the LA compared to the LV [122]. Regardless, in our study, atria were
loaded with more dye compared to ventricles which can affect signal amplitude greatly.
In all our experiments, atria and ventricles remained intact during imaging — chambers
were not separated. When loading the heart with di-4-ANEPPS, ventricles loaded first.
Once ventricle signals were optimal, ventricles were paced and imaged, and then heart
was loaded further with di-4-ANEPPS until atrial signals were visible. Without knowing
accurately the amount of dye perfused into atria and ventricles separately, it is difficult
to determine accurate amplitude changes between atria and ventricles. Signal
amplitude could be normalised to the change in fluorescence, AF/F, where F represents
baseline level of fluorescence and AF represents change in fluorescence from the

baseline.

3.3.2.5. Time to peak differences in LA and LV

Time to peak, which refers to the time it takes for the cardiac tissue to reach its
maximum contraction during the cardiac cycle, is measured by the rise time between
10% and 90% of the depolarisation phase of the action potential. It is known that
ventricles usually display a slower time to peak compared to atria, due to differences in
the intrinsic heart rate. Here, we found that LV time to peak was slightly slower in
ventricles compared to atria but did not show a significant difference. Studies have also
shown an increase in time to peak with faster pacing frequency, this was not observed

in our study.
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Time to peak represents an average time to peak value from several action potentials
from several cells in a single pixel. Since each cell is activated at different times due to
electrical propagation, this skews the time to peak average. Therefore, data obtained

for time to peak must be accepted with reservations.

3.3.2.6. Diastolic differences in LA and LV

Diastolic interval was measured from APD90 to the activation time of the following
action potential and is dependent upon heart rate and action potential duration.
Diastolic interval is often shorter in the ventricles compared to the atria, due to the fact
that atria have shorter APDs. We observed a shortening of the diastolic interval with
faster pacing frequency in both LA and LV. This is to be expected, as with a faster heart

rate, there is less time for the heart to relax, hence a shorter diastolic interval [120].

3.3.2.7. Activation differences in LA and LV

Activation time is measured as the time it takes for the whole tissue to be activated.
Excitation is initiated from the sinoatrial node (SAN) and propagates across the RA and
the LA from the lower right through to the upper left of the tissue [135]. In previous
studies, activation times in atria and ventricles have not been directly compared in the
mouse model. In this study, we didn’t see a significant difference in activation times
between LA and LV at 10 Hz, however when the values were plotted as a curve, there is

a clear shift of LA activation time to the right compared to the LV, indicating LA activation
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time was slower. Since CV is slower in the LA compared to LV, it stands to reason that
the same would be observed that activation times would be slower in the LA. Su et al
2022, reported an activation time of approximately 2.5 ms in the LA. This is on par with
our data with average activation time also being 2.5 ms [136]. Boukens et al 2012
reported an activation time of 3.8 ms in ventricles, slower than our findings which was

2 ms [137].

3.3.3. Heterogeneity within ventricles

There have been a few studies investigating heterogeneity within the ventricular wall
and within the ventricular layers, endocardium, myocardium and epicardium. It has
been established that the three layers of the heart exhibit different characteristics in
regard to anatomy, topography and electrophysiology [138]. Lou et al 2011, measured
intrinsic heterogeneities of excitation-contraction coupling and calcium handling in
human hearts and found differences in APD and calcium transient (CaT) durations at
sub-endocardium level [139]. Antzelvitch et a/ 1991 summarised findings of
heterogeneity within epicardial, endocardial and myocardial cells [140]. Using a 3D
simulation study, Franzone et al 2008 investigated effects of apex to base
heterogeneities in APDs [141]. Most studies studying apex to base heterogeneities are
simulation model studies, therefore not comparable to our study. Understanding
heterogeneity in the heart is important as it helps to understand sequence of
repolarisation and whether abnormalities in ventricular heterogeneity can lead to

arrhythmias and other cardiac disorders.
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Our study showed a significant difference in APD50, APD80, CV and amplitude between
almost all regions. It is important to note that the positioning of pacing electrodes can
affect the CV measurement. This may explain why CV was slightly slower in the LV base
and LV middle, but further examination is required. A study from 1983 by Sekiya et al,
investigated APDs in the apex and base in the endocardium and epicardium canine left
ventricle and found APD60 and APD90 was longer in the apex compared to the base
[142]. This was opposite to what we found, which was that APD50 and APD80 was
shorter in the apex compared to the base. This could be due to differences in potassium
ion concentration across the heart between species, i.e. dogs vs. mice. Kanai and
Salama, 1995 showed APDs are shorter at the apex than the base of the LV in guinea
pigs which correlated with our findings, however this study was carried out in

dissociated myocytes [143].

Following on from these studies, it will be crucial to investigate differences in expression
and function of ion channels in these regional areas in the ventricles. It will be especially
useful to look at sodium and potassium ion channel expression levels due to differences
in APD and CV. Further experiments can be done to study heterogeneity within sections
of the myocardium. The myocardium can be isolated from mouse hearts and CV and
APD can be measured in the different regions, also allowing comparison between the
epicardium and myocardium. This would be considered more physiological since the
cardiac conduction system is located in the myocardium where APs are also propagated.
Furthermore, it will be interesting to see how these basal heterogeneities change under
cardiac stress such asischaemia. An elevated risk of ventricular arrhythmias is correlated

with increased heterogeneity in myocardial activation and APD [144].
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4. Investigating differential effects of flecainide in atria and ventricles

4.1. Chapter Introduction

Anti-arrhythmic drugs (AADs) are used to treat cardiac arrhythmias. These medications
work by modulating the electrical conduction system to restore sinus rhythm or to
prevent occurrence of arrhythmias [145]. AADs are grouped into four classes based on
their mechanism of action, Class | — sodium channel blockers, Class Il — beta blockers,
Class Il — potassium channel blockers, and Class IV — calcium channel blockers. These
are further divided into subclasses and are detailed in Chapter 1.1. The classification of
the AADs is traditionally based on the Vaughan Williams classification, which was
introduced by Miles Vaughan Williams. Lei et al 2018 have developed a modernised
classification incorporating a wider range of pharmacological targets and including

principal action of current and potential AADs [146].

Sodium channel blockers belong to Class | drugs and work by inhibiting the flow of
sodium ions through sodium channels. They can be used to treat hyperexcitability-
related diseases including cardiac arrhythmias [147]. It is used for rhythm control
therapy of patients with atrial fibrillation (AF) with normal ventricular function and
without ischaemic heart disease. AADs were initially developed to suppress ventricular
arrhythmias [108]. Flecainide is a class Ic AAD, signifying its primary action on sodium
channels within cardiac cells. Flecainide blocks the sodium channels, with Nay1.5 being
the predominant pore-forming alpha subunit, inhibiting the fast inward sodium current.

This decreases the rate of depolarisation during phase 0 of the action potential and
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delays conduction across the heart tissue [36]. It also has prolonged refractoriness due

to flecainide’s slow release from the binding site [86].

We have discussed significant differences in sodium channel expression and conduction
observed between atria and ventricles in Chapter 3. Protein expression of Nay1.5 was
larger in the left atria compared to left ventricles, and sodium current density was
smaller in the left atria compared to left ventricles [108]. We also showed that
conduction was slower in the atria compared to ventricles due to the lower sodium
current density at -85 mV, and action potential duration was shorter in the left atria
compared to the left ventricle. These fundamental differences observed between atria
and ventricles potentially indicate a differential effect of flecainide in the atria and
ventricles. Holmes et al investigated whether changes in atrial resting membrane
potential altered the effectiveness of clinically used AADs such as dronedarone,
propafenone and flecainide. The study demonstrated in isolated mouse cells and
HEK293 cells and human induced pluripotent stem cells derived cardiac myocytes
(hiPSC-CMs), that a more positive RMP increased the effectiveness of propafenone,
flecainide and dronedarone. Sodium current inhibition was greater with the AADs at

more positive RMP [148].

As current AADs do not specifically target atrial sodium channels and no studies have
directly compared the effectiveness of flecainide in atrial and ventricular chambers,
there is a need for atrial selective sodium channel blockade. Different arrhythmias
originate in different areas of the heart, for instance, AF often originates in the

pulmonary veins and is propagated in the atria, and VF originates in the ventricles [149]
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[150]. Pulmonary vein isolation has become a widely used technique to supress AF. In a
study of patients with 1 to 4 points of origin for AF, 65 out of 69 total ectopic foci
originated in the pulmonary veins, 3 in the right atria and 1 in the posterior left atrium
[151] [152]. Chamber specific drugs can allow for targeted therapy which could improve
the efficacy of the treatment. The specificity of AADs can be critical for effectively
managing arrhythmias while minimising potential adverse effects. Although flecainide
has a reasonable safety profile and is recommended as one of the first line of treatment
in patients who do not have ventricular disease or coronary heart disease, large studies
have shown flecainide to cause proarrhythmia in some patients. The Cardiac Arrhythmia
Suppression Trial (CAST) showed increased mortality in patients surviving myocardial
infarction after treatment with either flecainide or encainide [86]. Determining the
effects of flecainide in atria and ventricles will help with development of chamber

specific drugs with improved efficacy and safety profiles.

The aims of this investigation were to:

e Using patch clamping, assess differential effects of flecainide on sodium channels

in isolated mouse atrial and ventricular cells.

e Using optical mapping, assess the differential effects of flecainide on conduction

velocity in the mouse atrial and ventricular tissue.
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The patch clamp data presented in Chapter 4, Figures 4.1 and 4.2, were performed and
analysed by Dr O’Brien and Dr O’Reilly. The data has been published in article for which
| am a co-author on and has been added here as it provides a strong rationale for
measuring differential responses to flecainide between atria and ventricles using optical

mapping.
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4.2 Chapter Results

4.2.1 Flecainide displays greater inhibition of maximal upstroke velocity

Experiments were performed on cells isolated from wildtype (WT) mouse LA and LV. The
cells were patch clamped to compare RMP and measure maximal upstroke velocity of
the AP and sodium channel activation.

We were able to confirm differences in RMP between atrial and ventricular myocytes.
When cells were paced at 1 Hz, left atrial myocytes had an RMP of 70.8 + 1.4 mV and
left ventricular myocytes had an RMP of -74.4 + 1.0 mV, indicating that atrial myocytes
were significantly more depolarised, Figure 3B. This significance was also present at 3
Hz. According to Figure 3C, the maximal upstroke velocity of the AP was significantly
greater in ventricular myocytes compared to atrial myocytes at 1 Hz and 3 Hz. When
flecainide was added to the myocytes, we found that more ventricular myocytes were
able to still generate an AP compared to atrial myocytes. Out of 23 atrial cells, 14 were
excitable (61%), and out of 19 ventricular cells, 17 were excitable (89%), Figure 3D.
Flecainide also significantly decreased the maximal upstroke velocity to a larger degree
in atrial cells compared to ventricular cells, at 1 Hz and 3 Hz. This shows a preference for

flecainide to inhibit sodium current in atrial cells.
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Figure 4.1. Resting membrane potential and maximal upstroke velocity in left atrial and left
ventricular cells. A. Raw action potential traces. B. Resting membrane potential in LA and LV
cells. RMP is significantly less negative in LA cells compared to LV cells; at 1 Hz, LA -70.8 £ 1.4
mV; LV -74.4 £ 1.0 mV p = 0.0002, n = 23-40/5 cells/mice. Each dot represents average per
mouse from at least 3 cells, **p < 0.01, ***p < 0.001. Statistical significance determined by two-
way ANOVA. C. Maximal upstroke velocity in LA and LV cells. dV/dt is significantly larger in
ventricular cells compared to atrial cells; at 1 Hz, LA 238.6 £ 27.7 mV/ms; LV 304.2 £ 27.9 mV/ms,
*p = 0.0018, n = 23-40/5 cells/mice. Each dot represents average per mouse from at least 3
cells, **p < 0.01, ***p < 0.001. Statistical significance determined by two-way nested ANOVA.
D. After flecainide treatment, 14 of 23 atrial cells remained excitable, and 17 of 19 ventricular
cells remained excitable, p = 0.07, Fisher's Exact Test, n = 4 mice. E. Flecainide significantly
decreased dV/dT to a greater extent in atrial cells, at 1 Hz 47.9 + 18.8% when compared to
ventricle cells (At 1 Hz, 18.6 + 9.8%, p = 0.04, Each dot represents average of at least 3 cell per
mouse. Statistical analysis determined by two way nested ANOVA, n = 4. [Experiments
performed by Molly O’Reilly].

106



Test Potential (mV) |
0%Q 50 -40 -30 -20 -10
N

Test Potential (mV)
-30 -20

© LACntrd @ LV Cntrl
® LAFlec @ LV Flec
+10mV ¢ 100msi +10mV 100 ms E—
— T
=— 2
; ©
: s
-100 mv — — 100 mvV— e
-40 -40
1007 50 o, - D Inhibition at -120my € Inhibition at -70mV
90 ® LA _
80 100 1007 eee
: -
=
5 c c
g S 70 g 70{ B
3 5 S 60 8 60| . =
240 € 50 £ 50 i i
30 X 40 R® 401 s ISS
20 _2 30 _‘z‘ 30 -?:
10 20 20 .
5 10 10
-120 -115 -110 105 -100 -95 -90 -85 -80 -75 -70 0 01— -
LA LvV

Holding test potential (mV)
Figure 4.2. LA and LV representative raw Iy, traces from cardiomyocytes from WT mouse
hearts, +/- 1 um flecainide, with patch clamp protocol. A. Current-voltage relationship of Iy,
density in LA (n=11/6 cells/mice). B. Current-voltage relationship of In. density in LV (n=14/4
cells/mice). C. Inacurrent inhibition at different holding test potentials in LA and LV, with protocol
inset. D. Inhibition of In, in LA and LV at -120 mV, LA=75.9%+6.8; LV=44.4%+4.5;
***p <0.001. E. Inhibition of Iy, in LA and LV at -70 mV, LA=47.4% +4.6; LV =33.6% * 2.6.

n=12/6 cells/mice for LA and 14/4 for LV. Each dot represents an individual cell, **p < 0.01,
***p <0.001, ****p < 0.0001, unpaired t-test. [Experiments performed by Sian O’Brien].

To assess current-voltage relationships, we measured sodium current in atrial and
ventricular cells at baseline and with 1 uM flecainide addition. Ina density was measured
at different test potentials in both atrial and ventricular cells. Ina was generated at 1 Hz
and the test potentials were increased from -80 mV to +10 mV, in 10 mV increments
from a holding potential of -100 mV. The addition of flecainide reduced the Ina density

in both atrial and ventricular cells and was more apparent at more positive potentials

with the difference being maintained across the range of test potentials. Furthermore,
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Ina in the LA cells was inhibited to a greater degree in compared to LV cells. From Figure
4.2D and E, we can see that at -120 mV, when all the sodium channels are activated, and
-70 mV, at physiological resting membrane potential, flecainide significantly inhibited /na

in both LA and LV cells but to a larger degree in the LA cells.

4.2.2. Flecainide prolongs action potential duration in LA mouse tissue

Optical mapping experiments were performed in CD1 WT mouse hearts to compare
effects of flecainide on the conduction in LA and LV. Recordings were taken from the LA
and LV from different hearts. This is because the atria and ventricles cannot be optically
imaged at the same time. Ventricles were loaded first with Di-4-ANEPPS, and baseline
and flecainide recordings were taken. Atria requires more loading of Di-4-ANEPPS which
results in the ventricles becoming overloaded. Hence why, after recording ventricles
with flecainide, we are unable to measure atrial baseline. The experimental and pacing
protocol for this study is described in Chapter 2. Data were statistically analysed using
either two-way ANOVA or a t-test, depending on dataset. Data measured across a pacing
frequency was analysed using two-way ANOVA, and data measured at 10 Hz, was

analysed using a paired t-test.

Addition of flecainide showed a prolongation of APD50 in the LA, Figure 4.3A. A two-way
ANOVA statistical test showed this was significant across all pacing frequencies.
Flecainide slightly prolonged APD50 in the LV, but this was not significant, Figure 4.3B.
APD80 was also prolonged after flecainide introduction in the LA across all pacing

frequencies, but not in the LV, Figure 4.3C and 4.3D. Figure 4.10 shows representative
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action potentials in LA and LV at baseline and after flecainide perfusion. In the LA, there
is a slight increase in the APD during late repolarisation, whereas in the LV action
potential, there is no change after flecainide perfusion. The change in APD50 and APD80
with flecainide was increased at higher pacing frequencies. This correlates with the use
dependence characteristic of flecainide, where the effect of flecainide is enhanced with
faster stimulation rates [153]. As pacing frequency increased, the APD50 in the LA also
became prolonged. As we observed in Chapter 3, baseline APD50 in the LA was shorter
than baseline APD50 in the LV. At 10 Hz, flecainide significantly prolonged APD 50 and
APD80 in the LA. Flecainide did not significantly affect the APD in the LV, Figure 4.4A and

4.4B.

4.2.3. Flecainide slows conduction in LA mouse tissue

CV measurements were recorded at baseline and after flecainide introduction. A two-
way ANOVA demonstrated that flecainide significantly slowed conduction across all
pacing frequencies in the LA. Conduction slowing was not observed in the LV however,
and CV data was more variable with larger standard error means (S.E.M.s). With
increased pacing frequency the CV appeared to slow in the LA at baseline and after
flecainide addition, Figure 4.3E. At 10 Hz, CV was still significantly slower in the LA after
flecainide addition. In the LV, it is more apparent that CV is slower after flecainide
addition, but not significantly slower, Figure 4.4C. When compared to time matched
controls, the significance remained. The time control experiments were performed with

the flecainide experiments and served as a negative control. This demonstrates that the

109



slowing of conduction and the increase in APD in the LA is due to flecainide, Figure 4.5.
This was reflected in the activation time in the LA and LV. We observed a slower
activation time in the LA after flecainide treatment, compared to baseline. Since the CV
is slower, the time it takes for the tissue to be activated will also be longer, increasing
the activation time. In the ventricles, the activation time did become longer, but not to
the same extent as in the atria. This is evident in the representative activation maps and
activation curves, Figures 4.6 to 4.9. At baseline, the time it takes for 90% of the LA tissue
to be activated was just under 3.5 ms, Figure 4.7A. After flecainide perfusion, it took
approximately 5.5 ms for 90% of the LA tissue to be activated, Figure 4.7B. In the LV,
90% of the LV tissue was activated in 2.25 ms and after flecainide perfusion, activation

time increased to 2.75, Figure 4.9A and B.

4.2.4. Flecainide reduces amplitude in LA mouse tissue

Amplitude was decreased in the LA after the addition of flecainide. The decrease in
amplitude was maintained at all pacing frequencies. With faster pacing frequencies, the
difference in amplitude between baseline and flecainide became larger, Figure 4.3G.
Despite the significance, the data was highly variable, as evidenced by the high S.E.M.s.
In the LV, amplitude did not significantly change before and after flecainide, Figure 4.3H.
At 10 Hz, amplitude was significantly reduced after flecainide addition in the LA. No

differences were observed between baseline and flecainide in the LV, Figure 4.4D.
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4.2.5. Flecainide does not affect diastolic interval and time to peak in the

LA and the LV

The addition of flecainide did not significantly affect the diastolic interval, but there was
a trend of mean diastolic interval being shortened after flecainide was added, in the LA
and LV. The diastolic interval also shortened with faster pacing frequency, Figure 4.3I
and 4.3J. At 10 Hz, no significant differences were observed between LA baseline and

flecainide, or LV baseline and flecainide, Figure 4.4E.

