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Abstract

Background: The cellular mechanisms that predispose to arrhythmia include

heterogeneic conduction slowing and/or changes in repolarisation time (e.g. regional

alterations in transmural electrophysiology). Augmented pericardial adiposity is an

independent risk factor for atrial and ventricular fibrillation, but the cellular mechanisms

are unknown. Very limited data indicate pericardial adipose tissue exhibits paracrine

characteristics, secreting factors which modulate cardiac electrophysiology. Recent

evidence demonstrates pericardial adipose tissue can synthesise oestrogens which are

known to affect cardiomyocyte function. It is hypothesised that augmented pericardial

adiposity promotes epicardial conduction slowing and/or repolarisation prolongation

through paracrine mechanisms to predispose to arrhythmia.

Research aims: (relevant chapters in brackets)

1. Establish that transmural electrophysiology is modulated in the context of elevated
cardiac adiposity. (3)

2. Compare electrophysiology of cardiomyocyte cultures from different origins as
prelude to examining the paracrine influences of pericardial adipose tissue. (4)

3. Ascertain that obesity and epicardial adiposity associate with cardiac
electrophysiological remodelling which may increase arrhythmia vulnerability. (5)

4. ldentify that sex steroids can modulate atrial electrophysiology, indicating their
potential as paracrine regulators of arrhythmia vulnerability. (6)

Methods: Cardiac electrophysiology was assessed in both atrial and ventricular tissues

utilising multiple in vitro methodologies. To establish the effects of adiposity on

transmural electrophysiology, male rats were fed a high fat diet, then tangential left



ventricular slices were electrophysiologically mapped. To optimise cardiomyocyte

culture conditions, neonatal rat ventricular myocyte (NRVM) and human induced

pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) electrophysiology was

compared. Fragments of epicardial adipose tissue were co-cultured with hiPSC-CMs to

assess the paracrine influence on cardiomyocyte electrophysiology. The effects of

obesity on left atrial electrophysiology were determined using male mice fed a Western

diet. Left atrial electrophysiology was also assessed in male and female chow-fed mice

in the absence/presence of sex steroids.

Results: Some of the overall findings of this investigation include:

1. Augmented pericardial adiposity likely disrupts ventricular transmural conduction
gradients through putative local actions on the epicardium.

2. hiPSC-CM and NRVM cultures display similar electrophysiology and exhibit good
capacity to detect changes in repolarisation via experimental intervention.

3. Obesity associates with prolonged epicardial atrial action potential duration. This is
caused by a paracrine influence of pericardial adipose tissue on cardiomyocytes.

4. Oestrogen and testosterone prolong repolarisation and slow conduction in the left
atrium, indicating their potential as paracrine regulators of arrhythmia vulnerability.

Conclusions: Pericardial adipose tissue has capacity to selectively prolong epicardial

activation and repolarisation. This is at least in part, mediated through a paracrine

mechanism. Prolonged repolarisation and slowed conduction predispose to triggered

and reentrant arrhythmias, respectively. Together, these data indicate that augmented

cardiac adiposity has a causative effect on cardiomyocyte electrophysiology to increase

arrhythmia likelihood.
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1.1 Introduction

Cardiac arrhythmias pose a significant and growing global healthcare burden.
Heterogeneic conduction slowing and/or changes in repolarisation time are the key
cellular mechanisms underpinning arrhythmogenesis (1,2). Recent evidence implicates
augmented pericardial adiposity as a prominent independent risk factor for atrial and
ventricular fibrillation (3-7), but the cellular mechanisms are largely unexplored. Non-
cardiac adipose tissue serves as an endocrine organ with substantial secretory capacity.
Investigations in the literature are limited, but indicate pericardial adipose tissue
similarly possesses secretory capacity, locally releasing factors which promote
myocardial structural and electrical remodelling which may be proarrhythmic (8,9).
More recent data indicate a potential role for sex steroid-mediated modulation of
myocardial arrhythmia vulnerability (10). Pericardial adipose tissue is a site of androgen-
oestrogen conversion and experimentally, oestradiol increases atrial arrhythmia risk
(10). These findings highlight a potential role for sex steroids in atrial fibrillation
pathology. With the involvement of sex steroids in arrhythmia vulnerability, this review
also explores sex differences in cardiac electrophysiology and arrhythmia
pathophysiology. Discussion of this collection of themes highlights key knowledge
deficits to form the justification for investigations into the underlying mechanisms

linking pericardial adiposity and arrhythmia vulnerability.
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1.2 Cardiac electrophysiology overview

1.2.1 The cardiac conduction system

The ability of the heart to continually pump blood at a regular dynamic rhythm ensures
adequate oxygen supply to all organs. Cardiac contraction is a highly organised process
to maximise blood ejection efficiency. Electrical impulses, termed action potentials,
propagate through the myocardium in an ordered fashion to define the contraction
routine via the process of excitation-contraction coupling. An action potential is initiated
by pacemaker cells at the sinoatrial node in the wall of the right atrium. This impulse
propagates across the atria initiating depolarisation and contraction, then transits to the
atrioventricular node where there is a delay to ensure maximal ejection of blood from
the atria into the ventricles. The action potential then travels along Purkinje fibres in the
ventricular septum to the apex of the heart, around the ventricular free walls back
towards the base. Depolarisation and contraction from apex to base is essential to
ensure blood is efficiently pumped out of the ventricles into the aorta and pulmonary

artery (11).

Viewing the heart as a 3-dimensional structure adds another layer of complexity to the
conduction system organisation. Impulses must propagate across the heart wall itself,
not just from apex to base in a single layer. In the ventricle, Purkinje fibres run along and
predominantly terminate in the endocardium/sub-endocardium. Action potentials then

travel transmurally to depolarise the epicardium (12).
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1.2.2 The cardiac action potential

Formation of the cardiac action potential

Regional depolarisation and repolarisation in the cardiac conduction system can be
detected as distinct waveforms on the surface electrocardiogram. A cardiac cycle begins
with atrial depolarisation (P-wave), followed by ventricular depolarisation (QRS
complex) terminating in ventricular repolarisation (T-wave)(11,13). In atrial and
ventricular cardiomyocytes, a five-phase action potential (numbered 0-4; Figure 1.1)
drives this sequence of depolarisation and repolarisation, conducting from cell-to-cell
via gap junctions to facilitate contraction. The cycle begins at Phase 4, where
cardiomyocytes are at resting membrane potential (approximately -90 mV). When
action potentials from the sinoatrial node arrive at cardiomyocytes, the membrane
potential is depolarised to a threshold (approximately -70mV) triggering the opening of
voltage-gated sodium channels (namely, Nay1.5) and rapid influx of Na* (Ina) to generate
the action potential upstroke (Phase 0). Nay1.5 quickly inactivates (1-2ms) at positive
membrane potentials and then slower voltage-gated Ca* and K" open to begin
repolarisation. Phase 1 encompasses transient outward K* currents comprised of a fast
component (lwf; mediated via Kv4.2/4.3) and a slow component (los; mediated via
Kv1.4). l, generates the action potential notch characteristic of early repolarisation.
Kv4.2/4.3 then close, shortly followed by Ky1.4 and |, ceases. During the next Phase (2),
voltage-gated L-type Ca?* channels open (Cay1.2), resulting in Ca?* influx (lca,) which
initiates Ca%*-induced Ca?* release from the sarcoplasmic reticulum and contractile
processes. This Ca?* influx is balanced by the rapid (lk) and slow (lxs) delayed rectifier K*

currents carried through Ky11.1 and Ky7.1, respectively. This generates the action
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potential plateau which ceases when Cayl.2 inactivates and Phase 3 begins, with
continued Ix through Ky11.1 and Ky7.1 driving the cell back to resting membrane
potential, coinciding with relaxation/diastole (1,2). Calcium is extruded from the cell via
the sodium-calcium exchanger, NCX1 (Incx; exchanging one calcium ion for 3 sodium
ions), and is also sequestered back into the sarcoplasmic reticulum. The inward
rectifying potassium current IK; (carried through Kir2.x) stabilises the resting membrane
potential (Phase 4) and initially helps shape Phase 0. ATP-sensitive K* channels (Kir6.2)
are typically blocked by intracellular ATP under physiological conditions, hence
contribute only a small amount to repolarisation. In a pathological setting (e.g. hypoxia),

they become important mediators of action potential morphology (1,2).
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Effective refractory period
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Figure 1.1 The cardiac action potential, underlying ionic currents and contraction cycle.
Five phases (numbered 0-4) characterise the cardiac action potential (black). Ca?* influx
during Phase 2 drives Ca?*-induced Ca?* release and contraction (red). Currents are listed
down the left hand side and are defined as follows: Ina, voltage-gated Na*; Iy /s fast and
slow transient outward K*; Incx, Na*/Ca?* exchanger; lca, L-type Ca?*; Iy/s rapid and slow
delayed rectifier K*; Ix1, inward rectifier K*; Ik, atp, ATP-sensitive K*. The right-hand side
denotes the gene / primary channel protein which carries the current.
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Regional differences in action potential morphology

An important feature of the cardiac action potential is the long repolarisation time,
termed refractory period. During this, further stimulation is not able to excite cells due
to Nay1.5 voltage and time dependent inactivation. Other excitable tissues do not have
such a prolonged refractory period. In the heart, a long refractory period is essential to
avoid tetanic contraction, maintaining ability to fill with and pump blood efficiently.
Repolarisation time is not uniform throughout the heart. Atrial cardiomyocyte action
potential duration is shorter than ventricular due to the unique presence of the
ultrarapid outward current (lkur) and greater density of los (14). This results in a more
pronounced notch (Phase 1) and shorter plateau (Phase 2) that occurs at a lower

membrane potential (Figure 1.2).

Transmural differences in repolarisation also exist. Atrial and ventricular epicardial
cardiomyocytes exhibit an action potential duration significantly shorter than
endocardial cardiomyocytes due to regional differences in voltage-gated K* channel
expression (15-21). In the ventricle, this is thought to be important to offset the
transmural delay in depolarisation (i.e. propagation from endocardium to epicardium),
ensuring that the heart wall repolarises homogenously (16)(Figure 1.3). The interval
between the electrocardiogram T-wave peak and the end of the T-wave represents
transmural dispersion of repolarisation across the ventricle (22-24). Epicardial
repolarisation coincides with the T-wave peak and midmyocardial cell repolarisation
coincides with the end of the T-wave (22-24). This interpretation is somewhat
controversial, with several studies not able to corroborate presence of midmyocardial
cells (16,25-28), and more recent evidence from left ventricular wedge preparations

7



Chapter 1

indicating that transmural repolarisation is synchronised (16). Others indicate that this
dispersion index may be a result of left-right ventricular asynchronous repolarisation

(29,30).

Atrial action potential Ventricular action potential

IEffECtiVE refractory P(’-indI | Effective refractory period

'PIKur & Ito,f

Figure 1.2 Atrial vs ventricular epicardial action potential morphology. Atrial epicardial
action potentials (A) exhibit a more pronounced notch and shorter Phase 2 plateau,
hence refractory period, compared to ventricular action potentials (B).
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L Effective refractory period |
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Transmural activation Synchronised transmural
time repolarisation

Figure 1.3 Endocardial vs epicardial ventricular action potential morphology. Action
potentials transit from endocardium to epicardium. This results in a transmural
activation delay. Endocardial action potential duration/refractory period is longer than
epicardial, resulting in synchronised transmural repolarisation.

Species differences in action potential morphology

The cardiac action potential is not uniform between species. Mice and rats have a similar
resting membrane potential and Phase 0 upstroke; however, Phase 1 is significantly
more pronounced, resulting in a rapid early repolarisation wave (J wave) on the
electrocardiogram compared to humans. Mice and rats also lack a definitive Phase 2
plateau. These species differences are a result of greater Iy, density and reduced Ik and
lks in rodents compared to humans (31)(Figure 1.4). These differences in ion
conductance are themselves a result of greater expression of Kv4.3/4.3 and reduced

Kv11.1 and Ky7.1 in rodent myocardium compared to humans and larger animals (31).
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This rapid repolarisation in rodents is consistent with their heart rates being 6-10-fold

greater than humans.

Common features between humans and rodents are the transmural repolarisation
gradient and repolarisation-rate dependency of the cardiac action potential (16,20,21).
Action potential duration and effective refractory period shorten as heart rate is
increased. In humans, this is more pronounced as heart rate can increase by 140-170%
(32), whereas in rats and mice this increase is 40-50% and 30-40%, respectively (33-36).
Humans also possess a positive force-frequency relationship, allowing for greater
pumping efficiency during stress/exercise (37-39). In rats, this is response is less
pronounced (40), and in mice often no relationship between rate and force production
is observed (41). As such, humans have much greater reserve to increase cardiac output

in response to exercise/stressors (33).

The mechanisms underlying repolarisation-rate dependency are complex and split
across two main phases. An initial rapid shortening in action potential duration develops
within milliseconds and then a further gradual shortening that happens over the
following seconds-minutes (42). The initial shortening is caused by changes in gating
characteristics of specific currents. Incomplete recovery of inward currents (fast Ina and
Ica,L) contributes to the initial shortening in repolarisation time (42-44). Ixs plays a major
role in mediating the second phase. During rapid pacing/heart rates, the slow
deactivation kinetics of Ky7.1 are thought to favour the channel in the open state,
allowing biophysical accumulation of Ixs, shortening repolarisation time/action potential
duration (45). Sympathetic/B-adrenergic stimulation (typically associated with increases

in heart rates in vivo) promotes Ky7.1 phosphorylation, causing a hyperpolarising shift,
10
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meaning enhanced activation and delayed deactivation kinetics, abbreviating
repolarisation (46). In small rodents, the role of Ixs biophysical accumulation is thought
to be less important in mediating repolarisation-rate dependency. lo s accumulation at
higher pacing rates is thought to account for repolarisation-rate dependency seen in

rodents (47).

A B C

Human Rat Mouse
Effective
Effective refractory refractory

L Effective refractory period | ____E’_e_fit_)ii____ period
| | TR s |

™ M
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\l’lkr & IKs
100ms

Figure 1.4 Species differences in ventricular epicardial action potential morphology. The
human action potential (A) has a similar Phase 0 upstroke, but longer refractory period
in comparison to rat (B) and (C) mouse. The mouse action potential duration is also
shorter than the rat. These species differences are due to greater early repolarisation,
facilitated by increased l:, density, and the absence of a clear plateau phase in rodents.
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1.3 Cardiac arrhythmogenesis: pathophysiology and

mechanisms

Heterogeneic (i.e. regional) changes in the refractory period and cell-cell conduction of
action potentials are key mechanisms which predispose to arrhythmias, hence are
important measures in preclinical investigations (1,2). Arrhythmias are defined as a
heart rate/rhythm that is too slow, fast, or irregular. There are several different types,
each characterised by the chamber affected and result in different pathologies. This
review focuses on two prominent arrhythmia types, atrial fibrillation (the most common

arrhythmia) and ventricular fibrillation (the most life-threatening arrhythmia).

1.3.1 Atrial fibrillation pathophysiology

Atrial fibrillation is the most common arrhythmia affecting up to 4% of the population
(48). It is characterised by rapid disorderly excitation of the atria. Although itself not
lethal, atrial fibrillation has significant impact on life quality (hypotension, exercise
intolerance, etc.) and associates with a greater risk of stroke and heart failure (49-52).
Atrial fibrillation is an emerging epidemic, with 25% of current 40-year olds predicted to
develop the disease in their lifetime (53,54). The onset of atrial fibrillation is progressive,
beginning with paroxysmal symptoms which develop into persistent then permanent

atrial fibrillation.

1.3.2 Ventricular fibrillation pathophysiology

Ventricular fibrillation refers to the irregular, rapid, disorganised contraction of the
ventricles which severely impedes ejection of blood from the ventricles. Ventricular

fibrillation results in cardiac arrest and sudden cardiac death without immediate

12
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cardiopulmonary resuscitation and defibrillatory intervention. 15-20% of deaths
worldwide are a result of sudden cardiac death (55-57). Myocardial infarctions account
for 75% of sudden cardiac deaths (56,58), and estimates indicate 3-12% of infarct
patients develop ventricular fibrillation resulting in sudden cardiac death (59-63). In
non-infarct individuals who die of sudden cardiac death, ventricular tachyarrhythmias

are estimated to account for 75-80% of incidences (58,64-67).

1.3.3 Mechanisms of arrhythmogenesis

On a cellular level, the electrical mechanisms predisposing to atrial and ventricular
fibrillation are thought to be similar. There are two primary mechanisms which drive
arrhythmias, disorders associated with action potential formation (termed triggered

activity) and disorders associated with action potential conduction (Figure 1.5).

Triggered activity

Triggered activity denotes the ectopic action potential generation that is usually a result
of afterdepolarisations. Ectopic activity has been shown to occur in the pulmonary veins
and posterior wall of the left atrium to predispose to atrial fibrillation (68-71). In the

ventricle, the outflow tracts and sinuses of Valsalva are common sites of ectopy (72).

Afterdepolarisations arise in two forms from distinct mechanisms - early
afterdepolarisations and delayed afterdepolarisations (73,74). These can be isolated
events or can recur continually inducing fibrillation. Early afterdepolarisations are
primarily a result of changes in the time and voltage-dependent recovery of L-type Ca?*
channels, but also Nay1.5 inactivation (75,76)(Figure 1.5A). Action potential/refractory
period prolongation results in L-type Ca?* channels regaining opening capacity. This

13
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leads to transient Ca?* influxes/depolarisations during Phase 2 or 3 of the action
potential, driving irregular contractions (73,76,77). Increases in the persistent late
sodium current can also increase vulnerability to early afterdepolarisations. This is the

mechanism thought to underpin long QT syndrome arrhythmias (74,75).

Delayed afterdepolarisations occur due to Ca?* leak from the sarcoplasmic reticulum
during diastole (i.e. Phase 4 of the action potential). This leak via ryanodine receptors
can be induced by ischaemia-reperfusion injury, Ca?* channelopathies and chronic
catecholamine exposure. The resultant increase in cytosolic Ca%* activates the sodium-
calcium ion antiporter (3 Na* imported: 1 Ca* extruded), resulting in a net depolarising
current (73,78). If the membrane potential reaches threshold, action potentials can be
generated (79)(Figure 1.5B). Unstable/depolarised resting membrane potentials are

markers of such ectopic activity (80-84).

A B

Early afterdepolarisations Delayed afterdepolarisations

Prolonged action
potential duration

\

Figure 1.5 Cellular mechanisms of triggered arrhythmias. (A) early afterdepolarisations
occur during Phase 2 or 3 of the action potential, resulting from re-opening of L-type
Ca?* channels. (B) delayed afterdepolarisations occur during Phase 4 of the action
potential, arising from elevated cytosolic Ca?* concentrations.
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Disorders of action potential conduction

Triggered activity underpins the onset of paroxysmal atrial fibrillation in >95% of cases
(85). Over time, further electrical and structural remodelling occurs, developing into
persistent and permanent arrhythmia (73). The mechanisms that drive this later stage
are conduction disorders. Ventricular fibrillation has a sudden onset, with the first
symptom often being a life-threatening arrhythmia or sudden death (86,87). It is
generally considered that such arrhythmias are a result of impulse conduction disorders

rather than triggered activity (88).

Conduction block and reentry pathway formation

Disorders of action potential conduction include conduction block and action potential
reentry (Figure 1.6). Under physiological conditions action potentials propagate through
the heart, split at branch points, and cancel each other out at distal regions or continue
to propagate in an orderly fashion (Figure 1.6A). A total conduction block is a region of
tissue unable to be depolarised by an action potential from the sinoatrial node in the
normal routine (Figure 1.6B). Unexcitable tissue might, for example be refractory
cardiomyocytes or fibrotic scar tissue (74,89). This means this myocardial branch/region

will not depolarise, hence contract.

Action potential reentry occurs is the presence of a unidirectional conduction block at a
branch point. This means an action potential cannot propagate anterogradely along a
particular branch point, hence it will not cancel out in distal tissue, meaning the action
potential can travel retrogradely through the unidirectional conduction block and “re-
enter” the myocardium. Reentry may not be so problematic if conduction is not slowed

in the retrograde unidirectional block pathway, as it will arrive back at a refractory area
15
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of tissue (Figure 1.6C). If conduction is sufficiently slowed in the retrograde direction
along the unidirectional block branch, then the region of tissue at the initial branch point
will have recovered excitability (Figure 1.6D). The re-entering action potential will
therefore not dissipate, but depolarise tissue at this initial branch point, facilitating
functional reentry and rotor formation (73,90,91). Reentry is successful at maintaining
arrhythmias because it can result in a self-sustaining circuit of action potential
generation, acting as a local (or potentially whole heart) pacemaker (88,92-94).
Formation of multiple stable or moving rotors increases vulnerability to

arrhythmia/abhorrent contraction (95-97).
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Figure 1.6 Conduction block and reentry pathway formation. (A) normal action potential
propagation throughout two myocardial branchpoints and its dissipation in a connecting
distal branch. (B) action potentials do not propagate along a branch with a conduction
block, hence do not distally dissipate. (C) unidirectional conduction block in a single
branch, where conduction is not slowed in the retrograde pathway. (D) unidirectional
conduction block in a single branch, where conduction is slowed in the retrograde
pathway, facilitating rotor formation.
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Cellular mechanisms of reentry

For reentry to occur, the wavelength (i.e. how far the action potential can travel) must
be less than the path length (i.e. the distance the action potential is required to travel
during normal activation)(98). Wavelength is a product of the effective refractory period
duration and the action potential conduction velocity, and so any reduction in these two

parameters increases the vulnerability to reentry and arrhythmia (74,90,96,99).

The effective refractory period is dependent on Nay1.5 inactivation recovery time. This
occurs faster at negative membrane potentials, and so shorter action potential
durations and hyperpolarised resting membrane potentials will shorten the effective

refractory period, hence wavelength and increase reentry vulnerability (100,101).

Conduction velocity is determined by two key factors (1) cation transit between cells
and (2) the size of the depolarising current (Ina). Current flows between cells via gap
junctions situated in the intercalated disks, themselves primarily located at the
longitudinal ends of the cardiomyocyte. A single gap junction is composed of two
connexons (pores connecting adjacent cells), themselves each comprised of six connexin
proteins. In the atria, connexin 40 is the dominant form, whilst in the ventricle, connexin
43 expression is more prominent (102,103). Disruption in gap junction coupling, through
mutations and scar tissue replacement are seen in atrial/ventricular fibrillation

pathology (103).

The size of the depolarising current (Ina) is determined by Nay1.5 expression/function.
Nayl.5 typically localises to the intercalated disc, likely to aid in coupling rapid

transmembrane conductance to intercellular conductance (103,104). Ina can be
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measured experimentally as the action potential amplitude/upstroke velocity. Hence,
mutations in SCN5A and/or changes in Nayl.5 expression, function and membrane
capacitance can reduce this, slowing conduction velocity and wavelength to increase

reentry likelihood (73,88,103).

Heterogeneity and reentry vulnerability

As described earlier, regional differences in action potential characteristics can be
physiologically beneficial, for example transmural differences in action potential
duration offset the transmural activation delay to synchronise ventricular repolarisation
(16). Conversely, abhorrent heterogeneity in action potential duration can facilitate
rotor formation if a region is refractory when it should be excitable. In the ventricle,
transmural and intramural re-entry are key mechanisms of ventricular fibrillation
arrhythmogenesis, arising from disrupted regional differences in refractoriness (105-
107). Elevated transmural dispersion of ventricular repolarisation (i.e. repolarisation
heterogeneity) is a marker for arrhythmia risk (108,109). QRS fragmentation is a clinical
measure of heterogeneic ventricular depolarisation and is increased in ventricular
arrhythmia patients (110,111). Electrophysiological heterogeneity is prevalent in atrial
fibrillation patients but not as readily detectable since repolarisation is masked by the

QRS complex (73,112,113).

Spatiotemporal heterogeneities (e.g. alternans) can also predispose to reentry.
Repeated beat-to-beat variation in action potential duration and/or calcium transients
(e.g. long-short), where adjacent regions of tissue are out of phase (e.g. short-long) with

one another, can create areas of conduction block (114). Steeper electrical restitution

19



Chapter 1

(i.e. action potential duration vs diastolic interval) has been implicated as a driver for

alternans-based arrhythmias (115,116).

1.3.4 Antiarrhythmia treatment strategies

Atrial fibrillation treatment strategies

Atrial fibrillation is managed through a combination of two strategies: anticoagulation
medication to prevent stroke and controlling rate and/or rhythm. Tachycardia is
controlled through pharmacological interventions, whilst rhythm is more challenging to
control, with medications, catheter ablation and cardioversion all options.
Antiarrhythmic drugs are spread across four classes based on their mechanism of action.
Class | are sodium channel blockers (e.g. flecainide), Class Il are B-blockers (e.g.
propranolol), Class Ill are potassium channel blockers (e.g. amiodarone) and Class IV are
calcium channel blockers (e.g. nifedipine). There are some additional miscellaneous
drugs which do not fit into these four categories (e.g. cardiac glycosides, muscarinic
antagonists etc.). Class Il antiarrhythmics are interesting as they aim to prolong
repolarisation, which, as discussed, can increase the risk of triggered activity. The
arrhythmogenic potential of action potential duration prolongation is therefore context
specific. In the setting of slowed conduction velocity/shortened refractory period, it may
be beneficial to prolong repolarisation to increase the wavelength and reduce reentry
vulnerability. Although all these drugs are available and target different aspects of the
cardiac action potential they often lack efficacy, as annual arrhythmia recurrence is 40-
70% (117). Significant side effects are also of concern with long-term use (118). Catheter

ablation typically requires repeated procedures, with recurrence in 20-40% of patients
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(118,119). There is a clear need for new alternative treatment strategies which are more

targeted to limit poorly tolerated side effects.

Ventricular fibrillation treatment strategies

Ventricular fibrillation is only detected and diagnosed in an emergency requiring
immediate cardiopulmonary resuscitation and defibrillation. If successful, then
measures are typically put in place to minimise risk of recurrence. These include drug
therapy (e.g. B-adrenoceptor blockers), cardioverter defibrillator implantation, surgical
ablation of ectopic sources, stent implantation or coronary bypass surgery to improve

cardiac blood flow (120).

1.3.5 Arrhythmia risk factors

Pertinent atrial fibrillation risk factors include genetic predispositions, hypertension,
aging and obesity. Atrial fibrillation is prevalent in 4% of the general population (48), but
10% of the population over the age of 80 (121). For every unit increase in body mass
index, there is a parallel 3-3.5% increase in atrial fibrillation risk (122). Most recently, an
independent association between pericardial adipose tissue deposition and atrial
fibrillation risk has been established. This link was first established through computed
tomography scans in a small cohort of 273 individuals; 218 referred for atrial fibrillation
ablation and a sinus rhythm control group (undergoing scans for evaluation of potential
cardiac symptoms). Pericardial adipose tissue volume, estimated from these scans, was
34% greater in the atrial fibrillation group. Furthermore, the degree of atrial fibrillation
progression also associated with pericardial adipose tissue volume, with persistent atrial

fibrillation patients having great deposition than paroxysmal patients. Using a
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multivariate model, correcting for various atrial fibrillation comorbidities/risk factors
(e.g. age, sex, hypertension, diabetes etc.) revealed an independent association with
pericardial adipose tissue volume and atrial fibrillation risk, with Odds ratios of 1.1 and

1.2 for paroxysmal and persistent atrial fibrillation, respectively (123).

Just a few months after the publication from Al Chekakie et al., a larger dataset from the
Framingham Heart Study solidified this association as specific to pericardial adipose
tissue deposition, not other adipose depots. In the study by Thanassoulis et al., 3217
individuals (mean age 51 years, 48% women, 54 with atrial fibrillation) underwent multi-
detector computed tomography thoracic and abdominal scans between 2002-2005.
Intrathoracic, pericardial and abdominal adipose tissue volumes were estimated from
these scans. Using a multivariate analysis model adjusting for common atrial fibrillation
risk factors (e.g. obesity, sex, systolic blood pressure, PR interval, heart failure etc.),
revealed a specific association of pericardial adipose tissue volume and atrial fibrillation

risk (Odds ratio, 1.28). This association was not present for other adipose tissue depots

(5).

Pericardial adipose tissue comprises the three visceral adipose tissue depots
surrounding the heart: epicardial (situated between the outer epicardium and the
visceral layer of pericardium), paracardial (situated between the visceral and parietal
pericardium) and intra-thoracic (124). Further studies have demonstrated left atrial-
specific adiposity is linked with increased atrial fibrillation risk (123,125) and the
underlying myocardial regions demonstrate electrical instability that may predispose to
atrial fibrillation (126). Interestingly, Kusayama and colleagues have shown in a small

cohort study that it is specifically pericardial, and not visceral, adipose tissue deposition
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that links with atrial fibrillation risk (127). More recently, cardiac adiposity has been

correlated with atrial fibrillation recurrence post-ablation therapy (6).

Pericardial adipose tissue accumulation has also been identified as a potential risk factor
for ventricular fibrillation. The links between elevated pericardial adiposity and
ventricular fibrillation are not as well solidified as with atrial fibrillation — likely a
consequence of the sudden severe onset of ventricular fibrillation, compared with
gradual development of symptoms in atrial fibrillation patients, permissible of clinical
investigation. Epicardial adipose thickness is an independent risk factor for diastolic
heart failure (3,128-131) — of which >30% of mortalities are a result of ventricular
fibrillation/sudden cardiac death (132). In systolic heart failure patients, elevated
pericardial adiposity associates with a 1.5-fold increase in ventricular
tachycardia/fibrillation risk (7). Patients undergoing ventricular ablation surgery with an

epicardial adipose thickness >15.5mm have greater arrhythmia recurrence (4).

