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Abstract

The genetic disorder catecholaminergic polymorphic ventricular tachycardia (CPVT) causes the
function of the sarcoplasmic reticulum (SR) Ca** release channel (RyR2) to be altered and
induces fatal arrhythmias during stress or exercise. Flecainide, a class 1C sodium channel
(Na,1.5) inhibitor and anti-arrhythmic agent, was recently observed to be effective against
CPVT arrhythmias. Controversially, it was suggested that flecainide acted directly on RyR2,
alongside its action on Na,1.5. The present study sought to establish whether flecainide
affected RyR2 activity to prevent pro-arrhythmic Ca’* waves in wild type (WT) cardiomyocytes
and if so, to elucidate the mechanisms responsible.

Flecainide or flecainide-FITC was applied to intact or saponin permeabilised cardiomyocytes
isolated from WT rat ventricle. Confocal microscopy was used to image SR Ca’* release after
application of flecainide or trans-sarcolemmal movement of fluorescent flecainide-FITC.

In intact myocytes, flecainide decreased pro-arrhythmic Ca’* wave frequency although Ca®*
spark properties were unchanged, indicating no effect on RyR2 despite prolonged flecainide
exposure (45 min). Flecainide-FITC traversed the sarcolemma over a period of hours and
primarily accumulated in the mitochondria. In permeabilised myocytes, where flecainide had
immediate access to RyR2 and Na,1.5 was non-functional, a 10-20% decrease in wave
frequency was apparent, accompanied by sustained changes in Ca’" spark properties. The
effect on waves was potentiated when the SR counter-current was inhibited by substitution of
K" with Cs".

These results suggest that flecainide has an anti-arrhythmic effect on RyR2 in permeabilised
WT cardiomyocytes. However, slow cytosolic accumulation and the requirement for an
increased drug concentration may explain the absence of an effect on RyR2 in intact cells.
Nevertheless, these findings support the concept that RyR2 channel activity can be
pharmacologically manipulated and that RyR2 represents a potential pharmacological target in
patients with arrhythmia.
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Chapter 1: General introduction

1.1 General introduction

Flecainide is a clinically prescribed, anti-arrhythmic drug with a controversial history. Pro-
arrhythmic effects and increased mortality in patients with structural heart disease were first
identified in the 1989 Cardiac Arrhythmia Suppression Trial (CAST) (CAST, 1989). These
negative findings underie the highly conservative approach towards the clinical use of
flecainide (Hayward et al., 2016). However, in patients with little or no structural heart disease,
flecainide is a safe and potent anti-arrhythmic agent (Lafuente-Lafuente et al., 2015,

Vigneswaranetal., 2014, van der Werfetal., 2011a).

In recent years, flecainide has shown itself to be highly effective in the treatment of
catecholaminergic polymorphic ventricular tachycardia (CPVT), a genetic disorder that causes
potentially fatal ventricular arrhythmias in response to normal adrenergic drive (van der Werf
et al., 2011a). However, flecainide’s mechanism of action in CPVT is controversial; in addition
to its well-characterised role as a class 1C sodium channel inhibitor, flecainide has been
reported to act directly on the sarcoplasmic reticulum (SR) Ca®* release channel or ryanodine
receptor (RyR2) (Hwang et al., 2011a, Savio-Galimberti and Knollmann, 2015, Hilliard et al.,
2010).

If flecainide’s primary antiarrhythmic mechanism does involve a direct action on RyR2, it would
represent a new therapeutic approach to the treatment of arrhythmias. However, subsequent
studies have fuelled disagreement between research groups regarding flecainide’s site of
action (Sikkel et al., 2013, Bannister et al., 2015, Bannister et al., 2016). Resolution of this issue
is important because confirmation of an action on RyR2 would likely stimulate the
development of novel and more effective drugs to target pro-arrhythmic SR Ca’* release both

in CPVT and other pathological conditions.

In this chapter, the structural and functional properties of the heart and individual
cardiomyocytes will be summarised. Following this, important cellular mechanisms such as the
cardiac electrophysiology and the control of intracellular Ca** will be discussed. The role of
these mechanismsin pathological conditions will be presented with a particular focus on CPVT.
Finally, the inhibitory effects of flecainide on the cardiac Na* channel (Na,1.5) will be reviewed

alongside the controversy surrounding the effect of flecainide on RyR2.



1.2 The structure and function of the heart

The heart is a muscular pump, located posterior to the sternum, within the thorax. The base of
the heart lies at the second intercostal space and the cardiac apex is situated at the fifth
intercostal space (laizzo, 2015). The heart pumps blood through the circulatory system to
provide the body with oxygen and nutrients. Metabolic waste such as CO, is also removed
from these tissues. Other circulating factors such as endogenous hormones and cells of the
immune system are transported through the body by the pumping action of the heart. In
addition, the cardiovascular system is crucial for thermal control, helping to maintain the

tissuesat37 °C (Opie, 2004).

The mammalian heart consists of four chambers, with inlets into each of the atria and an
outlet from each ventride (Figure 1.1 A). Deoxygenated blood, retuming from the body enters
the right atrium via the superior and inferior vena cava. Large volumes of blood are able to
flow directly into the right ventricle through the tricuspid valve; however atrial contraction
ensures maximal entry of blood into the ventricles. Co-ordinated ventricular contraction from
the apex of the heart pumps de-oxygenated blood through the semilunar valve and into the
pulmonary artery, where blood is transported to the lungs (Opie, 2004). Within the pulmonary
capillary system, oxygen binds to haemoglobin in red blood cells and newly oxygenated blood
is transported into the left atrium via the pulmonary veins. Blood moves through the bicuspid
valve into the left ventricle. The left ventricle is the largest and most muscular chamber,
responsible for pumping large volumes of blood into the systemic circulation through the
aortic valve and aorta (Redington et al., 1988). A proportion (4-5%) of the cardiac output is
pumped into the coronary circulation, oxygenating the cardiac muscle itself (Schampaert et al.,

2013, Hall and Guyton, 2016).

The right and left ventricles are separated via the ventricular septum (Arnould-Taylor, 1998).
The walls of both ventricular chambers consist of tissue layers referred to as the sub-
epicardium, mid-myocardium and sub-endocardium (Figure 1.1 B). The sub-epicardium is the
external most layer of cardiac muscle, proximate to the pericardium or heart sac and is
comprised primarily of connective tissue (Ovalle and Nahirney, 2013). The mid-myocardium is
the thick layer of myocardial muscle, situated between the sub-epicardium and sub-
endocardium. The sub-endocardium is located dosest to the chambers of the ventricles and is

comprised primarily of endothelial smooth muscle (Ovalleand Nahirney, 2013).
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Figure 1.1 Ultra-structure of the heart and ventricular tissue

A) Schematic of the cardiac chambers, valves and major vessels. Note the thick left
ventricle wall and ventricular septum. B) The layers of ventricular tissue and pericardial sac
as in the ventricular wall. Images adapted from www.newhealthadvisor.com and
www.proprofs.com.



1.3 The cardiomyocyte

The heart is comprised of cardiomyocytes, fibroblasts and a small proportion of other cell
types including cardiac stem cells, vascular smooth musde cells and endothelial cells (Banerjee
et al.,, 2007, Nag, 1980, Smith et al., 2014). In rat hearts, 30% of cells are cardiomyocytes
whereas 64% are fibroblasts. In human hearts, this proportion shifts such that 27% of cells are
cardiomyocytes and 72% are fibroblasts (Banerjee et al., 2007, Nag, 1980). Cardiomyocytes
alone facilitate cardiac contraction, yet fibroblast activation and proliferation following
myocardial ischaemia aids in cardiac wound healing and improves post-ischaemic cardiac
performance (Duan et al.,, 2012, Cartledge et al., 2015). Recent evidence suggests that
fibroblasts also have the capacity to increase or decrease Ca’ transient amplitude in
cardiomyocytes, via soluble mediators (Cartledge et al., 2015). However, the role of fibroblasts

withinthe myocardium willnotbe considered furtherin this study.

Mammalian ventricular myocytes have a rod-shaped appearance (Bensley et al., 2016). When
isolated from wild-type (WT) rat, their dimensions range between 80 — 128 um in length and
16 — 25 um in width; and myocyte size is positively correlated with the age and size of the
animal (Korecky and Rakusan, 1978). One distinctive characteristic of ventricular
cardiomyocytes is their myofibrillar structure, which can be visualised under a light microscope
as striations running parallel along the cell axis (Frisk et al., 2014, Peeters et al., 1995).
Sarcolemmal invaginations known as transverse tubules (t-tubules) radiate into the centre of
the cytosol. T-tubules can be viewed as regularly spaced transverse striations, after application
of the membrane potential dye DI-8-ANEPPS. Isolated atrial myocytes share the rod-shaped
appearance of ventricular cardiomyocytes but are longer and thinner (Dibb et al., 2013).
Discrepancies exist in the literature as to whether t-tubules exist within atrial cardiomyocytes
(Kirk et al., 2003, Dibb et al., 2009). Species differences may explain these inconsistencies as
atrial t-tubules are more prevalent in large animal models such as sheep and horse (Dibb et al.,
2013). Additionally, anatomical variances may play a role; atrial cardiomyocytes isolated from
the rat sub-epicardium of the right atria display a more organised t-tubule system than the rest

of the atria (Frisketal., 2014).



Cardiomyocytes are electrically excitable cells and ionic concentrations differ greatly across the
myocyte sarcolemma. The two main ionic species are potassium (K*) and sodium (Na‘). The
cytosol contains ~140 mM K" and ~20 mM Na®, whereas the extracellular environment has ~5
mM K" and ~140 mM Na* (Opie, 2004). Under diastolic conditions, the sarcolemma is primarily
permeable to K' therefore the resting membrane potential is largely controlled by the K*

equilibrium potential. This can be calculated usingthe Nernst equation:

5 _ RT, <[X]o>
= F M\ XK

whereby E,,is the equilibrium potential; R is the universal gas constant (8.314 J.K™*.mol™); Tis
the temperature in Kelvin (K); z is the valency of the ion; Fis Faraday’s constant (96485 C.mol™);
and X is the concentration of the relevantion inside (i) and outside (o) the cell. In ventricular

cardiomyocytes, the K" equilibrium potential is-80mV at 37 °C (310 K).

The membrane potential can be calculated using an extension of the Nernst equation, the
Goldman-Hodgkin-Katz equation. This equation considers all ionic concentration differences

across the membrane potentialand relative ionic permeability:

RT <PX1 [X;]o + PX,[X,]o + PX; [X3]o>

Eyop= —1
rev = 25 P\ PXL[X,1i + PX1X,)i + PX5[Xs]i

whereby P is the relative permeability of the relevant ion. As Na*, Ca** and chloride (CI) are
relatively impermeable to the cardiomyocyte sarcolemma during diastole, the membrane

potential (~-85mV), reflects the K" equilibrium potential (Fozzard and Sheu, 1982).

Changes in membrane depolarisation are coupled between cardiomyocytes via gap junctions
at the intercalated discs to form an electrical and functional syncytium (Mayama et al., 2007).
Gap junctions consist of 6 connexins arranged in a hemichannel, which allow the passage of
ions and small cytoplasmic solutes (<900 Da) (Beyer et al., 1987, Gros and Jongsma, 1996).
Connexin isoforms Cx40, Cx43 and Cx45 are present within the myocardium and Cx43 is the
most prevalent in the ventricle (Beyer et al., 1989, Gourdie et al., 1993, Bao et al., 2011).
Ventricular myocytes are arranged in sheets, which rotate in orientation through the depth of

the myocardial wall (Helm et al., 2005, Gilbertetal., 2007).



1.3.1 The sarcolemma and transverse-tubules

The cardiomyocyte membrane, or sarcolemma, comprises of an external sarcolemma and
continuous membrane invaginations called t-tubules. The sarcolemma acts to separate the
cytosol from the extracellular medium, as well as to integrate membrane proteins into its lipid
bilayer sheet. PB—adrenergic signalling proteins, such as adenylyl cydase and the J3,-
adrenoceptor, are compartmentalised by caveolae; cholesterol-rich lipid rafts that form small
membrane invaginations (Head et al., 2005, Calaghan and White, 2006). lon channels,
antiporters and pumps are also located throughout the sarcolemma, although their relative
fractions may differ between the external and t-tubular portions. For example, the Ca’* ATPase
and the Na*-Ca** exchanger (NCX), Ca** removal transporters and antiporters respectively, are
preferentially located in the t-tubules (Chase and Orchard, 2011, Yang et al., 2002). Alongside
this, voltage gated L-type Ca’* channels (LTCC) are also concentrated within the t-tubules

(Kawai etal., 1999).

The t-tubular network is a highly complex membrane structure which consists primarily of
radial invaginations into the centre of the cytosol, although a smaller proportion of longitudinal
tubules are apparent (Soeller and Cannell, 1999). T-tubules are ~450 nm in diameter (Savio-
Galimberti et al., 2008). The structure and location of t-tubules are of great importance with
regard to their function. The extended t-tubule invaginations are proximal to the SR, the
internal Ca’* storage organelle (Section 1.3.2) and facilitate the penetration of action potentials
into the centre of the cell (Section 1.4.1). The cytosolic space between the t-tubule and the SR
membrane, known as the dyadic cleft, measures ~12 nm (Radermacher et al., 1994). This short
distance facilitates fast signalling between proteins located at these membranes. For example,
the diffusion of Ca’* from the sarcolemmal LTCC pore opening to opposing RyR2 channels in

the SR. The resulting cardiomyocyte twitch is therefore synchronous (Section 1.5.1).

Interestingly, in heart failure or after myocardial infarction, when cardiac contractility is
reported to dedine, the ratio of transverse to longitudinal tubules decreases and the t-tubules
become more disorganised (Louch et al., 2006, Crossman et al., 2015). In these cases, coupling
of LTCC to RyR2 is decreased, which impairs excitation contraction coupling (EC coupling) and
Ca’*induced Ca’* release (CICR) efficacy and function (Sections 1.4.1 and 1.5.1) (Louch et al.,
2006, Crossmanetal., 2015).



1.3.2 The sarcoplasmic reticulum

The SR is a lattice-like internal membrane compartment comprising 3.5% of the cell volume
(Page et al., 1971), which accumulates and releases Ca”* into the cytosol. The SR can be
categorised as either longitudinal or junctional. The junctional SR lies proximal to the t-tubule
membrane and facilitates the functional coupling between RyR2 and the LTCC channels, with a
ratio of 1:7.3 respectively (Bers and Stiffel, 1993). Longitudinal SR is distant from the t-tubule
and is devoid of RyR2, but contains the cardiac SR Ca**-ATPase (SERCA) (Inuietal., 1988).

The primary Ca’* release channel assodated with the cardiac SR membrane is RyR2 (Section
1.5). RyR2 is alarge channel protein (~2.2 mDa) comprised of 4 homomeric subunits (565 kDa
each), arranged to form a single pore (Radermacher et al., 1994, Liu et al., 2002, Tunwell et al.,
1996). RyR2 opens in response to Ca** entering the cytosol via LTCC during the processes of EC
coupling and CICR Sections (1.4.1 and 1.5.1) (Altamirano and Bers, 2007). Transport of two Ca**
ions from the cytosol into the SR via SERCA requires the binding and hydrolysis of one ATP
molecule. Considering the vast number of SERCA proteins within the SR membrane (up to 100
umol/L cytosol in rat) it has been suggested that SERCA need only cyde once to take up
cytosolic Ca** (Bers, 2001). However, the rate of SERCA cyding is inhibited by another SR
membrane protein, phospholamban (PLB). PLB can be phosphorylated via protein kinase A
(PKA) or CaMKII. PKA mediated phosphorylation of PLB in response to increased sympathetic
drive to the heart decreases inhibition of SERCA, leading to stronger and more forceful
ventricular contractions (Li et al., 2000, Hagemann et al., 2000). Once within the SR, Ca’" is
strongly buffered by Casq, a SR luminal protein which polymerises upon increased luminal Ca**
concentration ([Ca’*]) (Park et al., 2003). In addition to its buffering role, Casq and the dosely
associated proteins triadin and junctin can directly modulate RyR2 mediated Ca’®' release

(Jonesetal., 1995, Kobayashietal., 2000, Terentyev etal., 2007).

During Ca’* uptake or release by the SR, a K flux occurs in the opposite direction to the
movement of Ca”*. This counter-current is hypothesised to be fadilitated by both RyR2 and SR
K" (TRIC) channels and serves to reduce the build-up of charge across the SR membrane, which
would otherwise limit SR Ca** release (Yazawa et al., 2007, Guo et al., 2013). The SR counter-
current will be discussed in more detail in Chapter 6. Other SR channels are reported to exist in
cardiomyocytes, and may modulate EC coupling to some extent. For example, the Ca’* release
channel IP;is expressed in atrial and ventricular cardiomyocytes and a modulatory role in atrid
EC coupling has been described (Zima and Blatter, 2004). However, expression of IP; receptors

in the outer nuclear envelope, proximal to the SR complicates this interpretation and it may be
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that the primary role of IP; in cardiomyocytes is to fadlitate long term nuclear Ca’* signalling

(Zimaetal., 2007, Ljubojevicand Bers, 2015).

1.3.3 The mitochondria

The mitochondria constitute ~30% of the cell volume (Page et al., 1971). In mammalian
cardiomyocytes, the majority of the mitochondria are densely packed and highly ordered in
parallel rows between the sarcomeres (Birkedal et al.,, 2006). A second population of sub-
sarcolemmal mitochondria also exist in the cytosolic space, immediately opposing the
sarcolemma and caveolae structures (Fridolfsson et al., 2014). Each mitochondrion comprises
of an inner and an outer membrane, and their inner matrix is highly negatively charged (Perry
et al., 2011). Their major role within the cardiomyocyte is to produce ATP, the most dominant
chemical energy store, via the electron transfer chain, which is summarised in Figure 1.2. The
electron transfer chain is a set of simultaneous reduction and oxidation reactions, which give
rise to a high proton gradient between the mitochondrial matrix and inter-membrane space.

Controlled protoninflux drives the synthesis of ATP via ADP.

Nicotinaminde adenine dinucleotide (NADH) is reduced by Complex I, an enzyme located on
the inner mitochondrial membrane, to produce quinol (QH,) and two electrons. These
electrons are transferred by Complex | to coenzyme Q, a lipid soluble electron carrier within
the inner mitochondrial membrane. Additionally, four protons are translocated across the inner
mitochondrial membrane to the inter-membrane space, contributing to the proton gradient.
Alongside this mechanism, Complex Il reduces flavin adenine dinudeotide (FADH,) and the two
electrons produced are transferred to coenzyme Q. Less energy is contributed to the overall

reaction as protons are not translocated. Coenzyme Qtransfers electrons to Complex IIl.
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Figure 1.2: Schematic arrangement of the proteins involved in the mitochondrial electron transfer

chain and ATP production

A) Electrons are removed from NADH and FADH, and transferred from Complex | or Il to
Coenzyme Q. Electrons are further transferred to Complex Il and Complex IV via
cytochrome C. Electron transfer drives proton translocation from the mitochondrial matrix
to the inter-membrane space creating a proton gradient. ATP production is controlled by
proton movement through ATP synthase down its concentration gradient. Image taken

fromwww.archive.cnx.org.
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These electrons are further transported to Complex IV via cytochrome C. At both Complex Ill
and IV, protons are translocated to the inter-membrane space. The final transfer of electrons
occurs at Complex IV when electrons are transferred to molecular oxygen (O,) and two
molecules of water are produced. The influx of protons from the inter-membrane space to the
mitochondrial matrix drives the production of adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) and inorganic phosphate (P) via ATP synthase. Production of reactive
oxygen species (ROS), such as superoxide (0,*) and subsequently hydrogen peroxide (H,0,),
can occur during electron transfer, primarily at Complex | and partially at Complex Il (Murphy,

2009).

In addition to the SR, Ca** can also be accumulated into the mitochondria via the mitochondrial
Ca’* uniporter (MCU) (Kirichok et al., 2004). Mitochondrial Ca>* uptake is limited on the
timescale of cardiac exctation and contraction (Boyman et al., 2014b). Instead, at high heart
rates when a sustained increase in cytosolic [Ca**] occurs, mitochondrial Ca”* also increases,
leading to the increased production of ATP (Unitt et al., 1989). This indicates that mitochondrial
Ca’* may act as a regulator of oxidative phosphorylation. Many other channels, antiporters and
transporters exist in the mitochondrial membrane. Ca*" is extruded from the mitochondria via
the Na‘/Ca’** antiporter (Jung et al., 1995). The voltage dependent anion channel (VDAC),
situated at the outer mitochondrial membrane allows the passage of molecules <5000 Da into
the inter-membrane space (Colombini, 1979). Additionally, a large variety of K* channels also
exist within the inner mitochondrial membrane (Laskowski et al.,, 2016), despite low K*

permeability (Bednarczyk et al., 2008) and theirfunctionis not fully understood.

1.3.4 The sarcomere

Sarcomeres are contractile units organised throughout the cardiomyocyte in parallel rows
alongside the mitochondria (Kanzaki et al., 2010, Birkedal et al., 2006). Sarcomeres indude
several myofilament proteins (Figure 1.3 A). The thin filament proteins comprise actin,
tropomyosin and the troponin C, T and | complex. Myosin makes up the thick filament. The
thin filaments are attached at the Z lines and are interdigitated with the thick filaments. During
SR Ca’' release, the thin and thick filaments interact in an ATP dependent manner. This is
referred to as the sliding myofilament theory or cross-bridge cycling and causes contraction

alongthe length of the cell (Figure 1.3 B) (Huxley, 1967).
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Figure 1.3: Sarcomere ultrastructure and cross-bridge cycling

A) Schematic of a cardiac sarcomere coupled with an electron micrograph of a cardiac
sarcomere. Sarcomeres are 1.7 - 1.8 um in length (Jayasinghe et al., 2009, Bub et al., 2010).
Thin filaments include actin, tropomyosin and the troponin C, T and | complex. Thin
filaments are joined at the z discs. Myosin thick filaments interdigitate with the thin
filaments. Passive elasticity of the cell is regulated by titin. B) A schematic of the cross-
bridge cyde. At a) ATP is bound to the myosin head, which is then detached from the actin
binding site.; b) ATP is hydrolysed into ADP and P, and the myosin head becomes cocked; c)
the myosin head binds to the binding site on actin d) P, is released from the myosin head,
strengthening the bond with actin. ADP is released, sliding the actin filament towards the
sarcomere centre. ATP must bind to the myosin head to detach it from actin. Images taken
and adapted from (Sadayappan and de Tombe, 2012) and (England and Loughna, 2013).
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Ca”* released from the SR binds to troponin C. This induces a conformational change in the
troponin complex which causes tropomyosin to move away from the myosin binding sites
located on the actin filament (Miki et al., 2012). Myosin heads which protrude from the myosin
rod, bind ATP. ATP is hydrolysed to form ADP and Pi and the energy released causes the
myosin head to cock and bind to the actin filament, forming a cross-bridge. Release of P; from
myosin strengthens the actin-myosin bond. Further release of ADP induces the myosin head to
pivot and slide the actin filament to the centre of the sarcomere. In the absence of ADP and P,
ATP can bind to the myosin head, weakening and releasing the cross-bridge. Individual myosin
heads can move the filament 0.25-0.5% of the sarcomere length (5-10 nm) with each stroke
(Tyska et al., 1999). When combined, isolated cells are shortened by ~9% of their diastolic
length when stimulated at 1 Hz (Mukherjee et al., 1993).

1.3.5 The nucleus

Consistent with the majority of mammalian cells, the nucleus contains DNA required for the
expression of relevant proteins. Within the nudeus, DNA is transcribed to mRNA which in turn
is translated into amino acid chains and proteins, outside of the nudeus. In human
cardiomyocytes, mono-, bi-, tri-, and tetra-nucleated ventricular cardiomyocytes are present at
aratioof 74: 25.5: 0.4 : 0.1 (Olivetti et al., 1996). Interestingly, mono-nudeated cells isolated
from the left atria display larger Ca’" transients compared with bi-nudeated cells from the
same region. This may be due to differences in protein expression caused by nuclear

differences (Huangetal., 2012).
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1.4 Electrical excitation of the heart

1.4.1 Excitation contraction coupling and the action potential

EC coupling is the mechanism by which the cardiomyocyte contracts in response to electrical
stimulation. EC coupling is reliant upon action potentials; electrical depolarisations of the
cardiomyocyte, which are functionally coupled to the process of CICR. An action potential is a
wave of sarcolemmal depolarisation, followed by sarcolemmal repolarisation which initiates
synchronous myocyte contraction. Cells of the cardiac conduction system, atria, ventrides, SAN
and AV node all exhibit action potentials, although their morphologies are varied. The
characteristic ventricular and atrial action potentials are summarised in Figure 1.4 A and B. The
ventricular action potential will be described in 5 phases (Nerbonne and Kass, 2005).

Deviations from the ventricular action potential morphology will also be brieflyintroduced.

Depolarisation of the membrane to a level more positive than the action potential threshold
(~-55 mV), initiates voltage-gated Na,1.5 to open, allowing a rapid influx of Na* (Phase 0). This
is referred to as the fast Na® current (Figure 1.5 A). Within 1 ms of opening, 99% of Na,1.5 are
inactivated, thereby contributing to the initial repolarisation of the cell (Phase 1) (O'Leary et
al., 1995). Immediately after the initiation of an action potential, the cardiomyocyte enters a
refractory period, during which time another action potential cannot be initiated. This isin part
due to Na,1.5inactivation, which prevents further depolarisation of the cardiomyocyte. Na,1.5
gating kinetics are summarised by Markov probability models in Figure 1.6 (Patlak, 1991, Zhang
et al., 2013). These models illustrate the probability of Na,1.5 occupying an open, closed or
inactivated state, which in turn determines Na* permeability. Additionally, voltage gated K*
channels open, which facilitate the transient outward current (l,,), further repolarising the cell.
During Phase 2, the action potential plateaus due to Ca’* influx via voltage-gated LTCC. At this
time, 1% of Na,1.5 channels are still open, allowing the late Na* current entry into the cytosol
(Figure 1.5 A). The development of heart failure or the existence of congenital mutations can
increase the late Na' current and pre-dispose to arrhythmias (Hu et al., 2013, Toischer et al.,
2013). During the plateau phase, voltage-gated repolarising K* channels which fadlitate the
delayed rectifier K* currents, open (Phase 3). These K* currents are classified as rapidly
activating (lx,) and slowly activating (l¢s). This causes complete repolarisation as LTCCs close.
The cell membrane is then maintained at its stable resting membrane potential (~-85 mV) by

inwardly rectifying K* currents (lx;) (Phase 4).
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Figure 1.4: Action potentials and corresponding current fluxes.

A) Ventricular action potential and current fluxes which occur during the upstroke (Phase
0); initial repolarisation (Phase 1); plateau (Phase 2); repolarisation (Phase 3); and resting
membrane potential (Phase 4). B) Atrial action potential and current fluxes which occur
during each phase. Atrial phases are the same as those labelled on the ventricular action
potential. Schematictaken from (Nerbonne and Kass, 2005).
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Figure 1.5: The peak and late Na' current.

A) Schematic traces of physiological Na,1.5 mediated |y, and pathological Na,1.5 mediated
Ina Whereby the inactivation states of Na,1.5 are impaired. Peak current shown in white and
the late current in blue. Adapted from Vadnais and Wenger 2010 and are not real
recordings (Vadnais and Wenger, 2010).
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Figure 1.6: Markov model of Na,1.5 gating kinetics.
A) Markov model hypothesised by Patlak showing 4 closed states (C); 1 open state (0); and
2 inactivated states (l). B) The revised model by Zhang et al. which includes 3 closed states;
1 open state; and 8 inactivated states, thereby better modelling the slow inactivation state
of Na,1.5. Schematics adapted from Patlak, 1991 and Zhanget al., 2013.
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Figure 1.7: The cardiac conduction system and action potential morphologies at each tissue type.
Action potentials initiate from SAN cells and propagate across the atria to the AV node.
Conduction continues along the Bundle of His within the ventricular septum before
branching into the Purkinje fibres and conducting through the ventricular musde. Action
potential morphologies change throughout different tissues due to changes in ion channel
expression and ioniccurrents. Image from (Netter, 2014) (F. N. Netter 2014).
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As is apparent in the summary schematic (Figure 1.7), action potential morphology within the
cardiac tissue is heterogeneous. The atrial action potential is generally similar in morphology to
the ventricular action potential. All 5 phases are apparent, however the plateau phase and
overall action potential duration (APD) is shorter (Nerbonne and Kass, 2005). This is due to
differing combinations and proportions of K* currents. For example in some spedies, including
rat and human, the presence of a third delayed rectifier K* current with an “ultra-rapid”
activation (ly,,) is present in the atria only (Wang et al., 1993a, Boyle and Nerbonne, 1991).
Additionally, action potentials within the atria increase in duration as the wave front travels
from the SAN to the AVN (Spach et al.,, 1989). It has been hypothesised that this is a
cardioprotective mechanism, which protects the atria from spontaneous, pathological
depolarisations which may occur within close proximity of the SAN (Spach et al., 1989).
Additionally, the presence of a “notch” or “spike and dome” morphology observed uniquely in
ventricular sub-epicardial layers (Figure 1.12 A; solid), occurs primarily because of the presence
of I, (Wang et al., 1993b). Action potentials recorded from the SAN and AV node pacemaker
cells do not exhibit a stable resting membrane potential. Instead, Phase 4 continuously
depolarises until the threshold for action potential activation is reached. This is due to the
presence of the funny current (I5); a mixed Na"and K" current that causes SAN and AV node cell
automaticity and regulates heart rate through the rate of Phase 4 depolarisation (Brown et al.,

1976, Bucchiet al., 2007).

The action potential duration measured in rat ventricular myocytes is shorter than that
observed in other mammals (Bassani et al., 2004). This is due to a species dependent increase
in sarcolemmal ion channels that contribute towards the transient outward current (l;,). In rat
ventricular cardiomyocytes, these channels include the voltage-gated K* channels K,4.2 and
K,1.4 (Yeola and Snyders, 1997). Increased I, quickly repolarises the membrane and limits the
plateau phase (phase 2) thereby shortening the action potential (Bers, 2001) (Josephson et al.,
1984b, Josephson etal., 1984a, Shattock and Bers, 1989).

1.4.2 The electrical conduction system

Regular contraction of the heart is under autonomic control. Myocytes of the SAN, located
within the right atrial wall (Dobrzynski et al., 2005) regularly and spontaneously fire action
potentials, which travel along the cardiac conduction system and through the myocardium

(Figure 1.7). Action potential conduction pathways ensure contraction of the cardiac musde at
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the appropriate time in the cardiac cycle. Loss of regular conduction and contraction causes

arrhythmias and inefficient cardiacpumpinginducing areduced cardiacoutput.

SAN cells exhibit an intrinsic spontaneous action potential firing rate. The action potential front
is conducted through the atrial tissue, primarily along the Bachmann bundle pathway that runs
through the inner wall of the left atrium. This electrical conduction causes the atria to contract,
forcing blood into the ventrides. Next, the action potential passes into the AV node, located at
the interatrial septum, close to the coronary sinus (Matsuyama et al., 2012). The AVN acts
similarly to the SAN, in that it is auto-rhythmic and can initiate action potentials, albeit at a
slower rate than SAN. Electrical conduction of the action potential is delayed at the AVN to
allow the ventricles to fill. Thereafter, the action potential conducts through the left and right
Bundles of His, located within the ventricular septum. Once reaching the apex of the heart,

action potentials travel through Purkinjefibres and into the left and right ventricular muscle.

1.4.3 Autonomic modulation of heartrate

Whilst SAN cells display an intrinsic firing rate, this is regulated by the autonomic nervous
system. Activation of the cardiac parasympathetic nervous system initiates a bradycardic
response, for example during digestion. Conversely, activation of the sympathetic nervous

systeminitiates atachycardicresponse, during exercise oremotional stress.

1.4.4 Sympathetic system

Adrenergic stimulation of the heart occurs via the sympathetic nervous system and circulating
catecholamines. Post-ganglionic, spinal sympathetic afferent nerves run along the sub-
epicardial coronary system and penetrate the myocardium to reach the sub-endocardium.
Sympathetic innervation is apparent throughout the atria and ventricles, yetis most dense in

the atria (Vaseghi and Shivkumar, 2008).

Noradrenaline released into the neuromuscular junctions and circulating adrenaline, released
by the adrenal glands superior to the kidneys, increase heart rate. Both signalling molecules
activate 3;, and to a lesser extent 3,, adrenoceptors. These adrenoceptors are located at the
sarcolemma, primarily within caveolae (Calaghan and White, 2006). They are coupled to the

activation of Gy subunit and the corresponding stimulatory signalling pathway. G
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translocates within the sarcolemma to activate adenylyl cyclase to convert ATP into cyclic
adenosine monophosphate (cAMP) (Yu and Rasenick, 2002). Four cAMP molecules are
required to remove the regulatory subunits attached to PKA and allow PKA to phosphorylate a
wide range of proteins. Phosphorylation of PLB, decreases its inhibition of SERCA, inducing
faster uptake of Ca** into the SR (Negash et al., 2000, Calaghan et al., 1998); cross-bridge
cycling kinetics can be increased via phosphorylation of troponin | (Kentish et al., 2001); and
RyR2 phosphorylation is increased, although the subsequent effects on RyR2 function and Ca®*

release are still controversial (Ullrich etal., 2012, Houser, 2014).

1.4.5 Parasympathetic system

The divisions of the post-ganglionic vagus nerve innervate the heart via the cardiac plexus.
Acetylcholine is released into neuromuscular junctions located primarily in the SAN and AV
node. Some atrial and ventricular innervation is apparent, although parasympathetic control of
the ventricle is less compared with the atria and is subject to desensitisation (McMorn et al.,

1993, Vaseghiand Shivkumar, 2008).

Acetylcholine binds to muscarinic acetylcholine M2 receptors at the sarcolemma (Nenasheva
et al., 2013). This initiates G, protein coupled subunits to dissociate. The G, subunit inhibits
adenylyl cydase and therefore the production of cAMP; in this case, PKA-mediated
phosphorylation of PLB, troponin | and RyR2 is prevented. Additionally, GBy subunits bind to
acetylcholine-dependent K* channels at the sarcolemma (Logothetis et al., 1987). This
increases Iy ach, Shortening action potential duration (APD) and hyperpolarising the membrane
in atrial cells, without a significant effect on ventricular cells (Calloe et al., 2013). As well as
directly affecting cardiomyocytes, acetylcholine can initiate parasympathetic effects by

inhibiting the sympatheticnerve (Vanhoutte and Levy, 1980).
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1.5 Ca** release from the sarcoplasmic reticulum

1.5.1 Ca**induced Ca?* release

The primary SR Ca** release channel in cardiomyocytes is RyR2; a large channel protein (~2.2
mDa) comprised of 4 homomeric subunits (565 kDa each), arranged to form a single pore
(Radermacher et al., 1994, Liu et al., 2002, Tunwell et al., 1996). RyR2 homomers are primarily
located at the junctional SR membrane in dose proximity to LTCC on the sarcolemma (Scriven
et al., 2010). The primary physiological function of RyR2 is during the processes of EC coupling
and CICR. During cell diastole, RyR2 clusters can spontaneously open to release relative ly small,
localised amounts of Ca**, termed Ca** sparks (Section 1.5.3). Propagation of sparks across the

length of the cell can cause pro-arrhythmic, spontaneous Ca’* waves to occur (Section 1.5. 2).

Atrial and ventricular cardiomyocyte contraction is Ca** dependent upon CICR (Figure 1.8). In
response to Na,1.5 opening and myocyte depolarisation as part of the cardiac action potential,
Ca’* influxes via LTCC (Egom et al., 2016). Importantly, LTCCs are positioned at the t-tubule,
directly adjacent to clusters of cardiac RyR2 at the SR membrane to form couplons (Bers and
Stiffel, 1993, Hayashi et al., 2009). This close proximity allows for the rapid diffusion of Ca**
from the LTCC pore to activate RyR2 and release Ca** (Nabauer et al., 1989, Winslow et al.,
2006). It is important to note that RyR2 opens in response to Ca’* influx and not membrane
depolarisation (Nabauer et al., 1989). RyR2 opening and release of Ca’* from the SR is rapid
and amplifies the cytosolic [Ca**] from ~100 nM to 1 uM within tens of milliseconds (Dzbek and
Korzeniewski, 2007). Importantly, CICR induces a synchronous release of Ca** throughout the
myocyte, to ensure uniform contraction and this is known as a Ca’* transient. Upon release
from the SR, cytosolic Ca’* binds to troponin C on the thin filament to fadlitate ATP-dependent

actin-myosin cross-bridge cycling (Figure 1.3 B).

To ensure a return to the diastolic state and to allow ventricular filling, Ca** is extruded from
the cytosol via ATP dependent SERCA located at the SR membrane; NCX at the sarcolemma;
and to a much lesser extent MCU transporters on the inner mitochondrial membrane and Ca**-
ATPase at the sarcolemma (Bers, 2001, Kirichok et al., 2004, Bers et al., 2006b). SERCA is the
predominant extrusion pathway, contributing ~60% in humans and >85% in rat (Pieske et al.,
1999, Choi and Eisner, 1999). ~1% of Ca’*is taken up by the mitochondria and then only at the
mitochondrial ends adjacent to RyR2 clusters, or during high cytosolic [Ca**] (>2 uM) whereby
mitochondrial Ca** uptake may serve to blunt Ca** wave amplitude (Andrienko et al., 2009,

Williams et al., 2013, Boyman et al., 2014b, Loughrey et al., 2002). Ca** (~1%) is also extruded
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by sarcolemmal Ca’*-ATPase (Bers, 2001). The remaining Ca** is removed via the electrogenic

NCX antiporter which transports 1 Ca** out of the cell in exchange for 3 Na* ionsinto the cell.

The amount of Ca’*released with each Ca** transient is dependent upon the sensitivity of RyR2
to Ca’". Alteration of this, for example by pharmacological modulation by caffeine or tetracaine
can transiently affect Ca** transient amplitude (Eisner et al. 1999). This effect is transient due to
the negative feedback mechanism, termed autoregulation, which is further discussed in

Section 1.5.6.
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Figure 1.8: Schematic of the channel proteins and ion movements associated with EC coupling and
CICR

A) Schematic of a cardiomyocyte t-tubule, sarcoplasmic reticulum (SR) and myofilaments
with associated channel proteins and ion movements. 1. Depolarisation of the cell from a
neighbouring cell initiates 2. Na,1.5 to open and Na' influxes. 3. LTCC opens and Ca”**
influxes, 4. initiating the opening of RyR2. Ca’" is released into the cytosol and 5. binds to
troponin C at the sarcomeres, causing contraction of the myocyte. 6) Ca** is primarily
extruded from the cytosol via a) SERCA and b) NCX. 7) The cell repolarises due to K" efflux
via K" channels. Channels and ion movements are labelled red = Ca”*; green = Na"; blue =K".
Schematicadapted from (Bers, 2001).
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1.5.2 Ca** waves

In addition to physiological action potential evoked Ca’* transients, spontaneous Ca** waves
can occur which result in asynchronous and pathological contractions. Ca>* waves occur at a
threshold SR luminal [Ca®*] at which Ca** spark release is initiated and the propagation of a Ca**
wave is facilitated by an increased cytosolic [Ca®'] (Lukyanenko et al., 1996). This threshold for
Ca’* wave release can be pharmacologically altered by increasing or decreasing the sensitivity
of RyR2 to Ca”. For example, decreasing the sensitivity of RyR2 to Ca** with application of
tetracaine requires there to be a higher SR Ca’* content for spontaneous waves to be initiated
(Eisner et al., 2013). Wave frequency is initially decreased, however, upon continued SR
loading by SERCA, the new threshold for wave release is reached wave frequency returns to

control levels. This negative feedback mechanismis discussed in more detail in Section 1.5.6.

Spontaneous waves may arise for at least three possible reasons 1) increased cytosolic [Ca’"], 2)
SR Ca’* overload or 3) RyR2 or Casq mutations, such as those seen in CPVT patients which
increase RyR2 sensitivity to SR ca* (Savio-Galimberti and Knollmann, 2015, Kort et al., 1985,
Bers et al., 2006a). Increased resting cytosolic [Ca**] can activate RyR2 to open and can be
caused by a decreased extrusion of Ca’* from the cytosol via the two main extrusion
mechanisms; SERCA and NCX. This could occur due to inhibition of SERCA or NCX activity, as
seen in models of heart failure (Bers et al., 2006a). Conversely, SR Ca** overload can occur due
to anincreased reuptake of Ca”*into the SR via SERCA, for example, when SERCA is stimulated
during sympathetic stimulation. Catecholamine bound [; adrenoceptors initiate the
stimulatory G-protein coupled receptor mechanism, which results in the phosphorylation of
the SERCA inhibitor protein, PLB. Thereby, the inhibitory protein is itself inhibited, increasing
Ca’* re-uptake into the SR (Negash et al., 2000). CPVT mutations affect RyR2 function via a
mutation of the RyR2 protein or the associated luminal protein Casg. The resultant increase in
sensitivity of RyR2 to Ca’* increases spark frequency and the probability of spontaneous,
propagating Ca’* waves (Liu et al., 2013a). In failing hearts, hyper-phosphorylation by PKA or
CAMKII can also lead to a sustained increase in the RyR2 mediated Ca** leak giving rise to an
increased inddence of arrhythmia (Walweel et al., 2017). Ca’*waves can affect contraction in
numerous ways. In the isolated cardiomyocyte, a spontaneous wave causes asynchronous
contraction, which is much slower than the synchronous response to an action potential. A
spontaneous Ca’* wave arising immediately prior to physiological CICR can decrease the
strength of a subsequent contraction because the SR Ca’* available for release is decreased
(Capogrossi et al., 1986). Additionally, Ca®* waves can invoke tissue wide arrhythmias via the

initiation of adelayed after depolarisation (DAD; Section 1.6) (Fujiwara et al., 2008).
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1.5.3 Ca**sparks

During cell diastole, distinct, solitary Ca’*sparks can be visualised at 40x magnification in the
presence of a Ca’* dependent fluorophore (e.g. fluo-4) using line scan confocal microscopy
imaging. These sparks contribute to diastolic SR Ca’* leak, which balances SR Ca’* uptake via
SERCA (Westcott et al., 2016). Spark initiation is thought to occur via the random opening of a
single RyR2 channel and subsequent activation of neighbouring RyR2 by the initially released
Ca’* (Bovo et al. 2015). Under physiological conditions, this very localised CICR does not usually
continue to propagate along the length of the cell (Cheng et al., 1996). However pathological
conditions such as increased intracellular [Ca**] or increased RyR2 sensitivity to Ca** can cause
sparks to propagate further to form waves or aborted wavelets (Cheng et al., 1996, Savio-
Galimberti and Knollmann, 2015, Kort et al., 1985, Bers et al., 2006a). The principle of the
spatio-temporal summation of sparks can also be applied to Ca** transients (Chenget al., 1996,
Shkryl and Blatter, 2013). During EC coupling, the influx of Ca** via LTCC initiates the release of

many sparks from RyR2 clusters to forma Ca”* transient (Cannelland Soeller, 1998).

The mechanisms underlying spark termination have been computationally modelled and
several theories have been reviewed. These include emptying of SR Ca”*; inactivation of RyR2
channels; ‘stochastic attrition’, the spontaneous dosing of RyR2 clusters; and ‘cooperativity’,
whereby the random closing of one RyR2 channel increases the probability that more channels
will close (Jafri, 2012, Stern and Cheng, 2004, Westcott et al., 2016). Experimentally it has been
reported that local decreases to ~60% of the initial SR [Ca**] contribute to spark termination in
permeabilised rabbit ventricular cardiomyocytes (Bovo et al., 2015) ( al. 2015). Alongside this
decrease in local SR load, the spatio-temporal spread of released Ca** depletes and thereby
limits inter-duster CICR (Gillespie and Fill, 2013). In summary, spark termination is
multifactorial and, at least, dependent upon both cytosolic and luminal [Ca**]. These
termination mechanisms prevent positive feedback during EC coupling and the propagation of

spontaneous waves.

High frequency Ca’* sparking sites exist within the cardiomyocyte, however during diastolic
conditions sparks are generated at a low frequency (Santiago et al., 2010, Zima et al., 2010)
Spark width is typically ~2 um and peak fluorescence is ~1.85 AF/F,, (Cheng et al., 1996, Cheng
and Lederer, 2008). The peak fluorescence amplitude units, AF/F,, represents the difference
between the spark amplitude (F) and the diastolic cell background fluorescence (F), divided by
Fo, thereby normalising for differences in cell background fluorescence. However spark
parameters are likely to be dependent upon RyR2 cluster size and density (Soeller and Cannell,
2002). Super resolution confocal microscopy has shown cluster size to be highly variable
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(Baddeley et al. 2009, Hou et al. 2015). The majority of clusters within cardiomyocytes are
relatively small and are made up of ~14 RyR2s (Baddeley et al., 2009). Yet the existence of
larger dusters (>100 RyR2s) and superclusters (~1500 RyR2s) dominate transverse sectioned
images and it is estimated that >90% of RyR2s contribute to these clusters (Hou et al., 2015).
Computational models investigating spark parameters and RyR2 cluster size indicate that this
relationship is complex due to subtle changes in [Ca®*] within the RyR2 sub-space and
variations in RyR2 cluster size and density (Walker et al., 2014, Stern et al., 2013). Further to
this, ‘rogue’ RyR2s or single RyR2s located away from clusters, have also been reported. Ca**
release from these channels is hypothesised to be uncoupled from larger RyR2 clusters and
computer simulations indicate that spontaneous non-spark Ca’* releases from rogue RyR2s
may preclude pro-arrhythmic cell behaviour (Section 1.5.5) (Sobie et al., 2006, Lu et al., 2012).
Additionally t-tubule remodelling, reported to occur during heart failure, can cause 'orphaned
RyR2'. Orphaned RyR2 clusters are left without a dyadic cleft which functionally links them to
sarcolemmal LTCC. This causes dyssynchronous Ca** sparks and increases the risk of

arrhythmia (Songetal., 2006).

Spark dimensions and frequency are also dependent upon many modulators that affect RyR2
function (Section 1.5.5). The measurement of Ca’* spark parameters allows the effects of
chemical modulators or induced pathology on RyR2 function to be studied whilst the channel
is in situ. For example, an increased SR Ca’* content or cytosolic [Ca*"], induces an increase in
spontaneous Ca’* spark amplitude, width and frequency (Cheng et al., 1996). Spark frequency
can also be modulated pharmacologically by caffeine or tetracaine. However due to SR
autoregulation, these changes are transient (Section 1.5.6) (Gyorke et al., 1997, Overend et al.,
1997). Pathological changes to RyR2 function, such as that seen in CPVT (Section 1.7) also alter
spark parameters. Cardiomyocytes isolated from mouse models of CPVT show an increase in
spark frequency and duration when compared with WT cells (Savio-Galimberti and Knollmann,
2015, Westcott et al., 2016, Fernandez-Velasco et al., 2009b). In this diseased state, there is an
increased probability that sparks can initiate further release of sparks from adjacent RyR2
leading to the formation of macro-sparks, aborted wavelets, or spontaneous waves, which

may then propagate the length of the myocyte (Petrovicetal., 2015).
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1.5.4 Non-spark Ca’* release

Another form of RyR2 mediated SR Ca’* leak has been identified, which may account for
approximately half of the diastolic SR Ca** leak (Santiago et al., 2010, Lipp and Bootman, 1997).
Ca’* quarks or blinks are extremely small releases of SR Ca®*, almost unidentifiable against
diastolic background noise. Dual Ca’* imaging, which measures changes in intra SR Ca** in
parallel with cytosolic Ca®* has indicated that Ca** quarks are distinct Ca** release events, much
smaller and more frequent than diastolic spontaneous spark release (Brochet et al., 2011). Itis
currently hypothesised that quarks originate from rogue RyR2 channels, located at the
junctional SR but further away from larger clusters of RyR2 (Brochet et al., 2011, Williams et al.,
2011). The pathological implication of Ca’* quarks and their potential to be pharmacologically
manipulated is currently unclear. Technical advancements in super-resolution microscopy may

begin to clarify this (Xuetal., 2016).