Flecainide did not significantly affect time to peak in the LA or LV. In the LV, the average
time to peak was slower with flecainide at each of the pacing frequency, but was not
significant, Figure 4.3K and 4.3L. In both LA and LV, there was a trend of time to peak
becoming longer with faster pacing frequency. At 10 Hz, flecainide appeared to prolong

the time to peak in both LA and LV, but was not significant, Figure 4.4F.
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Figure 4.3A-N. APD50, conduction velocity, amplitude, diastolic interval, time to peak and
activation time at different pacing frequencies. Measurements were taken in left atria (left
panel) and ventricles (right panel) of CD1 mice. Measurements were taken at baseline and with
flecainide. A. LA APD50 baseline v flecainide at 7.69 Hz, 12.2 + 1.1 ms v 15.01 + 2.1, p=0.0078, at
833 Hz, 123 £ 0.9 msv 15.4 £ 2.4 ms, p=0.0025, at 9.09 Hz, 12.4 £ 1.2 ms v 15.5 £ 2.6 ms,
p=0.002, at 10.00 Hz, 12.5+ 1.2 ms v 16.3 + 1.8 ms, p=0.0002 and at 11.11 Hz, 12.5+ 1.1 msv
16.5 + 2.7 ms, p=0.0001. Statistical difference was determined using 2-way ANOVA with Tukey’s
post hoc test and was quantified as P<0.05. * represents significance between baseline and
flecainide treated tissue. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, ****

denotes P<0.0001. N=7 for each group.
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Figure 4.4A-f. APD50, APD80, conduction velocity, amplitude, time to peak and activation time
between LA and LV and flecainide treatment at 10 Hz. Measurements were taken in left atria and
left ventricles of WT CD1 mice. Measurements were taken at baseline and +/- flecainide. Statistical
difference was determined using paired t-test and quantified as P<0.05. * represents significance
between baseline and flecainide treated tissue. * denotes P<0.05, ** denotes P<0.01, *** denotes
P<0.001, n=7.
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Figure 4.6A-D. Activation maps in LA at baseline and with flecainide at 10 Hz. A. Representative
activation map in the LA at baseline at 10 Hz. Contour lines are spaced by 2 ms. B. Representative

isomap with vectors in the LA at 10 Hz. C. Representative activation map in the LA after perfusion
of 1 uM of flecainide, at 10 Hz. Contour lines are spaced at 2 ms. D. Representative isomap with
vectors in the LA after flecainide was added, at 10 Hz.
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Figure 4.7A-B. Activation curve in LA baseline and LA flecainide at 10 Hz. A. Representative
activation curve in the LA at baseline at 10 Hz. B. Representative activation curve in the LA after
perfusion of 1 uM of flecainide at 10 Hz. Blue dashed line indicates time it takes for 10% of tissue
to be activated. Red dashed lines indicate time it takes for 90% of tissue to be activated.
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Figure 4.8A-D. Activation maps from ventricles at baseline and with flecainide at 10 Hz. A.
Representative activation map in the LV at baseline at 10 Hz. Contour lines are spaced by 2 ms.
B. Representative isomap with vectors in the LV at 10 Hz. C. Representative CV map in the LV
after perfusion of 1 uM flecainide, at 10 Hz. Contour lines are spaced at 2 ms. D. Representative
isomap with vectors in the LV after flecainide was added, at 10 Hz.
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Figure 4.9A-B. Activation curve in LV baseline and LV flecainide at 10 Hz. A. Representative

activation curve in the LA at baseline at 10 Hz. B. Representative activation curve in the LA after

perfusion of 1 uM of flecainide at 10 Hz. Blue dashed line indicates time it takes for 10% of tissue
to be activated. Red dashed lines indicate time it takes for 90% of tissue to be activated.
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Figure 4.10A-B. Representative action potentials in LA and LV at baseline and after flecainide
perfusion at 10 Hz. A. Representative example of action potential recorded from the LA at
baseline (orange) and after flecainide perfusion (blue), at 10 Hz. B. Representative example of
action potential recorded from the LV at baseline (green) and after flecainide perfusion (blue),
at 10 Hz.
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4.3 Chapter Discussion

4.3.1. Overview of main findings

The main findings from this chapter are summarised as follows:

e Flecainide slows conduction velocity to a larger degree in the atria compared to
ventricles.

e Flecainide prolongs action potential duration to a larger degree in the atria
compared to the ventricles.

e Flecainide slows tissue activation in atria and ventricles.

4.3.2. Flecainide and sodium channel inhibition

These results provide insight into the electrophysiological differences between atria and
ventricles and how they respond to flecainide. At baseline, we have shown clear
distinctions between atrial and ventricular characteristics. The difference in sodium
channel expression, peak sodium current density, RMP, have the potential to alter
effectiveness of sodium channel blockers. Our study demonstrates that flecainide
exhibits atrial specific inhibition of sodium current in a healthy normal heart. We
observe a difference in the RMP between atrial cells and ventricular cells, with atrial
cells displaying a more positive RMP. This is relevant because our previous study showed
that a more positive RMP increased the effectiveness of AADs [148]. The RMP is
regulated by the inward rectifier channel current /i1 and unsurprisingly, studies have

found li. channel expression to be higher in the ventricles compared to the atria [154].
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In addition to this, ventricular cells displayed significantly greater maximal upstroke
velocity of the AP compared to the atrial cells. This is critical for rapid signal conduction
through the heart [155]. The effect of flecainide was more pronounced in atrial cells,
with a larger reduction in the maximal upstroke velocity and a higher proportion of
unexcitable cells after flecainide treatment. The differential sensitivity of flecainide is
more apparent at more positive RMPs, demonstrating that small fluctuations in RMP

can have significant effects on AAD efficacy [148].

4.3.3. Differential effects of flecainide in LA and LV in WT mouse

From our optical mapping data, we observe the effects of flecainide clearly in the atria
and ventricles. We find that flecainide prolongs the APD significantly in the LA yet did
not have a significant effect in the ventricles. Andrikopoulos 2015 notes that flecainide
inhibits the opening of potassium channels, especially the rapid component of the
delayed rectifier K* current (/k), which is responsible for repolarisation of the cardiac
cells. This prolongs the action potential duration in atrial and ventricular tissue [156].
Interestingly, in the Purkinje fibres, flecainide caused a shortening of the APD. This is
supported by a study by lkeda 1985, where they investigated effects of flecainide on
electrophysiological properties of isolated canine and rabbit myocardial fibres. They
measured changes in APD50, APD90 and effective refractory period (ERP), after
flecainide, in canine Purkinje fibres and ventricular muscle fibres. With increasing

flecainide concentration (0.1, 1 and 10 pg/ml), APD50, APD90 and ERP were prolonged
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in the ventricular muscle fibres. In Purkinje fibres, APD50 and APD90 was truncated, and

the ERP was shorter at 1 pg/ml and returned to baseline values at 10 pg/ml [157].

Flecainide interacts with Kir2.1 channels, a major determinant for Iki. The k1 plays a
critical role in the final phase of repolarisation. In the ventricles, increasing the /1
current through flecainide helps the ventricles reset faster, i.e. reach RMP faster.
Although flecainide blocking other Kv channels result in prolonging the APD, the increase
in Ix1 may be balancing the prolongation out, therefore overall ventricular APD is not
affected. In the atria, flecainide does not increase the k1 making the atrial APD

prolongation more apparent [158].

We also observed conduction slowing in the LA after flecainide treatment at each pacing
frequency. The effect of flecainide slowing CV in the LA is to be expected. The primary
mechanism of flecainide's action is the blockade of sodium channels, which are essential
for the initiation and propagation of electrical signals in the heart. By blocking these
channels, flecainide prevents sodium ions from entering the cardiac cells, which is a
crucial step for the generation and propagation of the action potential, slowing the
conduction. Flecainide did not cause the conduction to slow in the LV. This may be due
to flecainide’s preference for sodium channel blocking in the atria. We do see some
slowing of the conduction in the LV but not enough to show significance. Therefore, this
further demonstrates the preferential effects of flecainide in the atria and ventricles.
The activation time, which has an inverse correlation with CV, did not show significant
difference between baseline and flecainide, but we do see an increase in activation time

in both LA and LV.
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To validate the drug induced effects of flecainide, we concurrently performed time
control experiments. This was essential as action potential morphology and conduction
can change over time without intervention. APDs tend to become prolonged and CV
becomes slower with increased time due to effects of run down. This refers to loss of
ion channel activity and can be caused by changes in the intracellular environment, loss
of essential cofactors, or even phototoxicity [159]. The time control experiments were
identical to the flecainide experiments except the time control experiments did not
include addition of flecainide. Figure 4.5A showed flecainide significantly slowed down
conduction in the LA, but there was no difference with the time control. Figure 4.5
showed a significant difference in CV between baseline and flecainide measurements,
and between flecainide and time control measurements. In the ventricles, flecainide had
no effect on the APD or the CV. Firstly, this demonstrates that the effects we are seeing
are the effects of flecainide and not due to time. Secondly, flecainide has a preferential
effect on the atria compared to ventricles and this can be attributed to the more positive
resting membrane potential of the atria and the availability of sodium channels in the
atria. The greater effect of flecainide in the atria could result in a more pronounced

increase in refractoriness.

The distinct responses to flecainide between atria and ventricles highlight a potential
avenue for the development of chamber specific AADs. Development of atrial specific
AAD which does not alter the electrophysiology of normal function ventricles may be
possible. Patients diagnosed with early stages of AF, with normal ventricular function
can be administered flecainide with minimal modulation of ventricular

electrophysiological characteristics. This selective targeting could also minimise adverse
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effects associated with AADs and improve patient outcomes. Future work could
investigate combining clinically relevant AADs with drugs that modulate the RMP to

enhance their effectiveness.
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5. Investigating effectiveness of flecainide in global ischaemia

5.1. Chapter Introduction

Cardiac ischaemia is the inadequate blood supply to an area of the heart which is caused
by blockage of the blood vessels. Inadequate blood supply results in lack of oxygen and
nutrients being delivered to the ischaemic region. Ischaemic heart disease (IHD) also
known as coronary heart disease (CHD), is defined as heart problems resultant of
narrowing of coronary arteries via blood clot clot or constriction of blood vessel, or more
commonly by buildup of plaque. Ischaemia is a major cause of mortality in the developed
world. It is the leading cause of death in men and women. Each tissue or organ has a

unigue mechanism in which ischaemia occurs and responds to it differently [160].

Ischaemia in the heart can result in biochemical and metabolic disturbances causing
arrhythmias. During ischaemia, reduced oxygen delivery to tissue causes intracellular
ATP levels to fall as there is no oxygen for the mitochondria to use to produce ATP. 60
— 70% of ATP is used to drive the contraction of the heart muscle while the remaining
30-40% is used in the function of ion pumps. Fatty acids account for most of the cardiac
ATP, with the remainder ATP coming from glucose, lactate, ketone bodies and amino
acid. Under ischaemic conditions, the heart shifts from aerobic metabolism to anaerobic
metabolism. Under normal conditions, the heart produces energy in the form of ATP
using oxygen, glucose and lipids. When oxygen transport and tissue oxygenation are
compromised, like in the case of ischaemia, anaerobic metabolism occurs. In anaerobic
metabolism the heart produces energy from fatty acid utilisation and upregulation of

glucose oxidation. As a result, during ischaemia, there is a further decrease in the
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production of ATP, the main energy source of the heart muscle. Since sodium pumps
require ATP to function, the unavailability of ATP means that the movement of ions into
and out of cell is altered, achieving elevated extracellular K* ions and elevated
intracellular Ca?* and Na* ions. This causes significant changes in resting membrane,
action potential characteristics and conduction of cells. Resting membrane potential
becomes less negative, action potential becomes shorter and conduction becomes
slower [161]. Furthermore, ischaemia triggers an inflammatory response leading to
accumulation of excessive collagen and other extracellular matrix proteins in the
affected tissue, replacing the damaged myocardial tissue with collagen-based scar,
known as fibrosis, further contributing to the arrhythmogenic milieu [162]. The presence
of fibrosis in the heart also causes slowing of conduction, re-entry and ventricular

desynchronization, exacerbating effects of ischaemia [163].

Treatment for ischaemic heart disease depends on the underlying cause and the severity
of the condition. The primary goal of treatment is to improve blood flow to the heart
muscle, control their symptoms and prevent further damage. Some of the treatments
available include medications, lifestyle changes or surgical procedures. Drugs that are

used to manage symptoms and during acute phase of ischaemic heart disease include
B-blockers, ca®* antagonists and nitrates. Ranolazine and ivabradine have recently been

added to ischaemia treatment for reducing angina. Patients also receive aspirin, an
antiplatelet drug, and statins, a lipid lowering compound [164]. If medication is
insufficient, examples of surgery treatment include angioplasty, a minimally invasive

form of surgery.
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The Cardiac Arrhythmia Suppression Trial (CAST) | was instituted by the National Heart,
Lung, and Blood Institute (NHLBI), to test the hypothesis that suppression of premature
ventricular contractions (PVCs) with antiarrhythmic agents such as flecainide and
encainide reduced mortality. Encainide and flecainide are both class IC antiarrhythmic
agents that are reported to be effective in suppressing ventricular arrhythmias [165].
Saini et al study established whether response to one agent predicted the response to
the other agent. They concluded that despite the similarity in electrophysiological
profile, the antiarrhythmic effect of the two agents was different [165]. The CAST | was
conducted between 1986 and 1989 and was prompted by the fact that patients that
suffered from myocardial infarctions had a higher risk of mortality due to arrhythmia.
1498 patients were recruited and randomized to different treatments, 857 to encainide
or placebo and 641 to flecainide or placebo. In CAST |, antiarrhythmic drugs effectively
suppressed asymptomatic ventricular arrhythmias but increased arrhythmic death
[166]. The trial was terminated early due to lethal arrhythmias. Encainide and flecainide
treated patients had a 3.6-fold excessive risk of arrhythmic death compared to placebo
treated patients. Within two years after enrollment, encainide and flecainide were
discontinued due to increased mortality and sudden cardiac death. Studies pertaining
to the trial hypothesised that an interaction between flecainide and ischaemia could
account for the observed increase in cardiac and sudden deaths in the study group in

the CAST I.

According to Andrikopoulos et al 2015, the main precaution for flecainide administration
is to rule out structural heart disease and/or ischaemic cardiomyopathy for the purpose

of preventing increased risk of proarrhythmia [156]. This was based on the CAST | trial.
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We have seen recent trials such as EAST-AFNET 4 and Flec-SL (flecainide short - long)
demonstrate a low rate of ventricular arrhythmia when flecainide is used after
cardioversion and during rhythm control therapy. However there is a lack of evidence of
the effects of flecainide treatment in patients with ischaemia, without structural heart
disease. Flec-SL study only enrolled 600 patients. They were randomised into different
treatment groups and treated with flecainide for either four weeks or six months.
Patients enrolled either had early AF, over 75 years old, and had had a transient
ischaemic attack, or fulfilled two of the following requirements, female sex, over 65
years of age, diagnosed with diabetes mellitus, heart failure, hypertension, coronary
artery disease, chronic renal disease, or left ventricular hypertrophy [167]. The study
found that while long-term treatment with flecainide was superior, short-term
flecainide treatment was almost as effective in preventing recurrences of AF. The study
suggested that short-term treatment with flecainide can be considered for AF patients
who are at increased risk for adverse drug effects, potentially making therapy safer and
applicable for more patients. A larger cohort is required to properly determine the

effects of flecainide in ischaemic hearts [167].

The primary aim of this study was to

e determine the ideal flow rate required to induce ischaemia; this will be
determined by changes in conduction velocity (CV)
e assess the interaction between flecainide and ischaemia in healthy

wildtype (WT) hearts, using optical mapping.
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e investigate the interaction of ischaemia and flecainide on CV and action

potential in the ventricles.
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5.2. Chapter Results

5.2.1. Pilot study

A pilot study was designed to determine the ideal flow rate to achieve ischaemia.
Baseline flow rate was set as 4 ml/min. Flow rate was reduced by 60% and 30% to induce
ischaemia, achieving flow rates 2.4 ml/min and 1.2 ml/min, respectively. Data was
recorded from WT CD1 hearts from ventricles and di-4-ANEPPS was used to image the
heart. Normal flow rate (4 ml/min) and correct temperature (37°C) was established
before each experiment. Hearts were prepared as described in Chapter 2.3.4.1. Once
the heart was loaded onto the optical mapping rig, the heart was allowed to stabilise for
10 minutes. Every 10 minutes, the heart underwent a dynamic pacing protocol ranging
from 7.14 Hz to 14.29 Hz. This was to determine how long it took for the ischaemia to

take effect.

Figure 5.1 shows how reduced flow rates of 2.4 ml/min and 1.2 ml/min compared with
normal flow rate at 10 Hz. With low flow rates, APD50 became shorter whereas with
normal flow rates, APD increased over time. APD50 was the shortest at 30 minutes in
both of the lower flow rates (Figure 5.1A). At 30 minutes, average control APD50 was
19.4 + 5.8 ms with a 38.9% increase from baseline. At 30 minutes with 2.4 ml/min flow
rate, average APD50 was 14.4 + 1.9 ms with a 33.9% decrease from baseline and with
1.2 ml/min flow rate, average APD50 was 10.5 + 1.5 ms with a 44.6% decrease from
baseline. As expected, experiments that had the lowest flow rate, 1.2 ml/min, had the

shortest APD, indicating a more severe ischaemia.
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Figure 5.1B shows the change in conduction velocity (CV) over 60 minutes, at 10 Hz. CV
became slower at the lowest flow rate, at 1.2 ml/min. At 2.4ml/min and in the control

group, the CV stayed consistent, or became slightly faster over time.

We summarised from the pilot data that the ideal flow rate to achieve ischaemia was
2.4 ml/min, a 40% decrease of normal flow rate at 4 ml/min. The effect of ischaemia was
observed by the decrease in APD50 and slowing of conduction after 10 to 20 minutes of
low flow perfusion. Although ischaemia was observed with a flow rate of 1.2ml/min,
collecting data with such a low flow rate proved difficult. Measurements were more

variable and often difficult to analyse with several missing datapoints.
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Figure 5.1A-B APD50 and CV in ventricles with low flow rate at 10 Hz over 60 minutes. APD50
and CV were measured in WT ventricles in mice every 10 minutes, for 60 minutes. The 3 groups
consisted of control (green points), 2.4 ml/min (blue points) and 1.2 ml/min (purple points), n=3.
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Figures 5.2, 5.3 and 5.4 show isomaps and APD50 maps in the ventricles at different
timepoints during ischaemia. Maps were generated at 10 Hz every 10 minutes. Figure
5.2 has been taken from the control group. Figure 5.3 represents low flow group with
2.4 ml/min and Figure 5.4 represents low flow group with 1.2 ml/min. Figures 5.3A and

5.3G and Figures 5.4A and 5.4G represents baseline, before ischaemia has been induced.

40 mins 50 mins 60 mins

12.24 243 ¢ 12.8

Figure 5.2A-L APD50 and CV in control hearts at 10 Hz over 60 minutes. APD50 and CV were
measured in WT ventricles in mice every 10 minutes, for 60 minutes. The 3 groups consisted of
control (green points), 30% reduced flow rate (blue points) and 60% reduced flow rate (purple
points), n=3.
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Figure 5.3A-B APD50 and CV in ventricles with 2.4 ml/min flow rate at 10 Hz over 60 minutes.
APD50 and CV were measured in WT ventricles in mice every 10 minutes, for 60 minutes. The 3
groups consisted of control (green points), 30% reduced flow rate (blue points) and 60% reduced
flow rate (purple points), n=3.
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Figure 5.4A-B APD50 and CV in ventricles with 1.2 ml/min flow rate at 10 Hz over 60 minutes.

APD50 and CV were measured in WT ventricles in mice every 10 minutes, for 60 minutes. The 3

groups consisted of control (green points), 30% reduced flow rate (blue points) and 60% reduced

flow rate (purple points), n=3.
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5.2.2. Effect of flecainide with global ischaemia via low flow rate

Our dataset was divided into four groups to address our research question. These groups
were: normal flow without flecainide, normal flow with flecainide, low flow without
flecainide, and low flow with flecainide. We used a concentration of 1 uM flecainide,
which is commonly used in clinical settings, with a typical target range between 0.2 and

4 uM [86].