1.4 Pericardial adiposity and arrhythmia vulnerability

1.4.1 Physiological role of pericardial adipose tissue

White adipose tissues are endocrine organs, possessing great secretory capacity to
release various factors, including cytokines, growth factors, inflammatory mediators,
and hormones (e.g. oestrogen) which modulate function of a wide variety of other
tissues (133). Epicardial and paracardial adipose tissue are white adipose tissue depots
arising from distinct embryonic origins (134,135). In adults, pericardial adipose tissue

acts as a source for triglycerides and free fatty acid production/secretion utilised for
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cardiac metabolism. This bypasses the need for high free fatty acid levels in the coronary

circulation, preventing potentially toxic cardiomyocyte exposure (136-138).

Pericardial adiposity is equal between men and women when correcting for age and
body mass index (139,140). Clinical and rodent experimental evidence indicates a
significant rise in pericardial adipose tissue deposition with both aging and obesity in
men and postmenopausal women — a timepoint where cardiac disease risk increases

significantly (10,141,142).

1.4.2 Mechanisms linking pericardial adiposity and arrhythmia

vulnerability

The exact mechanisms of how pericardial adiposity increases arrhythmia risk are largely
unexplored. Adipose infiltration into the epicardial muscle layers and an adipose-
mediated paracrine effect on the myocardium are two mechanisms likely involved.
There is limited clinical and experimental evidence exploring these mechanisms, and

available data primarily focuses on the association in the atria.

Pericardial adipose tissue infiltration into the epicardium

Adipose infiltration into the myocardium presents a physical conduction barrier,
facilitating action potential reentry. Biopsies from atrial cardiomyopathy and atrial
fibrillation patients indeed demonstrate fibro-fatty infiltrates, but there have been no
studies directly associating this with conduction abnormalities (143-145). In post-infarct
sheep hearts, adipose tissue infiltration at the border zone has been detected and the

extent of infiltration correlates with vulnerability to ventricular tachycardia (146). In
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silico models of the ventricular myocardium also indicate adipose infiltration results in

augmented arrhythmia vulnerability (147).

The paracrine influence of pericardial adipose tissue on the myocardium

The paracrine effects of pericardial adipose tissue on the myocardium is likely complex,
with potential capacity to promote structural and electrical remodelling. As an
endocrine organ, pericardial adipose tissue has substantial secretory potential. The
proximity between pericardial adipose tissue (especially epicardial adipose tissue) and
the myocardium indicates that the concentration of locally released factors may be
much higher than those delivered systemically. Interestingly, since pericardial adipose
tissue is situated near the epicardial surface, augmentation of its effects locally may

disrupt transmural differences in electrophysiology, facilitating arrhythmia vulnerability.

Lin et al.,, (2012) demonstrate that epicardial adipocytes can modulate cardiomyocyte
electrophysiology through a paracrine effect. Co-incubating rabbit left atrial
cardiomyocytes with epicardial adipocytes resulted in a prolonged action potential
duration and a depolarised diastolic potential (8). These changes were driven by larger
IcaL, late Ina, and |, and reduced Ik. Co-culturing cardiomyocytes with adipocytes from
a different visceral depot did not recapitulate all these effects, indicating the properties
of epicardial adipose tissue are distinct. As discussed earlier, prolongation in action
potential duration is proarrhythmic, predisposing to early afterdepolarisations. Indeed,
under B-adrenoceptor stress, epicardial adipose tissue-incubated cardiomyocytes
exhibited a greater incidence of triggered ectopic beats (8). The adipose secreted factors
involved were not explored, nor were the subcellular signalling mechanisms. Others

have implicated a role for Ca?'/calmodulin-dependent protein kinase II. In
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apolipoprotein E deficient mice, pericardial adipose tissue content correlated with
action potential duration prolongation — an effect reversible by Ca?*/calmodulin-

dependent protein kinase Il inhibition (148).

Atrial structural remodelling can be mediated through the release of pro-fibrotic
adipokines, with various compounds (including activin A, TGF-B1, metalloproteinases
and connective tissue growth factor) being detected with potential for promoting
fibrosis (9,149-151). Secretome from human epicardial adipose tissue has been shown
to directly stimulate fibrosis of rat atrial tissue in organo-culture conditions via activin A
(9). Others have implicated pericardial adipose tissue as a mediator of ventricular
fibrosis in high fat-fed pigs (152) and a driver for fibrotic infiltration post myocardial
infarction in mice (153). Similar to adipose infiltration, regional fibrosis would elevate
reentry risk, but whether this electrical remodelling occurs in this context has not yet

been established.

There is also evidence of pro-inflammatory and pro-oxidative stress roles of pericardial
adipose tissue. Release of TNF-a, monocyte chemoattractant protein-1, and interleukins
1 and 6 have been demonstrated (154). Inflammation is highly associated with
arrhythmia pathologies (155). Pericardial adipose tissue has capability to synthesise and
release reactive oxygen species. Altered redox balance, has been linked to atrial

fibrillation, particularly in the context of obstructive sleep apnoea patients (156).

Recent evidence implicates reciprocal paracrine effects between the atrial epicardium
and epicardial adipose tissue. The epicardium contains a resident population of

progenitors which can undergo differentiation into adipocytes or fibroblasts when
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stimulated by atrial natriuretic peptide or angiotensin Il, respectively (145,157).
Following acute cardiac injury, the epicardium can be “reactivated”, meaning epicardial
progenitors undergo differentiation, mediated by atrial release of atrial natriuretic
peptide or elevated systemic angiotensin Il (145). These data indicate a local self-
sustaining source of adipose/fibrosis, that is exacerbated with cardiac disease,

promoting the formation of an unstable substrate.

Visceral white adipose tissue depots are themselves major sites of oestrogen synthesis
and secretion (158). Very recently, it has been reported that human and rodent
pericardial adipose tissue expresses aromatase - the enzyme that converts androgens
to oestrogens (10). This indicates a local capacity to synthesise oestrogens, which may
exert important autocrine/paracrine actions on myocardial structure and function that
contribute to arrhythmia risk. Clinical and experimental data indicate that sex steroids
can modulate electrophysiology, although there are several inconsistencies between
datasets. To understand how sex steroids modulate cardiac electrophysiology, an

appreciation of sex differences in cardiovascular electrophysiology is first required.
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1.5 Sex and sex steroid influence on myocardial function

1.5.1 Sex differences in cardiac electrophysiology

Clinical findings consistently indicate women have faster heart rates, longer rate-
corrected Q-T intervals and steeper ventricular electrical restitution than men (159,160).
On a cellular level, sex steroids are thought to mediate such differences through
acute/genomic actions on their respective receptors expressed on both the ventricular
and atrial myocardium (161). Myocardial sex steroid receptor expression is comparable
between sexes; however, men have approximately 10-fold higher circulating androgens
and 10-fold lower circulating oestrogens than pre-menopausal women — indicating sex

steroid balance is an important factor mediating myocardial sex differences (162,163).

Pre-clinical investigations for cardiomyocyte electrophysiological sexual dimorphism are
distinctly lacking in the atrium and ventricular data has failed to yield consensus (164).
Female rabbit left ventricular cardiomyocytes display a longer action potential duration
than males at long, non-physiological cycle lengths (2000ms). This difference is
abolished when rate is increased through B-adrenoceptor stimulation (165). Female
mouse ventricular cardiomyocytes display longer action potential durations than males,
at long cycle lengths (250-1000ms), but whether this is apparent at physiological rates
remains to be determined (166,167). Female and male dog epicardial and endocardial
ventricular cardiomyocytes demonstrate similar action potential durations, but female
midmyocardial cells display longer action potential durations than males (168).
Oestrogens have been shown to shorten (169,170) prolong (170,171) or not affect (172)
ventricular action potential duration - in part, this may be a result of a biphasic

concentration dependent effect (170), but also inconsistencies between studies, with
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varying treatment durations/concentrations, paced cycle lengths, and historically poor
reporting on experimental preparation sex. Androgen effect on ventricular

repolarisation has also been inconclusive (170,171,173,174).

There is considerably less literature assessing sex differences/sex steroid influence in
the atrium. Wen-Chin et al., first demonstrated no sex difference in action potential
duration between male and female isolated rabbit left atrial cardiomyocytes paced at
long cycle lengths (175); however, pacing intact left atria at more physiological rates
revealed a male action potential duration longer than female (176). There is no data
available as to how oestrogens modulate atrial electrophysiology, and a single study

demonstrating castration associates with left atrial conduction velocity slowing (177).

1.5.2 Sex differences in arrhythmia epidemiology and pathogenesis

The importance of sex differences in arrhythmia pathogenesis are increasingly
recognised, although sex-specific treatment strategies are not yet implemented (178).
The lifetime risk of sudden cardiac death is almost 4-fold greater in men than women,
with the predominant underlying cause being a ventricular arrhythmia (179). Male risk
is still greater when accounting for predisposing risk factors such as coronary artery
disease (179). Women are at greatest risk of acquired long Q-T syndrome-induced

arrhythmias (180).

Atrial fibrillation onset occurs earlier in men and even with age adjustment, the
incidence is still higher than in women (181,182). The comorbidities associated with
atrial fibrillation are also different between sexes. Men with atrial fibrillation typically

have greater incidence of coronary heart disease, whilst women have higher
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hypertension and heart failure with preserved ejection fraction prevalence (54). Atrial
fibrillation symptom severity is greater in women than men (183,184). Some evidence
indicates the primary source of ectopic activity differs between sexes. Men typically
undergo catheter ablation of the pulmonary vein/posterior left atrium region, whereas
women are more likely to undergo atrioventricular nodal ablation than men. This is likely
a consequence of atrioventricular node reentry tachycardia incidence being two-fold
greater in women than men (185,186). Use of rhythm control therapy is equal between
sexes; however, women have a greater risk of serious adverse drug-induced events than

men (187).

The incidence of atrial fibrillation increases drastically post-menopause (a timepoint
where systemic oestrogen levels decline) from 0.1% to 9.1% (188). Incidence of
arrhythmias is also greater during the luteal phase of the menstrual cycle — a time point
of low systemic oestrogen (189). These data have led to the classical view that
oestrogens are cardioprotective. Contrarily, the Women’s Health Initiative trial
demonstrated oestradiol hormone replacement therapy increased atrial fibrillation risk
in (post)menopausal women, indicating that the role of sex steroids in mediating
arrhythmia risk is complex, potentially involving changes in local oestrogen synthesis
capacity with age (190). Acute 17 B-oestradiol has been shown to slow right atrial
conduction (191). Experimentally, mouse hearts perfused with 17 B-oestradiol exhibit

increased arrhythmia vulnerability (10).
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1.5.3 Pericardial adipose tissue, aromatase, and arrhythmia vulnerability

Endogenously, oestrogens are synthesised from androgens via the catalytic actions of
aromatase (192). Extragonadal aromatase expression has been identified in brain (193),
bone (194), peripheral adipose (195,196), and human and rodent pericardial adipose
tissue and myocardium (10,197). Cardiac aromatase expression increases significantly
with aging and is greater in females than males throughout all life stages (10). It is not
understood how greater potential oestrogenic influence in aged hearts affects cardiac

signalling, or indeed whether it plays a role in cardiovascular pathology.

It may be that pericardial adipose tissue-derived oestrogens serve as paracrine
mediators of cardiac arrhythmias. Indeed, in isolated Langendorff-perfused mouse
hearts, the incidence and duration of atrial arrhythmias strongly correlated with both
the amount of pericardial adipose tissue and total aromatase content of the pericardial

adipose tissue (10).

The exact mechanisms linking pericardial adipose tissue accumulation, local oestrogenic
production/actions and atrial arrhythmia vulnerability remain to be elucidated. With
aging and obesity, adipose depots accumulate around the heart and with time these
depots may regionally infiltrate into the heart (143-145). Regional infiltrates may
provide areas of high oestrogenic capacity, which may be secreted to exert paracrine
effects on the epicardium/sub-epicardium to modulate cardiac electrophysiology and

predispose to atrial fibrillation — but this has not been explored.
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1.6 Experimental approaches to map cardiac electrophysiology

As discussed, the key cellular mechanisms predisposing to arrhythmia are changes in
action potential morphology and conduction. Historically, it was only possible to study
these electrophysiological parameters at a low spatial resolution using sharp glass
electrodes that pierce cells (e.g. patch clamp or microelectrode techniques) or single
surface contact electrodes (e.g. the electrocardiogram or monophasic action potential
recordings). Although these techniques provide valuable electrophysiological data, they
do not allow detection and tracking of impulse propagation through a larger tissue/cell

mass.

There are two experimental techniques — the microelectrode array and optical mapping
—which can be used for mapping action potential propagation in a high spatial resolution

manner, both with their relative merits and drawbacks.

1.6.1 Microelectrode array mapping

Substrate-integrated microelectrode arrays in their simplest form are devices
embedded with multiple low-impedance electrodes arranged in a grid formation
designed for non-invasive, synchronous, multifocal recordings across excitable
tissues/cells. For cardiac applications, microelectrode arrays come in two primary forms.
The first is devised to record from intact hearts (either Langendorff-perfused or in vivo
preparations) and the second to record from isolated tissue (e.g. sectioned ventricle or
isolated mouse atria) or cardiomyocyte cultures. Depending on the application and
experimental needs, commercially available or custom-made microelectrode arrays

come in a variety of layout configurations (32-120 electrodes), substrate surfaces (glass,
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plastic, flexible polyimide foil); and electrode: dimensions (10-100um), spacing (200um-
700um) and composition (silver chloride, titanium nitride or gold or electrodes)(198-

200).

Extracellular field potentials are what the literature denotes as the unipolar
electrograms recorded by microelectrode arrays (201). Simultaneous recordings of field
potentials at multiple sites allows impulse propagation can be tracked. A single field
potential has various key parameters, including amplitude, duration, rise time etc...
which correlate with intracellular action potential recordings (202-205). The major
caveats of recording non-invasively are difficulty in maintaining sufficient contact with
the recording electrodes and signal interpretation (201). Nevertheless, their commercial
availability, relative user-friendly interfaces and high throughput capabilities make them

attractive tools for mapping cardiac conduction (200).

Cardiomyocytes cultured on microelectrode arrays offer a high-throughput screening
platform for compounds with anti-arrhythmic/cardiac electrophysiology-modifying
potential, enabling the evaluation of conduction properties (206). Cardiomyocyte
studies have traditionally relied on isolated neonatal rodent ventricular myocytes or a
limited number of immortalised cell lines (207,208). Recently, human inducible
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) have become more widely
utilised (209). Comparative benchmarking of the electrophysiological properties of
these cells has not been extensively examined in a direct approach. Similarly,
comparison of electrophysiological sex differences between cultured cardiomyocytes

has not been examined, with neonatal rat ventricular cardiomyocytes typically sourced
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from mixed male and female litters, without concern for potential sex-specific cardiac

electrophysiological differences which are apparent in the adult myocardium.

1.6.2 Optical mapping

Optical mapping records intracellular “optical action potentials” (or calcium transients)
from isolated cardiac tissue, whole hearts or cell monolayers using fluorescent
potentiometric dyes. Spatiotemporal resolution is determined by camera sensitivity, not
electrode density, hence is typically greater than that of microelectrode array
technology (69,210,211). Interpretation of optical action potentials is simpler than field

potentials and the issue of maintaining sturdy sample-electrode contact is absent.

Cardiac tissue is loaded with a voltage-sensitive potentiometric dye (e.g. Di-4-ANEPPS,
Di-8-ANEPPS or RH237) which readily incorporates into plasma membranes. Changes in
dye emission wavelength occur in response to changes in transmembrane voltage. This
change in fluorescence emission can be optically detected and equated to cellular
electrical activity using a rapid-sampling camera (typically either a charge-coupled

device or a complementary metal-oxide semiconductor).

Optical mapping has some drawbacks, firstly excitation-contraction uncoupling
(typically with blebbistatin and 2,3-Butanedione monoxime) is typically required to
minimise motion artefacts (212). This is often not necessary with microelectrode arrays,
where tissue/cells are held in position by weights or adherent extracellular matrix

protein mixtures. Potentiometric dyes can also slow conduction velocity (213).
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Despite the relative merits and caveats of microelectrode arrays and optical mapping,
both high spatiotemporal resolution mapping methodologies prove useful tools to study

cardiac conduction at a scale no other technique allows.
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1.7 Summary: pericardial adipose tissue —

a local driver of arrhythmia?

It is well established that with aging and obesity the risk of cardiac diseases, including
arrhythmias, increases. However, it is largely underappreciated that this occurs at a time
coinciding with increased cardiac adiposity. Over the past decade, pericardial adipose
tissue accumulation has been consistently linked with arrhythmia risk, particularly in the
context of the atrial fibrillation (3-7,123,125-132). Limited available experimental
evidence indicates the causative impact of pericardial adipose tissue on the myocardium
is multidimensional. Structural remodelling through adipose tissue infiltration and
paracrine-mediated promotion of fibrosis are likely key factors. There is, however, no
literature directly assessing how such structural remodelling in the presence of elevated
pericardial adiposity modulates cardiac electrophysiology to predispose to arrhythmias.
Current antiarrhythmic strategies aim to target the electrophysiological defects with
limited success. These treatment options do not address the underlying causative
factors, which are likely to involve local influences from pericardial adipose tissue in
addition to systemic influences. Further exploration of the direct effects of pericardial
adipose tissue on cardiomyocyte electrophysiology is warranted to identify novel

efficacious therapeutic strategies.
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1.8 Research aims

This body of work aimed to investigate the mechanisms linking pericardial adipose tissue

accumulation and cardiac arrhythmia vulnerability.

Four experimental aims were derived from this, each constructed as an individual

chapter presented as a manuscript:

1. Establish whether transmural electrophysiology is modulated in the context of

elevated cardiac adiposity. (3)

2. Compare electrophysiology of cardiomyocyte cultures from different origins as

prelude to examining the paracrine influences of pericardial adipose tissue. (4)

3. Ascertain whether obesity and epicardial adiposity associate with cardiac

electrophysiological remodelling which may increase arrhythmia vulnerability. (5)

4. Examine whether sex steroids can modulate atrial electrophysiology, indicating

their potential as paracrine regulators of arrhythmia vulnerability. (6)
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Chapter 2

2.1 Methodology overview

An overview and comparative description of the two key methodologies used in this
thesis (microelectrode array and optical mapping) is provided in Chapter 1 (pages 32-
35). Chapters 3-6 individually contain detailed descriptions of these techniques and
additional methodologies used, where applicable. Refer to the list below for redirection

to appropriate methodological descriptions.

Technique Chapter(s) Page(s)
Animal details 3 68, 92
4 102
5 148
6 238
Rat left ventricular tangential slice preparation 3 68, 102
Rat left ventricular tangential slice microelectrode array 3 68, 93
mapping
Rat left ventricular tangential slice histology 3 69, 94
Neonatal rat ventricular cardiomyocyte isolation and 4 102
culture
Human induced pluripotent stem cell-derived 4 103
cardiomyocyte (hiPSC-CM) culture 5 150
hiPSC-CM-epicardial adipose tissue fragment co-culture 5 151
Microelectrode array mapping of cardiomyocyte cultures 4 104
5 151
Isolated left atrial optical mapping 5 148
6 238
Microelectrode array analyses 3 68, 94
4 104
5 151
Optical mapping analyses 5 151
6 239
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2.2 Calculation of conduction velocities

Due to the nature of different electrophysiological mapping methodologies used in this
study, several different approaches/software packages were used throughout this
thesis. To clarify incidences when different packages were used and how conduction

velocity was calculated, a detailed description is provided here.

2.2.1 Conduction velocities for cardiac slices (microelectrode array)

Cardiac slice experiments were performed using the microelectrode array system (see
Chapter 3 for detailed description). Electrical pacing introduced a stimulus artefact into
the recording preparation, which the commercially available mapping software,
Cardio2D (used for calculating conduction in spontaneously beating cells — see below)
was unable to distinguish from the field potential signal. As such, different recording and
analysis packages were used. MC_Rack (Multichannel Systems) was used for
experimental recordings, then the last beat in the stimulus train exported from each
electrode by manually excluding the stimulus artefact. These files were the imported
into a MATLAB-based script provided by Professor Cesare Terracciano (1,2). The script
detects the field potential minimum (i.e. maximum point of depolarisation) on each
electrode to determine activation across all electrodes (with the stimulus electrodes

being manually adjusted to Oms).

Local conduction velocity was then calculated between neighbouring electrodes by
dividing the interelectrode distance (700um) by the delay in activation. This was
calculated between all electrodes and their neighbouring counterparts, then an overall

mean local conduction velocity value computed.
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Longitudinal conduction velocity was calculated by dividing the time delay in activation
between the stimulus site and the electrode furthest from that site along the
longitudinal axis of the slice (slice fibre orientation was readily distinguishable using a
light microscope) by the distance (4.9mm; i.e. 700um interelectrode distance x 7
interelectrode spaces). This was performed for each row along the longitudinal axis,
then an average calculated. For transverse conduction velocity, the same process was

performed, but perpendicular to the longitudinal fibre direction.

2.2.2 Conduction velocities for spontaneously beating cardiomyocyte

cultures (microelectrode array)

Spontaneous field potentials were recorded from cardiomyocyte cultures using
Cardio2D (Multichannel Systems). Conduction velocity was calculated, and activation
maps generated using Cardio2D+ software. The field potential minimum (i.e. maximum
point of depolarisation) on each electrode was used to determine activation at each site.
Delay in activation between neighbouring electrodes was used to calculate local
propagation time, then a mean calculated automatically from this across all electrodes.
This was calculated on a beat-to-beat basis for 10 beats, then these ten values averaged

together and are used for data presented here.

This approach was used for neonatal rat ventricular cardiomyocytes (Chapter 4).
Conduction velocities were not calculated for human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) in Chapter 4, as these cells were in clusters across
a large recording matrix (8x8 electrodes; 1.4mm?) — making reliable, comparable

mapping of conduction not possible. In Chapter 5, hiPSC-CMs were plated in clusters,
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but across a smaller recording matrix (3x3 electrodes; 0.16mm?), meaning connectivity
between clusters was improved and field potential activity synchronised across sites. To
maximise reliability of measures here and improve comparability to monolayers,
conduction velocity data was only included if a signal was detected on >6/9 of the

recording electrodes.

2.2.3 Conduction velocities for isolated mouse left atria (optical mapping)

Optical mapping data were analysed using ElectroMap software (3,4). Image stacks
acquired in WinFluor during experiments were imported into ElectroMap and spatially
and temporally filtered with a 4x4 Gaussian filter and a 3™ order Savitzky-Golay filter,
respectively. The last 10-20 beats of each paced cycle length where ensemble averaged,
and non-physiological baseline deviations were corrected for using a Top-Hat filter
(100ms). Activation at a single pixel was defined as time of 50% depolarisation
(automatically detected in ElectroMap). This was detected at every pixel across the left
atrium, then delay in activation between neighbouring pixels automatically calculated
to generate local conduction velocities in all directions using a polynomial fit method
(by factoring in known pixel size)(5). All individual values were summed together to

generate a total conduction velocity for the entire left atrium.

59



Chapter 2

2.3 References

Chowdhury RA, Tzortzis KN, Dupont E et al. Concurrent micro- to macro-cardiac
electrophysiology in myocyte cultures and human heart slices. Sci Rep
2018;8:6947.

Watson SA, Scigliano M, Bardi |, Ascione R, Terracciano CM, Perbellini F.
Preparation of viable adult ventricular myocardial slices from large and small
mammals. Nature Protocols 2017;12:2623.

O’Shea C, Holmes AP, Yu TY et al. ElectroMap: High-throughput open-source
software for analysis and mapping of cardiac electrophysiology. Scientific
Reports 2019;9:1389.

O'Shea C, Holmes AP, Yu TY et al. High-Throughput Analysis of Optical Mapping
Data Using ElectroMap. J Vis Exp 2019.

Bayly PV, KenKnight BH, Rogers JM, Hillsley RE, Ideker RE, Smith WM. Estimation
of conduction velocity vector fields from epicardial mapping data. IEEE Trans
Biomed Eng 1998;45:563-71.

60



Chapter 3

Prolonged activation of ventricular epicardium
disrupts a transmural conduction gradient in the

context of high cardiac adiposity

Manuscripts generated from this chapter:

Wells SP, Curl CL, ..., Kirchhof P, Pavlovic D, Delbridge LMD and Bell JR. Prolonged
activation of ventricular epicardium disrupts a transmural conduction gradient in the
context of high cardiac adiposity. In preparation.




Chapter 3

Original article

Prolonged activation of ventricular epicardium disrupts a transmural

conduction gradient in the context of high cardiac adiposity

Short title: Transmural conduction gradient and cardiac adiposity

Wells SP¥2, MRes; Curl CLY, PhD; ...; Kirchhof P?3, MD; Pavlovic D?, DPhil; Delbridge
LMDY™#, PhD; Bell JRV**# PhD

!Department of Physiology, University of Melbourne, Parkville, Victoria, Australia, 3010
2Institute of Cardiovascular Sciences, University of Birmingham, Birmingham, United
Kingdom, B15 2TT

3Department of Cardiology, University Heart and Vascular Center UKE Hamburg,
Hamburg, Germany, 20251

“Department of Physiology, Anatomy & Microbiology, La Trobe University, Bundoora,

Victoria, Australia, 3086

*LMD and JRB contributed equally to this work
#Correspondence: Cardiac Phenomics Laboratory, School of Biomedical Sciences

University of Melbourne, Victoria, Australia, 3010

Email address: _(L.M.D. Delbridge)
I . o)

Conflict of interest: Nil

Word count: 4,794

62



Chapter 3

Abstract

Background

Transmural differences in ventricular action potential duration ensure synchronised
repolarisation. Similar differences in conduction velocity may exist to help define
transmural activation/repolarisation patterns. Conduction slowing is a key mechanism
predisposing to arrhythmia. Emerging evidence implicates increased pericardial
adiposity with ventricular fibrillation risk. Increased adipose tissue deposition around

the epicardium may affect transmural conduction.

Objective
The aim of this investigation was to characterise left ventricular intramural conduction
characteristics and examine if they are pathologically modulated in the setting of

elevated pericardial adiposity.

Methods

Sprague Dawley rats were fed control/high fat diets. Left ventricular 300um tangential
slices were generated from endocardium to epicardium using a vibratome and
conduction mapped using microelectrode arrays. Slices were then histologically

processed to assess fibrosis.

Results

Transmural repolarisation gradients were evident in ventricular slices from both control
and high fat diet rats. Conduction velocity was significantly greater in epicardial vs
endocardial slices in control rats. Epicardial conduction velocity was slower in ventricular

slices from high fat diet fed rats and a transmural conduction gradient was hence absent.
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This was associated with significantly greater pericardial adiposity and epicardial
fibrosis. The magnitude of the transmural conduction velocity gradient negatively

correlated with the extent of epicardial fibrosis.

Conclusion

A conduction velocity gradient exists in the left ventricle, potentially to help maintain
normal activation/repolarisation sequence. High fat feeding caused epicardial
conduction slowing, hence loss of the transmural gradient, increasing vulnerability to
transmural/intramural reentry. Augmented pericardial adiposity and epicardial fibrosis
evident with high fat feeding implicates them as potential electrical remodelling

mediators.
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3.1 Introduction

An organised electrical propagation pathway drives ventricular contraction from apex
to base, ensuring blood is efficiently ejected. Action potentials transit from the
atrioventricular node to the ventricular endocardium via Purkinje fibres, then travel
transmurally to the epicardium.! Endocardial action potential duration is substantially
longer than epicardial to offset this transmural delay in activation, synchronising left
ventricular repolarisation.?®> Homogenous repolarisation prevents transmural reentry
and ensures the endocardial-epicardial activation sequence is maintained.® Similar
intramural endocardial-epicardial conduction velocity differences may exist to further
help define transmural activation/repolarisation patterns, but this has not been

previously investigated.

Transmural and intramural reentry are both established mechanisms implicated in
ventricular fibrillation pathogenesis.® ” The underlying early cellular mechanisms which
predispose to a transmural reentrant substrate are poorly understood. Clinical studies
have reported a link between epicardial adipose tissue accumulation and atrial
fibrillation risk.2 The association between cardiac adiposity and ventricular fibrillation is
not as well solidified. Ventricular fibrillation/sudden death are primary causes of
mortality in heart failure patients.® Epicardial adipose thickness is a significant risk factor
for disease progression, ventricular tachycardia/fibrillation risk and post-ablation

arrhythmia recurrence in heart failure patients.>2
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The aims of this investigation were to explore the presence of transmural conduction
velocity gradients in rat ventricular slices and assess the extent to which these are

modulated in a high pericardial adiposity setting.
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3.2 Methods

For expanded methodological details, see the Supplementary Methods.

Animal details

Experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals, National Health and Medical Research Council/Commonwealth
Scientific and Industrial Research Organisation/ACC Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes (1997), as approved (University of

Melbourne Animal Ethics Committee).

Male Sprague Dawley rats were fed either a control (12% lipid energy intake) or high fat

diet (HFD; 43% lipid energy intake) for 15-16 weeks.

Cardiac slice preparation

Rat left ventricular slices were generated using previously published protocols (Figure
3.1).1> 14 At age 23-24 weeks, hearts were isolated, the left ventricular free wall
dissected and glued onto a vibratome stage. 300um tangential slices were generated

from endocardium to epicardium.

Microelectrode array recordings and analysis

Extracellular field potentials were recorded from slices secured onto microelectrode
arrays, continuously superfused with oxygenated Tyrode’s buffer (37°C). Electrodes at
the peripheral longitudinal end of the tissue were used for pacing. Analysis of

conduction velocity and generation of activation maps was performed using a MATLAB-
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based script.'* *° Field potential duration was calculated as the interval between the first

negative peak on the field potential and the final negative deflection.

Histology

Slices were fixed in 10% formalin, histologically processed, and stained with either
Picrosirius red to identify Collagen Type | and Ill or Oil Red O to identify lipids. Fibrosis
analysis was performed as previously described.'® Oil Red O-stained sections were

visualised to detect presence/absence of lipid.