1.5.5 Modulation of ryanodine receptor function

RyR2 activity can be modulated by different proteins and ions, located at both the cytosolic
and luminal faces of RyR2. Within the SRlumen are three proteins, calsequestrin (Casq), triadin
and junctin that modulate RyR2 activity (Dries et al., 2013, Terentyev et al., 2007, Wehrens et
al., 2003). Casg can modulate RyR2 open probability both directly and indirectly. Casq
sequesters Ca”* and in doing so may act as a Ca’* buffer, attenuating the [Ca®] in the
microdomain surrounding the luminal face of RyR2 (Kalyanasundaram et al., 2010). However,
Casq can also directly bind to the luminal face of RyR2 (Handhle et al., 2016). Decreasing Casq
to 75% of normally expressed levels, and thereby decreasing RyR2-Casq binding, increases the
amount of spontaneous Ca’* waves in single ventricular cardiomyocytes and increases the
number of pro-arrhythmogenic spontaneous ventricular beats (Chopra et al., 2007). In
complete Casq knockout mouse models, CPVT like arrhythmias are also exhibited upon
initiation of exerdse or adrenaline injection (Song et al., 2007, Chen et al., 2013, Alcalai et al.,
2011). Triadin binds directly to Casq (Kobayashi et al., 2000) and this interaction closes the
RyR2 pore (Terentyev et al. 2007). This inhibition of RyR2 by triadin is likely to be a necessary
for the appropriate control of SR Ca’' release, as individuals with triadin mutations show
arrhythmogenic CPVT activity, indicative of unregulated SR Ca** release (Section 1.7.1) (Roux-
Buisson et al., 2012, Walsh et al., 2016). Unlike Casq and triadin, junctin directly interacts with
RyR2 at its cytosolic and luminal domains (L et al., 2015, Altschafl et al., 2011). The role of
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junctin on RyR2 modulation is complex and dependent upon [Ca’*]; increasing RyR2 activity at
low luminal [Ca®] and inhibiting RyR2 activity at high luminal [Ca**] (>1 mM) (Altschafl et al.,
2011). Despite this complexity, complete loss of junctin in knock out mouse models exhibit

CPVT-like behaviour (Altschafl et al., 2011).

Cytosolic proteins can also modulate RyR2 activity. For example, FKBP12.6, a 12.6 kDa cytosolic
protein, regulates RyR2 function via a protein-protein interaction (Oda et al., 2013a, Wehrens
et al., 2003). It is reported that FKBP12.6-RyR2 binding inhibits RyR2 opening. Dissociation of
FKBP12.6 from RyR2, which is reported to occur within heart failure models, causes an
increase in RyR2 open probability (Marx et al., 2000). Alongside this, an FKBP12.6” knockout
mutant mouse model causes significantly increased RyR2 open probability and an increased

incidence of DADs (Wehrens et al., 2003).

Another cytosolic modulator of RyR2 is CaM, a Ca®* binding protein that also directly binds to
and regulates RyR2 (Yang et al., 2014, Xu et al., 2010). Within the structure of CaM, there are
two Ca’*binding sites at each of the two helix-loop-helix domains (EF hands) located within the
C and N terminal lobes respectively (Chattopadhyaya et al., 1992). In its Ca®* bound state, the
inter-protein interaction between CaM and RyR2 stabilises RyR2 activity by promoting
interactions between the central and N-terminal domains to preferentially close the channel
(Figure 1.11) (Oda et al., 2013b). CaM bound to RyR2 causes RyR2 opening times to decrease
by ~20% (Smith et al., 1989, Oda et al., 2013b, Huang et al., 2012). Additionally, the threshold
for wave termination was increased with CaM (Tian et al., 2013). Mutations in CaM spedific
genes such as CALM 1-3 have been reported to cause arrhythmogenic disorders with CPVT
phenotypes (Nyegaard et al., 2012). These CaM mutations disrupt the direct binding of CaM to
the RyR2-CaM binding domain and thereby disrupt appropriate CaM modulation of SR Ca**
release (Rebbeck et al., 2016, Sondergaard et al., 2015). In its Ca** unbound form (apoCaM),

RyR2 inhibitionis diminished (Fruen etal., 2003).

RyR2 phosphorylation can modulate RyR2 activity. However, the function of RyR2 in response
to different phosphorylation states is highly contentious within the literature and are there are
several phosphorylation and dephosphorylation mediators which may also complicate this
issue (Wehrens et al., 2004, Terentyev et al., 2003b, Terentyev et al., 2007, Marx et al., 2000,
Dobrev and Wehrens, 2014). There are three identified RyR2 phosphorylation sites located at
serines 2030, 2808 and 2814 (Huke and Bers, 2008). Serines 2808 and 2814 are
phosphorylated by CAMKIl. CAMKII phosphorylation causes an increase in RyR2 open
probability and sensitivity to Ca’* (Wehrens et al., 2004). Serines 2808 and 2030 are
phosphorylated by PKA (Huke and Bers, 2008). In single channel lipid bilayer models, PKA
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phosphorylation of RyR2 has been reported to increase RyR2 channel activity due to
consequential FKBP12.6 dissociation from RyR2 (Marx et al., 2000). However, in permeabilised
myocytes, RyR2 channel activity is increased at both maximal and minimal levels of PKA

phosphorylation (Bovoetal., 2017).

Availability of protein phosphatases PP1 and PP2, proteins that remove phosphate groups
from RyR2, can also alter RyR2 phosphorylation state. For example, experimental application
of PP1 or PP2 in permeabilised cardiomyocytes initially increased Ca** spark frequency (duBell
et al., 2002, Terentyev et al., 2003b). The availability of other cytosolic proteins such as
phosphodiesterase IV (PDE4) can also indirectly affect the phosphorylation status of RyR2, as
inhibition of PDE4 slows cAMP degradation, thereby increasing PKA levels (L et al., 2006,
Ullrich et al., 2012). Additionally, both PKA and CAMKII can affect the function of other SR
membrane bound proteins such as SERCA and PLB, which may in turn indirectly affect RyR2

function.

Perhaps the most important modulator of RyR2 activity is Ca®*. Both luminal and cytosolic Ca®*
can act on RyR2 to open or close the channel pore. At its cytosolic side, RyR2 has an activating
site and an inactivating site that Ca’" can bind to, to respectively activate or inactivate the
channel (Laver et al., 1997). Relatively low concentrations of Ca’" (~1 uM) are required to
activate RyR2, whereas high concentrations (1 mM) cause RyR2 inactivation (Gusev and Niggli,
2008). Bilayer experiments have also revealed Ca®* activating and inactivating sites at the
luminal face of RyR2 (Ching et al., 2000) with a specific luminal Ca’" activation site identified at
the helix bundle channel gate (liang et al., 2007, Chen et al., 2014). The open probability of
RyR2 increases with increasing luminal [Ca®*] (Gyorke and Gyorke, 1998, Tencerova et al., 2012,
Sitsapesan and Williams, 1994b) which in cardiomyocytes causes an increase in the frequency
of Ca”* sparks (Section 1.5.3) and, during SR Ca** overload, can initiate spontaneous Ca’* waves

(Section 1.5.2) (Venetucci etal., 2008).

Another ion that modulates RyR2 activity is Mg*". Mg** competes with Ca’* for access to the
RyR2 channel pore and in doing so decreases the amount of Ca** that is released from the SR
(Gillespie et al., 2012). Mg** also competes with Ca** for access to the activating and
inactivating sites on the cytosolic side of RyR2. Displacement of Ca’* for Mg®* at either site

resultsina decrease inchannel opening (Gusev and Niggli, 2008, Laverand Honen, 2008).

Whilst RyR2 conducts divalent cations, predominantly Ca**, monovalent cations such as K" can
also be conducted through the same pore. This has been shown using single channel lipid

bilayer experiments, in which native or recombinant RyR2 proteins were embedded into a
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bilayer membrane and single channel current measurements were taken using patch clamp
electrophysiology (Sitsapesan and Williams, 1994a) . K* can be used as a charge-carrying ion in
place of Ca** to increase the signal to noise ratio (Bannister et al. 2015)(Sitsapesan and
Williams, 1994a). However, K" conductance via RyR2 can also occur under physiological
conditions, during and immediately after Ca’* release, as part of the SR counter-current
(Gillespie and Fill, 2008, Guo et al., 2013). This counter-current opposes the large movement of
charge carried by Ca**ions, with each Ca**transient or wave (Coronado et al., 1980). Without it,
the SR membrane would rapidly polarise towards the Ca®* equilibrium potential resulting in

cessation of Ca’* release within <1 ms (Gillespie and Fill, 2008).

1.5.6 SR Autoregulation

Ca”* sparks, waves and transients are all subject to the negative feedback mechanism termed
auto-regulation. Autoregulation ensures that SR Ca’* release remains consistent from beat to
beat and prevents long-term changes in SR Ca’* release from occurring, for example due to

pharmacological RyR2 modulation (Eisneretal., 1998, Dibb etal., 2007).

In the intact cardiomyocyte, cytosolic [Ca®] is controlled by SR and sarcolemmal channels,
transporters and antiporters. At the SR membrane, intracellular [Ca*] is controlled by RyR2
and SERCA; Ca®* is released from the SR via RyR2, and transported back by SERCA. At the
sarcolemma, Ca** influx is controlled by LTCC whereas Ca”* efflux is primarily controlled by NCX.
Together, the function of these proteins maintains the net balance of Ca** within both the
cytosol and SR lumen during steady state pacing. Disruption of this system, for example by
pharmacological manipulation of RyR2, demonstrates how autoregulation of SR Ca** can occur.
Application of caffeine (0.5 — 1.0 mM) to electrically paced, isolated cardiomyocytes sensitises
RyR2 to Ca’* and thereby initially increases the amount of Ca** released from the SR with each
Ca’* transient (Eisner et al., 1998). In single cell experiments measuring cell shortening, this is
observed as a near immediate increase in cell shortening (Figure 1.9A). However, within one
minute, cell shortening has retumed to baseline levels, despite the continued presence of
caffeine (Figure 1.9A). This is due to a net decrease in [Ca’*] that occurs after each release of
SR Ca”. Released Ca’* is extruded from the cytosol via the normal mechanisms; in rat
cardiomyocytes, this equates to ~85% taken into the SR via SERCA and ~15% extruded from
the cell via NCX (Choi and Eisner 1999). The proportional amount of Ca’* extruded from the cell
remains unchanged in the presence of caffeine; however, the total amount of Ca’** extruded is
increased, as more Ca”* is being released by the SR. This results in a net decrease in cytosolic
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[Ca*] as Ca* influx via LTCC remains unaffected by caffeine application (Eisner et al. 1998).
The opposite is true of tetracaine (Figure 1.9B). Tetracaine partially inhibits RyR2 and in doing
so initially decreases the amount of Ca* released from the SR (Laver and van Helden, 2011).
This causes a net gain in cellular [Ca**] as Ca”* influx via LTCC during the subsequent paced
stimulations is relatively greater than that being extruded by NCX (Figure 1.9B). Ca’* released

by the SR isthenincreasedto control levels (Eisneretal., 1998).

In the case of permeabilised cells, sarcolemmal proteins are functionless and cytosolic [Ca®"]
can be experimentally controlled and maintained at a constant level. Within this reduced cell
model, the effects of Ca®' autoregulation can also be demonstrated (Gyorke et al., 1997,
Overend et al., 1997). Application of caffeine to permeabilised cells increases the sensitivity of
RyR2 to Ca’*, transiently increasing Ca>* spark frequency (Figure 1.9C). This increase in spark
frequency depletes SR Ca’* content below the RyR2 activation threshold and spark release
ceases. However, as SERCA function remains unaffected by caffeine application, and the [Ca*']
outside of the SR is maintained by the experimental solution, so SR loading continues until the
new RyR2 threshold for Ca’* release is reached and sparks are released at a rate comparable to
control (Lukyanenko et al., 2001, Porta et al., 2011) (Gyorke et al., 1997, Overend et al., 1997).
Again, the opposite is true of tetracaine. Partial inhibition of RyR2 initially decreases spark
frequency but the continued uptake of Ca** by SERCA causes a rise in SR Ca’* content, which

overrides the inhibition by tetracaine (Figure 1.9D). Spark frequency is ultimately restored to

the control level (Gyorke etal., 1997, Overend etal., 1997).

Under physiological conditions such as the increased sympathetic drive to the heart, any
effects on RyR2 are combined with increased SR Ca’* uptake via SERCA, allowing sustained
effects on Ca** release (Lukyanenko et al., 2001). Overall, these findings appeared to suggest
that drugs or interventions that result in moderate changes in RyR2 gating, without

concomitant changesin SERCA function, do not have sustained effectson SR Ca’'release.
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Figure 1.9: Experimental evidence documenting SR Caz+autoregulation

A) Percentage of cell shortening recorded in intact, paced cardiomyocytes during
application of 0.5 mM caffeine or B) 0,1 mM tetracaine. C) Spark frequency imaged in
permeabilised cardiomyocytes during application of 0.2 mM caffeine or D) 0.1 mM
tetracaine. Figures adapted from Eisneretal. 1998 and Lukyanenko et al. 2001.
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1.6 Cardiac arrhythmias

Cardiac arrhythmias are a pathological change in heart rate or the development of irregular
cardiac rhythms. Arrhythmias in either the atria or ventricles are caused by a range of
underlying problems. Healthy ageing can slow conduction of the action potential wave front
due to decreased Cx43 gap junction proteins (Jones and Lancaster, 2015). Heart failure or a
previous myocardial infarction may alter the structure of the cardiac tissue giving rise to
heterogeneous electrical activity (Yao et al., 1999). In certain individuals, some prescribed
drugs may be pro-arrhythmic. Counter-intuitively this can include anti-arrhythmic drugs such
as flecainide (Section 1.8) (Krishnan and Antzelevitch, 1993). Additionally, genetic disorders,
which alter the function of proteins integral to the action potential or Ca** release, can cause
arrhythmias. For example, CPVT causes arrhythmias in response to physiological adrenergic
drive due to functional alterations of RyR2, caused by mutations in RyR2 or its regulatory

protein Casq (Section 1.7.2) (Liu et al., 2013a, Gray etal., 2016).

1.6.1 Arrhythmic mechanisms at the single cell level

At the single cell level, cytosolic and SR Ca* overload can induce Ca** waves and in turn cause
spontaneous depolarisations and inappropriate firing of an action potential (Fujiwara et al.,
2008, Capogrossi et al., 1986). Pathological depolarisations, which occur after cell
repolarisation, are DADs and are primarily dependent upon the electrogenic antiporter, NCX
(Nagy et al., 2004). Aside from reversing briefly during the initial depolarisation phase of an
action potential, NCX moves Ca’* out of the cytosol in exchange for Na* at a ratio of 1:3 (Bridge
et al., 1990). Given the valency of each ion, this results in a net inward movement of current;
the transient inward current (l;) (Schlotthauer and Bers, 2000). If cytosolic Ca’* increases
during the diastolic period due to spontaneous SR Ca** release, the resulting efflux of Ca** via
NCX results in depolarisation of the sarcolemma. If the threshold for an action potential is
reached, an action potential is initiated and an arrhythmic contraction of the myocyte occurs

(Fujiwaraetal., 2008).

Early after depolarisations (EADs) are inappropriate, sometimes osdllatory depolarisations,
which occur during the plateau phase of an action potential. EADs primarily occur due to the
reactivation of I, at membrane potentials more positive than -40 mV when APD is prolonged
(January and Riddle, 1989). This may be due to decreased repolarisation of the cell due to
pathological alterations in I¢ such as in the genetic disorders LQT1 and LQT2 (Long QT

Syndrome 1 and 2) (Viitasalo etal., 2006).
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1.6.2 Arrhythmias at the tissue level

Both DADs and EADS originating from a neighbouring cluster of spontaneous cardiomyocytes
can give rise to ectopic beats, which under certain conditions induce tissue wide arrhythmias
(Fujiwara et al., 2008, Chang et al., 2013, Myles et al., 2012). In CPVT, ectopic beats tend only
to arise from action potentials triggered by DADs during catecholamine treatment and
tachycardia (Liu et al., 2006, Nam et al., 2005). Triggered ectopic activity can propagate
through ventricular tissue that is no longer refractory and need not follow the physiological
conduction pathway. This can give rise to re-entrant arrhythmias and ventricular fibrillation
(Roses-Nogueret al., 2014, Nam et al., 2005). In the case of structural heart disease, the risk of
re-entrant arrhythmias is increased when coupled with a large dispersion of refractory periods

and an increase in APD (Krishnan and Antzelevitch, 1993).

Self-sustaining re-entrant arrhythmias or fibrillation can also be induced by atrial or ventricular
tachycardia, such as in CPVT (Nair et al., 2011, Matsuyama et al., 2013, Clayton and Holden,
2002, Napolitano et al., 1993, Nam et al., 2005). While atrial fibrillation can resultin relatively
mild symptoms, the risk of developing a stroke is increased (Wolf et al., 1991). In contrast,
ventricular fibrillation is rapidly fatal as the heart ceases to operate effectively as a pump and
sudden cardiac death (SCD) is common in undiagnosed CPVT individuals (Napolitano et al.,

1993).
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1.7 Catecholaminergic polymorphic ventricular tachycardia (CPVT)

1.7.1 CPVT phenotype and characterisation

CPVTis a rare and often fatal genetic disorder. It affects 1 in 10,000 individuals, 75% of which
present with clinical symptoms by 20 years of age (Pflaumer and Davis, 2012). Individuals have
a normal heart rhythm at rest, yet suffer from inappropriate cardiac responses to adrenergic
drive and circulating catecholamines, induced by either exercise or emotion. Sufferers may
present with mild symptoms such as dizziness, palpitations, or exercise and emotion induced
syncope. Unfortunately, however, sudden cardiac death may be the first clinical symptom in

severe cases (Pflaumerand Davis, 2012, Napolitano etal., 1993).

Individuals with CPVT do not present with structural cardiac abnormalities. Therefore diagnosis
is achieved through provocative stress testing whereby heart rate and rhythm is monitored
during controlled exercise or adrenaline infusion (Krahn et al.,, 2005). Isolated premature
ventricular beats are apparent at heart rates between 100-130 bpm. Other cardiac anomalies
such as non-sustained ventricular tachycardia, bi-directional ventricular tachycardia and
supraventricular arrhythmias such as atrial fibrillation may also be present at exercise induced
high heart rates and can be visualised with ECG monitoring (Figure 1.10). Within an ECG, the P
wave represents atrial depolarisation; the QRS complex represents ventricular depolarisation;
and the T wave represents ventricular repolarisation (Figure 1.10 A). Bi-directional
tachycardias are a classic symptom of CPVT whereby the QRS complex of each alternate beat
shifts 180° (Figure 1.10 C) (Baher et al., 2011). In cases where exercise testing is not possible or
is incondusive, continuous cardiac recording for a period of up to two weeks may be

undertaken, using a Holter monitor (Napolitano et al., 1993).
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Figure 1.10: ECG readings from human participants with or without CPVT before, during and after
exercise.

A) ECG schematic illustrating the P wave, QRS complex and T wave. B) ECG reading from a
healthy individual. An increase in heart rate is apparent in response to exerdse and heart
rate slows after exercise is stopped. Normal P wave, QRS complex and T wave are apparent
throughout ECG monitoring. B) In the CPVT patient, ECG is normal at rest with defined P
wave, QRS complex and T wave. During exercise, polymorphic tachycardias, incduding
bidirectional tachycardia is apparent. During bidirectional tachycardia, the QRS complex
shifts 180 ° at every alternate heartbeat. Polymorphic tachycardias begin to subside during
exercise recovery. ECGs adapted from Grier, 2008 and Burns, 2017.
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1.7.2 CPVT genotype

As CPVT is predominantly an inherited disorder, genetic testing is available for suspected
patients and their immediate family members. This can confirm suspe cted diagnoses and pre-
empt potential cardiac incidences in siblings who may also carry the defective gene.
Additionally, it may be discovered that asymptomatic family members also carry the defective
gene (Beery et al., 2009). However, despite this strong familial link, 20% of reported CPVT
mutations are de novo (van der Werf and Wilde, 2013). It is estimated that the prevalence of

CPVTis 1in 10,000, howeverthe true prevalence is unknown (Napolitano et al., 2016).

The most common CPVT mutations are mutations of the RYR2 gene, located on chromosome 1
g42.1-43 (OMIM# 604772). RYR2 gene encodes the RyR2 protein (Marks et al., 2002, Allouis et
al., 2005, Postma et al.,, 2005, Marjamaa et al., 2011). Inheritance of these mutations is
autosomal dominant and the majority of mutations lead to a gain in function of RyR2. There
are currently over 150 known RYR2 mutations, the majority of which are located at “hot-spots”
on the RyR2 protein (Medeiros-Domingo et al., 2009, Priori and Chen, 2011). A number of RyR2
mutations have been investigated in experimental cell models including the missense
mutations R4496C and G230C. Both mutations were assodated with increases in Ca’* spark
and wave frequency in isolated cardiomyocytes (Fernandez-Velasco et al., 2009b, Savio-

Galimberti and Knollmann, 2015, Liu et al., 2013b).

Much rarer CPVT mutations affect the CASQ2 gene, located on chromosome 1 p11-13.3
(OMIM# 61193). CASQ2 gene encodes the protein, Casg (Otsu et al., 1993). Inheritance of
these mutations is autosomal recessive and most commonly seen in consanguineous families
(Al-Hassnan et al., 2013). It has been hypothesised that changes in inter-protein binding
between Casq, junctin and triadin account for the dissociation of Casq from RyR2, leading to
increased RyR2 Ca’* sensitivity and increased SR Ca’* release (Chen et al., 2013). In Casq
knockout or mutant mouse models, CPVT like arrhythmias are exhibited upon initiation of

exercise oradrenalineinjection (Songetal., 2007, Chenet al., 2013, Alcalaietal., 2011).

Rarer still are genetic mutations affecting the expression of triadin protein on chromosome 6
g22.31 (OMIM# 603283). To date, triadin mutations have been identified and reported in four
CPVT individuals with severe ventricular fibrillation (Roux-Buisson et al., 2012, Walsh et al.,
2016). One of the triadin mutations induced a premature stop codon leading to protein
instability and subsequent protein degradation (Roux-Buisson et al., 2012). It is unknown

exactly what effect triadin degradation has on Ca** handling within the single cell. However,
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considering the clinical signs and assodation with CPVT it may be presumed that release of

Ca’* fromthe cardiomyocyte isincreased within this mutation.

A common factor with all CPVT mutations is their ability to increase the Ca’* sensitivity of RyR2.
In essence, CPVT mutations decrease the threshold for spontaneous and potentially
arrhythmogenic Ca** release (Priori and Chen, 2011). There are currently two theories which
may explain the pathological changes in RyR2 sensitivity; dissociation of FKBP12.6 from RyR2

or changesinintra-proteininteractions within the RyR2 structure.

FKBP12.6 is a 12.6 kDa protein which regulates RyR2 function via a protein-protein interaction
(Oda et al., 2013a, Wehrens et al., 2003). Dissociation of FKBP12.6 from RyR2 is implicated as a
consequence of long-term PKA-mediated RyR2 phosphorylation during heart failure and
increases RyR2 open probability (Marx et al., 2000). Indeed, in an FKBP12.6” mutant mouse
model, DADs and RyR2 open probability was significantly increased and at least three RYR2
mutants decreased FKBP12.6 binding to RyR2 causing a CPVT phenotype (Wehrens et al.,
2003). However, disruption in FKBP12.6-RyR2 binding may only account for some of the
pathological increases in Ca’* sensitivity; in other CPVT RyR2 mutations, the RyR2-FKBP12.6

interactions remained stable, despiteincreased Ca’* sensitivity (Georgeetal., 2003).

Another explanation for increased RyR2 Ca** sensitivity could be the reduced interaction
between RyR2 domains. Interaction between the N-terminus and central domain is important
in controlling the open and closed probability of the channel forming C-terminal (Figure 1.11)
(Yamamoto and Ikemoto, 2002). Interestingly, RyR2 mutation hotspots correspond with the N-
terminal and central domains (Figure 1.11). When this intra-protein interaction is
compromised, as is the case in RyR2 mutations affecting these domains, channel opening is
facilitated allowing Ca’* to leak from the SR into the cytosol (Liu et al., 2010). Indeed,
disruption of the N-terminal and central domain using the synthetic peptide DPc10 caused an
increase in Ca’* sensitivity and spontaneous Ca’* release in WT ventricular cardiomyocytes

(Yang etal., 2006).
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Figure 1.11: Overview of the RyR2 structure and schematic of a RyR2 intra-protein interaction

A) Cytoplasmic view of a 3D surface representation of a RyR2 tetramer. Mutation hot spots
and the corresponding protein domains are highlighted. The N- terminal is shown in blue,
the central domain in pink and the transmembrane C-terminal is shown in green. B) Side
view of a 3D surface representation of a RyR2 tetramer with RyR2 domains indicated as
before. Images adapted from (Bagattin et al., 2004) and (Stokes and Wagenknecht, 2000).
C) Schematic of the N-terminal and central domain interaction under physiological
conditions, whereby these domains are “zipped” and RyR2 is predominantly in its closed
state. D) Schematic of the N-terminal and central domain interaction under pathological
conditions whereby an increase in Ca** sensitivity and RyR2 open probability occurs. Top
panel shows a structural mutation and the lower panel shows the insertion of the synthetic

peptide DPc10. Images adapted from (Yamamoto and Ikemoto, 2002).
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1.7.3 CPVT therapy

To reduce the incidence of cardiac arrhythmias, CPVT patients are told to avoid exercise and
highly emotional or stressful situations but other prophylactic treatment is necessary. Invasive
therapies, such as denervation of the left sympathetic cervical nerve or implantation of a
cardioverter defibrillator (ICD) are considered (Roses-Noguer et al., 2014). However,
denervation is irreversible and ICD shocks (appropriate or inappropriate) are stressful for the
patient and can induce further catecholamine induced arrhythmias. Therefore pharmacological

interventionis the first choice of treatment (Pflaumerand Davis, 2012).

High doses of non-selective B-blockers, such as propranolol or nadolol, are the conventional
first line therapy for all CPVT sufferers. Missed doses can prove lethal, yet when administered
correctly, B-blockers are effective at controlling catecholamine induced cardiac arrhythmias in
the majority of CPVT patients. Non-selective B-blockers inhibit the 3, and [3, adrenoceptors
located at the myocyte membrane and the downstream adrenergic effects which induce CPVT
arrhythmias (Leren et al., 2016). For example, B-blockers inhibit an increase in SR Ca** uptake
via SERCA by preventing PKA-mediated PLB phosphorylation (Negash et al., 2000). 3-blockers
also inhibit further RyR2 phosphorylation, which may prevent excess Ca’" release via RyR2
(Marx et al., 2000). Additionally, B-blockers also blunt the increased Ca’* influx via the LTCC

Ca’* current, thereby limiting the potentialfor Ca’* overload (Farkas et al., 2012).

Interestingly, two other [-blockers, carvedilol and nebivolol, may have an additional
mechanism of action not observed in other B-blockers. It has been suggested that carvedilol
may act directly on the RyR2 to decrease pro-arrhythmic Ca’* release (Zhou et al., 2011, Zhang
et al., 2015). In single-channel lipid bilayer experiments, RyR2 open duration times were
decreased and whole hearts perfused with R-carvedilol showed suppression of ventricular
tachycardia and Ca’*waves in epicardial cardiomyocytes (Zhang et al., 2015).This effect was
enantiomer-dependent and R-carvedilol alone supresses Ca** waves and ventricular
arrhythmias without changing heart rate or blood pressure as would be expected of a standard
B-blocker (Zhang et al., 2015, Stoschitzky et al., 2001). In similar single-channel lipid bilayer
experiments, complemented by whole heart drug perfusions, nebivolol showed similar
enantiomer-dependent block of RyR2; suppression of Ca** waves and ventricular arrhythmias
occurs without an effect on heart rate and blood pressure (Tan et al., 2016). Importantly, these
anti-arrhythmic effects of carvedilol and nebivolol are not observed in at least 12 other B-

blockers (Tanetal., 2016).
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Another pharmacological therapy used in combination with B-blockers is the LTCC channel
blocker, verapamil. Verapamil has been reported to prevent ventricular arrhythmias in CPVT
patients in small clinical studies (Rosso et al., 2007, Alcalai et al., 2011, Fagundes et al., 2010).
The anti-arrhythmic action of verapamil may be caused by dual inhibition of LTCC within the SA
and AV nodes and an inhibition of LTCC in ventricular myocytes. Verapamil slows SAN pacing
and electrical conduction through the AVN, thereby limiting the conduction of atrial
arrhythmias into the ventrides (Ning and Wit, 1983). Additionally, isolated ventricular
myocytes from the Casq2'/'mutant mouse model treated with verapamil showed suppression

of Ca’* oscillations (Alcalaietal. 2011).

Finally, there is clinical evidence to suggest that flecainide is effective and safe in the
treatment of CPVT. One pilot study reported complete or partial suppression of exercise
induced ventricular arrhythmias by flecainide in 76% of CPVT patients (van der Werf et al,,
2011b). Similar results are apparent in other small trials and case reports (Khoury et al., 2013,
Mantziari et al., 2013, Lieve et al., 2016) although the results of the largest clinical trial are still
awaited (Kannankeril, 2010). However, the mechanism of action by which flecainide inhibits

CPVTinduced ventriculararrhythmiasis controversial inthe currentliterature.
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1.8 Flecainide

Flecainide is a class 1c antiarrhythmic drug. Its chemical structure (N-(2-piperidylmethyl)-2,5-
bis(2,2,2-trifluoroethoxy) benzamide acetate) consists of two amide groups, connected to
either the piperidine or benzamide rings (Figure 1.12) (Banitt et al., 1977). The primary anti-
arrhythmic effect of flecainide is its use-dependent block of cardiac Na,1.5. The active binding
site of flecainide to Na,1.5 is still unknown, although both the piperidine and benzamide rings
have been implicated in binding to K" channels (Madeja et al., 2010, Melgari et al., 2015b).
Alongside its potent anti-arrhythmic properties (Anderson et al., 1981), flecainide has proven
itself to be fatally pro-arrhythmic in patients with structural ventricular abnormalities (CAST,
1989). Controversy surrounding the action of flecainide is resurfacing as additional

mechanisms of action are investigated (Hilliard et al., 2010).

1.8.1 Flecainide induced inhibition of the cardiac Na* current

Flecainide blocks Na,1.5 in its open state by entering the pore region via the extracellular side
of the sarcolemma (Ramos and O'Leary, 2004, Nitta et al., 1992). During inactivated and closed
states, flecainide becomes trapped within the pore region, and drug dissodation from the
channel is slow (Ramos and O'Leary, 2004). High frequency stimulation encourages further
high affinity binding of flecainide to Na,1.5, and this underlies flecainide’s use-dependent

properties. In this way, flecainide inhibits both the peak and late |\, (Nagatomo et al., 2000).

Flecainide block of Iy, is beneficial in the treatment of atrial fibrillation, LQT syndrome and
Wolff-Parkinson White Syndrome (Aliot et al., 2011, Benito et al., 2008, Moss et al., 2005, BNF,
2015). In the case of LQT3, flecainide is particularly effective at inhibiting the late Iy, of the
mutated Na,1.5 channel, AKPQ (Nagatomo et al., 2000). Clinically this exhibits as a shortening
of the pathologically prolonged QT segment of the ECG (Moss et al., 2005, Antzelevitch et al.,
2014). However the safety of flecainide within these patients has been questioned due to the

occurrence of Brugada-like ECGtraces, in whichthe ST interval is elevated (Moss et al., 2005).

Flecainide is contraindicated in patients with structural cardiac abnormalities, for example
those with a history of myocardial infarction or heart failure (CAST, 1989, Anderson et al.,
1994). This is due to the pro-arrhythmic and sometimes fatal effects of flecainide (CAST, 1989).

In the ventriculartissue, flecainide causes heterogeneous and opposing effects on action
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Figure 1.12: Skeletal schematic of the molecular structure of flecainide
A) Molecular structure of flecainide, with piperidine ring (circle) and bezamide ring

(rectangle) emphasised. Structure images taken from http://pubchem.ncbi.nlm.nih.gov.
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Figure 1.13: Changes in action potential morphology upon application of flecainide in the sub-
epicardium and sub-endocardium

A) Action potential of the sub-epicardium (solid) with flecainide-dependent changes in
action potential morphology and prolongation or curtailment of APD (dashed). B) Action
potential of the sub-endocardium (solid) with smaller flecainide-dependent changes in
action potential morphology and duration (dashed). Images taken from Krishnan and
Antzelevitch, 1993.
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potential duration (APD) in the sub-epicardium and sub-endocardium (Stokoe et al., 2007,
Krishnan and Antzelevitch, 1991, Krishnan and Antzelevitch, 1993). In the presence of
flecainide, block of peak Iy, and premature termination of Phase 0 at more negative potentials
may delay the activation of I, thereby increasing APD. Conversely, early termination of the
action potential upstroke by flecainide may minimise I, resulting in the marked shortening of
the APD (Figure 1.13) (Krishnan and Antzelevitch, 1993). Prolongation of the APD is coupled
with an increase in the post-repolarisation refractory period (PRR), which helps to prevent the
initiation of pro-arrhythmic depolarisations (Krishnan and Antzelevitch, 1991). However, when
coupled with a wide dispersion of refractory periods, due to APD shortening and a relatively
shorter PRR in the sub-endocardium and sections of the sub-epicardium, re-entrant
arrhythmias in ventricular tissue are encouraged (Krishnan and Antzelevitch, 1993). In post-
ischaemic or infarcted hearts where action potential heterogeneity is inherently increased
(Antzelevitch et al., 1991), further variability of action potential morphology by flecainide

increases the risk of phase 2 re-entrant arrhythmias (Krishnan and Antzelevitch, 1993,

Coromilasetal., 1995).

Some variability in APD is also apparent within the atria (Spach et al., 1989). However,
arrhythmogenic initiation points are apparent only at specific anatomical sites where the APD
heterogeneity is steep, such as at the pulmonary vein-left atrial junction (Spach et al., 1989,
Varela et al., 2016). Flecainide inhibition of Iy, in atrial tissue increases APD at all stimulation
rates with further APD prolongation at fast stimulation rates (Wang et al., 1993b, Kirchhof et
al., 2005). In this way, flecainide reverses the pathological shortening of the APD caused by
ionic remodelling during atrial fibrillation (Kirchhof et al., 2005). Unlike that reported in the

ventricle, dispersion of RPPis notincreased enough to become pro-arrhythmogenic.

Although flecainide blocks both the peak and late Iy, it is the peak Iy, block which elicits
flecainide’s pro-arrhythmic effects. Relatively specificinhibitors of the ventricular late Iy, such
as ranolazine (Antzelevitch et al., 2004) and the novel pharmaceutical GS-6615 (Rajamani et al.,
2016), do not display the same pro-arrhythmic characteristics of flecainide (Rajamani et al.,

2016, Songet al., 2004, Mason and Sossalla, 2016, Antzelevitch etal., 2004).
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1.8.2 Flecainide inhibition of cardiac K* currents

Alongside its prominent Iy, block, flecainide also inhibits the repolarising delayed rectifier K*
current, l/lhere (Melgari et al., 2015b, Follmer et al.,, 1992) which acts to repolarise the
membrane potential during phase 3 of the action potential. The transient outward K" current
(lw), which contributes to the “spike and dome” morphology of the sub-epicardial action
potential is also blocked by flecainide (Wang et al., 1993b). Iy/liexe and Iy, block by flecainide
may partially contribute to the increased APD observed within a proportion of ventricular
myocytes by prolonging the time for membrane repolarisation (Wang et al., 1993b, Paul et al.,

2002).

1.8.3 Effects of flecainide on RyR2

An effect of flecainide on RyR2 was first postulated by Watanabe et al. (Watanabe et al., 2009).
In these experiments, flecainide decreased spontaneous Ca’* waves by ~39% and decreased
DADs by ~69% in cardiomyocytes isolated from the Casq2” CPVT mouse model. The decrease
in Ca’*wave frequency remained significant even after NCX block, indicating that flecainide
inhibition of Na,1.5 did not fully account for flecainide’s anti-arrhythmic mechanism (Sikkel et
al., 2013, Watanabe et al., 2009). Additionally, application of flecainide to single channel RyR2
embedded within a lipid bilayer decreased channel opening times, suggesting that RyR2 may

be a target of flecainide’saction (Watanabe etal., 2009).

The effects of flecainide on spontaneous waves and single channel current flow were also
studied by Hilliard et al. (Hilliard et al., 2010). An additional effect of flecainide on Ca’* sparks
was apparent in Casq2”’ myocytes, whereby spark frequency was increased in combination
with a decrease in amplitude and width, thus, further supporting the hypothesis that flecainide
acted on RyR2 to block Ca** waves (Hilliard et al., 2010). A similar effect of flecainide on wave
frequency and spark properties was also reported recently in a second CPVT mutant mouse
model affecting RyR2 (R4496C*") (Savio-Galimberti and Knollmann, 2015). Interestingly,
flecainide, and to a lesser extent, the R-propafenone enantiomer, were the only Na,1.5
inhibitors that decreased the frequency of spontaneous Ca>* waves in Caqu"/' cardiomyocytes.
No effect on waves was seen upon application of other Na,1.5 inhibitors procainamide,

quinidine, lidocaine, tetrodotoxin orranolazine (Hwangetal., 2011a).
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However, other groups have been unable to replicate effects consistent with an action of
flecainide on RyR2 in either WT cardiomyocytes or cells from CPVT mutant R4496C" mice (Liu
et al., 2011, Sikkel et al., 2013, Bannister et al., 2015). There are several reasons why this may
be the case including differences in experimental protocol, which may not be relevant to
clinical administration of flecainide. For example, the time taken for flecainide to cross the
sarcolemma is relatively high because it is mostly charged at physiological pH (Liu et al., 2003).
Some studies applied flecainide too briefly to cardiac myocytes to allow an intracellular action
(discussed further in Chapters 3 and 4). Additionally, flecainide can accumulate within tissue
over time (Latini et al., 1987), meaning that effects seen experimentally in permeabilised cells
at levels above the normal plasma concentration may have clinical relevance where regular
dosing is routine (discussed further in Chapter 4). Another factor is that flecainide may affect
mutant and WT RyR2 differently, such that any anti-arrhythmic effect of flecainide may be
more difficult to identify in WT cells (discussed further in Chapter 7) (Savio-Galimberti and
Knollmann, 2015).

These discrepancies suggest a need for further investigation into the mechanism of action for
flecainide. Since the ‘golden age’ of pharmaceutical development in the 1970s, new
pharmacological targets have lacking (Walker, 2006). The possibility of a novel and potentially

highly beneficial anti-arrhythmic mechanism of action on RyR2 merits furtherinvestigation.
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1.9 Study aims

The overarching aim of this thesis is to investigate the hypothesis that flecainide modulates
RyR2 channel activity to prevent pro-arrhythmic SR Ca**release in isolated WT rat ventricular
cardiomyocytes. The current clinical evidence suggests that flecainide can enable CPVT
individuals to live longer by suppressing arrhythmias. However, age is a primary risk factor for
myocardial infarction and structural heart failure (Jousilahti et al., 1999). Under these
circumstances, flecainide is contraindicated because of the high risk of fatal arrhythmiaslinked
to the action of the drug on Na,1.5. If flecainide’s antiarrhythmic action does involve a direct
action on RyR2, it may be possible to develop new drugs which selectively target RyR2, thereby
providing an effective antiarrhythmic treatment for patients with structural heart disease.
However, the current uncertainty regarding flecainide’s effect on RyR2 is an obstacle to

development of novel RyR2 modulators. Therefore, this study will investigate:

l. The effect of flecainide on isoprenaline-induced spontaneous Ca>* waves and

sparksin intact WT cardiomyocytes.

I. The time taken for flecainide to enter the intact cardiomyocyte, the method of cell

entry and localisation of flecainide within the myocyte.

[l. The effect of flecainide on spontaneous Ca’* waves and sparks in permeabilised

WT myocytes cardiomyocytes.

V. Whether flecainide’s effect on Ca’* waves is dependent upon the modulatory
protein CaM.
V. The effect of flecainide on spontaneous Ca’* waves when the SR membrane

potential is pharmacologically altered.

There is continued controversy as to the effects of flecainide on RyR2 and the subsequent
effects on pro-arrhythmic Ca®* release from the SR. This study aims to darify some of the
discrepancies present within the literature, whilst furthering the current understanding of

flecainideon RyR2.
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Chapter 2: General Methods

2.1 Solutions

The compositions of all solutions are given in Tables 2.1-2.6. A list of full chemical names and
sourcesare giveninTable 8.1, AppendixA.

2.2 Myocyte Isolation

Ventricular cardiomyocytes were isolated from male Wistar rats (160 + 20 g) using a
Langendorff perfusion system (Figure 2.1). Rats were sacrificed by concussion followed by
cervical dislocation according to Schedule 1 of the UK Animals (Scientific Procedures) Act, 1986.
The rib cage was opened and the heart excised, ensuring that the remaining aorta was
suffident to allow cannulation. The open end of the aorta was attached to the Langendorff
perfusion rig thereby allowing retrograde perfusion at 37 °C. Isolation solution | (Table 2.1) was
initially perfused through the coronary system at a flow rate of 10.9 ml/min until the effluent
ran clear, indicating removal of blood from the coronary system. At this point, a strong, regular
beat dictated by the SAN discharge rate was observed. Subsequent perfusion with zero Ca**
isolation solution Il (Table 2.1) for 2 min at 5.7 ml/min caused a progressive decrease in cardiac
contraction. Enzymatic digestion of the interstitial cardiac tissue was then initiated by
perfusion with protease and collagenase enzyme isolation solution Il (Table 2.1) for 10 min at
5.7 ml/min. The atria were then discarded and the remaining right and left ventricles were cut
open and shaken (450 osc/min, 5 min) in 5 ml of isolation solution IV (Table 2.1), which
contained both enzymes and bovine serum albumin (BSA). The temperature was maintained at

37°C throughout. Thereafter, any undigested ventricular tissue was removed by passing the

solution through a200 um nylon meshleavingasuspension of mostly rod shaped myocytes.

Isolated myocytes in solution IV (Table 2.1) were incrementally re-introduced to extracellular
calcium. Initially, the [Ca**] was increased from zero to 0.56 mM. Myocytes were then
centrifuged at 53 G for 40 sec to form a pellet. The supernatant was removed and the pellet
re-suspended in 5 ml of filtered isolation solution | (Table 2.1), with a [Ca®*] of 0.75 mM. To
ensure complete removal of the enzyme solution, centrifugation and re-suspension of the
myocytes in Isolation Solution | was repeated. The process of shaking the tissue was repeated
until the interstitial tissue was fully digested resulting in a yield of 60-90 % rod shaped

ventricular cardiomyocytes.
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Figure 2.1: Schematic of a Langendorff Perfusion System
A) 1a) Vessel containing Isolation Solution; 1b) Vessel containing Zero Ca’* Isolation

Solution; 1Ic) Vessel containing Enzyme Solution; 2) oxygenation system; 3) silicon tubing; 4)
peristaltic pump and; 5) bubble trap; 6) aortic cannula; 7) aorta; 8) isolated rat heart. All
solutions were warmed to 37°C throughout the system with warmed water jackets
surroundingthe vessels and bubble trap.

49



Chemical IsoIa‘Fion Zero Ca2+.lsolation Enzyme Enzyme Solution
Solution | Solution Il Solution Il +BSA IV
NaCl 130 130 130 130
KCl 5.4 5.4 5.4 5.4
MgCl, 14 14 14 14
NaH,PO, 0.4 0.4 0.4 0.4
HEPES 10 10 10 10
Glucose 10 10 10 10
Taurine 20 20 20 20
Creatine 10 10 10 10
EGTA - 0.1 - -
CaCl, 0.75 - - -
Collagenase - - 1.0 mg/ml 1.0 mg/ml
Protease - - 0.1 mg/ml 0.1 mg/ml
BSA - - - 1.43 mg/ml
pHto 7.1 (37 °C) NaOH NaOH NaOH NaOH

Table 2.1: Composition of solutions used for myocyte isolation. All values displayed as mM
exceptwhere specified. Alist of full chemical names and sources can be foundin Table 8.1
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Chemical Tyrode’s  Control Flecainide
Solution  Solution Solution
NaCl 136.9 136.9 136.9
KCI 5.4 5.4 5.4
MgCl, 0.5 0.5 0.5
NaH,PO, 0.5 0.5 0.5
HEPES 1.0 1.0 1.0
Glucose 11.1 11.1 111
CaCl, 1.0 1.8 1.8
Ethanol - 0.001% -
Isoprenaline - 1x10™* 1x10™
Flecainide - - 0.015
pHto 7.1 (22 °C) NaOH NaOH NaOH

Table 2.2: Composition of solutions used for intact cell Ca’* imaging. All values displayed as mM
exceptwhere specified. Alist of full chemical names and sources can be foundin Table 8.1.
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Chemical

Permeabilisation

Intracellular solution

Intracellular solution

Intracellular solution

Cs' replacement

Solution (zero waves) (low frequency waves) (high frequency waves) Solution
KCl 100 100 100 100 -
MgCl, 5.72 5.72 5.72 5.72 -
HEPES 25 25 25 25 25
Na, ATP 5 5 5 5 5
Na,CrP 10 10 10 10 10
CaCl, - 0.05 0.008 0.02 0.008
EGTA 0.1 0.35 0.1 0.1 0.1
Fluo-3 free acid - 0.015 0.010 0.010 0.010
Cs" methanesulfonate - - - - 100
Mg** sulphate - - - - 5.72
pHt0 7.0 (22 °C) KOH KOH KOH KOH Cs hydroxide

hydrate

Table 2.3: Composition of solutions used for permeabilised cell Ca’* imaging. All values displayed as mM except where specified. A list of full chemical names
and sources can be foundin Table 8.1
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Intracellular solution

(zero waves)

Intracellular solution

(low frequency waves)

Intracellular solution

(high frequency waves)

Chemical [Total] [Free] [Total] [Free] [Total] [Free]
ca** 0.060 1.39 10" 0.018 1.46 x 10°* 0.030 2.86 x 10"
Mg** 5.72 1.00 5.72 1.00 5.72 1.00

K* 100 99.9 100 99.9 100 99.9
Na* 15 15 15 15 15 15
EGTA 0.340 11.2 x 10° 0.098 3.18x10° 0.098 2.71x10°
ATP 5 0.151 5 0.150 5 0.150
CrP 10 9.82 10 9.81 10 9.81

Table 2.4: Total and free concentrations of ions and ligands in intracellular solutions which give rise to different Ca’* release characteristics. All values displayed as
mM except where specified. Free concentrations of ions and ligands were calculated using the REACT software assuming at 22 °C and pH 7.0 (Duncan et

al., 1999). The calculation assumes a contamination level of Ca’* of 10 uM (Orchard et al., 1998) and EGTA at 97% purity.
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Chemical Homogenisation buffer Sample buffer Tank buffer Transfer buffer Blocking buffer ~ Washing buffer Resolving gel Stacking gel
TRIS/HCI 62.5mM 62.5mM - - 50 mM - - -
Glycerol 10% v/v 10% v/v - - - . B B
SDS 2% v/v 2% v/v - 0.0375% v/v - - - -
Protease inhibitor mix 1tablet/10 ml 1tablet/10 ml - - - - - -
-mercaptoethanol - 5% v/v - - - R _ R
Bromophenol blue - 0.01% v/v
Commercial tank buffer - - 10% v/v - - - R _
Glycine - - - 39 mM - - - R
TRIS - - - 48 mM - - - -
Methanol - - - 20% v/v - - - R
Nadl - - - - 150 mM - - -
TWEEN-20 - - - - 0.1% v/v 0.1% v/v - -
Dried milk - - - - 5% w/v - - -
30% acrylamide - - - - - - 40% v/v 13%v/v
PBS - - - - - 1% v/v
Protogel Resolving buffer - - - - - - 25% v/v -
Protogel Stacking buffer - - - - - - - 25% v/v
Ammonium persulphate - - - - - - 2.3%v/v 5% v/v
TEMED - - - - - - 0.09% v/v 0.13% v/v
pH to 7.4 (22 °C) - - - - HCl HCl - -

Table 2.5: Chemical concentrations required for Western blot experiments. Quantities displayed as a concentration (mM) or a percentage (%) of the final
volume (volume/volume, v/v; or weight/volume, w/v). A list of full chemical names and sources can be foundin Table 8.1.
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Extracellular  Intracellular
Chemical solution Solution
NacCl 140 -
CsCl 5.4 115
HEPES 5.5 10
CaCl, 2.5 1
MgCl, 0.5 -
Glucose 11 -
EGTA - 10
Tetraethylammonium chloride - 20
MgATP - 5
TRIS-GTP - 0.1
pH (22 °C) 7.4 7.05

Table 2.6: Composition of solutions used for intact cell patch clamp. All values displayed as mM
exceptwhere specified. Alist of full chemical names and sources can be foundinTable 8.1.
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2.3 Confocal microscopy imaging of live myocytes

Confocal microscopy allows the collection of high resolution, high magnification images of
both live and fixed cells, stained or probed with various fluorescent dyes or antibodies (Figure
2.2 A). Confocal microscopy is dependent upon a primary beam splitter (also known as a
dichroic mirror) which is capable of reflecting excitatory light and passing light emitted by the
fluorescent dyes staining the cells (Callamaras and Parker, 1999). The light emitted from the
focal plane of the cell passes through a pinhole and light emitted from outside the focal plane
is blocked. Individual photons are detected in a vacuum by a photomultiplier tube (PMT) and
are digitally converted to appear on the computer screen (Hamamatsu-Photonics, 2007). The
laser light source scans the specimen in parrallel lines, also known as a raster pattern. The
spedmen is scanned along its hoizontal (X) axis as a fast line scan. A slower frame scan offsets
each line scan from the top to the bottom of the specimen, forming the vertical (Y) axis. The Z
axis is defined as the focal plane of the specimen (Digman et al., 2013). In this way, XY scanning
forms an image with size as both dimensions. During line scanning, the Y scan axis remains
unchanged, thereby creating an image whereby the X axis is size and the Y axis is time. This
increases the temporal resolution and allows the visualisation of small and fast changes in
intracellular Ca®*, such as Ca®* sparks (Cheng et al.,, 1996). Line scans depicting waves are

rotated 90 ° left throughout this thesis.