We measured three parameters, APD50, APD80 and CV, at various timepoints: baseline,
during ischaemia, and after the addition of flecainide. Once hearts were loaded onto the
rig, hearts were given 10 minutes to recover from the stress of the isolation process and
to allow stabilisation of the heart rate. This ensured that cardiac function was optimal
before the experiment began. Baseline recordings were taken after the recovery period.
Ischaemia was induced immediately after the baseline recording, and a recording was
taken after 15 minutes of low flow rate perfusion. Flecainide was then introduced and
allowed to wash in for 15 minutes before another recording was taken. The protocol

used for the low flow ischaemia can be found in Chapter 2.3.4.1.

5.2.2.1. Effect of ischaemia on APD and CV compared to baseline

Figure 5.2 shows the APD50 in each of the 4 groups. Figure 5.2A represents hearts that
underwent ischaemia and flecainide. Figure 5.2B represents hearts that did not undergo

ischaemia but were treated with flecainide. Figure 5.2B represents hearts that
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underwent ischaemia but were not treated with flecainide. Figure 5.2C represents

hearts that did not udergo ischaemia or flecainide treatment and was used as a control.

Causing ischaemia via low flow perfusion prolonged the APD50 and APD80 in some of
the hearts, but not all. Figure 5.2A and 5.3A showed no difference between baseline and
ischaemia, however, in Figure 5.2C and 5.3C, ischaemia caused APD shortening
compared to baseline. Ischaemia is expected to shorten APDs as ischaemia causes a
large outward flow of K* from cells affecting the repolarisation [161]. We observe a

slowing of CV caused by ischaemia but this is not significant, Figures 5.4A and 5.4C.

5.2.2.2. Effect of flecainide on APD and CV compared to baseline

Figures 5.5C and 5.6C looks at the effects of flecainide only on the APD50 and APD80.
Interestingly, flecainide caused a shortening of the APDs and this was shown to be
significant at APD80. Flecainide is commonly known to increase APD It caused CV to
slow significantly at all pacing frequencies tested. This is to be expected as when
flecainide blocks Na* channels, it slows the upstroke of the action potential, reducing

the conduction velocity.

5.2.2.3. Effect of flecainide in presence of low flow ischaemia

The interaction between ischaemia and flecainide appears to be inconclusive from this
dataset. Figures 5.5A, 5.6A and 5.7A shows effects of flecainide in the presence of

ischaemia. There was no difference from the baseline when ischaemia is induced and
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flecainide is added. For example, at 10 Hz, the average APD50 value at baseline was 26.0
t 4.2 ms. During ischaemia, this was 24.8 + 8.3 ms and after flecainide was added,

average APD50 value was 24.0 + 10.7 ms.
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Figure 5.5A-D. APD50 in ventricles at baseline and with ischaemia and flecainide. APD50 was
measured in ventricles of WT mouse hearts. Green points represent baseline, red points
represent + ischaemia and blue points represent * flecainide. Each panel represents the 4
groups. A. Group +ischaemia and + flecainide, no significant differences observed, n=7. B. Group
+ ischaemia and — flecainide. Significant difference at slower pacing frequencies, between
baseline and + ischaemia and baseline and - flecainide (ischaemia), n=7. C. Group — ischaemia
and + flecainide. Significant difference observed at 10 Hz, between — ischaemia (control) and +

137



>

* Action Potential Duration 80% (ms)

flecainide, n=7. D. Group — ischaemia and — flecainide. No significant differences observed
between control groups, n=7. Statistical significance determined by multiple t test. Significance
quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes
P<0.0001. * = baseline vs. + ischaemia, * = baseline vs. * flecainide, * = * ischaemia vs.
flecainide.
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Figure 5.6A-D. APDS80 in ventricles at baseline and with ischaemia and flecainide. APD80 was
measured in ventricles of WT mouse hearts. Green points represent baseline, red points
represent + ischaemia and blue points represent * flecainide. A. Group + ischaemia and +
flecainide. No significant difference observed between groups, n=7. B. Group + ischaemia and —
flecainide. Significant difference observed at 8.33 Hz and at 9.09 Hz between baseline and
ischaemia, n=7. C. Group -ischaemia and _ flecainide. Significant difference observed between
8.33 Hz and 11.11 Hz between baseline and +flecainide, and between — ischaemia and +
flecainide, n=7. D. Group — ischaemia and — flecainide. No significant difference observed, n=7.
Statistical significance determined by multiple t test. Significance quantified as P<0.05. *
denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * = baseline
vs. t ischaemia, * = baseline vs. * flecainide, * = + ischaemia vs. * flecainide.
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Figure 5.7A-D. Conduction velocity (CV) in ventricles at baseline * ischaemia and * flecainide.
CV measured in WT mouse hearts across pacing frequencies. A. CV in group +ischaemia and
+flecainide. No significant difference observed between groups, n=7. B. CV in group + ischaemia
and — flecainide. Significant difference at 9.09 Hz between baseline and — flecainide, n=7. C. CV
in group —ischaemia and +flecainide. Significant difference observed between baseline and
flecainide between 7.14 Hz and 11.11 Hz, n=7. D. CV in group —ischaemia and —flecainide. No
significant difference observed within the groups, n=7. Statistical significance determined by
multiple t test. Significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, ***
denotes P<0.001, **** denotes P<0.0001. * = baseline vs. * flecainide.
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5.2.3. Global ischaemia via low perfusion pressure

5.2.3.1. Constant flow rate vs. constant perfusion pressure

When experimental conditions were maintained by flow rate, hearts showed severe
atrioventricular block (AVB) and slower heart rates (below 200 bpm), even in the control
experiments. We plotted a graph to observe the heart rate over the duration of the
experiment, measuring the heart rate every 10 minutes, Figure 5.8, over the course of
50 minutes. We found that the heart rates dropped very quickly from the first timepoint,
in the constant flow rate experiments, Figure 5.8A. In the group with normal flow rate
(4 ml/min) and + flecainide, indicated by green points, initial heart rate at timepoint 1
was 373.3 £ 60.6 bpm, dropping to 146.7 £ 98.7 bpm at 50 minutes, a decrease of 60.7%.
In group 2.4 ml/min +flecainide, indicated by orange points, initial heart rate (pre-
ischaemia) was 240 + 58.9 bpm, dropping to 40 + 20 bpm at 50 minutes, an 83.3%
decrease. In group 4 ml/min —flecainide (control group), indicated by pink points, initial

heart rate started at 140 bpm, increasing to 160 bpm, 14.2% increase after 50 minutes.

We followed up with constant perfusion pressure experiments to see how this
compared with constant flow rate experiments and see how it would affect heart rates
and heart viability in comparison. We used low pressure to induce ischaemia in the
hearts. Using the same percentage decrease, the perfusion pressure was reduced from
80 mmHg to 50 mmHg, a 40% decrease. In the control group, at baseline, timepoint 1,
heart rate was 315 £ 75.5 bpm. After 50 minutes, in experiments with normal pressure,
heart rate went down to 300 + 60 bpm, a 4.5% decrease than baseline. In experiments

with low pressure, heart rate at baseline was 346.7 + 140.5 bpm and came down to 220
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Heart rate (bpm)

+ 91.7 bpm at the final timepoint, a 36.5% decrease, Figure 5.8B. From this it can be
observed that the heart rate was more stable when controlled by perfusion pressure
rather than flow rate. The number of experiments that were successful was also higher
when the experiments were controlled by perfusion pressure compared to flow rate.

Heart rates that fell below 300 bpm were excluded from the study.
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Figure 5.8A-B Heart rates in mouse ventricles in experiments with constant flow rate
compared to experiments with constant perfusion pressure over 50 minutes. Heart rates were
measured in WT ventricles in mice every 10 minutes, for 50 minutes. Figure 5.4.A, in 4 ml/min
+flecainide group (n=3), at baseline, timepoint 1, the heart rate decreased from 373.3 + 60.6
bpm to 146.7 + 98.7 bpm, a decrease 60.9%. In 2.4 ml/min +flecainide (n=4), heart rate went
from 240 + 58.9 bpm to 40 + 20 bpm, an 83.3% decrease. In control group, 4 ml/min —flecainide
(n=1), heart rate went from 140 bpm to 160 bpm, a 14.3% increase M indicates group low-flow
+flecainide, B indicates group normal flow +flecainide, B indicates group normal flow —
flecainide. Figure 5.4.B, in normal pressure group (n=3), heart rate with from 315 £ 75.5 bpm to
300 + 60 bpm, a 4.5% increase. In low pressure group (n=4), heart rate went from 346.7 + 140.5
bpm to 220 £ 91.7 bpm, a 36.5% decrease from baseline.
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5.2.3.2. Effect of ischaemia and flecainide on APD50

Following on from the heart rate comparison between the experimental setups, we
repeated the ischaemia and flecainide experiments, triggering ischaemia through 40%
reduction of perfusion pressure. As before, experiments were divided into four groups,
ischaemia without flecainide, ischaemia with flecainide, no ischaemia without
flecainide, and no ischaemia with flecainide. Baseline measurements were taken
immediately after stabilisation of the heart. In the relevant groups, ischaemia was
induced immediately after baseline recording and flecainide was added 30 minutes after

baseline recording.

Figure 5.9 shows the APD50 in the four groups across several pacing frequencies.
Ischaemia appeared to prolong the APD50, Figure 5.6A and 5.6B. APD50 prolongation
was not statistically significant in Figure 5.9A but showed significance in Figure 5.9B,
specifically at 7.14 Hz and 7.69 Hz. We did not observe the effects of flecainide on
baseline. In Figure 5.9, there were no differences on the APD50 between baseline and
flecainide. In the presence of ischaemia, flecainide did not alter the APD50. Overall, the
APD50 was longer after ischaemia compared to baseline and became more prolonged
when ischaemia was extended, represented by —flecainide. With increased pacing
frequency, APD50 became shorter, however this was not significant. We isolated values
at 10 Hz only and this showed no significant differences in any of the groups between

baseline, * ischaemia and * flecainide.
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Figure 5.9A-D APD50 in ventricles at baseline and with ischaemia and flecainide. A) APD50 at
baseline with ischaemia and with flecainide. B. APD50 at baseline with ischaemia and without
flecainide. No significant differences between baseline and ischaemia, baseline and flecainide,
and ischaemia and flecainide. C) APD50 at baseline with no ischaemia and with flecainide. D.
APD50 at baseline without ischaemia and without flecainide. Each dot represents average
number of hearts, n=5. Experiments were analysed using two-way ANOVA with Tukey post hoc
test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. * represents difference between
baseline and * ischaemia, + represents difference between baseline and * flecainide, and #
represents difference between * ischaemia and * flecainide.
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Figure 5.10A-D APD50 in ventricles at baseline and with ischaemia and flecainide, at 10 Hz. A.
APD50 in group + ischaemia and + flecainide. No significant differences between treatments,
n=8-10. B. APD50 in group + ischaemia and - flecainide. No significant differences between
treatments, n=8-12. C. APD50 in group — ischaemia and + flecainide. No significant differences
between treatments, n = 7-8. D) APD50 in group — ischaemia and - flecainide. No significant
differences between treatments; 25.5 + 3.6 ms vs. 27.0 + 3.2 ms vs. 24.5 + 3.6 ms, n = 6-7.
Experiments were analysed using one-way ANOVA with Tukey post hoc test.
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5.2.3.3. Effect of low-pressure ischaemia and flecainide on conduction velocity

Conduction velocity (CV) was measured in WT hearts at baseline and with * ischaemia
and  flecainide, at several pacing frequencies. Using a two-way ANOVA we showed
statistical differences CV in the four groups across several pacing frequencies, Figure

5.11.

Under ischaemic conditions, CV became slower when compared to baseline. This was
shown to be significant in Figure 5.11A but wasn’t significant in Figure 5.11B although
the shortening of CV is present at all pacing frequencies. In hearts without ischaemia,
the same slowing of CV is not observed, indicating that the effect we see is down to

ischaemia.

The effect of flecainide was also apparent. Figure 5.11C shows that flecainide
significantly slowed the CV at all pacing frequencies. When flecainide was not added, CV
remained at values closer to baseline or ischaemia levels, indicating that the slowing of
CV was down to flecainide. In the presence of ischaemia, flecainide reduced CV from
69.9 + 7.2 cm/s at baseline to 42.4 + 2.5 cm/s, a 39.9% decrease. In the absence of
ischaemia, flecainide reduced the CV from 69.8 + 4.0 cm/s at baseline down to 49.9 +
5.9 cm/s, a 28.5% decrease. This indicates that flecainide could potentially cause a
further slowing of the CV when ischaemia is present which could be proarrhythmic and
may have been one of the contributing factors for increased mortality in clinical trials.
The significant difference between CV during ischaemia and after flecainide at all pacing
frequencies further solidifies that flecainide slows the CV to a greater extent in the

presence of ischaemia, Figure 5.11A. The significant differences observed between
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baseline, £ ischaemia and * flecainide was maintained when the data was isolated at 10

Hz, Figure 5.12.
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Figure 5.11A-D. CV in ventricles at baseline and with ischaemia and flecainide. A. CV in group
+ischaemia and —flecainide. Significant differences between baseline vs. ischaemia and baseline
vs. -flecainide at 7.14 Hz only. N = 7. B. CV in group + ischaemia and + flecainide. Significant
differences between baseline and ischaemia at faster pacing frequencies. Significant differences
between baseline and + flecainide at all pacing frequencies. Significant differences between +
ischaemia and + flecainide at all pacing frequencies. N = 6. C. CV in group — ischaemia and —
flecainide. Significant difference between baseline and — flecainide, and between — ischaemia
and — flecainide at 7.14 Hz. Significant difference between baseline and — flecainide at 12.5 Hz.
N = 5. D. CV in group — ischaemia and + flecainide. Significant difference between baseline and
+ flecainide, and between -ischaemia and + flecainide at all pacing frequency. N = 5. Each dot
represents average number of hearts. Experiments were analysed using two-way ANOVA with
Tukey post hoc test, *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001. * represents difference
between baseline and * ischaemia, + represents difference between baseline and * flecainide,
and # represents difference between + ischaemia and * flecainide.
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Figure 5.12A-D. CV in mouse ventricles at baseline, t ischaemia and % flecainide, at 10 Hz. A.
CV at baseline with ischaemia and with flecainide. Significant difference observed between
baseline and —flecainide, 67.6 + 3.5 cm/s vs. 54.9 + 3.0 cm/s, p=0.02. B. CV at baseline with
ischaemia and without flecainide. Significant difference observed between baseline and
ischaemia, 64.6 £ 2.7 cm/s vs. 54.4 + 3.0 cm/s, p=0.02, between baseline and flecainide, 64.6 +
2.7 cm/svs. 43.2 £ 1.1 cm/s, p<0.0001, and between ischaemia and flecainide, 54.4 + 3.0 cm/s
vs.43.2+1.1cm/s, p=0.02. C. CV at baseline with no ischaemia and with flecainide. No significant
difference observed between groups. D. CV at baseline without ischaemia and without
flecainide. Significant difference observed between baseline and flecainide, 70.1 + 1.3 cm/s vs.
49.0 + 2.3 cm/s, p<0.0001, and between —ischaemia and flecainide, 66.3 + 1.8 cm/s vs. 49.0
2.3 cm/s, p<0.0001. Statistical significance determined by one-way ANOVA. Significance
quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes
P<0.0001.
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Figure 5.13A-F. Activation maps in ventricles at baseline, ischaemia and flecainide at 10 Hz. A.
Representative activation map in the ventricles at baseline at 10 Hz. B. Representative isomap
with vectors in the ventricles at 10 Hz. C. Representative activation map in the presence of
ischaemia, at 10 Hz. D. Representative isomap with vectors in the presence of ischaemia, at 10
Hz. E. Representative activation map in the presence of ischaemia and flecainide, at 10 Hz. F.
Representative isomap with vectors in the presence of ischaemia and flecainide at 10 Hz.
Contour lines are spaced at 2 ms.
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Figure 5.14A-C. Activation curve in ventricles at baseline, ischaemia and flecainide at 10 Hz. A.
Representative activation curve in the ventricles at baseline at 10 Hz. B. Representative
activation curve in the ventricles in the presence of ischaemia, 10 Hz. C. Representative
activation curve in the presence of ischaemia and flecainide at 10 Hz. Blue dashed line indicates
time it takes for 10% of tissue to be activated. Red dashed lines indicate time it takes for 90% of
tissue to be activated.
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5.3. Chapter Discussion

5.3.1. Overview of main findings

The main findings from this chapter are summarised as follows:

e Low flow and low perfusion ischaemia caused a prolongation of action potential
duration from baseline.

e Low flow and low perfusion ischaemia caused a slowing of conduction velocity
from baseline.

e Presence of both ischaemia and flecainide caused a higher degree of conduction
slowing compared ischaemia alone.

o Low perfusion ischaemia provided a more stable heart rate, with more hearts

surviving the duration of the experiment, compared to low flow ischaemia.

5.3.2. Constant flow rate vs. constant perfusion pressure

The cardiac ischaemia model is commonly used in isolated mouse hearts to investigate
ischaemia reperfusion injury, myocardial infarction and other ischaemic syndromes.
Global ischaemia can be triggered through low-flow perfusion or low perfusion pressure.
In a global ischaemia model, ischaemia is induced in the whole heart, opposed to
regional ischaemia, where ischaemia is induced in a smaller region of the heart. The two
modes of perfusate delivery, constant perfusion flow mode and constant perfusion
pressure mode have their advantages and disadvantages and are used depending on

experimental requirements. In a constant perfusion flow mode, the perfusate being
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circulated into the heart is maintained at a constant rate, via a peristaltic pump. This
enables the monitoring of changes in pressure, however one downside is that this
mechanism can override autoregulatory mechanism of the heart. In a constant
perfusion pressure mode, the perfusion pressure is maintained at a constant rate and is
monitored by measuring the pressure and adjusting the flow rate to account for changes
in pressure. This allows the heart to auto-regulate coronary vascular tone and alter

perfusion flow to accommodate the demands of the heart [168].

5.3.3. Effect of low-flow ischaemia and flecainide on action potential

duration at 50% repolarisation

We firstly established the conditions of global low-flow ischaemia in the pilot study. We
determined a suitable flow rate of 2.4 ml/min and the duration of ischaemia to be 20
minutes. In literature, studies using the low-flow method had a flow rate ranging from
10% of baseline to 75% of baseline. Duration of ischaemia also varied amongst studies.
Assayag et al 1998 achieved ischaemia in mouse hearts by reducing flow rate by 15%
and 30% of coronary flow for 180 minutes whereas House et al 2003 used a low-flow
rate of 1 ml/min for a minimum of 30 minutes to achieve a global ischaemia insult [169]
[170]. Ebel et al 2001 reduced flow rate in rats from 14 ml/min to 0.5 ml/min, a reduction
of 186%, for 45 minutes [171]. Many studies also subject hearts to no-flow ischaemia.
Ultimately, ideal flow rate or perfusion pressure and duration of ischaemia is dependent
on the research question. For the purpose of our study, we selected flow rate and

ischaemia duration on the lower end of severity, where we were able to see effects of
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ischaemia, such as slowing of conduction and heart rate, without compromising the

quality of the data.

Following on from the pilot study, we designed an experimental setup to look at
interaction of ischaemia and flecainide, with ischaemia being achieved through low-flow
perfusion. As shown in Figure 5.5A and 5.5C, we observed a significant increase in APD
after ischaemia in one group but no effect caused by ischaemia in another group. We
know from literature, ischaemia causes a decrease in APD, through mechanisms
mentioned in Chapter 1, which contradicts our data. Bethell et a/ 1998 demonstrated
significant APD90 shortening in a ferret heart model during 7.5% low-flow ischaemia.
Interestingly, this study also highlighted an initial increase in APD90 before a marked
shortening of APD [172]. This is corroborated by other studies which observe an initial
prolongation of the action potential accompanied by a subsequent shortening of the
action potential. It is thought the initial prolongation is down to changes in /cal, ho,
and lk1, a phenomenon observed in sub-epicardial and sub-endocardium cells [173]
[174]. However, the interchange from a prolonged APD to a truncated APD has been
reported to be rapid, within 5 minutes of inducing ischaemia, therefore unlikely to be
the reason for our observations. Time is also an important factor which must be
considered in these experiments. It is established in literature that APD becomes longer
with increased time which has also been observed in our previous work. To factor effect
of time, we implemented control groups in the study. Figure 5.5C and 5.5D represent
control for ischaemia as ischaemia was not induced in those hearts. In both groups, APD
remained insignificantly different between baseline and —ischaemia (control) timepoint.