Statistical analysis

Data are presented as meantstandard error. Statistical tests used are indicated in the
Figure legends throughout. P<0.05 was deemed significant and n denotes the number

of animals/slices used.
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3.3 Results

A transmural conduction gradient exists in the rat left ventricle

Endocardial field potential duration was significantly longer than epicardial field
potential duration at all cycle lengths (200ms cycle length: endocardium vs epicardium:
80.7+9.5 vs 49.1+7.7ms; Figure 3.2A & B). Field potential duration lengthened as cycle

length was increased in both the endocardium and epicardium (Figure 3.2B).

To determine the intramural properties of the left ventricular wall, conduction was
mapped across all slices from endocardium to epicardium in control-fed rats. Local
conduction velocity increased through the myocardium from endocardium to
epicardium (endocardium vs epicardium: 18.7+2.4cm/s vs 39.3+3.9cm/s, P<0.05; Figure
3.2C & D), coupled with shorter activation times (22.0+3.2ms vs 12.3+0.6ms, P<0.05;
Figure 3.2E). To determine whether these conduction differences were anisotropic-
dependent, single vector conduction was analysed along the longitudinal and transverse
axes separately. Longitudinal conduction velocity was similar in the endocardium and
epicardium (Figure 3.2F), whilst transverse conduction velocity (indicative of lateral
conduction between cardiomyocytes) was significantly greater in the epicardium

(29.93+6.1cm/s vs 69.06+11.1cm/s, P<0.05; Figure 3.2G).

High fat feeding associates with increased pericardial adiposity, lipid

accumulation and conserved transmural repolarisation
15 weeks of high fat feeding did not significantly increase body weight (control vs HFD:

651.9+20.8g vs 724.4+28.4, P>0.05; Figure 3.3A) or heart weight (Figure 3.3B) but

induced a significant increase in pericardial adiposity (370.9+71.9mg vs 648.8+77.9mg,
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P<0.05; Figure 3.3C) and hence pericardial adipose tissue:body weight (0.56+0.09mg/g
vs 0.87+0.07mg/g, P<0.05). Lipid content, assessed by Oil Red O staining, was detected
only in HFD animals, and this was to a similar extent in the endocardium and epicardium

(Figure 3.3D & E).

Control and HFD fed animals demonstrated similar endocardial and epicardial field
potential durations — both with clear transmural differences and similar regional
repolarisation-rate dependencies (Figure 3.4A & B). Steeper electrical restitution is
classically viewed as pro-arrhythmic.l’ To determine whether this was uniform
throughout the myocardium, the magnitude of repolarisation-rate dependency was
calculated by assessing the difference between field potential duration at 1000ms and
200ms cycle lengths. Repolarisation-rate dependency was consistent between the

endocardium and epicardium, regardless of diet (Figure 3.4C).

High fat feeding abolishes the transmural conduction gradient

Control and HFD rats had similar endocardial conduction velocities (Figure 3.5A & B).
When progressing transmurally through the left ventricular wall, HFD rats did not
demonstrate the increase in conduction velocity seen in control animals (Figure 3.5B).
This effect was driven by slowed epicardial conduction velocity in HFD rats (Figure 3.5C
& D), resulting in loss of the transmural conduction velocity gradient (Aendocardial-
epicardial conduction velocity, control vs HFD: 20.7+3.6cm/s vs 3.3+3.5cm/s, P<0.05;

Figure 3.5E).

When assessing the anisotropic effect of this conduction difference exhibited by HFD

rats (Figure 3.5F), there was no difference in the change from endocardium-epicardium
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in longitudinal conduction velocity (2.0+7.3cm/s vs 1.3+8.7cm/s, P>0.05; Figure 3.5G);
however, the transmural change in transverse conduction was significantly less in HFD

animals (39.1+9.8cm/s vs 9.9+6.7cm/s, P<0.05; Figure 3.5H).

Pericardial adiposity associates with epicardial fibrosis to dictate the

magnitude of the transmural conduction gradient

Endocardial and epicardial slices were cryosectioned and stained with Picrosirius red to
detect fibrosis (Figure 3.6A). In control animals, a regional difference in fibrosis was
detected between the endocardium and epicardium (Figure 3.6B). Post-hoc analysis
revealed endocardial fibrosis was similar between control and HFD, whilst epicardial
fibrosis was augmented in HFD vs control rats (Figure 3.6B). There was no correlation
between pericardial adiposity and endocardial fibrosis (Figure 3.6C); however, a
significant positive relationship was seen between pericardial adiposity and epicardial
fibrosis (Figure 3.6D). The magnitude of the transmural conduction velocity gradient (i.e.
epicardial — endocardial conduction velocity; Figure 3.6E) did not correlate with the
extent of endocardial fibrosis however, negatively correlated with the degree of

epicardial fibrosis (Figure 3.6F).
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3.4 Discussion

This is the first study to demonstrate a ventricular endocardial-epicardial conduction
velocity gradient, where epicardial conduction velocity is significantly faster than
endocardial. This gradient might be an important aid in defining normal transmural
activation/repolarisation. The transmural conduction gradient was abolished with high
fat feeding, due to slowed epicardial conduction velocity. High fat feeding also
associated with augmented pericardial adiposity and epicardial fibrosis — the extent of
which correlated with each other and the absence of a transmural gradient. Together,
these data indicate high fat feeding may be proarrhythmic, promoting
transmural/intramural reentry. The HFD-induced electrical remodelling might be driven

through an associative effect between pericardial adiposity and epicardial fibrosis.

Implications of transmural differences in conduction velocity

Ventricular slices from control rats demonstrated a clear transmural difference in field
potential duration (Figure 3.2A & B) — a robust extracellular measure of repolarisation
time? 8 This transmural difference has been established in various
species/preparations, although this is the first demonstration in transmurally-uncoupled
tissue slices - supporting the concept that these differences are inherent to the

myocardial region and not dictated by the transmural activation sequence.?

Interestingly, coupled with these transmural repolarisation differences, there was a
transmural gradient in conduction velocity, with epicardial conduction velocity
significantly faster than endocardial (Figure 3.2C & D). No previous studies have

reported intramural conduction velocity in the endocardium. There are, however,
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numerous epicardial studies yielding conduction velocities consistent with epicardial
data presented here, supporting the validity of this novel finding.'> 2° The role of this
conduction velocity gradient is not clear, but may reduce the potential for transmural
reentry working in conjunction with the action potential duration gradient to
synchronise transmural repolarisation. As the myocardium activates from endocardium
to epicardium, this dictates a delay between endocardial and epicardial depolarisation.*
To ensure the epicardium completes its activation cycle before the endocardium is re-
excitable, it might be necessary that the propagation velocity of the action potential

increases as it travels towards the epicardium.

This interpretation is somewhat consistent with the finding that conduction velocity in
the transverse direction (i.e. lateral propagation between cardiomyocytes), and not the
longitudinal (end-end propagation between cardiomyocytes) direction, is driving the
endocardial-epicardial difference (Figure 3.2F & G). Although the slice preparation only
allows conduction mapping in the two-dimensional plane, cardiomyocyte alignment
(and hence conduction) in the transmural axis would be consistent with the measurable
transverse axis here. A modified mouse ventricular optical mapping protocol, capable of
detecting delay in activation between 50-450um tissue depth, demonstrated similar
conduction velocities in the transmural axis to what we report in the transverse axis.
This supports our contention of transverse conduction as a surrogate measure for

transmural conduction.?!

These intramural endocardial-epicardial conduction velocity differences might also be
partially related to the geometrical shape of the heart. The endocardium is concave,

whilst the epicardium is convex — dictating that the surface area, and therefore
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pathlength of the epicardium is greater than the endocardium, necessitating a faster
native conduction velocity to maintain endocardial-epicardial activation-repolarisation

balance.

High fat feeding associates with elevated pericardial adiposity and loss of

the transmural conduction velocity gradient

Emerging evidence implicates a role for augmented pericardial adiposity and ventricular
arrhythmia risk, but there a few reports of the structural and electrical remodelling that
must occur on a cellular level to predispose to arrhythmia.'!" 12 We used a rat model of
elevated pericardial adiposity, induced through high fat diet feeding, which associated
with lipid accumulation throughout the myocardium (Figure 3.3C-E). HFD feeding
abolished the transmural conduction velocity gradient through slowing in the
epicardium and no change in the endocardium (Figure 3.5B). Slowed conduction
velocity is a key cellular feature which can predispose to reentrant arrhythmias, such as
ventricular fibrillation. Reentry in this situation could occur intramurally (i.e. within the
epicardium) or transmurally in a retrograde direction due to the regional effect of the
conduction slowing. Previous studies using plunge electrodes or wedge preparations
visualising the intact ventricular wall indicate that such types of reentry are the primary
mechanisms driving ventricular fibrillation, but these approaches lack the intramural

spatial resolution of the cardiac slice preparation used here.®’
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Pericardial adiposity associates with fibrosis and absence of a conduction

gradient

In control rats, fibrosis was greater in the epicardium compared to the endocardium.
This may explain the gradient in conduction, with greater endocardial fibrosis disrupting
cell-cell connectivity/conduction. Observationally, fibrosis was predominantly located
laterally between adjacent cardiomyocytes, rather than at the longitudinal ends (Figure
3.6A). This is consistent with the transmural change in conduction being driven by
changes in the transverse, and not longitudinal, axis (Figure 3.2G). It is not clear why
fibrosis differs transmurally in the myocardium. This may be a result of greater sheer
stress in the endocardium or perhaps necessary to provide greater structural support
during diastole. There are few other reports quantitatively examining transmural
differences in fibrosis. A similar trend in transmural fibrosis has been demonstrated in
the mouse ventricle.?! Others using the rat slice preparation have not seen such
transmural differences in fibrosis.?? This discrepancy might be a product of grouping
endocardial and sub-endocardial, and epicardial and sub-epicardial regions, which was

not done in the present study.

Previous studies have implicated the potential pro-fibrotic role of pericardial adipose
tissue, with various adipokines (including activin A, TGF-B1, metalloproteinases and
connective tissue growth factor) being detected with potential for promoting fibrosis.?3
26 Secretome from human epicardial adipose tissue has been shown to directly stimulate
fibrosis of rat atrial tissue in organo-culture conditions.?®> Others have implicated
pericardial adipose tissue as a mediator of ventricular fibrosis in high fat-fed pigs?’ and

adriver for fibrotic infiltration post myocardial infarction in mice.?® Following these data,
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we hypothesised that augmented pericardial adiposity was promoting epicardial
fibrosis, disrupting inter-myocyte connectivity to slow conduction in HFD rats.
Consistent with this hypothesis, epicardial fibrosis was elevated in HFD animals (Figure
3.6B) and correlated with the extent of pericardial adiposity (Figure 3.6C & D). The
degree of epicardial fibrosis associated with the absence of a transmural conduction
velocity gradient (Figure 3.6E & F). As with control animals, HFD epicardial fibrosis was
primarily located parallel to cardiomyocyte longitudinal axes, and so is consistent with
a conduction slowing in the transverse axis. Together, these data reinforce our
contention that locally derived adipokines promote fibrosis to slow epicardial

conduction.

Transmural repolarisation is unaffected in the setting of augmented

pericardial adiposity

Control and HFD slices exhibited similar rate-dependent repolarisation times, which
were longer in the endocardium than the epicardium (Figure 3.4B). Other studies have
demonstrated Q-T prolongation in HFD mice and prolonged action potential duration in
ventricular cardiomyocytes isolated from HFD Wistar rats.? 39 Neither of these studies
examined the extent of pericardial adiposity, and HFD feeding induced obesity — a
feature not seen in the Sprague Dawley rats used here. The magnitude of steady-state
repolarisation rate dependency was similar between the endocardium and epicardium
(Figure 3.4C). This has not been previously investigated in the rat, and existing literature
indicates this as species-dependent, with guinea cardiomyocytes exhibiting greater

endocardial rate dependency, whilst dogs show the inverse.3% 32
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Whilst there are no published investigations into the effects of pericardial adiposity on
ventricular repolarisation, prolonged repolarisation has been shown in rabbit atrial
cardiomyocytes following short-term incubation with epicardial adipose.?* We have also
shown that obese mice have prolonged atrial repolarisation and human induced
pluripotent stem cell-derived cardiomyocyte repolarisation is prolonged by epicardial
adipose through a paracrine mechanism (present thesis, Chapter 5). These stem cell-
derived human cardiomyocytes were primarily of ventricular origin, indicating
prolonged repolarisation is not a chamber specific effect. It might be that prolonged
repolarisation is driven primarily by epicardial adipose-specific derived factors. Although
epicardial adipose tissue is minimal in rodents, it is situated near the atria whereas the

ventricle is in proximity to paracardial adipose.

It is also worth noting the limited scope to assess repolarisation using rodent tissue on
the microelectrode array platform. As others have noted, determining the completion
of repolarisation is not always possible.!? This is likely due to the combined effect of
rapid repolarisation inherent to rodent tissue and contraction of the tissue during the
refractory period, conferring lateral tissue movement away from the electrode where

depolarisation was detected.
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3.5 Conclusions

In summary, we show that a positive gradient in conduction velocity consistent with the
transmural activation sequence exists in the ventricular myocardium. The presence of
this gradient is likely important in protecting against reentry and is abolished in the
setting of elevated pericardial adiposity via slowed epicardial conduction linked with
localised fibrosis (as summarised in Figure 3.7). We conclude that high fat feeding
induces epicardial structural and electrical remodelling which may predispose to
reentrant arrhythmias such as ventricular fibrillation. Further studies are required to

confirm the role of adipocytokines in mediating this effect.
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3.7 Figures

Left ventricular tissue block
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Figure 3.1 Generation of tangential left ventricular cardiac slices. The left ventricular
free wall was dissected out of freshly isolated rat hearts. This left ventricular tissue block
was then sectioned tangentially to generate individual 300um slices from each layer of
the heart wall, from endocardium to epicardium. Local field potentials were mapped
from electrically paced slices using a microelectrode array.
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Figure 3.2 A transmural activation and repolarisation gradient is present in the
ventricular myocardium. (A) exemplar field potential traces from the endocardium and
epicardium, with dashed line indicating field potential duration. (B) endocardial and
epicardial field potential duration:cycle length relationship. (C) exemplar activation
maps from endocardial through to epicardial slices (isochrones indicate 2ms), with (D)
mean local conduction velocities. Mean endocardial vs epicardial: activation time (E),
longitudinal conduction velocity (F) and transverse conduction velocity (G). Two-way
repeated measures ANOVA with Sidak’s multiple comparisons (B), one-way repeated
measures ANOVA with Dunnett’s multiple comparisons (D) or paired t-tests (E-G).
#p<0.05, cycle length effect and TP<0.05 transmural region effect (vs endocardium),
respectively; n=7.
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Figure 3.3 High fat feeding is associated with augmented pericardial adiposity and
cardiac lipid accumulation. (A) body weight, (B) heart weight and (C) pericardial adipose
tissue weight from control fed and high fat diet (HFD) fed animals. (D) exemplar
endocardial and epicardial sections stained with Qil Red O (lipid staining is indicated and
stained as red puncta). (E) Quantified detection of lipid in the endocardium (top) and
epicardium (bottom) of control and HFD rats. Two-way repeated measures ANOVA (A),
unpaired t-tests (B-C) and Fisher’s exact test (E). *P<0.05 between diets; n=7-12.
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Figure 3.5 High fat feeding is associated with slowed epicardial conduction velocity. (A)
exemplar activation maps from endocardial and epicardial slices in control and high fat
diet (HFD) rats (isochrones indicate 3ms). (B) Local conduction velocities from slices
across the heart wall. Endocardial to epicardial conduction velocity gradient in control
(C) and high fat diet (D) rats (dashed line indicates individual animals; solid line is
meanztstandard error) and (E) change in conduction velocity from endocardium to
epicardium. (F) slice schematic indicating longitudinal and transverse fibre/conduction
pathways, with change from endocardium to epicardium in longitudinal (G) and
transverse (H) conduction velocities. Two-way repeated measures ANOVA and Sidak’s
multiple comparisons test (B) or unpaired t-tests (C-E; G & H). * and 7 indicate P<0.05
for diet and transmural region effects, respectively; n=7.
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Figure 3.6 Augmented pericardial adiposity associates with epicardial fibrosis to dictate
the transmural conduction gradient magnitude. (A) exemplar Picrosirius red-stained
sections, indicating fibrosis (red) and quantified percentage fibrosis (B). Pericardial
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relationships. (E) endocardial fibrosis:transmural conduction velocity gradient
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relationship. Two-way repeated measures ANOVA and Sidak’s multiple comparisons test
(B) or linear regression (C-F), *P<0.05; n=7.
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Figure 3.7 lllustrative summary of the potential relationship between elevated
pericardial adiposity and ventricular arrhythmia vulnerability. A diet with a high fat
content increases the amount of pericardial adipose. This potentially increases the
amount of pericardial adipose-derived profibrotic mediators being released onto the
epicardium — promoting local epicardial fibrosis. Fibrosis disrupts cell-cell conduction
velocity in the epicardium, diminishing the normal endocardial-epicardial conduction
gradient. This potentially predisposes to action potential reentry (i.e. retrograde action
potential propagation from epicardium to endocardium), generating a pro-arrhythmic
left ventricular substrate.
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3.8 Supplementary Methods

Animal details

Experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals, National Health and Medical Research Council/Commonwealth
Scientific and Industrial Research Organisation/ACC Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes (1997), as approved (University of

Melbourne Animal Ethics Committee).

8-week-old Male Sprague Dawley rats were fed either a control (Specialty Feeds, SF13-
081; 12% lipid energy intake) or high fat diet (HFD; SF04-001; 43% lipid intake) for 15-16
weeks. Food and water were available ad libitum and intake and body weights

monitored weekly.

Cardiac slice preparation

Tangential left ventricular slices were generated using a modified version of previously
published protocols (Figure 3.1).1%> 14 At age 23-24 weeks, rats were anaesthetised with
isoflurane and decapitated. Pericardial adipose tissue and hearts quickly excised, then
manually massaged for 5-10s to clear blood in 37°C heparinised superfusion Tyrode’s
buffer (in mM: NaCl, 140; KCl, 4.5; glucose, 10; MgCl,, 1; HEPES, 10; CaCl,, 1.8; all
purchased from Sigma-Aldrich, New South Wales, Australia). Hearts were then weighed
and transferred to heparinised ice-cold oxygenated Tyrode’s slicing buffer (in mM: NaCl,
140; KCl, 6; glucose, 10; MgCl,, 1; HEPES, 10; CaCl,, 1.8; 2,3-Butanedione, 30). Atria were
resected, then the left ventricular free wall was carefully dissected away and glued
epicardial side down onto an agarose-coated specimen holder using Histoacryl surgical
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glue (B. Braun, Hessen, Germany). The specimen holder was then transferred into a
vibratome bath (7000smz-2, Campden Instruments, UK) containing oxygenated Tyrode’s

slicing buffer (4°C).

300um tangential sections were made from endocardium to epicardium, cutting along
the longitudinal axis of the myocardium using a ceramic blade (0.03mm/s advance
speed, 2mm amplitude, 80Hz frequency, <1um z-axis error), yielding 8-10 slices/heart
on average. Slices were immediately placed on cell strainers and incubated in

oxygenated Tyrode’s slicing buffer (4°C) for <3hr before electrophysiological mapping.

The endocardial slice was defined as the first (after trabeculae carneae removal), and
the epicardial slice the final, intact section to detach from the tissue block. Since the
tissue was glued epicardial side down, approximately 100um of epicardium remained

attached to the tissue block and was not viable for recordings.

Microelectrode array recordings

For electrophysiological mapping, slices were trimmed into a rectangular shape so
longitudinal and transverse muscle fibres were clearly distinguishable. Fibre-aligned
slices were then positioned on a microelectrode array consisting of 60 gold recording
electrodes embedded into a glass substrate in an 8x8 matrix (100um electrode diameter,
700um spacing; 60EcoMEA-Glass-pr, Multichannel systems, Reutlingen, Germany).
Slices were secured using a custom-made tissue weight and continuously superfused
with oxygenated Tyrode’s superfusion buffer (37°C, 4ml/min). Extracellular field

potentials were recorded (MEA2100-System, Multichannel Systems) using MC_Rack
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(V4.6.2, Multichannel Systems) software sampling at 10KHz (low pass filter: 3,500Hz,

high pass filter: 10Hz).

Slices were given a 3-5min equilibration period, then paced along their longitudinal axis
using electrodes at the periphery of the tissue at a cycle length of 1000ms (biphasic pulse
at £1.5V [approx. twice diastolic threshold], 1ms pulse width) for a further 2-3min. After
this period, slices were subjected to a ramp pacing protocol of: 1000ms, 500ms, 300ms

and 200ms cycle lengths (50 pulses/cycle length).

Electrophysiological analysis

All analyses were performed using the last beats of a single cycle length in the ramp
protocol to allow for sufficient rate adaptation. Analysis of conduction velocity and
generation of activation maps was performed using a MATLAB-based script!* 1> at a
cycle length of 200ms. Field potential duration was calculated as the interval between

the first negative peak on the field potential and the final negative deflection.

Histology

At the end of the electrophysiological mapping protocol, slices were fixed in 10%
formalin (Sigma Aldrich, Cat #: HT501128-4L). Slices were serially dehydrated in 15% and
30% sucrose solutions, embedded in optimal cutting temperature compound (Agar
Scientific, Essex, UK, Cat #: AGR1180) and frozen gradually using isopentane. Frozen
tissue was then cryosectioned to generate 10um sections and stained with either

Picrosirius red to identify Collagen Type | and Il or Oil Red O to identify lipids.

Stained tissue sections were scanned using the Panoramic SCAN Il slide scanner

(3DHISTECH, Budapest, Hungary). For collagen analysis, five regions of interest per tissue
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section were exported from CaseViewer (V2.3, 3D HISTECH) for analysis in ImageJ (V1.8,
Maryland, USA; n=15-20 regions of interest across 3-4 10um sections per left ventricular
slice). The images were converted to RGB stacks and a thresholding approach used to
detect presence of collagen.® Oil Red O-stained whole sections were visualised to detect

presence or absence of lipid staining. All histological analyses were performed blinded.

Statistical analysis

Normally distributed data are presented as meanz standard error of the mean. Outliers
were excluded if >2 standard deviations from the mean, and only data where paired
endo-epi recordings from a single heart are included. Statistical tests performed are
indicated in the Figure legends throughout. P<0.05 was deemed significant and n

denoted the number of animals/slices used.
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Abstract

Arrhythmias are characteristic of many cardiovascular diseases in males and females,
though onset and outcomes differ markedly between sexes. Novel anti-arrhythmia
therapies are required to overcome current drug limitations associated with efficacy and
side effects. Cardiomyocytes cultured on microelectrode arrays (MEAs) offer a high-
throughput anti-arrhythmic drug screening platform, but comparative information
about electrophysiological properties of commonly used culture types is lacking.
Cultured cardiomyocyte-MEA preparation standardisation is required to advance its
application as a high-throughput system for anti-arrhythmic drug screening. The aims of
this study were to characterise the electrophysiology of male and female primary
cardiomyocyte cultures, and to directly compare the electrophysiological properties of
two frequently used cardiomyocyte cultures. Neonatal rat ventricular myocytes
(NRVMs) and custom-generated human iPSC-derived cardiomyocytes (hiPSC-CMs) were
cultured on MEAs for 48-120 hours. Field potentials and activation patterns were
recorded in the absence/presence of the B-adrenoceptor agonist isoproterenol (1uM).
Basal and B-stimulated electrophysiology did not differ between male and female
NRVMs. Both NRVMs and hiPSC-CMs exhibited rate-dependent field potential durations
and were similarly responsive to isoproterenol. Field potential amplitude was greater in
NRVM vs hiPSC-CM. Time post differentiation induction was a key factor in hiPSC-CM
electrical stability. This is the first study to compare intrinsic electrophysiological
properties of commonly used cardiomyocyte cultures. These findings offer important
comparative data informing on methodological approaches for functional screening

investigations into cardiomyocyte arrhythmogenesis and anti-arrhythmic compounds.
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4.1 Introduction

Cardiac arrhythmia s a clinical feature of various cardiovascular diseases, including heart
failure, stroke, and ischemic heart disease. The most common arrhythmia is atrial
fibrillation which has multiple risk factors/comorbidities including aging, obesity and
genetic mutations (1-3). Atrial fibrillation alone is not lethal but increases the risk of
thrombotic stroke and heart failure. Ventricular arrhythmias are less common, but often
severe and increase susceptibility to sudden cardiac death (4). Patients at risk of
ventricular arrhythmias can undergo defibrillator implantation, which is effective in
some settings, but is expensive and coupled with a considerable morbidity profile (5).
Numerous anti-arrhythmic therapies are available, although there is often incomplete
effectiveness or significant side effects restricting their use (5-7). Improving the current
cellular electrophysiological understanding of cardiac arrhythmogenesis is required to

further the development of more efficacious novel treatments.

Microelectrode array (MEA) technology is commonly used in pre-clinical studies of
cardiomyocyte electrophysiology and arrhythmogenesis. MEAs are devices embedded
with low-impedance electrodes arranged in a grid matrix, designed for synchronised,
non-invasive, multifocal recordings across cardiac preparations. Cardiomyocytes
cultured on MEAs offer a high-throughput screening platform for compounds with anti-
arrhythmic/cardiac electrophysiology-modifying potential, enabling the evaluation of

conduction properties (8).

Cardiomyocyte studies have traditionally relied on isolated neonatal rodent ventricular

myocytes or a limited number of immortalised cell lines (9,10). Recently, inducible
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pluripotent stem cell preparations have become more widely utilised (11). Comparative
benchmarking of the electrophysiological properties of these cells has not been

extensively examined in a direct approach.

Neonatal rat ventricular myocytes (NRVMs) and human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) can be maintained in culture over multiple days-
weeks. NRVMs cultured as a monolayer are immature cardiomyocytes, exhibiting
minimal proliferation with ability to re-form “native-like” gap junctions (10). NRVM
cultures are usually sourced from mixed male and female litters, without concern for
potential sex-specific cardiac electrophysiological differences. This may be an important
oversight, as a growing literature base describes numerous differences in male and
female cardiac physiology and pathology. Women have faster heart rates, longer rate-
corrected Q-T intervals and steeper electrical restitution (QT-RR relationship) than men
(12-14). On a cellular level, action potential durations are typically greater in females
(particularly at long cycle lengths), and Ca?* transient rise time and decay is prolonged
compared to males (15,16). The incidence of atrial fibrillation is 1.6-2.7% in women vs
3.8-4.7% in men (17). Conversely, mortality and incidence of arrhythmias caused by

antiarrhythmic drugs is lower in men than age-matched women (16,18,19).

hiPSC-CMs are generated from induced pluripotent stem cells differentiated toward the
cardiac lineage. Though expensive, they can be mass produced, recapitulate the adult
human cardiac ion channel profile action potential characteristics to a degree, and can
be commercially obtained or created locally by established differentiation protocols
(11,20). Similar to NRVMs, hiPSC-CMs are immature and beat spontaneously (11).

Therapeutically, there is developing interest in the regenerative ability of hiPSC-CMs and
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hence usage of these cells to advance the cardiomyocyte electrophysiology

knowledgebase (21).

Both NRVMs and hiPSC-CMs have been used for disease modelling and drug screening;
however, a direct electrophysiological comparison between these cultures has not been
previously reported, hence little information is available to assist in determining which
culture type is best suited to specific experimental applications. Here, the basal and -
adrenergic-stimulated electrophysiological characteristics of spontaneously beating

NRVMs and hiPSC-CMs were directly examined.

The aims of this investigation were to:

1. characterise the electrophysiology of male and female primary cardiomyocyte
cultures
2. compare the electrophysiological characteristics of two routinely used
cardiomyocyte cultures to provide a standardised framework for potential
purpose-driven modelling of disease scenarios, aiding researchers with the
appropriate selection of cultures for their enquiries.
This study demonstrates for the first time that primary cardiomyocytes derived from
different sexes exhibit similar beating rates, conduction velocities, repolarisation
durations and B-adrenergic sensitivity. Beating rates are different between NRVMs and
hiPSC-CMs, but repolarisation characteristics and B-adrenergic responsiveness is
comparable. These findings provide key novel insight for pre-clinical studies and high-

throughput drug screening trials using cultured cardiomyocytes and the MEA platform.
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4.2 Materials and methods

Neonatal rat ventricular myocyte culture

Experiments were conducted, and animals handled in the manner specified by the
NHMRC/CSIRO/ACC Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes (2013) and the EU Directive 2010/63/EU for animal experiments,
with approval and oversight of the project by the University of Melbourne Animal Ethics
Committee. For NRVMs, cells were isolated from Sprague Dawley litters (postnatal day
2) as previously described (22). Briefly, pups were decapitated, hearts quickly excised,
and atria resected. Ventricles were dissected into small fragments and gently swirled in

0.5% collagenase Il (Worthington, LS004176) for 15min at 37°C.

Single NRVMs were isolated by Trypsin digestion (0.06%, Sigma, T9201) in Hanks’
balanced salt solution + 0.02% DNAse 1 (Calibiochem, 260913), then digestion inhibited
with the addition of new-born calf serum. NRVMs were centrifuged at 990g at 4°C for
10min and the cell pellet resuspended in Dulbecco’s Modified Eagle Medium +
GlutaMAX (ThermoFisher, 10565-042), supplemented with: 5% horse serum
(ThermoFisher, 16050-122), pyruvic acid (3mM, Sigma, P-8574), bovine serum albumin
(2g/L, Sigma, A-7030), ampicillin (100ug/ml, Sigma, A-0166), insulin-transferrin-
selenium 100x (ThermoFisher, 41400045), antibiotic/antimycotic (1%, ThermoFisher,
15240062), linoleic acid (5ug/ml, Sigma, L5900) and ascorbic acid (100uM, Sigma,
A4544), then pre-plated to remove fibroblasts (2x30min, 37°C, 5% CO,). Purified NRVMs
were seeded onto MEAs pre-coated with fibronectin (10ug/ml, Sigma, F2006) by
pipetting a 75ul droplet of 300,000 NRVMs across the central recording matrix. Stable

droplet formation was facilitated through increasing MEA hydrophobicity by heating to
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70°C for 22hr prior to fibronectin coating. Droplet-seeded NRVMs were incubated for
2hr to promote adhesion, with culture media subsequently added to a final volume of
1ml (300,000 cell/ml of media, final density of ~1,000,000 cells/cm?). Media was
changed after 48hr. MEA experiments were performed 5-6 days post isolation — a
timepoint previously established to demonstrate stable beating rate, field potential

amplitude and conduction velocity (10,23).