The Nikon Eclipse TE2000-U confocal microscope was equipped with a 40x magnification oil
imersion lens. The dye was excited with a 20 mW 488 nm diode laser, which was typically
attenuated to 7%. Fluorescence was measured at 520-540 nm and was detected using a
photomultiplier tube. All images were visualised using LaserSharp 2000 or ImagelJ software.
Confocal imaging of live cells was used to measure fast changes in intracellular Ca** in intact
and permeabilised cardiomyocytes over time in line scan mode. XY mode was used to image

intracellularaccumulation of fluorescently labelled flecainide (flecainide-FITC).
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Figure 2.2: Imaging and perfusion of live cardiomyocytes
A) A schematic of the laser light pathways within a confocal microscope 1) Perfusion

column and cell bath on microscope stage, connected to peristaltic pump; 2) 40x objective
under oil; 3) laser light source; 4) primary dichroic mirror; 5) mirror; 6) lens; 7) pinhole; 8)
emission filter 520/40 9) photomultiplier tube. Adapted from the LaserScan 2000 Software
schematic. B) A schematic of the live cell imaging and perfusion bath set up 1) Entry of
perfusion solution through the Perspex column via a peristaltic pump; 1a) standard
perfusion column; 1b) column for use in caffeine puff experiments to allow dual application
of solutions; 2) Perspex cell bath; 3) cells on coverslip of cell bath; 4) perfusion suction
system attached to peristalticpump; 5) microscope stage; 6) objective lens of microscope.



2.4 Confocal microscopy ca* imaging of intact myocytes

2.4.1 Fluo-4-acetoxy methyl ester loading

In preparation for confocal microscopy Ca’* imaging, intact myocytes were loaded with fluo-4-
acetoxy methyl ester (fluo-4-AM). The attached AM moiety enables fluo-4 to enter the
cytosolic space through the sarcolemma. Once within the cytosol, the AM moiety is cleaved by
endogenous esterases in the process of de-esterification, leaving the membrane impermeant
form of the dye trapped within the cell (Blatter and Wier, 1990). Fluo-4 was exdited at 488 nm
and when bound to cytosolic Ca®*, emitted fluorescence which was collected at 520 - 540 nm

(Geeetal., 2000).

During the loading procedure, myocytes suspended in isolation solution 1 (Table 2.1) were
centrifuged at 53 G for 40 sec and the supernatant removed. Myocytes were re-suspended in 2
ml of 1 mM Ca** Tyrode’s solution (Table 2.2). Fluo-4-AM solubilised in DMSO was added to
the myocyte suspension to give a final concentration of 6 uM. Myocytes were rocked for 20
min at 10 rpm to allow fluo-4-AM to pass through the myocyte membrane. Thereafter,
myocytes were centrifuged at 53 G for 40 sec and supernatant removed. Myocytes were re-
suspended in 2 ml of 1 mM Ca”* Tyrode’s solution (Table 2.2). Washing of the myocytes was
repeated. Myocytes were left at 4 °C for a minimum of 45 min to allow de-esterification of
intracellular fluo-4-AM into fluo-4 by endogenous esterases. All experiments using fluo-4

loaded myocytes were undertaken within 3hours of dye loading.

2.4.2 Intact myocyte selection

Myocytes were placed in the cell bath on the microscope stage (Figure 2.2 B) and allowed to
settle onto the cover slip for 2 min. The Perspex column (7 mm diameter) was lowered close to
the surface of the cells and perfusion with control solution (Table 2.2) initiated. During this
time, intact myocytes were selected if quiescent; displayed clear striations; and elicited a
strong contractile response to electrical field-stimulation. Myocytes with obvious cytoplasmic
vesicles, rounded edges or major structural defects, including disrupted extracellular
membranes were exduded. Platinum electrodes embedded between the cover slip bottom
and Perspex wall of the cell bath were used to field-stimulate the cells. A 10 ms square wave
pulse at 30 V (~20 % above average threshold for response) was emitted to test field-

stimulation response.

58



2.4.3 XY imaging of intact myocytes

In preparation for line scan imaging, selected myocytes were initially scanned in XY mode at
750 lines/second (Ips). Laser intensity was kept between 0.5-2% of the total intensity and laser
exposure time was limited to <10 sec. Within this time, the image of the myocyte was rotated
using the scan-rotate feature within the LaserScan 2000 software and the scan line was
positioned longitudinally across the cell. The position of the scan line was adjusted to avoid the
nuclei and outer edges of the myocyte. XY images were collected at 512 X 512 pixels. All
experiments were carried out at 22 + 2 °C. Experiments performed at 37 °C may more
appropriately model physiological WT cell function as protein and channel activity can be
temperature dependent. In the rat cardiomyocyte, SERCA activity in isolated SR vesicles was
slowed by ~50% when temperature was decreased from 37 °C to 25 °C (Liu et al. 1997).
However, the proportion of SERCA activity contributing to Ca’* extrusion from the cytosol
remained unchanged at 24 °C compared with 37 °C (Mackiewicz and Lewartowski, 2006). In
single channel lipid bilayer studies, RyR2 conductance was decreased alongside an increase in
channel P, at cooler temperatures, giving rise to a net increase in current flow (Sitsapesan et
al., 1991). This was supported by experiments performed in isolated cardiomyocytes, when

RyR2 s in situ, in which rapid cooling of the cellsinduced opening of RyR2 (McCall et al., 1996).

2.4.4 Line scan imaging of intact myocytes

After XY scanning, line scan images were obtained at 188 Ips with a time interval of 5.3 ms.
Laser intensity was 7% of the total laser intensity. Scanning protocols, including line scan
duration are documented in detail within each relevant results chapter. Between experiments,
the tubing and cell bath were washed with 30 ml ultra-pure water to prevent contamination.
Experiments which used carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) or
valinomycin, were additionally washed out with 30 ml 100 % ethanol and 30 ml 70 % ethanol.

All experiments were carried outat22 + 2 °C.
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2.5 Confocal microscopy of permeabilised myocytes

2.5.1 Saponin permeabilisation

Treatment of cardiomyocytes with saponin causes the perforation of cholesterol-rich regions
of cellular membranes (Shany et al., 1974, Goldenthal et al.,, 1985, Saka et al., 2014).
Mitochondrial and SR membranes contain less cholesterol than in the sarcolemma, therefore
saponin relatively selectively permeabilised the sarcolemma (Severs, 1982). The free
movement of large cytosolic proteins (800 kDa) through the permeabilised sarcolemma has
been reported (Hudder et al., 2003). An equilibrium is formed between the cytosol and the
surrounding solution; therefore, experimental solutions were designed to mimic the ionic
composition of the ventricular myocyte cytosol. Solutions contained a high concentration of K*
(100 mM) and a relatively low concentration of Na* (15 mM) (Table 2.3) (Opie, 2004). The free
concentration of Mg”*was maintained at 1 mM. This was important in the current study as
Mg>* influences RyR2 gating (Gusev and Niggli, 2008). Adenosine triphosphate (ATP) and
creatine phosphate (CrP) were present to support the metabolic requirements of the cell (Yang
and Steele, 2002). pH was set at physiological pH 7.0 by addition of KOH and was strongly
buffered by HEPES. The physiological concentration of free Ca** during cell diastole has been
measured to be ~100 nM with high Ca’* buffering by proteins such as troponin C and
calmodulin (Bers, 2000). Whilst troponin Cis present in permeabilised myocytes, free cytosolic
proteins such as calmodulin were likely lost during the permeabilisation process. Within the
intracellular solution, Ca’*buffering was provided by ethylene glycol-bis (B-aminoethyl ether-
N,N,N',N'-tetraacetic acid (EGTA) and to a lesser extent ATP and CrP (Bers, 2000). ATP also
strongly buffers Mg>* (Fabiato and Fabiato, 1975). Given the complexity of the solutions, the
binding of Ca®*, Mg®*, K" and Na* ions with EGTA, ATP and CrP was calculated using REACT
software (Duncan et al., 1999). The output provided the free and complexed concentrations of

allionsand ligands (Table 2.4).

For permeabilisation, myocytes suspended in isolation solution | (Table 2.1) were centrifuged
at 53 G for 40 sec and the supematant was removed. Myocytes were then re-suspended in 1
ml of permeabilisation solution (Table 2.3) and the cell wash was repeated. Saponin (0.01%)
was added to the cell suspension and this was rocked at 10 rpm for 15 min. Myocytes were
pelleted down in the centrifuge at 53 G for 40 sec and re-suspended in permeabilisation
solution. The cell wash was repeated. All experiments using saponin permeabilised myocytes

were undertaken within one hour of permeabilisation.
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2.5.2 Triton X-100 permeabilisation

Myocytes were treated with the non-ionic detergent Triton X-100 to permeabilise the
sarcolemmal, mitochondrial and SR membranes of cardiomyocytes (Solaro et al., 1971). An
equilibrium is formed between the intracellular space and the surrounding solution; therefore,
permeabilisation and intracellular solutions were utilised to mimic the ionic composition of the
ventricular myocyte cytosol (Table 2.3). Myocytes suspended in isolation solution were
centrifuged at 53 G for 40 sec and the supernatant removed. Myocytes were re-suspended in 1
ml of permeabilisation solution (Table 2.3). Centrifugation and re-suspension was repeated.
Triton X-100 was added to the cell suspension to ensure a working solution of 1% and cells
were rocked at 10 rpm for 30 min. The cells were pelleted down in the centrifuge at 53 G for
40 sec and re-suspended in intracellular solution. The cell wash was repeated to remove all
Triton X-100. All experiments using Triton X-100 permeabilised myocytes were undertaken

within 30 min of permeabilisation.

2.5.3 Intracellular perfusion and Ca**imaging in saponin permeabilised cells

Saponin permeabilised myocytes were placed in the cell bath on the microscope stage and
allowed to settle onto the cover slip for 2 min. The Perspex column was lowered and the cells
perfused with intracellular solution (Table 2.3). When visualising spontaneous Ca’* waves, the
solution contained 10 uM fluo-3 in its free acid form. This was increased to 15 uM in
experiments visualising only sparks. Fluo-3 was excited at 488 nm and emitted fluorescence

was collected at 520-540 nm when bound to cytosolicCa** (Gee et al., 2000)

Free Ca’' concentration was maintained at 146 nM to induce low frequency Ca’* waves, or 286
nM to induce high frequency Ca®* waves to investigate if the effect of flecainide was
dependent upon these Ca’* concentrations. (Table 2.4). In experiments investigating only Ca**
sparks, the concentration of the Ca’" buffer EGTA was increased from 0.1 to 0.35 mM to
prevent the spatiotemporal summation of sparks into waves. Free Ca”* concentration was
maintained at 139 nM (Table 2.4). It must be noted that all documented free Ca**
concentrations included unavoidable Ca** contamination which was previously estimated at 20
UM (Orchard et al., 1998). In the current experiments, disposable plastic equipment was used
instead of glassware, thereby minimising this problem and limiting inconsistencies between

experiments. Thus, Ca’* contamination was assumed at 10 uM in all intracellular solutions

(Table 2.4).
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2.5.4 Saponin permeabilised myocyte selection and confocal imaging

Using the microscope’s bright-field mode, saponin permeabilised myocytes were selected if
their rod-like shape was maintained and blebbing at the cell membrane was apparent,
indicating permeabilisation. Myocytes were confirmed to be permeabilised if there was no
response to electrical field stimulation (10 ms square wave pulse, 30 V), due to the abolition of
a membrane potential difference across the plasma membrane. Additionally, appropriately
permeabilised cells exhibited a background fluorescence that was greater than the bath
fluorescence in the presence of fluo-3 free acid. Permeabilised myocytes were XY and line scan
imaged as described for intact myocytes (Section 2.4.3 and 2.4.4). All experiments were carried
out at 22 + 2 °C. Similarly to intact cells, experiments performed at 37 °C may more
appropriately model physiological WT cell function and performing these experiments at a
lower temperature may increase RyR2 P, (Sitsapesan et al., 1991, McCall et al., 1996). Specific

scanning protocols are documented in detail within each relevant chapter.
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2.6 Confocal microscopy analysis

2.6.1 Analysis of intracellular Ca** wave frequency in intact and saponin
permeabilised myocytes

Analysis of wave frequency was measured using the open source software Imagel (Schneider
et al., 2012) and the frequency was calculated as waves/min. In saponin permeabilised cells,
line scans were viewed in Imagel) and the time between each wave was measured using the

Line Tool. The number of waves were then presented as afrequency (waves/min).

2.6.2 Semi-automated Ca%* wave dimension analysis in saponin permeabilised
myocytes

Analysis of wave peak amplitude, mean upstroke rate, total duration from the wave peak to 90%
of the Ca’* dedine and Ca’* dedine time constant was semi-automated using ImageJ and a C
script written by Dr A Benson (Benson, 2016). Waves were cropped from the original line scan,
ensuring a minimum 1 sec of quiescent cell background either side of the wave and the
removal of non-cell background. Cropped waves were saved as both .tif and .txt files, and
the .txt file was used as the input for the C script. For each pixel in the line scan, the
fluorescence value (F) was described in the .txt file and then calculated as a AF/F, value. Fywas
determined to be the mean fluorescence of the initial 100 ms of the scan, which corresponded
to the cell background fluorescence during cell quiescence. Wave characteristics were
calculated for each spatial location in the line scan as follows: a five-point moving average filter
was first applied to the AF/F, data. Mean and standard deviation AF/F, values were then
calculated for the first and last 100 ms of the cropped image; these corresponded to the
resting values prior to and after a wave respectively. T, was the time at which the peak
amplitude AF/F, occurred. Working backwards from T,, the start time of the wave (T,) was
taken as the point when AF/F, crossed below the mean + 2SD pre-wave resting value. To
determine wave end time (T3), all data from T, onwards were fit with an exponential equation

of the form

y =y, — Ay(1.0 — e*/7)

whereby y, is the starting value of the exponential, Ay is the difference between the starting
value and the exponential asymptote, and 1 is a time constant. The wave duration from the
wave peak to 63% (relaxation time constant) and 90% of the exponential curve was recorded

(Figure 2.3).
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Figure 2.3: A pictorial representation of the semi-automated ca’* wave analysis

A) T, = time at wave start; T, = time at wave peak amplitude. Red curve indicates exponential fit of
2+ . . . . .

Ca” wave decline. The semi-automated analysis was performed at each row of pixels along the line

scanandaveraged. Analysis script written by Dr A Benson (Benson, 2016).
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2.6.3 Semi-automated Ca’* wave propagation velocity analysis in saponin
permeabilised myocytes

The velodty of the wave front was analysed using a semi-automated, Python encoded image
analysis tool written by Dr S Sikora (Sikora, 2016)Individual waves were manually cropped from
the original line scan using Imagel. It was ensured that a minimum of 1 sec of cell ‘diastole’
was included immediately before and after a wave. All waves were saved as .tif files and input
into the analysis tool. A Gaussian smoothing filter was applied to each image to minimise noise
and avoid the erroneous identification of sparks preceding a wave front. The mean
fluorescence of the first 100 ms was averaged over all rows and columns to give the mean
fluorescence of the quiescent cell background. The wave front within each row of pixels was
identified as the first pixel with a fluorescence value greater than 10, 12.5, 15, 17.5 or 20 SD
above the quiescent background mean. These threshold parameters were induded to ensure
that the sensitivity of the tool to detect a wave front was appropriate across a range of wave
amplitudes (Figure 2.4). Next, a linear function was fitted to the pixels identified as the wave
front in the upper and lower halves of the image and the gradient for each was measured.
Each gradient was calculated as a velocity by multiplying by 37.6 which corresponded to the
scaled pixel dimensions. Each wave was output as five images, each relating to the five
different threshold parameters. Within each image, the identified wave front, linear fit,
gradient value, calculated velocity and r’ values were hard coded into the image. Additionally,
an Excel spreadsheet was produced, which contained the wave front gradient, calculated
velocity and r* value at each threshold parameter. All output images with an r* value of less
than 0.9 or a propagation velodty of less than 90 um/sec were highlighted as potentially
problematic but were not omitted from the dataset until they had been manually viewed.
Unsuccessful analyses were omitted from the dataset if large sparks were inappropriately
detected as the wave front at low threshold parameters (Figure 2.5). 2.1% of waves were

unsuccessfully analysed at all threshold parameters.
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Figure 2.4: Detection of a wave front at different wave fluorescent amplitudes using the semi-

automated Ca’* wave analysis
A) Representative output images showing a wave with an amplitude of 2.7 AF/F, detected

at 12.5 SD above the diastolic fluorescent mean and B) a wave with an amplitude of 1.7
AF/F, detected at 20 SD above the diastolic fluorescent mean. The detected wave front was
showninred. Analysis script written by DrS Sikora (Sikora, 2016).
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Figure 2.5: Detection of the wave front at five threshold parameters using the semi-automated

ca’* wave analysis
A) Output images of a wave front detected at 10, 12.5, 15, 17.5 and 20 SD above the

calculated background value during cell diastole (diastolic mean). The detected wave front
was shown in red. At the two lowest threshold parameters (10 and 12.5 SD + diastolic
mean) sparks were erroneously detected as the wave front and wave velocity was skewed.
An average velocity of the three subsequent threshold parameters was included within the
dataset. Analysis script written by DrS Sikora (Sikora, 2016).
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2.6.4 Ca’* spark analysis

Ca’* sparks were analysed using the open source software ImageJ and the plugin Sparkmaster
(Picht et al., 2007). Line scans were cropped according to individual protocols, detailed within

each relevant chapter. All cropped scans excluded spontaneous waves and Ca**transients.

The scanning speed (188 Ips) and pixel size (0.2 um) were constant throughout. The criteria
value (3.8) and number of intervals (5) also remained constant at the recommended values
(Picht et al., 2007). The criteria value (3.8) determined the fluorescence value above which a
pixel was considered part of a spark. The standard deviation of the background noise was
multiplied by this value and divided by the mean value of the background. In experiments by
Picht et al. (2007) which aimed to validate SparkMaster, the criteria value of 3.8 was shown to
minimise the occurrence of false positives whilst still allowing sensitivity in detecting small or
low amplitude sparks (Picht et al. 2007). To remove the non-cell background from the image
analysis, a threshold fluorescence value was set between the lowest fluorescence value of the
cell and the highest fluorescence value of the non-cell background. A smoothing filter was
applied to the remaining image to remove excess background noise. Image regions where the
fluorescence values exceeded the mean + 2 SD were identified as potential sparks and initially
removed from the analysis. A second mean and SD were calculated on the remaining pixels as
this calculation more appropriately represented the diastolic cell background fluorescence.
Sparks were then confirmed if regions of potential sparks had a fluorescence greater than the
second calculated SD, multiplied by the threshold criteria (3.8) plus the cell background mean

(Pichtetal., 2007).

Spark amplitude (AF/F,), full width at half maximal amplitude (FWHM; um) and full duration at
half maximal amplitude (FDHM; ms) were calculated for each spark and averaged for each cell
(Figure 2.6). Spark frequency is provided as the number of sparks that occurred per 100 pm
per second. Each Sparkmaster output was manually checked to identify obvious errors. Sparks
were removed from the analysis output if Sparkmaster detected one spark as two or more
sparks (Figure 2.7 A); two sparks were detected as one spark (Figure 2.7 B); or sparks were
immediately adjacent to the cell border (Figure 2.7 C). An example of correctly identified

sparksis showninFigure 2.7 D.
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Figure 2.6: Example of a ca’’ spark and relevant dimensions analysed by Sparkmaster
A) Line scan image crop of a Ca’* spark with distance on the X axis and time on the Y axis. B)

Surface profile plot of the same sparkincludingamplitude on the Z axis.

A B

20 pm

_
Figure 2.7: Examples of sparks identified by Sparkmaster including erroneously identified sparks
A) One spark was detected as two sparks; B) Two sparks were identified as one spark; C)

spark directly adjacenttothe cell border; D) well identified sparks (Picht et al., 2007).
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2.6.5 Analysis of flecainide-FITCin intact and permeabilised cells

Flecainide-FITC fluorescence was analysed using the open source software Imagel. The edge of
the cell was identified and manually marked using the Polygon Sections tool and the mean cell
fluorescence recorded (F); Figure 2.8). The selected area was inverted to give the non-cell
background fluorescence (Fy) (Figure 2.8 B). If artefacts were present in the XY scan then the
polygon tool was used to draw around the clear background area. Nuclei edges were identified
and manually marked. The mean fluorescence was recorded if bright, block-like staining was
not apparent within this region (F,.; Figure 2.8 C). This methodology was used for both intact

and permeabilised myocytes.

Figure 2.8: XY scans of a flecainide-FITC loaded cell and analysed areas
A) Unanalysed flecainide-FITC loaded cell. B) Whole cell identified and fluorescence

determined (F(c)) by subtracting non-cell background fluorescence (F ). C) Nudei identified
and fluorescence determined (F(nuc)). F,remained the same.
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2.7 Western blotting

2.7.1 Sample preparation

All Western blotting was performed by Hannah M. Kirton. Rat ventricular myocytes were
isolated as described in Section 2.2. The myocyte yields were combined and then washed and
re-suspended in isolation solution (Table 2.1). Prior to homogenisation, the myocytes were
divided into three experimental groups. Group 1 were kept at 4 °C and remained intact; Group
2 were permeabilised in 0.01% saponin for 15 min at room temperature with gentle rotation;
and Group 3 were permeabilised in 0.01% saponin for 15 min at room temperature and were
retained in intracellular solution for a further 15 min thereafter. After treatment, cells were
centrifuged (53 G for 40 sec) with intracellular solution and the supematant was discarded.
This wash was repeated. Homogenisation buffer (2 ml) (Table 2.5) was applied to each sample
and the cells were re-suspended and gently triturated. Cells remained on ice (4 °C) for 30 min.
The lysed cells were then centrifuged at 10 °C for 15 min at 16,000 G. The supematant was

collectand the pellet was discarded.

Homogenisation buffer containing tris(hydroxymethyl)aminomethane-hydrochloric acid (TRIS—
HCI) (Table 2.5) facilitated the extraction of cytosolic and membrane proteins and allowed
their semi-quantification during Westem blot. Sodium dodecyl sulphate (SDS) was present as
an anionic detergent that coats proteins with a negative charge that is proportional to their
length. Glycerol acted to increase the density of the protein solution to facilitate gel well
loading. Protease and phosphatase inhibitors (G Bioscience) were induded to prevent
endogenous proteases and phosphatases from degrading proteins during the cell lysis process.
Lysates were then assessed for their protein concentration via bicinchoninic acid assay

technique.

2.7.2 Bicinchoninic acid assay

The bicinchoninic acid (BCA) assay relies on two chemical reactions that enable the protein
concentration of each sample to be determined. Peptide bonds within the protein sample
reduce copper (Il) sulphate to Cu® which then reacts with two molecules of bicinchoninic acid
to form BCA-Cu'*-BCA, a chromogenic purple complex (Huang et al., 2010). This complex
absorbs light at a wavelength of 562 nm. The colour intensity of the reaction product is

correlated with protein quantity (Olson and Markwell, 2007). Therefore, the amount of protein

71



in each sample could be spectrophotomerically quantified and compared relative to the

standard calibration curve.

In a 96 well plate, the calibration standards contained known concentrations of bovine serum
albumin (BSA) at 0, 200, 400, 600, 800 and 1000 pg/ml. Protein samples were loaded onto the
plate at their original concentrations and at a 50% dilution with water. Standards were loaded
in duplicate while the protein samples were loaded in triplicate. Copper (ll) sulphate and
bicinchoninic acid were mixed at a ratio of 1:50 as a working reagent (Micro BCA Protein Assay
Kit, Thermo Scientific, UK). The plate was incubated at 37 °C for 30 min. Each well was read
using a 570 nm wavelength emitted light (Varioskan, SkanIT, Thermo Fisher, UK). The light

absorbed by each sample was quantified usingthe Beer-Lambert law:
A =¢ebC

where A is the absorbance of the emitted light, € is the molar absorptivity of the dye (L/mol
cm), b is the distance of the light path (cm) and C is the concentration of the dye in solution
(M). All absorbance readings were compared against the calibration standard. All calibration

standards produced a linear best fit with an r* value >0.95.

2.7.3 Gel electrophoresis

During gel electrophoresis, negatively charged proteins are pulled towards the positive
cathode within the polymerised acrylamide gel mesh. Larger proteins move through the gel
slower than smaller proteins. In this way, proteins are separated according to their size and
the relative amount of protein can be quantified. The density of the resolving gel was prepared
according to the molecular weight of the protein of interest. A 12% resolving gel was made to
separate proteins with a low molecular weight (e.g. CaM; 16.7 kDa) (Mini-PROTEAN gel cast,
Bio-Rad, UK) (Table 2.5). The stacking gel (Table 2.5) was prepared and the 12 well comb was
placed into the top of the gel. Protein samples (25 pg) were mixed with sample buffer
containing B-mercaptoethanol and bromophenol blue. -mercaptoethanol is a reducing agent
that cleaves disulphide bonds, disrupting the quaternary and tertiary protein structure.
Bromophenol blue allows the samples to be visualised as they migrate through the gel.
Samples were boiled at 95 °C for 5 min, vortexed and allowed to cool on ice. Thereafter,
samples were stored at -20 °C or mixed and pipetted into the gel wells (25 pug protein per well).
A protein ladder of known molecular weight (Precision Plus Protein, Bio-Rad, UK) was present

in all gels. The proteins were run on the gel at a constant voltage of 50 V for ~30 min. This
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encouraged the proteins to migrate through the stacking gel at an even rate. Once the protein
samples had reached the resolving gel, a constant voltage of 120 V was applied. The
electrophoresis was terminated after the 10 kDa MW ladder marker had run off the gel to

establish sufficient resolution of the protein bands.
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2.7.4 Protein transfer

The resolved protein gel was transferred to a polyvinylidene difluoride (PVDF) membrane
(FluoroTrans, PALL, UK; 0.2 um pore size) using the semi-dry blotting method (BioRad). The
resolving gel was removed from the gel cast and the stacking gel discarded. A transfer stack
was created between the positive anode and negative cathode plates of the semi-dry transfer
machine (Figure 2.9). All layers within the transfer stack were pre-soaked in transfer buffer
(Table 2.5) and the PVDF membrane was activated with methanol. Proteins were transferred
onto the PVDF membrane at a constant 60 mA (60mA per 6 x 5 cm PVDF membrane) for 90

minin a semi-dry transfer machine (Trans-blot SD, Bio-Rad, UK).

I —— Sponge
- Filter paper

Gel
1 Membrane

- Filter paper
I S)onge
V DS

Direction of current

Figure 2.9: Schematic of the transfer stack in which protein was transferred from the gel onto the
PVDF membrane
A) The transfer stack was layered onto an anode (+) plate and comprised of (from bottom

to top) a layer of sponge, three sheets of filter paper, an activated PVDF membrane, the gel,
three sheets of filter paper and a layer of sponge. The cathode (-) plate was placed over the
sandwich and current (60 mA per 6 x 5 cm PVDF membrane) moved from the cathode
through the stack to the anode, thereby fadlitating protein transfer from the gel to the
membrane.
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2.7.5 Membrane blocking and protein probing

Once the proteins were transferred to the membrane, the membrane was blocked in blocking
buffer (Table 2.5) for 90 min at room temperature. This blocking procedure prevents non-
spedfic antibody binding. After blocking, the membrane was cut in two to detect for the
presence and relative quantities of the protein of interest (CaM) and the house keeping
protein (B-actin). Rabbit monodonal anti-CaM primary antibody (AbCaM [EP799Y], ab45689)
was used to probe for CaM (16.7 kDa), or mouse monoclonal anti-f-actin primary antibody
(Sigma, A5441) was used to probe for B-actin (42 kDa). Each primary antibody was diluted to
1:1000 in blocking buffer and membranes were incubated in their respective primary
antibodies overnight at 4 °C. Thereafter, the membranes were washed in washing buffer
(Table 2.5) for 2 x 15 min and 4 x 5 min at room temperature to remove excess primary
antibody. Membranes were then incubated for 90 min at room temperature in secondary
antibody conjugated to horseradish peroxidase (HRP). Anti-rabbit HRP (Jackson Lab, UK) or
anti-mouse HRP (Jackson Lab, UK) secondary antibodies were used to amplify the signal of the
primary antibodies probing for CaM or [-actin respectively. Secondary antibodies were diluted
to 1:2500 in blocking buffer. Thereafter, the membranes were washed in washing buffer (Table

2.5) for 2 x15 minand 4 x 5 min at room temperature to remove excess secondary antibody.

Protein bands were detected via an enhanced chemiluminescence (ECL) commercial kit (GE
Healthcare Life Sciences, Amersham, UK) using reagents A and B at a ratio of 1:1. The ECL
reagent mix was pipetted onto the membrane and left for ~5 min. The membrane was imaged
using the G:BOX Genesys, Syngene, UK. Membranes were exposed for 5-60 sec. The image

immediately priorto saturation of the digital signal was used foranalysis.

2.7.6 Western blot analysis

Imaged membranes were opened in Image). Bands representing the protein of interest were
identified by comparing the location of the bands with the protein ladder marker. Images were
converted to 8-bit grayscale. Using the Line Profile tool in Imagel, a line profile was positioned
across each band and the mean grey value described the relative protein content. The line
profile was then positioned away from the bands and the mean grey value described the
background intensity. The background intensity was subsequently subtracted from the protein

band intensity. This method for analysing protein bands was repeated for [-actin, and all

corresponding protein samples were normalised to 3-actin.
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2.8 Voltage clamp of cardiomyocytes

All electrophysiological experiments were performed by Moza Al-Owais. Myocytes were patch
clamped using whole cell configuration of the patch-damp technique in the voltage-clamp
mode. Isolated, intact ventricular rat myocytes were transferred to the bath recording
chamber mounted on the stage of an Olympus CK40 inverted microscope and allowed to settle
for 10min. Following that, cells were continually perfused (3-5 ml/min) with extracellular
electrophysiological solution (Table 2.6). Patch pipettes had resistances of 3-6 MQ and filled
with intracellular electrophysiological solution (Table 2.6). Na* currents were evoked by a 200
ms step from -80 mV to -30 mV every 10 sec (Figure 2.10), and measured for their peak
amplitude under control conditions and then in the presence of 10, 30 and 100 puM flecainide
or flecainide-FITC. All experiments were carried out at 22 + 1 °C. Series resistance was
compensated by 60-70% and monitored after breaking into the whole cell configuration
throughout the duration of experiments. If a significant increase in series resistance occurred (>
20%), the experiment was terminated. Electrical signals were measured with an axopatch 200
patch-clamp amplifier, controlled by a personal computer using a Digidata 1322A interface and
driven by pCLAMP 10 software (Molecular Devices, Foster City, CA). Voltage clamp signals

were sampled at 50 kHz and low pass filtered at 20 kHz.

200ms
-30mV

-80mV -

Figure 2.10: Schematic of the square wave pulse used in patch clamp experiments
A) Na' currents were evoked during a 200 ms pulse from -80 mV to -30 mV which was

triggered every 10sec.
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2.9 Monocrotaline model of right sided heart failure

Monocrotaline (MCT) rats were induced and maintained by Ewan Fowler and Ruth Norman.
MCT right ventricular myocytes were isolated by Ewan Fowler. Right sided heart failure
developed 3-4 weeks after intraperitoneal injection of monocrotaline (MCT). MCT is oxidised
by the liver to produce the reactive MCT pyrrole compound. During the first pass of active MCT
pyrrole through the pulmonary vascular bed, apoptosis of pulmonary arteriole endothelial cells
occurs. This induces lung fibrosis, which ultimately causes development of pulmonary
hypertension and right sided heart failure (Sahara et al., 2007, Benoist et al., 2012). MCT rats
were culled and cardiomyocytes isolated upon the development of heart failure symptoms,
which induded rapid weight loss, lethargy, dypnoea, cold extremities or piloerection. For an
extensive report on the characterisation of MCT model, please see Fowler 2015 and Benoist

2012.

2.10 Statistical analysis

Microsoft Excel (Microsoft Excel, Redmond, WA, USA) was used to tabulate numerical outputs
from all software analysis tools. SPSS (SPSS, Inc., Chicago, IL, USA) was used to test for
normality using the Shapiro-Wilk test. Non-normal data were Log transformed and normality
was re-tested. Parametric and non-parametric analyses were applied where appropriate.
GraphPad (La Jolla, CA, USA) was used to plot histograms and curve fit the data. Sigma Stat 3.5
(Systat software, San Jose, CA, USA) was used to perform all other statistical analyses and

Origin (OriginLab, Northampton, MA, USA) was used to graph all other data.

Two independent groups were compared using an unpaired Student’s t-test. Two dependent
groups were compared using a paired Student’s t-test. More than two independent groups
were compared using a one way analysis of variance (ANOVA) and Holm-Sidak post hoc test.
When two groups, each with repeated measurements from the same cell were compared, a
two way repeated measures ANOVA was used and a Holm-Sidak post hoc test applied. Groups
with a binary outcome were compared using an N-1 chi-squared test. An extra sum of squares
F test was applied to test the difference between histogram distributions. Each relevant

statistical testwas documentedinthe relevant figure legend.

All data were presented as mean + SEM and significance was considered when p < 0.05. The
following conventions illustrated significant differences between groups: * =p < 0.05; ** =p <
0.01; *** = p < 0.001. Sample sizes were calculated a priori from preliminary data or previously
published results from within the Steele group. The number of cells and hearts used in each

experiment were documented inthe correspondingfigure legend and text as ‘cells, (hearts)’
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Chapter 3: The effect of flecainide on Ca®* handling in intact

ventricular myocytes from wild type rat

3.1 Introduction

The class 1C antiarrhythmic agent flecainide is a well characterised inhibitor of the
sarcolemmal cardiac Na’ channel, Na,1.5 (Nitta et al., 1992, Ramos and O'Leary, 2004).
However, a series of recent studies provided evidence that flecainide also modulates SR Ca®**
release via a direct action on RyR2 (Watanabe et al., 2009, Hwang et al., 2011a, Hilliard et al.,
2010). The initial evidence for an effect on RyR2 was based in part, on Ca** spark
measurements in intact and permeabilised cardiomyocytes isolated from a calsequestrin
knockout (Caqu'/’) mouse model of CPVT (Hilliard et al., 2010). Flecainide decreased Ca** spark
width and amplitude thereby suppressing the formation of pro-arrhythmic Ca** waves (Hilliard
et al., 2010). These authors suggested that RyR2 modulation was the primary antiarrhythmic
mechanism of the drug in CPVT because flecainide prevented the Ca’* waves that initiate DADs.
The inhibitory effect on Na,1.5 would provide only secondary protection should occasional

DADs still occur.

A sustained anti-arrhythmic effect of flecainide involving an action on RyR2 is a novel concept.
Not least because most drugs shown to experimentally modulate RyR2 have only transient
effects on Ca** release at sub-millimolar concentrations (Lukyanenko et al., 2001, Diaz et al.,
1997). For example, partial inhibition of RyR2 with tetracaine initially decreases triggered SR
Ca’' release and resting Ca** spark frequency. However, the decrease in Ca’" efflux leads to an
increase in SR Ca’* content, which ultimately restores SR Ca’* release to the control level
(Lukyanenko et al., 2001, Overend et al., 1997). The sustained effect of flecainide on RyR2 may
indicate thatit affects SR Ca’* release more subtly. Specifically, the decrease in Ca** spark mass
in the presence of the drug was accompanied by an increase spark frequency, such that there
was no overall effect on the SR Ca’* content (Hilliard et al., 2010). Without a change in SR Ca**
content, autoregulation should not be influenced thus allowing a sustained effect of flecainide

on SR Ca’* sparks and hence waves.

In contrast to these findings, a recent study on cardiomyocytes isolated from WT rat hearts
challenged the suggestion that flecainide modifies RyR2 function (Sikkel et al., 2013). While
flecainide was reported to decrease Ca** wave frequency, the characteristic changes in Ca*'
spark properties (Hilliard et al., 2010) were not apparent. This led the authors to conclude that

the antiarrhythmic effect of flecainide on Ca’* waves must involve its established action on
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Na,1.5 alone (Sikkel et al., 2013). One possible explanation for this is that flecainide might have
a much more potent effect on abnormal RyR2 channels present in CPVT. However, a limitation
of these experiments was that myocytes were incubated with the drug for only 5 minutes,
whereas the effect of flecainide on RyR2 has been reported to take 20-30 minutes to become
apparent in intact cells (Hwang et al., 2011b). This delay likely reflects the slow diffusion of
flecainide through the cell membrane (Liu et al., 2003). Flecainide is 99% protonated at
physiological pH and only the neutral fraction can enter the cytosol freely (Liu et al., 2003).
Therefore, an effect on RyR2 might not be expected after such a short incubation period.
Whilst Sikkel et al. (2013) also provided data showing a decrease in Ca** wave frequency after
30 min incubation with flecainide, Ca®* spark properties were not studied after this longer

period of drug incubation.

The aim of this chapter was to investigate the effect of flecainide on spontaneous Ca** release
and RyR2 function in WT rat cardiomyocytes during prolonged (>45 min) drug incubation.
Myocytes from WT rat ventricle were electrically paced and perfused with isoprenaline to
mimic B-adrenergic drive and induce pro-arrhythmic Ca’* waves. Thus, the pathological state
described within CPVT individuals was partially simulated. Confocal line scan imaging was used
to visualise SR Ca’* release in the form of field stimulated Ca** transients, spontaneous Ca’'

waves and spontaneous Ca”* sparks.
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3.2 Methods

3.2.1 Myocyte imaging protocol

Rat ventricular cardiomyocytes were isolated via retrograde perfusion and enzymatic digestion
on a Langendorff perfusion system (Chapter 2.2). CON cardiomyocytes were isolated from the
right and left ventrides whereas MCT cardiomyocytes were isolated from the right ventricle
only (Section 2.9). Isolated cells were loaded with fluo-4 AM for 15 min in 1 mM Ca** Tyrode’s
solution. Excess fluo-4 AM was removed and intracellular fluo-4 AM was left to de-esterify for
a minimum of 45 min at 4 °C. Fluo-4 loaded cells were incubated with 15 pM flecainide or
vehicle for 35 min at room temperature in 1.8 mM Ca** Tyrode’s solution. Cells were then
placed in the experimental chamber on the stage of a Nikon Diaphot inverted microscope and
myocytes were viewed with a x40 oil immersion lens (Nikon Plan Fluor DLL, numerical aperture
1.3). A confocal laser-scanning unit (Bio-Rad, Cellmap) was attached to the side port of the

microscope.

Cells were left for 2 min to settle onto the glass cover slip of the experimental chamber. 4 — 6
cells of regular size and shape were identified in the plane of view and their response to field
stimulus was tested (10 ms square wave pulse; 30 mV). 10 min of electrical pacing at 0.5, 1.5
or 2.5 Hz began with perfusion of 1.8 mM Ca** Tyrode’s solution containing 15 M flecainide
or vehide; and 100 nM isoprenaline or vehicle. The concentration of flecainide used exceeded
physiological plasma concentrations (0.2 — 5 uM). However, it was considered that a
supraphysiological concentration might decrease the time taken for flecainide to cross the
sarcolemma bilayer and access RyR2 (discussed further in Chapter 4). Flecainide was
solubilised in ethanol (0.01%) and isoprenaline was solubilised in ultra-purified water. All

experiments wereperformed at 22 + 2 °C unless stated otherwise.

After 10 min of pacing, fluo-4 was excited with the 488 nm line of a diode laser and
fluorescence was measured at >520 — 540 nm. Images were acquired in line-scan mode at 188
lines/sec with an interval time of 5.3 ms between lines along the longitudinal axis of the cell for
90 sec. The first 10 sec of each line scan included cell responses to electrical field stimulation.
For the remaining 80 sec, electrical pacing was stopped and information on spontaneous
waves and sparks was collected. The above protocol was altered to increase flecainide
translocation across the sarcolemma. The cell incubation period was increased to 2 hours,
including 35 min at 37 °C. The initial protocol was also repeated in cells isolated from a
monocrotaline treated rat model of right sided heart failure (MCT). Comprehensive

characterisations of this model are documented (Fowler, 2015, Benoist, 2012) For the
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purposes of this study it is important to note that MCT Ca** wave and spark frequencies were
significantly increased when compared with myocytes isolated from saline control animals,

indicatinganincreased RyR2P, (Fowler, 2015).

3.2.2 Voltage clamp of cardiomyocytes

Myocytes were patch damped using whole cell configuration of the patch-clamp technique in
the voltage-clamp mode. An Olympus CK40 inverted microscope was used to visualise the
myocytes. Cells were continually perfused (3-5 ml/min) with extracellular electrophysiological
solution. Patch pipettes had resistances of 3-6 MQ and filled with intracellular
electrophysiological solution. Na* currents were evoked by a 200 ms step from -80 mV to -30

mV every 10 secs, and measured for their peak amplitude under control conditions and then in

the presence of 20 uM flecainide. Allexperiments were carried outat22 + 1 °C.

3.2.3 Line scan analysis

Incubation with the Ca’* sensitive dye fluo—4 AM and confocal microscopy line scanning
allowed the visualisation of SR Ca’' release in the form of transients, waves and sparks. All
images were analysed using Imagel software. Electrically paced transients were counted and
the proportion of missing or disrupted transients was recorded. Ca’* wave frequency was
analysed during and post-pacing. All waves were counted and wave frequency calculated as
waves/min. Waves which began immediately prior to a paced Ca** transient, but which were
interrupted by the paced transient were induded in this total. Post-pacing, Ca’* waves were
counted and the frequency calculated within the first 30 sec, the second 30 sec and the final

20 sec. Post-pacing wave frequency was displayed as a combined and separate value.

Sparks occurred spontaneously throughout each trace however their presence was
predominantly apparent immediately prior to Ca** wave formation. Spark analysis was
therefore limited to 5 sec prior to the each Ca’* wave. If the time between Ca** waves was less
than 5 sec, sparks were analysed down to 1 sec prior to Ca** wave formation. It was not
possible to analyse sparks <1 sec from the start of a wave due to the presence of artefacts
caused by the increased background amplitude from the previous Ca’* wave. Sparks were then

analysed usingthe ImagelJ plugin Sparkmaster (Picht et al., 2007).
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3.2.4 Statistics

Data distribution was tested using the Shapiro-Wilk test of normality. Data with a Shapiro-Wilk
p value <0.05 were Log transformed and the normality of the data was re-tested. Independent
data were analysed using unpaired Student’s t-tests or one way ANOVA with a Holm Sidak
multiple comparison post hoc test. Proportions were compared using N-1 Chi-squared test
with Bonferroni correction if comparing more than 3 groups. Statistical analyses were
documented in each figure legend. Significance was considered when p < 0.05. All data were

displayed as mean = SEM.
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3.3 Results

3.3.1 The effect of 100 nM isoprenaline on Ca?* wave frequency and spark properties

Figure 3.1 A shows representative line scan images and associated line profiles of myocytes
which were field stimulated at 1.5 Hz, in the presence or absence of isoprenaline. Each
stimulus was assodated with a rapid, uniform increase in Ca** concentration. In the presence
of isoprenaline, spontaneous Ca’* waves (red triangles) were present in between field
stimulations and sometimes disrupted the triggered Ca’* transient. Spontaneous Ca’* waves
did not occur at any field stimulation frequency in the absence of isoprenaline, however
differences between 0 1SO and 100 ISO were only significant at 1.5 Hz field stimulation. (p <
0.05; Figure 3.1 B). Within these cells, Ca>* wave frequency was 14.0 + 5.29 waves/min (0.5 Hz)
and 52.5 + 14.4 waves/min (1.5 Hz; Figure 3.1 C; n = 5 cells (01SO, 0.5 Hz); 9 cells (100 nM ISO,
0.5 Hz); 9 cells (01SO, 1.5 Hz); 9 cells (100 nM ISO, 1.5 Hz)).

Spontaneous Ca”* waves also occurred following cessation of pacing at 1.5 Hz, both in control

cells and in cells incubated with isoprenaline (Figure 3.2 A). The time between the final

triggered Ca’* transient and the first spontaneous Ca’* wave was significantly decreased in the
presence of isoprenaline after stimulation at both 0.5 Hz (p < 0.01) and 1.5 Hz (p < 0.001;

Figure 3.2 B). In the absence of isoprenaline, 80% of cells paced at 0.5 Hz subsequently
exhibited Ca’* waves. In contrast, all cells displayed Ca®* waves when superfused with
isoprenaline or when paced at 1.5 Hz (Figure 3.2 C). At 0.5 Hz field stimulation, the presence of
isoprenaline did not significantly change Ca’* wave frequency (p > 0.05; Figure 3.2 D). However,
at 1.5 Hz wave frequency was significantly increased >3 fold in the presence of isoprenaline (p
<0.001; Figure 3.2 D). Each line scan was split into three groups; 0-30 sec; 30-60 sec; and 60-80
sec post-pacing and the wave frequency was analysed (Figure 3.2 E). After pacing at 0.5 Hz and

1.5 Hz, Ca”* wave frequency was increased by isoprenaline in the first 30 sec post-pacing (p =
0.06 and p < 0.001 respectively). However, there was no change in wave frequency with
isoprenaline >30 sec after pacing was stopped (Figure 3.2 E; p > 0.05; n = 5 cells, (1) heart (0
ISO, 0.5 Hz); 9, (2) (100 nM ISO, 0.5 Hz); 9, (2) (01SO, 1.5 Hz); 9, (2) (100 nM ISO, 1.5 Hz)).