From this we can conclude it is unlikely that the prolongation of APD we are observing
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is caused by a time lapse. The combination of differential effects of ischaemia in Figures
5.5A and 5.5B, missing data points due to inability of the heart to keep up with the pacing

protocol, and low heart rates, point to low data quality.

Flecainide is typically used to treat arrhythmias in patients without ischaemic heart
disease or structural heart disease. The effect of flecainide in hearts with ischaemic
heart disease without structural modelling has not been thoroughly investigated. In
normal, healthy hearts, with normal cardiac function, flecainide slows the upstroke of
the action potential. We can see the effects of flecainide in Figure 5.5A and 5.5c in the
presence and absence of ischaemia. Figure 5.5A demonstrates that neither ischaemia
nor flecainide affected APD50. In the absence of ischaemia, Figure 5.5C, flecainide
caused a shortening of APD50. Plenty of studies have shown that flecainide prolongs the
APD in the ventricular cells but shortens APD in the Purkinje fibres [86] [175]. Lavalle et
al 2021 showed a minimal prolongation of the action potential after flecainide
treatment. It is important to note the differences in flecainide concentrations used in
different studies [176]. We know that different doses of flecainide block different
currents. With a half maximal inhibitory concentration [ICs0] between 1 — 2 uM,
flecainide blocks the fast inward Na* current (/na) and the rapid component of the
delayed rectifier K* current (/k), and at higher doses, with an ICso of 19 uM, flecainide
inhibits the late Na* current and other cardiac K* channels [86]. Inhibition of Ina and /k,
causes prolongation of the APD and ERP. Inhibition of the late Na* current also prolongs
the APD and ERP [177]. Our previous work measuring differential effects of flecainide in
atria and ventricles showed flecainide increased APD in the atria while it had no effect

in the ventricles [108]. Interestingly, there was a single study that showed a shortening
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of APD after treatment with flecainide in WT hearts at the epicardial and endocardial
level [178]. While investigating arrhythmogenesis in long QT type 3 syndrome, they
demonstrated with 10 uM of flecainide treatment, APD was shorter compared to the
baseline in mouse hearts. Wang et al 1990 used a concentration of 4.5 uM of flecainide
and observed shortening of APDs [175]. In our studies, a concentration of 1 uM of
flecainide was used. In clinical settings, the usual target range is between 0.4 —2 uM. To
be able to delve further into the mechanism or reason behind APD shortening after
flecainide treatment, more experiments will need to be done to enable a robust
overview of the data. The therapeutic dose of flecainide ranges between 0.2 — 1 pug/ml
which translates to 0.5 uM to 2.4 uM [179]. O’Shea demonstrated significant differences
in CV in the ventricles using 1 uM, 2 uM and 3 uM of flecainide. 2 uM of flecainide
caused a greater significance in slowing of the CV compared to 1 uM [134]. This suggests
that differences in flecainide concentration within the therapeutic range can be

significant.

5.3.4. Effect of low flow ischaemia and flecainide on conduction velocity

From our study we found that low flow ischaemia did not affect the CV. In the group
with ischaemia and flecainide, Figure 5.7A, no differences were observed between
treatments. This is unexpected as both ischaemia and flecainide are known to slow the
CV separately. This could suggest that a low-flow model of ischaemia is not ideal, or flow
rate used to achieve ischaemia was not ideal. Preferably, more time would be required

to robustly determine what an ideal flow rate would be.
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We know from literature that ischaemia affects CV in the heart through depressed
action potentials initiated by inactivated Na* current, and flecainide slows the
conduction velocity in the heart [180] [134]. O’Shea et al 2019 investigated the effects
of conduction slowing in action potentials in mouse hearts. They achieved low-flow
global ischaemia by using 25% of original flow rate for a duration of three minutes and
observed a time-dependent slowing of CV during low-flow ischaemia [105]. In Figure 5.3,
we show the effect of ischaemia and flecainide on the CV. Figure 5.2A shows ischaemia
did not cause a significant effect on the CV, however it was apparent that CV was slightly
slower after ischaemia at most pacing frequencies. Figure 5.2C similarly showed CV was

shortened after ischaemia but only showed statistical significance at 9.09 Hz.

Ferrero et al 2007, studied effects of flecainide on longitudinal CV and transverse CV in
the ventricular myocardium of rabbits. Flecainide significantly slowed the CVs at each
coupling interval [181]. O’Shea et al 2019 administered 1-3 pumol/L of flecainide into
mouse hearts and showed flecainide association with a concentration dependent
slowing of CV in the ventricles [105]. Our previous study also showed that CV was
significantly reduced in WT mouse hearts in the atria but did not show a significant
shortening in the ventricles [108]. Figure 5.3A and Figure 5.3B show the effect of

flecainide on the CV in the presence and absence of ischaemia.

Considering the possibility of low data quality, the average APD and CV values fall in the
normal range for a healthy heart, according to previous literature. A normal APD is
approximately 50 ms and a normal CV varies between 50 — 60 cm/s [108]. However,

despite the normal APD and CV values in control experiments and pre-ischaemic
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conditions, we found that using a low-flow method to trigger ischaemia, severely
affected the heart rate and caused several experiments, including the control
experiments, to fail. We hypothesised that the flow rate was not maintained after
blebbistatin was added. The presence of blebbistatin, a myosin inhibitor used commonly
in optical mapping experiments to prevent motion artefacts, inhibited the physical
contraction of the heart, resulting in the pressure within the heart and vessels not being
maintained, thus causing experiments to fail. The flow rate used as normal flow rate was
4 ml/min which falls within the range published in literature [182/]. Flow rate was
measured before the start of each experiment and adjusted to 4 ml/min. The flow rate
of 4 ml/min could have decreased once the blebbistatin started to take effect. It would
have been useful to measure the flow rate again after blebbistatin had stopped the heart

physically contracting to ensure the flow rate was maintained.

5.3.5. Effect of low perfusion pressure and flecainide on APD50

Following on from the results of the low flow ischaemia experiments, we set up another
study using low perfusion pressure to trigger ischaemia. Perfusion pressure was reduced
by 40% from 80 mmHg to 32 mmHg and duration of ischaemia remained the same. We
found that the control and treated hearts survived the ischaemia and fared better than
when experiments were controlled by flow rate, as indicated by Figure 5.8. Heart rates
also remained more stable during the course of the perfusion pressure-controlled
experiments compared to flow rate-controlled experiments. N numbers varied between

2 and 3 in each group in the pilot study therefore statistical analysis was not performed.
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Still, it was apparent with a 40% decrease of flow rate from baseline that APD and CV

were affected.

Figure 5.9 shows effects of ischaemia and flecainide on the APD50. In Figure 5.9A, at
slower pacing frequencies, we see a significant difference between baseline and
ischaemia, and between baseline and —flecainide. —Flecainide represents absence of
flecainide at this point and has been exposed to ischaemia for longer. Therefore it stands
to reason that significance observed between baseline and ischaemia would be stronger
between baseline and —flecainide, after longer exposure to ischaemia. Like the low-flow
ischaemia data, ischaemia caused a significant increase in APD, which is contradicted in
literature. Under ischaemic conditions, production of ATP falls, directly affecting activity
of ion pumps and repolarisation of the action potential, shortening the duration [161].
At —flecainide, the APD50 is further prolonged at slower pacing frequencies. In Figure
5.9B, ischaemia and flecainide did not affect the APD50. APD50 was prolonged after
ischaemia but was not significant. Flecainide did not cause a further prolongation of
APD50. In the control group, without ischaemia and flecainide, we see significant
differences between baseline and —ischaemia, between baseline and —flecainide, and
between —ischaemia and —flecainide. Figure 5.9D showed significant difference between
baseline and —ischaemia, and between —ischaemia and flecainide treatment. The
significant differences within control group and within control treatments suggest the
experimental hearts were not healthy at baseline and were prone to time-dependent

alterations of action potential waveform.
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5.3.5. Effect of low perfusion pressure and flecainide on CV

Overall, flecainide caused CV to slow whether or not ischaemia was present. The extent
of CV slowing was greater when ischaemia was present. Figure 5.11 focuses on the CV
measurements in presence and absence of ischaemia and flecainide. In groups which
ischaemia was present, Figure 5.11A and 5.11B, CV was significantly slower after
ischaemia was induced, at most pacing frequencies. This correlates with many studies
that have already shown ischaemia to slow the CV [183]. In ischaemic conditions, ionic
disturbances causes the depolarisation phase to become slower, causing a delay in
electrical propagation across the heart. This results in slowing of the conduction. The
absence of ischaemiain Figure 5.11Cand 5.11D shows that the CV at —ischaemia remains
constant with the baseline, further proving that the effect we are observing of ischaemia
slowing the CV is caused by ischaemia and not by time. With prolonged exposure to
ischaemia (-flecainide), Figure 5.11A, the CV further slowed down at all pacing
frequencies showing statistical significance between baseline and —flecainide
(prolonged ischaemia). This is to be expected as the longer the heart remains in

ischaemic conditions, the more the heart will deteriorate in function.

The effect of flecainide on the CV can be observed in Figures 5.11B and 5.11D. In both
groups, flecainide slowed the CV, in the presence and absence of ischaemia. As
mentioned previously, flecainide is known to reduce CV and is administered to patients
to terminate AF by slowing conduction [184]. For the purpose of this study, we analysed
the extent of CV slowing in hearts with and without ischaemia. In ischaemic hearts,

flecainide slowed the CV to a higher degree, with a 42 to 49% change from the baseline.
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In non-ischaemic hearts, flecainide slowed the CV to a lesser degree with a 31 to 36%

change from baseline.

Overall, we see a strong and clear effect of ischaemia and flecainide on the CV but not
on the APD. The time controls show that the effects we are observing are down to
ischaemia and flecainide and not time. It could be that the ischaemia is not severe
enough to significantly affect the APD or that changes in CV are more sensitive to
ischaemic burden. This would indicate that in the sequence of events after ischaemia
occurs, that CV is impacted before the action potential duration is. The relationship
between APD and CV is complex and is generally associated with one another. In some
conditions, slowing of CV can cause a prolongation in action potential waveform, and in
some conditions, alteration of action potential waveform can cause a slowing of CV.
Most studies have suggested that the initial conduction slowing is caused by a change in
APD [185] [186]. Han et al 2021 also report changes in CV in ischaemia occurs from the
initial ischaemic event and subsequent electrical and structural remodeling of the heart
[118]. It will be useful and important to conduct further studies looking at more varying

degrees of ischaemia and to investigate APD prolongation in the presence of ischaemia.

Global ischaemia is usually seen in clinical settings accompanied by ventricular
fibrillation (VF). It develops from regional ischaemia, increasing risks of VF and if left
undiagnosed can become global ischaemia, thus its clinical relevance [187]. Regional

ischaemia is discussed further in the next chapter.
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5.3.6. Study limitations

Creating a reliable ischaemic model presents several challenges. One of the major
limitations is the difficulty in achieving reproducibility. Variations in the severity of
ischaemia can lead to significant differences in outcomes making it challenging to
compare results. A lot of time is required to robustly determine ideal ischaemic
conditions. Although a pilot study was conducted to determine ideal flow rate, the
absence of flow rate measurements during the experiment presents a significant
limitation in accurately assessing the method of low flow ischaemia. Changes in flow
rate can influence the severity and extent of ischaemia and becomes difficult to
correlate observed effects of ischaemia with the degree of ischaemia. Future
experiments should consider incorporating flow rate measurements during the course
of the experiment, especially when blebbistatin is used, to enhance the accuracy and
reproducibility of low flow ischaemia method. Also, blebbistatin may exert secondary
effects on electrical activity and metabolism. It can influence how quickly a heart
becomes ischaemic [188]. Achieving ischaemia through low perfusion resulted in a more
stable ischaemic condition and improved heart viability. Determining the ideal perfusion
pressure was still required. Additionally, ischaemia may result in fluctuating

temperature and should be checked during the course of the experiment.
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6. Investigating effectiveness of flecainide in regional ischaemia

6.1. Chapter Introduction

Ventricular fibrillation (VF) usually develops from acute regional ischaemia. Resultant of
VF and regional ischaemia, there is an abrupt fall in cardiac output and compromised
myocardial perfusion. An episode of VF causes a progressively ischaemic heart

ultimately leading to development of global cardiac ischaemia [187].

Importantly, global ischaemia occurs from regional ischaemia, where a part of the heart
does not receive flow of blood. In ischaemic heart disease, patients are often diagnosed
with regional or local ischaemia. Regional ischaemia is the most common factor
triggering lethal arrhythmias [189]. When one to two vessels are less than 30% blocked,
it is considered mild ischaemic heart disease. Moderate ischaemic heart disease is
defined as 30 to 49% blockage in one to two vessels or mild blockage in three vessels.
More than 50% blockage of one to two coronary arteries is considered severe ischaemia
heart disease. More than 50% blockage in three or more vessels is considered very
severe ischaemic heart disease. There are two forms of ischaemic heart disease, stable
ischaemic heart disease which is chronic and develops gradually over many years and
presents as stable angina, and acute coronary syndrome which occurs suddenly when
pre-existing plaque deposit in the coronary artery suddenly ruptures forming a blood
clot that blocks blood flow to the heart [190]. Acute coronary syndrome can be further
divided into three groups, ST-elevation myocardial infarction (STEMI), Non-ST elevation

MI (NSTEMI) and unstable angina. As indicated by the name, STEMI and NSTEMI are
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distinguished through the presence of ST elevation on an ECG, although other conditions

can mimic ECG traits of a STEMI [191].

The occlusion of the left anterior descending artery (LAD) is a common cause of
ischaemic heart disease. Of the coronary arteries, the LAD is most commonly occluded
in patients diagnosed with ischaemic heart disease. The LAD is the largest coronary
artery, accounting for the largest cardiac blood supply to the myocardium, almost 50%.
The artery extends from the base of the heart to the apex and branches into two smaller
arteries, diagonal 1 and 2 (D1 & D2), over the anterior side of left ventricle [3]. The
anatomy of the LAD and its branches varies in 78% of healthy individuals. As the LAD
supplies blood to a large part of the heart, LAD occlusion puts the patient at greater risk

of heart failure and cardiac death [192].

Performing ligation of the LAD is a commonly used method in cardiovascular research
to achieve regional ischaemia and can be used to study acute and chronic MI. Blocking
the LAD mimics ischaemic heart disease seen in humans, providing a useful tool for
research [193]. Here, we performed a LAD ligation ex vivo in WT mouse hearts to achieve
regional ischaemia and looked at the interaction of ischaemia and flecainide, and its

effects on electrical activity and calcium handling.

In addition to conduction dysfunction, ischaemia also causes calcium homeostasis
disorder. Calcium homeostasis is essential for normal cardiac function and is especially
important in excitation contraction coupling, mechanism by which an electrical signal
triggers cardiac contraction. Excitation contraction coupling is achieved through

regulation of calcium extrusion, calcium storage and release. Like Na*ions, Ca?*ions have
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several influx and efflux pathways. The pathways are made up of voltage gated channels,
exchangers, pumps, receptor-mediated channels and store operated channels. The main
regulatory proteins directly responsible for calcium homeostasis in the heart are T and
L type calcium channels (LTCC), ryanodine receptors (RyR2), sarco-endoplasmic
reticulum calcium ATPase (SERCA), sodium calcium exchanger (NCX) [194]. The influx
and efflux of calcium contributes towards the electrochemical potential. When a cardiac
action potential takes place, Ca%*ions enter the cell via the LTCC activating the RyR2 to
release Ca?* ions from sarcoplasmic reticulum (SR). Intracellular Ca?* ions bind to
troponin C, a myofilament protein, enabling cardiac contraction. At the of contraction,
Ca®* is taken up by SERCA as well as extruded out of cell through the NCX, thus

dissociating Ca%*ions from troponin C and initiating relaxation of the heart [194].

Calcium is considered to be one of the triggers involved in ischaemic cell death [195].
Metabolic abnormalities occur in cardiomyocytes following an ischaemia event affecting
ion channels. Intracellular calcium rises in myocardial ischaemia as a response to an
increase in calcium influx. This is triggered by the activity of sodium hydrogen exchanger
(NHE), enabling more Na*ions to enter the cells which in turn promotes the sodium
calcium exchanger (NCX) to bring in Ca®*ions into the cells leading to calcium overload.
Calcium overload within cells causes a surplus of calcium to enter mitochondria
inhibiting ATP production, further compounding metabolic abnormalities which can
ultimately lead to cell apoptosis. Calcium overload is also responsible for causing
structural and functional changes of coronary vessels and release of inflammatory

factors exacerbating tissue damage.
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The purpose of this study was to accurately and thoroughly investigate the interaction
between ischaemia and flecainide in mouse hearts. The Cardiac Arrhythmia Suppression
Trial (CAST 1) concluded that flecainide and encainide led to poorer outcomes and
increased mortality risk, primarily due to arrhythmia and acute myocardial ischaemia. It
was speculated that these drugs could exacerbate ischaemia, leading to fatal
arrhythmias. Consequently, their use was discontinued within two years due to
increased mortality and sudden cardiac death. The study speculates that an ischaemic
event was more likely to be fatal in the group receiving flecainide or encainide. It is
thought that ischaemia could have facilitated the fatal arrhythmias, or that flecainide or
encainide may have increased demand of oxygen during acute myocardial ischaemia,
accelerating development of lethal arrhythmias. The increased number of deaths
attributed to proarrhythmia and ischaemia may indicate that these two mechanisms are
connected [95]. Following on from the CAST I, there have been more recent trials such
as EAST-AFNET 4 and Flec-SL that demonstrate a low rate of ventricular arrhythmia
when flecainide is used after cardioversion and during rhythm control therapy. EAST-
AFNET was designed to investigate whether an early rhythm-control therapy approach
would result in better outcomes for patients with early atrial fibrillation than the current
standard of care. The trial consisted of a total of 2789 patients, with 1395 patients
assigned to early rhythm control and 1394 patients assigned to usual care. Patients
assigned to early rhythm control were administered antiarrhythmic drug, either
flecainide (36%), dronedarone (36%) or amiodarone (20%), or underwent AF ablation
(8%) [196]. Patients assigned to usual care were administered rate control therapy.

Patients with newly diagnosed AF treated with early rhythm control therapy showed
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fewer adverse effects than patients assigned to usual care with rate control therapy. A
large number of patients in the cohort were administered flecainide without safety
concerns. The EAST-AFNET 4 trial showed that early rhythm control using antiarrhythmic
drugs such as flecainide, reduced cardiovascular events in patients with heart failure
[196]. Early rhythm control was considered to be superior to usual care, usually rate
control, in improving cardiovascular outcomes. However, the trial was terminated early

due to efficacy.

The aims of this study were:

e assess the interaction between flecainide and ischaemia in healthy
wildtype (WT) hearts, using optical mapping.

e investigate the interaction of ischaemia and flecainide on CV and action
potential in the ventricles.

e assess how calcium is modulated in ischaemia.
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6.2 Chapter Results

6.2.1. Effect of regional ischaemia and flecainide on APD

In order to thoroughly investigate the interaction between ischaemia and flecainide, we
designed four groups for the study; +ischaemia and +flecainide, +ischaemia and —
flecainide, -ischaemia and +flecainide, and —ischaemia and —flecainide. This ensures
each variable factor has a time control. Experiments were performed on isolated WT
mouse hearts. LAD ligation was performed in relevant hearts. In control hearts without
ischaemia, the needle for ligation was inserted around the LAD but not ligated. This was
to account for changes in the data, dependent on the puncturing of the LV for the

ligation.