Human induced pluripotent stem cell-derived cardiomyocyte culture

hiPSC-CMs were cultured and differentiated as previously described (24-26). Briefly,
hiPSCs (line PB004.4 female, Murdoch Children’s Research Institute) were cultured in a
75cm? tissue culture flask with hiPSC media (DMEM/F12 (Gibco, 11320033), 20% (v/v)
knockout serum replacement (Gibco, 10828028), 1X non-essential amino acids (Gibco,
11140050), 1X GlutaMAX (Gibco, 35050061), penicillin/streptomycin (Gibco, 15140122),
110uM 2-mercaptoethanol (Gibco, 21985023), 5ng/mL recombinant human FGF (R&D,
233-FB-025)) on irradiated mouse embryonic fibroblasts and passaged using TrypLE
Express enzyme (ThermoFisher, 12604013). One day before differentiation, 1.6x10°
cells/cm? were seeded. To induce differentiation (Day 0), cells were treated with basal
differentiation media [RPMI (Gibco, 21870076), B27 minus vitamin A (Gibco, 12587010)
and 50ug/ml ascorbic acid (Sigma, A8960) supplemented with 10uM CHIR99021 (Tocris
Bioscience, 4423) and 80ng/ml Activin A (Peprotech)]. On Days 1, 3 and 5, media were
changed to basal differentiation media supplemented with 5uM IWR-1 (Sigma, 10161).

Cells were maintained in basal differentiation medium from Day 7 until used.

For experiments, cells were dissociated with TrypLE, centrifuged (200g, 4°C, 3min),

carefully resuspended in basal differentiation medium and re-plated at 800,000 cells/ml
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as clusters across Geltrex-coated microelectrode arrays (Geltrex, 1:100, Life
Technologies, A1413202). Media was changed after 48hr and experiments performed

the following day.

Microelectrode array configurations

The MEA2100 2x60 system (Multichannel systems, Reutlingen, Germany) was used to
record extracellular field potentials (Figure 4.1). An MEA was composed of 60 gold
electrodes implanted into a glass plate fabricated with a layer of the conductive polymer
poly(3,4-ethylenedioxythiophene). Two electrode layouts were used (1) 30um diameter
with 200um spacing or (2) 100um diameter with 700um spacing — recordings were

consistent between configurations.

Electrophysiological recordings

Cardiomyocyte cultures were maintained at 37°C and field potential recordings acquired
at 10kHz using Cardio2D (Multichannel Systems). All comparable experimental
recordings began after a 10min equilibration period. To assess NRVM stability, 2min
recordings were obtained at 0, 15 and 35min. To assess hiPSC-CM stability, 2min
recordings were made at 10min intervals over 1lhr. A subgroup of NRVMs and hiPSC-
CMs were treated with the B-adrenergic agonist, isoproterenol (1uM, 3-5min), which

has previously evidenced strong electrophysiological responses in NRVMs (27).

Electrophysiology analysis

Spontaneous beating rate was calculated by averaging the inter-spike interval between
10 consecutive beats. Field potential duration was determined as the time between the

maximal negative deflection and the peak of the final positive deflection (Figure 4.1D;
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(28,29). For NRVMs, this was computed by ensemble averaging across 10 beats at 10
sites across an MEA. Activation maps for NRVMs were generated by calculating the delay
in depolarisation between neighbouring electrodes using a multi-vector approach and
mean conduction velocity computed across 10 consecutive beats. Due to the clustered
nature of hiPSC-CMs, field potential duration was averaged from 10 consecutive beats
at a single site, and it was not possible to reliably map signal propagation to study
activation patterns. Analysis was completed using Cardio2D+ software, with arrhythmic

cardiomyocyte cultures omitted.

Statistics

Data are expressed as meanzstandard error. Statistical analysis was performed, and
graphs generated using GraphPad Prism 8.0. Relevant statistical analyses are indicated
throughout and P<0.05 defining statistical significance. N denotes the number of

cultures and n denotes the number of MEAs.
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4.3 Results

NRVM cultures from both sexes display comparable electrophysiology

Basal electrophysiology was compared in NRVMs isolated from males and females. In
both sexes, spontaneous beating rate and conduction velocity was consistent over a
35min recording period, and only slight changes in the morphology of field potentials
were observed (Figure 4.2A-D). Field potential amplitude:conduction velocity

relationships were similar between male and female NRVMs (Figure 4.2E).

A subset of cardiomyocytes was subsequently treated acutely with 1uM isoproterenol
to evaluate the response to B-adrenergic stimulation. Male and female NRVMs both
showed an increase in spontaneous beating rate, decrease in field potential duration,
and unchanged field potential amplitude (Figure 4.3A-E and S4.1A-C). Conduction
velocity significantly increased comparably in NRVMs from both sexes (Figure 4.3F and

$4.1D).

Basal electrophysiology is defined by cardiomyocyte origin

The electrophysiology of two routinely used cardiomyocyte culture types, NRVMs and
hiPSC-CMs, were compared. Significant differences in the electrophysiology of both cell
types were apparent (Figure 4.4A). Spontaneous beating rate was faster in hiPSC-CMs
compared with NRVMs (Figure 4.4B, beats per minute; NRVMs vs hiPSC-CMs; 81.5+6.9
vs 162.5+38.0, P<0.05). NRVM s exhibited a significantly larger field potential amplitude
compared with hiPSC-CMs (Figure 4.4C, mV; 2.95+0.58 vs 0.40+0.09; P<0.05), whilst
field potential duration was comparable (Figure 4.4D, ms; 184.0+10.5 vs 146.9+23.2;
P<0.05). NRVMs and hiPSC-CMs displayed distinct beating rate:field potential duration

106



Chapter 4

relationships, although both cell types did demonstrate faster repolarisation at higher
beating rates (Figure 4.4E, P<0.05). The gradient of this relationship was significantly
steeper in NRVMs (P<0.05), although when excluding hiPSC-CMs with a beating rate

>150BPM, gradients were comparable (Figure 4.4F, P<0.05, linear regression).

B-adrenergic stimulated responses were not different between NRVMs and hiPSC-CMs,
with similar increases in spontaneous beating rate (Figure 4.5A-C and S4.2A) and

concomitant shortening of field potential duration (Figure 4.5D-F and S4.2B).

hiPSC-CM electrophysiology is dependent upon time post differentiation

Greater variability between experimental replicates was displayed in hiPSC-CMs vs
NRVMs. Further analysis was performed to determine whether the hiPSC-CMs needed
longer on the MEA to stabilise before making a comparable recording, or whether the
timepoint between differentiation induction (D0O) and plating onto the MEA was a
determining factor (Figure 4.6). Spontaneously beating hiPSC-CMs were recorded over
1hr, with a measurement made every 10min (in this instance, the first was immediately
after securing the MEA onto the recording headstage). Over 1hr, there was no significant
change in spontaneous beating rate, field potential duration or amplitude (Figure 4.6A-
D). In the first 10min (t=-10min to Omin), however, there was a strong trend for an
increase in beating rate and paired reduction in field potential duration, which stabilised
thereafter — indicating the decision to make comparisons after this 10min was

important.

hiPSC-CMs reseeded onto MEAs early post differentiation induction displayed faster

spontaneous beating rates and shorter repolarisation times (Figure 4.6E-G).
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Isoproterenol sensitivity decreased in cells reseeded at a later timepoints. Cells
reseeded onto MEAs at Day 20 and 44 displayed greater increases in spontaneous
beating rate than those replated at Day 69 (Figure 4.6H). Change in field potential
duration in response to isoproterenol treatment was, however, consistent across all

reseeding timepoints (Figure 4.6l).
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4.4 Discussion

This is the first study to directly compare the inherent electrophysiological differences
between commonly used cultured cardiomyocytes of different sex and origin. This
investigation highlights that NRVM monolayer electrophysiology does not differ with sex
— supporting the established use of combined male and female cardiomyocytes.
Importantly, this study yields new insight into the electrophysiology of two commonly
used cardiomyocyte cultures from different origin. NRVMs exhibit a slower beating rate
and greater amplitude than hiPSC-CMs yet have similar repolarisation times and -
adrenergic responsiveness. Also shown is the association between hiPSC-CM
electrophysiological variability with time post differentiation induction. These results
give novel insights into the selection criteria of appropriate culture models to specific

experimental questions.

Cultured primary cardiomyocyte sex does not influence electrophysiology

NRVMs and hiPSC-CMs are two of the most routinely used cultures for drug screening
investigations. NRVMs exhibited rapid conduction velocities (Figure 4.3B&F),
particularly in comparison to HL-1 cells (approximately 20-fold faster than HL-1 (30)),
though slower than typical conduction velocities of 60-75cm/s intact rodent and human

tissue preparations (31-33).

A possible oversight in the traditional use of NRVMs has been pooling cells from male
and female pups. Although cardiovascular disease is the primary cause of death in both
sexes, onset, progression and pathological profile differs between males and females

(34). Sex differences in cardiomyocyte electrical and mechanical function is being
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progressively recognised (35,36). NRVM data here indicate sex does not influence basal
or B-stimulated electrophysiological characteristics in the cultured neonatal cells. This
contrasts with data from freshly-isolated adult ventricular cardiomyocytes (19,37,38),
potentially implicating a role for sexual maturity and differences in sex steroid balance.
There may also be a role for absence of sex steroids in the culture medium over the 5-6
days of culture. This may cause changes in gene expression that attenuate the sex
differences. Regardless, our data validate the pooling NRVMs from both sexes as a

model for studying cardiomyocyte electrophysiology.

NRVMs and hiPSC-CMs exhibit distinct basal, but similar B-stimulated,

electrophysiology

Simultaneous extracellular-intracellular recordings on cell and tissue preparations have
previously demonstrated positive interactions between action potential and field
potential waveforms (28,29). Our data add to this, showing that the action potential
amplitude:conduction velocity relationship is also evident in extracellular recordings -
whereby field potential amplitude correlated with conduction velocity in NRVMs (Figure
4.2E) and cultures displayed repolarisation-rate dependency (Figure 4.4E&F). In cultures
with a beating rate of <150beats per minute, the rate-dependency relationships were
comparable between hiPSC-CMs and NRVM monolayers (Figure 4.4F). This relationship
between pacing rate and action potential duration is a fundamental property of
cardiomyocytes (39). Exhibition of these adult cardiomyocyte properties (traditionally
recorded with intracellular electrodes) in both cultured cardiomyocyte preparations
indicates their validity as a model for anti-arrhythmic drug screening on the MEA

platform.
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The hiPSC-CM differentiation protocols used in experiments presented here yields cells
primarily of ventricular origin (24). It is not, therefore, surprising that hiPSC-CMs
exhibited similar electrophysiological characteristics to NRVMs, especially in relation to

repolarisation durations and B-adrenergic stimulated responsiveness.

One single stem cell pool was used to re-differentiate hiPSC-CMs used for each culture
(N) presented in these data. Although good reproducibility in electrophysiological
parameters was evident, spontaneous beating rate and therefore field potential
duration were dependent on the number of days post-differentiation. hiPSC-CM
electrophysiology was unstable at 20 days post differentiation induction, potentially
indicating an immature/developing phenotype. This emphasizes the importance of using
cultures which have undergone a sufficient period of maturation (=230 days) post
induction of differentiation. Consistency in beating rates from Day 30-60 and reduced
isoproterenol responsiveness (Figure 4.6E&H) was apparent and is supported by data
from others (40). The responsiveness of these cultures to isoproterenol, particularly
from Day 30-44, indicates their potential usefulness as a platform to study
repolarisation-rate dependency interactions in arrhythmogenesis processes. In
particular, they may be useful for screening drugs which modulate B-adrenergic

stimulation/sympathetic innervation and alternans-based arrhythmias.

In this study, hiPSC-CMs did not form confluent monolayers and the capacity to assess
conduction velocity was limited across large microelectrode arrays (area, 1.6-5.6mm?).
Similar clustered recordings have been reported (20,41). Unlike hiPSC-CMs used here,
commercially available hiPSC-CMs can form electrically coupled monolayers; however,

often lack responsiveness to [B-adrenergic stimulation, suggesting less mature
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phenotypes (42-44). This lack of monolayer connectivity may too be a factor responsible
for lower field potential amplitudes seen in hiPSC-CMs than NRVM (Figure 4.4A&C). A
component, namely the upstroke, of the field potential amplitude is a result of
capacitive currents flowing from cell-to-cell (45). This current is likely lower in hiPSC-CM

clusters vs NRVM monolayers, explaining, at least in part, the reduced amplitude.

Potential purpose-driven uses for NRVMs and hiPSC-CMs

The direct comparison between NRVM and hiPSC-CM electrophysiology can be used to
provide insight into scenarios where it might be important to use a particular cell type
to model a disease or test a specific drug. Although cultured cardiomyocytes do not
recapitulate the complexity of an in vivo situation, they do allow study of the direct
effects of compounds on cardiomyocytes without the complexity of other organ systems
(in vivo) and tissue types (slice preparations). Cultured cardiomyocytes are relatively
simple to establish and maintain in a laboratory and deliver unrivalled high-throughput
capabilities. The differences in cardiomyocyte electrophysiological properties presented
here may even be exploited to enable targeting of specific cellular phenotypes that most
closely model specific arrhythmia or drug response scenarios. Our findings suggest that
NRVM and hiPSC-CM cultures may both be equally suited for modelling triggered and
alternans arrhythmias — with good scope to detect changes in repolarisation times. The
benefit of hiPSC-CMs over NRVMs is they more reliability recapitulate the human cardiac
action potential. This is important because human repolarisation is mediated primarily
by delayed rectifier currents, which contribute minimally to rodent repolarisation (46).
40-70% of all new pharmacological agents have capacity to modulate KCNH2 — the

channel which carried the rapid component of the delayed rectifier current (47,48). This

112



Chapter 4

indicates the importance of appreciating species difference in repolarisation and the
potential greater relevance of using hiPSC-CMs in screening novel compounds which

might modulate repolarisation.

Cells with slow conduction velocity (e.g. HL-1 (30)) may be more appropriate for the
setting of reentrant arrhythmias, although establishment of reentrant circuits in small
microelectrode array dishes is likely difficult with limited wavelength capacity for rotor
formation. NRVMs, given their relatively fast conduction, may be particularly useful in
studies screening the effects of compounds on cardiomyocyte conduction. This may be
important for antiarrhythmic drug studies, but also novel non-cardiac-focussed

medications which may have off-target effects on cardiac conduction.

4.5 Conclusions

In conclusion, this is the first study to demonstrate that male and female primary
cardiomyocytes demonstrate similar electrophysiology. NRVMs and hiPSC-CMs display
comparable, modifiable, repolarisation characteristics (supporting their use in scenarios
of triggered arrhythmia) but differ with regard to beating rates and amplitudes. These
data provide important protocol and physiological benchmarks for other investigators,
detailing insight into appropriate culture choice for specific disease/drug screening

scenarios.

113



10.

11.

12.

13.

Chapter 4

4.6 References

Jansen HJ, Moghtadaei M, Mackasey M et al. Atrial structure, function and
arrhythmogenesis in aged and frail mice. Sci Rep 2017;7:44336-44336.

Lane DA, Skjgth F, Lip GYH, Larsen TB, Kotecha D. Temporal Trends in Incidence,
Prevalence, and Mortality of Atrial Fibrillation in Primary Care. J Am Heart Assoc
2017;6:e005155.

Lubitz SA, Sinner MF, Lunetta KL et al. Independent susceptibility markers for
atrial fibrillation on chromosome 4q25. Circulation 2010;122:976-84.

Vandenberg J, Perry M, Hill A. Recent advances in understanding and prevention
of sudden cardiac death. F1I000Research 2017;6.

Kirchhof P, Benussi S, Kotecha D et al. 2016 ESC Guidelines for the management
of atrial fibrillation developed in collaboration with EACTS. Eur Heart J
2016;37:2893-2962.

Heist EK, Ruskin JN. Drug-induced arrhythmia. Circulation 2010;122:1426-35.

Lafuente-Lafuente C, Valembois L, Bergmann JF, Belmin J. Antiarrhythmics for
maintaining sinus rhythm after cardioversion of atrial fibrillation. Cochrane
Database of Syst Rev 2015.

Braam SR, Tertoolen L, van de Stolpe A, Meyer T, Passier R, Mummery CL.
Prediction of drug-induced cardiotoxicity using human embryonic stem cell-
derived cardiomyocytes. Stem Cell Res 2010;4:107-16.

Boyle PM, Franceschi WH, Constantin M et al. New insights on the cardiac safety
factor: Unraveling the relationship between conduction velocity and robustness
of propagation. J Mol Cell Cardiol 2019;128:117-128.

Meiry G, Reisner Y, Feld Y et al. Evolution of Action Potential Propagation and
Repolarization in Cultured Neonatal Rat Ventricular Myocytes. J Cardiovasc
Electrophys 2001;12:1269-1277.

Sala L, Ward-van Oostwaard D, Tertoolen LGJ, Mummery CL, Bellin M.
Electrophysiological Analysis of human Pluripotent Stem Cell-derived
Cardiomyocytes (hPSC-CMs) Using Multi-electrode Arrays (MEAs). J Vis Exp
2017:e55587.

H B. An analysis of the time-relations of electrocardiograms. Heart 1920;7:353-
370.

Kligfield P, Lax KG, Okin PM. QT interval-heart rate relation during exercise in
normal men and women: definition by linear regression analysis. ] Am Coll
Cardiol 1996;28:1547-55.

114



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Chapter 4

Stramba-Badiale M, Locati EH, Martinelli A, Courville J, Schwartz PJ. Gender and
the relationship between ventricular repolarization and cardiac cycle length
during 24-h Holter recordings. Eur Heart J 1997;18:1000-6.

Curl CL, Wendt IR, Kotsanas G. Effects of gender on intracellular [Ca2+] in rat
cardiac myocytes. Pflugers Arch 2001;441:709-16.

Pham TV, Rosen MR. Sex, hormones, and repolarization. Cardiovasc Res
2002;53:740-751.

Kim MH, Johnston SS, Chu B-C, Dalal MR, Schulman KL. Estimation of Total
Incremental Health Care Costs in Patients With Atrial Fibrillation in the United
States. Circulation 2011;4:313-320.

Bell JR, Curl CL, Harding TW, Vila Petroff M, Harrap SB, Delbridge LMD. Male and
female hypertrophic rat cardiac myocyte functional responses to ischemic stress
and B-adrenergic challenge are different. Biol Sex Differ 2016;7:32.

Trépanier-Boulay V, St-Michel C, Tremblay A, Fiset C. Gender-based differences
in cardiac repolarization in mouse ventricle. Circ Res 2001;89:437-444.

Mills RJ, Titmarsh DM, Koenig X et al. Functional screening in human cardiac
organoids reveals a metabolic mechanism for cardiomyocyte cell cycle arrest.
Proc Natl Acad Sci U S A 2017;114:E8372-E8381.

Sayed N, Liu C, Wu JC. Translation of Human-Induced Pluripotent Stem Cells:
From Clinical Trial in a Dish to Precision Medicine. J Am Coll Cardiol
2016;67:2161-2176.

Porrello ER, Bell JR, Schertzer JD et al. Heritable pathologic cardiac hypertrophy
in adulthood is preceded by neonatal cardiac growth restriction. Am J Physiol
Regul Integr Comp Physiol 2009;296:R672-R680.

Chan Y-C, Tse H-F, Siu C-W, Wang K, Li RA. Automaticity and conduction
properties of bio-artificial pacemakers assessed in an in vitro monolayer model
of neonatal rat ventricular myocytes. EP Europace 2010;12:1178-1187.

Anderson DJ, Kaplan DI, Bell KM et al. NKX2-5 regulates human
cardiomyogenesis via a HEY2 dependent transcriptional network. Nat Commun
2018;9:1373.

Costa M, Dottori M, Sourris K et al. A method for genetic modification of human
embryonic stem cells using electroporation. Nat Protoc 2007;2:792-6.

Elliott DA, Braam SR, Koutsis K et al. NKX2-5(eGFP/w) hESCs for isolation of
human cardiac progenitors and cardiomyocytes. Nat Methods 2011;8:1037-40.

115



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chapter 4

Nguyen PD, Hsiao ST, Sivakumaran P, Lim SY, Dilley RJ. Enrichment of neonatal
rat cardiomyocytes in primary culture facilitates long-term maintenance of
contractility in vitro. Am J Physiol Cell Physiol 2012;303:C1220-C1228.

Chowdhury RA, Tzortzis KN, Dupont E et al. Concurrent micro- to macro-cardiac
electrophysiology in myocyte cultures and human heart slices. Sci Rep
2018;8:6947.

Halbach M, Egert U, Hescheler J, Banach K. Estimation of Action Potential
Changes from Field Potential Recordings in Multicellular Mouse Cardiac Myocyte
Cultures. Cell Physiol Biochem 2003;13:271-84.

Wells SP, Waddell HM, Sim CB et al. Cardiomyocyte functional screening:
interrogating comparative electrophysiology of high-throughput model cell
systems. Am J Physiol Cell Physiol 2019;317:C1256-c1267.

Camelliti P, Al-Saud SA, Smolenski RT et al. Adult human heart slices are a
multicellular system suitable for electrophysiological and pharmacological
studies. J Mol Cell Cardiol 2011;51:390-398.

O’Shea C, Holmes AP, Yu TY et al. ElectroMap: High-throughput open-source
software for analysis and mapping of cardiac electrophysiology. Sci Rep
2019;9:1389.

Wen Q, Gandhi K, Capel RA et al. Transverse cardiac slicing and optical imaging
for analysis of transmural gradients in membrane potential and Ca2+ transients
in murine heart. J Physiol 2018;596:3951-3965.

Garcia M, Mulvagh SL, Merz CNB, Buring JE, Manson JE. Cardiovascular Disease
in Women. Circ Res 2016;118:1273-1293.

Bell JR, Bernasochi GB, Varma U, Raaijmakers AJA, Delbridge LMD. Sex and sex
hormones in cardiac stress—Mechanistic insights. J Steroid Biochem Mol Biol
2013;137:124-135.

Parks RJ, Howlett SE. Sex differences in mechanisms of cardiac excitation-
contraction coupling. Pflugers Archiv : Eur J Physiol 2013;465:747-763.

Brouillette J, Rivard K, Lizotte E, Fiset C. Sex and strain differences in adult mouse
cardiac repolarization: importance of androgens. Cardiovasc Res 2005;65:148-
157.

Graham EL, Balla C, Franchino H, Melman Y, del Monte F, Das S. Isolation, culture,
and functional characterization of adult mouse cardiomyoctyes. J Vis Exp
2013:e50289.

Hund TJ, Rudy Y. Rate Dependence and Regulation of Action Potential and
Calcium Transient in a Canine Cardiac Ventricular Cell Model. Circulation
2004;110:3168-3174.

116



40.

41.

42.

43.

44,

45.

46.

47.

48.

Chapter 4

Wu H, Lee J, Vincent LG et al. Epigenetic Regulation of Phosphodiesterases 2A
and 3A Underlies Compromised B-Adrenergic Signaling in an iPSC Model of
Dilated Cardiomyopathy. Cell Stem Cell 2015;17:89-100.

Mummery CL, Zhang J, Ng ES, Elliott DA, Elefanty AG, Kamp TJ. Differentiation of
Human Embryonic Stem Cells and Induced Pluripotent Stem Cells to
Cardiomyocytes. Circ Res 2012;111:344-358.

Goineau S, Castagné V. Electrophysiological characteristics and pharmacological
sensitivity of two lines of human induced pluripotent stem cell derived
cardiomyocytes coming from two different suppliers. J Pharmacol Toxicol Meth
2018;90:58-66.

Hernandez D, Millard R, Sivakumaran P et al. Electrical Stimulation Promotes
Cardiac Differentiation of Human Induced Pluripotent Stem Cells. Stem Cells Int
2016;2016:1718041.

Ribeiro MC, Tertoolen LG, Guadix JA et al. Functional maturation of human
pluripotent stem cell derived cardiomyocytes in vitro — Correlation between
contraction force and electrophysiology. Biomaterials 2015;51:138-150.

Egert U, Meyer T. Heart on a Chip - Extracellular Multielectrode Recordings from
Cardiac Myocytes in Vitro. In: S D, FW M, M D, editors. Practical Methods in
Cardiovascular Research. Berlin: Springer, 2005:32-453.

O'Hara T, Rudy Y. Quantitative comparison of cardiac ventricular myocyte
electrophysiology and response to drugs in human and nonhuman species. Am J
Physiol Heart Circ Physiol 2012;302:H1023-30.

Redfern WS, Carlsson L, Davis AS et al. Relationships between preclinical cardiac
electrophysiology, clinical QT interval prolongation and torsade de pointes for a
broad range of drugs: evidence for a provisional safety margin in drug
development. Cardiovasc Res 2003;58:32-45.

Witchel HJ. The hERG potassium channel as a therapeutic target. Expert Opin
Ther Targets 2007;11:321-36.

117



Chapter 4

4.7 Figures

000000
00000000
00000000
00000000
ceo000 00
00000000
00000000

000000

c. ' 200pm

-

L 111
-

) i

LEEELELEL

F——| —
= —

G|
7
E

—_ |

Internal Reference

— a1

—

|

I
J[[' | " ’l{flx
t—

IS Yy

- |~ | = | =
e s

|
[
|
|

T

FPamp
L C
|w:
o
oh
__|
Toimv
WL
/
-
A %
(sw) 3w uoneandy N

N
T
=

o

100ms I:Pmin Isochrones = 1ms

Figure 4.1 Visual overview of MEAs and measurable electrophysiological parameters. (A)
Exemplar images of an MEA (200um electrode spacing, 30um electrode diameter; 1
internal reference in red), (B) NRVM seeding on MEA electrodes, and (C) multi-channel
recordings of field potentials. (D) Exemplar field potential trace (FPpre’ field potential

upstroke maximum; FP . field potential downstroke minimum; FP field potential

amp’

amplitude; FP_ , field potential duration) and (E) activation map showing propagation

dur’
of a single field potential across an NRVM monolayer over 7ms. Arrows indicate
propagation pathway and are situated at approximate electrode positioning, contours
indicate 1ms delay).
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Figure 4.2 Comparable electrophysiology in cultured male (blue) and female (red)
neonatal rat ventricular myocytes (NRVMs). Assessment of prep stability in male and
female NRVM electrophysiology with time (left) and direct sex comparison at 0 min
(right), including spontaneous beating rate (A), field potential duration (B), field
potential amplitude (C), and conduction velocity (D). E: field potential amplitude-
conduction velocity relationships in male and female NRVM cultures. P<0.05 females 0
vs 35 min (*) and males 0 vs 35min (#), N=3—4 cultures, n=6—-9 microelectrode arrays.
No between-sex differences at any time point. Repeated-measures 2-way ANOVA and

Holm-Sidak’s multiple-comparison tests.
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Figure 4.3 Responsiveness of male and female NRVMs to isoproterenol. Comparable
electrophysiology in cultured male and female NRVMs. (A) Exemplar field potential
traces and (B) activation maps in male and female NRVMs at baseline and after 5 min of
isoproterenol (IsoP) treatment. (C) Spontaneous beating rate, (D) field potential
duration, (E) field potential amplitude and (F) conduction velocity of male and female

NRVMs acutely treated with 1uM isoproterenol (IsoP). *P<0.05 Baseline vs IsoP for both
sexes. No between sex differences. Repeated measures two-way ANOVA. N=5-6 cultures,
n=6-7 MEAs.
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Figure 4.4 Basal electrophysiology differs between female cardiomyocyte cultures of
different origin. (A) Exemplar field potential traces from NRVMs and hiPSC-CMs, with
cropped field potentials inset to highlight repolarisation waves. (B) Spontaneous beating
rate, (C) field potential amplitude and (D) field potential duration in NRVMs and hiPSC-
CMs at baseline. (E) Relationship between spontaneous beating rate and field potential
duration in NRVMs and hiPSC-CMs and (F) the same relationship with linear regression
fitted only to cultures with a beating rate <150BPM. *P<0.05, unpaired t-tests. NRVM:
N=8 cultures, n=19 MEAs; hiPSC-CMs: N=5 (3 separate cultures, 5 plating runs), n=22

MEAs.
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Figure 4.6 hiPSC-CM electrophysiology is stable over a 1hr recording period but varies
with time post differentiation induction. (A) Exemplar image of hiPSC-CM clusters
cultured on an MEA. (B) Spontaneous beating rate, (C) field potential duration and (D)
field potential amplitude from hiPSC-CMs recorded over a 1lhr period. Repeated
measures one-way ANOVAs, N=5 cultures, n=22 MEAs. Relationship between
spontaneous beating rate (E) and field potential duration (F and G) and the duration of
the period post-differentiation induction. n=22 MEAs (lines plotted through Day 22, 44
and 69 means, as these timepoints had the most datapoints). (H) spontaneous beating
rate and (l) field potential duration changes induced by 1uM isoproterenol (IsoP) in
cultures examined at different timepoints post differentiation induction. n=16-22 MEAs,
*P<0.05, one-way ANOVA with Holm-Sidak’s multiple comparisons.
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Figure S4.1 Individual responses of male (blue) and female (red) NRVMs to 1uM
isoproterenol (IsoP). (A) Spontaneous beating rate (B) field potential duration, (C) field
potential amplitude and (D) conduction velocity. N=5-6 cultures, n=6—7 MEAs.
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Figure S4.2 Individual responses of NRVM and hiPSC-CM to 1uM isoproterenol. (A)
Spontaneous beating rate (B) field potential duration. NRVM: N=6 cultures, n=7 MEAs;
hiPSC-CMs: N=5, n=22 MEA:s.