Ca’*sparks (red triangles) were analysed 5 sec prior to the release of a Ca** wave in the
presence or absence of isoprenaline (Figure 3.3 A). In the presence of isoprenaline, spark
amplitude was significantly increased by 30.9% after pacing at 0.5 Hz (p < 0.05); or by 34.0%
after pacing at 1.5 Hz (p < 0.01; Figure 3.3 B). Isoprenaline did not change spark FWHM at
either 0.5 Hz or 1.5 Hz (Figure 3.3 C). Spark FDHM was significantly decreased in the presence

of isoprenalineby 21.5% after pacingat 0.5 Hz (p < 0.001) and decreased by 21.4% after pacing
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at 1.5 Hz (p < 0.001; Figure 3.3 D). Spark frequency did not significantly change in the presence
of isoprenaline after pacing at 0.5 Hz or 1.5 Hz (p > 0.05; Figure 3.3 E; n =5 cells, (1) heart (0
ISO, 0.5 Hz); 9, (2)(100 nM IS0, 0.5 Hz); 9, (2) (01S0, 1.5 Hz); 9, (2) (100 nM IS0, 1.5 Hz)).

3.3.2 The effect of field stimulation frequency on Ca’* wave frequency and spark
propertiesin the presence of isoprenaline

Figure 3.4 A shows representative line scans and fluorescence profiles of cells field stimulated
at 0.5, 1.5 or 2.5 Hz in the presence of isoprenaline. Triggered Ca”* transients (grey triangles)
and spontaneous Ca>* waves (red triangles) were apparent at all field stimulation frequendes.
During electrical pading, 53.5%, 50.7% and 24.2% of cells exhibited spontaneous Ca’* waves at
0.5, 1.5 and 2.5 Hz respectively (Figure 3.4 B). Significantly fewer cells exhibited Ca** waves
when paced at 2.5 Hz, when compared with cells paced at 0.5 Hz or 1.5 Hz (p < 0.01; Figure 3.4
B). Wave frequency was significantly greater when cells were paced at 1.5 Hz compared with
cells paced at 0.5 Hz (67.6 + 7.09 waves/min vs 26.1 + 2.95 waves/min respectively; Figure 3.4
C; p <0.001). This trend was apparent between cells paced at 2.5 Hz and 0.5 Hz (67.9 + 19.3
waves/min vs 26.1 + 2,95 waves/min) yet did not reach significance (p = 0.08; Figure 3.4 C).
There was no significant difference in wave frequency between cells stimulated at 1.5 Hz and

2.5 Hz (p>0.05; Figure3.4C; n=71 cells(0.5Hz); 67 cells (1.5 Hz); 66 cells (2.5Hz)).

After field stimulation was stopped, spontaneous Ca’* waves were apparent at all pacing
frequencies (Figure 3.5 A). Ca’* waves occurred in 94.2%, 100% and 98.5 % of cells at 0.5, 1.5
and 2.5 Hz respectively (Figure 3.5 B). Wave frequency was significantly greater when cells
were paced at 1.5 Hz compared with cells paced at 0.5 Hz (6.57 + 1.87 waves/min vs 3.54 +
0.32 waves/min respectively; Figure 3.5 C; p < 0.05). Cells paced at 2.5 Hz more than doubled
Ca’* wave frequency when compared with cells paced at 0.5 Hz (7.59 + 1.40 waves/min vs 3.54
+ 0.32 waves/min respectively; Figure 3.5 C; p < 0.05). However, there was no significant
difference in Ca** wave frequency between cells paced at 1.5 Hz or 2.5 Hz (Figure 3.5 C; p >

0.05; n =71 cells, (6) hearts (0.5 Hz); 67, (10) (1.5 Hz); 66, (9) (2.5 Hz)).

Ca’*sparks (red triangles) were analysed 5 sec prior to the release of a Ca** wave after pacing
at 0.5, 1.5 or 2.5 Hz (Figure 3.6 A). Sparks showed no significant differences in amplitude
(Figure 3.6 B), FWHM (Figure 3.6 C), FDHM (Figure 3.6 D) or frequency (Figure 3.6 E) as a
function of field stimulation frequency (p > 0.05; n = 71 cells, (6) hearts (0.5 Hz); 67, (10) (1.5
Hz); 66, (9) (2.5 Hz)).
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Figure 3.1: Effect of 100 nM isoprenaline on ca’" wave frequency during field stimulation at 0.5
and 1.5 Hz

A) Representative line scans and fluorescence profiles of cells field stimulated at 1.5 Hz
with or without 100 nM isoprenaline (ISO). Grey triangles indicate field stimulation pulse
and red triangles represent the start of a Ca** wave. B) Percentage of cells exhibiting Ca**
waves during 0.5 or 1.5 Hz field-stimulation, with or without 100 nM isoprenaline. C) ca’”
wave frequency at 0.5 or 1.5 Hz field stimulation frequency with or without 100 nM
isoprenaline. N-1 chi-squared test or two tailed unpaired Student’s t-test. * = p < 0.05; ***
p=<0.001.01SO,0.5Hzn=5(1); 01SO, 1.5 Hzn =9(2); 100 ISO, 0.5 Hzn =9(2); 1001SO,
1.5Hzn=9(2).
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Figure 3.2: Effect of 100 nM isoprenaline on Ca**wave frequency after field stimulation at 0.5 and
1.5 Hz

A) Representative line scans and fluorescence profiles of cells immediately after field
stimulation at 1.5 Hz with or without 100 nM isoprenaline (ISO). B) Time between the final
field-stimulated Ca’*transient and the first Ca®*wave C) Percentage of cells exhibiting Ca®*
waves D) Ca’*wave frequency E) Ca”*wave frequency 0-30 sec 30-60 sec or 60-80 sec after
field stimulation was stopped. N-1 chi-squared test or two tailed unpaired Student’s t-test.
*** p=<0.001. 01SO, 0.5 Hzn =5(1); 01SO, 1.5 Hz n=9(2); 100 1SO, 0.5 Hz n =9 (2); 100

1SO, 1.5 Hzn =9 (2).
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Figure 3.3: Effects of 100 nM isoprenaline on spark size and frequency after field stimulation at 0.5
and 1.5 Hz

A) Representative line scans of sparks after field stimulation at 1.5 Hz, with or without 100
nMisoprenaline (I1SO). Red triangles indicate sparks identified by Sparkmaster B) Mean data
for spark amplitude, C) spark FWHM D) spark FDHM and E) spark frequency. Two tailed
unpaired Student’s t-test. * = p < 0.05; ** = p < 0.01; *** p=<0.001. 01SO, 0.5 Hzn =5(1);
0150, 1.5 Hz n = 9(2); 100 1SO, 0.5 Hz n = 9(2); 100 1SO, 1.5 Hzn =9 (2).
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Figure 3.4: Effect of field stimulation frequency on ca®" wave frequency during pacing in
cardiomyocytes superfused with 100 nM isoprenaline

A) Representative line scans and fluorescence profiles of Ca’*waves during 0.5, 1.5 or 2.5
Hz field-stimulation. Grey triangles indicate field stimulation pulses and red triangles
indicate the start of a Ca’* wave. B) Percentage of cells exhibiting Ca** waves during field
stimulation €) Ca®* wave frequency at each field stimulation frequency. N-1 chi-squared test
with Bonferroni correction or one way ANOVA + Holm Sidak multiple comparisons post hoc
test performed on Log transformed data. *=p <0.05. 0.5Hzn = 71 (6); 1.5Hzn =67(10);
2.5Hzn =66 (9).
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Figure 3.5: Effect of field stimulation frequency on ca® wave frequency post-pacing in
cardiomyocytes superfused with 100 nM isoprenaline
A) Representative line scans and fluorescence profiles of Ca’*waves after 0.5, 1.5 or 2.5 Hz

field-stimulation. B) Percentage of cells exhibiting Ca** waves C) Ca’* wave frequency at each
field stimulation frequency. N-1 chi-squared test with Bonferroni correction or one way
ANOVA + Holm Sidak multiple comparisons post hoc test performed on Log transformed
data. *=p < 0.05. 0.5 Hzn = 71 (6); 1.5Hz n =67 (10); 2.5Hz n =66 (9).
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Figure 3.6: Effects of field stimulation frequency on spark properties in the presence of 100 nM
isoprenaline superfusion

A) Representative line scans of cells at 0.5, 1.5 and 2.5 Hz. Red triangles indicate sparks
identified by Sparkmaster. B) Mean data for spark amplitude, C) spark FWHM, D) spark
FDHM and E) spark frequency for sparks occurring after field-stimulation at either 0.5, 1.5
or 2.5 Hz. One-way ANOVA performed. 0.5 Hz n =61 (6); 1.5Hz n =60 (10); 2.5 Hz n =62

(8).
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3.3.3 The effect of flecainide on triggered Ca®* transients

Cardiomyocytes were incubated with 15 uM flecainide or vehide control for 35 min at room
temperature. Cells were then paced at 0.5, 1.5 or 2.5 Hz for 10 min in the presence of 100 nM
isoprenaline and 15 pM flecainide or vehicle. Within this period, some cells became
unresponsive to electrical pacing and failed to trigger a Ca** transient. Less than 5% of control
cells were unresponsive to field stimulation, across all pacing frequencies. In contrast, 6.36%,
13.9% and 51.6% of flecainide treated cells became unresponsive to field stimulation at 0.5,
1.5 and 2.5 Hz respectively (Figure 3.7 A). Flecainide significantly increased the proportion of
unresponsive cells, in cells paced at 1.5 Hz (p < 0.05) or 2.5 Hz (p < 0.001; n = 67 cells, (6)
hearts (VEH, 0.5 Hz); 36, (4)(VEH, 1.5 Hz); 29, (4) (VEH, 2.5 Hz); 77, (6) (FLEC, 0.5 Hz); 36, (4)
(FLEC, 1.5 Hz); 31, (4)(FLEC; 2.5 Hz)). Unresponsive cells were not induded in the following

dataset.

A small proportion of cells were identified as responsive to pacing; however missing or
disrupted Ca’* transients were apparent in the line scans (red triangles; Figure 3.8 A). At 0.5 Hz
pacing frequency, only one vehide and zero flecainide treated cells did not respond to all
stimulation pulses. At 1.5 Hz and 2.5 Hz, 24.3% and 17.7% of flecainide treated cells
respectively displayed missing or disrupted Ca’* transients compared with <10% of all vehicle
treated cells (Figure 3.8 B). The differences between vehide and flecainide treated cells were
significant at 0.5 Hz (p < 0.01) and 1.5 Hz (p < 0.001; Figure 3.8 C; n = 71 cells, (6) hearts (VEH,
0.5Hz); 67, (10) (VEH, 1.5 Hz); 66, (9) (VEH, 2.5 Hz); 72, (6) (FLEC, 0.5 Hz); 68, (10) (FLEC, 1.5 Hz);
62, (9) (FLEC; 2.5 Hz)).

3.3.4 The effect of flecainide on Ca®* waves during and after electrical pacing

Ca’* waves were line scanned during the final 10 sec of pacing at 1.5 Hz in the presence or
absence of flecainide (Figure 3.9 A). During 0.5 Hz and 1.5 Hz field stimulation ~50% of cells
exhibited Ca®* waves and there was no difference between vehicle and flecainide treated cells
(Figure 3.9 B). At 2.5 Hz only 21.5% of vehicle treated cells and 33.9% of flecainide treated cells
exhibited Ca’* waves, again with no significant difference between vehicle and flecainide
treated groups (Figure 3.9 B). Cells exhibiting one or more Ca’* waves were induded in the
data presented in Figure 3.9 C to prevent skewing of the data towards zero. At 1.5 Hz, there
was a trend for Ca’* wave frequency to decrease with flecainide during field stimulation (p =

0.06). However this trend was not apparent at 0.5 or 2.5 Hz (p > 0.05; Figure 3.9C; n = 71 cells,
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(6) hearts (VEH, 0.5 Hz); 67, (10) (VEH, 1.5 Hz); 66, (9) (VEH, 2.5 Hz); 72, (6)(FLEC, 0.5 Hz); 68,
(10) (FLEC, 1.5 Hz); 62, (9) (FLEC; 2.5 Hz)).

Ca’* waves were line scanned for 80 sec immediately after electrical pacing at 1.5 Hz in the
presence or absence of flecainide. Post-pacing scan time was divided into three groups; 0-30
sec, 30-60 sec and 60-80 sec after pacing was stopped (Figure 3.10 A). Within all experimental
groups, >90% of cells displayed Ca®* waves within 80 sec of pacing being stopped (Figure 3.10
B). Flecainide decreased Ca’* wave frequency by 18.9% after pacing at 0.5 Hz (p = 0.07) and
significantly decreased wave frequency by 51.4% (p < 0.001) and 26.0 % (p < 0.05) at 1.5 and
2.5 Hz respectively (Figure 3.10 C). Interestingly, after pacing at 1.5 or 2.5 Hz, flecainide
significantly (or near significantly) decreased Ca** wave frequency at each post-pacing time
point (Figure 3.10 D; n = 71 cells, (6) hearts (VEH, 0.5 Hz); 67, (10) (VEH, 1.5 Hz); 66, (9) (VEH,
2.5 Hz); 72, (6)(FLEC, 0.5 Hz); 68, (10)(FLEC, 1.5 Hz); 62, (9)(FLEC; 2.5 Hz)).

The time from the last triggered Ca”* transient to the start of the first Ca** wave was calculated
in the presence or absence of flecainide (Figure 3.11 A). There were no significant differences
between control and flecainide treated cells (p > 0.05; Figure 3.11 B). Figure 3.12 A shows a
close up line scan fluorescence profile of (i) a spontaneous Ca** wave and (ii) a spontaneous
Ca’* wave initiating a rapid uniform Ca** transient. This phenomenon was more prevalent
within vehice treated cells than flecainide treated cells, although this trend reached
significance only after pacing at 1.5 Hz (p < 0.01; Figure 3.12 B). Of these cells, the percentage
of waves which triggered Ca’* transients showed no clear differences between vehicle and
flecainide treated cells (p > 0.05; Figure 3.12 C; n = 71 cells, (6) hearts (VEH, 0.5 Hz); 67, (10)
(VEH, 1.5 Hz); 66, (9) (VEH, 2.5 Hz); 72, (6) (FLEC, 0.5 Hz); 68, (10) (FLEC, 1.5 Hz); 62, (9) (FLEC;
2.5 Hz)).
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3.3.5 The effect of flecainide on Ca?* sparks

Ca’*sparks (red triangles) were analysed 5 sec prior to the release of a Ca** wave in the
presence or absence of flecainide (Figure 3.13 A). In cells electrically paced at 2.5 Hz, flecainide
significantly decreased spark amplitude from 0.85 + 0.02 AF/Fyto 0.78 + 0.03 AF/F, (p < 0.05).
However, there was no change in spark amplitude in cells paced at 0.5 Hz or 1.5 Hz (Figure
3.13 B). Spark FWHM (Figure 3.13 B), FDHM (Figure 3.13 C) or frequency (Figure 3.13 D) was
not significantly affected by flecainide at any field stimulation frequency (p >0.05; n = 61 cells,
(6) hearts (VEH, 0.5 Hz); 60, (10) (VEH, 1.5 Hz); 62, (8) (VEH, 2.5 Hz); 64, (6) (FLEC, 0.5 Hz); 65,
(10) (FLEC, 1.5 Hz); 54, (8) (FLEC; 2.5 Hz)).
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Figure 3.7: The effect of flecainide on cell response to field stimulation in cardiomyocytes
superfused with 100 nM isoprenaline

A) Percentage of cells responsive to field-stimulation at 0.5, 1.5 or 2.5 Hz with (FLEC) or
without (VEH) 15 uM flecainide. All experiments were in the presence of 100 nM
isoprenaline. N-1 chi-squared test. * =p < 0.05; *** = p < 0.01. VEH, 0.5 Hz n =67 (6); VEH,
1.5Hz n =36 (4); VEH, 2.5 Hzn = 29 (4). FLEC, 0.5 Hz n =77 (6); FLEC, 1.5 Hz = 36 (4); FLEC,
2.5 Hz=31(4).
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Figure 3.8: The effect of flecainide on Ca’* transient disruption during pacing in cardiomyocytes
superfused with 100 nM isoprenaline

A) Example line scans and fluorescence profiles of vehicle (VEH) and flecainide (FLEC)
treated cells with and without disrupted Ca**transients during 2.5 Hz field stimulation. Grey
triangles indicated field stimulation pulses and red triangles indicated missing or disrupted
Ca’*transients. B) Percentage of cells with disrupted Ca**transients €) Percentage of Ca®*
transients disrupted within a cell. Only cells exhibiting this phenomena were induded. N-1
chi-squared test or two tailed unpaired Student’s t-test applied. ** = p < 0.01; *** =p <
0.001. VEH, 0.5Hz n =71(6); VEH, 1.5 Hz n = 67 (10); VEH, 2.5Hz n = 66 (9). FLEC, n =72 (6);
FLEC, 1.5 Hz n = 68 (10); 2.5 Hz = 62 (9).
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Figure 3.9: The effect of flecainide on ca**
cardiomyocytes superfused with 100 nM isoprenaline
A) Representative line scans and fluorescence profiles of vehicle (VEH) and flecainide (FLEC)
treated cells during 1.5 Hz field stimulation. Grey triangles indicated field stimulation pulses
and red triangles indicated the start of a Ca** wave. B) Percentage of cells exhibiting Ca**
waves during field stimulation. €) Frequency of Ca**waves during field stimulation. Only
cells exhibiting Ca**waves during field stimulation were included. N-1 chi-squared test or
two tailed unpaired Student’s t-tests. VEH, 0.5 Hz n = 71 (6); VEH, 1.5 Hz n = 67 (10); VEH,
2.5 Hzn =66 (9). FLEC, 0.5 Hz n = 72 (6); FLEC, 1.5 Hz n = 68 (10); FLEC, 2.5Hz n =62 (9).
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Figure 3.10: The effect of flecainide on ca’" wave frequency post-pacing in cardiomyocytes
superfused with 100 nM isoprenaline

A) Representative line scans and fluorescence profiles of vehicle (VEH) and flecainide (FLEC)
treated cells after 1.5 Hz stimulation B) Percentage of cells exhibiting Ca** waves after 0.5,
1.5 or 2.5 Hz field stimulation €) Frequency of Ca’*waves D) Frequency of Ca’*waves at O-
30 sec, 30-60 sec and 60-80 sec post-pacing. N-1 chi-squared test or two tailed unpaired
Student’s t-tests. * =p <0.05; ** =p <0.01; *** = p <0.001. VEH, 0.5 Hz n = 71 (6); VEH,
1.5 Hz = 67 (10); VEH, 2.5 Hz = 66 (9). FLEC, 0.5 Hz n = 72 (6); FLEC, 1.5 Hz = 68 (10); FLEC,
2.5Hz=62(9).
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Figure 3.11: The effect of flecainide on the time between the last triggered field stimulation and
the first Ca>* wave in cardiomyocytes superfused with 100 nM isoprenaline

A) Representative line scans and fluorescence profiles of vehicle (VEH) and flecainide (FLEC)
treated cells immediately after 1.5 Hz stimulation. B) The time between the last triggered
field-stimulation and first Ca>*wave in cells field stimulated at 0.5, 1.5 and 2.5 Hz, with or
without 15 puM flecainide. Two tailed unpaired Student’s t-tests. VEH, 0.5 Hz n = 71 (6);
VEH, 1.5Hz = 67 (10); VEH, 2.5Hz = 66 (9). FLEC, 0.5 Hzn = 72 (6); FLEC, 1.5 Hz n = 68 (10);
FLEC, 2.5 Hzn =62 (9).
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Figure 3.12: The effect of flecainide on the occurrence spontaneous Ca®* transients in
cardiomyocytes superfused with 100 nM isoprenaline

A) Representative line scans and fluorescence profiles illustrating the differences between
i) a Ca®*wave and ii) a Ca’*wave which triggers a synchronous Ca**transient B) Percentage
of vehide (VEH) or flecainide (FLEC) treated cells exhibiting spontaneous Ca**transients C)
Percentage of Ca’"waves which caused a spontaneous Ca’*transient. Only cells exhibiting
this phenomenon were included. N-1 chi-squared test or two tailed unpaired Student’s t-
test. ** = p <0.01. VEH, 0.5 Hz n = 71 (6); VEH, 1.5 Hz n = 67 (10); VEH, 2.5 Hz n = 66 (9).
FLEC, 0.5 Hz n = 72 (6); FLEC, 1.5 Hz n = 68 (10); FLEC, 2.5 Hz n = 62 (9).
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3.3.6 The effect of flecainide after a 2 hour incubation period, including 35 min at
37°C

Flecainide significantly decreased post-pacing Ca** wave frequency; however, a significant
effect of flecainide on sparks was not apparent. As will be elaborated upon in the Discussion,
these results are indicative of flecainide inhibition of sarcolemmal Na,1.5, rather than an effect
on RyR2, located at the SR membrane. To facilitate flecainide entry into the cell, the previous
experiments were repeated with an increased incubation period of 2 hours, induding 35 min

at 37 °C. In the following experiments, cells were paced at 1.5 Hz only.

During field stimulation at 1.5 Hz, ~30% of vehide or flecainide treated cells exhibited
spontaneous Ca’* waves (p > 0.05; Figure 3.14 A). Of these cells, Ca** wave frequency was ~65
waves/min within each experimental group (p > 0.05; Figure 3.14 B). Interestingly, <10% of
cells displayed missing or disrupted Ca** transients during pacing within each experimental
group (p > 0.05; Figure 3.14 C) and of these cells, 20-30% of Ca’* transients were missing or
disrupted in each experimental group (p > 0.05; Figure 3.14 D). Post-pacing, Ca’* waves were
apparentin 100% and 92.3% of vehide and flecainide treated cells respectively (Figure 3.15 A).
Flecainide significantly decreased post pacing wave frequency by 36.8% (p < 0.01; Figure 3.15
B). This significant decrease in Ca’* wave frequency was apparent at each time point after
pacing was stopped (Figure 3.15 C). There was a trend to indicate that flecainide increased the
time between the final Ca’** transient and first Ca’* wave (p = 0.08; Figure 3.15 D). Only one
vehicle treated cell and zero flecainide treated cells exhibited Ca** waves which initiated a Ca**
transient (Figure 3.15 E and F). Similar to the previous experiments, flecainide did not
significantly alter spark amplitude (p > 0.05; Figure 3.16 A), FWHM (p > 0.05; Figure 3.16 B),
FDHM (p > 0.05; Figure 3.16 C) or spark frequency (p > 0.05; Figure 3.16 D; n = 25 cells (VEH,
1.5 Hz); 26 cells (FLEC, 1.5 Hz)).

3.3.7 The effect of flecainide in a monocrotaline model of heart failure

The spontaneous releases of Ca** waves and sparks were compared between cardiomyocytes
isolated from the MCT model of right-sided heart failure and cardiomyocytes isolated from
CON rat. In cells from the MCT model, 67% of cells displayed Ca®* waves during field
stimulation, compared with 50% of CON cells (Figure 3.17 A). Of the cells that exhibited wave
behaviour during field stimulation, there was no significant difference in wave frequency

between these groups (p > 0.05; Figure 3.17 B). Ca’* transients, caused by field stimulation
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pulses were disrupted in ~4% of WT cells and zero MCT cells (Figure 3.17 C and D). In both
groups, all cells exhibited Ca>* waves post-pacing (Figure 3.18 A). However wave frequency was
significantly increased in the MCT model, compared with CON cells (~136% increase, p < 0.05,
Figure 3.18 B). This difference was apparent at all time points post-pacing (p < 0.05, Figure 3.18
C). There was a trend for the time between the final field stimulation Ca®* transient and first
spontaneous Ca’* wave to decrease in the MCT model, however this was not significant (p >
0.05; Figure 3.18 D). MCT cells displayed spontaneous Ca’* transients arising from a Ca>* wave
in 77.8% of cells, an almost 6 fold significant increase when compared with CON vehicle
treated cells (p <0.05, Figure 3.18 E). Despite this, when only affected cells were measured, the
frequency of waves which became Ca’* transients was comparable between MCT and CON
cells (p > 0.05, Figure 3.18 F). Spark parameters in MCT and CON cells were compared (Figure
3.19). No significant differences in spark amplitude or FWHM were apparent between MCT
and CON cells (p >0.05, Figure 3.19 A and B). There was a trend for spark duration to increase
in MCT cells (p < 0.1, Figure 3.19 C) however there was no significant difference in spark

frequency between MCT and CON groups (p > 0.05, Figure 3.19 D).

The effect of flecainide on Ca®* waves and sparks was investigated in MCT cells through
repetition of experiments documented in Section 3.3.3 — 3.3.5. During field stimulation at 1.5
Hz, ~66% of vehicle or flecainide treated cells exhibited spontaneous Ca** waves (Figure 3.20
A). Of these cells, Ca** wave frequency was ~55 waves/min within each experimental group (p >
0.05; Figure 3.20 B). Response to electrical stimulation was disrupted in zero vehicle treated
cells and two flecainide treated cells (Figure 3.20 C and D). All cells displayed Ca** waves after
pacing was stopped (Figure 3.21 A). Flecainide significantly decreased Ca** wave frequency by
65.3% (p < 0.05; Figure 3.21 B). This decrease in wave frequency was significant at each post-
pacing time point (p <0.05; Figure 3.21 C). There was no significant difference between vehicle
and flecainide treated cells in the time between the final triggered Ca’* transient and the first
Ca’* wave (p > 0.05; Figure 3.21 D). Vehicle treated MCT cells displayed spontaneous Ca**
transients arising from a Ca’* wave in 77.8% of cells (Figure 3.21 E). This was an almost 6 fold
increase when compared with WT vehicle treated cells (Figure 3.12 B). Only 43.8 % of MCT
flecainide treated cells displayed this phenomenon (p < 0.05; Figure 3.21 E). Of these cells,
flecainide did not alter the total amount of Ca** waves affected (p > 0.05; Figure 3.21 F).
Flecainide did not change spark amplitude (p > 0.05; Figure 3.22 A), FWHM (p > 0.05; Figure
3.22 B), FDHM (p > 0.05; Figure 3.22 C) or spark frequency (p >0.05; Figure 3.22 D; n = 18 cells
(VEH, 1.5 Hz); 16 cells (FLEC, 1.5 Hz)).
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3.3.8 The effect of flecainide on the cardiac peak Na* current

Peak Iy, was recorded in ventricular cardiomyocytes in the presence and absence of 20 uM
flecainide by Dr M Al Owais (Figure 3.23). After 8 min, flecainide decreased peak Iy, by 73.0 +
2.36% (Figure 3.23 B and C). Partial recovery of the peak Iy, to 55.6 + 8.15% of the control

currentwas apparent after8 min of flecainide wash out (Figure3.23 Band C; n = 4 cells).

103



< 100 100+
~ ] ]
801 S 80+
@© ] c c ]
> 60l S E 604
+ 60 T > 60
© ] O ]
O = =
< 401 0 g 40
§ 4 (§U —— 4
© 204 20
0] ] ]
© 0 0
o ven 1.5 Hz 1.5 Hz
FLEC Pacing Frequency (Hz) Pacing Frequency (Hz)
C D
100- 100
3 E 80- 3 801
S g c
8 $ 60- = 604
o = +
c 2 ] “© ]
'§ g 40 O 404
D& ] :00_.3 ]
T ©
oLl AN\ D o
1.5Hz 1.5 Hz
Pacing Frequency (Hz) Pacing Frequency (Hz)

Figure 3.14: The effect of flecainide on Ca** waves during 1.5 Hz field stimulation after 2 hours of
incubation, including 25 min at 37 °Cin cardiomyocytes superfused with 100 nM isoprenaline

A) Percentage of vehide (VEH) and flecainide (FLEC) treated cells exhibiting Ca** waves
during field stimulation. B) Frequency of Ca** waves during field stimulation C) Percentage
of cells with disrupted Ca’*transients D) Percentage of disrupted Ca’ transients. Only cells
exhibiting this phenomenon were included. N-1 chi-squared test or two tailed unpaired
Student’st-test. VEHn = 25 (4); FLEC n = 26 (4).
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Figure 3.15: The effect of flecainide on Ca’" waves after 1.5 Hz field stimulation stopped and after
2 hours of incubation, including 25 min at 37 °C in cardiomyocytes superfused with 100 nM

isoprenaline

A) Percentage of vehicle (VEH) and flecainide (FLEC) treated cells exhibiting Ca>* waves B)
Frequency of Ca**waves after 1.5 Hz field stimulation stopped. €) Frequency of Ca’*waves
at 0-30 sec, 30-60 sec and 60-90 sec after field stimulation stopped D) Time between the
last triggered field-stimulation and first Ca’* wave E) Percentage of cells triggering
spontaneous Ca”'transients F) Percentage of Ca**waves that triggered spontaneous Ca**
transients. N-1 chi-squared test or two tailed unpaired Student’s t-test. *=p < 0.05; ** =p

< 0.01. VEH n = 25 (4); FLEC n = 26 (4).
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Figure 3.16: The effect of flecainide on spark properties after 2 hours of incubation, including 25
min at 37 °C in cardiomyocytes superfused with 100 nM isoprenaline

A) Mean data for spark amplitude, B) spark FWHM, C) spark FDHM, D) or spark frequency
in vehide (VEH) and flecainide (FLEC) treated cells. Two-tailed unpaired Student’s t-test.
CONnN = 25 (4); FLEC n = 26 (4).
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Figure 3.17: The effect of MCT induction of HF in Ca’*waves and Ca** transients during 1.5 Hz field
stimulation, superfused with 100 nM isoprenaline
A) Percentage of CON (white)and MCT (blue) cells exhibiting Ca** waves during 1.5 Hz field

stimulation. B) Frequency of Ca** waves during 1.5 Hz field stimulation. C) Percentage of
cellswith disrupted Ca’*transients D) Percentage of disrupted Ca** transients. Only cells
displaying this phenomenawere included. N-1chi-squared test ortwo tailed unpaired
Student’st-test. CON n=67 (10); MCT n = 18 (3).
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Figure 3.18: The effect of MCT induction of HF on Ca’**waves and Ca”*transients after 1.5 Hz field
stimulation, superfused with 100 nM isoprenaline

A) Percentage of CON (white) and MCT (blue) cells exhibiting Ca’*waves B) Frequency of Ca’*waves
after 1.5 Hz field stimulation was stopped. C) Frequency of Ca”*waves at 0-30 sec, 30-60 sec and 60-
90 sec post pacing D) Time between the last triggered field-stimulation and first Ca’" wave E)
Percentage of cells triggering spontaneous Ca**transients F) Percentage of Ca’" waves that triggered
spontaneous Ca’*transients. N-1 chi-squared test or two tailed unpaired Student’s t-test. * = p <
0.05. CON n =67 (10); MCT n = 18(3).

108



— 1.0 3.54
& . |
O — 2.5
o = ;
2 067 T 20
<l E -
£ 04 v 97
iV 1 © 10_
] O
© _ ]
o% 0.2 ) 0.5
0.0 0.0
1.5 Hz 1.5 Hz
C D
60- 3.0-
'g 501 . § 2.5-
< 40 G & 2.0
] = 3
o 301 8 2 1.5
Tl =S
1 ¥ % 10.
20- 5 % 1.0
10- D @ 0.5-
0 0.0
1.5Hz 1.5 Hz

Figure 3.19: The effect of MCT induction of HF on spark size and frequency after 1.5 Hz field
stimulation and superfused with 100 nM isoprenaline

A) Comparing CON (white) and MCT (blue) mean data for spark amplitude, B) spark FWHM, C)
spark FDHM, D) or spark frequency. Two-tailed unpaired Student’s t-test. CON n =67 (10); MCT
n=18(3).
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Figure 3.20: The effect of flecainide on Ca’* waves and Ca’* transients during 1.5 Hz field
stimulation in cells from a MCT model of HF and superfused with 100 nM isoprenaline

A) Percentage of vehide (VEH) and flecainide (FLEC) treated MCT cells exhibiting Ca**
waves during 1.5 Hz field stimulation. B) Frequency of Ca’* waves during 1.5 Hz field
stimulation. €) Percentage of cells with disrupted Ca’' transients D) Percentage of
disrupted Ca’*transients. Only cells displaying this phenomena were induded. N-1 chi-
squaredtestor twotailed unpaired Student'st-test. VEHn =18 (3); FLEC n = 16 (3).
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Figure 3.21: The effect of fle cainide on Ca’* waves and Ca’" transients after 1.5 Hz field stimulation
in cells from a MCT model of HF and superfused with 100 nM isoprenaline

A) Percentage of vehicle (VEH) and flecainide (FLEC) treated cells exhibiting Ca>*waves B)
Frequency of Ca**waves after 1.5 Hz field stimulation was stopped. €) Frequency of Ca’*
waves at 0-30 sec, 30-60 sec and 60-90 sec post pacing D) Time between the last triggered
field-stimulation and first Ca’* wave E) Percentage of cells triggering spontaneous Ca®*
transients F) Percentage of Ca’*waves that triggered spontaneous Ca’*transients. N-1 chi-
squared test or two tailed unpaired Student’s t-test. * = p <0.05. VEH n = 18 (3); FLEC n =
16 (3).
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Figure 3.22: The effect of flecainide on spark size and frequency after 1.5 Hz field stimulation in
cells from a MCT model of HF and superfused with 100 nM isoprenaline

A) Mean data for spark amplitude, B) spark FWHM, C) spark FDHM, D) or spark frequency
in vehicle (VEH) and flecainide (FLEC) treated cells. Two-tailed unpaired Student’s t-test.

VEH n = 18 (3); FLEC n = 16 (3).
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Figure 3.23: The effect of flecainide on the peak cardiac Na' current using patch clamp recording
A) Representative recordings of the peak Na® current under control (CON, black) and

flecainide treated (FLEC, red) conditions. B) Changes in Na' peak amplitude over time in
one cell. C) Mean data showing peak amplitude upon flecainide application and wash out. n
=4 (1). Patch clamp recordings by Dr M Al Owais.
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3.4 Discussion

3.4.1 The effects of isoprenaline on Ca?* wave and spark release

Isolated rat ventricular myocytes were electrically paced and perfused with isoprenaline to
induce Ca** waves and mimic the conditions that precipitate arrhythmias in CPVT patients.
Isoprenaline mimics the actions and effects of the endogenous sympathetic neurotransmitter
noradrenaline and the circulating catecholamine, adrenaline (Weitl and Seifert, 2008).
Isoprenaline binds to 3; and, to a lesser extent, [3, adrenoceptors at the sarcolemma to initiate
the Go, stimulatory G-protein coupled receptor signalling pathway (Ponicke et al., 2003). The
Ga subunit coupled to the adrenoceptor translocates to sarcolemmal bound adenylyl cyclase
to catalyse the production of cAMP from ATP (Calaghan et al., 1998). In turn, cAMP removes
the PKA regulatory subunits, activating PKA and resulting in numerous downstream cellular
effects (Negash et al., 2000, Kentish et al., 2001, Ullrich et al., 2012, Houser, 2014, Calaghan et
al., 1998).

PKA mediated phosphorylation increases LTCC mediated I, to increase cytosolic [Ca®'], which
in turn increases Ca”* activation of the RyR2 at its cytosolic face. SR Ca** release is increased in
the form of sparks and waves (Farkas et al., 2012, Viatchenko-Kapinski and Gyorke, 2001, Bovo
et al., 2011). Notably, PKA phosphorylates PLB, (Frank et al., 2000, Li et al., 2002), inducing SR
Ca’* overload, such that the SR Ca’* content exceeds the threshold for Ca** wave formation
(Domeier et al., 2012, Kashimura et al., 2010). Additionally, PKA can directly phosphorylate
RyR2 at serine (2808). This has been reported to alter SR luminal Ca®* sensing via dissodiation
of the RyR2 modulatory protein FKBP12.6 (Marx et al., 2000, Ullrich et al., 2012). However,
other groups have reported that B-adrenergic mediated RyR2 phosphorylation remains
independent of PKA and is instead facilitated by CAMKII (Li et al., 2002, Curran et al., 2007,
Ogrodnik and Niggli, 2010) or isoprenaline may also activate CAMKII via PKA (for review see
(Grimm and Brown, 2010)). It is a combination of these simultaneous cellular effects of
isoprenaline that give rise to the increased incidence of pro-arrhythmic Ca’* waves both during
and immediately after electrical pacing. In the present study, isoprenaline increased post-
pacing wave frequency in the first 30 sec post-pacing only; thereafter, no difference in
spontaneous wave frequency was apparent. In this quiescent period (>30 sec post-pacing) it
may be that SR Ca’* overload was reduced due to decreased CAMKII phosphorylation of PLB

(Bassani etal., 1995b, Hagemann et al., 2000) and a slow loss of SR Ca’* (Bassani et al., 1995a).

Published results on Ca** sparks in the presence of B-adrenergic stimulation are contradictory.

In one report, isoprenaline did not affect spark amplitude (Santiago et al., 2013). Yet similarly
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to the current results, spark amplitude was also found to be increased with isoprenaline
(Gomez et al., 1996, Li et al., 2002), potentially due to an increased SR Ca’* load (Zima et al.,
2010, Li et al., 2002). It was anticipated that isoprenaline would induce an increase in the
frequency of Ca** sparks due to the SR Ca’* content induced by pacing and p-adrenergic
stimulation (Ogrodnik and Niggli, 2010, Santiago et al., 2013, Li et al., 2002). Howevetr, in the
current experiments, spark frequency did not change significantly in the presence of
isoprenaline. An increase in spark width and duration has been reported (Santiago et al., 2013)
due to an increased RyR2 sensitivity to Ca®* (Santiago et al., 2013) or increased SR content
(Zima et al., 2010). Contradictory to this, isoprenaline was also reported to decrease spark
width and duration due to the increased SERCA uptake of Ca’' limiting Ca’* propagation
(Gomez et al., 1996). Under the conditions of the present study, isoprenaline did not

significantly change spark width and significantly decreased duration.

One possible explanation for these results may be that increased SERCA uptake decreases
spark duration but in doing so increases SR Ca’* content and spark amplitude (Gomez et al.,
1996). Selectively analysing sparks immediately prior to a wave might have ensured that spark
width was maximal and that any wider spark would tend to initiate a wave in both control and
isoprenaline treated cells. Indeed, spark FWHM reported in this study was ~2.8 um in both
control and isoprenaline groups. This was greater than the spark widths reported by Santiago
et al. (~2.5 um in the presence of isoprenaline). Additionally, in the presence of isoprenaline,
wave frequency was extremely high and two thirds of cells initiated a Ca** wave within 1 sec
post-pacing. Therefore appropriate analysis of sparks by Sparkmaster was compromised due to
the presence of waves and an unstable cell background fluorescence (Picht et al., 2007). It is
hypothesised that under these conditions, SR Ca** release may be so great as to immediately
cause the release of Ca’* waves due to the fast spatio-temporal summation of Ca** sparks
(Cheng et al., 1996). This would indicate that Ca’* waves rather than sparks were the
predominant form of spontaneous Ca’" release under the current conditions and spark

frequency would be difficult tointerpret.

This discussion has focussed predominantly upon the effect of isoprenaline when cells were
paced at 1.5 Hz. Similar, yet less pronounced effects of isoprenaline on spontaneous Ca**
waves were apparent at 0.5 Hz indicating that the effect of isoprenaline on Ca®* wave
frequency is dependent upon pacing frequency. Interestingly however, the increase in spark
amplitude and decrease in spark duration was of a similar magnitude between pacing

frequencies.

115



3.4.2 The effects of pacing frequency on Ca>* waves and sparks

An increase in stimulation frequency from 0.5 Hz to 1.5 Hz significantly increased Ca’" wave
frequency during and immediately after electrical pacing. This increase in Ca’* wave frequency
might reflect an increased diastolic [Ca’'] within the cytosol and SR at higher pacing
frequencies. Indeed, a positive relationship between cellular Ca®* content and pacing
frequency has been reported in rat cardiomyocytes (Layland and Kentish, 1999, Frampton et
al., 1991, Baartscheer et al., 2003, Fowler, 2015). This is achieved on a cellular level by
increased SR Ca’' load via increased SERCA uptake (Frampton et al, 1991) facilitated by
CAMKII phosphorylation of PLB at the threonine (17) site (Hagemann et al., 2000, Gattoni et al.,
2016). However, a further increase in pading frequency to 2.5 Hz did not further increase Ca**
wave frequency. It may be that at 2.5 Hz field stimulation and in the presence of 100 nM
isoprenaline, SR Ca’* overload was so great that cells went into hypercontracture. However,
physiological heart rates within rat are 5.5-8 Hz indicating instead that in the current
cardiomyocytes, the Ca’* frequency relationship may plateau between 1.5 and 2.5 Hz (Szigligeti
etal., 1996).

As Ca’* wave frequency increased with increased pacing frequency (0.5 to 1.5 Hz), it was
expected that the likely increase in SR Ca’* load would also increase Ca** spark size or
frequency. However, all spark parameters were unchanged with an increase in pacing
frequency. As previously discussed (Section 3.4.1), it may be that analysing sparks 1-5 sec prior
to the release of a Ca** wave in the presence of isoprenaline maximised spark size and

frequency.

3.4.3 The effects of flecainide on SR Ca?* release

Flecainide increased the proportion of cells that failed to respond to electrical stimulation, at
all pacing frequencies. This was particularly apparent at 2.5 Hz whereby 51.6 % of cells were
unresponsive to pacing. Additionally, the proportion of cells with missing or disrupted
triggered Ca”* transients was greater at 1.5 and 2.5 Hz, than at 0.5 Hz, all in the presence of
flecainide. These frequency dependent effects are indicative of flecainide’s use dependent
block of Na,1.5 (Wang et al., 2003, Anno and Hondeghem, 1989). An increase in pacing
frequency from 0.02 Hz to 10 Hz, increased flecainide inhibition of peak Iy, by ~70% (Ramos
and O'Leary, 2004). Flecainide also progressively increased |y, inhibition as a function of pacing

duration, until a steady state inhibition was reached (Ramos and O'Leary, 2004). This
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progressive inhibition was also apparent in electrophysiological experiments. Flecainide
blocked peak Iy, amplitude by ~20% after 3 min of pacing at 0.1 Hz. However, by 5 min of
pacing at 0.1 Hz, I, was inhibited by ~70%. The use-dependence of flecainide’s action reflects
a high binding affinity of flecainide to Na,1.5in its open state. Flecainide competes with Na* for
access to its binding site within the channel pore and remains bound even after Na,1.5 has
closed. During fast pacing, dissociation from Na,1.5 is slow (Ramos and O'Leary, 2004, Anno
and Hondeghem, 1989), thereby trapping flecainide within the channel and inhibiting peak Iy,
(Ramosand O'Leary, 2004, Nittaetal., 1992, Belardinellietal., 2013, Nagatomo et al., 2000).

During line scan imaging it is possible to identify when a DAD triggers an action potential
because a slowly propagating Ca’* wave suddenly changes into a rapid and uniform Ca®*
transient (Figure 3.12 Aii) (Schlotthauer and Bers, 2000). DADs occur because NCX removes
Ca’* from the cytosol in exchange for Na*at a ratio of 1:3. During a wave, Ca** efflux via NCX
induces a net inward movement of positive ions which depolarizes the cell and causes a
‘triggered’ action potential if the action potential threshold is exceeded (Schlotthauer and Bers,
2000). Despite the high spontaneous wave frequency seen in vehide treated cells, the
proportion of cells displaying this triggered activity was low (~10%). Even so, flecainide
decreased the proportion of cells that exhibited rapid uniform Ca’* transients triggered by a
preceding wave. This is indicative of anti-arrhythmic behavior in the whole heart as triggered
ectopic beats and can induce severe arrhythmias including VF in CPVT patients (Nam et al.,

2005).

Flecainide did not decrease the probability of a wave occurring between field stimulated Ca**
transients. However, flecainide was highly effective at suppressing spontaneous Ca’* waves
that occurred after field stimulation at 1.5 or 2.5 Hz, at each subsequent time point. It may be
that this discrepancy in the effect of flecainide on wave frequency was due to differences in SR
Ca’* content. During pacing and in the presence of isoprenaline, SR Ca** content has previously
been reported to be maximal (Dibb et al., 2007). This high SR Ca®* content is likely to be similar
in the current experiments due to the high wave frequency apparent between, and
immediately prior to, paced Ca’* transients. However, Ca’* content was not directly measured
using caffeine puffs. Upon cessation of stimulation, wave frequency decreased in both control
and flecainide groups indicating a decrease in the average SR Ca’* content. Only under these
conditions did flecainide significantly decrease Ca** wave frequency indicating a potential
dependency upon [Ca’']. Suppression of Ca’* waves by flecainide has previously been
documented in CPVT mouse myocytes and in rat WT cells (Hwang et al., 2011a, Sikkel et al.,

2013), although the mechanism underlying this result is controversial. Sikkel et al. (2013)
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suggested that following brief (5 min) exposure to flecainide, inhibition of Iy,lowers cellular
[Na'] which in turn facilitates Na* influx and Ca** efflux via NCX. The resultant decrease in
cytosolic [Ca’*] may then reduce the probability of sparks forming waves (Sikkel et al., 2013).
This conclusion is at variance with a number of papers suggesting that flecainide can act
directly on RyR2 to disrupt Ca** waves by reducing spark mass in Casq2” myocytes and
reduding the probability of saltatory propagation of Ca** sparks across RyR2 clusters
(Watanabe and Knollmann, 2011, Hwang et al., 2011a, Watanabe et al., 2009, Hilliard et al.,
2010, Savio-Galimberti and Knollmann, 2015). In permeabilised cells where an effect on Na,1.5
is entirely absent, flecainide modified Ca’* sparks and waves (Savio-Galimberti and Knollmann,
2015). In addition, flecainide also inhibited isolated RyR2 channels incorporated into lipid
bilayers (Hwang et al.,, 2011a, Watanabe et al., 2009, Hilliard et al., 2010). In contrast,
experiments by Liu et al (2011) reported no change in Ca** spark, wave or DAD frequency upon
treatment with flecainide in permeabilised or intact R4496C*" myocytes. However, flecainide
did significantly decrease the occurrence of pathologically triggered action potentials (Liu et al.,
2011). This was reported to be due to flecainide’s use-dependent inhibition of Na,1.5 causing

an increased threshold fortriggered activity (Liu et al., 2011).

As recently discussed (Steele et al., 2013), it is possible that all effects of flecainide on Iy, and
RyR2 could occur under the appropriate conditions. It is certainly the case that Na,1.5
inhibition occurs and that this could lower intracellular [Na*] to decrease intracellular [Ca*] or
alter the action potential threshold (Sikkel et al., 2013, Liu et al., 2011, Belardinelli et al., 2013,
Nitta et al., 1992). Yet when directly compared against other clinical Na,1.5 inhibitors, only
flecainide (and to a lesser extent R-propafenone) was capable of inhibiting Ca** waves in
Casq2'/' myocytes, indicating an additional or alternative mechanism of action (Hwang et al,,
2011a). Given also that Sikkel et al. (2013) only exposed cells to flecainide for 5 minutes, an
RyR2 mediated effect would not be expected to occur as a necessary incubation period of 20-

30 min has been reported (Hwangetal., 2011b).