Hearts were paced across a range of pacing frequency. Measurements were taken from
two regions of the heart, from the ischaemic region, below the ligation, and from the
remote region, away from the ligation, Figure 6.1. Regions were composed of a 9x9 pixel.
The regions were selected based on proximity to the ligation as well as action potential
waveform. For each heart, action potentials were observed pixel to pixel to determine
the ischaemic boundary. This ensured the ischaemic regions were ischaemic and the
non-ischaemic regions were non-ischaemic. Overall APD and CV measurements were
also taken from the whole ventricles. APD30, APD50 and APD80 were calculated along
with the CV. Additionally, calcium transients were measured to investigate how calcium
handling is modulated during ischaemia and flecainide perfusion. Membrane potential
dye, RH-237 and Ca?* indicator, Rhod2-AM, were loaded simultaneously and hearts

imaged using two EMCCD cameras.
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Figure 6.1 Regions of interest in ventricles for measurement of ischaemic regions. A 9x9 pixel
square was used to select areas in the ventricles to measure ischaemic and non-ischaemic
regions. Image on the left show ventricles loaded with membrane potential dye, RH-237, and
image on the right show ventricles loaded with calcium indicator, Rhod2-AM. Hearts were
loaded and imaged simultaneously for voltage membrane potential and calcium transients.

Data collected at baseline is represented by green points, presence or absence of
iscahemia is represented by purple points and presence or absence of flecainide is
represented by blue points. In each group, presence or absence of treatment is indicated

by + sign or — sign, respectively.

Ischaemia prolonged APD30 from baseline in the ischaemic region, Figures 6.4A and B,
but the prolongation was not maintained at APD50 or APD80, 6.7A and B, 6.10A and B.
The prolongation of APD30 however was not significant. In the remote region, ischaemia

did not cause a change in the APDs, Figures 6.3A and B, 6.6A and B, 6.9A and B. The
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overall APD, which measured APD using the whole ventricles as region of interest,
reflected these changes, showing action potential prolongation at APD30 in ischaemic
regions only, Figures 6.2A and B, 6.5A and B, 6.8A and B. In ischaemia control hearts, i.e.
hearts without LAD ligation, some hearts did show APD prolongation and in some hearts
APD did not alter. Figures 6.4C, 6.7C and 6.10C, APD is non-significantly prolonged in the
absence of ischaemia, yet in Figures 6.4D, 6.7D and 6.10D, APD did not prolong. This
could suggest variations in the ligation technique may be causing ischaemia in hearts to

varying degrees.

In the absence of ischaemia, flecainide prolonged APD30 and APD50 compared to
baseline in the remote region, Figure 6.3C and 6.6C, and ischaemic region of the heart,
Figure 6.4C and 6.7C, but was not significant. At APD80, Figures 6.9C and 6.10C, the
prolongation was no longer visible. In the control groups, without ischaemia and without
flecainide, there was no change in APD from baseline, Figures 6.2 to 6.10, panel D.
However, since we observe APD prolongation in ischaemia controls, it is hard to
conclude whether APD prolongation caused by flecainide is the true effect of flecainide
or time. In the presence of ischaemia, in the ischaemic region, flecainide prolonged the
APD30 from 14.5 + 3.0 ms at baseline to 18.0 + 1.7 ms, a 24.6% increase in prolongation.
In the absence of ischaemia, flecainide prolonged the APD from 15.9 £ 4.1 ms at baseline
to 19.9 £ 2.3 ms, a 25.5% increase in prolongation. Flecainide shortened the APD50 in
the ischaemic region in the presence of ischaemia from 28.2 + 4.9 ms at baseline to 26.3
t 2.3 ms, a 6.7% decrease in prolongation. In the absence of ischaemia, APD50 was
prolonged by flecainide from 27.5 £ 4.4 ms at baseline to 32.5 £ 6.4 ms, an 18% increase

in prolongation. Average APD80 was shortened by flecainide from 51.7 + 6.2 ms to 48.8
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+ 8.6 ms, when ischaemia was present, a 5.4% decrease in prolongation. When
ischaemia was absent, APD80 was prolonged from 51.5 + 7.2 ms at baseline to 54.7 +
10.1 ms, a 6.2% increase in prolongation. From the APD data, there does not seem to be

an interaction between ischaemia and flecainide.
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Figure 6.2. Overall APD30 in mouse hearts in presence and absence of ischaemia and
flecainide. APD30 measurements taken from whole ventricles as an average in each group. A.
Significant difference observed between baseline and +ischaemia at 12.50 Hz, 16.5 £ 2.5 ms vs.
17.8 £ 1.5 ms, p=0.02. Significant difference observed between baseline and +flecainide at 7.69
Hz; 17.0 £ 1.9 msvs. 20.2 £ 2.5 ms, p=0.05, at 10.00 Hz; 16.4 + 1.8 ms vs. 19.2 £ 2.6 ms, p=0.05,
at11.11 Hz; 16.6 £ 2.2 msvs. 19.4 £ 3.2 ms, p=0.03, at 12.50 Hz, 16.5 + 2.5 msvs. 18.5+ 2.4 ms,
p=0.04. Significant difference observed between +ischaemia and +flecainide at 7.69 Hz; 18.8 +
2.1 ms vs. 20.2 £ 2.5 ms, p=0.02. B. No significant differences observed within groups. C.
Significant difference observed between baseline and +flecainide at 8.33 Hz, 18.9 £ 3.5 ms vs.
22.5 £+ 44 ms, p=0.03. D. No significant differences observed within groups. Statistical
significance determined by two-way ANOVA, significance quantified as P<0.05. * denotes
P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * indicates significant
difference between baseline and * ischaemia, * indicates significant difference between

baseline and * flecainide, * indicates significant difference between * ischaemia and
flecainide.
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Figure 6.3. APD30 in remote region of mouse hearts in presence and absence of ischaemia and
flecainide. APD30 measurements taken from a non ischaemic region of the heart in each group.
A. Significant differences observed between +ischaemia and +flecainide at 7.14 Hz; 16.6 + 2.1
ms vs. 19.8 + 2.9 ms, p=0.02, at 7.69 Hz, 16.6 £ 2.2 ms vs. 19.8 £ 2.9 ms, p=0.002, at 8.33 Hz;
17.5% 2.1 msvs. 20.1 £2.9 ms, p=0.005, at 9.09 Hz; 17.6 £ 2.0 ms vs. 20.2 £ 2.6 ms, p=0.0026,
at 10.00 Hz; 18.4 2.2 msvs. 21.3 £3.2 ms, p=0.0023, at 11.11 Hz; 189 £ 2.2 msvs. 21.3+ 2.2
ms, p=0.05. B. Significant difference not observed with +ischaemia and —flecainide. C. Significant
difference not observed with -ischaemia and +flecainide. D. Significant difference not observed
with -ischaemia and —flecainide. Statistical significance determined by two-way ANOVA,
significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001,
**** denotes P<0.0001. * indicates significant difference between baseline and * ischaemia, *
indicates significant difference between baseline and % flecainide, * indicates significant
difference between * ischaemia and * flecainide.
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Figure 6.4A-D. APD30 in ischaemic region of mouse hearts in presence and absence of ischaemia and
flecainide. APD30 measurements taken from the ischaemic region, close to the ligated region of the
heart. A. Group +ischaemia and +flecainide. Significant difference observed between baseline and
+ischaemia at 7.69 Hz. Significant difference observed between baseline and +flecainide at 6.67 Hz;.
Significant differences observed between +ischaemia and +flecainide at 7.69 Hz. B. Group +ischaemia
and —flecainide. Significant difference observed between baseline and +ischaemia at 7.69 Hz; 12.7 £
2.2msvs. 17.5+ 3.5 ms, p=0.05, at 8.33 Hz; 13.1 £ 2.6 msvs. 17.4 £ 3.2 ms, p=0.05, 10 Hz; 12.8 + 2.4
ms vs. 19.2 £ 4.2 ms, p=0.03. Significant difference was observed between baseline and —flecainide at
12.5 Hz; 13.1 £ 2.6 ms vs. 17.7 £ 3.2 ms, p=0.0135. C. Group —ischaemia and +flecainide. Significant
difference observed between baseline and —ischaemia at 8.33 Hz; 15.8 £ 4.1 ms vs. 18.5 + 4.2, p=0.05.
Significant difference between —ischaemia and +flecainide at 6.67 Hz; 17.7 £ 5.1 ms vs. 20.0 £ 3.5 ms,
p=0.0115, at 10 Hz; 17.0 £ 3.1 ms vs. 19.9 £ 2.3 ms, p=0.02. D. Group —ischaemia and —flecainide.
Significant difference observed between —ischaemia and —flecainide at 10 Hz; 14.2 £ 2.9 msvs. 14.1
2.7 ms, p=0.0036. Statistical significance determined by two-way ANOVA, significance quantified as
P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * indicates
significant difference between baseline and + ischaemia, * indicates significant difference between
baseline and * flecainide, * indicates significant difference between * ischaemia and * flecainide.

172



A B
50" 50 =
* *
40 = 40 =
0 )
£ 30 ;@:ﬂ:ﬂ:ﬂsuﬁ E 30
o o
wn wn
O 50 - Q 5
o g 20
< <
10 = 10 =
T T T T T T T T 0 T T T T T T T T
6.67 7.14 7.69 8.33 9.09 10.0011.1112.50 6.67 7.14 7.69 8.33 9.09 10.0011.1112.50
Pacing Frequency (Hz) Pacing Frequency (Hz)
11 Baseline 1 + Ischaemia - + Flecainide 11 Baseline -l + Ischaemia - - Flecainide
C D
50= ** * 501
40 40
» »
E 30 E 30
o o
0 n
QO 5 Q 50 -
a 20 2 20
< <
10 - 10 =
0 T T T T T T T T 0 T T T T T T T T

I Baseline -l

6.67 7.14 7.69 8.33 9.09 10.0011.1112.50
Pacing Frequency (Hz)

6.67 7.14 7.69 8.33 9.09 10.0011.1112.50
Pacing Frequency (Hz)

I+ Baseline 1 -lIschaemia -t

-Ischaemia - + Flecainide

Figure 6.5A-D Overall APD50 in mouse hearts in presence and absence of ischaemia and
flecainide. APD50 measurements taken from whole ventricles as an average in each group. A.
Significant difference observed between +ischaemia and +flecainide at 7.14 Hz; 28.1 £ 3.6 ms
vs. 31.2 £ 4.8 ms, p=0.04, at 8.33 Hz; 28.9 + 4.3 ms vs. 30.6 + 4.7 ms, p=0.0386. B. Group
+ischaemia and —flecainide. No significant differences observed between +ischaemia and —
flecainide. C. Group —ischaemia and +flecainide. Significant difference observed between
baseline and +flecainide at 6.67 Hz; 31.6 £ 4.3 ms vs. 34.5 £ 7.3 ms, p=0.006, at 8.33 Hz; 29.9 +
4.0 msvs. 34.0+ 6.3 ms, p=0.02. D. Group —ischaemia and —flecainide. No significant differences
observed between —ischaemia and —flecainide. Statistical significance determined by two-way
ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes
P<0.001, **** denotes P<0.0001. * indicates significant difference between baseline and *
ischaemia, * indicates significant difference between baseline and * flecainide, * indicates
significant difference between * ischaemia and * flecainide.
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Figure 6.6A-D. APD50 in remote region of mouse hearts in presence and absence of ischaemia
and flecainide. APD50 measurements taken from remote regions of the heart at different pacing
frequencies. A. Group +ischaemia and +flecainide. Significant differences observed between
+ischaemia and +flecainide at 7.14 Hz; 29.0 £ 4.3 ms vs. 33.7 £ 5.2 ms, p=0.006, at 7.69 Hz; 29.5
+4.7msvs.32.3+5.1ms, p=0.034, at 8.33 Hz; 29.9 + 4.7 msvs. 33.2 £+ 5.2 ms, p=0.0113, at 9.09
Hz; 29.4+ 4.1 msvs.33.2+£5.1 ms, p=0.0004, at 10 Hz; 29.6 £ 4.1 ms vs. 33.3 + 4.4 ms, p<0.0001.
B. Group +ischaemia and —flecainide. No significant difference observed between +ischaemia
and —flecainide. C. Group —ischaemia and +flecainide. No significant difference observed
between -ischaemia and +flecainide. D. Group —ischaemia and —flecainide. No significant
difference observed between -ischaemia and —flecainide. Statistical significance determined by
two-way ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, ***
denotes P<0.001, **** denotes P<0.0001. * indicates significant difference between baseline
and £ ischaemia, * indicates significant difference between baseline and £ flecainide, * indicates
significant difference between * ischaemia and * flecainide.
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Figure 6.7A-D. APD50 in ischaemic region of mouse hearts in presence and absence of
ischaemia and flecainide. APD50 measurements taken from ischaemic region of the heart at
different pacing frequencies. A. Group +ischaemia and +flecainide. No significant differences
observed between +ischaemia and +flecainide. B. Group +ischaemia and -flecainide. No
significant differences observed between +ischaemia and —flecainide. C. Group —ischaemia and
+flecainide. Significant difference observed between baseline and +flecainide at 7.14 Hz; 29.5
5.4 ms vs. 38.4 £ 5.5 ms, p=0.0157. D. Group —ischaemia and —flecainide. No significant
differences observed between —ischaemia and —flecainide. Statistical significance determined
by two-way ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, ***
denotes P<0.001, **** denotes P<0.0001. * indicates significant difference between baseline
and x ischaemia, * indicates significant difference between baseline and + flecainide, * indicates
significant difference between % ischaemia and * flecainide.
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Figure 6.8A-D. Overall APD80 in mouse hearts in presence and absence of ischaemia and
flecainide. APD80 measurements taken from whole ventricles at different pacing frequencies.
A. Group +ischaemia and +flecainide. No significant differences observed between +ischaemia
and +flecainide. B. Group +ischaemia and —flecainide. No significant differences observed
between +ischaemia and —flecainide. C. Group —ischaemia and +flecainide. Significant difference
observed between baseline and —ischaemia at 6.67 Hz; 30.9 £ 6.4 msvs. 55.7 £ 8.2 ms, p=0.0197,
at 7.14 Hz; 30.9 £ 5.9 ms vs. 55.0 £ 7.5 ms, p=0.0147, at 7.69 Hz; 30.8 £ 5.4 ms vs. 54.5 + 6.8 ms,
p=0.0051, at 8.33 Hz; 31.2 5.6 msvs. 54.4 £ 7.3, p=0.0196, at 9.09 Hz; 31.4 4.9 msvs. 54.3 £
6.5 ms, p=0.0291. Significant difference observed between baseline and +flecainide at 6.67 Hz;
30.9+£6.4msvs.57.1+£7.0m s, p=0.0052, at 7.14 Hz; 30.9 £ 5.9 ms vs. 53.6 + 4.4 ms, p=0.0108,
at 8.33 Hz; 31.2 £ 5.6 msvs. 54.7 £ 4.6 ms, p=0.00203. D. Group —ischaemia and —flecainide. No
significant differences observed between —ischaemia and —flecainide. Statistical significance
determined by two-way ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes
P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * indicates significant difference between
baseline and £ ischaemia, * indicates significant difference between baseline and * flecainide, *
indicates significant difference between * ischaemia and = flecainide.
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Figure 6.9A-D. APD80 in in remote region of mouse hearts in presence and absence of
ischaemia and flecainide. APD80 measurements taken from non-ischaemic region of ventricles
at different pacing frequencies. A. Group +ischaemia and +flecainide. Significant difference
observed between +ischaemia and +flecainide at 7.14 Hz; 55.6 £ 4.5 ms vs. 61.9 + 5.5 ms,
p=0.004, at 8.33 Hz; 55.7 £ 4.3 ms vs. 59.9 £ 5.5 ms, p=0.009, at 9.09 Hz; 53.6 + 4.1 ms vs. 58.3
1 6.2 ms, p=0.015, at 10 Hz; 52.7 £ 5.0 ms vs. 56.5 £ 5.4 ms, p=0.0088. B. Group +ischaemia and
—flecainide. No significant differences observed between +ischaemia and —flecainide. C. Group
—ischaemia and +flecainide. Significant difference between baseline and +flecainide at 6.67 Hz;
62.5 £ 9.3 ms vs. 73.0 £ 8.1 ms, p=0.0326. D. Group —ischaemia and —flecainide. Significant
difference between baseline and —ischaemia at 6.67 Hz; 46.4 £ 4.6 ms vs. 64.0 £ 4.4 ms, p=0.043.
Statistical significance determined by two-way ANOVA, significance quantified as P<0.05. *
denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * indicates
significant difference between baseline and * ischaemia, * indicates significant difference
between baseline and * flecainide, * indicates significant difference between * ischaemia and
flecainide.
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Figure 6.10A-D. APD80 in in ischaemic region of mouse hearts in presence and absence of
ischaemia and flecainide. APD80 measurements taken from ischaemic region of ventricles at
different pacing frequencies. A. Group +ischaemia and +flecainide. Significant difference
observed between baseline and +flecainide at 12.5 Hz;. Significant difference observed between
+ischaemia and +flecainide at 7.14 Hz;, at 12.5 Hz; 41.7 £ 4.4 ms vs. 41.5 £ 5.1 ms, p=0.042. B.
Group +ischaemia and —flecainide. No significant differences observed between +ischaemia and
—flecainide. C. Group —ischaemia and +flecainide. Significant differences observed between
baseline and —ischaemia at 6.67 Hz; 61.0 = 10.4 ms vs. 71.8 + 10.6. Significant differences
observed between baseline and +flecainide at 6.67 Hz;, at 8.33 Hz; 54.9 £+ 9.3 ms vs. 64.7 £ 6.9
ms, p=0.012, at 9.09 Hz; 55.0 £ 7.6 ms vs. 60.6 £ 7.2 ms, p=0.0104. D. Group —ischaemia and —
flecainide. No significant differences between —ischaemia and —flecainide. Statistical significance
determined by two-way ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes
P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * indicates significant difference between
baseline and £ ischaemia, * indicates significant difference between baseline and * flecainide, *
indicates significant difference between * ischaemia and = flecainide.
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In addition to APD30, 50 and 80, using these measurements, we also calculated overall
AP triangulation, and AP triangulation in the remote and ligated region. AP triangulation
was calculated by deducting APD30 from APD80. AP triangulation was significantly
smaller after ischaemia compared to baseline at 11.11 Hz only. Overall, ischaemia did
not affect the APD triangulation, Figure 6.10A and 6.10B. Flecainide significantly
prolonged AP triangulation from the baseline at some pacing frequencies, in the
presence and absence of ischaemia, Figure 6.10A and 6.10C. As with the overall AP
triangulation, the AP triangulation from the remote region of the heart showed little
differences between baseline, ischaemia and flecainide. AP triangulation from the
ligated region of the heart showed ischaemia caused a significantly smaller AP
triangulation from the baseline between 9.09 Hz and 12.5 Hz, Figure 6.11A. Flecainide
also showed a significantly smaller AP triangulation from baseline at faster pacing
frequencies, Figure 6.11A. In the absence of ischaemia, flecainide showed a significantly
smaller AP triangulation at slower pacing frequencies, Figure 6.11C. In Figure 6.11B,

ischaemia did not show a significant difference from the baseline.
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Figure 6.11A-D. Overall APD triangulation in mouse hearts in presence and absence of
ischaemia and flecainide. APD triangulation taken from whole ventricles at different pacing
frequencies. A. Group +ischaemia and +flecainide. Significant difference between baseline and
+ischaemia at 12.5 Hz. Significant difference observed between baseline and +flecainide at 11.11
Hz; at 12.5 Hz. D. Group —ischaemia and —flecainide. No significant differences observed
between —ischaemia and —flecainide. Statistical significance determined by two-way ANOVA,
significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001,
**** denotes P<0.0001. * indicates significant difference between baseline and £ ischaemia, *
indicates significant difference between baseline and + flecainide, * indicates significant
difference between * ischaemia and * flecainide.
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Figure 6.12A-D. APD triangulation in remote region of mouse hearts in presence and absence
of ischaemia and flecainide. APD triangulation taken from remote region of ventricles at
different pacing frequencies. A. Group +ischaemia and +flecainide. Significant difference
between baseline and +flecainide at 12.5 Hz. B. Group +ischaemia and —flecainide. No significant
difference observed between +ischaemia and —flecainide. C. Group —ischaemia and +flecainide.
No significant difference observed between —ischaemia and +flecainide. D. Group —ischaemia
and —flecainide. Significant difference observed between baseline and —ischaemia at 6.67 Hz; .
Statistical significance determined by two-way ANOVA, significance quantified as P<0.05. *
denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * indicates
significant difference between baseline and * ischaemia, * indicates significant difference
between baseline and * flecainide, * indicates significant difference between * ischaemia and
flecainide.
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Figure 6.13A-D. APD triangulation in ischaemic region of mouse hearts in presence and
absence of ischaemia and flecainide. APD triangulation taken from ischaemic region of
ventricles at different pacing frequencies. A. Group +ischaemia and +flecainide. Significant
difference observed at faster pacing frequencies. B. Group +ischaemia and —flecainide. No
significant difference observed between groups. C. Group —ischaemia and +flecainide.
Significant difference observed at 7.14 Hz and 7.69 Hz. D. Group —ischaemia and —flecainide. No
significant difference observed. Statistical significance determined by two-way ANOVA,
significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001,
**** denotes P<0.0001. * indicates significant difference between baseline and £ ischaemia, *
indicates significant difference between baseline and % flecainide, * indicates significant
difference between * ischaemia and * flecainide.
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6.2.2. Effect of regional ischaemia and flecainide on conduction velocity

Following on from the APD measurements, we continued with analysing the conduction
velocity from the whole ventricles, remote region and iscahemic region. Although
ischaemia and flecainide showed little effect on the APD, the CV was affected to a much

larger degree.