125



Chapter 4

Appendix B — Copyright permissions and published manuscript

Froami: APS Syl 5

Tox Simon Wells

Subject: RE: Copyright enquiry for reproducing published artide in thesis

Date: 10 Deernber 200% 01:41:56

Diear Simon,

Yes, this type of use 15 allowed. You do not need to use the whole arficle as long as you cife the
article 1n vour thesis.

Eind Regards,

Stepham

Stephani Rozier

Subscription Database Specialist/ Permissions
w3 6347796 f 301 634.T418

6120 Executive Boulevard, Suite 600
Rockville, MO 20852-4911

Visit APS' .

0000

From: Simon Wells [mailto:wellss1@studant. unimelb. eduw.au]

Sent: Monday, December 9, 2019 12:48 AM

To: APS Subscriptions

Subject: Copyright enguiry for reproducing published article in thesis

Dear Sir/Madam,

We have recently published an original research article in AJP-Cell (https-/ fwanw-physiology-
o i fdoiff ) 0 and | wish to reuse this in my

PhD thesis.

| have read through the copyright & permissions on your website, but just wanted further
darification that it is ok to reproduce part of this published work in a thesis (online only states
that "Authors may reproduce whole published articles in dissertations and post to thesis
repositories without charge and without requesting permission. Full citation is required.”)?

Best wishes,
Simon.

Simon P Wells

PhD Candidate, Cardiac Phenomics Laboratory
Department of Physiology

University of Melbourne

Australia

Tel: +61 (0} 412384562

Email: wellss1@student unimelb edu.ay

126



Am J Physiol Cell Physiol 317: C1256-C1267, 2019.
First published October 2, 2019; doi:10.1152/ajpeell.00306.2019.

Chapter 4

METHODS IN CELL PHYSIOLOGY | Making Cell Culture More Physiological

Cardiomyocyte functional screening: interrogating comparative
electrophysiology of high-throughput model cell systems

Simon P. Wells,"?* Helen M. Waddell,'* Choon Boon Sim,?

Shiang Y. Lim,*5 Gabriel B. Bernasochi,’

Davor Pavlovic,? Paulus Kirchhof,>® Enzo R. Porrello,* Lea M. D. Delbridge,'* and James R. Bell"*
' Department of Physiology, School of Biomedical Sciences, University of Melbourne, Melbourne, Victoria, Australia;
2Institute of Cardiovascular Sciences, College of Medical and Dental Sciences, University of Birmingham, United Kingdom;
3Murdoch Children’s Research Institute, Royal Children’s Hospital, Melbourne, Victoria, Australia; 4St. Vincent's Institute of
Medical Research, Fitzroy, Victoria, Australia; ®Departments of Medicine and Surgery, University of Melbourne, Melbourne,
Victoria, Australia; ®Departments of Cardiology, University Hospitals Birmingham and Sandawell and West Birmingham
Hospitals National Health Service Trusts, Birmingham, United Kingdom; and "Department of Physiology, Anatomy and
Microbiology, La Trobe University, Bundoora, Victoria, Australia

Submitted 5 August 2019; accepted in final form 12 September 2019

Wells SP, Waddell HM, Sim CB, Lim SY, Bernasochi GB,
Pavlovic D, Kirchhof P, Porrello ER, Delbridge LMD, Bell JR.
Cardiomyocyte functional screening: Interrogating comparative elec-
trophysiology of high-throughput model cell systems. Am J Physiol
Cell Physiol 317: C1256-C1267, 2019. First published October 2,
2019; doi:10.1152/ajpeell.00306.2019.—Cardiac arrhythmias of both
atrial and ventricular origin are an important feature of cardiovascular
disease. Novel antiarrhythmic therapies are required to overcome
corrent drug limitations related to effectiveness and pro-arthythmia
risk in some contexts. Cardiomyocyte culture models provide a
high-throughput platform for screening antiarrhythmic compounds,
but comparative information about electrophysiological properties of
commonly used types of cardiomyocyte preparations is lacking. Stan-
dardization of cultured cardiomyocyte microelectrode array (MEA)
experimentation is required for its application as a high-throughput
platform for antiarrhythmic drug development. The aim of this study
was to directly compare the electrophysiological properties and re-
sponses to isoproterenol of three commonly used cardiac cultures.
Neonatal rat ventricular myocytes (NRVMs), immortalized atrial
HL-1 cells, and custom-generated human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) were cultured on micro-
electrode arrays for 48-120 h. Extracellular field potentials were
recorded, and conduction velocity was mapped in the presence/
absence of the B-adrenoceptor agonist isoproterenol (1 pM). Feld
potential amplitude and conduction velocity were greatest in NRVMs
and did not differ in cardiomyocytes isolated from male/female hearts.
Both NRVMs and hiPSC-CMs exhibited longer field potential dura-
tions with rate dependence and were responsive to isoproterenol. In
contrast, HL-1 cells exhibited slower conduction and shorter field
potential durations and did not respond to 1 M isoproterenol. This is
the first study to compare the intrinsic electrophysiologic properties of
cultured cardiomyocyte preparations commonly used for in vitro
electrophysiology assessment. These findings offer important compar-
ative data to inform methodological approaches in the use of MEA
and other techniques relating to cardiomyocyte functional screening
investigations of particular relevance to arthythmogenesis.
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INTRODUCTION

Cardiac arrhythmias are an important feature of numerous
cardiovascular diseases, including heart failure and ischemic
heart disease. Arrhythmias can be of atrial or ventricular origin,
disrupting the capacity and stability of the heart pump. Patients
with ventricular arrhythmias, including ventricular tachycardia
and fibrillation, are especially vulnerable to sudden cardiac
death, and immediate defibrillatory intervention is required
(42). Atrial fibrillation is the most common sustained arrhyth-
mia, associated with multiple risk factors, including aging,
obesity, and genetic predisposition (23, 26, 27). Although atrial
fibrillation in isolation may not be lethal, it can lead to
thrombotic stroke and heart failure. Implantation of a cardio-
verter defibrillator can be effective in patients at risk of
ventricular arrhythmias but are expensive and associated with
significant morbidity (24). Numerous antiarrhythmic treatment
strategies are available although risk of side effects and incom-
plete effectiveness limit their clinical use (19, 24, 25). A better
understanding of the subcellular mechanisms underpinning
arrhythmias is required for the development of more effective
novel antiarrhythmia strategies.

Preclinical experimental models to study cardiomyocyte elec-
trophysiology have proved a useful tool in understanding the basic
mechanisms of arthythmogenesis. Substrate-integrated microelec-
trode arrays (MEAs) are devices embedded with multiple low-
impedance electrodes arranged in a grid formation, designed for
noninvasive synchronous multifocal recordings across cardiac
slices and cardiomyocyte monolayers.

Cardiomyocytes cultured on MEAs have enabled assessment
of electrophysiology and conduction properties and provide a
high-throughput platform for screening compounds for antiar-
rhythmic properties (6). In vitro cardiomyocyte studies have
historically relied on a limited number of immortalized cell
lines and/or dissociated neonatal rodent ventricular myocytes
(5, 28). Recently, inducible pluripotent stem cell preparations

http:/Awvww.ajpeell.org
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have become more widely utilized (37). Comparative bench-
marking of these different cell types relative to various func-
tional readouts has not been previously reported.

Commonly used spontaneously beating cardiomyocytes that
can be maintained in culture over multiple days/weeks include
neonatal rat ventricular myocytes (NRVMs), immortalized mouse
atrial HL-1 cell lines, and human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs). NRVMs in culture
are minimally proliferative, immature, and able to reestablish
gap junction connections when seeded as a dense confluent
monolayer (28). Typically, NRVM cultures are sourced from a
mixed male/female population, without regard for potential
sex-specific cardiac electrophysiological differences. This may
be an important oversight, since a growing body of literature
describes numerous differences in male and female cardiac
physiology, including action potential and Ca*-handling char-
acteristics, arrhythmia vulnerability, and interventional drug
responses (4, 41).

The HL-1 cell line was derived from an atrial tumor excised
from an adult female C57BL/6] mouse and is readily commer-
cially available (11). Although immortalized, HL-1 cells sub-
stantially maintain their terminally differentiated phenotype in
culture even after multiple passages and, like NRVMs, form an
electrically coupled syncytia allowing mapping of electrical
signal propagation. hiPSC-CMs are generated from induced
pluripotent stem cells differentiated toward the cardiac lineage.
They can be generated in high quantity, recapitulate the adult
human cardiac action potential and ion channel profile to an
extent, and can be sourced commercially or produced locally
by a defined differentiation protocol (29, 37). Like NRVMs,
hiPSC-CMs are immature and beat spontaneously (37). The
therapeutic regenerative potential of hiPSC-CMs is intriguing;
hence, there is considerable interest in using these human-
derived cardiomyocytes as a model to better understand cardiac
electrophysiology (38).

All three cell types (hiPSC-CMs, HL-1, and NRVMs) are
used for disease modeling and drug screening. However, a
direct comparison of electrophysiology/conduction properties
across these commonly used cardiomyocyte cultures has not
been reported, and there is little information available to assist
in determining which cardiomyocyte type is best suited to
specific experimental applications and arrhythmia models. The
spontaneous pacing properties of these three cell types were
hence compared under basal conditions and in the presence of
the 3-adrenergic agonist, isoproterenol, to assess cardiomyo-
cyte electrophysiology responses in settings known to induce
arrhythmias in the intact heart. The aim of this study was to
compare the electrophysiological characteristics of three com-
monly used cardiomyocyte cultures to standardize their use for
potential purpose-specific modeling of relevant disease scenar-
ios and aid researchers in the field with the selection of
appropriate cultured cardiomyocyte preps for their studies.

Here, we show for the first time that primary cardiomyocytes,
immortalized cardiac cell lines, and induced pluripotent stem
cell-derived cardiomyocytes (NRVM, HL-1, and hiPSC-CM)
exhibit marked difference in relation to beating rates, conduction
velocities, rate adaptations of repolarization, and B-adrenergic
responsiveness. By describing the distinct electrophysiological
characteristics of these cell preparations, these findings provide
important new insights for the use of cultured cardiomyocyte
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MEA as a high-throughput platform for antiarthythmic drug
development.

MATERIALS AND METHODS
Cell Culture

Neonatal rat ventricular myocyte culfure. Experiments were con-
ducted and animals were handled in the manner specified by the
National Health and Medical Research Council/Commonwealth Sci-
entific and Industrial Research Organisation Australian Code of Prac-
tice for the Care and Use of Animals for Scientific Purposes (2013)
and the European Union (EU) Directive 2010/63/EU for animal experi-
ments, with approval and oversight of the project by the University of
Melbourne Animal Ethics Committee. For NRVM cultures, cardio-
myocytes were isolated from postnatal day 2 Sprague-Dawley litters
as previously described (35). Briefly, pups were decapitated, hearts
were rapidly excised, and atria were resected. Ventricles were dis-
sected into chunks and gently swirled in 0.5% collagenase II
(LS004176; Worthington) for 15 min at 37°C. Single NRVMs were
isolated by Trypsin digestion (0.06%, T9201; Sigma) in Hanks’
balanced salt solution + 0.02% DNAse 1 (260913; Calbiochem) and
then digestion inhibited with the addition of newborn calf serum.
NRVMs were centrifuged at 990 g at 4°C for 10 min, and cell pellets
were resuspended in Dulbecco’s modified Eagle’s medium + Glu-
taMAX (10565-042; ThermoFisher), supplemented with 5% horse
serum (16050-122; ThermoFisher), pyruvic acid (3 mM, P-8574;
Sigma), bovine serum albumin (2 g/L, A-7030; Sigma), ampicillin
(100 pg/ml, A-0166; Sigma), 100X insulin-transferrin-seleninm
(41400045; ThermoFisher), antibiotic/antimycotic (1%, 15240062;
ThermoFisher), linoleic acid (5 pg/mL, L5900; Sigma), and ascorbic
acid (100 wM, Sigma; A4544), and then preplated to remove fibro-
blasts (2 X 30 min, 37°C, 5% CO,). Purified NRVMSs were seeded on
MEAs precoated with fibronectin (10 pg/mL, F2006; Sigma) by either
coating the whole MEA well (1 mL at 1,400,000 cells/mL, final
density of 500,000 cells/cm?) or only the central recording matrix with
a 75 pl droplet of 300,000 NRVMs. To ensure stable droplet forma-
tion critical to establishing a confluent cardiomyocyte monolayer,
MEA hydrophobicity was increased by heating to 70°C for =2 h
before seeding. Droplet-seeded NRV Ms were then incubated for 2 h
to promote adhesion, with culture media subsequently added to a final
volume of 1 mL (300,000 cell/mL of media, final density of
~1,000,000 cells/cm?). Media was changed after 48 h, typically when
spontaneously beating monolayers had formed. MEA experiments
were performed 5-6 days postisolation, since spontaneous beating
rate, field potential amplitude, and conduction velocity have previ-
ously been shown to decline from 7 to 8 days postisolation (9, 28).

HL-1 cardiomyocyte culture. The immortalized atrial cardiomyo-
cyte cell line, HL-1, was purchased from Merck (SCC065). HL-1 cells
were cultured in Claycomb media (51800C; Sigma) supplemented
with 10% fetal bovine serum (A3160601; ThermoFisher), penicillin/
streptomycin (100 U-mL~%100 pg~*mL~!, 15140122; Thermo-
Fisher), norepinephrine (0.1 mM, A0937; Sigma), ascorbic acid (0.3
mM, A7631; Sigma), and L-glutamine (2 mM, 25030081; Thermo-
Fisher) and were maintained as per the manufacturer’s instructions.
For MEA experiments, 100,000 cardiomyocytes were seeded as a
droplet on gelatin- and/or fibronectin-coated MEAs [0.02% gelatin,
G9391 (Sigma); 0.5 pg/mL fibronectin, F1141 (Sigma)], similar to the
process described for NRVMs. Media were changed daily, and cell
recordings were obtained from 2 days postseeding. HL-1 cultures
exhibiting spontaneouns beating rates in excess of 200 beats/min were
excluded from MEA analysis.

Human induced pluripotent stem cell-derived cardiomyocyte culture.
hiPSC-CMs were cultured and differentiated as previously described
(1, 13, 14). Briefly, hiPSCs (line PB004.4 female; Murdoch Chil-
dren’s Research Institute) were cultured in a 75 cm? tissue culture
flask with hiPSC media [DMEM-F-12 (11320033; Gibco), 20% (vol/

AJP-Cell Physiol + doi:10.1152/ajpcell.00306.2019 - www.ajpcell.or
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vol) knockout serum replacement (10828028; Gibco), 1X nonessen-
tial amino acids (11140050; Gibco), 1X GlutaMAX (35050061,
Gibco), penicillin/streptomycin (15140122; Gibeo), 110 pM 2-mer-
captoethanol (21985023; Gibeo), and 5 ng/mL recombinant human
fibroblast growth factor (233-FB-025; R&D)] on irradiated mouse
embryonic fibroblasts and passaged using TrypLE Express enzyme
(12604013; ThermoFisher). Before differentiation (1 day), 1.6 X 10°
cells/cm® were seeded. To induce differentiation (day 0), cells were
treated with basal differentiation media [RPMI (21870076; Sigma),
B27 minus vitamin A (12587010; Gibco), and 50 p.g/mL ascorbic acid
(A8960; Sigma) supplemented with 10 pM CHIR-99021 (4423;
Tocris Bioscience) and 80 ng/mL activin A (Peprotech)]. On days 1,
3, and 5, media were changed to basal differentiation media supple-
mented with 5 pM IWR-1 (I0161; Sigma). Cells were maintained in
basal differentiation media from day 7 until used.

For experiments, cells were dissociated with TrypLE, centrifuged
(200 g, 4°C, 3 min), carefully resuspended in basal differentiation
medium, and replated at 800,000 cells/mL as clusters across Geltrex-
coated microelectrode arrays (Geltrex, 1:100, A1413202; Life Tech-
nologies). Media was changed after 48 h, and experiments were
performed the following day.

Microelectrode Array Configuration

Extracellular electrophysiological field potentials were recorded
from cardiomyocyte cultures using the MEA2100 2 X 60 system (Fig.
1; Multichannel Systems, Reutlingen, Germany). MEAs consisted of
60 gold recording electrodes embedded in a glass substrate fabricated
with a layer of the conductive polymer poly(3,4-ethylenedioxythio-
phene) during the manufacturing process to produce the most robust
signal amplitudes. Two different electrode configurations were used,
either 100 pm diameter with 700 pm spacing or 30 pm diameter with
200 pm spacing (one of the 60 electrodes was used as an internal
reference), with data sets comparable across the two configurations.

Electrophysiology Recordings

Spontaneously beating cultures were maintained at 37°C, and field
potential recordings were acquired using Cardio2D software (Multi-
channel Systems) sampling at 10 kHz (low pass filter: 3,500 Hz, high
pass filter: 10 Hz). All experimental recordings began after a 10-min
equilibration period. To assess NRVM stability, 2-min recordings
were obtained at 0, 15, and 35 min. A subset of NRVM, HL-1, and
hiPSC-CM cultures was treated with the -adrenergic agonist, isopro-
terenol (1 pM, 3-5 min), which we have shown previously to induce
robust maximal electrophysiological responses in NRVM cultures (32).

Electrophysiology Analysis

Spontaneous beating rate was calculated by averaging the inter-
spike interval between 10 consecutive beats. Field potential duration
was determined as the time between the peak negative deflection and
the peak of the final positive deflection (Fig. 1D; 10, 18). For NRVM
and HL-1 cells, this was calculated by averaging across 10 beats at 10
sites across an MEA. Activation maps for NRVMs and HL-1 mono-
layers were generated in Cardio2D+ software (Multichannel Sys-
tems). Delay in activation between neighboring electrodes was com-
puted using a multivector approach, and mean conduction velocity
was calculated on a beat-beat basis. Conduction velocity was then
averaged across 10 consecutive beats for each MEA. Because of the
clustered nature of hiPSC-CMs, field potential duration was averaged
from 10 consecutive beats at a single site. All analysis was performed
using Cardio2D+, and arrhythmic cultures were excluded.

Statistics

All data are expressed as means = SE. Statistical analysis was per-
formed and graphs were generated using GraphPad Prism 6.0. Relevant
statistical analyses are indicated throughout and P << 0.05 was deemed
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significant. N denotes the number of cultures, and n denotes the number
of MEAs.

RESULTS
Optimizing Methodology fo Plate Cardiomyocytes on MEAs

NRVMs seeded on MEAs formed a confluent spontaneously
beating monolayer over 5 days in culture, allowing the detec-
tion of field potentials across the 59 recording electrodes.
Activation maps were derived from detection of the field
potential propagation across the monolayer, with isochrones
indicating activation latency and arrows showing the dominant
regional propagation pathways.

To assess the optimal plating methodology for detecting
cardiomyocyte field potentials, mixed-sex NRVMs were either
seeded across the whole MEA or as a droplet exclusively over
the central recording region without covering the internal
reference electrode (Fig. 2, A and B). Following a 10-min
stabilization period, basal measurements (time = O min)
showed plating cardiomyocytes as a droplet-enhanced capacity
to detect field potentials (Fig. 2C) and significantly reduced
interprep variability (¥ test, P < 0.001). This was associated
with a significantly greater field potential amplitude (4.48 +
0.83 vs. 0.79 = 0.20 mV, N = 3-4, P < 0.05; Fig. 2D). The
droplet seeding of cells over the central recording region was
hence adopted for the remainder of the study. Interestingly,
NRVMs plated as a central droplet exhibited a lower sponta-
neous beating rate (99.1 = 10.3 vs. 320.5 * 48.3 beats/min,
N = 3-4, P < 0.05; Fig. 2E) with less interprep variability (F
test, P < 0.001) compared with those cells plated across the
whole MEA.

Male and Female NRVM Monolayers Exhibit Similar
Electrophysiology

Basal electrophysiology parameters were compared in NRVM
monolayers from male and female rat hearts harvested at
postnatal day 2. No significant differences in spontaneous
beating rate, field potential duration, field potential amplitude,
or conduction velocity were evident between male and female
NRVM monolayers (Fig. 3, A-D). Both sexes also displayed
similar field potential amplitude-conduction velocity relation-
ships (Fig. 3E). MEA recordings of male and female cardio-
myocytes were then either continued under basal conditions to
assess electrophysiological stability over a 35-min period or
treated with 1 p.M isoproterenol to determine responsiveness to
{-adrenergic stimulation. Spontaneous beating rate did not
change in either male or female NRVM monolayers during the
35-min assessment, with evidence of only minor changes in
field potential morphology and no change in conduction ve-
locity (Fig. 3, A-D). Male and female NRVMs acutely treated
with 1 pM isoproterenol exhibited no significant differences in
electrophysiologic response parameters, with both sexes display-
ing an expected significant increase in spontaneous beating rate,
shortening of field potential duration, and no change in field
potential amplitude (Fig. 4, A-D, and Supplemental Fig. S1;
Supplemental Material is available at https://doi.org/10.26188/
5d71e20d43c5e). Conduction velocity increased similarly in cells
of both sexes (Fig. 4F and Supplemental Fig. S1).
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Tig. 1. Visual overview of microclectrode arrays (MEAs) and measurable clectrophysiological parameters. Exemplar images of MEA chip (200 pm clectrode
spacing, 30 pm electrode diameter, A), neonatal rat ventricular myocyte (NRVM) seeding on MEA electrodes (B), and multichannel recordings of field potentials
(C). Exemplar field potential races (£) and aclivation map (£) showing propagation of a single [ield potential across the NRVM monolayer over 7 ms. Arrows
indicate propagation pathway and are situated at approximate electrode positioning; contours indicate 1-ms delay.

Differences in Basal Electrophysiology Depend on
Cardiomyocyte Culture Type

The optimized MEA recording methodology was next used
to compare the electrophysiological characteristics of three
cardiomyocyte culture Lypes, all ol [emale origin. Significant
dilferences in the electrical properties of lemale NRVMs,
HIL-1 cells, and hiPSC-CMs were observed (Tfig. SA). Sponta-
neous beating rate was significantly faster in hil’SC-CMs
compared with both NRVM and HL-1 cells (NRVM vs. HL-1

vs. hiPSC-CM; 81.5 = 6.9 vs. 49.7 £ 5.6 vs. 162.5 £ 38.0
beats/min, P < 0.05: Tig. 5B). Ticld potential morphology
differed across the three cell (ypes, with NRVMs exhibiling a
subslantially greater lield potential amplitude compared with
other cardiomyocyle cultures (2.95 £ 0.58 vs. 0.26 £ 0.02 vs.
0.40 £ 0.09 mV, P < 0.03; Fig. 5C). Tield potential duration
was similar in NRVMs and hiPSC-CMs but significantly
shorter in HL-1 cells (184.0 % 105 vs. 402 = 1.4 vs.
146.9 * 23.2 ms, P < 0.05; Fig. 5D). Derivation of the beating
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A whole MEA

Fig. 2. Oplimal cell seeding conditions for
measuring cultured nconatal rat ventricular
myocyle (NRVM) field potentials. Exemplar
images of NRVM sceding across the entire
microelectrode array (MEA) or as a droplet
over Lhe central recording zone of the elec- (o
trode array (A), with respective exemplar
field potential traces (B) and percenlage ol
clectrodes  detecting field potentials (C}.

Field potential
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rate-ficld potential duration relationship showed that both
NRVMs and hiPSC-CMs (but not HL-1 cells) displayed field
potential duration rate dependency. Both cell types exhibited
laster repolarization at higher beating rates (P << 0.05, Fig. SE
and Supplemental Fig. S2), although the gradient of this
relationship differed significantly (P << 0.05). Monolayer con-
duction rates were assessed in NRVM and HIL-1 cells (but not
in hiPSC-CMs because of their cluster morphology on plating).
Conduction velocity was significantly faster in NRVM vs.
HL-1(24.25 + 1.91 vs. 0.83 = 0.03 cm/s, P < 0.05; Fig. 5, F
and G).

To assess differences in responsiveness (0 B-adrenergic
stimulation among cardiomyocyte cultures, cells were treated
with 1 pM isoproterenol for 3-5 min. A significant increase in
spontancous beating rale was detected in both NRVMs and
hiPSC-CMs but not HI-1 cells (Fig. 6, A-D, and Supplemental
Tig. §3). Concomitant changes in field potential duration were
observed, with a significant reduction evident in both NRVMs
and hiPSC-CMs, but not HL-1 cells (Iig. 6, E-G, and Supple-
mental Fig. $3). The percentage decrease in field potential
duration was hence significantly greater in both NRVMs and
hiPSC-CMs compared with HL-1 cells (71.7 =4.0 vs.
102.1 = 2.0 vs. 69.4 = 4.0% basal, P < 0.05; Fig. 6H). It was
evident that hiPSC-CM displayed greater variability between
experimental replicates compared with NRVMs and HL-1
preps, and hence additional analysis was performed to deter-
mine whether the time point between differentiation induction
(DO0) and plating on the MEEA was a determining factor (Fig. 7).
hiPSCs plated ecarlier postdifferentiation induction demon-
strated faster beating rates and shorter ficld potential durations
(Fig. 7. B-D). hiPSC-CM isoproterenol responsiveness de-
creased in cells plated at a later time point postdifferentiation

Whole Droplet

Whole Droplet
MEA

Whole Droplet
MEA

induction. An increase in beating rate in hiPSC-CMs reated
with isoproterenol was not evident at 69 days postdiflcrentia-
tion induction, with a similar trend evident in the field potential
duration shortening response (Iig. 7, E and F).

DISCUSSION

This is the first study to systematically contrast the intrinsic
differences in cardiomyocyte culture electrophysiologic func-
tion, comparing cultures of different cellular origin and pre-
pared using different seeding methodologies. Our findings with
NRVM monolaycrs showed that ficld potential detection/am-
plitude is greatly improved when cardiomyocytes are seeded
exclusively over the central recording matrix of MEAs. We
demonstrate that NRVM monolayer clectrophysiology docs
not differ in cardiomyocytes isolated from male and female
hearts, supporting the systematic use of combined male/female
NRVM reported in the literature. Importantly, this study pro-
vides novel insight into the electrophysiological characteristi
ol different cardiomyocyte cultures. Both NRVMs and hiPSC-
CMs exhibit a rate-dependent field potential duration and are
responsive to B-adrencrgic stimulation, contrasting with the
relatively slower conduction and shorter field potential dura-
tion in HL-1 cells. This highlights the limitations with selecting
a cardiomyocyte culture based primarily on cellular origin.
Additionally, we report that hiPSC-CM  ¢lectrophysiological
characteristics are dependent on the number of days postdil-
ferentiation at which the cells are plated on the MEA. To-
gether, these findings provide important insights to assist in the
selection of cell culture type appropriate for modeling cardio-
myocyle conduction, novel comparative information that has
not been previously available.
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Fig. 3. Comparable electrophysiology in cultured male (blue) and female (red) neonatal rat ventricular myocytes (NRVMs).

Assessment of prep stability in male

and female NRVM clectrophysiology with time (feff) and dircet sex comparison at 0 min (right). including spontancous beating rate (A), ficld potential duration

(B), field potential amplitude (
P <20.05 lemales 0 vs. 35 min (

nd conduction velocity (D). £: {ield polential amplitude-conduction velocity relationships in male and [emale NRVM cultures.
and males 0 vs. 35min (#), N = 3-4 cultures, 7 = 6-9 microelectrode arrays (MEAs). No between-sex dilferences al any

time point. Repeated-measures 2-way ANOVA and Holm-Sidak’s multiple-comparison tests.

MEAs have been used to assess cardiomyocyte culture
conduction properties for over a decade, yet there is a surpris-
ing lack of information in the literature with regard to optimiz-
ing seeding conditions. We have demonstrated important tech-
nical factors that significantly enhance field potential detection
in cardiomyocyte monolayers. Seeding cardiomyocytes exclu-
sively over the central recording matrix of the MEA increased
the capacity o detect field potentials, with improved field
potential morphology and significantly greater amplitude (Fig.
2). This is at least partly attributable to keeping the internal
reference electrode free of the cell monolayer, increasing the
signal-lo-noise ratio, and enhancing the capacity to detect field
potentials even at low field potential amplitudes. It is not clear
whether the greater cell density over the central recording
matrix in “droplet”-seeded MEAs (~1,000,000 vs. 500,000

AJP-Cell Physiol +d
Downloaded from www.physiology orgfjoumal

). 1152/ajpeel.00306.2019 « wy
cell at Univ of Melbourne {12!

cells/em?) is a factor in the capacity to detect field potentials.
The considerably lower total number of cells in the I mI of
media in droplet-seeded MEAs (300,000 vs. 1,400.000) may be
important, likely enhancing glucose availability and minimiz-
ing accumulation of metabolic by-products. This would be
expected to better maintain ATP-dependent ion homeostatic
processes that contribute to action potential amplitude/dura-
tion,

The use of cardiac cell cultures adds a high-throughput
capacity to the MEA that can be exploited for more rapid
screening of novel antiarrhythmia drugs not limited by propen-
sity for context-specific proarrhythmic actions. NRVMs, HI.-1
cells, and hiPSC-CMs are three of the most commonly used
cardiomyocyte cultures for these screening investigations.
NRVMs exhibited rapid conduction velocities, particularly
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Comparable isoproterenol (IsoP) response in cultured male (blue) and female (red) neonatal tat ventricular myocytes (NRYMs), Az exemplar field potential

ces in male and female NRVMs in basal and 1 pM isoproterenol conditions. Mean spontaneous beating rate (B). field potential duration (C), and amplitude
(£2), exemplar conduction maps (£), and conduction velocity (F) of male and female NRVMs before (basal) and following an acute treatment of 1 pM
isoproterenol. *P < 0.05, baseline vs. isoproterenol [or both sexes. No between-sex dillerences. Repeated-measures 2-way ANOVA and Holm-Siduk’s

multiple-comparison tests. ¥ = 5-6 cultures. # = 6-7 microclectrode arrays

compared with HL-1 cells (~20-fold faster than HL-1; Fig. 5.
F and G), although slower than the typical conduction veloc-
ities of 60—75 c¢cm/s recorded in mouse, guinea pig. and human
ventricular slices (8. 33, 44). In addition to the inherent
differences between neonatal rat and adult human clectrophys-
iology, the slower conduction of NRVMs in vitro possibly
reflects the more disorganized and polymorphic nature of these
cells in culture following the cell isolation process.