In the experiments presented in this chapter, WT rat myocytes were exposed to flecainide for
a prolonged period (>45 min). However, although there was a clear inhibitory effect on the
frequency of Ca’* waves post-pading, there were no consistent, significant effects on Ca** spark
properties. These data suggest that under these conditions in WT rat myocytes, there is no
effect on RyR2 and that the primary anti-arrhythmic action is most likely mediated via
inhibition of Na,1.5. However, depending on flecainide’s rate of entry, an incubation period for
45 min at room temperature may not allow sufficient access of flecainide to RyR2, located at

the SR membrane. To investigate this further, the protocol was modified and flecainide was
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incubated within cells for 2 hours, including 30 min at 37 °C to increase drug uptake into the
cells (Sugano et al., 2010). The overall effect of flecainide on wave frequency was very similar
between the two incubation protocols; flecainide significantly decreased wave frequency post-

pacingat each time pointandthere was no change in spark characteristics.

It is possible that the effect of flecainide on RyR2 and Ca’* sparks would be apparent when an
abnormal RyR2 Ca** leak is present, as occurs in CPVT (Savio-Galimberti and Knollmann, 2015).
Therefore, the effects of flecainide were investigated in the MCT rat model of right-sided heart
failure, which is known to display increased Ca’* leak (Fowler, 2015). When comparing MCT
and CON cells, Ca’* wave frequency post-padng and the proportion of cells displaying wave
triggered Ca”* transients was greater in MCT cells, potentially due to the increased Iy, reported
in MCT cardiomyocytes (Rocchetti et al., 2014). In the current experiments, spark
characteristics were unchanged between MCT and CON cells. However, when spark
parameters were directly investigated comparing sham and MCT animals in the absence of
isoprenaline, there was an ~85% increase in spark frequency in MCT cells (Fowler et al., In
preparation). Despite this, flecainide did not significantly affect spark characteristics in MCT

cells, indicatinga negligible effect of flecainide on RyR2 underthese conditions.

3.4.4 Conclusions and summary

The current data, reported in intact, WT cardiomyocytes, indicated that whilst flecainide had a
pronounced anti-arrhythmic effect on Ca** wave suppression, there was no clear evidence of
an effect on RyR2. Flecainide elicited no effect on Ca** sparks indicating that an effect on RyR2
was too small to detect under these conditions or absent completely in WT rat myocytes. Itis
possible that species differences could account for the difference in effect of flecainide seen in
mouse or rat. Additionally, a marked effect of flecainide on RyR2 might require the presence of
a CPVT mutation. Another possibility is that flecainide was unable to accumulate to a high
enough concentration within the cytosol to affect WT RyR2 with the experimental period. To
investigate these possibilities further, subsequent chapters will characterise the accumulation
and localization of cellular flecainide using a fluorescently tagged version of the drug (Chapter
4) and investigate the effects of flecainide on RyR2 in permeabilised rat myocytes (Chapters 5

and 6).
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Chapter 4: Flecainide-FITC accumulation within intact and

permeabilised ventricular myocytes

4.1 Introduction

Inhibition of Na,1.5 by flecainide has been widely characterised in cardiomyocytes and
cultured cell lines (lkeda et al., 1985, Belardinelli et al., 2013, Wang et al., 2003, Ramos and
O'Leary, 2004). Na,1.5 is incorporated into the sarcolemma and spans the depth of the cell
lipid bilayer to form an intemal agueous channel pore (Rook et al., 2012). Whilst inhibition of
Na,1.5 by flecainide has been reported to occur via external cell application only (Nitta et al.,
1992), flecainide’s actual binding site is believed to be situated at the cytoplasmic side of the
Na,1.5 channel pore (Ramos and O'Leary, 2004). Access to the binding site may be facilitated
by channel opening, which allows the entry and movement of flecainide along the aqueous
pathway (Ramos and O'Leary, 2004). While it is currently unknown whether flecainide can
enter the cytosol via this pathway, approximately 1% of flecainide is in its neutral form at
physiological pH will slowly permeate the cell membrane (Liu et al., 2003). Studies addressing
the effects of flecainide on the K"human Ether-a-go-go (hERG) current, have also suggested

that the OCTN1 transporter may contribute to flecainide uptake (McBride et al., 2009).

An interaction of flecainide with RyR2 has recently been described (Hilliard et al., 2010,
Watanabe et al., 2009, Hwang et al., 2011a). As RyR2 is located at the dyadic junction on the
SR membrane (Jayasinghe et al., 2009) substantial cytosolic accumulation of the drug must
precede any observed effect. Consistent with this, an initial study addressing the effects of
flecainide on RyR2 in myocytes from CPVT mice concluded that at least 15-30 min pre-
incubation with flecainide was required for effects on RyR2 to be observed (Hwang et al.,,

2011b).

The requirement for cellular accumulation might explain the reported absence of RyR2
mediated effects in WT cardiomyocytes exposed to flecainide for only 5 min (Sikkel et al.,
2013). However in the present study on WT rat myocytes, RyR2 mediated effects were not
apparent despite exposure to relatively high levels of the drug (15 uM) for a minimum of 45
min (Chapter 3). A possible explanation for this is that despite the prolonged incubation period,
flecainide might not have permeated the sarcolemma and accumulated sufficiently to
modulate the WT RyR2. While previous studies have provided evidence of marked flecainide
concentration in the heart (Latini et al., 1987, Mishima et al., 1999), the magnitude of this
effectand the subcellularlocalisation of the drug remain uncertain.
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In this chapter, the time scale, mechanism and extent of flecainide accumulation within intact
WT cardiomyocytes was investigated using a fluorescent bioconjugate of flecainide and
fluorescein isothiocyanate (flecainide-FITC). Additionally, the subcellular localisation of

flecainide was studied by exposing permeabilised myocytes to flecainide-FITC.
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4.2 Methods

4.2.1 Intact myocyte imaging protocol

Rat ventricular cardiomyocytes were isolated via retrograde perfusion and enzymatic digestion
on a Langendorff apparatus (Chapter 2.2). The isolation solution, in which isolated cells were
stored, was then switched to Tyrode’s solution (1.8 mM Ca’*) containing 6 or 25 puM flecainide-
FITC. Cells were placed immediatelyin the experimental chamber on the microscope stage and
left for 1 min to settle onto the glass cover slip. 4-6 cells were imaged in XY scanning mode at a
scanning speed of 188 Ips and a final resolution of 1280 pixels x 1024 lines (103 x 82 pm).
Cardiomyocytes were incubated with either 6 or 25 uM flecainide-FITC. Flecainide-FITC was
applied to cells at a concentration of 6 pM to ensure consistency with initial studies
investigating the effect of flecainide on RyR2 (Sikkel et al. 2013, Hilliard et al. 2011). This
concentration of flecainide has been detected at peak plasma levels (Mano et al., 2015, 3M,
2016). Increasing the concentration of flecainide-FITC to 25 uM was done to investigate if the
rate of flecainide-FITC uptake into the cell and sub-cellular compartments was concentration
dependent. Cells incubated in 6 uM flecainide-FITC were scanned at 0.2% of the maximum
laser power (20 mW). Cells which were incubated at 25 puM flecainide-FITC were scanned at
0.1% maximum laser scanning power to avoid signal saturation. Laser power was minimised
and each cell was scanned once to avoid bleaching of the FITC signal. Flecainide-FITC was
excted with the 488 nm line of a diode laser and fluorescence was measured at 520-540 nm.
Cells were XY scanned every 20 min for a total of 180 min. These experiments were repeated
with 6 or 25 uM FITC. Cimetidine (100 puM) or its vehicle (DMSO; 0.001%) was added to the
solutions to investigate the possible role of the OCTN1 transporter on flecainide-FITC uptake

(McBride et al., 2009). Cimetidine was solubilised on the day of the experiment.

4.2.2 Saponin and Triton X-100 permeabilised myocyte imaging protocol

Isolated myocytes were permeabilised using saponin or Triton X-100 as detailed in Chapters
2.5.1 and 2.5.2 and were left to settle on the coverslip base of the experimental chamber. XY
scans of cells under control conditions were obtained during perfusion with an intracellular
solution (146 nMfree Ca’*; Table 2.3 and 2.4). Repeat XY scans of cells were recorded at 5, 20,
40, 60 and 120 sec after perfusion with intracellular solution containing 6 or 25 uM flecainide-
FITC. In washout experiments, saponin permeabilised cells were loaded with 6 or 25 uM

flecainide-FITC for 2 min within the experimental chamber. Perfusion solution was switched
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back to the control solution for 2 min to remove extracellular drug from within the cytosol. The
solution was switched again to intracellular solution containing the mitochondrial uncoupler,
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP; 30 uM) or vehide for 10 min.
XY scans were recorded 5 and 30 sec after the second solution change and then every minute
thereafter. Cardiomyocytes were repeatedly scanned during this protocol, however laser
intensity was maintained at <0.2% of the maximum laser power (20 mW) to minimise signal

bleaching.

In washout experiments involving brief treatment with Triton X-100, permeabilised cells were
exposed to 6 or 25 uM flecainide-FITC for 2 min within the experimental chamber. The
perfusion solution was then switched to either the control intracellular solution or an
intracellular solution containing 100 uM flecainide for 7 min. Thereafter, different cells were
XY scanned for a further 5 min. Perfusion was maintained at 0.7 ml/min and all experiments

were doneat 22 +2 °C.

4.2.3 Flecainide-FITC effects on Na,1.5

Isolated, intact myocytes were patch damped using whole cell configuration of the patch-
clamp technique in voltage-damp mode. Cells were continually perfused (3-5 ml/min) with
extracellular electrophysiological solution (Chapter 2, Table 4). Patch pipettes had resistances
of 3-6 MQ and were filled with intracellular electrophysiological solution (Chapter 2, Table 2.6).
Ina was evoked by a 200 ms step from -80mV to -30 mV every 10 sec, peak amplitude was
measured under control conditions and then in the presence of 10, 30 and 100 uM flecainide-

FITCat22 +1°C.

4.2.4 Analysis and statistics

XY scans were viewed and analysed using ImageJ software. Cells were outlined using the
Polygon Tool and the mean cell fluorescence (F) measured. A representative region of
extracellular fluorescence (F.) was also selected and measured, ensuring other cells or debris
were not included within the visual field. The final cell fluorescence was calculated as F/F,, i.e.
the intracellular fluorescence relative to the extracellular fluorescence. In all recorded groups,
differences in uptake rate during the incubation and scan time were apparent. For this reason

a Boltzmann Curve ratherthan alinearfit was applied to the data points.
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Two tailed unpaired and paired Student’s t-tests were used where appropriate to test for
differences in intact cell fluorescence or nuclei cell fluorescence at two time points. A two way
ANOVA was used to test for differences between control and cimetidine groups at different
time points. Two way repeated measures ANOVA was used to test for differences between
FCCP washout and the vehicle time control at different time points. Two tailed unpaired
Student’s t-test was used to test for differences between control and flecainide washout
groups in experiments in which cells were permeabilised with Triton X-100. Tests which
analysed more than two groups used a Holm-Sidak multiple comparisons procedure to isolate

significantly different time points. Significance was considered when p <0.05.
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4.3 Results

4.3.1 Flecainide-FITC accumulation withinintact myocytes

Experiments to investigate the rate of flecainide-FITC entry into intact WT rat ventricular
myocytes were performed. Figure 4.1 A shows cardiomyocytes at control (CON) and after, 60,
120 and 180 min incubation with 6 uM flecainide-FITC. On average, 6 uM flecainide-FITC
accumulated within intact cardiomyocytes at a rate of 1.65 F/F./hour within the first hour
(Figure 4.1 B, solid). This accumulation rate slowed to 0.73 F/F./hour in the third hour and
there was a 4.3 fold increase in cell fluorescence over 180 min (0.81 + 0.04 F/F. to 3.48 + 0.42
F/F.; p < 0.001; Figure 4.1 C; n = 7-12 cells at each time point). Compared with whole cell
fluorescence, flecainide-FITC increased in the nudeoplasm at a slower rate; 0.70 F/F./hour in
the first hour and 0.38 F/F./hour in the third hour (Figure 4.1 B, dashed). There was a 2.76 fold
increase in nuclear fluorescence over 180 min (0.71+ 0.03to 1.96 +0.28 F/F.; p < 0.001; Figure
4.1 C). At 0 and 180 min, whole cell fluorescence was significantly greater than nuclei

fluorescence(p < 0.001; Figure 4.1 C; n =7-12 cells at each time point).

Qualitatively similar results were obtained in cells incubated with 25 uM flecainide-FITC (Figure
4.2 A). Flecainide-FITC accumulated in cells at a rate of 3.59 F/F./hour and 1.02 F/F./hour in
the first and third hour respectively (Figure 4.2 B, solid; n = 9-15 cells). These rates of
accumulation were 2.18 and 1.40 fold greater than the accumulation rate at 6 uM flecainide-
FITC respectively. Accumulation of 25 uM flecainide-FITC into the nucleoplasm was 1.87
F/F./hour and 0.51 F/F./hour in the first and third hour respectively (Figure 4.2 B, dashed; n =
9-11 cells at each time point). The rate of nuclear accumulation was 2.67 and 1.34 fold greater
at 25 uM than 6 uM flecainide-FITC. At 180 min, there was a 9.83 fold increase in whole cell
fluorescence (0.71 £ 0.05 F/F. to 6.98 + 0.55 F/F,; p < 0.001; Figure 4.2 C) and a 6.84 fold
increase in nuclear fluorescence (0.57 + 0.03 F/F. to 3.97 + 0.58 F/F,; p < 0.001; Figure 4.2 C)
relative to control values at 0 min. At 0 and 180 min, whole cell fluorescence was significantly

greater than the nuclear fluorescence (p < 0.001; Figure 4.2 C; n = 9-11 cells at each time point).

It has been suggested that the uptake of flecainide may be facilitated by the OCTN1
transporter (McBride et al., 2009). Flecainide-FITC uptake rate was therefore measured in the
presence of flecainide-FITC (F-F) or with the added presence of the OCTN1 inhibitor, cimetidine
(F-F+CIM) over 3 hours (Figure 4.3 A) (Yang et al., 2010). Following the introduction of 6 uM
flecainide-FITC, cimetidine had no effect on cell or nudlear fluorescence at any time point (p >

0.05; Figure 4.3 B; n = 8-15 cells at each time point). At 25 uM flecainide-FITC (Figure 4.4 A)
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there was a significant difference between cimetidine and control groups for whole cell (p <
0.01) and nuclei fluorescence (p < 0.05; Figure 4.4 B; n = 7-15 cells at each time point).
However, a significant decrease in fluorescence with cimetidine was only apparent at 80 min
(whole cell and nuclei) and 160 min (whole cell only) when the Holm-Sidak post hoc test was

applied.

4.3.2 FITC entry into intact cardiomyocytes

Entry of FITC into the intact cell was also investigated to consider the cell permeability
properties of FITC, in the absence of bioconjugation with flecainide. In these experiments, FITC
entry into intact cells was investigated using 6 and 25 uM FITC. Cell fluorescence increased
during 180 min incubation of FITC with intact cardiomyocytes (Figure 4.5 A). However, FITC
fluorescence was significantly lower at each time point between 60 and 180 min compared
with flecainide-FITC fluorescence at both 6 and 25 uM (p < 0.001; Figure 4.5 B and C; n = 7-12
cells at each time point). This difference continued as a strong trend at time points prior to 60
min (p > 0.05). These results were mirrored in the uptake rate of 6 uM FITC. In the first and
third hours of 6 uM FITC uptake, the rates were 1.06 F/F./hour and 0.47 F/F./hour respectively,
which were considerably slower than those previously quoted for flecainide-FITC (Figure 4.5 B).
The same is true for 25 uM FITC whereby the uptake rate was 2.67 F/F./hour in the first hour
and 1.02 F/F./hour in the third hour (Figure 4.5 C). Although the pattern produced by
unconjugated FITC was qualitatively similar to that produced by flecainide-FITC, it should be
noted that the level of contaminating free FITC present in the flecainide-FITC drug sample was

essentially undetectableinthe analysis provided by the company (Severn-Biotech, 2016).
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Figure 4.1: Slow accumulation of 6 uM flecainide-FITC within intact cardiomyocytes

A) Representative XY scans of cells at control and after, 60, 120 and 180 min incubation
with 6 uM flecainide-FITC. B) Change in whole cell fluorescence (CELL) and nucleoplasmic
fluorescence (NUC) over 180 min. Grey dotted lines represent 90% of the upper asymptote
of the Boltzman fitted curve. C) Differences in CELL and NUC fluorescence within control
groups and after 180 min incubation with flecainide-FITC. Two-tailed paired or unpaired
Student’s t-test where appropriate. *** = p < 0.001. n = 7-12 (3) at each time point. n =
CELL 0= 7 (3); CELL 180 = 15 (3); NUC 0 =7 (2); NUC 180 = 11 (3).
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Figure 4.2: Slow accumulation of 25 uM flecainide-FITC within intact cardiomyocytes

A) Representative XY scans of cells at control and after, 60, 120 and 180 min incubation
with 25 uM flecainide-FITC. B Change in whole cell fluorescence (CELL) and nucleoplasmic
fluorescence (NUC) over 180 min. Grey dotted lines represent 90% of the upper asymptote
of the Boltzman fitted curve. C) Differences in CELL and NUC fluorescence within control
groups and after 180 min incubation with flecainide-FITC. Two-tailed paired or unpaired
Student’s t-test where appropriate. *** < 0.001. n = 7-12 (3) at each time point. n=CELL O
=9(3); CELL 180 =15 (3); NUC0=9 (3); NUC 180 = 11 (3).
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Figure 4.3: Accumulation of 6 uM fle cainide-FITC within intact cardiomyocytes with or without the
OCTN1 blocker cimetidine

A) Representative XY scans of cells at control and after 60, 120 and 180 min incubation with
6 uM flecainide-FITC with 100 uM cimetidine (F-F+CIM) or without (F-F). B) Change in
whole cell fluorescence (CELL; closed) and nucleoplasmic fluorescence (NUC; open, dashed)
over time in F-F (black) and F-F+CIM (red) groups. Two way ANOVA. n = CELL F-F =8 — 15
(3); CELLF-F +CIM = 10— 15 (3); NUCF-F =7 — 15 (3); NUC F-F+CIM=9 —15 (3).
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Figure 4.4: Accumulation of 25 pM flecainide-FITC within intact cardiomyocytes with or without
the OCTN1 blocker cimetidine

A) Representative XY scans of cells at control and after 60, 120 and 180 min incubation with
25 uM flecainide-FITC with 100 uM cimetidine (F-F+CIM) or without (F-F). B) Change in
whole cell fluorescence (CELL; closed) and nucleoplasmic fluorescence (NUC; open, dashed)
over time in F-F (black) and F-F+CIM (red) groups. Two way ANOVA + Holm-Sidak post hoc
test. *=p < 0.05. n = CELL F-F =9 — 16 (3); CELLF-F+CIM = 11 — 15 (3); NUC F-F = 9 — 14 (3);
NUC F-F+CIM =7 — 14 (3).
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Figure 4.5: 6 and 25 uM -FITC entry into cardiomyocytes

A) Representative XY scans of cells after 180 min incubation with either (top) 6 uM
flecainide-FITC (F-F) or -FITC; or (bottom) 25 uM F-F or —FITC. B) Changes in cell
fluorescence over 180 min with 6 uM F-F (black) or —FITC (blue). €) Changes in cell
fluorescence over 180 min with 25 uM F-F (black) or =FITC (blue). Two way ANOVA + Holm-
Sidak post hoc test. ** =p < 0.01; *** = p < 0.001. n = 6 uMF-F = 7-12 (3); 6 uM FITC = 8-10
(2); 25 pM F-F = 7-12 (3); 25 uM FITC = 8-10 (2) at each time point.
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4.3.3 Flecainide-FITC accumulation within saponin permeabilised myocytes

In the experiments shown in Figures 4.1 - 4.4, the drug fluorescence exhibited a pattern
consistent with mitochondrial accumulation (Boyman et al., 2014a, Swift and Sarvazyan, 2000).
Therefore, this was studied in more detail using cells permeabilised with saponin, where

flecainideshould have unrestricted access to the cytosol and organelles.

Following saponin treatment, flecainide-FITC (6 uM) rapidly concentrated into an intracellular
compartment. As in intact cells, the pattern was consistent with mitochondrial localisation
(Figure 4.6 A). Whole cell fluorescence approached 90% of the upper asymptote of the fitted
Boltzmann curve at 60.9 sec and the time to half maximal fluorescence was 18.7 sec (Figure
4.6 B, solid; n = 12 cells (CELL)). Flecainide-FITC accumulated more slowly in the nucleoplasm
than the whole cell and the time to half maximal fluorescence was at 45.5 sec (Figure 4.6 B,
dashed; n = 8 cells (NUC)). Flecainide-FITC fluorescence accumulated into the intracellular
compartment faster at 25 uM than at 6 uM (Figure 4.7 A). Whole cell fluorescence approached
90% of the upper asymptote of the Boltzmann curve at 6.5 sec and the time to half maximal
fluorescence was 4.5 sec (Figure 4.7 B, solid; n = 15 cells (CELL)). Again, nuclear fluorescence
increased more slowly than whole cell fluorescence, reaching 90% of the upper asymptote at
42.7 sec and the time to half maximal fluorescence was 12.7 sec (Figure 4.7 B, dashed; n = 11

cells(NUQ)).

To confirm mitochondrial localization, saponin permeabilised cells were exposed to flecainide-
FITC for 2 min until the block-like fluorescence was apparent. The solution was then replaced
with cytosolic solution which lacked flecainide-FITC (CON) in either the presence or absence of
the mitochondrial uncoupler FCCP (30 uM) (Figure 4.8 A). CON washout decreased the whole
cell fluorescence to 74.5% of the initial fluorescence value over 10 min, however cell
fluorescence decreased much more rapidly in the presence of FCCP (Figure 4.8 B; n = 5 cells
(FCCP)): 10 min of FCCP washout rapidly decreased whole cell fluorescence to 17.0% of the
initial fluorescence value. The time to half maximum fluorescence was 25.2 sec (Figure 4.8 B,
blue; n = 4 cells (CON)). All fluorescent values between the FCCP and control groups were
significantly different except at 0 (p < 0.001; Figure 4.8 B). Figure 4.9 A shows saponin
permeabilised cells loaded with 25 uM flecainide-FITC before and during washout with CON or
FCCP. After loading with 25 uM flecainide-FITC, washout under CON conditions decreased the
whole cell fluorescence to 53.4% of the initial fluorescence value and the time to half minimal
fluorescence was 3.3 sec (Figure 4.9 B, black; n = 5 cells (CON)). FCCP washout rapidly

decreased whole cell fluorescence after cell loading at 25 puM. Whole cell fluorescence was
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decreased to 25.1% of the initial fluorescence value after 10 min and the time to half minimal
fluorescence was 21.0 sec (Figure 4.9 B, blue; n = 5 cells (FCCP)). All fluorescence values
between the FCCP and CON groups were significantly differentexcept at 0 (p < 0.01; Figure 4.9
B).
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Figure 4.6: Accumulation of 6 uM flecainide-FITC (F-F) within intracellular organelles of saponin
permeabilised cardiomyocytes

A) Representative XY scans of cells at control and after 20, 60 and 120 sec of perfusion with
6 uM flecainide-FITC. B) Mean increase in total cell fluorescence (CELL; closed) and
nucleoplasmic fluorescence (NUC; open, dashed) in the presence of 6 UM flecainide-FITC
over 120 sec. Grey dotted lines represent 90% of the upper asymptote of the Boltzman

fitted curve. Grey filled lines represent 50% of the upper asymptote. n = CELL = 12 (5); NUC
=8(4).
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Figure 4.7: Accumulation of 25 puM flecainide-FITC (F-F) within intracellular organelles of saponin
permeabilised cardiomyocytes

A) Representative XY scans of cells at control and after 20, 60 and 120 sec of perfusion with
25 uM flecainide-FITC. B) Mean increase in total cell fluorescence (CELL; closed) and
nucleoplasmic fluorescence (NUC; open, dashed) in the presence of 25 uM F-F over 120 sec.
Grey dotted lines represent 90% of the upper asymptote of the Boltzman fitted curve. Grey
filled lines represent 50% of the upperasymptote. n=CELL = 15 (4); NUC = 11 (4).
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Figure 4.8: Accumulation of 6 pM flecainide-FITC (F-F) within intracellular organelles of saponin
permeabilised cardiomyocytes was disrupted by FCCP
A) Representative XY scans of cells after 2 min of loading with flecainide-FITC, then 30 sec, 2

min and 5 min after perfusion with 30 uM FCCP (FCCP) or without (CON). B) Mean change
in flecainide-FITC loaded whole cell fluorescence in FCCP (blue) and CON (black) groups.
Grey dotted lines represent 90% of the lower asymptote of the Boltzman fitted curve. Grey
filled lines represent 50% of the lower asymptote. Two way repeated measures ANOVA +
Holm-Sidak post hoctest. *** = p <0.001. n=CON =5 (3), FCCP =4 (3).
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Figure 4.9: Accumulation of 25 uM fle cainide-FITC (F-F) within intracellular organelles of saponin
permeabilised cardiomyocytes was disrupted by FCCP

A) Representative XY scans of cells after 2 min of loading with flecainide-FITC, then 40 sec, 2
min and 5 min after washout with 30 uM FCCP (FCCP) or without (CON). B) Mean change in
flecainide-FITC loaded whole cell fluorescence in FCCP (blue) and CON (black) groups. Grey
dotted lines represent 90% of the lower asymptote of the Boltzman fitted curve. Grey filled
lines represent 50% of the lower asymptote. Two way repeated measures ANOVA + Holm-
Sidak post hoctest. ** = p<0.01. n =CON=5(3),FCCP=5 (3).
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4.3.4 Flecainide-FITCin Triton X-100 permeabilised myocytes

The experiments with FCCP strongly suggest that flecainide-FITC accumulates within the
mitochondria. However, a faint mitochondrial pattern was still typically present after FCCP
treatment, suggesting that some flecainide-FITC remained within the mitochondria. This
residual mitochondrial signal might obscure flecainide binding to other cellular structures.
Therefore, cells were exposed to Triton X-100, a non-ionic detergent, which non-selectively

disrupts all cellularmembranes (Solaroetal., 1971).

Exposure of Triton X-100 treated myocytes to 6 uM flecainide-FITC resulted in rapid diffuse
staining coupled with faint transverse striations (Figure 4.10 A and B). In myocytes loaded with
6 uM flecainide-FITC, whole cell fluorescence neared 90% of the upper asymptote of the fitted
Boltzmann curve at 13.5 sec and the time to half maximal fluorescence was 4.2 sec (Figure
4.10 C; n = 7 cells). Similarly at 25 uM flecainide-FITC, diffuse staining coupled with faint
transverse striations was apparent (Figure 4.11 A and B). Whole cell fluorescence reached 90%
of the upper asymptote of the fitted Boltzmann curve at 9.8 sec and the time to half maximum
fluorescence was 3.0 sec (Figure 4.11 C; n = 10 cells). Upon cytosolic washout of 6 UM
flecainide-FITC, transverse striations of altemating high and low fluorescent peaks were
apparent (Figure 4.12 A). Under these conditions, transverse striations in cells initially loaded
with 6 uM flecainide-FITC were distanced 1.91 £ 0.02 um and 1.92 £ 0.02 um apart in high and

low fluorescent peaks respectively.

Intracellular solution containing a high concentration of non-fluorescent flecainide was applied
to Triton X-100 permeabilised cells as a washout solution to investigate if flecainide-FITC could
be competitively displaced. In these experiments, the distances between transverse striations
was similar (high, 1.93 £ 0.02 um and low, 1.94 £ 0.01 um; p > 0.05; Figure 4.11 B). The peak to
trough ratio of the high fluorescent peaks in control washout cells was 1.88 + 0.04 (Figure 4.12
C; n =21 cells (CON)). This was significantly decreased to 1.75 £ 0.05 in cells washed out in the
presence of 100 uM flecainide (p < 0.05; Figure 4.12 C, red; n = 26 cells (FLEC)). A similar trend
was seen in the peak to trough ratio of the low fluorescent peaks (CON, 1.36 + 0.02 vs FLEC,

1.31 + 0.02) although this did not reach statistical significance (p =0.07; Figure 4.12 C, grey).

Upon cytosolic washout of 25 uM flecainide-FITC, transverse striations of alternating high and

low fluorescent peaks were apparent (Figure 4.13 A). All transverse striations were distanced ~

1.91 um apart (Figure 4.13 B, from left to right; 1.89 + 0.02 um; 1.91 £0.03 um; 1.91+ 0.02 um;

1.92 + 0.02 um). There was no change between CON and FLEC wash out groups when

comparing the peak to trough ratios (1.80 + 0.05 um and 1.77 £ 0.07 um respectively; p >0.05;
138



Figure 4.13 C, red). There was also no significant change in low fluorescent peak to trough ratio
between control and flecainide groups (1.37 + 0.04 and 1.34 + 0.05 respectively; p > 0.05;

Figure 4.13 C, grey; n =12 cells forboth groups).

4.3.5 Effect of flecainide-FITC on cardiac Na* current

In intact cells, 20 uM flecainide blocked the peak Na* current by 71.7 % after 12 min incubation
at 22.0 + 2 °C (Figure 3.23). However, flecainide-FITC showed little block of the peak Na*
current at 10 or 30 uM (Figure 4.14 A-C; n = 2 cells). After 5 min incubation with 100 uM

flecainide-FITCthere wasa~18 % decrease in the percent of the peak amplitude.
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Figure 4.10: Fluorescence pattern of 6 puM flecainide-FITC within Triton-X 100 permeabilised
cardiomyocytes

A) Representative XY scans of cells at control and after 5 and 120 sec perfusion with 6 uM
flecainide-FITC. B) Close up cell section after 120 sec perfusion with flecainide-FITC and
fluorescence trace showing transverse striations. C) Mean change in whole cell fluorescence
inthe presence of F-Fover 120 sec.n =7 (3).
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Figure 4.11: Fluorescence pattern of 25 pM flecainide-FITC within Triton-X 100 permeabilised
cardiomyocytes

A) Representative XY scans of cells at control and after 5 and 120 sec perfusion with 25 pM
flecainide-FITC. B) Close up cell section after 120 sec perfusion with flecainide-FITC and
fluorescence trace showing transverse striations. C) Mean change in cell fluorescence in the
presence of flecainide-FITCover 120 sec. n = 10 (4).
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Figure 4.12: Transverse striations visible after 6 uM FITC-flecainide washout with or without 100
1M non-fluorescent flecainide in Triton-X 100 permeabilised cardiomyocytes

A) Representative XY scans and close up sections with fluorescent traces in cells after 7 min
washout with 100 uM flecainide (FLEC) or without (CON). B) Mean distance between
altemate high (HIGH; red triangle) and low (LOW; black triangle) fluorescent peaks in CON
and FLEC groups. €C) Mean peak/trough fluorescence ratio for HIGH and LOW peaks in CON
and FLEC groups. Two-tailed unpaired Student’s t-test. * =p <0.05. n =CON = 21 (3); FLEC =
26 (3).
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Figure 4.13: Transverse striations visible in Triton-X 100 permeabilised cardiomyocytes after 25 uM
flecainide-FITC washout with or without 100 pM non-fluorescent flecainide

A) Representative XY scans and dose up sections with fluorescent traces from cells after 7
min washout with 100 puM non-fluorescent flecainide (FLEC) or without (CON). B) Mean
distance between alternate high (HIGH; red triangle) and low (LOW; black triangle)
fluorescent peaks in CON and FLEC groups. €) Mean peak/trough fluorescence ratio for
HIGH and LOW peaks in CON and FLEC groups. Two-tailed unpaired Student's t-test. n =
CON=12(2); FLEC=12 (2).
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Figure 4.14: Flecainide-FITC block of the cardiac Na’ current using patch clamp recording

A) Representative recordings of the peak Na' current at control (black) and with 10 uM
(red), 30 uM (blue) and 100 puM (dashed black) flecainide-FITC. B) Percentage peak
amplitude of the cardiac Na* current upon application of flecainide-FITC. C) Mean data of

peak amplitude with flecainide-FITC at 30 uM. n = 2 (1). Patch clamp recordings by Dr Moza
Al Owais.
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4.4 Discussion

4.4.1 Flecainide-FITC entry into intact cardiomyocytes

In this chapter flecainide-FITC was used to model flecainide entry into intact myocytes. This
allowed inferences to be made about the rate and mechanism of flecainide entry, as well as
intracellular binding and localization. During cell incubation with flecainide-FITC, cell
fluorescence increased over a period of hours, indicating slow flecainide-FITC accumulation
into intact cells. The slow accumulation of flecainide is consistent with previous reports that a
pre-incubation period of at least 15-30 min is required to observe effects on RyR2 in intact
cardiomyocytes isolated from CPVT mice (Hwang et al., 2011b). However, a number of factors
including the cellular distribution of flecainide make quantitative conclusions about the

concentration of flecainide within the cytosol more difficult.

Movement of flecainide across the cell lipid bilayer will occur via passive diffusion and possibly
carrier-mediated transport (Pazdernik and Kerecsen, 2007, Sugano et al.,, 2010). Passive
diffusion of flecainide into the intact cell will occur even though flecainide is ionised at a ratio
of 99:1 at physiological pH (7.4) (Liu et al., 2003). lonised drugs do not readily cross the lipid
bilayer. However the lipophilic, neutral proportion of flecainide can move into the cytosol
before equilibrating back to its 99:1 charged and uncharged forms, thereby accumulating
within the cytosol (Pazdernik and Kerecsen, 2007, Liu et al., 2003). Interestingly, it has been
reported that trifluoromethyl groups (-CF;) such as those incorporated into flecainide’s
structure (Figure 4.15 A, purple), could increase molecule lipophilicity, thereby increasing

passive diffusion of flecainide (Lerouxet al., 2008).

The effects of cimetidine suggest that OCTN1 may partially facilitate flecainide-FITC entry into
the cell at 25 uM, but not at 6 uM, possibly indicating a low affinity of OCTN1 for flecainide-
FITC under these conditions (McBride et al., 2009, Yabuuchi et al., 1998, Yang et al., 2010).
Flecainide cell entry via OCTN1 was reported at 4 uM in Chinese Hamster Ovary (CHO) cells
(McBride et al., 2009) although this discrepancy may be due to differences in cell types or
possible differences in the affinity of OCTN1 for flecainide and flecainide-FITC. OCTN1 uptake
of flecainide was reported to be temperature dependent and showed an increased uptake rate
at 37 °C compared with experiments performed at room temperature (~22 °C) (McBride et al.,
2009). Interestingly, in healthy subjects dosed with flecainide and cmetidine, flecainide
plasma levels were increased by ~30% compared with flecainide dosing alone, indicating
inhibition of flecainide uptake into organs (BNM-Group, 2013). As clinical administration of

flecainide would occur at 37 °C, the proportional effect of OCTN1 may be greater under these
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conditions and the relative block by cimetidine, would be greater. The relative lack of effect of
cimetidine on flecainide-FITC suggests little effect of OCTN1 under these conditions and that

passive diffusion predominantly explains flecainide entry.

All intact cells loaded with flecainide-FITC showed bright, longitudinal “block-like” staining
indicative of mitochondrial accumulation (Swift and Sarvazyan, 2000, Boyman et al., 2014a)
and the effect of FCCP confirmed this conclusion. The dominance of the flecainide-FITC
fluorescence in the mitochondria and the fact that the fluorescence ultimately reached several
times that of the drug in the external solution hindered estimation of the cytosolic drug

concentration.

In 78.3% of cells, at least one nudeus could be identified and nucleoplasmic fluorescence was
analysed separately. The inner and outer nuclear envelope contains nuclear pore complexes
which allow the free passage of water soluble molecules < 5000 Da in size (Horowitz, 1972,
Bustamante et al., 2000). This should allow flecainide-FITC free passage into the nudeus and
provide an estimate of cytosolic flecainide-FITC fluorescence. Flecainide-FITC in the nudei did
not reach the same maximum levels of fluorescence as that measured in the whole cell,
indicating a lower concentration of flecainide-FITC within the nuclei compared with the
mitochondria at both 6 and 25 uM extracellular flecainide-FITC. Assuming that the drug
concentration is the same in the nudeus and the cytosol, it might be possible to use the
nucleoplasmic signal as a proxy for cytosolic flecainide-FITC fluorescence. Interestingly, nuclear
fluorescence values >1 F/F. were apparent after 20 min incubation with both flecainide-FITC
concentrations, which might suggest that cytosolic as well as mitochondrial accumulation to
levels above that present outside the cell. However, FITC fluorescence is likely to be influenced
by binding to proteins within each compartment (Thomas et al., 2000). Consequently, a
guantitative conclusion about the level of flecainide-FITC within the cytosol is not possible

without calibration of the signal.

The acid dissociation constant (pK,) of a drug and the environmental pH determine the degree
of drug ionisation and therefore influence the primary mechanism of transport across
biological membranes. The pK, of flecainide-FITC at physiological pH is currently unknown and
therefore it is difficult to interpret if flecainide-FITC movement is truly representative of
flecainide. However as detailed above, our data correspond with previous reports of slow
flecainide entry and intracellular accumulation (Hwang et al., 2011b), indicating that our

extrapolation may be valid.
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These experiments suggest that RyR2 mediated effects of flecainide cannot be investigated in
intact cardiomyocytes without a prolonged (>20 min) incubation period. This is to ensure that
flecainide can cross the lipid bilayer to reach its intracellular target. Therefore, experiments
with a 5 min incubation period could not have expected to see any changes in RyR2 function
(Sikkel et al., 2013). In contrast, when the incubation period was increased in CPVT models,
RyR2 mediated effects were present (Hilliard et al., 2010, Hwang et al., 2011b). However, as
this incubation time scale was not appropriate in WT myocytes (Chapter 3) longer incubation
period may be required in WT cells to allow further accumulation of flecainide, if the affinity of
WT RyR2 for flecainide were decreased. Additionally, drug accumulation into the mitochondria
may delay the rise in cytosolic drug content, as is clear when measuring nudeic fluorescence.
In which case, equilibrium between the mitochondria and cytosol may be necessary before
flecainide functionally affects RyR2. It must also be considered that flecainide may accumulate

into the mitochondria and thereby preclude cytosolicaccumulation (Chapter 7).

4.4.2 Flecainide-FITC within permeabilised cardiomyocytes

In saponin permeabilised cells the lipid bilayer is disrupted at cholesterol rich lipid raft regions
allowing equilibration of the external solution with the intracellular environment (Shany et al.,
1974, Goldenthal et al., 1985, Saka et al., 2014). In permeabilised cells the pattern of flecainide
fluorescence was similar to that in intact cells and the effects of FCCP confirmed mitochondrial
localization. FCCP strongly depolarises the mitochondrial membrane potential by creating
proton selective pores which dissipate the proton gradient (Park et al., 2002). These
experiments also suggest that mitochondrial concentration of the drug is reliant upon the
negative mitochondrial membrane potential. This is consistent with reports from other
cationic drugs such as amiodarone, which also accumulate within the mitochondria (Moreau et

al., 1999, Szewczyk and Wojtczak, 2002).

The rate of flecainide-FITC movement across the mitochondrial membrane was an order of
magnitude greater than across the sarcolemma. Entry through the outer mitochondrial
membrane would likely be unimpeded due to the presence of porins or voltage dependent
anion channels (VDAC) which allow the free passage of molecules up to 5000 Da into the
perimitochondrial space (Colombini, 1979, Alberts et al., 2008). However, the mechanism of
entry of flecainide-FITC across the inner mitochondrial membrane is currently unclear as this
membrane is reported to be impermeable to the majority of solutes (Fontanesi, 2015).
Mitochondria are polarised so that the interior matrix is more negatively charged than the
surrounding cytosol giving rise to an electrochemical gradient which ionized flecainide-FITC

and flecainide could move down (Perry et al., 2011, Pourahmad et al., 2015). The time to 50%
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of the maximal fluorescence was 4.2 times faster at 25 uM flecainide-FITC than at 6 uM.
Considering that the concentration of 25 uM flecainide-FITC is 4.2 times greater than at 6 uM,
a linear relationship between uptake rate and drug concentration could be assumed, indicative
of passive uptake (Sugano et al., 2010). However, if active transport of flecainide-FITC had not
yet reached transporter saturation then a similar relationship may be present (Sugano et al.,
2010). The inner mitochondrial membrane is reported to have a 3:1 ratio of protein to lipids
with many enzymes and transporters present which are necessary for the electron transfer
chain (Fontanesi, 2015). Subfamilies of transporters within the Mitochondrial Carrier Family
(MCF) facilitate the transport of a variety of highly specific substrates across the inner
mitochondrial membrane (Palmieri and Pierri, 2010). Flecainide-FITC may be able to utilise one
of these mitochondrial transporters to gain access to the mitochondrial matrix, however, a

specifictarget has not beenidentified.

After two of minutes loading with either 6 or 25 uM flecainide-FITC, the cell fluorescence
signal was close to, but not at, the saturation point of the detection system (6 UM = 182 + 7.96
F; 25 uM = 128.45 + 12.10 F; maximum = 255 F). This indicates that the fluorescence plateau
seen at ~120 and ~10 sec for 6 and 25 uM flecainide-FITC respectively was not limited by the
maximum signal intensity able to be obtained by the microscope and attached PMT. Therefore,
it can be hypothesised that after this fluorescence plateau has been reached, flecainide-FITC
could form a dynamic equilibration between the mitochondria and remaining cytosol. Indeed,
during washout of flecainide-FITC in saponin permeabilised cells, a decrease in cell signal was
apparent over 10 min indicating flecainide-FITC efflux from the mitochondria (Figure 4.7 and

4.8).

To investigate flecainide-FITC cell localisation without the dominant mitochondrial signal, cells
were permeabilised with Triton X-100 before exposure to flecainide-FITC (Willingham, 2010).
Prior to flecainide-FITC washout, faint transverse striations were apparent amongst the diffuse
and presumably non-specific whole cell staining. Following loss of this background staining
during flecainide-FITC washout, transverse striations were clearly observed indicating
flecainide-FITC bound to subcellular structures. Binding of 6 uM flecainide-FITC to these
transverse structures could be competitively displaced by 100 pM flecainide. Competitive
displacement of 25 uM flecainide-FITC was not apparent, likely due to the relative decrease in
flecainide competition. However, this is compelling evidence for a true binding site of both
flecainide and flecainide-FITC, although itis not clear exactly what the binding site is. Both high
and low fluorescent peaks were spaced ~1.90 um apart which is somewhat higher than

reported sarcolemmal lengths of between 1.70 — 1.80 um (Jayasinghe et al., 2009, Bub et al.,
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2010) but is consistent with sarcomere lengths measured by colleagues from within the same
laboratory (Fowler, 2015). Flecainide has previously been reported to bind to RyR2, which is
aligned transversely at the dyadic junctions (Hwang et al.,, 2011a, Hilliard et al., 2010,
Jayasinghe et al., 2009, Hiess et al., 2015), and Na,1.5, aligned transversely within t-tubule
membranes (Wang et al., 2003, Mohler et al., 2004). However, to confirm flecainide-FITC
binding to these structures and remove the possibility of non-specific binding (e.g. desmin)
(Robinson et al., 2016), co-localisation immunocytochemistry experiments combining

flecainide-FITCwith specificRyR2and Na,1.5 fluorescent antibody staining would be required.

4.4.3 Flecainide-FITC properties

Flecainide-FITC is a novel tool from which valuable information about flecainide’s entry and
location within intact and permeabilised myocytes could be extrapolated. However, it was
observed in preliminary electrophysiological data that flecainide-FITC only shows minor
inhibition of the cardiac Iy, at 100 uM, whereas flecainide had a pronounced effect at 20 uM.
This indicates that the FITC moiety may interfere with flecainide’s active site, required for
binding to Na,1.5 (Wang et al., 2003). The decrease in Iy, peak amplitude at 100 uM may be
indicative of flecainide-FITC inhibition of other Na® channel isoforms (Westenbroek et al.,
2013). The exact binding site of FITC to flecainide remains undisdosed by the manufacturer,
but it is known that FITC reacts via itsisothiocyanato group (Figure 4.15 B, dotted rectangle) to
bind with an amine group (Severn-Biotech, 2016). Flecainide has two secondary amine groups
(Figure 4.15 A, yellow circles) located at the piperidine ring (Figure 4.15 A, dotted circe) and
the benzamide ring (Figure 4.15 A, dotted rectangle). Both the piperidine and benzamide
groups have been implicated as active drug sites which can inhibit the hERG or K,11.1
potassium channel (Melgari et al., 2015a). It is therefore possible that either of these sites
could also act as the active site for Na,1.5 and that FITC binding prevents the binding and
functional inhibition of Na,1.5. Alternatively, the amine groups located at the piperidine and
benzamide rings may not be the flecainide binding sites for Na,1.5, but instead project out into
the channel pore to repel positive ions, as is reported to be the case in the K,2.1 channel
(Madeja et al., 2010). If the transverse striations seen in Figure 4.11 and 4.12 were found to
co-localise with Na,1.5, this may explain a loss of flecainide functionality in Na,1.5 block,
without a loss of Na,1.5 binding. Despite this ambiguity, these potential binding or blocking
sites could not be avoided when attaching —FITC or another fluorescent tag. Interestingly, a
primary amine group located away from the benzene-like ring structure of another flecainide-
like antiarrhythmic drug, propafenone, could provide a suitable conjugation site (Figure 4.15C,

rectangle) (Savio-Galimberti and Knollmann, 2011, Boyle, 2016).
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Figure 4.15: Molecular drug structures
A) Flecainide, with piperidine ring (circle) and bezamide ring (rectangle) emphasised; B)

FITC with isothiocyanato group (rectangle) emphasised; and C) propafenone with propyl
(rectangle) and carbonyl (circle) groups emphasised. Yellow circles highlight amine groups
present in flecainide and propafenone structures. Purple circles highlight trifluoromethyl
groups present in the flecainide structure. Structure images taken from

http://pubchem.ncbi.nlm.nih.gov.
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However, if this amine group also projects into the Na,1.5 pore to block it, similar problems

may arise (Madejaetal., 2010).

Another caveat of FITC is that whilst it was reported to be impermeable to intact cells, a small
increase in FITC fluorescence over time has been reported in intact cardiomyocytes (Pan et al.,
2014). Unlike at 25 uM FITC, the fluorescence values at 6 uM FITC had not plateaued by 3
hours indicating further uptake was possible. However the uptake rates of flecainide-FITC and
FITC were significantly different at both concentrations. It is unknown exactly if or how the
FITC tag could aid or hinder flecainide-FITC entry. However due to significant differences in
FITC and flecainide-FITC uptake it seems likely that the results observed with flecainide-FITC
can be extrapolated to further understand flecainide cell kinetics. Investigating the cellular
uptake of FITC conjugated dextran (10 kDa) would control for the possibility of cell
permeabilisation with time (Seidel et al., 2017). It is important to note that the level of
contaminating free FITC present in the flecainide-FITC drug sample was essentially

undetectableinthe analysis provided by the company (Severn-Biotech, 2016).

4.4.4 Conclusions and summary

In this chapter, flecainide-FITC was used as a tool to obtain information about the rate of
flecainide cell entry and subcellular localization. Based on these novel data, it seems likely that
flecainide is capable of entering and accumulating within the intact cardiomyocyte over a
period of hours. Entry into the myocyte is likely due to passive diffusion of the neutral portion
of the drug. Additionally at higher concentrations, flecainide uptake is partially facilitated by
active transport via the OCTN1 transporter. Once within the cell, flecainide accumulation into
the mitochondria is fast and dependent upon a negative mitochondrial matrix. Additional
binding to transversely orientated structures, possibly Na,1.5 and/or RyR2, was also apparent
although super resolution immunofluorescence microscopy experiments would be required to

confirmthis.