Ischaemia caused a slowing of the CV at all pacing frequencies. In the ischaemic region
of ventricles, ischaemia significantly slowed the CV when compared to baseline. The
degree to which the ischaemia slowed the CV was larger in the ischaemic area compared
to the remote region. In the ischaemicregion, CV was significantly slowed at most pacing
frequencies, whereas in the remote region CV was significantly slowed at fewer
frequencies, Figures 6.15A and 6.16A. However, the slowing of CV isn’t significant at
most frequencies in Figure 6. 16B. When ischaemia wasn’t present, the CV did not show
significant slowing, suggesting that the CV slowing we observe is the true effect of

ischaemia.

When flecainide was added in hearts without ischaemia, flecainide caused a significant
slowing of the CV at most pacing frequencies in the remote and ischaemic region, Figures
6.15C and 6.16C. In hearts where flecainide wasn’t added, the CV does not change when
compared to baseline or ischaemia, Figures 6.15B and D, and Figures 6.16B and D. Figure
6.14 shows the overall CV in the ventricles reflecting the effects of ischaemia and

flecainide in the remote and ischaemic region.

In the ischaemic region, CV at baseline was 82.8 + 23.3 cm/s. In the presence of

ischaemia, flecainide reduced the CV to 33.3 + 8.6 cm/s, a 59.8% decrease in CV. In the
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absence of ischaemia, flecainide reduced the CV from 59.5 + 10.8 cm/s at baseline to
39.8 9.0 cm/s, a 33.1% decrease in CV. The increased slowing of CV when ischaemia is
present, may be considered proarrhythmic. A slow CV makes it possible for multiple

excitation waves to co-exist, causing re-entry [118].

A representative activation map from the ischaemic region, from a heart at baseline,
with ischaemia, and with flecainide shows a progressive slowing of the activation time
from 5.3 ms, to 6.5 ms and then to 8.6 ms, Figure 6.17. In the remote region, activation
time went from 5.6 ms at baseline to 6.3 ms after ischaemia and 5.5 ms after flecainide
perfusion, Figure 6.19. Representative activation curves and action potentials are shown

from different regions at different timepoints in Figures 6.18 and 6.20.
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Figure 6.14A-D. Overall conduction velocity in mouse hearts in presence and absence of ischaemia
and flecainide. CV taken from whole region of ventricles at different pacing frequencies. A. Group
+ischaemia and +flecainide. Significant difference observed between baseline and +ischaemia, baseline
and +flecainide, and +ischaemia and +flecainide at all pacing frequencies. B. Group +ischaemia and —
flecainide. Significant difference between baseline and +ischaemia, and baseline vs. -flecainide
(ischaemia) at most pacing frequencies. C. Group —ischaemia and +flecainide. Significant difference
between baseline and +flecainide, and —ischaemia and +flecainide at all pacing frequencies. D. Group
—ischaemia and —flecainide. No significant difference between —ischaemia and —flecainide. Statistical
significance determined by two-way ANOVA, significance quantified as P<0.05. * denotes P<0.05, **
denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001. * indicates significant difference
between baseline and £ ischaemia, * indicates significant difference between baseline and * flecainide,
* indicates significant difference between + ischaemia and * flecainide.
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Figure 6.15A-D. Conduction velocity in remote region of mouse hearts in presence and absence
of ischaemia and flecainide. CV taken from remote region of ventricles at different pacing
frequencies. A. Group +ischaemia and +flecainide. Significant difference between baseline vs.
+ischaemia and +ischaemia vs. +flecainide at faster pacing frequencies. Significant differences
observed between baseline and +flecainide at all pacing frequencies. B. Group +ischaemia —
flecainide. C. Group —ischaemia and +flecainide. Significant difference between baseline vs.
+flecainide and -ischaemia vs. +flecainide at faster pacing frequency. D. Group —ischaemia and
—flecainide. No significant difference observed. Statistical significance determined by two-way
ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes
P<0.001, **** denotes P<0.0001. * indicates significant difference between baseline and *
ischaemia, * indicates significant difference between baseline and £ flecainide, * indicates
significant difference between % ischaemia and * flecainide. N=5-8.
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Figure 6.16A-D. Conduction velocity in ischaemic region of mouse hearts in presence and
absence of ischaemia and flecainide. CV taken from ischaemic region of ventricles at different
pacing frequencies. A. Group +ischaemia and +flecainide. Significant difference between
baseline and +ischaemia, and baseline and flecainide at most pacing frequencies. B. Group
+ischaemia and —flecainide. Significant difference observed between baseline and +ischaemia
at 7.69 Hz and 8.33 Hz. C. Group —ischaemia and +flecainide. Significant difference between
baseline and —ischaemia at 11.11 Hz and 12.5 Hz. Significant difference between baseline and
+flecainide at most pacing frequencies. Significant difference between —ischaemia and
+flecainide at 8.33 Hz. D. Group —ischaemia and —flecainide. No significant differences observed
between groups. Statistical significance determined by two-way ANOVA, significance quantified
as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001.
* indicates significant difference between baseline and * ischaemia, * indicates significant
difference between baseline and * flecainide, * indicates significant difference between +
ischaemia and * flecainide. N=5-8.
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Figure 6.17A-F. Activation maps in ventricles in ischaemic region, at 10 Hz. A. Representative
activation map in the LV at baseline at 10 Hz. Contour lines are spaced by 2 ms. B. Representative
isomap with vectors in the LV at baseline at 10 Hz. C. Representative activation map in the LV
after ischaemia, at 10 Hz. Contour lines are spaced at 2 ms. D. Representative isomap with
vectors in the LV after ischaemia, at 10 Hz. E. Representative activation map in LV with ischaemia
and 1 uM flecainide, at 10Hz. F. Representative isomap with vectors in LV with ischaemia and

flecainide, at 10 Hz.
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Figure 6.18A-D. Activation curves from ischaemic region in ventricles with different
treatments, at 10 Hz. A. Representative activation curve from baseline at 10 Hz. B.
Representative activation curve after ischaemia. C. Representative activation curve after
ischaemia and flecainide. Blue dashed line indicates time it takes for 10% of tissue to be
activated. Red dashed lines indicate time it takes for 90% of tissue to be activated. D.
Representative action potential at baseline (yellow line), after ischaemia (purple line), and with

ischaemia and flecainide (blue line).
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Figure 6.19A-F. Activation maps in ventricles in remote region, at 10 Hz. A. Representative
activation map inthe LV at baseline at 10 Hz. Contour lines are spaced by 2 ms. B. Representative
isomap with vectors in the LV at baseline at 10 Hz. C. Representative activation map in the LV
after ischaemia, at 10 Hz. Contour lines are spaced at 2 ms. D. Representative isomap with
vectors in the LV after ischaemia, at 10 Hz. E. Representative activation map in LV with ischaemia
and 1 uM flecainide, at 10Hz. F. Representative isomap with vectors in LV with ischaemia and

flecainide, at 10 Hz.
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Figure 6.20A-D. Activation curves from remote region in ventricles with different treatments,
at 10 Hz. A. Representative activation curve from baseline at 10 Hz. B. Representative activation
curve after ischaemia. C. Representative activation curve after ischaemia and flecainide. Blue
dashed line indicates time it takes for 10% of tissue to be activated. Red dashed lines indicate
time it takes for 90% of tissue to be activated. D. Representative action potential at baseline
(yellow line), after ischaemia (purple line), and with ischaemia and flecainide (blue line).
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Figure 6.21A-F. Activation maps in ventricles without ischaemia and flecainide, at 10 Hz. A.
Representative activation map in the LV at baseline at 10 Hz. Contour lines are spaced by 2 ms.
B. Representative isomap with vectors in the LV at baseline at 10 Hz. C. Representative activation
map in the LV after ischaemia control, at 10 Hz. Contour lines are spaced at 2 ms. D.
Representative isomap with vectors in the LV after ischaemia control, at 10 Hz. E. Representative
activation map in LV with ischaemia control and flecainide control, at 10Hz. F. Representative
isomap with vectors in LV with ischaemia control and flecainide control, at 10 Hz.
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Figure 6.22A-D. Activation curves in ventricles without ischaemia and flecainide, at 10 Hz. A.
Representative activation curves at different timepoints 10 Hz. Blue dashed line indicates time
it takes for 10% of tissue to be activated. Red dashed lines indicate time it takes for 90% of tissue

to be activated.
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Figure 6.23A-F. Activation maps from remote region without ischaemia and flecainide, at 10
Hz. A. Representative activation map in the LV at baseline at 10 Hz. Contour lines are spaced by
2 ms. B. Representative isomap with vectors in the LV at baseline at 10 Hz. C. Representative
activation map in the LV after ischaemia control, at 10 Hz. Contour lines are spaced at 2 ms. D.
Representative isomap with vectors in the LV after ischaemia control, at 10 Hz. E. Representative
activation map in LV with ischaemia control and flecainide control, at 10Hz. F. Representative
isomap with vectors in LV with ischaemia control and flecainide control, at 10 Hz.
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Figure 6.24A-D. Activation curves in ventricles without ischaemia and flecainide, from remote
region, at 10 Hz. A. Representative activation curves at different timepoints 10 Hz. Blue dashed
line indicates time it takes for 10% of tissue to be activated. Red dashed lines indicate time it
takes for 90% of tissue to be activated.
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Figure 6.25A-B. Representative action potentials from ischaemic and remote region in control
experiments, at 10 Hz. A. Representative action potentials at different timepoints from
ischaemic region at 10 Hz. B. Representative action potentials at different timepoints from
remote region at 10 Hz. Yellow line represents baseline, purple line represents —ischaemia and
blue line represents —ischaemia & -flecainide.

6.2.3. Effect of regional ischaemia and flecainide on calcium transients

Calcium transients were recorded simultaneously with action potentials, using a calcium
indicator, Rhod-2 AM. Like with the APD measurements, calcium transient duration
(CaTD) and time to peak was measured from the remote and ligated region of the
ventricles and an average overall value was taken from the whole ventricles. Overall,
there was little change in CatD80 caused by ischaemia or flecainide. Ischaemia caused a
significant shortening of CaTD80 from the baseline at 12.5 Hz in Figure 6.15A but did not
cause a difference at any pacing frequency in Figure 6.15B. Significant difference was
observed between baseline and -ischaemia at 7.69 Hz and 8.33 Hz, and between

baseline and flecainide at 7.69 Hz. No significant differences were observed in control

group.
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In the remote region of ventricles, there is no overall significant difference between
ischaemia and flecainide. At 7.69 Hz, there is a significant difference between baseline
and —flecainide control, and at 10 Hz, between baseline and —ischaemia timepoint. We

observe the decrease of CaTD80 with faster pacing frequencies in all groups.

In the ischaemic region of the ventricles, Figure 6.17, we observe a significant difference
between baseline and ischaemia and baseline and flecainide at faster pacing frequencies
only. At 8.33 Hz there was a significant difference between ischaemia and —flecainide
timepoint, or, prolonged ischaemia. We also observed a significant difference between
baseline and —ischaemia timepoint at several pacing frequencies, and between baseline
and flecainide at slower pacing frequencies. No significant differences were observed in

the control group, in the absence of ischaemia and flecainide.

197



100 - T
*
80 80 -
0 )
E 604 E 604
@ @
)
E 40 - — 40
© ©
8 8}
20 20 =
0 T T T T T T T T 0 T T T T T T T T
6.67 7.14 7.69 8.33 9.09 10.0011.1112.50 6.67 7.14 7.69 8.33 9.09 10.0011.1112.50
Pacing Frequency (Hz) Pacing Frequency (Hz)
I Baseline B + Ischaemia - + Flecainide 4 Baseline B + Ischaemia -l - Flecainide
100 = * * D 100 =
*
80 = 80 —
0 )
E 60 E 504
2 @
o) [a]
- 40+ 40—
p ©
(@) o
20 20
0 T T T T T T T T 0 T T T T T T T T
6.67 7.14 7.69 8.33 9.09 10.0011.1112.50 6.67 7.14 7.69 8.33 9.09 10.0011.1112.50

Pacing Frequency (Hz) Pacing Frequency (Hz)

I Baseline - -Ischaemia 1B + Flecainide 18 Baseline B -lIschaemia M - Flecainide

Figure 6.26A-D. Overall calcium transient duration mouse hearts in presence and absence of
ischaemia and flecainide. CaTD taken from whole region of ventricles at different pacing
frequencies. Each panel represents 4 treatment groups. A. Group +ischaemia and +flecainide. B.
Group +ischaemia and —flecainide. C. Group —ischaemia and +flecainide. D. Group —ischaemia and
—flecainide. Statistical significance determined by two-way ANOVA, significance quantified as
P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes P<0.0001. *
indicates significant difference between baseline and * ischaemia, * indicates significant
difference between baseline and * flecainide, * indicates significant difference between %
ischaemia and * flecainide.
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Figure 6.27A-D. Calcium transient duration from remote region of mouse hearts in presence and
absence of ischaemia and flecainide. CaTD taken from remote region of ventricles at different
pacing frequencies. Each panel represents 4 treatment groups. A. Group +ischaemia and
+flecainide. B. Group +ischaemia and —flecainide. C. Group —ischaemia and +flecainide. D. Group
—ischaemia and —flecainide. Statistical significance determined by two-way ANOVA, significance
guantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes
P<0.0001. * indicates significant difference between baseline and * ischaemia, * indicates
significant difference between baseline and * flecainide, * indicates significant difference
between + ischaemia and * flecainide.
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Figure 6.28A-D. Calcium transients from ischaemic region of mouse hearts in presence and
absence of ischaemia and flecainide. CaTD taken from ischaemic region of ventricles at different
pacing frequencies. Each panel represents 4 treatment groups. A. Group +ischaemia and
+flecainide. B. Group +ischaemia and —flecainide. C. Group —ischaemia and +flecainide. D. Group
—ischaemia and —flecainide. Statistical significance determined by two-way ANOVA, significance
guantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes
P<0.0001. * indicates significant difference between baseline and * ischaemia, * indicates
significant difference between baseline and % flecainide, * indicates significant difference
between + ischaemia and * flecainide.
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Along with the CaTD80, we also measured time to peak, i.e. the time it takes for
intracellular calcium ions to reach the maximum level, following a stimulus. In the overall
time to peak, ischaemia caused a slowing of time to peak at most pacing frequencies in
Figure 6.18A, however did not show a significant effect in Figure 6.18B. Addition of

flecainide did not affect the time to peak, Figure 6.18B to 6.18D.

In the remote region of the ventricles, away from the ligated area, the effect of
ischaemia is only observed in one group at 9.09 Hz only, Figure 6.19A. Flecainide showed
a significant slowing in time to peak only at 11.1 Hz in Figure 6.19A and at 6.67 Hz in

Figure 6.19C.

In the ischaemic region, we see a more exaggerated effect of ischaemia and flecainide
compared to the remote region. In Figure 6.20, ischaemia and flecainide significantly
slowed time to peak at most pacing frequencies. We see a difference in —ischaemia

timepoint and flecainide at 7.69 Hz only, Figure 6.20C.
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Figure 6.29A-D. Overall time to peak of calcium transients of mouse hearts in presence and
absence of ischaemia and flecainide. CaT time to peak taken from whole region of ventricles at
different pacing frequencies. Each panel represents 4 treatment groups. A. Group +ischaemia and
+flecainide. B. Group +ischaemia and —flecainide. C. Group —ischaemia and +flecainide. D. Group
—ischaemia and —flecainide. Statistical significance determined by two-way ANOVA, significance
guantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes P<0.001, **** denotes
P<0.0001. * indicates significant difference between baseline and * ischaemia, * indicates
significant difference between baseline and * flecainide, * indicates significant difference

between + ischaemia and = flecainide.
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Figure 6.30A-D. Time to peak of calcium transients from remote region of mouse hearts in
presence and absence of ischaemia and flecainide. CaT time to peak taken from remote region
of ventricles at different pacing frequencies. Each panel represents 4 treatment groups. A. Group
+ischaemia and +flecainide. B. Group +ischaemia and —flecainide. C. Group —ischaemia and
+flecainide. D. Group —ischaemia and —flecainide. Statistical significance determined by two-way
ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes
P<0.001, **** denotes P<0.0001. * indicates significant difference between baseline and +
ischaemia, * indicates significant difference between baseline and + flecainide, * indicates
significant difference between * ischaemia and % flecainide.
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Figure 6.31A-D. Time to peak of calcium transients from ischaemic region of mouse hearts in
presence and absence of ischaemia and flecainide. CaT time to peak taken from ischaemic region
of ventricles at different pacing frequencies. Each panel represents 4 treatment groups. A. Group
+ischaemia and +flecainide. B. Group +ischaemia and —flecainide. C. Group —ischaemia and
+flecainide. D. Group —ischaemia and —flecainide. Statistical significance determined by two-way
ANOVA, significance quantified as P<0.05. * denotes P<0.05, ** denotes P<0.01, *** denotes
P<0.001, **** denotes P<0.0001. * indicates significant difference between baseline and £
ischaemia, * indicates significant difference between baseline and * flecainide, * indicates
significant difference between * ischaemia and * flecainide.
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6.2.4. Arrhythmia analyses

ECGs were recorded through the duration of each experiment, enabling quantification of
arrhythmic events. Arrhythmias were grouped and the incidence reported in each
treatment group in Table 6.1. Four types of arrhythmias were identified, premature
ventricular contractions (PVCs), couplets and triplets, atrioventricular block (AVB), and
ventricular fibrillation (VF). AVB was consistently observed in all groups, especially at
baseline and ischaemia timepoint, although the number of AVBs were observed in fewer
non-ligated hearts. VF was observed in 1 heart at baseline, in group +ischaemia and
+flecainide. At ischaemia timepoint, VF was observed in 1 heart in group +ischaemia and
+flecainide, and in 2 hearts in group +ischaemia and -flecainide. However, VF developed in
group -ischaemia and -flecainide, in 4 hearts, and in +ischaemia and +/- flecainide after
flecainide timepoint. We also observe more PVCs after flecainide timepoint, with 4 hearts
exhibiting PVC. At baseline, 2 hearts exhibited PVCs, and after ischaemia timepoint, 1 heart
exhibited PVC. More couplets were observed after flecainide timepoint compared to at
baseline and ischaemia timepoint. The number of mice with no arrhythmias observed were
highest at flecainide timepoint. At flecainide timepoint, 7 hearts exhibited no arrhythmias,
compared to 1 heart at ischaemia timepoint and 1 heart at baseline. The length of VF was
also measured, and the VF was usually sustained between 5 ms and 50 ms. Further analyses
distinguished between VF that was sustained for less than 10 ms, and more than 10 ms,
Table 6.2. In groups with ischaemia, there were more incidences of VF sustained more than

10 ms.
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Figure 6.32. ECG observed in hearts. Recordings taken from ECG from 5 different hearts showing
VF in the first four panels and 1 heart showing a normal sinus rhythm, in the fifth panel.
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Baseline

Couplets/ No
Group Irregular HR | PVC Triplets AVB VF arrhythmia
+ ischaemia/+ flecainide I [ I I
+ ischaemia/- flecainide | 11
- ischaemia/+ flecainide 1} Il
- ischaemia/- flecainide [ [ Il I

+/- Ischaemia

Couplets/ No
Group Irregular HR | PVC Triplets AVB VF arrhythmia
+ ischaemia/+ flecainide i I
+ ischaemia/- flecainide [ [ T 1]
- ischaemia/+ flecainide i 1]
- ischaemia/- flecainide Il I

+/- Flecainide

Couplets/ No
Group Irregular HR | PVC Triplets AVB VF arrhythmia
+ ischaemia/+ flecainide Il Il 111} 11} Il
+ ischaemia/- flecainide Il I 1 I
- ischaemia/+ flecainide | Il I 1]
- ischaemia/- flecainide Il I 1 I

Table 6.1. Arrhythmias according to treatment group at different timepoints. Irregular heart rate,
PVCs, couplets and triplets, AVBs, VFs and no arrhythmias reported in hearts at baseline, ischaemia

timepoint and flecainide timepoint within all treatment groups,

+ischaemia/-flecainide, -ischaemia/+flecainide, and -ischaemia/-flecainide.