Clearly, NRVMs provide a useful platform for exploring
ventricular conduction properties and drug development. How-
ever, a potential oversight in the use of NRVMs in the past has
been that these cells are almost exclusively isolated from litters
without consideration for the sex of the pups. Cardiovascular
disease is the primary cause of death in men and women,
although the onsct. development, and pathological character-
istics of disease ditfer between sexes (15). Sexual dimorphism
in cardiomyocyte electromechanical function is increasingly
recognized (3, 34). Our novel NRVM data indicate sex does
not influence basal or isoproterenol-induced electrophysiolog-
ical characteristics in the neonatal rat, contrasting with previ-

(MEAs).

ous studies in freshly isolated male/female adult cardiomyo-
cytes (7, 17, 41). This suggests either the inherent influence of
sex and sex steroids is absent in the neonate and/or that an
absence of androgens/estrogens in the media over the 5-6 days
of culturc may convey transcriptional changes that aticnuate
fundamental sex differences in cardiomyocyte electrophysiol-
ogy. Nonetheless, our findings indicate that pooled male and
fernale NRVM cultures provide a valid model for studying at
least some aspects of cardiomyocyte electrophysiology on the
MEA. The comparison of NRVM, HL-1, and hiPSC-CM
electrophysiology in this study used cells derived from females
only, allowing for direct sex-controlled comparison of cellular
phenotypes. Unfortunately, a parallel comparison of these three
cardiomyocyte types in male-derived cells is not possible,
since HL-1 cells were developed from an adult female
C57BL/6) mouse.

Our hiPSC-CM differentiation protocol has been shown to
produce cells expressing ventricular-specilic markers (1), indi-
cating the hiPSC-CMs used in this study are primarily of
ventricular origin. Accordingly, hiPSC-CMs exhibited similar
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Fig. 5. Basal electrophysiology differs among female cardiomyocyle cultures of different origin. A: exemplar field polential traces from neonatal rat ventricular
myocytes (NRVMs), HL-1. and human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) at full scale and cropped (at the dotted lines) to
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Representative activation maps (F) and mean conduction velocity (G) in NRVM and HL-1 monolayers. *P < 0.05. unpaired ¢ tests or 1-way ANOVA with
Holm-Sidak’s multiple-comparison (ests, NRVM: N = & cultures, # = 19 MEAs; HL-1: N = 4-6 passages, # = 7-11 MEAs; hiPSC-CMs: N = 5 (3 separate
cultures, 5 plating runs), n = 22 MEAs.
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electrophysiological characteristics to NRVMs, particularly in
relation to field potential duration and response to B-adrenergic
receptor stimulation with isoproterenol. hiPSC-CMs were red-
ifferentiated separately for each culture (N) from a single pool
of stem cells, with reproducibility in the electrophysiological
parameters evident between cultures/MEA runs. However,
field potential duration and spontaneous beating rate were
highly dep on the ber of days postdifferentiation at
which the hiPSC-CMs were plated on the MEA. Our data
showing that hiPSC-CM electrophysiology was not stable at 20
days postdifferentiation indicate an immature phenotype at this
time point and highlight the need to ensure a sufficient period
(=30 days) between hiPSC-CM differentiation induction and
MEA plating. Our demonstration of stable beating rates from
day 30 and reduced isoproterenol responsiveness in day 60
cultures (vs. day 30 cultures; Fig. 7. F and G) is consistent with
previous studies. Paradoxically, B-adrenoreceptor expression
has been shown to be increased in hiPSC-CMs at these time
points (46). It is not clear why B-adrenoreceptor expression
increases at a time when isoproterenol responsiveness is re-
duced. We speculate the greater B-adrenoreceptor expression
reported in hiPSC-CMs could be indicative of extensive B-ad-
renoreceptor internalization or a compensatory upregulation to
overcome potential disruption to downstream signaling path-

ways, although additional studies would be required to confirm
this.

In this study, hiPSC-CMs did not form confluent coupled
monolayers, and the capacity to assess conduction velocity was
limited. As has been previously observed, the hiPSC-CMs
formed clusters when plated, and conduction across the full
array could not usually be evaluged (29, 31). There may be
differences in culture morphology between commercially
sourced and locally generated hiPSC-CMs. Although commer-
cially available hiPSC-CMs can form electrically coupled
monolayers, the lack of responsiveness to B-adrenergic stim-
ulation suggests a less mature phenotype (16, 20, 36). There-
fore, the hiPSC-CM source may limit the scope of investiga-
tion that may be undertaken.

Previous studies performing simultaneous intracellular and
extracellular recordings on cell and tissue preparations have
shown strong relationships between the action potential and
field potential waveforms (10, 18). Our findings show that this
action potential-conduction velocity relationship is also evi-
dent in the extracellular recording setup, with field potential
amplitude correlating strongly with conduction velocity in
NRVM monolayers (Fig. 3E). Also, our finding that different
cardiomyocyte culture types display different rate adaptation
properties has not been reported previously. Both hiPSC-CMs
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and NRVMs exhibited a rate dependency in relation to field
potential duration. When comparing NRVMs and those hiPSC-
CMs with a beating rate of =150 beats/min, the rate-depen-
dency relationships were comparable (Supplemental Fig. S2).
The relationship between pacing rale and action potential
duration is a fundamental property of cardiac myocytes (22), as
evidenced by the similarities of the hiPSC-CMs used here with
neonatal immature rat cardiomyocytes. Given the relationship
between beating rate, action potential duration, and arrhythmia
occurrence, our findings highlight the utility of these cell types
as a model for drug screening.

HL-1 cells in our study did not show rate dependency, at
least partly because of the low variability in observed beating
rate, which may in turn reflect the minimal murine intrinsic rate
adaptation in vivo (30, 46). As was observed for hiPSC-CMs,
HL-1 cells exhibited low field potential amplitudes. More
strikingly though, were the markedly shorter field potentials
and slower conduction velocities compared with the other cell
types. The conduction velocities reported here are similar to
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those reported for HL-1 cells in the literature (5, 39), although
this is slower than that reported in NRVMs. It is not clear why
conduction velocity is slower in HL-1 cells compared with the
other cardiomyocyte cultures studied. HL-1 cells express both
connexins (40 and 43 subtypes) and the fast voltage-gated
sodium channel (Nay1.5) that are essential for the formation of
an electrically coupled excitable syncytium (2, 40, 43). We are
not aware of any direct comparison of ion channel expression
between cell types. To what extent the immortal nature of
HL-1 cells yields a less organized monolayer compared with
NRVMs is unknown. Interestingly, shorter field potentials and
slower conduction velocities can both be characteristic elec-
trophysiological features of atrial fibrillation. Indeed. several
studies have used HL-1 cultures to model reentrant rotors (12,
21) and hence provide a valuable model for determining the
underlying mechanisms of these waveforms required to de-
velop new atrial fibrillation therapies.

Our direct comparisons of the three cell types provide novel
evidence that B-adrenergic responses differ between cardiomy-
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ocyte cultures. HL-1 cell cultures in our study were not
responsive to -adrenergic stimulation with isoproterenol, con-
trasting with the significant acceleration of beating rate in both
NRVM and hiPSC-CMs. This may be related to the presence
of norepinephrine in the culture medium specifically formu-
lated for HL-1 cells (45). Prolonged adrenergic stimulation
induces a downregulation of adrenergic receptors (47), which
may explain the lack of response of HL-1 cells to 1 pM
isoproterenol in the current study. Considering the apparent
lack of field potential duration rate dependency in the HL-1
cells, this suggests that NRVM and hiPSC-CMs may be better
suited for modeling the relationship between heart rate, action
potential duration, and arrhythmogenesis.

The direct comparison of the electrophysiological properties
of commonly used cardiomyocyte cultures provides pheno-
typic benchmarking of important criteria for optimizing drug
screening and development. Although these in vitro models
cannot emulate in vivo characteristics, cardiomyocyte cultures
offer clear advantages for electrophysiological investigations
compared with in vivo/ex vivoftissue slice alternatives. The
preparations are relatively simple to set up and provide a
high-throughput capacity. The differences in cultured cardio-
myocyte electrophysiological properties described here may
even be exploited, enabling the targeting of specific cellular
phenotypes that most closely model specific arrhythmia or drug
response scenarios. Our findings suggest that NRVM and
hiPSC-CM cultures may be suitable for modeling-triggered
arrhythmia scenarios, with HL-1 cells better suited to model
conduction rotors and reentrant arrhythmias.

In conclusion, our study provides a methodologic advance as
the first study to demonstrate the intrinsic differences in elec-
trophysiology of cultured cardiomyocyte preparations com-
monly used for in vitro electrophysiology assessment. Consid-
ering the interest in the MEA as a drug-screening platform,
these differences can be considered for an appropriate experi-
mental design when selecting cardiomyocyte in vitro ap-
proaches for modeling triggered and reentrant arrhythmia sce-
narios. Together with our optimization of the culture-seeding
technique, these findings offer important comparative data to
inform methodological approaches in the use of MEA and
other techniques relating to cardiomyocyte functional screen-
ing investigations.
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Chapter 5

Obesity and epicardial adipose tissue associate
with prolonged repolarisation in murine atria and

human cardiomyocytes

This chapter contains data from two proposed manuscripts under finalisation.

Wells SP, O’Shea C, Sim CB, ..., Porrello ER, Kirchhof P, Pavlovic D, Delbridge LMD and
Bell JR. Obesity and epicardial adipose tissue associate with prolonged repolarisation in
murine atria and human cardiomyocytes. In preparation. (Figures: 5.1-5.5, 5.6A & F, 5.7
and 5.8)

Nalliah CJ*, Bell JR®, Raaijmakers AJA, Waddell HW, Wells SP, Bernasochi GB,
Montgomery MK, Binny S, Watts TM, Joshi S, Lui E, Sim CB, Larobina M, O’Keefe M,
Goldblatt J, Royse A, Lee G, Porrello ER, Watt MJ, Kistler PM, Sanders P, Delbridge LMD,
Kalman JM# Epicardial Adipose Tissue Accumulation Confers Atrial Conduction
Abnormality J Am Coll Cardiol, 2020; 76: (10), 1197-1211. (Figures: 5.6B-E)




Chapter 5

Abstract

Background

Atrial fibrillation (AF) is a significant global healthcare burden, particularly in the aged
and overweight/obese populations. Obesity associates with increased epicardial
adiposity and recent clinical studies pose this as an independent risk factor for AF. The
cellular electrophysiological mechanisms linking epicardial adiposity and AF are poorly
understood. The aims of this study were to determine the extent of left atrial electrical
remodelling in a murine model of obesity and determine how epicardial adipose tissue

might modulate human cardiomyocyte electrophysiology.

Methods

C57BL/6 mice were fed chow (control) or a Western diet for 20 weeks (n=4-6). Left atria
were isolated, and electrophysiology assessed using optical mapping. In parallel studies,
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were co-
cultured in the absence/presence of sheep epicardial adipose tissue fragments (4-24hr)
on microelectrode arrays and extracellular field potentials recorded (Ncuitures=7,

Nmicroelectrode arrays= 17‘33).

Results

Western diet feeding induced obesity (27% weight difference vs control) and significant
left atrial action potential prolongation (action potential duration at 70% repolarisation,
control vs Western diet: 17.0+1.0ms vs 23.5+1.0ms; P<0.05). Conduction velocity was
unaffected. hiPSC-CMs co-cultured with epicardial adipose tissue for 4hr demonstrated

prolonged field potential duration (29.5% increase, P<0.05), with unaffected conduction

143



Chapter 5

velocity. When co-culture was extended to 24hr, effects on hiPSC-CM repolarisation
were maintained, coupled with a drop in beating rate — steepening the repolarisation-

rate dependency relationship vs control (P<0.05).

Conclusions

This is the first study to show that obesity associates with prolonged left atrial
repolarisation and that epicardial adipose tissue exerts a similar paracrine effect on
hiPSC-CM electrophysiology. Prolonged repolarisation predisposes to triggered
arrhythmia — a key feature of AF onset, indicating a potential paracrine role for
augmented epicardial adiposity in the initial formation of an unstable electrical
substrate. Further studies are required to characterise which paracrine mediators might

be implicated.
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5.1 Introduction

Epidemiology of obesity and atrial fibrillation

Obesity is a global public health problem and associates with a significant increase in
atrial fibrillation (AF) risk (41). AF is the most common cardiac arrhythmia, affecting 4%
of the population (13). For every 1 unit increase in BMI, there’s a parallel 4% increase in
AF risk (41). Although itself not lethal, AF has significant impact on life quality and
associates with a greater risk of stroke and heart failure (11, 23, 29, 45). Current
therapeutic strategies offer incomplete effectiveness, typically requiring repeated
procedures or delivering off-target (potentially pro-arrhythmic) side effects (18).
Development of novel therapeutic strategies requires a better understanding of the
cellular electrophysiological mechanisms underpinning atrial fibrillation, particularly in

the context of factors that make the aged/obese populations most at risk.

Cellular mechanisms of atrial fibrillation

It is well established that the left atrium is a key site for the onset and maintenance of
AF (31). On a cellular level, the specific electrical remodelling involves regional action
potential duration (APD) shortening/prolongation and/or conduction velocity slowing.
APD shortening and conduction slowing predispose to a reentrant arrhythmia (typically
seen in persistent/permanent AF), whilst APD prolongation is thought to underpin the
electrical remodelling that initiates AF, increasing likelihood of early afterdepolarisation
triggered arrhythmias (4, 14, 15, 24). Understanding the structural/electrical
remodelling that predisposes to APD prolongation can give insight into the mechanisms

of AF onset.
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Epicardial adipose tissue and atrial fibrillation risk

Epicardial adipose tissue accumulation is an independent risk factor for AF (37).
Epicardial adipose tissue (located on the myocardial epicardium) together with
paracardial adipose tissue (located on the pericardial sac) comprises pericardial adipose
tissue. Epicardial adipose tissue accumulation associates with AF progression, severity
and worse treatment outcomes (44, 46). Tissue culture experimentation indicates that
epicardial adipose tissue has capacity to release adipo-fibrokines, promoting epicardial
fibrosis contributing to the formation of an electrically unstable AF substrate (40). It
remains unknown how epicardial adipose tissue may directly modulate human
cardiomyocyte electrophysiology. Lin et al., (2012) have demonstrated that rabbit atrial
cardiomyocytes incubated with epicardial adipocytes exhibit a depolarised resting

membrane potential and prolonged repolarisation (20).

Aims
The aims of this investigation were to determine whether left atrial electrophysiology is

modulated in a murine model of obesity and examine whether epicardial adipose tissue

influences human cardiomyocyte electrophysiology.
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5.2 Methods

Animal details

Mouse experiments were conducted under the Animals (Scientific Procedures) Act 1986
and approved by the Home Office and the institutional review board at the University
of Birmingham. 6-12-week-old C57BL/6 male mice were housed in individually
ventilated cages, under 12hr light/dark cycles, at 22°C, 55% humidity. Mice were fed
either chow and drinking water or a Western diet (Special Diets Services, UK; Western
RD, 829100; percentage dietary Kcal: fat, 42; protein, 15; carbohydrate, 43)
supplemented with 15% fructose drinking water for 20 weeks. Food and water were

available ad libitum and body weight, food intake and general health monitored weekly.

Sheep experiments were approved by the Animal Ethics Committee of the Florey
Institute of Neuroscience that adheres to the Australian Code for the Care and Use of
Animals for Scientific Purposes. Adult Merino ewes were maintained and fed as
previously reported (1). Anaesthesia was induced and maintained with 1.5-2%
isoflurane. Following thoracotomy and pericardial sac division, epicardial adipose tissue
was dissected away from the heart and placed immediately in warm, sterile phosphate
buffered saline (Life Technologies, Cat#: 14190-144) + 1% penicillin/streptomycin

(Invitrogen, Cat#: 15070).

Isolated left atrial optical mapping

Optical mapping experiments were performed as previously published (16, 26). At 26-
32 weeks of age, hearts were rapidly excised from mice under deep anaesthesia (4%
isoflurane in Oz, 3L/min) and placed in ice-cold Krebs-Henseleit buffer (in mM: NaCl,
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118.0; KCl, 3.52; MgS047H,0, 0.83; KH,PO4, 1.18; NaHCO3s, 24.90; glucose, 11.0; CaCly,
1.80). The aorta was cannulated and the heart retrogradely perfused through a vertical
Langendorff apparatus (Hugo Sachs, March-Hugstetten, Germany) with oxygenated
Krebs-Henseleit buffer (37°C). The voltage-sensitive dye, Di-4-ANEPPS (5uM; Cambridge
Biosciences, Cambridge, UK), was loaded via bolus injection into the perfusate over
5min. Dye-loaded hearts were removed from the Langendorff apparatus, the left atrium
excised and pinned flat onto the silicone base of an organ bath. Isolated left atria were
continuously superfused with oxygenated Krebs-Henseleit buffer (37°C). The
contraction uncoupler blebbistatin (60uM) was introduced into the superfusate to

reduce motion artefacts.

Left atria were paced from the posterior wall using a 2ms bipolar pulse via platinum
electrodes at twice the diastolic threshold using an isolated constant voltage stimulator
(Digitimer, Welwyn Garden City, UK). Di-4-ANEPPS was excited at 530nm by two twin
LEDs (Cairn Research, Kent, UK). Emitted fluorescence (630nm) was recorded using a
second generation, high spatial resolution (128 x 2048 pixels, single pixel area: 6.5um x
6.5um) ORCA flash 4.0 camera (Hamamatsu Photonics, Japan), sampling at 1KHz. Wide
field macroscopic images of tissues paced at 120ms, 100ms and 80ms cycle lengths (100
pulses/cycle length) were acquired using WinFluor V3.4.9 software (Dr John Dempster,

University of Strathclyde, UK).
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Human induced pluripotent stem cell-derived cardiomyocyte

differentiation and culture

hiPSC-CMs were derived and cultured, as previously published (3, 43)(Fig 5.1A). Briefly,
hiPSCs (line PB004.4 female; Murdoch Children’s Research Institute) were cultured in a
75cm? tissue culture flask with hiPSC media [DMEM-F-12 (11320033; Gibco), 20%
(vol/vol) knockout serum replacement (10828028; Gibco), 1X nonessential amino acids
(11140050; Gibco), 1X GlutaMAX (35050061; Gibco), penicillin/streptomycin
(15140122; Gibco), 110uM 2-mercaptoethanol (21985023; Gibco), and 5ng/ml
recombinant human fibroblast growth factor (233-FB-025; R&D)] on irradiated mouse
embryonic fibroblasts and passaged using TrypLE Express enzyme (12604013;
ThermoFisher). Before differentiation (1 day), 1.6X10° cells/cm? were seeded. To induce
differentiation (Day 0), cells were treated with basal media [RPMI (21870076; Sigma),
B27 minus vitamin A (12587010; Gibco), and 50 pg/ml ascorbic acid (A8960; Sigma)
supplemented with 10uM CHIR-99021 (4423; Tocris Bioscience) and 80ng/ml activin A
(Peprotech)]. On days 1, 3, and 5, media were changed to basal media supplemented
with 5uM IWR-1 (10161; Sigma). Cells were maintained in basal medium from day 6 until
used. For experiments, cells were dissociated with TrypLE, centrifuged (200 g, 4°C,
3min), carefully resuspended in basal medium, and replated at 800,000cells/ml as
clusters across Geltrex-coated microelectrode arrays (Geltrex, 1:100, A1413202; Life
Technologies). Microelectrode arrays (MEAs; Fig 5.1B) consisted of six individual wells.
At the base of each was a recording matrix of 3x3 titanium nitride electrodes interspaced
by 200um and 30um in diameter (60-6wellMEA300/30iR-T-rcr; Multichannel Systems,

Reutlingen, Germany).
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hiPSC-CM-epicardial adipose tissue fragment co-culture

Excised sheep epicardial adipose tissue was washed 5-6 times in 37°C sterile phosphate-
buffered saline (+1% penicillin/streptomycin). After extensive washing, epicardial
adipose tissue was transferred to a fresh dish containing 3-4ml of basal culture medium.
Epicardial adipose tissue fragments were then generated by cutting the tissue into
0.5mm pieces (2, 34). Approximately 10 x 0.5mm epicardial adipose tissue fragments
were transferred to MEA wells containing hiPSC-CMs adhered to the base (48hr after re-
plating; Day 32; Fig 5.1A). hiPSC-CMs and epicardial adipose tissue fragments were co-

cultured together for 24hr (37°C, 5% C0,/95% air) in a humidified incubator (Fig 5.1C).

At the 4hr and 24hr timepoints, synchronous multifocal spontaneous field potentials
were recorded from hiPSC-CMs maintained at 37°C (MEA2100 2x60 system and
Cardio2D software, Multichannel Systems). Recordings were made after a 10min

equilibration period with a 10KHz sampling rate.

Electrophysiological analysis

Optical mapping data were analysed using ElectroMap software (25, 26). Ensemble
averaging of the last 20 beats of each cycle length was used to assess: time to action
potential peak, conduction velocity and action potential duration (APD) at 30%, 50% and
70% repolarisation (APD3o, APDso and APD7g) across the whole left atrium. Images at
these specific beats were spatially and temporally filtered with a 4x4 Gaussian filter and
a 3" order Savitzky-Golay filter, respectively. Non-physiological baseline deviations

were corrected for using a Top-Hat filter (100ms).
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APDjy spatial heterogeneity was defined as the standard deviation of the mean APDyo
measure across the whole left atrium. Beat-to-beat variability of APD7o was assessed at
120ms cycle length and was calculated as the individual APD7o differences between 20
consecutive beats. These 19 values were then averaged together to give a mean APDyo

variability for a single atrium.

hiPSC-CM spontaneous field potential recordings were analysed using Cardio2D+
(Multichannel Systems)(43). Due to the clustered nature of these cells (Fig 5.1B), it was
not possible to calculate conduction velocity and activation time for all cultures. To
ensure analysis was as consistent between cultures in this situation, these parameters
were only calculated from cultures when a detectable signal (>50uV) was present on
>6/9 electrodes (Fig 5.1D). Delay in activation between neighbouring electrodes was
computed using a multi-vector approach on a beat-beat basis. Mean local conduction
velocity and activation time were then calculated by averaging across 10 consecutive
beats. “Nearest neighbour” interpolation was used when detectable signal was absent

on some electrodes.

Spontaneous beating rate was calculated using the inter-spike interval across 10
consecutive beats. For field potential duration and amplitude, 10 consecutive beats
(amplitude >50uV) were ensemble averaged to give a single “clean” signal. Field
potential amplitude was calculated as the voltage between the field potential minimum
and maximum. Field potential duration was calculated as the time between the field
potential minimum and the final positive deflection (Fig 5.1E). A rate-corrected version

of field potential duration was calculated using Bazett’s formula (7). Both field potential
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amplitude and duration were calculated from as many of the 9 electrodes in a single

array as possible (typically 5-6), then these values averaged together.

Statistical analysis

All data are presented as mean * standard error. Statistical analyses were performed in
GraphPad Prism 8.4 and are indicated in the Figure legends throughout. P<0.05 was

deemed significant.
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5.3 Results

Western diet feeding induced obesity and prolonged left atrial

repolarisation

20 weeks of Western diet feeding induced obesity, with a significant 27% increase in
body weight over control-fed mice (34.4+2.3g vs 49.1+1.9g; Fig 5.2A & B). Obese animals
had longer left atrial action potential durations (Fig 5.2C & D). This was not significant
at early repolarisation (APDso, Fig 5.2E; 120ms cycle length, control vs obese: 9.5+0.4ms
vs 10.5+0.4ms, P=0.078); however, APDsp was significantly prolonged in obese mice at
longer cycle lengths (Fig 5.2F; 12.94£0.8ms vs 16.0£0.8ms, P<0.05) and APDyo significantly
longer across all cycle lengths (Fig 5.2G; 17.0£1.0ms vs 23.5+1.0ms, P<0.05). Mice on
both diets demonstrated typical APD rate dependency, with longer repolarisation times

at longer cycle lengths (Fig 5.2E-G).

There was a trend for greater APDyo spatial heterogeneity across intact left atria in obese
mice (Fig 5.2H; 2.1+0.4ms vs 3.3+0.5ms, P=0.106). Temporal APD7o heterogeneity was
assessed on a beat-beat basis over the final 20 consecutive beats in a 100 pulse, 120ms
cycle length stimulus train. Beat-beat change in APD;o was not significantly different

between control and obese mice (Fig 5.21 &J).

Left atrial conduction velocity and time to action potential peak were also assessed in

control and obese mice but did not significantly differ between groups (Fig 5.3A-C).
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Epicardial adipose tissue prolongs repolarisation in hiPSC-CMs, through a

paracrine mechanism

To address whether the prolonged left atrial repolarisation detected in obese mice was
an effect mediated through epicardial adipose tissue-derived factors exerting a
paracrine effect on cardiomyocytes, hiPSC-CMs were co-cultured with epicardial

adipose tissue and spontaneous electrical activity recorded.

hiPSC-CMs co-cultured with epicardial adipose tissue fragments (+Adip) for 4hr showed
no significant difference in beating rate compared with those hiPSC-CMs cultured alone
(Fig 5.4A & C; Ctrl vs +Adip: 117.2+7.0BPM vs 128.8+10.5BPM, P>0.05). Interestingly,
hiPSC-CMs co-cultured with epicardial adipose tissue demonstrated prolonged field
potential duration (Fig 5.4B & D; 123+0.6ms vs 161+7.1ms, P<0.05), which was
maintained when accounting for variability in beating rate (Fig 5.4E; 173.617.7ms vs
224.946.8ms, P<0.05). Repolarisation-rate dependency relationship was unaffected by
epicardial adipose tissue co-culture at 4hr (Fig 5.4F; R%.r1=0.234 vs R2%,aq4ip=0.629, P>0.05

for difference in slopes).

Epicardial adipose tissue co-culture did not affect hiPSC-CM conduction velocity (Fig
5.5A & B) or activation time (Fig 5.5A & C). Field potential amplitude was unaffected by

co-culture (Fig 5.5D; 0.38+ 0.07mV vs 0.26 + 0.04mV, P=0.13).
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Epicardial adipose tissue-induced prolonged repolarisation in hiPSC-CMs

is sustained beyond 4hr and modifies repolarisation rate dependency

To determine whether epicardial adipose tissue-derived factors exerted a genomic
effect in addition to the more immediate acute signalling effects seen at 4hr, co-cultures

were extended out to 24hr (see Fig 5.1A).

After 24hr of hiPSC-CM co-culture with/without epicardial adipose tissue, there was a
significant reduction in spontaneous beating rate (Fig 5.6A & C; 109+4.0BPM vs
94.4+5.4BPM; P<0.05), and prolongation of field potential duration (Fig 5.6B & D;
138.6+3.8ms vs 193.0+10.6ms; P<0.05), maintained when correcting for the reduction
in beating rate (Fig 5.6E; 185.3+4.8ms vs 233.5+8.2ms). These differences meant that
the relationship between beating rate and field potential duration was significantly
steeper in epicardial adipose tissue co-cultured hiPSC-CMs vs control at 24hr (Fig 5.6D;
R2ctr1=0.144 vs R%,p4ip=0.543, P<0.05 between slopes). Conduction velocity and activation
time remained unaffected (Fig 5.7A-C); however, field potential amplitude was

significantly reduced (Fig 5.7D; 0.43+£0.07mV vs 0.2+0.02mV; P<0.05).

When assessing the change in electrophysiological parameters between 4hr and 24hr,
we saw a significant reduction in spontaneous beating rate in epicardial adipose tissue
co-culture conditions (Fig 5.8A). There was no further field potential duration
prolongation between 4hr and 24hr (Fig 5.8B & C). Change in conduction velocity and
activation time between 4hr and 24hr were not significantly different between culture

conditions (Fig 5.8E & F). There was a trend for a greater reduction in field potential
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amplitude between 4hr and 24hr in epicardial adipose tissue co-cultured hiPSC-CMs

(P=0.11; Fig 5.8G).
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5.4 Discussion

Summary of key findings

This is the first study to show that obesity and epicardial adiposity associate with
prolonged repolarisation across the intact left atrium and human cardiomyocyte
cultures. Obesity is known to associate with augmented epicardial adipose tissue —itself
a risk factor for AF. These data provide novel insight into the early electrophysiological
remodelling that may underpin AF. Obesity may promote increased epicardial adiposity,
which releases paracrine factors to prolong atrial repolarisation, increasing the risk of

ectopic triggered activity.

Prolonged repolarisation in the obese adult mouse left atrium

AF is a progressive disease, beginning with paroxysmal symptoms which typically
develop into persistent then permanent AF. The underlying mechanisms of paroxysmal
and persistent/permanent AF are thought to be distinct, presenting as triggered activity
and reentry, respectively (15). The shift from paroxysmal to permanent AF is associated
with significant morbidity and mortality (30, 35), making this pre-transition period a key
intervention timepoint. Our data indicate that obesity associates with prolonged left
atrial repolarisation — particularly during the latter stages of repolarisation (Fig 5.2C-G).
Prolonged repolarisation increases the likelihood of early afterdepolarisations (a type of
triggered arrhythmia), through allowing L-type Ca?* channels to reopen. This reopening
facilitates transient Ca?* influxes, seen as early afterdepolarisations during the action

potential plateau phase (42). This might indicate that paroxysmal AF seen in obesity, is

158



Chapter 5

a result of prolonged left atrial repolarisation, increasing the risk of triggered

arrhythmia.