These findings and the data from Chapter 3 suggest that cell experiments with flecainide
require long incubation periods to ensure flecainide has crossed the lipid bilayer barrier and
equilibrium between the mitochondria and the cytosol has been reached. In primary
cardiomyocytes, extended drug incubation periods are impractical due to limited cell viability.
Additionally, cultured cells show t-tubular loss, making them inappropriate to investigate small
changes in Ca’* release after incubation with flecainide (Pavlovic et al., 2010) To ensure near

immediate application of flecainide to intracellular proteins, saponin permeabilised cells will
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henceforth be used to study the effect of flecainide on RyR2. As cell permeabilisation also
removes the membrane potential across the cell lipid bilayer, voltage-gated Na,1.5 are

rendered functionless and any effect of flecainide cannot be attributed toits Na,1.5 inhibition.
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Chapter 5: The effect of flecainide on Ca’* handling in

permeabilised ventricular myocytes

5.1 Introduction

There is a clear action of flecainide on Ca** sparks and pro-arrhythmic Ca** waves in CPVT
intact myocytes (Hilliard et al., 2010). However, a similar action on sparks in WT ventricular
intact rat myocytes could not be reproduced (Chapter 3) (Sikkel et al., 2013). This might have
been due to the short (5 min) incubation time used by Sikkel et al. (2013) as flecainide is
mostly charged at physiological pH (Liu et al., 2003) thereby markedly slowing its rate of entry
into myocytes (Hwang et al., 2011b, Sikkel et al., 2013). However, even a prolonged incubation
period (45-120 min) with flecainide (15 pM) had no effect on Ca** spark propertiesin intact WT
rat ventricular myocytes (Chapter 3). This might be explained if flecainide has no effect on
RyR2 in WT rat cardiomyocytes (Sikkel et al., 2013). Alternatively, flecainide concentration
within the cytosol may not be high enough to have a major effect on WT RyR2, even after 2

hours.

XY imaging of intact WT ventricular myocytes after application of flecainide-FITC confirmed the
slow trans-sarcolemmal drug entry (Chapter 4). Rather than a simple equilibration between
the extracellular solution and the cytosol, flecainide-FITC markedly accumulated into the
mitochondria. This may partly explain previous reports in which flecainide accumulates within
cardiac tissues (Latini et al., 1987, Mishima et al.,, 1999). Mitochondrial accumulation of
flecainide is likely due to the large electronegative potential across the inner mitochondria
membrane and a similar effect has been reported with other cationic drugs, such as
amiodarone (Moreau et al., 1999, Westenbroek et al., 2013). By a similar argument, the
cytosolic level of flecainide might eventually exceed that outside the cell, as flecainide moves
into the negative cytosol (relative to the extracellular matrix) and particularly if an equilibrium
between the mitochondria and cytosol is reached. However, given the dominant flecainide-
FITC signal in the mitochondria, the experiments described in Chapter 4 did not establish the
cytosolic flecainide concentration in intact cells with certainty. In the clinical setting, where
regular and long-term dosing is usual, slow trans-sarcolemmal movement of a drug may be
unimportant. Yet as evidenced by results presented in Chapter 5 and by Sikkel et al. (2013),

this posesa problem experimentally.
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One way in which the uncertainty regarding the cytosolic concentration of flecainide could be
addressed is via selective permeabilisation of the sarcolemma. Saponin disrupts the
sarcolemmal cholesterol rich lipid raft regions, whilst the SR membrane and its associated
proteins remain in situ and functional (Shany et al., 1974, Goldenthal et al., 1985, Saka et al.,
2014, Lukyanenko and Gyorke, 1999). Without a barrier to diffusion, the concentration of
flecainide in the space proximal to RyR2 should be equivalent to the surrounding solution,
despite persistent mitochondrial accumulation. Additionally, Na,1.5 is rendered functionless.
Thus, changes in Ca’* wave and spark release properties likely reflect an action of flecainide on
intracellular proteins, including RyR2. One disadvantage of the saponin pemeabilised cell
model is that molecules up to 800 kDa in size can diffuse out of the cell (Hudder et al., 2003).
This likely includes cytosolic modulators such as CaM (16.7 kDa). SR Ca’" release has been
reported to be altered due to lack of CaM-RyR2 binding (Yang et al., 2014, Xu et al., 2010)

whichin turn may alterthe action of flecainide upon RyR2 (Gomez-Hurtado et al., 2015).

In this chapter, the sustained effect of flecainide on Ca’" waves, sparks and SR content was
investigated in saponin permeabilised WT rat ventricular myocytes. The possible dependence
of flecainide’s effect on CaM will also be investigated via restoration of physiological CaM

concentration.
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5.2 Methods

5.2.1 Permeabilised myocyte imaging protocol

Rat ventricular cardiomyocytes were isolated via retrograde perfusion and enzymatic digestion
on a Langendorff apparatus (Chapter 2.2). Cells were saponin permeabilised for 15 min at
room temperature (22 + 2 °C) with 0.01% saponin in permeabilisation solution (Table 2.3).
Cells were placed in the experimental chamber on the stage of a Nikon Diaphot inverted
microscope and viewed with a x40 oil immersion lens (Nikon Plan Fluor DLL, numerical
aperture 1.3). A confocal laser-scanning unit (Bio-Rad, Cellmap) was attached to the side port
of the microscope. Cells were left for 2 min to settle onto the glass cover slip of the
experimental chamber and perfusion of control intracellular solution began. The control
intracellular solution also contained 10 pM fluo 3 in its free acid form when imaging waves and

15 pMfluo 3 inits free acid form when imaging sparks.

Intracellular solution contained 146 nM free Ca®* (LOW [Ca®*]) or 286 nM free Ca** (HIGH [Ca’"])
and both solutions contained 0.1 mM EGTA (Table 2.4). Experiments investigating SR Ca**
content used intracellular solution containing HIGH [Ca®*]. An identical solution except for the
addition of 20 mM caffeine was briefly applied to the cells to induce SR Ca** release. In
experimental protocols which precluded Ca** waves, the intracellular solutions were strongly
buffered with 0.35 mM EGTA and contained 139 nM free Ca’* (0 waves; Table 2.4). All free
[Ca®*] were calculated using REACT software and assumed 10 uM Ca’* contamination and a
temperature of 22 °C (Table 2.4) (Orchard et al., 1998, Duncan et al., 1999). The intracellular
solutions were freshly prepared on each experimental day and split into control and flecainide

solutions to eliminate any differences in [fluo-3] and [Ca**] differences.

Two scanning protocols were used. The first protocol measured changes in Ca** wave or spark
properties during 3 min perfusion with flecainide in either HIGH [Ca®'], LOW [Ca®*] or in
solution that preduded the presence of waves (0 waves). In this protocol, cells were
continually scanned. Cells were perfused with control intracellular solution for 3 min before
solution was switched to 25 uM flecainide or vehide (0.001% ethanol) intracellular solution for
4 min (Table 2.3). In the permeabilised cell model, flecainide was used at a concentration 5x
greater than that recorded during peak plasma levels (Mano et al., 2015, 3M, 2016). This was
to mimic the accumulation of the drug into the cytosol and subcellular compartments, as
reported in Chapter 4. Images were acquired in line scan mode at 188 lIps, along the
longitudinal axis of the cell for 4 min and 45 sec. The first 45 sec of each line scan was under

control conditions and the remaining scan period was in the presence of flecainide orvehicle.
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The second protocol measured changes in Ca®* wave properties during 6 min perfusion with
flecainide in HIGH [Ca®]. Images were acquired for 30 sec at 60 sec intervals. This protocol
aimed to investigate long term changes in SR Ca’* release, whilst minimising the total laser
exposure time. Cells were perfused with control intracellular solution for 3 min before
introduction of flecainide or vehicle for 6 min. Images were acquired in line scan mode at 188
Ips, along the longitudinal axis of the cell. The first line scan imaged the cell under control
conditions. The 5 subsequent line scans imaged the cell at 1-5 min after flecainide perfusion

had begun.

A higher concentration of flecainide (25 pM) was used in experiments involving permeabilised
myocytes. In previous pilot experiments, 25 uM flecainide was found to be the minimum
concentration required to affect SR Ca’* release (Steele and Yang, 2017). Peak levels of
flecainide in the plasma are reported to be much lower (~5 uM) however accumulation of
flecainide within the myocyte may occur (Chapter 4) (Latini et al., 1987, Mishima et al., 1999,
Mano et al., 2015, 3M, 2016).

5.2.2 Application of exogenous CaM

To investigate the effect of CaM on Ca’" wave properties, 100 nM exogenous CaM (Sigma,
bovine brain) was applied to permeabilised myocytes to mimic the physiological level of
cytosolic CaM (Wu and Bers, 2007, Gomez-Hurtado et al., 2015, Oo et al., 2015, Maier et al.,
2006). Cells were placed in the experimental chamber and perfused with control intracellular
solution (HIGH [Ca*]) or an identical solution containing 100 nM CaM for 2 min. Cells were line

scanned for 30 secat 188 Ips, alongthe longitudinal axis of the cell.

To investigate the effects of flecainide on Ca’* wave properties in the presence of 100 nM
exogenous CaM, cells were placed in the experimental chamber and perfused with CaM
intracellular solution for 2 min. The cell was initially line scanned for 30 sec under CaM control
conditions. Solution was then switched to CaM intracellular solution containing 25 pM

flecainideorvehicle and the cell was line scanned for 30 sec at 60 sec intervals for 6 min.

5.2.3 Semi-quantification of CaM in intact and permeabilised ventricular myocytes

Rat ventricular myocytes were isolated via retrograde perfusion and enzymatic digestion on a

Langendorff apparatus. All isolated cells were pooled and split into 3 experimental groups.
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Cells within group 1 (INTACT) were incubated for 15 min at 22 + 2 °C in intracellular solution.
Cells within group 2 (PERM) were saponin permeabilised (Chapter 2.5.1) for 15 min with 0.01%
saponin at 22 + 2 °C. Cells within group 3 (PERM + 15) were saponin permeabilised (15 min,
0.01%, at 22 + 2 °C) and remained in intracellular solution for a further 15 min post-

permeabilisation.

Samples were re-suspended in 2 ml of homogenisation buffer (Table 2.5) and the protein
concentration for each sample was calculated using a BCA assay (Chapter 2.8.2). Equal
volumes of protein were loaded into a 12% acrylamide gel and a constant voltage of 50 V was
applied for the initial 30 min of protein separation by electrophoresis. Thereafter a constant
voltage of 120V was applied until the 10 kDa MW ladder size ran off the gel (Chapter 2.8.3). All
protein was transferred from the acrylamide gel to an activated PVDF membrane via semi-dry
transfer (Chapter 2.8.4). Thereafter the membrane was blocked with blocking buffer (Table 2.5)
to prevent non-spedific antibody binding. Membranes were incubated with rabbit monoconal
anti-CaM primary antibody or mouse monodonal anti-B-actin primary antibody each diluted to
1:1000 in blocking buffer, overnight at 4 °C. Excess primary antibody was then washed away
with washing buffer (Table 2.5) and the membrane was incubated with anti-rabbit or anti-
mouse (as appropriate) secondary antibody conjugated to HRP diluted to 1:15,000 in washing
buffer for 90 min at 22 + 2 °C. Excess secondary antibody was washed away with washing
buffer and antibody bound proteins were visualised using an ECL kit and a digital membrane

imaging system (G:BOX Genesys, Syngene, UK; Chapter 2.8.5).

5.2.4 Analysis

The time between each Ca** wave was measured using the Imagel Line Profile Tool. The
number of waves were then presented as a frequency (waves/min). Analysis of Ca’* wave peak
amplitude, upstroke rate, duration from the peak to 90% of the Ca** decline and Ca** decline
time constant was semi-automated as previously described (Chapter 2.7.2) (Benson, 2016).
Analysis of Ca’* wave propagation velocity was semi-automated as previously described
(Chapter 2.7.3) (Sikora, 2016). Partial waves which propagated <50% of the recorded cell width
were not induded in the analysis. Ca’* sparks were analysed using the Sparkmaster ImageJ
plugin (Chapter 2.7.4) (Pichtet al., 2007). Ca”** sparks were measured at HIGH [Ca®*], LOW [Ca®*]
and in high EGTA conditions where waves were absent (0 waves). In the presence of Ca®*
waves, line scans were cropped into 15 x 1 sec segments, 15 sec prior to a Ca™* wave.

Segments that induded a wave or were 1 sec post wave were notincluded in the final analysis.
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In the absence of waves, line scans were cropped into 15 x 1 sec consecutive segments within
20 sec of the start of the line scan to ensure comparable cell laser exposure. To investigate
changes in Ca** sparks upon application of flecainide, the intracellular solution, which
precluded wave formation (0 waves) was used. Ca** sparks were analysed under control

conditions and after 20, 40, 60 and 180 secafterthe solution switch.

5.2.5 Statistics

Two independent groups were statistically analysed with an unpaired two tailed Student’s t-
test. Three or more independent groups were statistically analysed with a one way ANOVA and
a Holm-Sidak post hoc test to determine which groups were significantly different. Changes in
wave parameters at control and after 3 or 5 min perfusion with experimental solution were
displayed as absolute values in a bar graph, in the presence or absence of flecainide. Two
tailed paired Student’s t-tests were used to test for differences within each group at these two
time points. Differences between the absolute values at the control time point were compared
between each group using a two tailed unpaired Student’s t-test. For each cell scanned, the
change in wave properties, as a function of time was also presented as a percentage of control.
The differences between control and flecainide groups were compared using a two way
repeated measures ANOVA. If a significant difference was identified between the groups, a
Holm-Sidak multiple comparisons post-hoc test isolated the time points at which the groups
were significantly different from one another. Histograms were produced using GraphPad
Software. A Gaussian curve was fitted to each dataset and the r’> goodness of fit was
consistently calculated at >0.82. Where the r’goodness of fit was <0.90, a Lorentzian curve
was also applied, although there was no difference in statistical outcomes between different
curve fittings. An extra sum of squares F test was applied to each histogram to test the
difference between distributions at control and after perfusion with experimental solution.
Statistical analysis was performed using SigmaStat or GraphPad and significance was

considered when p<0.05. All data were displayed as mean £ SEM.
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5.3 Results

5.3.1 The effect of [Ca%*] on permeabilised myocyte Ca?* release

Figure 5.1 A shows representative line scans and fluorescence profiles of saponin
permeabilised cells which spontaneously and periodically produced Ca’* waves when perfused
with intracellular solution containing LOW or HIGH [Ca**]. Individual Ca®* waves at each [Ca*’]
are shown in Figure 5.1 B. The wave front was highlighted as a red angled line across the
length of the cell and depicted wave propagation velocity. At HIGH [Ca®*], Ca** wave frequency
was 3.3 fold greater than that at LOW [Ca®] (p < 0.001; Figure 5.1 C). There was no significant
difference in propagation velocity between groups (p > 0.05; Figure 5.1 D; n = 31 cells for both
groups). Representative line scans and fluorescence profiles of individual Ca’* waves were
shown in Figure 5.2 A. Wave amplitude significantly decreased at HIGH [Ca®'] compared with
LOW [Ca’"] (4.20 + 0.18 vs 3.30 + 0.12 AF/F,; p < 0.001; Figure 5.2 B). Similarly wave upstroke
rate was significantly decreased at HIGH [Ca®*] (0.050 + 0.003 vs 0.037 + 0.002 (AF/Fo)/ms; p <
0.01; Figure 5.2 C). Free [Ca™"] increased wave duration from the peak to 90% of the Ca**
decline (511.5 + 27.1 ms vs 611.2 + 37.8 ms; p < 0.05; Figure 5.2 D) but the Ca** dedine time
constant was not affected by HIGH or LOW [Ca®"] (p > 0.05; Figure 5.2 E; n = 31 cells for both

groups).

Sparks (red triangles) were imaged in line scan mode and were present in all cells (Figure 5.3 A).
Changes in spark frequency, 15 sec prior to a wave or in a time matched section (0 waves), are
shown in Figure 5.3 A and the mean values shown in Figure 5.3 B. In cells with O waves, spark
frequency was unchanged through time (Figure 5.3 B). In cells with waves, spark frequency
increased exponentially and spark frequency increased at a greater rate in cells perfused with
HIGH [Ca*] than in cells perfused with LOW [Ca*"] (Figure 5.3 B). The threshold spark
frequency immediately prior to a wave release was reached at 4.99 + 0.47 sparks/100 um/sec
and 4.73 + 0.35 sparks/100 um/sec for LOW [Ca*'] and HIGH [Ca’"] respectively. These values
were significantly greater than the time matched spark frequency in cells without waves (p <
0.01 (vs. LOW [Ca™"]); and p < 0.05 (vs HIGH [Ca®"]); Figure 5.3 C; n = 20 cells (O waves); n = 20
cells (LOW [Ca®"]); and n =24 cells (HIGH [Ca®*])). The proportion of cells analysed at each time
point, was displayed in Figure 5.3 D as sparks could not be analysed in the presence of a

preceding wave.

159



Low

HIGH

50 ium

1sec

o
O

14- . . 160
12] g 140 1
g 10 ? & 120
$ S 3 100!
S £ 81 s 2
32 6l s E 80
= = = SAN)
= 24 o 204
0 0
LOW HIGH LOW HIGH
Free [Ca®’] Free [Ca®’]

Figure 5.1: The effect of free [Caz+] on wave frequency and propagation velocity
A) Representative line scans and fluorescence profiles of waves at 145 nM free [Ca*] (LOW)

and 282 nM free [Ca**] (HIGH) B) Representative line scans of waves and their measured
wave propagation velocity at LOW and HIGH free [Ca®*]. The red line represents the wave
front as identified by the analysis tool. €) Differences between LOW and HIGH free [Ca*] in
wave frequency and D) wave propagation velocity. Unpaired two tailed Student’s t-test. ***
= p <0.001; n=LOW [Ca*] =31 (8); HIGH [Ca’"] = 31 (8).
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Figure 5.2: The effect of free [Caz+] on wave properties

A) Representative line scans and fluorescence profiles of waves at 145 nM free [Ca*] (LOW)
and 282 nM free [Ca”] (HIGH) B) Differences between LOW and HIGH free [Ca**] in B) peak
amplitude, C) upstroke rate, D) Ca’* decline time constant and E) wave duration from wave
peak to 90% of the Ca’* decline. Unpaired two tailed Student’s t-test. ** = p < 0.01; *** =p
<0.001. n = LOW [Ca’"] =31 (8); HIGH [Ca**] = 31 (8).
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Figure 5.3: The effect of intracellular [Ca2+] and ca** buffering on spark properties
A) Representative line scans in the absence of waves (0 Waves; 139 nM free Ca®"), at LOW

[Ca®] (146 nM free Ca’*) and at HIGH [Ca’'] (286 nM free Ca’*). Sparks identified by red
triangles. B) Changes in spark frequency under each experimental condition. C) Spark
frequency immediately prior to a wave or in a time matched section of cells with no waves.
D) The percentage of cells analysed at each time point. Cells were not scanned during a
wave or 1 sec post-wave. ANOVA + Holm-Sidak post hoc test. * = p < 0.05; ** = p < 0.01;
*%% = n < 0.001. n = 0 Waves = 20 (3); LOW = 20 (6); HIGH = 24 (6).
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Figure 5.4: The effect of intracellular [Caz+] and Ca>* buffering on spark properties

A) Representative line scans in the absence of waves (0 Waves; 139 nM free Ca**), at LOW
[Ca’*] (146 nM free Ca’*) and at HIGH [Ca’'] (286 nM free Ca’"). Sparks were identified and
numbered by Sparkmaster (Picht et al. 2009). B) Rate of change of spark dimensions (L) and
spark dimensions immediately prior to a wave or in a time matched control in cells with no
waves (R) for spark amplitude €) FWHM and D) FDHM. ANOVA + Holm-Sidak post hoc test.
* =p<0.05; *** = p < 0.001. n=0 Waves =20 (3); LOW = 20 (6); HIGH = 24 (6).
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Representative sparks released from the SR immediately prior to a Ca’" wave or in a time
matched line scan section lacking waves (0 waves) were identified by Sparkmaster and are
shown in Figure 5.4 A. In the absence of waves, spark properties were unchanged as a function
of time in cells without waves (Figure 5.4 B-D). Spark amplitude linearly increased as a function
of time in cells at a rate of 0.019 (AF/F,)/sec and 0.022 (AF/F,)/sec for LOW and HIGH [Ca*']
respectively (Figure 5.4 B (L)). There were no significant differences between groups
immediately prior to a wave (p > 0.05; Figure 5.4 B (R)). FWHM increased linearly at a rate of
0.035 um/sec and 0.060 pm/sec for LOW and HIGH [Ca’‘] respectively (Figure 5.4 C (L)).
Immediately prior to a wave, spark FWHM was significantly greater in cells at LOW [Ca®*] (3.46
+0.09 um) and HIGH [Ca®*] (3.37 + 0.10 um) than in cells with 0 waves (3.03 + 0.16 um; p <
0.05; Figure 5.4 C (R)). FDHM increased linearly at a rate of 0.60 ms/sec and 1.53 ms/sec for
LOW and HIGH [Ca®'] respectively (Figure 5.4 D (L)). Immediately prior to a wave, spark FDHM
was significantly greater in cells at LOW [Ca®*] (46.6 + 2.61 ms) and HIGH [Ca**] (45.0 + 1.36 ms)
than in cells with O waves (35.2 £ 1.87 ms; p < 0.001; Figure 5.4 D (R); n =20 cells (O waves); n =
20 cells (LOW [Ca*); and n = 24 cells (HIGH [Ca*)).

5.3.2 The effect of flecainide on Ca®* waves

Figure 5.5 A shows representative line scan images and fluorescence profiles from cells
perfused with LOW [Ca®*] intracellular solution at control (CON) and after 3 min perfusion with
vehicle (VEH; 5x 10 “ % ethanol) or 25 uM flecainide (FLEC) (scanning protocol 1). In LOW [Ca®"]
solution, there was a significant decrease in wave frequency within both VEH (p < 0.01) and
FLEC groups (p < 0.001; Figure 5.5 B) after 3 min. When calculated as a percentage change,
FLEC significantly decreased wave frequency by 12.7 + 3.45% in comparison to VEH after 3 min
perfusion (p < 0.01; Figure 5.5 C). Wave propagation velocity was unchanged as a function of
time in both VEH and FLEC groups (p > 0.05; Figure 5.5 D) and there were no differences
between VEH and FLEC groups (p > 0.05; Figure 5.5 E; n = 11 cells (VEH); and n = 23 cells
(FLEC)). Representative line scans and fluorescence profiles of individual waves at the control
timepoint (CON), and after perfusion with VEH or FLEC are shown in Figure 5.6 A. Peak
amplitude significantly decreased after 3 min perfusion with VEH (p < 0.001) or FLEC (p < 0.001;
Figure 5.6 B). Wave amplitude was significantly decreased by 13.9 * 4.21% in the VEH group
compared with FLEC after 3 min perfusion (p < 0.05; Figure 5.6 C). Wave upstroke rate
significantly decreased after 3 min perfusion with VEH (p <0.001) or FLEC (p < 0.001; Figure 5.6
D). However, there was no significant difference in upstroke rate between VEH and FLEC
groups at any time point (p > 0.05; Figure 5.6 E). Wave duration from the peak to 90% of the
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Ca”* decline was unchanged after 3 min perfusion with VEH or FLEC (p > 0.05; Figure 5.7 A) and
there were no differences between VEH and FLEC groups at any time points (p > 0.05; Figure
5.7 B). Ca** decline time constant was unchanged as a function of time in VEH and FLEC groups
(p >0.05; Figure 5.7 C) and again there were no differences between VEH and FLEC groups (p >
0.05; Figure 5.7 D; n = 11 cells (VEH); and n = 23 cells (FLEC)).

Figure 5.8 A shows representative line scans and fluorescence profiles of Ca®* waves from cells
perfused with a intracellular solution at HIGH [Ca®"] (scanning protocol 1). Images are shown at
CON and after 3 min perfusion with VEH or FLEC. Wave frequency significantly decreased after
3 min perfusion with VEH (p < 0.05) or FLEC (p < 0.001; Figure 5.8 B). FLEC significantly
decreased wave frequency by 9.5 £ 2.39% compared with VEH after 3 min perfusion (p < 0.05;
Figure 5.8 C). There were no significant changesin propagation velocity as a function of time in
either VEH or FLEC groups (p > 0.05; Figure 5.8 D) and FLEC did not alter propagation velocity
when compared with VEH (p > 0.05; Figure 5.8 E; n = 12 cells (VEH); and n = 24 cells (FLEC)).
Figure 5.9 A shows representative line scans and fluorescence profiles of individual waves at
CON and after 3 min perfusion with VEH or FLEC. Peak amplitude significantly decreased after
3 min perfusion with VEH (p < 0.01) or FLEC (p < 0.001; Figure 5.9 B). FLEC did not significantly
alter wave peak amplitude compared to VEH at any time point (p > 0.05; Figure 5.9 C). Wave
upstroke rate significantly decreased after 3 min perfusion with VEH (p < 0.01) or FLEC (p <
0.001; Figure 5.9 D). Wave upstroke rate was significantly decreased by 13.7 + 3.20% in the
FLEC group compared with VEH after 3 min perfusion (p < 0.05; Figure 5.9 E). Wave duration
from wave peak to 90% of the Ca** decline was unchanged after 3 min perfusion with VEH (p >
0.05) or FLEC (p > 0.05; Figure 5.10 A) and there were no differences between VEH and FLEC
groups at any time points (p > 0.05; Figure 5.10 B). The Ca’" decline time constant was
unchanged after 3 min perfusion with VEH (p > 0.05), and significantly decreased with FLEC (p
< 0.05; Figure 5.10 C). Although FLEC did not significantly alter the Ca** decline time constant
at any time point when compared with VEH (p > 0.05; Figure 5.10 D; n =12 cells (VEH); and n =
24 cells (FLEC)).

The previous results described changes in SR Ca** wave release upon application of flecainide,
when cells were continually scanned over 3 min (scanning protocol 1). The protocol was
henceforth altered to investigate the longer-term (5 min) effect of flecainide on Ca** wave
release (scanning protocol 2). To limit the toxic effects of laser exposure, line scanning was
discontinuous and cells were scanned for 30 sec at 60 sec intervals (Chapter 5.2.1). Figure 5.11
A shows representative line scans and fluorescence profiles of waves from cells perfused with

intracellular solution at HIGH [Ca”*], at CON and after 5 min perfusion with VEH or FLEC. Wave
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frequency was unchanged after 5 min perfusion in the VEH group (p > 0.05), yet signifi cantly
decreased as a function of time in the FLEC group (11.01 £ 0.61 waves/min to 7.79 = 0.54
waves/min; p < 0.001; Figure 5.11 B). When compared with VEH, FLEC significantly decreased
wave frequency at each time point post-CON (p < 0.05) and decreased wave frequency by 22.7
+ 5.43% after 5 min perfusion (p < 0.01; Figure 5.11 C). Using this experimental protocol, the
effect of flecainide on Ca’*wave frequency after 3 min was greater than when cells were

continually scanned, as in the first protocol. The control response was also more stable.

Wave propagation velocity was not significantly changed after 5 min perfusion with either VEH
(p>0.05) or FLEC (p > 0.05; Figure 5.11 D) and there was no difference between VEH and FLEC
groups at any time point (p > 0.05; Figure 5.11 E; n = 10 cells (VEH); and n = 12 cells (FLEC)).
Figure 5.12 A shows representative line scans and fluorescence profiles of individual waves,
imaged at HIGH [Ca*], at CON and after 5 min perfusion with VEH or FLEC. Peak amplitude
significantly decreased after 5 min perfusion with VEH (p <0.001) or FLEC (p < 0.01; Figure 5.12
B). There was no significant difference between groups at any time point (p > 0.05; Figure 5.12
C). Wave upstroke rate was significantly decreased after 5 min perfusion with VEH (p < 0.001)
or FLEC (p < 0.001). Upstroke rate decreased significantly more with VEH than FLEC, 4 and 5
min after solutions were switched (p <0.05 and p < 0.001; Figure 5.12 E). Wave duration from
peak to 90% of the Ca** decline was unchanged after 5 min perfusion with either VEH or FLEC
(p >0.05; Figure 5.13 A) and there were no significant differences between groups at any time
points (p > 0.05; Figure 5.13 B). Similarly, Ca>* decline time constant was unchanged after 5
min perfusion with either VEH or FLEC (p > 0.05; Figure 5.13 C) and there were no significant
differences between groups at any time points (p > 0.05; Figure 5.13 D; n = 10 cells (VEH); and
n = 12 cells (FLEC)). To summarise, at both HIGH and LOW [Ca*'], flecainide decreased Ca’*

wave frequency by ~10% without a consistent effect on any other wave parameters.
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Figure 5.5: The effect of flecainide on wave frequency and propagation velocity over 3 min at LOW
free [Ca2+]

A) Representative line scans and fluorescence profiles of waves at control (CON) and after 3
min perfusion with vehide (VEH) or flecainide (FLEC) B) Wave frequency for VEH and FLEC
groups at CON and after 3 min perfusion. C) Percentage change in wave frequency in the
VEH and FLEC groups. D) Wave propagation velocity for VEH and FLEC groups at CON and
after 3 min perfusion. C) Percentage change in wave propagation velocity in the VEH and
FLEC groups. Paired or unpaired two tailed Student’s t-test; or two way repeated measures
ANOVA + Holm-Sidak post hoc test. ** = p < 0.01. *** = p < 0.001. n = VEH = 11 (6); FLEC =
23 (8).
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Figure 5.6: The effect of flecainide on wave amplitude and upstroke rate at LOW free [Ca2+]
A) Representative line scans and fluorescence profiles of waves at control (CON) and after

3 min perfusion with vehide (VEH) or flecainide (FLEC) B) Wave amplitude for VEH and
FLEC at CON and after 3 min perfusion. C) Percentage change in wave amplitude in the VEH
and FLEC groups. D) Wave upstroke rate for VEH and FLEC at CON and after 3 min
perfusion. E) Percentage change in wave upstroke rate in the VEH and FLEC groups. Paired
or unpaired two tailed Student’s t-test; or two way repeated measures ANOVA + Holm-
Sidak post hoctest. * =p <0.05; *** =p < 0.001. n=VEH =11 (6); FLEC =23 (8).
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;:(l:gg:]e 5.7: The effect of flecainide on wave duration and relaxation time constant at LOW free
a

A) Wave duration from peak to 90% of Ca’* wave decline forvehicle (VEH) and flecainide
(FLEC) treated groups at CON and after3 min perfusion. B) Percentage change in wave
duration from peak to 90% of Ca’* wave decline inthe VEH and FLEC groups. C) Ca**
decline time constant for VEH and FLEC groups at CON and after 3 min perfusion. D)
Percentage changein Ca’* decline time constantinthe VEHand FLEC groups. Paired or
unpaired twotailed Student's t-test; ortwo way repeated measures ANOVA +Holm-Sidak
post hoctest.n=VEH =11 (6); FLEC = 23 (8).
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Figure 5.8: The effect of flecainide on wave frequency over 3 min at HIGH free [Caz+]

A) Representative line scans and fluorescence profiles of waves at control (CON) and after 3
min perfusion with vehicle (VEH) or flecainide (FLEC) B) Wave frequency for VEH and FLEC
groups at CON and after 3 min perfusion. C) Percentage change in wave frequency in the
VEH and FLEC groups. D) Wave velocity for VEH and FLEC groups at CON and after 3 min
perfusion. C) Percentage change in wave velocity in the VEH and FLEC groups. Paired or
unpaired two tailed Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak
posthoc test. * = p <0.05; *** =p < 0.001. n=VEH =12 (6); FLEC =24 (8).
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Figure 5.9: The effect of flecainide on wave amplitude and upstroke rate at HIGH free [Ca2+]
A) Representative line scans and fluorescence profiles of waves at control (CON) and after 3

min perfusion with vehide (VEH) or flecainide (FLEC) B) Wave amplitude for VEH and FLEC
groups at CON and after 3 min perfusion. C) Percentage change in wave amplitude in the
VEH and FLEC groups. D) Wave upstroke rate for VEH and FLEC groups at CON and after 3
min perfusion. E) Percentage change in wave upstroke rate in the VEH and FLEC groups.
Paired or unpaired two tailed Student’s t-test; or two way repeated measures ANOVA +
Holm-Sidak post hoctest. ** = p < 0.01; *** = p< 0.001. n = VEH =12 (6); FLEC = 24 (8).
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Figure 5.10: Effect of flecainide on wave duration and relaxation time constant at HIGH free [Caz+]
A) Wave duration from peak to 90% of the wave dedine for vehide (VEH) and flecainide

(FLEC) treated groups at CON and after 3 min perfusion. B) Percentage change in wave
duration from peak to 90% of the wave dedline in the VEH and FLEC groups. €) Ca’* decline
time constant for VEH and FLEC groups at CON and after 3 min perfusion. D) Percentage
change in Ca’* decline time constant in the VEH and FLEC groups. Paired or unpaired two
tailed Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak post hoc test. *
= p <0.05. n = VEH = 12 (6); FLEC =24 (8).
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Figure 5.11: The effect of flecainide on wave frequency and propagation velocity over 5 min at
HIGH free [Caz+]

A) Representative line scans and fluorescence profiles of waves at control (CON) and after 5
min perfusion with vehide (VEH) or flecainide (FLEC) B) Wave frequency for VEH and FLEC
groups at CON and after 5 min perfusion. C) Percentage change in wave frequency in the
VEH and FLEC groups. D) Wave velocty for VEH and FLEC groups at CON and after 5 min
perfusion. C) Percentage change in wave velocity in the VEH and FLEC groups. Paired or
unpaired two tailed Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak
posthoctest. * = p <0.05; ** =p<0.01; *** = p <0.001. n=VEH =10 (4); FLEC= 12 (4).
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Figure 5.12: The effect of flecainide on wave peak amplitude and upstroke rate over 5 min at HIGH
free [Ca2+]

A) Representative line scans and fluorescence profiles of waves at control (CON) and after 5
min perfusion with vehide (VEH) or flecainide (FLEC) B) Peak amplitude for VEH and FLEC
groups at CON and after 5 min perfusion. €) Percentage change in peak amplitude for VEH
and FLEC groups. D) Upstroke rate for VEH and FLEC groups at CON and after 5 min
perfusion. E) Percentage change in upstroke rate for VEH and FLEC groups. Paired and
unpaired two tailed Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak
posthoctest. * = p <0.05; ** =p<0.01; *** = p <0.001. n=VEH =10 (4); FLEC= 12 (4).

174



>
w

+ % 700, S ~120-

© £ ®» 9

&g 0091 2 £ 100}———t——t——]
C (o] ]

5 5 500 § 2 8o

= S 400 a 9

S & 1 £ & 60

'8 3001 S g |

5 o ] ~ £ 40

B 6 200 S 5

L R ] = @ - VEH

> g . - 204

g § 100 €. —FLEC

; 0 0- CON 5 . CON 5 - -D 8 0 L) L} L} T T T
e min min )

VEH FLEC g5 CON O 1 2 3 4 3
= Time (min)

@)
O

g 300- = 120
c ]
73] 1 o o~ 1
S 200 S5 80
o =y
2 150] £ 3 601
= E S 1
2 100 £ §4o-_
8 50 S 20]
% O CON 5min CON 5 min 1“)’ 0- T j i " " T
o CON O 1 2 3 4 5
VEH FLEC Time (min)

Figure 5.13: The effect of flecainide on wave duration and relaxation constant over 5 min at HIGH
free [Ca2+]

A) Wave duration from peak to 90% of Ca>* wave decline for vehicle (VEH) and flecainide
(FLEC) treated groups at CON and after 5 min perfusion. B) Percentage change in wave
duration from peak to 90% of the Ca** wave decline for VEH and FLEC groups. C) Ca’*
decline time constant for VEH and FLEC at CON and after 5 min perfusion. D) Percentage
change in Ca** decline time constant for VEH and FLEC groups. Paired and unpaired two
tailed Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak post hoc test. n
= VEH = 10 (4); FLEC = 12 (4).
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5.3.3 The effect of flecainide on Ca?* sparks

Figure 5.14 A shows representative line scans of sparks identified by Sparkmaster at CON and
then after 40 sec or 3 min exposure to FLEC (Picht et al., 2007). In these experiments, spark
data were collected from permeabilised cells under conditions that precluded wave formation
(Owaves; Table 2.3). Spark frequency showed no significant change after 3 min perfusion with
VEH (p > 0.05) yet significantly increased with FLEC (p < 0.01; Figure 5.14 B). When VEH and
FLEC groups were compared at 3 min as a percentage change from control, there was a strong
trend (p = 0.053) for FLEC to increase in spark frequency (128.2 + 8.91%; Figure 5.14 C; n = 13
cells (VEH); and n = 31 cells (FLEC)). Spark amplitude distribution was unchanged after 3 min
perfusion with VEH (p > 0.05; Figure 5.15 A). Spark amplitude distribution was significantly
shifted to the left with FLEC (p < 0.001), indicating a decrease in mean spark amplitude after 3
min perfusion (Figure 5.15 B). As a percentage of CON, FLEC significantly decreased spark
amplitude by 8.70 + 2.54% compared with VEH at 3 min (p < 0.05; Figure 5.15 C; n = 13 cells
(VEH); and n = 31 cells (FLEC)). Spark FWHM distribution shifted to the left after 3 min
perfusion with VEH (p <0.001 Figure 5.16 A) or FLEC (p = 0.001; Figure 5.16 B). As a percentage
of CON, FLEC significantly decreased spark FWHM by 6.38 + 1.33% compared with VEH at 3
min (p < 0.05; Figure 5.16 C; n = 13 cells (VEH); and n = 31 cells (FLEC)). Spark FDHM
distribution was unchanged after 3 min perfusion with VEH (p >0.05; Figure 5.17 A) or FLEC (p >
0.05; Figure 5.17 B). There was no difference in FDHM between VEH and FLEC at any time
point (p> 0.05; Figure 5.17 C; n = 13 cells (VEH); and n =31 cells (FLEC)).

5.3.4 The effect of flecainide on Ca®* SR content

Figure 5.18 A shows representative line scans and fluorescence profiles of cells releasing
spontaneous Ca>* waves and a Ca’* transient in response to a rapid application of caffeine
(caffeine “puff”) applied close to the time point when a wave was expected to occur. Peak
amplitude of the Ca** transient significantly decreased after 5 min perfusion with VEH (3.15 +
0.08 AF/F; vs 1.95 % 0.07 AF/Fg; p > 0.001) or FLEC (2.99 + 0.12 AF/F, vs 2.04 £ 0.07 AF/Fy; p <
0.001; Figure 5.18B). When expressed as a percentage of CON for each cell, there was no
significant difference in transient peak amplitude between VEH and FLEC at any time point (p >
0.05; Figure 5.18 C). The upstroke rate of the Ca**transient significantly decreased after 5 min
perfusion with VEH (p < 0.01) or FLEC (p < 0.001; Figure 5.18 D). As a percentage of CON, there
was no significant difference in transient upstroke rate between VEH and FLEC at any time

point (p> 0.05; Figure 5.18 E; n = 7 cells (VEH); and n = 10 cells (FLEC)).
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5.3.5 The effect of calmodulin on permeabilised myocyte Ca?* release with and
without flecainide

Relative amounts of endogenous CaM were quantified in intact and in saponin permeabilised
ventricular myocytes using Western blotting. Figure 5.19 A shows a representative Western
blot probing for CaM (16.7 kDa) and the housekeeping protein B-actin (42 kDa). Immediately
after saponin permeabilisation, endogenous CaM decreased to 16.94 + 6.78% of that
measured in intact cells (p < 0.001; Figure 5.19 B). Incubation of the permeabilised cells for a
further 15 min (PERM+15) did not further decrease the protein signal (p > 0.05; Figure 5.19 B;

n = 4 hearts foreach group).

Figure 5.20 A shows line scans and fluorescence profiles of cells perfused under control (CON)
conditions or in the presence of exogenous CaM (100 nM; CaM). Perfusion of CaM significantly
increased wave frequency from 6.59 + 0.40 waves/min to 9.34 + 0.49 waves/min (p < 0.001;
Figure 5.20 B). Wave propagation velodty was unchanged (p > 0.05; Figure 5.20 C; n = 17
(CON); and n =20 (CaM)). Figure 5.21 A shows line scans and fluorescence profiles of individual
waves from cells perfused with CON or CaM. Wave amplitude significantly decreased in the
presence of exogenous CaM (3.18 + 0.09 AF/F, vs 2.77 + 0.08 AF/F,; p < 0.01; Figure 5.21 B).
CaM significantly increased wave upstroke rate from 0.033 + 0.002 (AF/F;)/ms to 0.038 + 0.001
(AF/Fo)/ms (p < 0.05; Figure 5.21 C). Wave duration from wave peak to 90% of the Ca’* decline
was significantly decreased with CaM (543.3 £ 27.8 ms to 402.1 + 14.7 ms; p < 0.001; Figure
5.21 D) and Ca** decline time constant was significantly decreased with CaM (238.7 £ 12.4 ms

to 175.8 £6.4 ms; p < 0.001; Figure 5.21 E; n =17 (CON); and n = 20 (CaM)).

Figure 5.22 A shows line scans and fluorescence profiles of waves from cells imaged under
control conditions (CON) and after 5 min perfusion with vehicle (VEH) or flecainide (FLEC). All
data were collected in the presence of 100 nM CaM. Wave frequency was unchanged after 5
min perfusion with VEH (p > 0.05) and there was a significant decrease in wave frequency with
FLEC (p < 0.001; Figure 5.22 B). FLEC significantly decreased wave frequency by 14.0 £ 2.28 %
compared with VEH after 6 min perfusion (p <0.01; Figure 5.22 C). A significant difference was
also apparent after 1, 3, and 4 min of perfusion (p <0.01) and similar trends were shown after
2 and 4 min perfusion (p =0.06 and p = 0.05 respectively; Figure 5.22 C). Wave propagation
velocity was unchanged after 5 min perfusion with VEH or FLEC (p > 0.05; Figure 5.22 D) and
there was no significant difference between groups within this parameter (p > 0.05; Figure
5.22 E; n = 9(VEH); and n =14 (FLEC)). Figure 5.23 A shows line scans and fluorescence profiles
of individual waves at CON and after 5 min perfusion with VEH or FLEC. Peak amplitude

significantly decreased after 5 min perfusion with VEH (p < 0.001) or CaM FLEC (p < 0.001;
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Figure 5.23 B). As a percentage of CON, there were no significant differences between groups
at any time point (p > 0.05; Figure 5.23 C). Wave upstroke rate significantly decreased after 5
min perfusion with VEH (p < 0.001) or FLEC (p < 0.001; Figure 5.23 D). As a percentage of CON,
there were no significant differences between groups at any time point (p > 0.05; Figure 5.23
E). Wave duration from the wave peak to 90% of the Ca** dedine was unchanged after 5 min
perfusion with VEH (p > 0.05) or FLEC (p > 0.05; Figure 5.24 A) and there were no significant
differences between groups at any time points (p > 0.05; Figure 5.24 B). The Ca’* decline time
constant of a wave was unchanged after 5 min perfusion with VEH (p > 0.05) and was
significantly increased with FLEC (p < 0.001; Figure 5.24 C). There were no significant
differences between groups at any time points within this parameter (p > 0.05; Figure 5.24 B; n
=9 (VEH); and n = 14 (FLEC)). When comparing the size of the effect of flecainide in either the

presence orabsence of CaM, the effect size was similar.
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Figure 5.14: The effect of flecainide on spark frequency over 3 min
A) Representative line scans of sparks identified by Sparkmaster at control (CON), after 40

sec and after 3 min of perfusion with flecainide (FLEC) B) Spark frequency for vehicle (VEH)
and FLEC treated groups at CON and after 3 min perfusion C) Percentage change in spark
frequency in VEH and FLEC groups. Two way repeated measures ANOVA + Holm-Sidak post
hoctest. ** = p < 0.01. n (cells)=VEH= 13 (6); FLEC = 31 (7).
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Figure 5.15: The effect of flecainide on spark amplitude over 3 min

A) Spread of individual spark data for spark amplitude in the vehicle (VEH) group at the
control time point (CON; black) and after 3 min perfusion (blue). B) Spread of individual
spark data for spark amplitude in the flecainide (FLEC) group at the control time point
(CON; black) and after 3 min (red). C) Percentage change in spark amplitude in VEH and
FLEC groups. Gaussian curve fit and extra sum of squares F test. Two way repeated
measures ANOVA + Holm-Sidak post hoc test.* = p < 0.05. n (cells) = CON =13 (6); FLEC =
31 (7). N (sparks) VEH = CON = 705 (6), 3 min = 1108 (6); FLEC = CON = 1545 (7), 3 min =
2270 (7).
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Figure 5.16: The effect of flecainide on spark FWHM over 3 min

A) Spread of individual spark data for FWHM in the vehide (VEH) group at the control time
point (CON; black) and after 3 min perfusion (blue). B) Spread of individual spark data for
FWHM in the flecainide (FLEC) group at the control time point (CON; black) and after 3 min
(red). €) Percentage change in spark FWHM in VEH and FLEC groups. Gaussian curve fit and
extra sum of squares F test. Two way repeated measures ANOVA + Holm-Sidak post hoc
test.* = p < 0.05. n (cells) = CON =13 (6); FLEC = 31 (7). N (sparks) VEH = CON = 705 (6), 3
min= 1108 (6); FLEC = CON =1545 (7), 3 min= 2270 (7).
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Figure 5.17: Effect of flecainide on spark FDHM over 3 min

A) Spread of individual spark data for FDHM in the vehide (VEH) group at the control time
point (CON; black) and after 3 min perfusion (blue). B) Spread of individual spark data for
FDHM in the flecainide (FLEC) group at the control time point (CON; black) and after 3 min
(red). €) Percentage change in spark FDHM in VEH and FLEC groups. Gaussian curve fit and
extra sum of squares F test. Two way repeated measures ANOVA + Holm-Sidak post hoc
test. n (cells) = CON =13 (6); FLEC = 31 (7). N (sparks) VEH = CON = 705 (6), 3 min = 1108
(6); FLEC = CON = 1545 (7), 3 min=2270 (7).
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Figure 5.18: The effect of flecainide on SR Ca’* content over 5 min

A) Representative line scans and fluorescence profiles of caffeine induced Ca**transients at
control (CON) and after 5 min perfusion with vehicle (VEH) or flecainide (FLEC). Caffeine
induced Ca” transients indicated with a triangle. B) Transient peak amplitude of VEH and
FLEC groups at CON and after 5 min perfusion. C) Percentage change in transient peak
amplitude in VEH and FLEC groups. D) Upstroke rate of VEH and FLEC groups at CON and
after 5 min perfusion. E) Percentage change in upstroke rate in VEH and FLEC groups.
Paired and unpaired two tailed Student’s t-test; or two way repeated measures ANOVA +
Holm-Sidak post hoctest. ** =p < 0.01; *** = p<0.001. n = VEH =7 (3); FLEC =10 (3).
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Figure 5.19: The effect of saponin permeabilisation on relative quantity of endogenous
intracellular CaM

A) Representative Westem blot probing for CaM (16.7 kDa) and the housekeeping protein
[B-actin (42 kDa) in intact cells (INTACT); saponin permeabilised cells (PERM); and saponin
permeabilised cells washed for 15 min in intracellular solution (PERM + 15). B) Mean
quantity of CaM normalised to B-actin in INTACT, PERM and PERM +15 cells. One way
ANOVA + Holm-Sidak post hoc test. *** = p < 0.001. n = INTACT = 4; PERM = 4; PERM+15 =
4. Data collectionand analysis by DrH M Kirton.
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Figure 5.20: The effect of exogenous CaM on wave frequency and propagation velocity

A) Representative line scans and fluorescence profiles of waves at control (CON) and in the
presence of exogenous CaM (CaM) B) Differences between CON and CaM in wave
frequency and €) wave propagation velocity. Unpaired two-tailed Student’s t-test. *** =p

<0.001. n=CON=17 (3);CaM =20 (3).
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Figure 5.21: The effect of exogenous CaM on wave dimensions
A) Representative line scans and fluorescence profiles of waves at control (CON) and in the

presence of exogenous CaM (CaM) B) Differences between CON and CaM in B) wave peak
amplitude, €) upstroke rate, D) duration from the peak to 90% of Ca>*wave dedine and E)
Ca’*decline time constant. Unpaired two-tailed Student’s t-test. * = p < 0.05; *** = p <
0.001. n =CON =17 (3); CaM =20 (3).
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Figure 5.22: The effect of flecainide on wave frequency and propagation velocity in the presence
of exogenous CaM

A) Representative line scans and fluorescence profiles of waves at control (CON) and after 5
min perfusion with vehicle (CaM VEH) or flecainide (CaM FLEC), all in the presence of
exogenous CaM B) Wave frequency for CaM VEH and CaM FLEC at CON and after 5 min
perfusion C) Percentage change in wave frequency in the CaM VEH and CaM FLEC groups.
D) Wave velocity for CaM VEH and CaM FLEC at CON and after 5 min perfusion. C)
Percentage change in wave velocity in the CaM VEH and CaM FLEC groups. Paired and
unpaired two tailed Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak
posthoc test. ** = p < 0.01; *** = p<0.001. n=VEH=9 (4); FLEC =14 (4).
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Figure 5.23: The effect of flecainide on wave amplitude and upstroke rate in the presence of
exogenous CaM
A) Representative line scans and fluorescence profiles of waves at control (CON) and after
5 min perfusion with vehide (CaM VEH) or flecainide (CaM FLEC), all in the presence of
exogenous CaM B) Wave peak amplitude for CaM VEH and CaM FLEC groups at CON and
after 5 min perfusion. C) Percentage change in wave amplitude in the CaM VEH and CaM
FLEC groups. D) Wave upstroke rate for CaM VEH and CaM FLEC groups at CON and after 5
min perfusion. E) Percentage change in wave upstroke rate in the CaM VEH and CaM FLEC
groups. Paired and unpaired two tailed Student’s t-test; or two way repeated measures
ANOVA + Holm-Sidak post hoc test. * = p < 0.05; *** =p <0.001. n =VEH=9 (4); FLEC = 14
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Figure 5.24: The effect of flecainide on wave duration and relaxation time constant in the
presence of exogenous CaM

A) Wave duration from the peak to 90% of Ca**wave decline at control (CON) and after 5
min perfusion with vehicle (CaM VEH) or flecainide (CaM FLEC). B) Percentage change in
wave duration from the peak to 90% of Ca**wave decline in the CaM VEH and CaM FLEC
groups. €) Ca’* decline time constant for CaM VEH and CaM FLEC groups at CON and after 5
min perfusion. D) Percentage change in Ca’ decline time constant in the CaM VEH and
CaM FLEC groups. Paired and unpaired two-tailed Student's t-test; or two way repeated
measures ANOVA +Holm-Sidak post hoctest.n= VEH =9 (4); FLEC =14 (4).
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5.4 Discussion

5.4.1 The effect of intracellular [Ca?*] on Ca%* waves and sparks

In the current experiments, an increase in [Ca’*] caused an increase in the frequency of Ca**
wave release. This was supported by similar experiments using permeabilised cardiomyocytes
or trabeculae (Loughrey et al., 2002, Lukyanenko and Gyorke, 1999, Orchard et al., 1998) and
reflects the effects of cytosolic and SR luminal Ca** on RyR2 activation (Fabiato, 1992, Laver,

2007, Lukyanenko etal., 1996).