+ischaemia/+flecainide,

Baseline Ischaemia Flecainide
Group <10ms |[>10ms |[<10ms |>10ms |<10ms | >10ms
+ischaemia/+flecainide 1 3 4
+ischaemia/-flecainide 2 3 1
-ischaemia/+flecainide
-ischaemia/-flecainide 1 1 1

Table 6.2. Incidence of VF according to treatment groups at different timepoints. VF was separated
into 2 groups, VF which lasted less than 10 ms, and VF which lasted more than 10 ms.
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6.2.5. Confirmation of LAD block via ligation

At the end of each experiment, Evans blue, an azo dye, was perfused into the heart via a
cannula, directly into the aorta. This was to determine that the LAD ligation had been
successful. The lack of Evans blue in the ischaemic tissue mainly localised in the left ventricle
demonstrates the infarcted region, Figure 6.21A to E. In control hearts, where a needle was
inserted but LAD was not ligated, we see the Evans blue flow through the whole heart,

Figure 6.21F.

A

Figure 6.33. Evans blue perfusion. The Evans blue reveals infarcted region and non-infarcted region
in the heart. A-E. Evans blue is unable to perfuse through the ligation to the infarcted area. E. Evans

blue perfuses through whole hearts with no ligation.
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6.3. Chapter Discussion

6.3.1. Overview of main findings

The main findings from this chapter are summarised as follows:

Ischaemia caused a slowing of conduction velocity which was more pronounced in

the ischaemic region compared to remote region.

e Ischaemia did not have a significant impact on action potential duration.

e Flecainide caused a slowing of conduction velocity, with or without ischaemia, in
both ischaemic and remote regions.

e Presence of both ischaemia and flecainide caused a further slowing of conduction

velocity compared to ischaemia alone.

6.3.2. Ischaemia causes little to no effect on APD

Interaction of ischaemia and flecainide was assessed by measuring its effects on conduction
velocity (CV) and action potential durations (APD), in the presence and absence of one
another. We previously looked at interaction of ischaemia and flecainide in a global
ischaemia model, (Chapter 5), achieving global ischaemia via low perfusion pressure. Here,
we performed a LAD ligation in WT mouse hearts to achieve local ischaemia. The control
hearts functioned as sham controls: the needle with suture was inserted around the left
anterior descending artery but the suture was not ligated. In the ischaemia groups, LAD was

ligated.
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APD measurements were taken at 30, 50 and 80% repolarisation. Analysis of APDs generally
did not reveal effects of ischaemia and flecainide. The comparison of APD changes due to
ischaemia did not correlate with data in literature. As shown in Figures 6.2, 6.3, 6.5, 6.6. 6.8
and 6.9, ischaemia either caused no change in APD or prolonged APD. The effect of
ischaemia was more visible in the ischaemic region compared to the remote region,
especially at earlier repolarisation stages. More significant differences were observed
between baseline and ischaemia across different pacing frequencies in the ischaemic region
compared to remote region. Shaw and Rudy demonstrated a shortening of APD caused by
ischaemia, opposed to a prolongation which was observed in our studies. The ischaemia
shortening of APD occurs through a combination of increased outward K* currents and
decreased inward Ca?* currents during repolarisation. Shaw and Rudy measured
electrophysiologic effects of acute ischaemia which was reproduced by elevated [K],, acidic
changes of fast Na* and L-type calcium currents, acidic reduction of [K]i, anoxia induced
activation of a time independent outward current (IK(ATP)), and anoxic reduction of ICa(L),
the major components of acute ischaemia. They conclude that /kate) was the main cause of
ischaemic APD shortening. It is generally thought that the cardiac ATP-sensitive K* current
(/katr)) is the major contributor to action potential shortening during acute ischaemia,
however, many studies have shown APD shortening during acute ischaemia occurs without

involvement of IK(ATP) [198].

As demonstrated in literature, there is strong evidence for APD shortening during
ischaemia. However, we observe the same phenomenon of APD prolongation with global
ischaemia as well as local ischaemia. Bernikova et al aimed to investigate prolonged

repolarisation in the early phase of ischaemia. Using a porcine model, they observed
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transient repolarisation prolongation and subsequent shortening in the initial stages of
ischaemia, lasting a few minutes. They were able to reproduce this effect in isolated
cardiomyocytes through the activation of IK(ATP) current. We discussed previously the
prolongation of APD during ischaemia lasting several minutes before shortening observed
by Bernikiva et al 2023 [199]. The prolongation of APD we observed lasted more than
several minutes and was observed even 40 minutes after ischaemia had been induced. A
recent study published in 2021 investigated the role of unfolded protein response (UPR) in
arrhythmia risk following myocardial infarction. They conclude that activation of UPR leads
to a downregulation of cardiac ion currents including lo, Ik1 and Iks resulting in APD

prolongation [200].

It is possible the puncturing of the heart with a suture needle could be damaging the
surrounding tissue and affecting the APD, however, this effect is not always observed in all
groups with ischaemia, therefore unlikely to be the cause of APD prolongation. In
experiments where ischaemia was not present, APD did increase slightly, suggesting that
the ligation is making the heart more prone to time dependent alterations. Our previous

work has shown time dependent changes are minimal and remain insignificant [108].

APD triangulation is defined as the repolarisation time from APD30 to APD80 or APD90
[201]. Triangulation of APD refers to prolongation of action potential repolarization,
specifically phase 2 or phase 3, or both, and is considered a risk factor for ventricular
arrhythmias [202]. APD triangulation can be affected by dysfunction of ion channels
involved in repolarisation and anti-arrhythmic drugs (AADs). Prolongation of APD is usually

considered anti-arrhythmic and is the primary mechanism for Class Il AADs. However, when

211



APD prolongation is associated with APD triangulation, it is often followed by proarrhythmia
[201]. APD prolongation occurs through lengthening of phase 2, phase 3 or both phases.
The current contributing towards phase 2 and phase 3 of the action potential are
considerably different. During phase 2, inward currents flow through the slow inactivating
Na*and L-type Ca%* channels and outward currents flow through K* channels. During phase
3, the open inward channels and /ks close and Ik and Ik1 channels open. Action potential

triangulation is important in predicting proarrhythmia [201].

We measured AP triangulation in remote region and ligated region of the heart. With
increased pacing frequency, triangulation became shorter, i.e. the APD80/APD30 ratio
became smaller. This is to be expected since APD80 shortens when paced at faster
frequencies to accommodate enough time for diastole. This shortening of APD 80 decreases
the APD80 to APD30 ratio, hence shortening of the AP triangulation. In our study, ischaemia
did not alter the AP triangulation in the remote region. In the ligated region, ischaemia

caused a significantly less pronounced AP triangulation, at faster frequencies.

In order to distinguish significant effects of flecainide, we measured effects of flecainide in
presence and absence of ischaemia. We did not consistently observe a significant difference
of flecainide in the presence of ischaemia. Previous studies have shown 10 uM flecainide
significantly prolongs APD50 in isolated neural cells [203]. Ikeda et al 1985 demonstrated
APD50 was prolonged in isolated canine and rabbit myocardial fibres after flecainide
treatment. With increasing flecainide concentration, APD50 became more prolonged [157].
Our previous study showed that flecainide did not affect the APD in the ventricles, however

it did prolong the APD in the atria [108]. We concluded from that study that flecainide
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affected the atria to a larger degree compared to the ventricles and this is further discussed
in Chapter 2. In group 1, with both ischaemia and flecainide present, we see a bigger
difference in APD30 compared to APD50 and APD80. Differences between baseline and
ischaemia, baseline and flecainide, ischaemia and flecainide are more apparent at APD30.
It is important to note that we see a further prolongation of APD30 and APD50 between
ischaemia and flecainide, but we do not see an effect of flecainide on its own without
ischaemia present. It is possible that the ischaemic condition of the heart is making it more
prone to the effects of flecainide, i.e. APD prolongation. It is also important to note that we
are seeing bigger differences in the earlier repolarisation stage as opposed to later
repolarisation stage. It will be useful to measure beat to beat instability, as instability of
APD along with triangulation can be an indicator of proarrhythmia whereas APD
prolongation in the absence of APD instability and triangulation can be anti-arrhythmic
[201]. This will give a better understanding on whether the action of flecainide with

ischaemia present it either pro-arrhythmic or anti-arrhythmic.

6.3.3. Flecainide effects on conduction velocity in ischaemic conditions

Similarly to the global ischaemia data, we observe a stronger effect of ischaemia and
flecainide reflected in CV measurements, compared to APD measurements. In both, remote
and ligated regions, we observe an effect of CV slowing in the presence of ischaemia. In the
ligated region, ischaemia significantly slows the CV at most pacing frequencies, whereas in
the remote region, it slows CV at faster pacing frequencies only. In the ligated region,

ischaemia caused a further slowing of CV compared to remote region. As expected, the

213



difference between ischaemia and flecainide is more pronounced in the remote region
compared to ligated region. In the remote region, CV was significantly slower after
flecainide treatment in the presence of ischaemia at most pacing frequencies but in the
ligated region, it was only significant at 6.67 Hz and 9.09 Hz. In the presence of ischaemia,
flecainide further slowed the CV significantly after the initial CV slowing caused by
ischaemia. In the absence of ischaemia, flecainide still slowed the CV significantly, but to a
lesser extent. The average percentage difference between baseline and flecainide in the
presence of ischaemia was 53%. The average percentage difference between baseline and
flecainide in the absence of ischaemia was 51%, indicating that ischaemia did not affect
flecainide activity on the conduction. We know that flecainide is more effective at more
positive resting membrane potential, and we also know that ischaemia causes the resting
membrane potential to become more positive. It will be useful to investigate if the
flecainide is more effective in ischaemic ventricles due to the RMP. To be able to study this
further, ischaemic conditions can be duplicated for cardiomyocytes and test whether
ischaemic ventricular cells exhibit similar traits to healthy atrial cells that allow flecainide

preference.

6.3.4. Calcium transient duration decreases with ischaemia

Calcium transients were measured simultaneously to membrane voltage measurements.
Hearts were loaded with Rhod-2 AM, a high affinity calcium indicator which fluoresces in
the presence of calcium. Ischaemia causes an increase in intracellular calcium in

cardiomyocytes, known as calcium overload. This can lead to significant changes in calcium
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transients in cells. An increase in intracellular calcium is usually observed within minutes of
ischaemia. Clusin 2008 found after rabbit hearts were rendered with ischaemia, calcium
transient alternans occurred, where taller calcium transient with longer calcium transient

duration (CaTD) is preceded by a shorter one and accompanied by a longer APD [204].

From our studies, we observe more differences in CaTD in the ischaemic region compared
to remote region. Since ischaemia is marked by increased intracellular calcium, and remains
elevated for an extended period, this prolongs the CaTD. We see that ischaemia prolongs
CaTD only in remote region, Figure 6.16B. Figure 6.17A shows the opposite of what we

expect and observe a shortening of CaTD in ischaemia.

Although flecainide is primarily a sodium channel blocker, it can have some effects on
calcium transients. Flecainide has been shown to block RyR2, reducing calcium release from
the sarcoplasmic reticulum [177]. Flecainide also affects intracellular calcium indirectly by
inhibiting Na* channels which causes reducing of intracellular calcium [156]. In the remote
region, we observe a significant difference between baseline and flecainide, Figure 6.16A,
but not between ischaemia and flecainide, indicating the difference is down to ischaemia,

and not flecainide.

The time to peak refers to the rise of intracellular calcium. The increase in intracellular
calcium once ischaemia is established would lead to a faster time to peak. Demeter—
Haludka 2019 showed in adult dogs the slowing of time to peak calcium transients after
ischaemia compared to non ischaemia at baseline [205]. This contradicts our data, whereby

the time to peak is significantly longer after ischaemia.
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It is thought that impaired calcium regulation is the cause of ventricular fibrillation (VF)
which is often observed in ischaemia. It is possible that the reason we do not observe a
significant increase in VF is because the calcium transient is not significantly affected by
ischaemia. However, although calcium transients were measured in all hearts, a lot of the

data was omitted and the final n numbers totalled to 3 for each group.

6.3.5. Arrhythmia analysis

From our study, we identify four types of arrhythmias, premature ventricular
contractions (PVC), couplets and triplets, atrioventricular block (AVB), and ventricular
fibrillation (VF). Majority of the hearts exhibited AVBs which were triggered during
baseline and remained during ischaemic timepoint. This suggests that AVB may be a
manifestation of damage to the tissue caused by needle insertion. It may be that with
that level of trauma, heart requires a longer period of time to recover than the standard
10 minutes we have used throughout the study. Gao et al 2010, developed a model of
coronary artery ligation in mice and observed no difference in the frequency of AVB
between sham controls and treated groups, in the first 30 minutes after surgery [206].
This correlates with our data, where we observe more AVBs in the first 30 minutes.
Having a fifth group which served as a no treatment control group would have helped
understand the trigger for AVBs. It may have been useful to collect tissues from the
damaged area to measure for ischaemic or inflammatory markers. Comparing the levels

of a common inflammatory marker such as interleukin-6 (IL-6) from no treatment
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control, sham control tissue and tissue from ligated heart would have given us an

indication of the level of ischaemia in the sham controls.

The observations of more PVCs and couplets after flecainide treatment may indicate
flecainide’s potential proarrhythmic effects. This is interesting because flecainide is
thought to reduce PVCs. Studies have shown in patients with chronic ventricular
arrhythmias, flecainide was able to reduce PVCs by more than 85% after a one-year

period [207].

The number of hearts exhibiting VFs was highest at the * flecainide time point, towards
the end of the protocol. However, the number of hearts without arrhythmias was also
the highest at the £ flecainide time point. This could be an effect of time. At this point,
the hearts would be in ischaemia the longest. These results also indicate that VF
sustained for more than 10 ms was more common in groups with ischaemia. Given that
longer durations of VF are generally more life-threatening, this observation adds

another layer of risk when considering flecainide therapy in the presence of ischaemia.

Overall, to do a thorough arrhythmia analysis and investigate the proarrhythmic effects
of flecainide in the presence of ischaemia, more n numbers are required. Our n numbers
varied between 5 and 8. Many arrhythmia studies have used an n number ranging
between 29 and 70 [208] [209]. Increasing our n numbers would provide a more robust

set of data.
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7. Discussion

7.1. Overall findings of this thesis

The overall aim of this thesis was to characterise and unravel the electrophysiological
differences between atria and ventricles and their response to flecainide in health and
disease. Optical mapping was used to assess differences in action potential waveform
and conduction in both the atria and ventricles and assess ischaemia and flecainide
interaction in the ventricles. Additionally, this technique also enabled us to assess
electrophysiological heterogeneity in ventricles and the chamber specific effects of the

anti-arrhythmic drug, flecainide.

The main outcomes of this thesis are summarised below:

e Conduction velocity is slower in the mouse LA than in mouse LV. This is driven
by alterations in sodium channel biophysical properties. Although the number of
Nay1.5 channels are greater in the atria compared to ventricles, atria display a
greater negative shift in the voltage dependence of sodium channel inactivation
[108]. The differential expression of NayB2 and Nayf4 in atria and ventricles can

cause differences in modulation of gating kinetics of Ina.

e Atria responded to flecainide to a larger degree than ventricles. Flecainide
demonstrated significant action potential duration (APD) prolongation and

conduction velocity (CV) slowing compared to ventricles. This is due to
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differences in channel gating kinetics and differences in resting membrane
potential (RMP) between atria and ventricles. Atria have been shown to have a
more positive RMP compared to ventricles and our previous study has shown a

shift in RMP modifies the efficacy of flecainide [148] [108].

In the presence of ischaemia, flecainide was able to slow the CV to a greater
degree in ventricles. Ischaemia alone also slowed the CV but the combination of
ischaemia and flecainide being present shower a larger percentage decrease in

CV highlighting potential proarrhythmic effects of flecainide.

219



®

Stc;diumI TFIeoainide
channe
/ [ )

&

o 1
WO T

s omE W06
B M
Ventricles ‘ —

C W
LAD ligated . —

Figure 7.1 Summary of key findings from the study. A. Representative activation map and APD
in atria (left) before and after flecainide at 10 Hz. B. Representative activation map and APD in
ventricles before and after flecainide, at 10 Hz. C. Representative activation map and APD with
ischaemia and after flecainide, at 10 Hz.
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7.2. Distinct electrical properties of atria and ventricles

The first key finding of this thesis was the difference in conduction in the atria and
ventricles. Based on previous findings, we hypothesised the conduction would be
different in the left atria (LA) and the left ventricles (LV) due to differences in Na* channel
protein expression and differences in Na* current density. Protein expression of Nay1.5
was assessed in wildtype (WT) mouse atria and ventricles using western blot which
showed that atria had greater Na,1.5 protein expression compared to ventricles. Na,2
and Na,f4 were also measured using western blotting. This data showed that both
NayB2 and Na,B4 were expressed at higher levels in the ventricles compared to the atria.
The current density measured by patch clamp also revealed a smaller Na* current
density in LA compared to LV at physiological resting membrane potential. The data was
confirmed with conduction velocity (CV) measurements which showed CV was

significantly slower in the LA compared to LV.

The conduction and ionic differences within the atria and ventricles lend itself as a
potential target for atrial specific disorders such as atrial fibrillation (AF). Developing a
drug that specifically targets the difference in atria and ventricles would minimise
adverse effects. Our study provides further understanding of atrial and ventricular
electrophysiological distinctions and may explain why atria are more prone to
arrhythmias compared to ventricles. We already know the physical differences between
atria and ventricles. Atria are thin walled, whereas the ventricles are much larger and
are thick walled. lon channel distribution is also different in atria and ventricles. Ikur,

Ikach Kir3.1/Kir3.4 are predominantly found in the atria but not the ventricles. These
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differences in ion channels are thought to be crucial in spiral wave re-entry and episodes
of AF and ventricular fibrillation (VF) [22]. They are also the cause of differences in action
potential waveform, with the atrial action potential displaying a shorter action potential
compared to ventricular action potential. Atria are also more susceptible to fibrosis
which can disrupt the normal electrical signals in the heart, leading to irregular impulses
and arrhythmias [210]. As mentioned, the LA were shown to have slower CV compared
to LV. Slower CV increases the likelihood of developing arrhythmia. When CV is slow,
areas of tissue with conduction block or delay develops and creates re-entry circuits,
perpetuating arrhythmia. Our previous study has also shown atria to present with a
more positive resting membrane potential (RMP). A more positive RMP delays
Ina recovery, slows channel inactivation and decreases action potential upstroke

velocity. These attributes also result in slowing of CV [148].