Clinical observations have associated prolonged ventricular repolarisation (Q-T interval)
with obesity (10, 27, 28). It is not possible to measure atrial repolarisation clinically since
this is masked under the QRS complex. Experimental studies using obese animal models
attribute these ventricular repolarisation changes to decreased Kv1.5 (17) and Kir2.1
channel expression (6), ultimately leading to reduced K* currents. Similar K* currents are
involved in mouse atrial repolarisation and so it could be hypothesised that similar

changes underpin the atrial remodelling presented here (9, 39).

Takahashi et al., (2016) demonstrate that atrial action potential duration is unaffected
in mice fed a high fat diet (36). The discrepancy between our findings and theirs might
be explained by methodological differences. Although both studies used optical
mapping, Takahashi and colleagues examined the right atrium in mice fed a different
diet (60% fat for 8 weeks vs our 42% fat and 15% sucrose water, 20 weeks) and examined
APD at 90% repolarisation, not at the 30%, 50% and 70% used here. Takahashi et al.,
(2016) also do not report on weight difference between groups — which, as described

earlier, is a potentially important factor in atrial electrical remodelling.

Epicardial adipose tissue exerts a paracrine effect to prolong hiPSC-CM

repolarisation

Changes in atrial electrophysiology in obese mice might be due to increased pericardial
adipose tissue deposition exerting an augmented paracrine effect directly on the

cardiomyocytes. Although we did not measure pericardial adipose tissue content in this
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study, we have previously reported that high fat diet feeding (42%), induces a significant
increase in pericardial adiposity (8)(present thesis, Chapter 3). To test this hypothesis,
we co-cultured epicardial adipose tissue with hiPSC-CMs and were able to demonstrate
a prolongation in field potential duration — an extracellular measure of cardiomyocyte
repolarisation (Fig 5.4B, D & E and Fig 5.6B, D & E). When co-culture was extended to
24hr, a steeper beating rate:repolarisation time relationship was seen (Fig 5.6F). This,
although only a surrogate measure of APD restitution, indicates an increased likelihood

of alternans-based arrhythmia (33).

Over the last decade there has been emerging interest in the processes linking epicardial
adipose tissue accumulation and AF risk, however, there is a distinct lack of functional
mechanistic insight. Lin et al., (2012) is one of the few studies to provide mechanistic
data, obtaining patch clamp recordings from rabbit atrial cardiomyocytes co-incubated
with isolated epicardial adipocytes for 2-4hr (20). Similar to our data, they demonstrate
prolonged left atrial cardiomyocyte repolarisation (APDg), elevated resting membrane
potential and increased triggered activity upon isoproterenol treatment in
cardiomyocytes cultured with adipocytes. Their data implicated increased late sodium
current and L-type Ca?* currents coupled with decreased delayed rectifier K* currents as
the mechanism for prolonged repolarisation (20). Similar cellular changes might be
modulated in hiPSC-CMs studies here at the 4hr timepoint, however there may be

further genomic-induced changes to sustain the prolonged repolarisation seen at 24hr.
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Potential mechanisms linking pericardial adiposity and prolonged

repolarisation

It is not known exactly which paracrine factors epicardial adipose tissue might be
releasing to modulate cardiomyocyte repolarisation. Experimentation using HL-1 cells
co-cultured with human epicardial adipose tissue fragments demonstrated intracellular
lipid accumulation and upregulation of two fatty acid transporter proteins (FATP4 and
CD36) in HL-1 cardiomyocytes (2). Others have shown that in high fat-fed mice
prolonged ventricular repolarisation associates with intracellular lipid accumulation and
reduced voltage-gated K* channel expression (17). It may be that in the mouse left
atrium and hiPSC-CMs used for our experiments are in a similar state of lipid overload,

driving changes in K* currents and prolonged repolarisation.

We have recently reported a local androgen-oestrogen system in the heart, indicating
that rodent and human pericardial adipose tissue has capacity to locally synthesise
oestrogens and modulate sex steroid balance (8). It has been shown that local
pericardial adipose tissue aromatase expression correlates with vulnerability to atrial
arrhythmias and so it could be possible that pericardial adipose tissue-derived sex
steroids may locally modulate atrial electrophysiology. Clinically, there are consistent
sex differences in cardiac electrophysiology and arrhythmia epidemiology — not least the
longer female ventricular repolarisation time (Q-T interval) and greater AF incidence in
males (21, 32). At the level of the cardiomyocyte, sex differences and responsiveness to
sex steroids are less clear — with atrial data distinctly lacking and ventricular
experimental findings complicated by differences in species, age, steroid concentration

and treatment duration (21). There is good consensus, however, that females have
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longer ventricular APDs at long cycle lengths and oestradiol can prolong APD through
direct actions on K,11.1 delayed rectifier channels (12, 19, 38). It is possible that
pericardial adipose tissue-derived oestrogens may be at least partly responsible for the
prolonged repolarisation seen in our experimental preparations, hence may play an
important role in AF onset pathogenesis. Further investigations are required to confirm

an atrial electrophysiological response to sex steroids, however.

Maintained conduction velocity in the obese murine left atrium and

human cardiomyocytes co-cultured with epicardial adipose tissue

An important feature in the transition from paroxysmal to persistent AF is a shortening
of APD and slowing in conduction velocity, transitioning from a triggered to reentrant
arrhythmia-based substrate (4). Neither the obese mouse left atrium or hiPSC-CMs co-
cultured with epicardial adipose tissue demonstrated these reentrant arrhythmia
features. This may indicate these preparations as models of paroxysmal AF; however, it
is possible this is a consequence of insufficient wavelength to allow rotors to form in the
small mouse atrium or microelectrode array wells. Conduction slowing in the in the right
atrium of high fat-fed mice has been reported, but as described earlier, there were
several methodological differences between our studies, notably, they calculated
conduction velocity using a single vector approach, contrasting with our multi-vector
approach which accounts for the multidirectional fibre orientation in the atrium (36).
Similar single vector approaches have also shown conduction slowing in ventricular

tissue strip preparations of high fat-fed rats (5).
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The preserved conduction velocity in our preparations is interesting and may indicate
the mechanisms driving changes in APD and conduction are distinct. It could be that
fibro-fatty infiltration into the myocardium is required to disrupt cell-cell action
potential propagation or drive changes in connexin expression/localisation. Meng et al.,
(2017) investigated structural remodelling in high fat-fed rats, noting that a
subpopulation became overweight and associated with increased atrial weight and
fibrosis, coupled with reduced connexin 40 and 43 expression (22). This may indicate
that a degree of structural remodelling is required to slow conduction velocity to trigger
the transition to reentry and persistent AF, whilst changes in APD are mediated by

paracrine actions from the overlying epicardial adipose tissue.

In line with preserved conduction velocity, both the mouse left atrium and hiPSC-CM
preparations demonstrated preserved time to action potential peak and field potential
amplitude at 4hr. These observations should be interpreted with a degree of caution,
because of the nature of optically recorded action potentials (17) and the clustered
nature of hiPSC-CMs/partial dependence of amplitude on adherence strength. A better
insight into these parameters might be vyielded using traditional intracellular

microelectrode recordings.

Study limitations

Although we have previously shown that high fat feeding mice leads to an increase in
pericardial adiposity (8), we did not record adipose tissue weights in this present study.
We also note that in our co-culture experiments, there could be a degree of artificiality
from release of free fatty acids — a result of the dissection process —and lack of a control

group from another adipose depot.
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Future steps

Our dataindicate that in the setting of obesity, there is atrial repolarisation prolongation
— potentially a result of elevated paracrine influence from the surrounding epicardial
adipose tissue. Future experimentation should focus to identify which factors (e.g. sex
steroids, proteins, lipids) might be implicated, to yield potential novel therapeutic

targets to treat paroxysmal AF/slow disease progression.

5.5 Conclusions

In conclusion, we have shown for the first time that obesity associates with significant
prolongation of left atrial repolarisation, increasing the likelihood of triggered
arrhythmias. This effect is mimicked in human cardiomyocytes cultured with epicardial
adipose tissue — indicating a paracrine role for epicardial adipose tissue in the electrical

remodelling seen in paroxysmal AF.
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Figure 5.1 Visual overview of the co-culture-microelectrode array preparation. (A) hiPSC-
CM differentiation, culture and recording timelines (+Adip, epicardial adipose tissue co-
culture). (B) Exemplar images of a 6-well MEA (3x3 matrix, 200um electrode spacing,
30um electrode diameter) and hiPSC-CM clusters. (C) Schematic of epicardial adipose
tissue fragment and hiPSC-CM co-culture on MEAs, with (D) multichannel recordings of
spontaneous field potentials and (E) exemplar field potential trace.
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Figure 5.2 Effects of obesity on mouse left atrial action potential duration. Individual (A)
and mean (B) animal body weights from control and obese mice fed for 20 weeks. (C)
exemplar APD,, maps with raw action potential traces (D). Mean APD,,, APD.,and APD,,

(E-G) across 80, 100 and 120ms paced cycle lengths. At 120ms cycle length: (H) APD,,
spatial heterogeneity, (I) APD,, across 20 consecutive beats and (J) mean analysis of
beat-beat variability of APD,,. Two-way repeated measures ANOVA with Sidak’s post-hoc

tests or unpaired t-tests; n=4-6 per group; *and * indicate P<0.05 for cycle length and
diet effect, respectively.
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conduction velocity and (C) time to action potential peak. Two-way repeated measures

ANOVAs; n=4-6 per group; *p<0.05 for cycle length effect.

173



A
©
c
o
> T
L |11
2
£ . T
3
*3
2s
C D
Spontaneous beating Field potential
rate duration
250 300

*

Ctrl +Adip Ctrl +Adip

E

o
100ms

Field potential

duration (corrected)

400
300
£ 200

100

Ctrl

+Adip

Field potential duration (ms)

Chapter 5

Field potential

duration:beating rate

250,

2004

1504

1004

504

M §1=o£
—— Cirl
— +Adp

50 100 150 200 250
Beating rate (BPM)

Figure 5.4 Effects 4hr epicardial adipose tissue co-culture on hiPSC-CM repolarisation.
Exemplar hiPSC-CM spontaneous beating rate (A) and field potential duration
measurements (B) - dashed lined indicate field potential duration. (C) mean
spontaneous beating rate, (D) field potential duration, (E) rate-corrected field potential
duration and (F) beating rate: field potential duration relationship. Unpaired t-tests or

linear regression, N =7,n

cultures MEAs

=17-33, *P<0.05.

174



Conduction velocity

15

10

cm/s

Ctrl  +Adip

Control

ms

Activation maps

N

Cc

50
40
30
20

10

Activation time

Ctrl

mV

+Adip

|
D

Field potential

2.0

1.5

1.0

0.5

0.0

Chapter 5

(sw) ewn uoneAndy

amplitude

Ctrl

P=0.13

+Adip

Figure 5.5 Effects 4hr epicardial adipose tissue co-culture on hiPSC-CM conduction. (A)
Exemplar hiPSC-CM activation maps (isochrones, 1ms delay). (B) Mean conduction
velocity, (C) activation time and (D) field potential amplitude. Unpaired t-tests,

N

cultures

=7, Ny,ea=4-33.

MEAs

175



Chapter 5

>
w

+Adip Control
| %
|
L
| i
Q

| >
£ |
z r ( r r |r r |’ r - — +Adip
5 © 100 ms
2
Cc D E F
Spontaneous beating Field potential Field potential Field potential
rate duration duration (corrected) duration:beating rate
2001 * 4004 4004 'g 400
* * -
1501 & . 300+ . 300+ é 300
- . ’ B
= 4 e o ©
o 1004 T 200 200 :iais 200+
2 g T E g R%=054
g 100 R
50 1004 1004 g_ ol
s —- +Adip
0- 0- 0- w ¢ T T T 1
ctrl  +Adip ctrl  +Adip ctrl  +Adip 0 50 100 150 200

Beating rate (BPM)

Figure 5.6 Effects 24hr epicardial adipose tissue co-culture on hiPSC-CM repolarisation.
Exemplar hiPSC-CM spontaneous beating rate (A) and field potential duration
measurements (B) - dashed lined indicate field potential duration. (C) mean
spontaneous beating rate, (D) field potential duration, (E) rate-corrected field potential
duration and (F) beating rate: field potential duration relationship. Unpaired t-tests or

linear regression, N =7,n,,...=18-34, *P<0.05.

cultures MEAs

176



Chapter 5

Activation maps

Control +Adip

(sw) awi uoneanody

. . L. . Field potential
Conduction velocity Activation time -~
amplitude
15+ 30+ 2.0
1.5
104 20
” .
>
1.0
£ : ; :
54 10+ ot *
0.5 .
g
0- 0- 0.0-
Ctrl  +Adip Ctrl  +Adip Ctrl  +Adip

Figure 5.7 Effects 24hr epicardial adipose tissue co-culture on hiPSC-CM conduction. (A)
Exemplar hiPSC-CM activation maps (isochrones, 1ms delay). (B) Mean conduction
velocity, (C) activation time and (D) field potential amplitude. Unpaired t-tests,
N =7,n =7-31.

cultures MEAs

177



Chapter 5

A B C
ASpontaneous beating AField potential AField potential
rate duration duration (corrected)
50 100- P-0.09 100-
i~ :
0—ulst . . 50 i
= R 0 : 0 E e
& 504 T T £ . g o lEsm
@ = = < : B
01— v
-100 H t . .50 . .
* 4
A50 —7——— 50—t 100——7
Ctrl +Adip Ctrl +Adip Ctrl +Adip
E F G
AConduction velocity AActivation time ol potentlal
amplitude
8+ -
20 b P=0.11
6 104
. 0.5-
U 4— 0- .
E N o "THE == 2 )
: £ oo
g 2- . g 104 == L < e e
T . 0.0——*—%—
0- : . _20_ . .® “,.
A A 300K 05-—F—T7—
Ctrl  +Adip Ctrl  +Adip Ctrl  +Adip

Figure 5.8 Change in hiPSC-CM electrophysiology between 4hr and 24hr co-culture with
adipose tissue fragments. Mean change in: (A) spontaneous beating rate, (B) field
potential duration and (C) rate-corrected field potential duration. (D) spontaneous
beating rate:field potential duration relationship at 24hr. Mean change in (E) conduction
velocity, (F) activation time and (G) field potential amplitude. Unpaired t-tests or linear
regression, N =7, n,,...=4-33, *P<0.05.
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ABSTRACT

BACKGROUND Clinical studies have reported epicardial adipose tissue (EAT) accumulation
associates with progression of atrial fibrillation (AF) pathology and adversely impacts AF
management. The role of local cardiac EAT deposition in disease progression is unclear and
the electrophysiologic, cellular and molecular mechanisms involved remain poorly defined.

OBIECTIVES To identify the underlying mechanisms by which EAT influences the atrial
substrate for AF.

METHODS Patients without AF undergoing coronary artery bypass surgery were recruited.
Computed tomography and high density epicardial electrophysiologic mapping of the anterior
right atrium (RA) were utilized to quantify EAT volumes and to assess association with the
electrophysiologic substrate in situ. Excised RA appendages were analyzed histologically to
characterize EAT infiltration, fibrosis and gap junction localization. Co-culture experiments
were used to evaluate paracrine effects of EAT on cardiomyocyte electrophysiology.
Proteomic analyses were applied to identify molecular mediators of cellular
electrophysiologic disturbance.

RESULTS Higher local EAT volume clinically correlated with slowed conduction, greater
electrogram fractionation, increased fibrosis and lateralization of cardiomyocyte connexin-40.
In addition, atrial conduction heterogeneity was increased with more extensive myocardial
EAT infiltration. Cardiomyocyte culture studies using multi-electrode arrays showed that
cardiac adipose tissue secreted factors slowed conduction velocity, and contained proteins
with capacity to disrupt intermyocyte electromechanical integrity.

CONCLUSIONS These findings indicate that atrial pathophysiology is critically dependent on
local EAT accumulation and infiltration. In addition to myocardial architecture disruption,
this effect can be attributed to an EAT-cardiomyocyte paracrine axis. The focal adhesion
group proteins are identified as new disease candidates potentially contributing to
arrhythmogenic atrial substrate.

KEY WORDS: epicardial adipose tissue, atrial fibrillation, electrophysiology, cardiomyocyte,
proteomics

ABBREVIATIONS AND ACRONYMS:

AERP = atrial effective refractory period

AF = atrial fibrillation

BMI = body mass index

CT = computed tomography

Cx = connexin

EAT = epicardial adipose tissue

hiPSC-CMs = human induced pluripotent stem cell-derived cardiomyocytes
LVEF = left ventricular ejection fraction

RA = right atrium
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INTRODUCTION

Epidemiologic, clinical and mechanistic data have linked the dual global epidemics of obesity
and atrial fibrillation (AF) (1-3). Obesity associates with greater atrial conduction
abnormalities and an increasingly remodeled atrial substrate that predisposes to AF

(4,5). Among AF cohorts, clinical data have observed improved AF symptom scores,
decreased AF burden, higher rates of AF ablation success and even regression of the atrial

substrate in response to weight loss and risk factor management (6,7).

Epidemiological studies have observed an independent association between epicardial
adipose tissue (EAT) and incident AF (8). Clinical data also suggest that EAT associates with
progression of AF and adversely impacts AF management (9). The extent to which this
pathology is dependent on local versus global cardiac adiposity is unclear, and the underlying
cellular mechanisms are poorly defined. Multiple mechanistic possibilities have been
invoked, and most recently EAT has emerged as a potentially important factor involved in
atrial remodeling (5,10). While we have previously shown in an obese sheep model that
infiltration of contiguous atrial myocardium with EAT may contribute to conduction

abnormalities (5), the extent to which this occurs clinically has not been demonstrated.

Tissue culture studies indicate that EAT has capacity to release adipo-fibrokines,
exacerbating the fibrotic atrial substrate that contributes to conduction abnormalities (11).
However, little is known about the impact of cardiac adiposity on cardiomyocyte
electrophysiology and connectivity in promoting AF vulnerability. In this study, we clinically
evaluated the association of EAT localization with myocardial electrophysiologic,
morphologic and molecular characteristics. Using a multidimensional approach, the

relationship between atrial conduction abnormalities and the extent of local adipose tissue
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deposition/infiltration was investigated. Cell culture multi-electrode array and proteomic
studies were used to assess EAT paracrine influences on cardiomyocyte electrophysiology

and to identify candidate proteins involved in local promotion of the AF substrate.
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METHODS

Full methodological details are provided in the Online Appendix.

PATIENT RECRUITMENT. Nineteen consecutive patients having outpatient coronary artery
bypass grafts for stable coronary artery disease were recruited at The Royal Melbourne
Hospital. Written informed consent was acquired from all participants prior to study enrolment.
This study was approved by the Melbourne Health Human Research Ethics Committee and

complies with the Declaration of Helsinki.

EXCLUSION CRITERIA. History of AF was documented by clinical evaluation and medical
record review. Pre-procedural transthoracic echocardiography according to standard
American Society of Echocardiography guidelines (12) was performed on all participants. To
determine the impact of EAT on the atrial substrate, patients with documented AF, congenital
heart disease, left ventricular ejection fraction (LVEF) < 55 %, significant valvular disease
(greater than trivial regurgitation or any stenosis), prior cardiac catheter ablation or
pulmonary hypertension (pulmonary artery systolic pressure > 35 mmHg) were excluded

from the study.

CARDIAC CT EAT QUANTIFICATION. Non-contrast computed tomography (CT) of the chest
was performed (Figure 1A-C) using a dual source 128-slice scanner (SOMATOM Definition
Flash, Siemens, Erlangen, Germany) a day before surgery. Images were acquired from the
carina to below the cardiac apex to include all EAT. Non-overlapping slices were
reconstructed every 2 mm in soft tissue (B26) kernels in an image matrix of 512 x 512. Data
was exported onto OsiriX DICOM Viewer (version 6.0.2) and analyzed offline. Total cardiac
EAT was quantified and segmented to determine bi-atrial EAT and anterior RA EAT

volumes.
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INTRAOPERATIVE ATRIAL EPICARDIUM SURFACE MAPPING. High density mapping of the
anterior right atrium was performed utilizing a previously described triangular epicardium
mapping plaque (6.75 cm?) with 128 silver-plated copper electrodes creating 117 closed-
spaced bi-poles (inter-electrode distance 2.5 mm) (13). The mapped area encompassed the
right atrial appendage. Activation maps were acquired at paced rhythms of 600 ms and 300
ms. Pacing was performed from an electrode pair with stable capture located at one of the
plaque vertices. Two isochronal maps were constructed (paced 600 ms, 300 ms), with 3 ms
intervals in local activation time to assess conduction and activation patterns. Assessment of
regional conduction slowing was performed by triangulating the plaque electrodes as
previously described (14). The phase mapping method was used to determine conduction

heterogeneity (15) and the proportion of complex electrograms determined for each map.

HISTOLOGIC ASSESSMENT. Prior to cardiopulmonary bypass, the right atrial appendage was
surgically excised and fixed in 10% formalin for histologic analysis. Tissues were sectioned
(10 pm) and stained with either oil-red-O (adiposity, hematoxylin counterstain) or picosirius
red (fibrosis), or prepared for immunohistochemistry (gap junction visualization). Myocardial
infiltration of EAT was quantified using a modified version of a previously described

approach (5).

ANIMAL DETAILS. All experiments were approved by the Animal Ethics Committee of the
University of Melbourne and performed in accordance with the guidelines of the National
Health and Medical Research Council of Australia. Adult Merino ewe anesthesia was
induced and maintained with 1.5%-2.0% isoflurane for the duration of the surgery (16). Male

C57BlI/6 mice (Animal Resources Centre, WA, Australia) were fed a high-fat diet (SF04-001;
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Specialty Feeds, WA, Australia) for 12 weeks and anesthetized with an intra-peritoneal

injection of sodium pentobarbitone (70 mg/kg) and sodium heparin (200 IU/kg).

CELL CULTURE CARDIOMYOCYTE ELECTROPHYSIOLOGY. Human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) were cultured and differentiated as previously
described (17). Sheep EAT fragments were co-cultured with hiPSC-CMs on geltrex coated
multi-electrode arrays (24 hrs). Murine adipose tissue fragments were incubated in a DMEM-
based culture medium to harvest the secreted proteome — ie the ‘secretome’. Cultured HL-1
atrial cardiomyocytes seeded on gelatin/fibronectin-coated multi-electrode arrays were
incubated with the ‘conditioned media’ from mouse pericardial or inguinal subcutaneous
adipose tissue fragments (24 hrs). Extracellular electrophysiological field potentials were

recorded (Multichannel Systems, Germany) (18).

MOUSE ADIPOSE TISSUE CONDITIONED MEDIA PROTEOMICS. To compare abundance of
proteins in conditioned media of different adipose types, murine adipose tissue fragments
were incubated in a serum-free culture medium (6 hrs) and subjected to proteomic analysis by
liquid chromatography-mass spectrometry/mass spectrometry (ie LC-MS/MS). Peptides were
analyzed on an QExactive Hybrid Quadrupole-Orbitrap Mass Spectrometer coupled to a
Vanquish UHPLC (Thermo Fisher Scientific; Scoresby, Australia). Protein identification and
label free quantification were performed in MaxQuant (Max Planck Institute). The MS
spectra were matched against UniProt mouse reference protein database using the MaxQuant
search engine Andromeda. ‘No number assigned” values were imputed to complete a normal
distribution prior to t-tests and visualization in Perseus software (Max Planck Institute).

Further characterization of the most abundant proteins released from pericardial adipose
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tissue (relative to inguinal subcutaneous) was undertaken, performing Gene Ontology (GO)

analysis (Enrichr) to identify cellular components implicated.

STATISTICAL ANALYSIS. For clinical data analaysis, normally distributed variables are
presented as mean + standard deviation unless otherwise stated, and non-normally distributed
variables are presented as median (inter-quartile range). Normality was assessed using the
Shapiro-Wilk test. Independent Student’s t-test, one-way analysis of variance and Mann-
Whitney U tests were used to compare variables between groups as appropriate. Proportions
were compared using the chi-squared test. The relationship between continuous variables
were evaluated using Spearman’s correlation. A P-value < 0.05 was considered statistically
significant. Tests were performed with SPSS (Version 23, NY, USA), GraphPad Prism

(Version 8.0), Perseus (Version 1.6.0.7) or Enrichr where appropriate.
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RESULTS

EAT VOLUME. Patient characteristics and the distribution of EAT are presented in Table 1.
Mean patient BMI was 30 =+ 7 kg/m? and median total cardiac EAT volume was 127.2 ml
(range 104.0 — 168.3 ml). BMI correlated with both total cardiac EAT volume and bi-atrial
EAT (Figure 1D; r = 0.71, p = 0.002) but not with anterior right atrial EAT (Figure 1E;r =
0.15, p = 0.54). Furthermore, anterior right atrial EAT volume did not correlate with total
cardiac EAT or bi-atrial EAT volume (Figure 1F; r = 0.21, p = 0.43). These findings indicate
that clinical measurement of obesity (ie BMI) provides an accurate indicator of global cardiac

adiposity, but may not be representative of localized EAT depot volumes.

ELECTROPHYSIOLOGIC MAPPING. Incremental pacing at the anterior right atrium associated
with prolonged plaque activation times (600 ms vs 300 ms pacing intervals: 61 £ 16 ms vs.
79 £33 ms, p <0.001) and slowed mean conduction velocities (0.39 + 0.14 m/s vs. 0.34 +
0.13 m/s, p < 0.05). Right atrial electrophysiological characteristics at both pacing intervals
also changed depending on regional cardiac adiposity (Table 2). Greater anterior right atrial
EAT volume increased complexity of activation patterns and isochronal crowding (Figure
2A-B). Anterior right atrial EAT volume significantly correlated with prolonged right atrial
plaque activation time, slowed conduction velocity, and increased complex points (Table 2
and Figure 2C). In contrast, these changes in right atrial electrophysiology did not correlate
with bi-atrial EAT volume (Table 2 and Figure 2D), indicating a specific influence of local

adiposity on right atrial conduction.

FIBROSIS. Fibrosis was assessed in right atrial appendage sections (Figure 3A), with mean

fibrotic content of 16.9 + 2.5% per sectional area. The extent of fibrosis strongly correlated
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with anterior RA EAT volume (Figure 3B; r = 0.78, p < 0.001), with those patients with high

anterior right atrial EAT volumes exhibiting the most extensive fibrosis.

CONNEXIN LOCALIZATION. The cardiomyocyte surface localization of the gap junction
proteins (connexins) influences the properties of cell-to-cell electrical conduction and
wavefront propogation. Sarcolemmal connexin-40 (Cx40) localization was assessed in
excised right atrial appendage sections (Figure 3C). In patients with the lowest volumes of
anterior right atrial EAT, Cx40 co-localized with the cell adhesion protein, cadherin, with
primarily longitudinal cardiomyocyte loci. In contrast, patients with the highest volumes of
anterior right atrial EAT exhibited significant lateral positioning of Cx40 proteins in the

absence of cadherin co-localization (Figure 3C-D).

CARDIAC ADIPOSE TISSUE INFILTRATION. Right atrial appendage sections stained with oil-
red-O showed the presence of cardiac adipose tissue on the epicardium, with an apparent
fibrous cap on the external surface of the adipose tissue depot evident (Figure 4A). Higher
magnification analysis revealed a heterogenous interface between the cardiac adipose tissue
and the epicardium, with evidence of infiltration of the adipose tissue into the myocardium
(Figure 4B). Adipose tissue infiltration patterns were irregular, ranging from extensive
adipose tissue infiltration to regions of no infiltration. In patients with EAT infiltration
(hybrid myocyte-adipocyte zone), the conduction heterogeneity increased (Figure 4C). This
occured independent of the extent of fibrosis, as fibrosis content was similar in sections
displaying either infiltrated or non-infiltrated adipose type (Figure 4D). The greater
conduction heterogeneity in those tissues with adipose infiltration could therefore reflect the

influence of a physical cellular barrier and/or a paracrine influence of the adipose.
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CARDIAC ADIPOSE TISSUE PARACRINE INFLUENCE. In vitro studies were performed to
evaluate the paracrine influence of cardiac adipose on conduction heterogeneity in the
absence of the potential barrier effect of non-cardiomyocyte matrix components (fibrosis,
fibrocytes and adipocytes). Sheep adipose tissue fragments or mouse adipose protein
secretomes (harvested from adipose incubate) were applied to cardiomyocyte cultures

(hiPSC-CMs and HL-1 cells respectively) prepared on multi-electrode array chips.

Co-culturing hiPSC-CMs with ovine EAT induced significant changes in cardiomyocyte
electrophysiology (Figure SA-B). hiPSC-CM spontaneous beating rate was slower (Figure
5C), and extracellular field potential duration significantly prolonged (Figure 5D) in the
presence of EAT. A similar prolongation was evident in cardiomyocytes when field potential
duration was matched for beating rate (Figure 5E). To assess influence of secretome on
cardiomyocyte conduction, confluent mouse HL-1 atrial cardiomyocyte monolayers were
incubated with conditioned media from mouse pericardial or inguinal subcutaneous adipose
tissue (Figure 5F). Activation time was longer and conduction velocity slower in HL-1
monolayers incubated with pericardial, but not inguinal, adipose tissue conditioned media
(Figure 5G-I). These findings demonstrate that adiposity-related electrophysiological changes
are not only due to physical conduction block from infiltrating adipose (or fibrosis) but that a

paracrine mediator effect is also implicated.

CARDIAC ADIPOSE TISSUE SECRETOME PROTEOMICS. Given that pericardial adipose tissue
(and not inguinal subcutaneous) secretome selectively modulated cardiomyocyte function,
proteomic analysis of the murine pericardial adipose tissue (vs inguinal subcutaneous)
secretome was undertaken. Proteins secreted from pericardial and inguinal subcutaneous

adipose tissues were visualised as a volcano plot (Figure 6A), showing pericardial adipose
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secretome had 246 proteins of higher abundance (red) and 22 proteins of lower abundance
(blue) compared with inguinal subcutaneous adipose secretome. These data were clustered on
a heatmap to reveal hierarchical commonality in secretome protein abundance for samples
within each adipose tissue type, yet differences in protein abundance when comparing
secretome from pericardial and inguinal subcutaneous adipose tissues (Figure 6B). Proteins
with the largest differential in abundance were listed in rank order (Figure 6C). The group of
highest abundance in pericardial (vs inguinal subcutaneous) adipose tissue were proteins
primarily involved in the regulation of cell metabolism. In contrast, the 10 least abundant
proteins in pericardial adipose tissue conditioned media were more varied, including proteins

involved with cytoskeleton scaffolding and proteins linked with anti-inflammatory activity.