Ca’* waves occur at a threshold SR luminal [Ca**] at which Ca**spark release is initiated and the
propagation of a Ca** wave is fadlitated by an increased cytosolic [Ca**] (Lukyanenko et al.,
1996). Increasing the cytosolic [Ca’*] and the level of SERCA activation also raises luminal Ca**
more rapidly to this threshold point, thereby increasing Ca®* wave frequency (Lukyanenko et
al., 1999). In single channel lipid bilayer experiments, increased RyR2 opening times were
reported with an increased concentration of luminal Ca®* (Tencerova et al., 2012, Sitsapesan
and Williams, 1994). These experiments were performed in the absence of the accessory
protein, Casq2, and the presence of a Ca’* activation site on the RyR2 luminal face was inferred
(Tencerova et al., 2012, Sitsapesan and Williams, 1994). Indeed, at least one luminal Ca*
activation site has been identified at the helix bundle channel gate of RyR2 (Jiang et al., 2007,
Chenetal., 2014). SR Ca’*is also strongly buffered by Casq2 (Mitchell et al., 1988) and there is
evidence to suggest that Casq2 also acts as a luminal Ca®* sensor that interacts with RyR2 to

influencechannel gating (Terentyev et al., 2007).

Permeabilised cardiomyocyte experiments have also inferred the presence of a cytosolic RyR2
Ca”* binding site (Bovo et al., 2011), which underlies the physiological CICR mechanism
following Ca”* influx via LTCC (Bers, 2000). Interactions of five amino acid residues located at
the C-terminal domain of the skeletal muscle isoform RyR1 were reported to form a Ca**
binding site at the cytosolic face (des Georges et al., 2016). These residues are conservedin the
cardiac isoform RyR2, indicating a potential cytosolic Ca** binding site for the cardiac isoform
(des Georges et al., 2016). Recently however, this result has been questioned and instead, the
RyR2 central domain of RyR2 has been implicated in cytosolic Ca** activation (Xiao et al., 2016).
A final complicating factor is “feedthrough activation” a mechanism whereby Ca’* released

from RyR2 may influence RyR2 activation at cytosolicregulation sites (Laver, 2007).

In the present study, Ca** wave propagation velocity was unchanged between HIGH and LOW

[Ca®"] at ~140 pm/sec. Wave propagation along the length of the cell is reported to occur via
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saltatory propagation as Ca’* sparks, released from RyR2 clusters, propagate across the cytosol
to activate neighbouring RyR2 clusters to release more Ca’* (Cheng et al., 1996, Keizer et al.,
1998). 140 um/sec is somewhat greater than the published experimental range (70 - 120
um/sec) (Engel et al., 1995, Engel et al., 1994, Wussling and Salz, 1996, Landgraf et al., 2004,
Chen et al., 2014b, Lukyanenko and Gyorke, 1999) yet is within the range simulated by Okada
et al. (100 — 150 pm/sec) (Okadaetal., 2005).

That peak wave amplitude was decreased with HIGH [Ca’'] compared with LOW [Ca’"] is
puzzling and may indicate a lower SR Ca’* content at the time of wave release. Spark amplitude
immediately prior to wave release also showed a trend to decrease with HIGH [Ca®'] compared
with LOW [Ca®*]. However, this may also be due to the non-linearity of the fluo-3 signal if at
HIGH [Ca’"] the peak wave amplitude were to coincide with the plateau in fluo-3 signal. Indeed,
this trend was not apparent for spark frequency, width or duration immediately prior to wave
release, indicating that [Ca**] did not alter the threshold for Ca®* wave release and therefore
did not alter the maximal SR Ca** content. Hence, once the cytosolic [Ca**] has reached a level
that induces repetitive waves, increasing [Ca”*] further only changes the rate at which the SR

contentrisestothat set point.

In cells strongly buffered with EGTA, waves were not apparent and sparks were consistently
released at frequendes significantly lower than the maximum seen in HIGH and LOW [Ca®"]
groups. However, it is inappropriate to compare spark frequencies between cells with and
without waves due to the differing concentrations of EGTA. The changed Ca’* buffering
capacities affect the spatial confinement of sparks differently. Indeed, previous experiments
performed in permeabilised myocytes with strong EGTA buffering show Ca’®* spark frequency

to be highly dependent upon [Ca®'] and very high spark frequencies were recorded (>60

sparks/100um/sec) withoutinducing waves (Lukyanenko and Gyorke, 1999).

5.4.2 The effect of flecainide on Ca%* waves, sparks and transients

In permeabilised WT myocytes, 3 min of perfusion with 25 puM flecainide induced a ~10%
decrease in Ca’* wave frequency when cells were continuously scanned at either LOW or HIGH
[Ca®*]. As part of this protocol, there was no significant effect of flecainide after 1 min
perfusion. However, in cells with a discontinuous scanning protocol, flecainide induced a ~20%
decrease in Ca’" wave frequency and a significant effect was apparent after 1 min of flecainide
perfusion. Additionally, when the laser exposure was reduced, as in the second scanning

protocol, the variation within groups was less indicating the importance of protocol design. To
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minimise the variation in starting wave frequencies due to [Ca’'] variation apparent in
permeabilised myocyte experiments (Orchard et al.,, 1998), the data for each cell were
calculated as a percentage change from starting control and the appropriate statistics were

used.

In contrast to the present results, experiments performed by Bannister et al. (2015) in
permeabilised WT cardiomyocytes, showed no change in wave frequency upon application of
flecainide (5 and 25 puM). However, both cell permeabilisation and data collection occurred
during laser exposure and wave frequency variation was high (Bannister et al.,, 2015).
Additionally, whilst the experimental protocol involved paired data, the data analysis clearly
stated an unpaired statistical test. Combined, the consequences of these factors probably
limited the ability to detect relatively small changes in wave frequency with flecainide, in WT
cells. Indeed, in experiments performed by Savio-Galimberti et al. (2015), in which data were
compared to vehide; displayed as a percentage change from control; and cells were not
exposed to the laser during permeabilisation, flecainide (25 uM) significantly decreased Ca**
wave frequency by ~15% in permeabilised WT cardiomyocytes isolated from rabbit and mouse

(Savio-Galimberti and Knollmann, 2015).

In comparison to the effect of flecainide on wave frequency in permeabilised Casq2” myocytes,
the effect of flecainide in WT cells was quantitatively less (~20% vs. ~30%), yet the effect size
was similar to that reported in R4496C*" cardiomyocytes (~20%) (Savio-Galimberti and
Knollmann, 2015). Importantly however, the flecainide concentration required to elicit these
changes in WT myocytes was 4 fold that required in CPVT myocytes (6 UM vs. 25 uM). This
indicates that WT RyR2 may have a lower affinity for flecainide than functionally altered RyR2
in CPVT models. Both of these mouse models exhibited a CPVT phenotype in which heart rate
and rhythm were normal under basal conditions, yet exhibited exercise-induced arrhythmias
(Cerrone et al., 2005, Knollmann et al., 2006). Isolated cells from both CPVT models showed
pro-arrhythmic behaviour including increased spontaneous wave frequency, Ca’" spark
frequency and duration (Fernandez-Velasco et al., 2009b, Hilliard et al., 2010, Savio-Galimberti
and Knollmann, 2015). In the R4496C*"" model however, the in vitro CPVT phenotype was less

severe compared with the Casq2” model (Savio-Galimberti and Knollmann, 2015).

When translated into paced intact cells, a 20% delay in the release of a spontaneous wave is
likely to have a substantial anti-arrhythmic effect. This is because pro-arrhythmic waves can
only occur between electrically stimulated Ca®" transients. The release of a wave need only be
delayed enough to allow a physiological Ca** transient to occur first, thereby limiting SR Ca**
overload. Thus, a 20% decrease in Ca** waves in permeabilised cells may equate to a complete
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inhibition of waves in intact paced cells, as was apparent in intact Casq2” myocytes (Hilliard et
al., 2010). A corresponding RyR2 mediated anti-arrhythmic effect was not apparent in paced,
intact WT cells (Chapter 3) although this might be explained by a lower affinity of WT RyR2 for
flecainide (Chapter 7) or insuffident concentration of flecainide within the cytosolic
compartment (Chapter 4). Indeed, an effect of flecainide on RyR2 has been consistently
reported in Casq2'/" cells at 6-10 uM whereas in WT cells, 25 uM is required (Hilliard et al.,
2010, Savio-Galimberti and Knollmann, 2015).

The current results suggest that in WT, permeabilised, ventricular myocytes, flecainide acts
independently of Na,1.5 to elicit a significant anti-arrhythmic effect, likely through an
interaction with RyR2. Similar results in Casq2” cardiomyocytes concluded that flecainide
inhibited RyR2 Ca”* release in an open state block to decrease Ca’* wave frequency (Hilliard et
al., 2010). In this way, flecainide imposed a partial block of the RyR2 pore by introducing a sub-
state closure to ~20% of the RyR2 channel conductance (Hilliard et al., 2010, Hwang et al.,
2011a). Flecainide increased spark frequency alongside a decrease in spark amplitude and
width and this was apparent in both the present data, in permeabilised WT cardiomyocytes
and to a greater degree, with a lower flecainide concentration, in intact Caqu"/' myocytes
(Hilliard et al., 2010). Inhibition of RyR2 by flecainide caused smaller sparks, which may
decrease the probability that released Ca”* will propagate to neighbouring RyR2 clusters and
form waves. Simultaneously, the increased spark frequency arises to maintain the same Ca**
leak and consequently autoregulation is bypassed (Hilliard et al., 2010, Overend et al., 1997).
This was apparent in the present data and in experiments using Casq2” cells, whereby SR Ca**

contentwas maintained upon application of flecainide (Hilliard etal., 2010).

5.4.3 The effect of flecainide on Ca?* waves in the presence of calmodulin

It has been reported that flecainide block of RyR2 is exacerbated in the presence of CaM in
single channel RyR2 experiments and in cardiomyocytes isolated from Casq2"/' mice with a
CPVT phenotype (Gomez-Hurtado et al., 2015). Similarly, the inhibition of the RyR skeletal
muscle isoform RyR1 by dantrolene was apparent only in the presence of CaM, indicating the
potential importance of this modulatory protein in pharmaceutical kinetics (Oo et al., 2015a).
It was suggested that CaM might be lost during the saponin permeabilisation process due to its
small molecular weight (16.7 kDa) relative to the size of sarcolemmal perforations. Proteins
800 kDa in size have been reported to be freely permeable to saponin permeabilised

membranes (Hudder et al., 2003). Therefore, the effect of flecainide on wave frequency and
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dimensional properties was investigated in the presence of 100 nM exogenous CaM. The total
CaM concentration has been reported at ~6 puM, however the majority of CaM is bound to
membrane and cytosolic proteins (Maier et al., 2006). Total available CaM was reported at 50—
75 nM, although 100 nM exogenous CaM is consistently used within the literature (Wu and
Bers, 2007, Gomez-Hurtado etal., 2015, Oo etal., 2015a, Maier et al., 2006).

CaM is a Ca” binding protein that binds to and regulates membrane bound proteins such as
RyR2 and L-type Ca”* channel; as well as the cytosolic regulatory protein CAMKII (Saucerman
and Bers, 2012, Evans and Shea, 2009, Huang et al., 2012, Dixon et al., 2015). There are two
Ca’*binding sites at each of the two helix-loop-helix domains (EF hands) located within the C
and N terminal lobes respectively (Chattopadhyaya et al., 1992). In its Ca’* bound state, CaM
has been reported to bind to RyR2 and decrease RyR2 opening times by ~20% (Smith et al.,
1989) (Huang et al., 2012). However, in its unbound form (apoCaM) RyR2 inhibition is
diminished (Fruen et al., 2003). In intact myocytes, only 1% of CaM was reported to be free
within the cytosol and the majority of CaM was bound to proteins located at the z-lines (Wu
and Bers, 2007). Contrary to the current result in which ~85% of CaM was lost after saponin
permeabilisation, Wu and Bers reported no change in the amount of CaM between intact and
permeabilised cells (Wu and Bers, 2007). A likely explanation for this discrepancy is the
permeabilisation methodology used. Wu and Bers exposed myocytes to 50 pug/ml of saponin
for 20 secs, whereas the current protocol incubated myocytes in 0.01 pg/ml of saponin for 15
min. Whilst both methods resulted in sarcolemmal permeabilisation, endogenous CaM likely
unbound from cellular structures to be washed away within the current 15 min saponin
incubation period. Indeed, Wu and Bers reported that >75% of binding between fluorescently
labelled CaM and permeabilised cell structures occurred within 15 min of saponin
permeabilisation, thus implying that 75% of endogenous CaM unbound from cellular

structures within this period (Wu and Bers, 2007).

It was apparent from permeabilised cardiomyocyte experiments in which CaM was minimally
present, that CaM is not necessary for Ca** release and uptake from the SR. However, CaM
serves a modulatory role to ensure the physiological release of Ca’* from the SR (Yang et al.,
2014, Xu et al., 2010). As a Ca** binding protein, addition of exogenous CaM to permeabilised
cells likely buffered the total [Ca’*], decreasing the free [Ca’"] available (Wang et al., 2013),
however the exact [Ca’"] could not be calculated using the REACT [Ca®'] software (Duncan et
al., 1999). It would be expected that wave frequency would decrease, as discussed in Section
5.4.1. However, this was not the case and an increase in Ca** wave frequency was instead

observed. This might indicate that the functional effect of CaM binding to RyR2 counters this
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Ca”* buffering effect. Indeed, mutations in CaM specific genes CALM1-3 have been reported to
cause arrhythmogenic disorders with CPVT phenotypes (Nyegaard et al., 2012) and these CaM
mutations disrupt the direct binding of CaM to the RyR2-CaM binding domain (CaMBD) and
thereby disrupt appropriate CaM modulation of SR Ca’* release (Rebbeck et al., 2016,
Sondergaard et al., 2015). This inter-protein interaction causes inhibition of RyR2 opening
(Smith et al., 1989, Oda et al., 2013b). In permeabilised myocytes, CaM was reported to
stabilise RyR2 activity by promoting RyR2 “zipping” whereby the central and N-terminal
domains interact to give rise to a preferentially closed channel state (Figure 1.10) (Oda et al.,
2013b). In isolated SR vesicles, addition of CaM was reported to decrease the duration of RyR2
opening times by ~20% in the presence of ATP and at >100 nM free Ca’* (Smith et al., 1989).
Additionally, the threshold for wave termination was increased with CaM (Tian et al., 2013).
These data correspond with the current results that showed a significant decrease in wave
duration from the peak to 63% and 90% of the Ca** decline in the presence of exogenous CaM.
In this case, an increase in the threshold for wave termination would give rise to a greater SR
Ca’" content, immediately after the termination of a wave. Thus, the time taken for Ca’'to
reach the threshold for wave release would be decreased, leading to an increase in wave
frequency (as observed). Experiments by Lukyanenko et al. (1999) observed an increase in
spark frequency in the presence of CaM, and SR Ca’* content was increased (Lukyanenko and
Gyorke, 1999). It was concluded that the increase in SR content increased the luminal
activation of RyR2 causing increased spark release (Lukyanenko and Gyorke, 1999). This may
also account for the increased wave frequency observed in the current data due to an

increased spark frequency increasing the propensity for Ca™ propagationto form waves.

Despite the significant changes in wave frequency and properties observed in the presence of
CaM, flecainide decreased wave frequency to a similar extent in the presence of exogenous
CaM in WT cardiomyocytes. This indicates that in WT cardiomyocytes, flecainide was not

dependentupon CaM to act on RyR2.

5.4.4 Conclusions and Summary

In saponin permeabilised WT myocytes where drug access to RyR2 was immediate and Na,1.5
was functionally absent, flecainide induced a sustained decrease in the frequency of
spontaneous Ca”>* waves. This is consistent with a direct action of flecainide on RyR2. When the
experimental design was modified to allow prolonged flecainide perfusion, whilst limiting laser
exposure, the effects of flecainide on Ca** wave frequency were more similar to that described
in CPVT myocytes; however, in WT cells these effects occurred at a much higher concentration
of flecainide than in CPVT myocytes. This may explain why clear effects on RyR2 were not
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observed in intact WT myocytes (Chapter 3) (Sikkel et al., 2013). In intact myocytes, flecainide
applied at plasma concentrations or higher (6 uM or 15 uM), may not have accumulated
sufficiently within the cytosol during the experimental protocol, especially considering that
trans-sarcolemmal movement is slow and flecainide preferentially accumulates within the
mitochondria (Chapter 4). Whilst a previous study suggested that restoration of physiological
levels of CaM increased the effects of flecainide in permeabilised CPVT myocytes, this could

not be replicatedin WTcells.
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Chapter 6: The effect of flecainide on RyR2 after inhibition of

the SR counter-current in permeabilised myocytes

6.1 Introduction

Release of SR Ca’* via RyR2 occurs spontaneously in the form of sparks and pro-arrhythmic
waves; and as transients in response to caffeine or electrical field stimulation. Flux of Ca’ from
the SR lumen to the cytosol is accompanied by the movement of positively charged ions in the
opposite direction (Coronado et al., 1980). This ‘counter-current’ is mostly carried by K" and
without it, the SR membrane would rapidly polarise towards the Ca** equilibrium potential
resulting in cessation of Ca’" release within <1 ms (Gillespie and Fill, 2008). For the same
reason, an ‘outward’ counter-current, in the luminal to cytosolic direction, must accompany

the reuptake of Ca** into the SR via SERCA.

During diastole, the potential difference across the SR membrane is generally assumed to be at
0 mV (Somlyo et al., 1977, Venturi et al.,, 2013, Guo et al., 2013). Although there is some
computational and experimental evidence to suggest that the SR lumen is slightly inside
negative at ~-2 mV (Yazawa et al., 2007, Gillespie and Fill, 2008). While the existence of a
transient voltage change across the SR membrane coinciding with Ca”* release has been
hypothesised (Beeler, 1980, Laver and Lamb, 1998), the magnitude and time course of such an
effect has not been established. This is largely due to the technical difficulties involved in
calibrating measurements of SR membrane potential, using voltage-sensitive dyes or
electrophysiological recordings of SR vesicles (Meissner, 1983, Portele et al., 1997, Chang and
Jackson, 2003). However, the occurrence of transient voltage changes across the SR may
indirectly be supported by the presence of a subset of SR-specific, voltage-dependent channels
such as RyR2 and trimeric intracellular cation-specific (TRIC) channels (Diaz-Sylvester et al.,

2011, Venturietal., 2013).

It is currently undear which channels within the SR membrane facilitate the ionic movements
that underlie the counter-current. There is convincing evidence to suggest that the K*flux is
carried by TRIC A and B subtype channels (Section 6.4.1) (Yazawa et al., 2007, Pitt et al., 2010,
Venturi et al., 2013) or by RyR2 (Gillespie and Fill, 2008, Guo et al., 2013). There is speculation
that other unidentified K* and ClI” specific channels may also contribute to the SR counter-
current (Zhou et al., 2014, Townsend and Rosenberg, 1995) and at least in skeletal musde,

proton channels may contribute 5 -10 % of the SR counter-current (Kamp etal., 1998).
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The possibility of a transient polarisation of the SR membrane during Ca’" release is of
relevance to the present work because a recent study on RyR2 channels incorporated into lipid
bilayers suggested that flecainide inhibits RyR2 when the inside of the SR is negatively charged
with respect to the cytosol (Bannister et al., 2015). It was suggested that under these
conditions, flecainide partially blocked RyR2-mediated K movement, but without a
physiologically relevant effect on Ca** efflux (Bannister et al., 2016). These authors assumed
that the SR membrane potential is always zero under physiological conditions and therefore,
the reported effects of flecainide on intact cells must reflect a non-RyR2 target, such as
sarcolemmal Na,1.5. However both our group (Chapter 5), and others (Hilliard et al., 2010,
Savio-Galimberti and Knollmann, 2015) reported changes in Ca’* waves and sparks upon

application of flecainide to permeabilised myocytes, where Na,1.5is not functional.

Previous studies have shown that the SR counter-current can be inhibited by substitution of K*
with Cs* (Kawai et al., 1998) or facilitated by addition of the K* ionophore valinomycin
(Kometani and Kasai, 1978). Therefore, the aim of the work described in this chapter was to
investigate whether modulating the SR counter-current influences the effect of flecainide on
SR Ca’" regulation. Spedifically, if transient polarisation of the SR facilitates the action of
flecainide on RyR2, then inhibition or facilitation of the counter-current might be expected to

increase ordecrease the effect of flecainide respectively.
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6.2 Methods

6.2.1 SRK" counter-current block protocol

Rat ventricular cardiomyocytes were isolated via retrograde perfusion and enzymatic digestion
on a Langendorff apparatus (Chapter 2.2). Cells were permeabilised in intracellular solution
containing 0.01% saponin for 15 min at room temperature (22.0 + 2 °C) (Chapter 2.5.1). Cells
were then placed in the experimental chamber on the microscope stage and left for 2 min to
settle onto the glass cover slip before perfusion with intracellular solution (146 nM free Ca**
buffered with 0.1 mM EGTA; Table 2.4), whilst a suitable cell was identified for scanning
(Chapter 2.5.3). To inhibit the SR counter-current, cells were bathed in an intracellular solution
designed to minimize the K" and Cl” content. Potassium chloride was substituted with caesium
methanesulphonate; magnesium chloride for magnesium sulphate; and caesium hydroxide
was used to adjust the pH (Table 2.3) (Kawai et al., 1998, Zhou et al., 2014). In experiments
investigating the effect of SR K* counter-current block on wave properties, cells were line
scanned at 188 Ips in the presence of K solution (45 sec) and then switched to Cs* solution (1
min 45 sec). Measurements for analysis were taken at the control time point (K*) and 1 min

afterthe solution switch (Cs).

To investigate the effect of 25 uM flecainide during SR counter-current block, each cell was
equilibratedin Cs* solution for 2 min prior to line scanning. Laser intensity was maintained at 7%
of the maximum laser intensity throughout. This scan time induded a 15 sec interval at 2 min
45 sec where the scan was stopped, saved and a new scan was started. The first 45 sec of
scanning was analysed as the control time point. Thereafter, the first and third minutes after
the control scan section were analysed for the time control and flecainide groups. Flecainide
was used at a concentration 5x greater than that recorded during peak plasma levels (Mano et
al., 2015, 3M, 2016). This was to mimic the accumulation of the drug into the cytosol and
subcellular compartments, as reported in Chapter 4 and to remain consistent with results

presentedin Chapter5.
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6.2.2 Valinomycin protocol

Isolated, saponin pemeabilised cardiomyocytes were placed in the experimental chamber on
the microscope stage and left for 2 min to settle onto the glass cover slip before being
perfused with intracellular solution (146 nM free Ca’*; Table 2.4). A suitable cell was selected
and line scanned under control conditions for 2 min 45 sec at 188 Ips with an interval time of
5.3 ms between lines. The laser intensity was maintained at 7% of the maximum intensity
throughout. The solution was switched to intracellular solution containing 2 uM valinomycin;
or 2 uM valinomycn and 25 uM flecainide. The cell was scanned for 2 min 45 sec at 0 and 3

min after perfusion with valinomycin or valinomycin and flecainide began.

6.2.3 Analysis and statistics

Line scans were viewed using Imagel software. To measure wave frequency, the time between
the start of each wave was measured using the Line Profile Tool. Aborted wavelets were
classed as waves which propagated <50% of the scanned cell width and were not induded in
the wave frequency analysis. However, they were induded in the wave spatial spread analysis.
The length of the cell and the length of the wave were measured using the Imagel Line Tool at
the time at which the wave occurred. The percentage of the cell length occupied by a wave
was calculated to normalise for differences in cell length both within and across datasets.
Wave propagation velocity was analysed using a Python encoded image analysis tool (Sikora,
2016) (Chapter 2.7.3). Waves were manually cropped from the original scan file in ImagelJ to
include the full wave duration and a minimum of 1 sec of quiescent cell background before and
after the wave event. Cropped images were inputted into the analysis tool. Wave fronts were
identified at a range of different sensitivity thresholds and the propagation velocity was
calculated from a fitted linear gradient. All outputted files were manually checked for
erroneous wave front identification and these were omitted from the final analyses. Wave
peak amplitude, upstroke rate, duration from wave peak to 90% of the wave decline and Ca**
decline time constant were analysed using the C++ encoded image analysis tool (Benson, 2016).
Waves were cropped as previously described and saved as a textfile that was inputted into the
wave dimension analysis tool (Chapter 2.7.2). Identified wave parameters induded the time
values for the wave start, peak and end; peak fluorescence values; and an exponential fit along

the wave decline. From these parameters, the peak amplitude, upstroke rate, duration from

the peak to 90% of the wave decline and Ca’* decline time constant were calculated.

Changes in wave parameters at control and after 3 min perfusion with experimental solution

were displayed as absolute values in a bar graph, in the presence or absence of flecainide. Two
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tailed paired Student’s t-tests were used to test for differences within each group at these
time points. Differences between the absolute values at the control time point were compared
between each group using a two tailed unpaired Student’s t-test. For each cell scanned, the
change in its wave properties over time was also presented as a percentage of control. The
differences between control and flecainide groups was compared using a two way repeated
measures ANOVA. If a significant difference was identified between the groups, a Holm-Sidak
multiple comparisons post-hoc test isolated the time points at which the groups were
significantly different from one another. Significance was considered when p < 0.05. All data

were displayed as mean + SEM.
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6.3 Results

6.3.1 Cs' ion exchange decreased wave frequency and prolonged wave duration

It was hypothesised that the SR counter-current could be blocked by Cs* ion exchange. The
effect of Cs" ion exchange on wave frequency; spatial spread; propagation velodty; and wave
upstroke rate, amplitude, duration from the peak to 90% of the wave dedine and Ca** decline
time constant was investigated in permeabilised ventricular myocytes. Figure 6.1 A shows
representative line scans of a cell perfused with K* control solution (CON) and the same cell
after 1 min perfusion with Cs* solution (Cs*). The [Ca’'] was maintained throughout. Cs"
exchange significantly decreased wave frequency by 61.3% (p < 0.05; Figure 6.1 B; n = 6 cells
for both groups). The spatial spread of each wave across the length of the cell and the wave
propagation velodity did not change between CON and Cs* groups (p >0.05; Figure 6.1 C and D;

n = 6 cellsforboth groups).

Close up line scans and fluorescence profiles of individual waves illustrate the change in wave
duration upon application of Cs* (Figure 6.2 A). Cs" exchange significantly decreased wave peak
amplitude (p < 0.01; Figure 6.2 B) and the peak upstroke rate (p < 0.01; Figure 6.2 C). Wave
duration from the peak to 90% of the wave dedine and wave Ca’* dedine time constant
significantly increased upon perfusion with Cs* by 49.2% (p < 0.01) and 50.1% respectively (p <
0.01; Figure 6.2 D and E; n = 6 cells forboth groups).

6.3.2 Flecainide decreased wave frequency after counter-current inhibition

Figure 6.3 A shows representative line scans and fluorescence profiles illustrating changes in
wave frequency after 3 min of perfusion with Cs* and vehicle (Cs* VEH) or Cs* and flecainide
(Cs" FLEC). After 3 min perfusion, wave frequency was unchanged in the vehide control (p >
0.05) and significantly decreased from 2.7 + 0.3 waves/min to 1.5 + 0.3 waves/min with the
addition of flecainide (p <0.01; Figure 6.3 B). Figure 6.3 C shows changes in wave frequency as
a percentage of control (CON) for Cs* VEH and Cs* FLEC groups. After 3 min perfusion, Cs* FLEC
decreased wave frequency by 38.1 * 10.1% in comparison to Cs® VEH. Groups were
significantly different at 3 min (p < 0.01; n = 13 cells for both groups). In the Cs* FLEC group,

23.1% of cells (3/14 cells) did not display any waves during the final minute of scanning.

The distance propagated by a wave across the length of a cell is shown in Figure 6.4 A as a

white double-headed arrow. Wave propagation velodity is shown as a red line along the edge
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of the wave front. A small decrease in the spatial spread of a wave occurred in both the Cs”
VEH (p = 0.06) and Cs* FLEC groups after 3 min perfusion (p < 0.05; Figure 6.4 B) although no
significant difference between groups was apparent at any time point when measured as a
percentage of control (p > 0.05; Figure 6.4 C). Propagation velocity did not significantly change
after 3 min in either Cs” VEH (p > 0.05) or Cs” FLEC (p > 0.05; Figure 6.4 D) and there was no
significant difference between groups at any time point (p > 0.05; Figure 6.4 E; n = 13 cells for

both groups).

Close up line scans and fluorescence profiles of individual waves illustrate changes in wave
properties after 3 min in Cs* VEH and Cs® FLEC (Figure 6.5 A). Peak amplitude decreased
significantly after 3 min perfusion with Cs* VEH (p < 0.001) and Cs* FLEC (p < 0.001; Figure 6.5
B). As a percentage of control there was no significant differences between the groups at any
time point (p > 0.05; Figure 6.5 C). Upstroke rate decreased significantly after 3 min perfusion
with Cs* VEH (p < 0.01) and Cs® FLEC (p < 0.001; Figure 6.5 D). There were no significant
differences between the groups at any time point (p > 0.05; Figure 6.5 E). Wave duration from
the peak to 90% of the wave decline decreased significantly after 3 min perfusion with Cs* VEH
(p < 0.05) or Cs"FLEC (p > 0.01; Figure 6.6 A). As a percentage of control, wave duration from
the peak to 90% of the wave decline decreased in both groups by ~16% after 3 min and there
were no significant differences between the groups at any time point (p > 0.05; Figure 6.6 B).
Ca’* decline time constant decreased significantly after 3 min perfusion with Cs* VEH (p <0.05)
but was unchanged with Cs"FLEC (p > 0.05; Figure 6.6 C). As a percentage of control, the wave
Ca’* decline time constant for both groups decreased by ~16% after 3 min and there were no
significant differences between the groups at any time point (p > 0.05; Figure 6.6 D; n =13 cells
for both groups). To summarise, in the presence of Cs’, flecainide significantly decreased wave

frequency by ~40% without an effect on any other wave parameter.

6.3.3 Flecainide countered the decrease in wave frequency caused by valinomycin

Figure 6.7 A shows representative line scans and fluorescence profiles illustrating changes in
wave frequency after 3 min of perfusion with valinomydn and vehicle (VAL VEH) or
valinomycin and flecainide (VAL FLEC). Wave frequency significantly decreased to 34.1 + 6.8%
of control in the VAL VEH group after 3 min perfusion. 18.2% of cells (2/11 cells) did not exhibit

a wave inthe final 2 min 45 secof scanning.
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Figure 6.1: Effect of Cs' on wave frequency and wave propagation

A) Representative line scans of waves at control (CON) and after Cs* perfusion (Cs®), within
the same cell. Representative fluorescence profiles taken at black lines next to each line
scan. B) Differences between CON and Cs* wave frequency, C) spatial spread across the cell
length and D) propagation velocity. Paired two-tailed Student’s t-tests. * = p < 0.05. n =
CON=6 (5);Cs" =6 (5).
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Figure 6.2: Effect of Cs' on wave properties

A) Representative line scans of waves at control (CON) and after Cs* perfusion (Cs") within
the same cell. Representative fluorescence profiles taken at black lines next to each line
scan. B) Differences between CON and Cs* peak amplitude, C) upstroke rate, D) duration
from peak to 90% of Ca**wave decline and E) Ca**dedine time constant. Paired two-tailed

CON

Student’st-tests. **=p < 0.01; *** = p < 0.001. n = CON=6 (5);Cs" =6 (5).

205



>
1AF/Fy
g:
-
%:——

I

- \ | [ con

[7)] il ]

° g
3 min

10 sec

O

1]

-1

TH

+

[7)]

(O]

W

< 4.0- 120+
g 35- *k%k ]
g - 100 pe— 3 **
> 3.0 >~ 1 TTeal
2 2.5 c 5 80 1}\\
g 2.0] > S 60 “n‘%
S 15 o ]
3 197 = w40
(O]

9 10‘ > \o 1 +
; 0.5 g . 20{-s-Cs” VEH
§ o] 0lze- Cs’ FLEC

CON 3min CON 3 mi

A g CON gy CON o 1 2 3

VEH FLEC Time (min)

Figure 6.3: Effect of flecainide on wave frequency in the presence of cs*
A) Representative line scans of cells at Cs* control conditions (CON) and after 3 min

perfusion with vehicle (Cs* VEH, grey) or flecainide (Cs® FLEC, red). Representative
fluorescence profiles taken at correspondingly coloured lines next to each line scan. B)
Wave frequency at CON and after 3 min perfusion with Cs* VEH or Cs*FLEC. C) Percentage
change in wave frequency in Cs* VEH (solid) or Cs* FLEC (dashed). Paired or unpaired
Student’s t-tests; or two way repeated measures ANOVA + Holm-Sidak post hoc test where
appropriate. ** =p < 0.01; *** = p<0.001. n = Cs"CON =13 (5); Cs"FLEC =13 (5).
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Figure 6.4: Effect of flecainide on wave propagation in the presence of cs'

A) Representative line scans showing wave propagation across the length of the cell (white
arrows) and propagation velodity (red lines) at Cs*control (CON) and after 3 min perfusion
with vehicle (Cs* VEH) or flecainide (Cs* FLEC). B) Spatial spread of a wave at CON and after
3 min perfusion with Cs* VEH or Cs"FLEC. C) Percentage change in spatial spread in Cs"VEH
(solid) and Cs*FLEC (dashed). D) Propagation velocity at CON and after 3 min perfusion with
Cs"VEH or Cs* FLEC. D) Percentage change in propagation velocity in Cs* VEH (solid) and Cs*
FLEC (dashed). Paired or unpaired Student’s t-tests; or two way repeated measures ANOVA
+ Holm-Sidak post hoc test where appropriate. * = p < 0.05. n = Cs"CON = 13 (5); Cs"FLEC =
13 (5).
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Figure 6.5: Effect of flecainide on wave properties in the presence of Cs’
A) Representative line scans of waves at Cs* control (CON) and after 3 min perfusion with

vehicle (Cs*VEH, grey) or flecainide (Cs*FLEC, red). Representative fluorescence profiles
taken at correspondingly coloured lines next to each line scan. B) Peak amplitude at CON
and after 3 min perfusion with Cs* VEH or Cs* FLEC. C) Percentage change in peak amplitude
in Cs"VEH (solid) and Cs* FLEC (dashed). D) Upstroke rate at CON and after 3 min perfusion
with Cs* VEH or Cs* FLEC. E) Percentage change in upstroke rate in Cs* VEH (solid) and Cs*
FLEC (dashed). Paired or unpaired Student’s t-test; or two way repeated measures ANOVA +
Holm-Sidak post hoc test where appropriate. ** = p < 0.01; *** = p < 0.001. n = Cs"CON =
13 (5); Cs*FLEC = 13 (5).
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Figure 6.6: Effect of flecainide on wave properties in the presence of cs*

A) Wave duration from wave peak to 90% of the Ca**decline at Cs* control (CON) and after
3 min perfusion with vehide (Cs* VEH) or flecainide (Cs*FLEC). B) Percentage change in
wave duration from wave peak to 90% of the Ca**decline in Cs* VEH (solid) and Cs* FLEC
(dashed). €) Ca’* decline time constant at CON and after 3 min perfusion with Cs* VEH or Cs*
FLEC. D) Percentage change in Ca’*dedine time constant in Cs* VEH (solid) and Cs* FLEC
(dashed). Paired or unpaired Student’s t-test; or two way repeated measures ANOVA +
Holm-Sidak post hoc test where appropriate. *=p < 0.05; ** = p < 0.01; *** =p < 0.001. n =
Cs"CON =13 (5); Cs"FLEC =13 (5).
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Flecainide decreased wave frequency to 61.8 = 3.0% of control. A significant difference
between vehicle and flecainide groups was apparent at 3 min (p < 0.01; Figure 6.7 C; n = 11

cells (VALVEH) and 9 cells (VALFLEC)).

Representative images illustrating the distance propagated by the wave across the length of
the cell (white arrows) and the propagation velodity of a wave (red lines) are shown in Figure
6.8 A. The distance propagated by a wave was significantly decreased from 99.4 + 0.43% of the
cell length to 51.5 + 9.73% of the cell length after 3 min perfusion with VAL VEH (p < 0.001).
There was no significant change in the spatial spread of a wave after 3 min with VAL FLEC (p >
0.05; Figure 6.8B). As a percentage of control, significant differences between vehide and
flecainide groups were apparent at 3 min (p < 0.001). Despite significant changes in the spatial
spread of a wave, wave propagation velocity was unchanged over time in both VAL VEH and

VAL FLEC groups (p> 0.05; Figure 6.8 D and E; n =11 cells (VALVEH) and 9 cells (VALFLEC)).

Figure 6.9 A shows cdose up line scans and fluorescence profiles of waves under control
conditions and after 3 min perfusion with vehicle or flecainide. After 3 min perfusion, peak
amplitude significantly decreased in VALVEH (p < 0.001) and VAL FLEC (p < 0.001; Figure 6.9 B).
Wave peak amplitude was decreased to ~50% of control in both groups and there were no
significant differences between groups at any time point (p >0.05; Figure 6.9 C). Similarly, wave
upstroke rate significantly decreased after 3 min in VALVEH (p <0.001) and VAL FLEC groups (p
< 0.001; Figure 6.9 D). Wave upstroke rate was decreased to ~44% of control in both groups
and there were no significant differences between groups at any time point (p > 0.05; Figure
6.9 E). Wave duration from the wave peak to 90% of the wave decline was unchanged after 3
min in VAL VEH (p > 0.05) or VAL FLEC (p > 0.05; Figure 6.10 A) and there was no significant
difference between groups at any time (p > 0.05; Figure 6.10 B). There was no significant
change in Ca** decline time constant after 3 min in either the VAL VEH or VAL FLEC group (p >
0.05; Figure 6.10 C) and there were no significant differences between the groups at any time

point (p> 0.05; Figure 6.10 D; n = 11 cells (VALVEH) and 9 cells (VALFLEC)).
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Figure 6.7: Effect of valinomycin or valinomycin + flecainide on wave frequency

A) Representative line scans of cells at control conditions (CON) and after 3 min perfusion
with valinomycin and vehide (VAL VEH, grey) or valinomycin and flecainide (VAL FLEC, red).
Representative fluorescence profiles taken at correspondingly coloured lines next to each
line scan. B) Wave frequency at CON and after 3 min perfusion with VAL VEH or VAL FLEC. C)
Percentage change in wave frequency in VAL VEH (solid) or VAL FLEC (dashed). Paired or
unpaired Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak post hoc
test where appropriate. ** = p < 0.01. *** = p < 0.001. n = VAL VEH =11 (4); VAL FLEC =9
(4).
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Figure 6.8: Effect of valinomycin or valinomycin + flecainide on wave propagation

A) Representative line scans showing wave propagation across the length of the cell (white
arrows) and propagation velocity (red lines) at control (CON) and after 3 min perfusion with
valinomycin and vehicle (VAL VEH) or valinomycin and flecainide (VAL FLEC). B) Spatial
spread of a wave at CON and after 3 min perfusion with VAL VEH or VAL FLEC. C)
Percentage change in spatial spread in VAL VEH (solid) or VAL FLEC (dashed). D)
Propagation velocity at CON and after 3 min perfusion with VAL VEH or VAL FLEC. C)
Percentage change in propagation velocity in VAL VEH (solid) or VAL FLEC (dashed). Paired
or unpaired Student’s t-test; or two way repeated measures ANOVA + Holm-Sidak post hoc
test where appropriate. ** = p < 0.01. *** = p < 0.001. n = VAL VEH = 11 (4); VAL FLEC =9
(4).
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Figure 6.9: Effect of valinomycin or valinomycin + flecainide on wave properties

A) Representative line scans of waves at control (CON) and after 3 min perfusion with
valinomycin and vehicle (VAL VEH, grey) or valinomycin and flecainide (VAL FLEC, red).
Representative fluorescence profiles taken at correspondingly coloured lines next to each
line scan. B) Peak amplitude at CON and after 3 min perfusion with VALVEH or VAL FLEC. C)
Percentage change in peak amplitude in VAL VEH (solid) or VAL FLEC (dashed). D) Upstroke
rate at CON and after 3 min perfusion with VAL VEH or VAL FLEC. E) Percentage change in
upstroke rate in VAL VEH (solid) or VAL FLEC (dashed). Paired or unpaired Student’s t-test;
or two way repeated measures ANOVA + Holm-Sidak post hoc test where appropriate. * =p
< 0.05; *** = p<0.001. n = VALVEH = 11 (4); VALFLEC =9 (4).
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Figure 6.10: Effect of valinomycin or valinomycin + flecainide on wave properties

A) Wave duration from wave peak to 90% of the Ca’* decline at CON and after 3 min
perfusion with valinomydn and vehicle (VAL VEH) or valinomycin and flecainide (VAL FLEC).
B) Percentage change in wave duration from wave peak to 90% of the Ca** dedine in VAL
VEH (solid) or VAL FLEC (dashed). €) Ca** decline time constant at CON and after 3 min
perfusion with VAL VEH or VAL FLEC. D) Percentage change in Ca** decline time constant in
VAL VEH (solid) or VAL FLEC (dashed). Paired or unpaired Student’s t-test; or two way
repeated measures ANOVA + Holm-Sidak post hoc test where appropriate. * = p < 0.05; **
=p<0.01. n=VALVEH =11 (4); VALFLEC = 9 (4).
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6.4 Discussion

As shown in Chapter 5, flecainide significantly decreases Ca** wave frequency and alters Ca**
spark properties in permeabilised myocytes where sarcolemmal Na,1.5 channels are not
functional. These findings suggest that flecainide modifies RyR2 gating. However, work on
single RyR channels has provided evidence that flecainide’s action only occurs when the inside
of the SR is negatively polarised; a condition met to an unknown extent during SR Ca** release.
In this chapter, the possibility that flecainide’s action depends on polarisation of the SR
membrane was investigated by modulating the counter-current, which serves to limit the

development of a potential difference across the SR membrane during Ca’* release.

6.4.1 Channels which mediate the K* SR counter-current

+

The SR counter-current is predominantly carried by the cytosolic to luminal movement of K
during and immediately after the release of Ca’* from the SR (Coronado et al., 1980). TRIC B
and RyR2 channels have beenimplicated in facilitating this role (Venturi et al., 2013, Guo et al.,
2013). Single channel experiments investigating native TRIC B channels from a TRIC A knockout
mouse model showed at least two different gating mechanisms (Venturi et al., 2013). The
majority of recorded TRIC B channels were highly voltage sensitive and their P, increased as
the SR ‘lumen’ became more negative, as is thought to be the case during SR Ca®* efflux
(Venturi et al., 2013). Whilst not definitive proof, the presence of voltage sensitive channels
located at the SR is teleologically consistent with transient changes in SR membrane potential.
Interestingly, purified TRIC B was blocked by ‘1uminal’ Ca** indicating a Ca’*-dependent gating
mechanism (Pitt et al., 2010) and this is supported by a previous report of an unidentified SRK"
channel which could be blocked by Ca®*in a voltage-dependent manner (Liu and Strauss, 1991).
Although the majority of TRIC B channels were voltage dependent, a subset of channels
showed voltage-independent gating, indicating a degree of free movement of K* across the SR
membrane (Venturi et al., 2013). It is possible that both voltage dependent and independent

gatingkinetics could be governed by post-translational modifications (Venturi et al., 2013).

RyR2 has also been reported to act as a counter-current channel, alongside its undisputed role
in Ca’* release (Guo et al., 2013). Experiments on single channels within lipid bilayers have
shown that the RyR2 Ca”* current in intracellular solution reversed at -2.7 mV, instead of the
calculated Ca* reversal potential of ~-120 mV (Guo et al., 2013). This led the authors to

conclude that RyR2 mediated counter-current was suffident to maintain a stable SR
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membrane potential during SR Ca®* release and that current fluxes that occur via K* channels
are functionally unimportant (Gillespie and Fill, 2008, Guo et al., 2013). Whilst there is
convincing evidence to suggest that RyR2 conductance of K from the cytosol to the SR lumen
contributes to the SR counter-current, that RyR2 is the sole contributor is unlikely. TRIC-
knockout mice suffer embryonic cardiac failure and show severe dysfunction in intrace llular
Ca’* handling, implicating a role for TRIC in facilitating the SR counter-current (Yazawa et al.,
2007). Moreover, spedific block of SR K* channels via Cs* substitution markedly alters SR Ca**

and will be furtherdiscussed in Section 6.4.2 (Kawai et al., 1998).