Along with slowed CV, we also observed a shorter action potential in atria compared to
ventricle. A shortened action potential duration (APD) is often considered
proarrhythmic. A shorter APD is usually closely associated with a shorter refractory
period, meaning cells have a shorter time to recover after each action potential. This can
increase the risk of re-entry circuits. As discussed in Chapter 3 discussion, the key
difference causing action potential differences in atria and ventricles is attributed to

potassium currents, specifically Ikur, Ikrand Iks [154].
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7.3. Importance of chamber specific anti-arrhythmic drugs

The differences observed between atria and ventricles highlight the need for chamber
specific targets for anti-arrhythmic drugs. Distinguishing atrial and ventricular electrical
properties is essential for effective treatment and deeper understanding of cardiac
function and dysfunction. The Ikur current has been known to be a strong potential target
for anti-arrhythmic drugs (AAD). Vernakalant (RSD1235) is a new class lll anti-arrhythmic
drug developed to block Ik.r current. However, while IKur current block was observed in
rat model and HEK293 cells, this has not been demonstrated in human atrial myocyctes
[211]. Niferidil (RG-2) is also a new class lll antiarrhythmic drug. Niferidil is also atrial
specific and more than 85% effective at converting AF to normal sinus rhythm through
Ikr inhibition. However, some studies have shown off-target effects in the ventricles
through inhibition of IKur and steady state current [212]. XEN-D0103 (S66913), is
another novel, atrial specific inhibitor of Ik.r. Prolongation of action potential has been
observed in atria only and no effect has been observed in ventricles. Clinical trials have
shown that on its own, XEN-D0103 was ineffective at reducing AF burden and is effective
in combination with other drugs. More research is required, and large sample sizes are

needed to fully evaluate the effectiveness of these drugs.

Flecainide, a Na* channel blocker, is normally recommended as a first line therapy for
AF patients without structural heart disease. Flecainide is not considered to be atrial
specific as it does also affect ventricular action potential and QRS interval. The primary
electrophysiological actions of flecainide are attributable to its greater effectiveness at

inhibiting sodium channels in more depolarised cardiomyocyte, and use-dependent
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block of voltage gated Na* channels [148]. Use dependence refers to increased
flecainide effectiveness at faster heart/stimulation rates, making it effective at
terminating atrial arrhythmias [91]. Flecainide has slow kinetics, meaning it is released
slowly from its binding site, prolonging depolarisation and increasing refractoriness. We
do not see a significant effect on ventricles under physiological conditions in our
experiments. Flecainide did not significantly slow the CV in the ventricles and we saw no
effects on APD. Consistent with these findings, the effect of flecainide was greater in LA
compared to LV. Our previous data also showed atria had an increased sensitivity to
flecainide compared to ventricles. LA and LV Na* currents measured using patch clamp
with and without flecainide demonstrated a change in current-voltage curve
morphology in both LA and LV. The addition of flecainide augmented the peak Na*
current to a significantly greater degree in LA than in LV. This correlates with our data
where CV is slowed in LA and LV after flecainide is introduced, but CV is slowed to a
greater extent in the LA. It is apparent from these studies collectively, that although
flecainide is not considered atrial specific, it has preferential affinity to atrial Na*
channels. O’Brien et al 2021 further investigated the difference in biophysical properties
of Na* channels in LA and LV which causes this preferential affinity of flecainide. The
increased sensitivity of atrial Na* current density to flecainide is influenced by changes
in the resting membrane potential (RMP) [148]. Atrial RMP has been found to have a
more positive resting membrane potential than ventricular RMP. Atrial cardiomyocytes
had an RMP of -70.8 mV, and ventricular cardiomyocytes had an RMP of -80 mV. The

maximal upstroke velocity of the action potential was also higher in ventricular cells

compared to atrial cells. These biophysical properties potentially affect the channels’
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sensitivity to flecainide [108]. Our recent study investigated the anti-arrhythmic effects
of several Na* channel blockers in atrial cells. The study found mice with reduced Pitx2c,
a gene identified through genome wide association studies to be associated with
increased AF burden [213] mRNA levels had a more depolarised resting membrane
potential. The more positive resting membrane potential altered the effectiveness of
Na* channel blockers, making it more effective at inhibiting Na* channels. Experiments
in HEK cells also demonstrated that small changes in resting membrane potential altered

Na* channel inhibition [214].

Consistent with our previous published findings, our shows a preferential effect of

flecainide treatment on the atria compared to the ventricles.

7.4. Importance of understanding ischaemia and flecainide interaction

In clinical practice, ventricular pro-arrhythmia has been associated with Class Ic AADs
such as flecainide. Clinical trials have reported proarrhythmic effects and increased
mortality with the use of these drugs [215]. The Cardiac Arrhythmia Suppression Trial
(CAST) was a clinical trial conducted in the late 1980s and was designed to assess
whether suppressing ventricular arrhythmias with flecainide and encainide would
reduce mortality. From the trial, it was concluded that flecainide and encainide caused
a significantly higher mortality in patients after myocardial infarction, compared to
patients who received placebo and patients receiving flecainide or encainide also had a
higher incidence of ventricular arrhythmias compared to the placebo group. Due to the

adverse outcomes of the antiarrhythmic drugs, the trial was terminated early and led to
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a re-evaluation of the management of arrhythmias. Since the trial, flecainide and
encainide are no longer recommended for patients with structural heart disease and is

also avoided in patients with myocardial ischaemia or infarction or heart failure [91].

The Atrial Fibrillation Follow-up Investigation of Rhythm Management (AFFIRM) trial
was conducted in 2002 and compared different treatment strategies for atrial fibrillation
(AF). AFFIRM trial compared rate control and rhythm control strategies in patients with
AF and high risk of stroke or death [216]. The aim was to determine whether a rhythm
control strategy or a rate control strategy would be more effective in managing AF and
reducing mortality rate in patients. Rate control strategy involved class Il antiarrhythmic
drugs such as beta-blockers, calcium channel blockers and digoxin. As the name
suggests, the aim of rate control therapy is to control the heart rate and sustain it
between 80 and 110 beats per minute. Rhythm control strategies include class la
(quinidine, procainamide), class Ic (flecainide, propafenone) and class Il agents
(amiodarone, sotalol). The aim of rhythm control strategy is to maintain sinus rhythm in
AF patients. The AFFIRM trial concluded there was no significance difference in mortality
between rate control and rhythm control therapies. Both treatment approaches were
equally effective in reducing mortality in patients with AF. The rate control strategy was
associated with fewer adverse drug effects such as torsades de pointes, ventricular
tachycardia and ischaemia stroke, compared to rhythm control strategy. Patients on
rhythm control treatment strategy were significantly more likely to be hospitalised and
experience adverse effects. Like in CAST, AADs were associated with increased mortality,

indicating the beneficial effects of AADs are counteracted by their adverse effects.
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The East-AFNET 4 trial demonstrated early rhythm control therapy, which included
flecainide, amiodarone and dronedarone, led to fewer adverse effects in patients when
compared to usual care, which included mainly rate control therapy. Patients diagnosed
with AF within a year had significantly reduced morbidity when treated with early

rhythm control. The trial ended early at the third interim analysis, due to efficacy [58].

Other clinical trials, such as Survival with Oral D-sotalol (SWORD) trial showed d-sotalol,
a beta blocker, increased mortality after a myocardial infarction. Similarly, the Stroke
Prevention in Atrial Fibrillation (SPAF) trial also showed increased mortality when

patients with AF were prescribed with AADs [216].

The German Competence Network on Atrial Fibrillation, (AFNET), performed a
randomised clinical trial investigating rhythm control therapy, rate control therapies and
stroke prevention. They conclude anti arrhythmic drug treatment might be more

beneficial in the early stages of AF, after cardioversion.

These trials reflect the need for further investigation into identifying new targets for
anti-arrhythmic drugs with a good safety profile. Moreover, these studies evaluated the
effects of AADs in patients with heart failure or AF with structural heart disease. Our
study investigated the proarrhythmic effects of flecainide in ischaemic hearts without
structural heart disease. Although the use of flecainide is moderately effective at
suppressing AF and is considered safe and well tolerated in patients without structural
heart disease, the decreased use of flecainide over time could be attributable to the
CAST and its risk of ventricular proarrhythmia. It has been over 30 years since the results

of CAST were published and the trial ended early due to increased risk of death and a
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more up to date review is required. The East-AFNET 4 Trial is one of the more recent
studies and has shown in contrast to the CAST, administering rhythm control therapy
including flecainide did not cause pro-arrhythmia. Syeda et al 2016, showed that
flecainide was able to abolish atrial arrhythmias in hearts with reduced Pitx2 expression.
This was down to more depolarised resting membrane potential which increased the
effectiveness of flecainide. Flecainide significantly eliminated atrial arrhythmias in
hearts with reduced Pitx2 expression but was not able to eliminate arrhythmias in hearts

with normal Pitx2 expression [214].

The goal of this study was to investigate the electrophysiological mechanism in which
flecainide became pro-arrhythmic when ischaemia was present. Thus far, no study has
provided a mechanism in which flecainide causes ventricular pro-arrhythmia. Brugada
et al hypothesised that administering flecainide to patients post-myocardial infarction
could alter the conduction, thereby promoting the onset of small reentrant circuits,
leading to ventricular tachycardias and potentially sudden death [215]. From our results,
we observed that CV was significantly affected by flecainide, especially in the presence
of ischaemia. We observed that CV was slowed with ischaemia and flecainide caused a
further slowing of the CV. This may indicate that flecainide exacerbates the effect of
ischaemia in the ventricles. To understand the mechanism better, it may be useful to
investigate whether flecainide has the same effect on the CV in the presence of
ischaemia when the resting membrane potential is more depolarised. This would
require performing experiments in isolated cells and recording electrophysiological

parameters at different holding potentials within an ischaemic environment, such as a
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hypoxic chamber. This would provide a better insight into how ischaemia and flecainide

interact.

7.5. Study limitations

7.5.1. Optical mapping limitations

Cardiac optical mapping is a useful tool to characterise electrical activity and
arrhythmias in mouse hearts. Optical mapping has many advantages to studying
electrophysiology, but it comes with a few limitations. It requires the use of fluorescent
dyes which helps users observe voltage membrane changes and calcium transients.
Some fluorescent dyes have been shown to interact and alter electrical behaviour. There
have been some studies highlighting the disadvantages to using fluorescent dyes. Di-4-
ANEPPS has been shown to significantly alter basal heart rate and ventricular conduction
in rabbit hearts [217]. The same study also showed ischaemic patterns to be less
prominent and time delayed in hearts stained with Di-4-ANEPPS. In stained and non-
stained hearts, ischaemia manifested as QRS prolongation, bradycardia and shortened
QT interval. Prominent ischaemic hearts stained with Di-4-Anepps appeared 3 to 4
minutes after the non-stained hearts. In isolated guinea pig hearts, di-4-ANEPPS
decreased both longitudinal and transverse CV in a dose dependent manner [218]. Other
studies have also shown slowed CV and shortened APD. At higher concentrations, Di-4
ANEPPS internalises in the cells rapidly which can cause phototoxicity, hence it is often

used in short term experiments [219].
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Blebbistatin, a myosin inhibitor, is used to prevent motion artefacts whilst optically
imaging hearts. Blebbistatin precipitates at 50 to 100 uM and the precipitated
aggregates can attach to surfaces of microtubes and pipette tips thus slightly changing
the intended concentration (Varkuti et al 2016). Another study showed blebbistatin has
propensity to precipitate and accumulate in the vasculature [188]. Regardless,
blebbistatin is still considered to be the electromechanical uncoupler of choice as it has
minimal effects on cardiac electrophysiology compared to other excitation contraction

uncouplers [220].

In an optical mapping system, electrodes are manually placed on the heart, allowing the
user to pace the tissue. When pacing, the signal propagates across the epicardium
through the tissue in an up or down manner. This does not represent physiological
propagation of action potentials. In physiological conditions, signals are propagated in
the myocardium and travels outwards, rather than up and down the tissue. It is likely

that the measurement of CV in this manner shifts the CV values.

Finally, the interaction of tissue and light can alter signal morphology when recording
signals optically in the heart tissue. Excited light will propagate into the tissue and excite
fluorophores away from the epicardium. As a result, the recorded signals will be a total
of optically recorded action potentials or calcium transients from the epicardium as well

as cells from the myocardium [134].

230



7.5.2. Isolated heart method limitations

Performing experiments on isolated hearts usually come with some limitations. Surgical
isolation of the heart is followed by a short period of asphyxia and ATP depletion, and it
is important to ensure cardiac preparation is quick to minimise cardiac injury. Cardiac
ATP levels decreases dramatically after 10 to 30 seconds of asphyxia [221]. Isolated
contracting hearts usually have a higher demand for oxygen and metabolites and
consequentially are at a higher risk of hypoxaemia. The use of blebbistatin lowers
metabolic and oxygen demands and could result in ischaemia underestimation [220].
Isolated hearts are also retrograde perfused with Krebs-Henseleit buffer. In in vivo,
blood is pumped out of the heart to the rest of the body via the aorta whereas in ex vivo,

buffer is perfused into the heart in the opposite direction.

An alternative approach which removes these limitations listed above would be to apply
mathematical and electromechanical modelling to simulate a cardiac system. Recent
studies have been using this approach to study specific mechanisms, however this

approach also comes with its own limitations.

7.5.3. Limitations of mouse models

Most studies using isolated heart models use mammalian hearts. Larger mammals are
considered to be more physiologically similar to the human haemodynamic
characteristics [222]. Larger hearts also enable better access and easier manipulation

for surgeries. However larger animals are also expensive to breed and house. Moreover,
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larger volumes of reagents and buffers are also required per experiment, thus making
rodents a preferable alternative to larger mammals [221]. Rodents can be generated
and bred with ease with a fast turnover and a variety of genetically modified strains are
commercially available. There has been some controversy over the use of mice as animal
models. Although there are genetic and physiological similarities between mice and
humans, mouse models are not always able to mimic human disease phenotype. Mice
do not develop AF naturally and usually require programmed electrical stimulation and
genetic manipulation that can result in severe cardiac dysfunction and shortened
lifespan [223]. There are also significant differences in size and electrophysiology of
mouse hearts and human hearts. Resting heart rates and ion channel expressions differ
massively between the two species and custom-made devices often need to be
constructed specifically for mouse models [223]. There is generally a lack of suitable AF
mouse model, possibly because of insufficient substrates for AF. It has been
hypothesised that myocardial tissue is required to be of at least a certain size in order
to sustain re-entrant arrhythmias. Re-entry has been demonstrated in mouse ventricles
but has proved difficult to demonstrate in mouse atria. Mouse atrial tissue is thin and
may not support transmural re-entry, a key driver in AF in humans (Fu et al 2022). This
study investigated common mouse AF models and found that the models were unable

to mimic AF phenotype seen in humans [224].
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7.5. Future work

The nature of this study lends itself to multiple avenues for further investigation. In
relation to atrial and ventricular differences, the CV differences we observe can be
attributed to differences in Na* channel expression and density of gap junctions in atria
and ventricles. It will be useful in quantifying gap junction density in atria and ventricles
to provide full understanding of atrial and ventricular electrical differences. It would also
be interesting to look at a diseased mouse model and measure whether ion channel
expression and current density changes in atria and ventricles and as a result, how that
affects electrical waveform and conduction. Changes in channel expression can be
determined by Western blotting and changes in current density can be determined by
patch clamp. The optical mapping system enables simultaneous mapping of hearts of
voltage membrane potentials and calcium transients. While we have voltage membrane
potential data from atria and ventricles, the data would be more complete with the

addition of calcium transients.

Regarding the ischaemia and flecainide study, we attempted to measure calcium
transients simultaneously to the membrane voltage data. However, the calcium
transient experiments were not successful and n numbers were low. Future experiments
can continue to investigate calcium transients in the presence of ischaemia. Flecainide
has been commonly used with other drugs for the management of AF. In the case of
ischaemia, it would be interesting to see the effects when flecainide is used in
conjunction with a drug used in treating ischaemia, such as berberine. Although

berberine is typically known for its use in herbal medicine, it has been found to alleviate
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ischaemia-reperfusion injury induced inflammatory response. lia et al's 2022 study
demonstrated attenuation of myocardial injury with berberine administration, through
inhibition of downstream pro-ischaemia reperfusion injury effectors. This led to a
suppression of inflammatory and oxidative stress which restored cardiac function and
structure [225]. Berberine has also been found to prolong APD in ventricular myocytes

without altering other variables of the action potential [226].

We were able to induce ischaemia using LAD ligation in ex vivo. In our ischaemia control
group, hearts were pierced with a needle in the same way a non-ischaemic heart would
be, and the suture was passed around the LAD but not ligated, hence a sham control.
For a more complete dataset, having an additional control group where the heart was
not ligated at all would prove useful. It can be argued that the actual insertion of needle
is enough to cause damage to the heart, however studies show the opposite. lyer et al
2016 evaluated the effect of sham surgery in a surgical model for coronary artery
occlusion. They showed that sham surgery did not show signs of ischaemia, nor did it
affect other physiology variables in the heart while hearts with myocardial infarction
showed evidence of infarction [227]. It is important to note, however, the surgery was
performed in vivo and used a minimally invasive approach therefore results shouldn’t
be directly compared to our study. Santer et al 2015 evaluated functional
characterisation of left ventricular remodelling in in vivo and ex vivo model. They found
significant differences between mice that underwent myocardial infarction surgery and
mice that underwent sham surgery. After myocardial infarction, mice showed
significantly reduced ejection fraction, reduced cardiac output and pump function,

compared to sham [228].
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From our studies, we see that ischaemia significantly affects the CV, CV becomes slower
upon exposure to ischaemia, but the APD becomes prolonged after exposure to
ischaemia, which is opposite to what we expect. We suggest the possibility of the
ischaemia not being severe enough to cause a decrease in APD. Over time we see an
insignificant increase in APD, and it is possible this phenomenon overrides the
truncation of APD caused by ischaemia. Measuring protein expression for inflammatory
markers such as interleukin 6 (IL-6) and other regulatory proteins such as troponin which
is sensitive to cardiac injury may help to verify firstly the presence, and the severity of

ischaemia. In the presence of ischaemia, these markers become elevated [229].

With more time and resources, performing LAD surgery in live mice would be insightful
and would go a long way towards understanding ischaemia and flecainide interaction.
Like with any technique, we must also be aware that performing LAD surgery in mice
also comes with risk. With the classical LAD ligation surgery, mice require intubation.
This can increase risk of death and also adds on time the mouse is under anaesthesia.
However, there is development of the method without intubation, demonstrating a less
damaging model of ischaemic injury and is more efficient [206]. In vivo experiments
would provide a more physiological environment for studying ischaemia and would
eliminate the effects of cardiac trauma through excision. This approach would also help

with quantifying arrhythmias more accurately using ECG or ECHO.

Application of optical mapping to in vivo heart models is limited and the current
applications are highly invasive and therefore limits its application in translational

research. Moreover, uncouplers such as blebbistatin cannot be used in vivo studies.
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There have been some studies that have aimed to develop and validate in vivo cardiac
optical mapping in pig models [230]. The animals underwent open-chest surgery and
used near-infrared voltage sensitive dyes to image APs and wave propagation.
Ultimately, the ideal application would be of human hearts. We have seen some
differences in CV among species and naturally gives rise to questions on how human CV

will vary in atria and ventricles.
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