Our working hypothesis is that during SR Ca’* release, the movement of K* in the cytosolic to
luminal direction mostly occurs via both RyR2 and the voltage-dependent subtype of TRIC B.
The counter-current via TRIC channels may persist briefly after RyR2 channels have returned to
their closed state to dissipate any residual polarization of the membrane. During the ‘diastolic
period’, SR Ca’* uptake via SERCA also requires K* to move in the opposite direction (lumen to
cytosol) to limit the generation of an inside-positive SR membrane potential. In this case, the
voltage-independent subtype of TRIC B may be predominantly responsible allowing free

movement of K.

While experimental evidence addressing the specific roles of TRIC A and B channels is lacking,
the neonatal mortality of the TRIC A and B double knockout mouse due to cardiac dysfunction
is evidence that both forms are important in the heart (Yazawa et al., 2007). The role of CI"and
H* channels has also not been addressed despite evidence of their presence within the cardiac
SR (Townsend and Rosenberg, 1995, Kamp et al., 1998). Additionally, there is little information
available to further understand the time course of any of these events, although
computational modelling of RyR2 counter-current conductance has indicated rapid changes in
SR membrane potential in the order of tens of milliseconds (Gillespie and Fill, 2008). Despite
these limitations, this hypothesis can be used as a starting point to investigate the effect of

flecainide on SRmembrane potential changes and Ca**handling.
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6.4.2 Block of SR counter-current with Cs* and effect on Ca** release

Inhibition of sarcolemmal K* currents by exchange of K* for Cs* in experimental solutions has
been reported for the transient outward potassium current (l,,) (Matsuda, 1996) and the
inwardly rectifying potassium current (l;) (Harvey and Ten Eick, 1989). Similarly, K" exchange
for Cs" inhibited the SR counter-current in lipid bilayer experiments mimicking the SR
membrane (Guo et al., 2013); and in saponin permeabilised ventricular myocytes during SR
Ca’* waves (Kawai et al., 1998, Guo et al., 2013). In lipid bilayers, Cs* inhibited the SR counter-
current by ~88% through unidentified SR K* channels only; the cytosolic to luminal passage of
monovalent cations through RyR2 was unaffected (Guo et al., 2013). TRIC B channels have
recently been reported to be blocked by Cs”, confirming this channel as a potential target
(Yang et al., 2016). This suggests that in experiments using permeabilised myocytes, including
those reported here, RyR2 conductance of monovalent cations was likely unaffected during Cs*

substitution.

Interestingly, Guo et al. reported unchanged spark properties and caffeine induced transients
during Cs* substitution and the authors concluded that SR K channels had no important role in
sustaining normal Ca”* release. In contrast, our findings and those of others (Kawai et al., 1998)
provide evidence of a pronounced decrease in Ca** wave frequency and prolongation of wave
duration following Cs* substitution . This discrepancy might reflect differences in the form of
Ca’* release studied. Sparks and triggered Ca** transients are considered ‘physiological’ forms
of Ca** release (Cheng et al., 1996, Bers, 2001). Ca>* waves are considered pathological due to
their occurrence under pathological or Ca”*overloaded conditions (Hilliard et al., 2010, Diaz et
al., 1997). It is possible that the changes observed in the presence of Cs* occur only when the
SR Ca”* store reaches its threshold for spontaneous Ca”" wave release (Salazar-Cantu et al.,

2016); SR Ca** sparks and triggered Ca”* transients occur at a lower SR Ca** content.

Our data clearly indicate that inhibiting the SR counter-current had a significant effect on Ca**
waves and these are supported by similar results by Kawai et al. (Kawai et al., 1998).
Prolongation of the time to wave peak is indicative of slowed Ca** release. Additionally, a
decrease in wave frequency and the increased Ca’" decline time constant are indicative of
slowed Ca’* uptake, prolonging the time required for the SR Ca’* release threshold to be
reached (Kawai et al., 1998). We propose that during Ca®** release, changes in the SR
membrane potential would be increased or prolonged following Cs* substitution. Conversely,
slowed luminal to cytosolic movement of K* during Ca>* uptake could also slow Ca** movement

across the SR membrane (Kawai et al., 1998).
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Experiments involving direct measurement of SR membrane potential are needed to test this
hypothesis directly. However, due to limitations further discussed in Section 6.4.7, the use of
potential sensitive dyes is unlikely to work in isolated cells. In short, changes in the SR
membrane are likely to be small relative to that of the sarcolemma or the mitochondria and SR
fluorescence signals would be dwarfed (Section 6.4.7) (Portele et al., 1997). An alternative
approach using the voltage sensitive fluorescent protein, ArcLight is discussed in Chapter 8

(Leyton-Mange etal., 2014).

6.4.3 The effect of flecainide on wave frequency was exacerbated when SR counter-
current was slowed with Cs*

In the previous chapter, flecainide significantly decreased wave frequency, increased spark
frequency and decreased spark amplitude and width in saponin permeabilised myocytes
perfused with intracellular solution. In this cell model, RyR2 remained in situ, whilst Na,1.5 was
rendered functionless. It was concluded by us and others that flecainide inhibited RyR2 in its
open channel state to elidit the changes observedin SR Ca** release (Hilliard et al., 2010, Savio-

Galimberti and Knollmann, 2015).

Since these results, the direct effect of flecainide on RyR2 has been called into question
(Bannister et al., 2016, Bannister et al., 2015). In part, this may be due to an inability to
reproduce an effect of flecainide in WT permeabilised myocytes, due to previously discussed
discrepancies (Chapter 5.). An interesting point was raised however, in that flecainide was
capable of blocking ion movement through the RyR2 pore, but only under certain
electrophysiological conditions (Bannister et al., 2016, Bannister et al., 2015). The results by
Bannister et al. suggested that flecainide’s block of cation movement through RyR2 only
occurred when the SR lumen was held at a negative potential in relation to the cytosolic space
(Bannister et al., 2016). Under these conditions in single channel-lipid bilayer experiments,
cations moved in the cytosolic to luminal direction. It was concluded that this direction of
cation movement was non-physiological and that therefore, the effect of flecainide on RyR2

should be consideredirrelevant (Bannisteretal., 2016, Bannisteretal., 2015).

Before accepting this condusion, two critidisms must be considered. Firstly, the cytosolic to
luminal movement of K* via RyR2 is present physiologically as a contributor to the SR counter-
current (Tinker et al., 1992, Guo et al., 2013, Gillespie and Fill, 2008, Coronado et al., 1980).
This partial block of this SR counter-current by flecainide may indirectly alter Ca** release and a
qualitative parallel could be drawn between flecainide block of RyR2-mediated counter-
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current and Cs” block of SR K" channel-mediated counter-current. Bannister et al. theorised
that Ca’* would push the relatively weakly bound flecainide out of the RyR2 pore in this
situation, thereby preventing a sustained effect. However this could not be directly
investigated due to the non-physiological salt content of the lipid bilayer experiments which
did not contain both K' and Ca’* (Bannister et al., 2016, Bannister et al., 2015). The
experiments documented in Chapter 5 ensured physiologically relevant concentrations of K*
and Ca’*; and RyR2 remained in situ. Under these conditions, a significant effect of flecainide
on Ca’* wave and spark release was apparent and was supported by qualitatively similar
results observed in CPVT myocytes (Savio-Galimberti and Knollmann, 2015). Therefore, an
indirect effect of flecainide on RyR2 Ca** release might occur due to an inhibition of the RyR2-

mediated SR counter-current.

Secondly, the holding potential at which flecainide blocked RyR2 current flux in the cytosolic to
luminal direction was experimentally contrived. However, it is conceivable that this lumen-
negative SR membrane potential could exist to a small extent during diastole (Gillespie and Fill,
2008, Yazawa et al., 2007) and/or transiently to a greater extent during SR Ca** release (Beeler,
1980, Laver and Lamb, 1998). We have hypothesised that Cs* substitution results in a larger
and/or more prolonged polarization of the SR membrane (Figure 7.1 A). Under these
conditions in WT cells, the decrease in wave frequency induced by flecainide was almost
doubled (~38%) compared to experiments performed using control solution (Chapter 5), and
was comparable to that reported in the permeabilised Casq2” cardiomyocyte upon application
of 100 uM flecainide (Savio-Galimberti and Knollmann, 2015). Flecainide is >99% protonated at
physiological pH (Liu et al., 2003). In the presence of Cs’, when the SR is likely at an increased
or prolonged negative membrane potential, charged flecainide binding affinity to the already
negative RyR2 pore may be increased (Mead-Savery et al., 2009), thereby eliciting a greater
effect on Ca** wave frequency. Interestingly, the neutral and fully-charged derivatives of
flecainide (NU-FL and QX-FL respectively) elidted a significantly weaker block of RyR2 than
flecainide indicating that the flecainide’s positive charge may not be the sole contributor to its
mechanism of action on RyR2 (Bannister et al 2016). Despite this, flecainide block of RyR2
increased linearly from 0 mV, showing a clear voltage dependent block of RyR2 channels in
lipid bilayers as the SR ‘lumen’ became more negative (Bannister et al., 2016). Similar
preliminary experiments also performed in Casq2” permeabilised mouse myocytes also
reported a greater effect of flecainide on wave frequency in the presence of Cs* (Gomez-

Hurtado and Knollmann, 2016).
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6.4.4 The effect of flecainide on wave frequency when SR counter-current was
increased with valinomycin

Valinomydn is a K" ionophore which acts to create K* selective pores across biological
membranes (Favero et al., 2003). To facilitate this conduction, K" binds to 6 of the 12 carbonyl!
groups located within the dodecadepsipeptide ring structure of valinomydn (Varma et al,,
2008). Increased K* conductance due to application of valinomycin has been reported in the
cardiac sarcolemma (Bartschat et al., 1980), mitochondrial membrane (Kaasik et al., 2004,
Miro-Casas et al., 2009) and the SR (Kometani and Kasai, 1978). Depending on the ionic

concentration of K" across each membrane, valinomycin can elicit differing effects.

Under physiological conditions, the intracellular K* concentration (~140 mM) is greater than
the extracellular concentration (~5 mM). The high K" permeability across the sarcolemma is
predominantly responsible for holding the membrane potential of ventricular cells at ~-85 mV
(Opie, 2004). Application of valinomycin further decreases the membrane potential to <-100
mV due to the amplified K* permeability (Bartschat et al., 1980). Across the inner
mitochondrial membrane, ATP-regulated (mitoKarp), Ca’*-activated (mitoBKc.), voltage-gated
(mitoK,1.3) and two pore domain (mitoTASK) K* channels control K* entry into the
mitochondria (Laskowski et al., 2016). Despite these varied channels, low mitochondrial
permeability to K" has been reported (Bednarczyk et al., 2008). The application of valinomycin
induced mitochondrial swelling (Kaasik et al., 2004) and decreased the mitochondrial

membrane potential (Inai et al., 1997, Diaz et al., 2013) due to an increased mitochondrial K

concentration.

During cell diastole, equal concentrations of K™ across the SR membrane were reported by
Somlyo et al. (1977) indicating the free movement of K* across the SR, which may be facilitated
by voltage-independent TRIC B channels (Somlyo et al., 1977, Venturi et al., 2013). However, it
is likely that a proportion of K* flux across the SR may be regulated or restricted due to the
presence of K* permeable voltage-dependent TRIC B and RyR2 channels (Coronado et al., 1980,
Guo et al., 2013, Venturi et al., 2013, Diaz-Sylvester et al., 2011). After application of
valinomycin it is assumed that the proportion of K* flux which occurs immediately during and
after SR Ca’* release is unrestricted and may move through valinomydin induced pores instead
(Kometani and Kasai, 1978). Therefore, transient changesin the SR membrane potential during

2 .
Ca”’ release may be less pronounced and/or briefer.

Upon the application of valinomycin in saponin permeabilised cardiomyocytes, a significant

decrease in wave frequency was apparent with ~18% of cells exhibiting no waves after 3 min
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of perfusion. Such a dramatic decrease in wave frequency is typically indicative of a decrease
in SR Ca’* uptake (Venetucci et al., 2007) and consequential decrease in SR Ca’" content.
However, the limited evidence available is contradictory. Ca** uptake into SR vesides has been
reported to increase (Beeler, 1980, Caswell and Brandt, 1981) or decrease (Vladimirov et al.,
1978, Arav et al., 1983) in the presence of valinomycin. This discre pancy might be explained by
differencesin the relative quantities of SERCA, RyR and calsequestrin in SR vesicle preparations
as Ca”* uptake rate is faster in SERCA rich “light” SR vesicles, compared with RyR2 rich “heavy”
vesicles in the presence of valinomydn (Inui et al., 1988, Nigro et al., 2009). Moreover,
valinomycin activity on SERCA is dependent upon [Ca**]. At high intra-luminal SR [Ca’"] (35 pM),
valinomycin increases Ca** uptake via SERCA; yetin the presence of the Ca** ionophore A23187,
luminal Ca’* remains low and valinomycin inhibits SERCA uptake of Ca’* (Beeler and Gable,
1994). In the current experiments, free [Ca**] was relatively low (146 nM) indicating that
valinomycin would likely inhibit SERCA uptake rate (Beeler and Gable, 1994). Indeed, in similar
experiments using cardiomyocytes isolated from the CASQ2”" CPVT mouse model, valinomycin
did not significantly decrease wave frequency (Gomez-Hurtado and Knollmann, 2016). This
may be due to the very high [Ca’"] used, which elicited a starting wave frequency of ~1.6
waves/sec (Gomez-Hurtado and Knollmann, 2016, Savio-Galimberti and Knollmann, 2015).
Under these conditions, valinomycin inhibition of SERCA uptake may be greatly reduced or

reversed (Beelerand Gable, 1994).

6.4.5 The effect on wave frequency in the presence of valinomycin and flecainide

In the presence of Cs’, it was hypothesised that a transient polarisation of the SR membrane
would be greater or prolonged. Under these conditions, a more pronounced decrease in wave
frequency was apparent upon application of flecainide, consistent with dependence of
flecainide on a negative SR membrane potential. To further investigate this dependence,
valinomycdin was applied to myocytes to induce the free movement of K* across the SR which
was posited to abolish the SR membrane potential. In doing so, it was hypothesised that
flecainide would have no effect on wave frequency. In fact, the effect of flecainide was
reversed. Perfusion with valinomycin alone decreased wave frequency by ~70%. However, the
joint perfusion of valinomycin and flecainide somewhat maintained wave frequency and only a
~40% decrease from control was observed. Several speculative discussion points could be

initiated fromthis result.
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Itis unlikely that flecainide directly inhibits the valinomycn pore in a similar fashion to its block
of the K,11.1 and K,2.1 channels (Melgari et al., 2015a, Madeja et al., 2010). This is due to
significant structural differences between K* spedific channel pores and the valinomycin pore
(Varma et al., 2008). However, there is the potential that currently un-investigated flecainide
interaction with other mitochondrial or SR membrane proteins, could elicit a positive effect on
Ca”* regulation in the permeabilised myocyte. For example, flecainide may directly compete
with valinomydn for functional access to SERCA, thereby limiting the inhibitory effect of
valinomycin on SERCA and the consequential changes in SR Ca’* uptake and release (Beeler
and Gable, 1994). Although, no significant changes in Ca’* decline time were apparent,
indicating no effect of flecainide on SERCA. Alternatively, if flecainide inhibition of RyR2 were
to persist, passive Ca** leak via RyR2 may be reduced and SR Ca’* content somewhat
maintained. Under these conditions, the Ca>* dependent effect of valinomydn on SERCA may

be partially opposed (Beeler and Gable, 1994).

In intact cardiomyocytes, valinomycdn was reported to increase ROS production (Heinzel et al.,
2005b) which may induce detrimental changes to SERCA cycling and RyR2 leak (Kuster et al.,
2010, Eager et al., 1997). There is a preliminary report of flecainide inhibiting ROS production
via the tumour necrosis factor-a. (TNF-o.) pathway (Nojima et al., 1995). Additionally, a
preliminary report exists which suggests that flecainide is able to maintain normal
mitochondrial function within the ischaemic myocardium (Sugiyama et al., 1989). However,
this may be due to an indirect effect of flecainide on the mitochondria via Na,1.5 or RyR2

rather than a potential direct effect on mitochondrial channels.

Whilst the effect of flecainide in the presence of valinomydin is clear and indeed interesting,
ultimately the reasons for its effect on wave frequency are inconclusive. This is partly due to
the multi-faceted effect of valinomycin in the current cell model. However, potential
altemative interactions of flecainide with other SR or mitochondrial proteins remain

unreportedinthe literature.

6.4.6 Limitations

The aim of these experiments was to investigate the mechanism of action of flecainide on
RyR2. It was hypothesised that flecainide inhibition of RyR2 may be dependent upon transient
SR membrane potential changes that have been speculated to occur during SR Ca’* release
(Yazawa et al., 2007, Beeler, 1980, Laver and Lamb, 1998). However, little direct evidence
exists to directly measure SR membrane potential changes during Ca** release. Unlike the

sarcolemma, patch clamp recordings of SR membrane in situ are not technically possible due
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to the dense and lattice-like network of the SR (Pinali et al., 2013). SR vesicles can be isolated,
however a risk of contamination with sarcolemmal or mitochondrial membranes exists, giving
rise to vesicles comprised of ~20% non-SR membrane (Byrd et al., 1989). Additionally,
longitudinal and junctional SR membrane vesides are comprised of differing proportions of
RyR2, SERCA and CASQ2 proteins (Inui et al., 1988) which in turn can alter vesicle behaviour
(Nigro et al., 2009). To measure physiological changes in membrane potential, physiological

proportions of SRvesicle types are alsorequired.

Potentiometric dyes such as ANNINE 6 and tetramethylrhodamine methyl ester (TMRM) have
been successful in measuring sarcolemmal and mitochondrial changes in membrane potential
respectively (Bu et al., 2009, Scaduto and Grotyohann, 1999). However, dyes used to measure
membrane potential changes across the SR have been criticised for their difficulty in
calibration (Portele et al., 1997) and variability in results due to tissue thickness or dye density
(Chang and Jackson, 2003). Alongside this, transient changes in SR membrane potentials were
reported by Beeler et al. (1979) using 3, 3’-diethyloxacarbocyanine (DiOC,(3)) applied to SR
vesicles. However, it was conduded that these changes were caused by Ca** binding to the SR
membrane and were therefore artefacts. Additionally, due to the self-reported insensitivity of
the dye, any changes in SR membrane potential <30 mV would not be recorded (Beeler et al.,
1979). The above aims to illustrate the technical difficulties involved in experimentally
investigating SR membrane potential changes. Computational models may begin to decipher
the elusive changes across the SR membrane, which likely occur on the millisecond timescale
(Gillespie and Fill, 2008). These may be further refined as and when experimental findings

concerning channel proteinidentification and function become clear within the literature.

Permeabilised myocytes may begin to overcome some of the discussed difficulties, as SR
proteins are in situ at physiologically relevant proportions. However, permeabilised myocytes
are a reduced model of cardiomyocyte Ca** handling. CICR via Ca** influx through LTCC cannot
occur and necessary regulatory proteins such as calmodulin (Terentyev et al., 2003a) are lost in
the permeabilisation process (Chapter 5). SR and mitochondrial bound membrane proteins are

stillintactand likely to be functioningonareducedlevel.

As discussed, the effects of valinomycin as a K’ ionophore are not limited to the SR and
therefore changes in cell function may be due to increased K* movement across the SR
(Kometani and Kasai, 1978), mitochondria (Kaasik et al., 2004, Heinzel et al., 2005b), or even
the nucleus (Bolkent and Zierold, 2002). The effect on valinomycin across the nucleus was not
discussed as the nucleus does not directly modulate cytosolic [Ca®*] at the time scale of Ca®*

release and uptake (Zhong et al., 2012). Alongside this, a K" equilibrium already exists between
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the cytosol and the nuclei (Bolkent and Zierold, 2002) indicating a minimal effect of

valinomycin on this organelle.

6.4.7 Conclusions and Summary

The hypothesis underlying the experiments described in this chapter is that during SR Ca**
release, transient polarisation of the SR membrane is opposed by the SR counter-current,
which is likely carried by TRIC B and RyR2 (Guo et al., 2013, Venturi et al., 2013, Zhou et al.,
2014). Replacement of K" with Cs" reduces the SR counter-current to around 10 — 20 % of its
normal magnitude (Guo et al., 2013). As found in this and previous studies (Kawai et al., 1998),
when the counter-current is inhibited, the rate of spontaneous Ca**release and re-uptake was
significantly slowed giving rise to a decrease in wave frequency. As Cs” blocks K" via SR K*
channels (likely TRIC channels) but not RyR2 (Guo et al., 2013), this supports a role for the
counter-current in global SR Ca’* release, albeit during pathological Ca** waves. Furthemmore,
given the marked effect of Cs* substitution on SR Ca’>* waves, it seems likely that counter-
current inhibition results in a greater polarisation of the SR during Ca’* efflux, which then limits

the rate of Ca** efflux.

During counter-current inhibition, the effect of flecainide on wave frequency was greater than
previously seen in the control intracellular solution (Chapter 5). This might be explained if
presence of an SR membrane potential facilitates the action of flecainide on RyR2. This is
appealing, because it appears consistent with findings in isolated RyR2 channels that the
blocking action of flecainide only occurred when the ‘luminal’ side of the membrane was
negatively charged (Bannister et al., 2016, Bannister et al., 2015). A reported blocking effect of
flecainide on the counter-current (Bannister et al., 2015) would additionally serve to amplify

any change in membrane potential.

In the presence of valinomycin, wave frequency was higherin the added presence of flecainide
and the drug failed to prevent the dispersion of waves into aborted wavelets. This suggests
that when the K" permeability of the SR is increased, the beneficial effect of flecainide on
waves is lost. This might be explained by reduced generation of a potential difference across
the SR membrane. Unfortunately, the fact that valinomycin itself has a marked and as yet
unclear effect on SR Ca’* regulation means that these experiments are inconclusive.
Measurement of SR Ca** content via caffeine “puff” experiments may begin to clarify the effect
of valinomycin on permeabilised cardiomyocytes as well as support the effects observed in the

presence of Cs”.
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Chapter 7: General Discussion

7.1 Introduction

This research investigated the controversial hypothesis that flecainide acts directly on RyR2 to
alter SR Ca’* release and suppress pro-arrhythmic behaviour in WT cardiomyocytes. Flecainide
is a well-characterised inhibitor of Na,1.5 (Belardinelli et al., 2013, Nitta et al., 1992, Ramos
and O'Leary, 2004) yet an additional mechanism of action on RyR2 has been reported in
cardiomyocytes with CPVT mutations (Hilliard et al., 2010, Savio-Galimberti and Knollmann,
2015, Watanabe et al., 2009). In this series of studies, the permeabilised ventricular myocyte
model was predominantly used to separate the cellular effects of flecainide on Na,1.5 and
RyR2 in WT myocytes. In the absence of functional Na,1.5 channels, flecainide consistently
suppressed pro-arrhythmic Ca’* waves and altered Ca’* spark properties, supporting the
hypothesis that flecainide directly affected RyR2 function. It also became apparent that the
effect of flecainide on RyR2 might depend upon transient changes in SR membrane potential
during Ca**release. This final chapter will summarise the key findings of this thesis, speculate
on some of the previously discussed condusions and identify new avenues of research and

clinical implications.

7.2 The diffusion of flecainide across the sarcolemma and its effects in
intact and permeabilised myocytes

Electrical pacing and superfusion of intact WT cardiomyocytes with 100 nM isoprenaline
induced spontaneous Ca’* waves during and immediately after field stimulation (Chapter 3).
After incubation with flecainide (45 min, 15 uM), spontaneous Ca’* wave frequency was
significantly decreased. However, there were no additional effects of fle cainide on Ca** spark
properties. The results were similar when Ca’* wave and spark properties were re-investigated
in intact myocytes with an increased flecainide incubation period (2 hours) or in myocytes
isolated from the MCT model of right-sided heart failure. It was concduded that flecainide likely
inhibited Ca** waves via inhibition of Na,1.5 without an effect on RyR2. It was postulated by
Sikkel et al. (2013) that flecainide inhibition of Na,1.5 could have decreased intracellular [Na'],
thereby facilitating Ca®* efflux via NCX and decreasing cytosolic [Ca**] to decrease Ca’*

propagation and wave formation (Sikkel et al., 2013). However, these parameters were not

directly measured by Sikkel (2013).
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Intact cardiomyocytes were periodically imaged immediately after application of flecainide-
FITC (Chapter 4). Flecainide-FITC moved across the sarcolemma to accumulate within the
myocyte over the recorded 3-hour period; however, equilibrium within the cytosol was not
reached after this time. The majority of trans-sarcolemmal movement was passive, although a
small component was dmetidine sensitive, consistent with active transport via OCTIN1 at
higher drug concentrations (25 uM). Interestingly, flecainide-FITC accumulationin the myocyte
was predominantly targeted to the mitochondria and was dependent upon the negatively
charged mitochondrial matrix. This was likely due to the highly protonated nature of flecainide
at physiological pH (Liu et al., 2003). However, these results also indicate that an effect of
flecainide on RyR2 may not have been apparent in Chapter 3 due to the slow trans-
sarcolemmal movement and predominant mitochondrial accumulation of flecainide in intact
cardiomyocytes. When flecainide is given clinically this may not pose a problem due to regular
dosing, allowing time for trans-sarcolemmal movement and eventual equilibrium between the
mitochondria and the cytosal. In this case, flecainide may eventually accumulate within the
cytosol to a concentration capable of modulating RyR2 activity (Chapter 4). Experimentally
however, this slow movement across the sarcolemma has led to misleading results (Sikkel et

al., 2013).

In order to bypass the problem of slow trans-sarcolemmal movement of flecainide, the
sarcolemma was permeabilised with saponin to allow flecainide immediate access to SR
membrane proteins (Chapter 5). In doing so, Na,1.5 was rendered functionless whilst RyR2
remained in situ, allowing a clear separation of flecainide’s effects on the two channels. The
concentration of flecainide used in permeabilised myocyte experiments (25 uM) was greater
than that reported in the plasma 0.2 — 5 uM (trough to peak concentrations) (Mano et al.,
2015, 3M, 2016). Initial experiments in WT permeabilised myocytes found 25 uM flecainide
was required to produce an effect on Ca** release (Hilliard et al., 2010, Steele and Yang, 2017).
In the permeabilised myocyte model, flecainide significantly and consistently supressed pro-
arrhythmic Ca** waves by 10-20% and this effect was sustained. Additionally, spark frequency
was increased and spark width and amplitude significantly decreased. These effects were
similar to those seen in intact and permeabilised CPVT cardiomyocytes, yet ~4x the
concentration of flecainide was required (6 uM vs. 25 puM) (Hilliard et al., 2010, Savio-
Galimberti and Knollmann, 2015) and are indicative of a direct effect of flecainide on RyR2.
Interestingly, the size of flecainide’s effect on RyR2 was unaffected by the presence of CaM
indicating that the loss of this cytosolic mediator during myocyte pemmeabilisation was
unimportantin WT cells. This was in contrast to effects seen in Casq2” myocytes whereby CaM
potentiated the effect of flecainide (Gomez-Hurtado etal., 2015).
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The effect of flecainide on Ca** wave frequency was consistent with a dependence on SR
membrane potential (Chapter 6). By inhibiting the SR counter-current via K" exchange for Cs"
and minimising CI" content, the membrane potential across the SR which likely occurs
transiently during and immediately after each Ca’" release, was predicted to have been
increased in magnitude or duration. The experimental exacerbation of this mechanism

resulted in a ~40% suppression of Ca** wave frequency by flecainide, an effect size similar to

that seenin CPVTmodelsat 100 uM flecainide (Savio-Galimberti and Knollmann, 2015)

7.3 Proposed mechanism of action of flecainide on RyR2

A direct effect of flecainide on RyR2 has been observed in all single channel lipid bilayer
experiments (Hilliard et al., 2010, Bannister et al., 2016, Bannister et al., 2015, Hwang et al.,
2011a). However, the question of its physiological relevance is still contested in the literature
(Bannister et al., 2016, Bannister et al., 2015). In cardiomyocytes isolated from animal models
with a CPVT phenotype, pro-arrhythmic Ca’* waves are suppressed in the absence of
functional Na,1.5, consistent with an effect of flecainide on RyR2 in these cells at a relatively
low flecainide concentration (6 uM) (Savio-Galimberti and Knollmann, 2015, Hilliard et al.,
2010). In WT intact cardiomyocytes, the effect of flecainide on RyR2 could not be convincingly
demonstrated (Chapter 3) (Bannister et al., 2015). Yet in permeabilised myocytes, in which
Na,1.5is rendered functionless, significant changes in Ca** spark properties were observed and
the suppression of pro-arrhythmic waves was reproducible across different datasets and under

different experimental conditions (Chapter5).

One proposal put forward by Hilliard et al. (2010) concerning flecainide’s mechanism of action
on RyR2 is that flecainide blocks the RyR2 pore in its open state resulting in smaller and more
frequent sparks. The smaller amplitude and width of sparks might then explain the reduced
probability of sparks propagating to form pro-arrhythmic waves whilst the increased spark
frequency maintains normal SR leak. However, the relationship between these findings on
permeabilised cells and studies on isolated channels is unclear clear. As noted by Bannister et
al. (2015), the effect of flecainide on isolated RyR2 in lipid bilayers was apparent only when the
SR lumen was negative with respect to the cytosol; a situation assumed to have no
physiological relevance. However, we have proposed that SR polarization may occur
transiently during and immediately after Ca®* release (Figure 7.1and 7.2). Specifically, it seems
likely that during diastole when RyR2 is predominantly dosed there should be little or no

voltage difference across the SR membrane, primarily due to the free movement of K* via SRK*
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channels (Figure 7.2 A and B) (Yazawa et al., 2007, Gillespie and Fill, 2008, Somlyo et al., 1977).
In contrast, during Ca’* spark or wave release, the rapid Ca’* efflux may transiently polarize the
SR membrane if the counter current compensation is not instantaneous (Figure 7.2 A and B ii)
(Beeler, 1980, Laver and Lamb, 1998). This situation may transiently fulfil the conditions
identified in lipid bilayer experiments where flecainide induced open state block of RyR2

(Hilliard etal., 2010, Bannisteretal., 2016, Bannisteretal., 2015, Hwanget al., 2011a).

Inhibition of SR K" channels and the associated counter current by the application of Cs* (Kawai
et al., 1998) would be expected to increase the magnitude of any SR polarization during Ca**
release. The inside-negative potential temporarily persists along with flecainide inhibition of
RyR2 (Figure 7.2). As the net movement of Ca’* and K* through the RyR2 shifts to prioritise K*
movement into the SR lumen, the inside negative potential subsides, preventing further
inhibition of RyR2 by flecainide (Figure 7.2) (Bannister et al., 2016, Bannister et al., 2015).
Thereafter, the myocyte enters diastole and RyR2 is closed (Figure 7.2). It could be speculated
that RyR2 in mutant myocytes are subject to greater or more prolonged SR membrane

potential differences, thereby increasing flecainide block of RyR2.

7.4 The effect of flecainide on other intracellular membrane bound
proteins

Within this thesis, the anti-arrhythmic effect of flecainide on RyR2 function has been the
primary focus and there is evidence from single channel experiments to show a direct effect of
flecainide on RyR2 (Bannister et al., 2016, Bannister et al., 2015, Hilliard et al., 2010, Hwang et
al., 2011a). However, in the current cell model, channels and transporters located at the SR,
mitochondria and nudear membranes exist which have the potential to be modulated by
flecainide. Flecainide is a promiscuous drug, showing modulation of Na,1.5, sarcolemmal K*
channels and RyR2 (Belardinelli et al., 2013, Hilliard et al., 2010, Madeja et al., 2010). K*
channels are also located at the mitochondria, where flecainide accumulation was reported to
occur (Chapter 4) and it is possible that flecainide will inhibit mitochondrial K* channels too
(Madejaetal., 2010, Melgari et al., 2015b). Under physiological conditions, this may not elicit a
large response as mitochondrial K* channels are reported to be relatively inactive within
cardiomyocytes (Bednarczyk et al., 2008). However, the role of mitochondrial K'channels in
pathological conditions is still undear, as is their potential to be modulated pharmacologically

(Schulzand Di Lisa, 2016).
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Figure 7.1: Hypothesised transient changes in SR membrane potential during a ca**wave

A) Schematic representation of the hypothesised changes in SR membrane potential
before, during and immediately after the release of a spontaneous Ca’*wave. i) During cell
diastole, thereis little or no difference in voltage across the SR membrane. ii) At the start of
a Ca’*wave, a large volume of Ca** (red arrow) moves from the SR to into the cytosal,
carrying a large movement of positive charge. A transient negative potential is created
inside the SR lumen. Under these conditions, a significant inhibition of RyR2 P, by flecainide
was apparent in single channel lipid bilayer experiments. iii) Initiation of the SR counter-
current causes K* to flow into the SR via RyR2 and SR K" (TRIC) channels, lessening the SR
membrane potential and preventing further flecainide block of RyR2. iv) RyR2 is
predominantly closed and a balance between the SR lumen and cytosol is restored
producing no potential difference across the SR. B) Schematic representation of the
hypothesised changes in SR membrane potential before, during and immediately after the
release of a spontaneous Ca’*wave in the presence of Cs*. Cs* partially inhibits SR counter
current, thereby increasing the duration required for the SR membrane potential to
equilibrate or increasing the magnitude of the SR membrane potential after the release of
Ca”*. During this period (ii), the transient negative potential created inside the SR lumen is
prolonged orincreased, therebyincreasing the inhibition of RyR2 by flecainide.
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Figure 7.2: Hypothesised block of RyR2 by flecainide during SR Ca’*release

A) Schematic representation of RyR2 opening, flow of Ca’*and K* currents and relative
changes in membrane potential across the SR. i) RyR2 is predominantly in its closed state
and there is no voltage difference across the SR. ii) Ca**is released (red arrow) through the
open RyR2 channel pore. A transient negative potential inside the SR lumen is created by
the large movement of positive charge. iii) K* counter-current (blue arrow) moves into the
SR through RyR2, lessening the transient membrane potential. iv) RyR2 is predominantly in
its closed state and there is little or no voltage difference across the SR. B) Schematic
representation of flecainide block of RyR2 during SR Ca**release. i) RyR2 is predominantly
in its closed state and there is little or no voltage difference across the SR. ii) Ca* release
through the open RyR2 channel pore. A transient negative potential inside the SR lumen is
created. iii) Under these conditions, flecainide (green) inhibits RyR2 Ca** conductance and a
sub-conductance state is generated. iv) Flecainide inhibition of RyR2 persists as K* counter-
current is initiated. Partial block of the SR counter current by Cs* prolongs the membrane
potential difference and flecainide block of RyR2. v) K" counter current persists as SR Ca**
content depletes. The transient membrane potential is lessened as the netion movement
through RyR2 shifts to favour K*. This prevents further inhibition of RyR2 by flecainide. vi)
RyR2 closes and there is little or no voltage difference across the SR during diastole. Arrows
represent net movementofions.
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Efsevin, a newly patented anti-arrhythmic drug affecting VDAC2 function on the mitochondrial
membrane also modulates spark properties and wave frequency in isolated cardiomyocytes,
yet does not directly affect RyR2 function (Shimizu et al., 2015, Chen, 2016). Efsevin increased
Ca’* uptake into the mitochondria thereby causing shorter and narrower Ca** sparks. In doing
so, spark propagation was supressed and Ca’* wave frequency was decreased (Shimizu et al.,
2015). The total uptake of cytosolic Ca** via the mitochondriais likely to be very small (Boyman
et al, 2014b), yet local regulation of Ca** by the mitochondria may modulate
arrhythmogenicity (Shimizu et al., 2015, Loughrey et al., 2002). Efsevin serves as an example
that changes in spark size may not necessarily equate to direct changes in RyR2 function and

the effect of flecainide has not yet beeninvestigated from this perspective.

When valinomycin was applied to the myocyte, it was expected that K™ would move freely
across the SR membrane to remove the occurrence of a transient membrane potential and
flecainide would have no effect on Ca®* wave frequency. In fact, Ca’* wave frequency
significantly decreased in the presence of valinomydn, potentially due to an unexpected effect
of valinomycin on SERCA activity. Under these conditions, flecainide partially maintained wave
frequency yet these results remain incondusive. Valinomycin is also an activator of ROS
production in intact cardiomyocytes (Heinzel et al., 2005a). ROS have been reported to induce
detrimental changes to SERCA cycling and RyR2 leak (Kuster et al., 2010, Eager et al., 1997)
leading to a significantly decreased SR Ca”* content and a significant decrease in wave
frequency, such as that seen in Chapter 6. Mitochondrial ROS production is possible in
permeabilised myocytes (Kuznetsov et al., 2004) indicating that a preliminary report of
flecainide inhibiting ROS production via the Tumour Necrosis Factor- o (TNF-a) pathway may
be relevant (Nojima et al., 1995). This could begin to explain the unexpected effect of
flecainide in the presence of valinomycin, although other aspects of the ROS pathways need to
be considered, such as the likely loss of caspases, the predominate proteins within the TNF-a.

signalling pathway (Zhu etal., 2006, Chenetal., 2010).

The above discussion is speculation and is largely unsupported by experimental evidence. Yet,
these possibilities may be interesting to bear in mind, considering the controversy and

unexpected results, surrounding flecainide.
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7.5 Differences in effect seen with flecainide in WT and CPVT animal
models

As observed in Chapter 5, the effect of flecainide on Ca’* waves was qualitatively comparable
in WT rat to Casq2” and R4496C*" mouse models with a CPVT phenotype, however a greater
concentration of flecainide was required to elicit a similar effect (Chapter 5) (Hilliard et al.,
2010, Savio-Galimberti and Knollmann, 2015). Whilst differences in experimental protocol are
also likely to be present, the continuation of this pattern was apparent in preliminary
experiments reported by Gomez-Hurtado and Knollmann 2016 which were investigating the
effect of flecainide in the presence of Cs* or valinomydin in Casq2'/’ myocytes (Gomez-Hurtado

and Knollmann, 2016).

It is possible that spedies differences associated with Ca**handling may partially account for
differences in the effect of flecainide (Bers, 2001). However, the effect of flecainide in WT
mouse and rabbit cardiomyocytes was similar to results observed in WT rat (Chapter 5) (Savio-
Galimberti and Knollmann, 2015). This indicates that spedes differences are unlikely to play a

majorrolein explaining the differencesin flecainide’s effect.

RyR2 protein structure may be altered in the R4496C*" mutant mouse model due to the
altered genomic sequendng of RyR2. If these structural changes coincide with the RyR2-
flecainide binding site, the affinity of flecainide to RyR2 may be altered, giving rise to an
altered effect of flecainide. However, as RyR2 is a large protein (~565 kDa) (Tunwell et al.,
1996), the chance of the RyR2 structure being modified at the relatively small flecainide
binding site are small. Additionally, in the Casq2” mutant mouse, RyR2 structure remains

unaltered, yetanincreased effect of flecainide on Ca’* waves was also apparent.

Differences in RyR2 function between WT and mutant animal models might also govern the
differences in the effect of flecainide observed. Cardiomyocytes from both Caqu"/" and
R4496C" mice display a similar CPVT phenotype and in both cases, RyR2 displays an increased
sensitivity to Ca”™ (Liu et al., 2011, Fernandez-Velasco et al., 2009a, Savio-Galimberti and
Knollmann, 2015). In both CPVT models, Ca’* waves were more frequent and exhibited a faster
propagation velocity compared with WT. Additionally, Ca®* spark frequency and duration was
increased, although spark mass was significantly smaller than WT. The increased RyR2 Ca**
sensitivity and more frequent Ca* release in both CPVT models may underlie the increased
effect of flecainide. For example, it is speculated that more frequent Ca’* release or increased
spark duration may give rise to an increased SR membrane potential if the counter current
cannot match this increased Ca”* release (Guoet al., 2013, Yazawa et al., 2007). This may cause

to greater or more prolonged transient membrane potential differences across the SR. Under
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these conditions, flecainide’s affinity to RyR2 and blocking capacity may be increased (Chapter
6) (Figure 7.2). Additionally, increased RyR2 P, in the CPVT model could allow increased drug

access to potential binding sites within the open channelpore.

Whilst drug accumulation into the mitochondria was apparent, it must be considered that
cytosolic flecainide accumulation may not reach concentrations high enough to affect RyR2
activity in WT cells. Despite this, this study serves as a proof of concept, that RyR2 activity can
be affected in WT cells and supports the development of mechanistically similar but kinetically

altered pharmacological compounds.

7.6 Future perspectives

To further investigate the differences in the effect of flecainide observed in WT or CPVT
mutant cardiomyocytes, the synthetic domain peptide, DPc10 could be utilised. DPc10 is a
synthetic peptide which binds to a region on the RyR2 N-terminal, inhibiting intra-RyR2 binding
between the N-terminal and central domain (Figure 1.10) (Yamamoto and lkemoto, 2002). This
increases Ca’" sensitivity giving rise to a CPVT phenotype in WT cells (Yang et al., 2006). It
would be interesting to establish whether the effect of flecainide in the presence of DPc10

could be achieved at concentrations observed in Casq2” and R4496C"" cardiomyocytes.

Interestingly, flecainide is not the only drug to exhibit an apparent dependence upon changes

in SR membrane potential. The experimental RyR2 modulator, JTV-519, has also been reported

to block RyR2 to intermediate conductance states, yet only when the SR is held at a negative

potential (Darcy et al., 2016). Several clinical drugs have recently been hypothesised to exhibit

an inhibitory action upon RyR, although their dependence upon changes in SR membrane

potential are unknown. Flecainide and, to a less well-published extent, R-propafenone, are the

only two Na,1.5 channel inhibitors suggested to act on RyR2 (Hwanget al., 2011a, Hilliard et al.,,
2010). Additionally, two enantiomer specific [-blockers R-carvedilol and S-nebivolol

suppressed Ca’* release, without traditional B-blocker actions on heart rate and blood

pressure, indicating an effect on RyR2 (Zhang et al., 2015, Tan et al., 2016). Dantrolene, a CaM-

dependent drug, inhibited skeletal RyR1 in response to triggered malignant hyperthermia (Oo
etal., 2015b, Wang et al., 2011).

Further investigations into the mechanisms of action of these drugs may begin to advance our
understanding of how RyR2 can be modulated without activating autoregulation. Single

channel lipid bilayer experiments are valuable in gaining an initial understanding of RyR2-drug
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interactions. However, in this experimental model the environment of the isolated RyR2
channel differs markedly from the physiological state. Experiments utilising permeabilised
myocytes, such as those described within this thesis are ideal. Measurement of RyR2 Ca**
release can be imaged using confocal microscopy line scanning whilst RyR2 remains in situ and
the cytosolic environment can be better physiologically mimicked. In the case of R-
propafenone, complicating actions on Na,1.5 can also be removed. Enantiomer specific R-
carvedilol and S-nebivolol do not exhibit 3-adrenoceptor blockade (Nichols et al., 1989, Siebert
et al., 2008), indicating that intact cardiomyocytes could be utilised without a second
mechanism complicating the results. Additionally, computational molecular modelling can
begin to predict RyR2 binding sites for pharmacological targets such as flecainide, R-
propafenone, R-carvedilol and S-nebivolol. Molecular docking software maps the quatemary

protein structure and identifies and ranks potential binding sites for specific small molecules in

response tothe molecule’s structure and chemical properties (Morris et al., 2009).

Most importantly, further investigation of physiologically relevant transient SR membrane
potentials is required. The effect of flecainide on Ca** waves was clearly altered in response to
experimental interventions assumed to modify any transient change in SR membrane potential
during SR Ca”* release (Chapter 6). It may be possible to study this directly using an expressed
fluorescent voltage-sensor protein known as ArclLight, which can be targeted to spedcific
membranes (Cao et al.,, 2013). Using this methodology, fast changes in sarcolemmal
membrane potential have been demonstratedin cardiac stem cells (Leyton-Mange et al., 2014,
Song et al.,, 2015). In future experiments, the ArcLight protein could be targeted to the SR
membrane in adult cardiac myocytes using adenoviral expression. This may enable the
visualisation of transient changes in SR membrane potential, without signal contamination
from the mitochondria or sarcolemma. The action of Cs* and valinomycin on SR membrane

counter-current could then be confirmedin WTand CPVT cell models.

7.7 Clinical implications

RyR2 has long been regarded as a lucrative potential pharmacological target (Santonastasi and
Wehrens, 2007) as RyR2 plays a prominent role in pathological Ca’* release and initiation of
potentially fatal ventricular arrhythmias (Marjamaa et al., 2011, Fujiwara et al., 2008, Chang et
al., 2013, Benoist et al., 2012). As 700,000 people are affected by arrhythmias in the UK alone,
the clinical application for an RyR2 modulator is great (BHF, 2016). However, due to SR auto-

regulation, changesin RyR2 P, are short-lived upon drug application at low concentrations, and
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toxic at high concentrations (Santonastasi and Wehrens, 2007, Lukyanenko et al., 2001,
Overend et al., 1997) . Drugs that modulate RyR2, whilst bypassing SR autoregulation would be

a prerequisiteforclinical application.

Small clinical studies have indicated a beneficial effect of flecainide in CPVT patients (Khoury et
al., 2013, Mantziari et al., 2013, Lieve et al., 2016, van der Werf et al., 2011a). However,
further research is required to develop new drugs that selectively target RyR2, without an
effect on Na,1.5; as it is flecainide’s inhibition of Iy,that causes fatal arrhythmias in patients
with structural heart disease (CAST, 1989, Anderson et al., 1994). The present data adds to the
growing number of predinical studies that demonstrate a preserved effect of flecainide on
RyR2, alongside its inhibition of Na,1.5 (Hilliard et al., 2010, Savio-Galimberti and Knollmann,
2015, Watanabe et al., 2009). Importantly, this data indicates that flecainide also affects RyR2
in WT myocytes, thereby potentially increasing the demographic of patients that may benefit

from RyR2 selectivedrugs.

235



Appendix

Chemical Name Company, Country
Acrylamide National Diagnostics, UK
BSA Sigma, UK

CaCl, Sigma, UK

Caffeine Sigma, UK

Cimetidine Sigma, UK

Collagenase Worthington Biochemical Corporation, NJ, USA
Creatine Sigma, UK

Cs hydroxide hydrate Sigma, UK

Cs methanesulfonate Sigma, UK

EGTA Sigma, UK

Ethanol Sigma, UK

Exogenous CaM Sigma, UK

FCCP Sigma, UK

FITC Sigma, UK
Flecainideacetate Sigma, UK
Flecainide-FITC Severn Biotech, UK
Fluo-3 Biotium, CA, USA

Fluo-4 AM Life Technologies, CA, USA
Glucose Sigma, UK

Glycerol Fisher Scientific, UK
Glycine Fisher Scientific, UK
HEPES Sigma, UK

Isoprenaline Sigma, UK

KCl Sigma, UK

KOH Sigma, UK

Methanol Sigma, UK

Mg sulphate Sigma, UK

MgCl, PanReac AppliChem, DE
Na, ATP Sigma, UK

Na, CrP Sigma, UK

NaCl Fisher Scientific, UK
NaH,PO,4 BDH Laboratory Supplies/VWR, UK
NaOH Fisher Scientific, UK
Protease from Streptomyces griseus Sigma, UK

Protease inhibitor mix Roche Applied Sciences, CH
Resolving buffer National Diagnostics, UK
Saponin Sigma, UK

Skimmed milk Milipore, UK

Stacking buffer National Diagnostics, UK
Tank buffer National Diagnostics, UK
Taurine Sigma, UK

TEMED Sigma, UK

Triton X-100 Sigma, UK

TWEEN-20 Sigma, UK

Valinomycin Sigma, UK

Table 8.1: Chemical names and sources
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