Gene Ontology ‘cellular component’ category ranking of the high abundance proteins
released from pericardial adipose tissue (vs inguinal) was conducted (Figure 6D-G). Of
particular novel importance, proteins linked with focal adhesion functionality (GO:0005925)
were most represented — proteins known to regulate intermyocyte connectivity and gap
junction structure (Figure 6D-E and Supplementary Table S1). In relation to GO analysis of
‘biological processes’, proteins associated with cellular responses to interleukin-12 (IL-12;
GO:0071349) were highly represented, indicating a novel role for this inflammatory pathway

in the heart (Figure 6F-G and Supplementary Table S2).
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DISCUSSION

MAJOR FINDINGS. This is the first clinical study to demonstrate the impact of EAT on the
atrial substrate for AF, integrating findings generated in linked electrophysiologic, histologic
and molecular domains. We show that local (rather than global) EAT content associates with
conduction slowing and increased complexity of activation patterns, accompanied by
increased cardiac fibrosis and sarcolemmal lateralization of Cx40 gap junction proteins.
Furthermore, adipose tissue infiltration associates with conduction heterogeneity. Data
generated from standardized cell culture settings demonstrate that EAT slows conduction and
prolongs cardiomyocyte field potential duration. These changes associate with the release of
a complement of proteins with capacity to disrupt intermyocyte adhesion, modulate cellular
metabolism and increase inflammation. Together, these findings indicate that local epicardial
adiposity influences adjacent myocardium and promotes functional heterogeneity which

contributes to conduction abnormalities underlying the AF substrate.

LOCAL ADIPOSITY DISRUPTS REGIONAL ATRIAL CONDUCTION. Our findings provide novel
demonstration that local adiposity may be critical in determining localized regions of atrial
electrophysiologic dysfunction. Both BMI and weight gain correlate with EAT volume and
AF risk (5,19,20). Existing data also associate areas of electrical remodeling with regions of
high EAT (5,21). AF mapping studies co-localized regions of dominant frequency (22) and
complex fractionated atrial electrograms (23) to areas of high EAT content, implicating local
EAT depots in the mechanism for AF. In this study, conduction and EAT volume were both
evaluated at the anterior right atrium. Within this region, conduction properties correlated
only with anterior right atrial EAT but not bi-atrial EAT volumes. The implication of these

findings is that BMI and more global evaluations of cardiac adiposity may not systematically
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predict the vulnerability of localized myocardium to conduction changes that can contribute

to the substrate for AF.

EAT REMODELS MYOCARDIAL TISSUE AND CARDIOMYOCYTE CONNECTIVITY. AF
phenotype severity among cardiac surgery cohorts has previously been shown to associate
with fibrotic remodeling of EAT (10). In that study, an inverse correlation between fibrotic
remodelling and the amount of subepicardial adipose tissue suggested the progressive fibrosis
of fatty infiltrates with permanent AF. In the present investigation, in patients without prior
clinical documentation of AF, we observed a correlation between local EAT volume and the
fibrosis content of underlying myocardium in right atrial appendages (Figure 3). Fibrosis was
associated with more marked atrial conduction slowing providing a mechanism by which
EAT may create regional substrate which promotes AF. Furthermore, our data also provide
evidence to indicate that beyond fibrosis promotion, EAT exerts an influence on atrial
electrophysiology via a more direct action on proximal cardiomyocyte populations (Figure 3).
Cx40 gap junction proteins are critical mediators of intermyocyte conduction, and changes in
human cardiomyocyte Cx40 expression/localization have been associated with AF (24). In
our study, patients with the greatest volumes of anterior right atrial EAT exhibited more
extensive lateralization of sarcolemmal Cx40. This re-distribution of connexin gap junction
proteins from longitudinal to lateral positioning would diminish the directionality of electrical
coupling from myocyte to myocyte contributing to an increase in atrial conduction

heterogeneity, promoting re-entry pathways and forming potential substrate for AF.

ADIPOSE PARACRINE INFLUENCES ON CARDIOMYOCYTE FUNCTION. Infiltration of EAT

into the myocardium exacerbated patient atrial conduction heterogeneity, independent of the

extent of fibrosis (Figure 4). This suggests that EAT infiltration not only constitutes a
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physical barrier to inter-myocyte conduction, but also exerts a paracrine influence on local
electrophysiology. EAT is endocrinologically active, synthesizing and releasing factors with
capacity to alter atrial gene expression (25), inflammatory mediators (11), oxidative stress
(26) and arrhythmia vulnerability (27). Using two different cell culture systems (hiPSCs and
HL-1 cells), here we show that incubating adipose tissue fragments or exposing
cardiomyocytes to media conditioned by factors (protein secretome) released from cardiac
adipose tissue modulates cardiomyocyte function - slowing conduction and prolonging field
potential duration (Figure 5). Such effects would be predicted to increase vulnerability to re-
entrant and triggered arrhythmias respectively. Together, these findings suggest that a
paracrine influence of infiltrating EAT on the cardiomyocyte may contribute to the

conduction heterogeneity that underlies AF, independent of direct adipose infiltration.

ADIPOSE-DERIVED PROTEINS WITH CAPACITY TO MODULATE CONDUCTION

Proteomic findings validated some previously reported findings and provided new insight, in
particular to conduction related functional changes. Gelsolin has previously been identified to
be down-regulated in the EAT secretome of patients with post-operative AF (28). In this
study, gelsolin was shown to be amongst the least abundant proteins released from cardiac
adipose tissue (vs inguinal; Figure 6C). Gelsolin is known to inactivate the L-type Ca
channels (29). Thus the relatively low abundance of gelosin in the present study is consistent
with cardiomyocyte action potential prolongation, as evidenced by increased field potential
duration with EAT incubation (Figure 5D). Inflammation has previously been associated with
adiposity and here we provide new evidence that the interleukin I1.-12 may be of more
importance than appreciated to date (Figure 6F-G). Implicated in the link between obesity,

adiposity and insulin resistance (30), the role of IL-12 in the heart is poorly defined.
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Of most importance, our proteomic analyses revealed that proteins linked with focal adhesion
functionality were prominently represented in the cardiac adipose secretome, including
increased abundance of talin-1, several heat shock proteins, plastin-2 (LCP1) and 14-3-3
family proteins (Figure 6E). Focal adhesion proteins are known to regulate inter-myocyte
connectivity and gap junction structure. Talin-1 directly associates with connexins and
regulates integrins mediating cell-cell adhesion (31), and hence may contribute to
cardiomyocyte Cx40 lateralization and associated conduction heterogeneity observed here.
Plastin-2 has been linked with regulation of adipocyte growth (32) and may have a
complementary role in modulating cardiomyocyte morphology. These proteomic findings
indicate that further studies are warranted to fully investigate the involvement of focal

adhesion proteins in the cardiac adipose-cardiomyocyte paracrine axis.

STUDY LIMITATIONS. The clinical component of this study sampled tissue from the right
atrium alone. Emerging data suggests regional variation of atrial microarchitecture and EAT
may accordingly interact differently with atrial tissue depending on anatomic sub-location.
However, as this was a study performed in situ without clinical indication for tissue removal,
the right atrial appendage was considered safest for sampling. We also cannot exclude atrial
remodeling caused by ischemic heart disease. We endeavored to exclude any clear structural
abnormality or history of AF that might contribute to the atrial substrate. There were no
differences in EAT volume (local or global), conduction characteristics, fibrosis content or
molecular expression, when the cohort was evaluated based on number of stenosed vessels or

ischemic arterial territory.
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CONCLUSIONS

This is the first clinical study to show that regional EAT content impacts local myocardial
electrophysiology by direct infiltration and inter-myocyte disruption, tissue fibrosis and gap
junction remodeling. Novel cell culture findings show that cardiac adipose tissue modulates
cardiomyocyte electrophysiology, at least partly through the release of distinct proteins with
capacity to manifest proarrthythmic characteristics. These insights carry important
implications for understanding the mechanisms linking EAT with AF and may lead to the

development of potential therapies to attenuate their impact.

18

197



Chapter 5

PERSPECTIVES.

COMPETENCY IN MEDICAL KNOWLEDGE:

Non-uniform infiltration of epicardial adipose into the myocardium is linked with localized regions
of atrial conduction heterogeneity that may facilitate the incidence, maintenance and
progression of atrial fibrillation. Specifically the anterior right atrial adipose volume is
correlated with arrhythmia substrate. The profile of proteins released from the cardiac
adipose tissue depot is distinctive and the adipose ‘secretome’ contains mediators which

directly influence cardiomyocyte electrophysiology and cell-to-cell conduction.

TRANSLATIONAL OUTLOOK:

Further studies are required to identify interventions to limit progression of adiposity-
associated atrial fibrillation vulnerability and to determine which cardiac adipose tissue-
derived factors may be therapeutic targets to suppress development of atrial conduction
abnormalities. In particular proteins involved in focal-adhesion signaling are implicated in

disturbance of cardiomyocyte coupling.
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FIGURE LEGENDS:

Figure 1. Anterior right atrial EAT volume is independent of BMI and bi-atrial EAT
volume. (A) Representative oblique-coronal slice of the cardiac computed tomography
(RAA, right atrial appendage; RCA, right coronary artery, RVOT, right ventricular outflow
tract), with (B) anterior RA EAT delineated (yellow). (C) Exemplar cardiac CT short axis
slice summation of anterior right atrial EAT volume. (D) Body mass index significantly
correlated with bi-atrial, (E) but not anterior right atrial EAT volume. (F) No correlation was

evident between bi-atrial and anterior right atrial EAT volumes.

Figure 2. Right atrial conduction is selectively dependent on anterior right atrial
adiposity. (A) Representative CT images of patients with low and high anterior right atrial
EAT volumes. (B) Representative isochronal (3 ms steps) maps at 600 ms pacing rate from
patients with either low or high anterior right atrial EAT volumes. White star: earliest plaque
activation, yellow star: latest plaque activation. (C) Significant correlations existed between
anterior right atrial EAT volume and plaque activation time, conduction velocity and number
of complex points. (D) In contrast, these electrophysiological parameters did not correlate

with the bi-atrial adipose tissue volume.

Figure 3. Anterior right atrial adiposity associated with fibrosis and Cx40 lateralization.
(A) Exemplar picrosirius red stained right atrial appendage sections from patients with either
low or high anterior right atrial EAT volumes. Sections were assessed for extent of fibrosis.
(B) A significant correlation was evident between the extent of fibrosis and anterior right
atrial EAT volume. (C) Right atrial appendage sections were assessed by
immunohistochemistry for cardiomyocyte Cx40 localization (white arrows). (D)

Lateralization of Cx40 was significantly greater in tissues from patients with the greatest (vs
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lowest) anterior right atrial EAT volumes. Data are mean £ SEM, n=9-28 images/heart, N=3-

4 hearts/group, *p < 0.05 using unpaired Student’s t-test.

Figure 4. Myocardial EAT infiltration exacerbates conduction heterogeneity, but not
fibrosis. (A) Exemplar right atrial appendage section stained with oil-red-O for assessing
adiposity. (B) Higher magnification analysis revealed a non-uniform interface between the
EAT (stained red) and myocardium (blue), with evidence of adipose tissue infiltrating into
the epicardium. (C) EAT infiltration was associated with increased conduction heterogeneity,
(D) but not the extent of fibrosis. Data are mean £ SEM, n=6-12/group, *p < 0.05 using

unpaired Student’s t-test.

Figure 5. Cardiac adipose tissue exerts paracrine influence on cardiomyocyte
electrophysiology in vitro. (A) Sheep EAT fragments were co-cultured with hiPSC-CMs for
24 hrs on multielectrode arrays and (B) extracellular field potentials measured. (C) EAT co-
culture significantly decreased spontaneous beating rate (vs non-adipose tissue co-cultured
control) and (D-E) prolonged field potential duration. Data are mean + SEM, n=24-34
arrays/group, N=7 cultures, *p < 0.05 using unpaired Students t-test. (F) HL-1 atrial
cardiomyocytes were plated on multi-electrode arrays in the presence/absence of mouse
pericardial or inguinal adipose tissue conditioned media for 24 hrs. (G-I) Incubation of HL-1
cells with pericardial, but not inguinal, adipose tissue conditioned media increased activation
time and significantly reduced conduction velocity. Data are mean = SEM, n=14-17/group,

*p < 0.05 using one-way ANOVA with Fisher’s LSD test.

Figure 6. Pericardial adipose tissue secretome exhibits a distinct proteomic profile. (A-

B) Mouse pericardial and inguinal adipose tissue conditioned media were processed for data-
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dependent acquisition proteomic analysis. The type and abundance of proteins differed in
pericardial vs inguinal adipose tissue. (C) Overview of the highest/lowest abundant proteins
released from pericardial vs inguinal adipose tissue. (D) Gene Ontology Cellular Component
category ranking of the high abundance proteins released from pericardial adipose tissue (vs
inguinal) (E) includes ‘focal adhesion’ (GO:0005925) proteins. (F) Gene Ontology
Biological Processes category ranking of the high abundance proteins released from
pericardial adipose tissue (vs inguinal) (G) shows a high abundance of proteins associated

with the ‘cellular response to interleukin-12" (GO:0071349).
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Table 1. Patient characteristics and EAT distribution

Recruited patients
n=19
Age (y) 64+6
Male gender, % (n) 14 (78)
BMI (kg/m?) 30+£7
Waist : Hip ratio 1.0+0.1
Diabetes, % (n) 7(39)
Hypertension, % (n) 17 (94)
Hyperlipidaemia, % (n) 11 (61)
Stroke/TIA, % (n) 317
2 vessel disease, % (n) 5(28)
3 vessel disease, % (n) 13 (72)
Coronary stent/angioplasty, % (n) 7(39)
Left atrial size (cm?) 20+ 5
Right atrial size (cm?) 15+4
LVEDV (mm) 45+ 7
LVEF (%) 60+ 4
Median EAT Volume (ml)
Total cardiac EAT 127.2 (104.0-168.3)
Bi-atrial EAT 46.3 (34.9-62.7)
Left atrial EAT 26.6 (18.7-34.7)
Right atrial EAT 20.3 (16.3-29.6)
Anterior right atrial EAT 3.1(2.5-5.8)

BMI, body mass index; TIA, transient ischemic attack; LVEDV, left ventricular end diastolic
volume; LVEF, left ventricular ejection fraction; EAT, epicardial adipose tissue.

27

206



Table 2. Correlation of EAT volumes with atrial electrophysiologic parameters

Anterior right atrial EAT

Paced 600ms

Paced 300ms

Plaque activation times
Mean conduction velocity
Slowed conduction

Complex points

r=0.64, p<0.005*
1=-0.46, p<0.05*
r=0.36, p=0.14

r=0.69, p<0.001*

r=0.55, p<0.05*
r=-0.49, p<0.05*
r=0.58, p<0.05*

r=0.66, p<0.005*

Conduction heterogeneity r=0.43, p=0.07 r=0.42, p=0.08
Bi-atrial EAT
Paced 600ms Paced 300ms
Plaque activation times r=-0.29, p=0.29 r=-0.42, p=0.11
Mean conduction velocity r=0.24, p=0.37 r=0.10, p=0.72
Slowed conduction r=-0.31, p=0.24 r=0.16, p=0.56
Complex points r=-0.16, p=0.56 r=-0.16, p=0.56
Conduction heterogeneity r=-0.34, p=0.19 r=-0.29, p=0.27

EAT, epicardial adipose tissue.
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Chapter 5

Epicardial adipose tissue accumulation confers
cardiac conduction abnormality: a
multidimensional study identifying novel
mechanistic substrates

ChrishanJ. Nalliah, MBBS, PhD,*"" James R. Bell, PhD,»*" Antonia J.A. Raaijmakers, PhD," Helen W. Waddell, BSc,*
Simon P. Wells, MRes, " Gabriel B. Bernasochi, PhD, Magda K. Montgomery, PhD," Simon Binny, MBBS,* Troy
‘Watts, BSc,* Subodh B. Joshi, MBBS,: Elaine Lui,’ Choon Boon Sim, PhD,* Marco Larobina, MBBS," Michael O’Keefe,
MBBS," John Goldblatt, MBBS," Alistair Royse, MBBS," Geoffrey Lee, MBChB, PhD,*" Enzo R. Porrello, PhD, %=
Matthew J. Watt, PhD, " Peter M. Kistler, MBBS, PhD,' Prashanthan Sanders, MBBS,! Lea M.D. Delbridge, PhD,%* Jon
M. Kalman, MBBS, PhD, *%*

ABSTRACT

BACKGROUND Clinical studies have reported epicardial adipose tissue (EAT) accumulation associates
with progression of atrial fibrillation (AF) pathology and adversely impacts AF management. The role of
local cardiac EAT deposition in disease progression is unclear and the electrophysiologic, cellular and
molecular mechanisms involved remain poorly defined.

OBIJECTIVES To identify the underlying mechanisms by which EAT influences the atrial substrate for AF.

METHODS Patients without AF undergoing coronary artery bypass surgery were recruited. Computed
tomography and high density epicardial electrophysiologic mapping of the anterior right atrium (RA)
were utilized to quantify EAT volumes and to assess association with the electrophysiologic substrate in
situ. Excised RA appendages were analyzed histologically to characterize EAT infiltration, fibrosis and gap
junction localization. Co-culture experiments were used to evaluate paracrine effects of EAT on
cardiomyocyte electrophysiology. Proteomic analyses were applied to identify molecular mediators of
cellular electrophysiologic disturbance.

RESULTS Higher local EAT volume clinically correlated with slowed conduction, greater electrogram
fractionation, increased fibrosis and lateralization of cardiomyocyte connexin-40. In addition, atrial
conduction heterogeneity was increased with more extensive myocardial EAT infiltration.
Cardiomyocyte culture studies using multi-electrode arrays showed that cardiac adipose tissue secreted
factors slowed conduction velocity, and contained proteins with capacity to disrupt intermyocyte
electromechanical integrity.

CONCLUSIONS These findings indicate that atrial pathophysiology is critically dependent on local EAT
accumulation and infiltration. In addition to myocardial architecture disruption, this effect can be
attributed to an EAT-cardiomyocyte paracrine axis. The focal adhesion group proteins are identified as
new disease candidates potentially contributing to arrhythmogenic atrial substrate.

From the Department of Cardiology, Royal Melbourne Hospital, Melbourne, Victorie, Australia; *Department of Medicine and Radiclogy,
University of Melbourne, Melbourne, Victoria, Australia; Department of Physiology, Anatomy and Microbiclogy, La Trobe University,
Bundoors, Victoria, Australia; Department of Physiology, University of Melbourne, Melbourne, Victoria, Australia; <Institute of Cardiovascular
Sciences, College of Medical and Dental Sciences, University of Birmingham, United Kingdom; ‘Department of Radiclogy, Royal Melbourne
Hospital, Melbourne, Victoria, Australia; 8Murdoch Children’s Research Institute, Royal Children’s Hospital, Melbourne, Victoria, Australia;
hDepartment of Cardiothoracic Surgery, Royal Melbourne Hospital, Melbourne, Victoria, Australia; ‘Department of Cardiology, The Alfred
Hospital, Melbourne, Australia; JAustralia Centre for Heart Rhythm Discrders (CHRD), South Australian Health and Medical Research Ingtitate
(SAHMRY), University of Adelaide and Royal Adelaide Hospital, Adelaide, Australia

*Drs. Nallish and Bell and #rofs. Delbridge and Kalman contributed equally to this work.
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FIGURE 1 Anterior right atrial EAT volume is independent of BMI and bi-atrial EAT volume
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{A) Representative oblique-coronal slice of the cardiac computed tomography (RAA, right atrial
appendage; RCA, right coronary artery; RVOT, right ventricular outflow tract), with {B) anterior right
atrial EAT delineated (yellow). {C) Exemplar cardiac CT short axis slice summation of anterior right
atrial EAT volume. (D) Body mass index significantly correlated with bi-atrial, {E) but not anterior right
atrial EAT volume. {F) No correlation was evident between bi-atrial and anterior right atrial EAT
volumes.
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FIGURE 2 Right atrial conduction is selectively dependent on anterior right atrial adiposity
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(A) Representative CT images of patients with low and high anterior right atrial EAT volumes. (B)
Representative isochronal (3 ms steps) maps at 600 ms pacing rate from patients with either low or
high anterior right atrial EAT volumes. White star: earliest plaque activation, yellow star: latest
plaque activation. (C) Significant correlations existed between anterior right atrial EAT volume and
plaque activation time, conduction velocity and number of complex points. (D) In contrast, these
electrophysiological parameters did not correlate with the bi-atrial adipose tissue volume.
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FIGURE 3 Anterior right atrial adiposity associated with fibrosis and Cx40 lateralization
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(A) Exemplar picrosirius red stained right atrial appendage sections from patients with either low or high
anterior right atrial EAT volumes. Sections were assessed for extent of fibrosis. (B) A significant correlation
was evident between the extent of fibrosis and anterior right atrial EAT volume. (C) Right atrial appendage
sections were assessed by immunohistochemistry for cardiomyocyte Cx40 localization (white arrows). (D)
Lateralization of Cx40 was significantly greater in tissues from patients with the greatest (vs lowest)
anterior right atrial EAT volumes. Data are mean + SEM, n=9-28 images/heart, N=3-4 hearts/group, *p <
0.05 using unpaired Student’s t-test.
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Figure 4 Myocardial EAT infiltration exacerbates conduction heterogeneity, but not
fibrosis
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{A) Exemplar right atrial appendage section stained with oil-red-O for assessing
adiposity. {B) Higher magnification analysis revealed a non-uniform interface between
the EAT (stained red) and myocardium (blue}, with evidence of adipose tissue infiltrating
into the epicardium. (C) EAT infiltration was associated with increased conduction
heterogeneity, {D) but not the extent of fibrosis. Data are mean + SEM, n=6-12/group,
*p < 0.05 using unpaired Student’s t-test.
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Figure 5 Cardiac adipose tissue exerts paracrine influence on cardiomyocyte
electrophysiology in vitro
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(A) Sheep EAT fragments were co-cultured with hiPSC-CMs for 24 hrs on
multielectrode arrays and (B) extracellular field potentials measured. (C) EAT co-
culture significantly decreased spontaneous beating rate {(vs non-adipose tissue co-
cultured control) and (D-E) prolonged field potential duration. Data are mean + SEM,
n=24-34 arrays/group, N=7 cultures, *p < 0.05 using unpaired Students t-test. (F) HL-
1 atrial cardiomyocytes were plated on multi-electrode arrays in the
presence/absence of mouse pericardial or inguinal adipose tissue conditioned media
for 24 hrs. (G-1) Incubation of HL-1 cells with pericardial, but not inguinal, adipose
tissue conditioned media increased activation time and significantly reduced
conduction velocity. Data are mean + SEM, n=14-17/group, *p < 0.05 using one-way
ANOVA with Fisher’s LSD test.
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Figure 6 Pericardial adipose tissue secretome exhibits a distinct proteomic profile
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(A-B) Mouse pericardial and inguinal adipose tissue conditioned media were processed for data-dependent acquisition
proteomic analysis. The type and abundance of proteins differed in pericardial vs inguinal adipose tissue. (C) Overview
of the highest/lowest abundant proteins released from pericardial vs inguinal adipose tissue. (D) Gene Ontology
Cellular Component category ranking of the high abundance proteins released from pericardial adipose tissue (vs
inguinal) (E) includes ‘focal adhesion’ (GO:0005925) proteins. (F) Gene Ontology Biological Processes category ranking
of the high abundance proteins released from pericardial adipose tissue (vs inguinal) (G) shows a high abundance of
proteins associated with the ‘cellular response to interleukin-12’ (GO:0071349).
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CENTRAL ILLUSTRATION Local adipose tissue infiltration exerts paracrine influence on atrial conduction
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Proposed cellular mechanisms linking localized EAT accumulation with the substrate for atrial fibrillation.
EAT — epicardial adipose tissue; Cx40 — connexin 40.
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ONLINE APPENDIX

EPICARDIAL ADIPOSE TISSUE ACCUMULATION CONFERS CARDIAC
CONDUCTION ABNORMALITY: A MULTIDIMENSIONAL STUDY
IDENTIFYING NOVEL MECHANISTIC SUBSTRATES

Chrishan J. Nalliah, MBBS, PhD,* James R. Bell, PhD,* Antonia J.A. Raaijmakers, PhD,
Helen M. Waddell, BSc, Simon P. Wells, MRes, Gabriel B. Bernasochi, PhD, Magdalene K.
Montgomery, PhD, Simon Binny, MBBS, Troy Watts, BSc, Subodh B. Joshi, MBBS, Elaine
Lui, MMed, MBBS, Choon Boon Sim, PhD, Marco Larobina, MBBS, Michael O’Keefe,
MBBS, John Goldblatt, MBBS, Alistair Royse, MBBS, Geoffrey Lee, MBChB, PhD, Enzo
R. Porrello, PhD, Matthew J. Watt, PhD, Peter M. Kistler, MBBS, PhD, Prashanthan Sanders,
MBBS, PhD, Lea M.D. Delbridge, PhD,# Jonathan M. Kalman, MBBS, PhD,#
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ONLINE APPENDIX - METHODS

PATIENT DETAILS.

PATIENT RECRUITMENT. Nineteen consecutive patients having outpatient coronary artery
bypass grafts for stable coronary artery disease were recruited at The Royal Melbourne
Hospital. Written informed consent was acquired from all participants prior to study
enrolment. This study was approved by the Melbourne Health Human Research Ethics

Committee and complies with the Declaration of Helsinki.

EXCLUSION CRITERIA. History of AF was documented by clinical evaluation and medical
record review. Pre-procedural transthoracic echocardiography according to standard
American Society of Echocardiography guidelines (1) was performed on all participants. To
determine the impact of EAT on the atrial substrate, patients with documented AF, congenital
heart disease, left ventricular ejection fraction (LVEF) < 55%, significant valvular disease
(greater than trivial regurgitation or any stenosis), prior cardiac catheter ablation or
pulmonary hypertension (pulmonary artery systolic pressure > 35mmHg) were excluded from

the study.

CARDIAC CT EAT QUANTIFICATION. Non-contrast computed tomography (CT) of the chest
was performed using a dual source 128-slice scanner (SOMATOM Definition Flash,
Siemens, Erlangen, Germany). The scans were performed a day before surgery. The images
were acquired from the carina to below the cardiac apex to include all EAT. Prospective ECG
gating was used in a single systolic phase. Tube voltage varied between 100-120 kV
depending on patient size. Non-overlapping 2 mm slices were reconstructed every 2 mm in

soft tissue (B26) kernels in an image matrix of 512 x 512.
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Data was exported onto OsiriX DICOM Viewer (version 6.0.2) and analyzed offline. Slices
of the heart extending from the superior tip of the right atrial appendage to the diaphragm
were analyzed. The pericardium (consisting of all adipose tissue within the pericardial sac)
was identified by an image display threshold setting of -190 to -30 Houndsfield units and

manually traced.

Left and right atrial EAT was defined as EAT above the plane of the mitral and tricuspid
annulus respectively. Bi-atrial EAT was determined by summation of left atrial and right
atrial EAT, with the inter-atrial septal adipose tissue counted once. We determined EAT
volume at the site of electrophysiologic mapping and appendage excision (anterior right atrial
EAT) to assess the impact of local versus bi-atrial EAT on the local atrial substrate. Anterior
right atrial EAT was defined as adipose tissue within the pericardium surrounding the right
atrial free wall 1 slice (2 mm) below the level of the right coronary artery ostium to 1 slice
above the superior border of the right atrial appendage. The adipose tissue located between
the anterior right atrial and right ventricular outflow tract was bisected in an axial plane, and

the medial segment assigned to the anterior right atrium.

INTRAOPERATIVE ATRIAL EPICARDIUM SURFACE MAPPING. Anti-arrhythmic medications
were ceased > 5 half-lives before surgery. High density mapping of the anterior right atrium
was performed utilising a previously described triangular epicardium mapping plaque (6.75
cm®) with 128 silver-plated copper electrodes creating 117 closed-spaced bi-poles (inter-
electrode distance 2.5 mm). Following thoracotomy and pericardial sac division, and prior to
cardiopulmonary bypass, the mapping plaque was positioned on the anterior right atrial

surface. The mapped area comprised the right atrial appendage.
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Activation maps were acquired at paced rhythms of 600 ms and 300 ms. Pacing was
performed from an electrode pair with stable capture located at one of the plaque vertices.
Two isochronal maps were constructed (paced 600 ms, 300 ms), with 3 ms intervals in local
activation time to assess conduction and activation patterns. The total plaque activation time
was defined as the time taken to activate the entire plaque from the earliest to latest point.
Uniform plaque activation was defined by an even distribution of isochrones without slowed

conduction or conduction block.

Assessment of regional conduction slowing was performed by triangulating the plaque
electrodes as previously described (2,3). Local conduction velocity was calculated as the
mean of 2 conduction vectors in a 2.5 x 2.5 mm area. Regional slowing or block was defined
by the plaque proportion with conduction slowing (10 to 20 cm/s) or conduction block (< 10

cm/s).

The phase mapping method was used to determine conduction heterogeneity (4). In brief, the
greatest difference in activation times were calculated between 4 adjacent electrodes.
Activation time differences are plotted on a histogram for the entire plaque and conduction
heterogeneity calculated by subtracting the 51 from the 951 percentile. Electrograms > 50
ms duration and > 3 deflections from baseline or double potentials separated by an isoelectric
interval > 30 ms were defined as complex electrograms (5). The proportion of complex

electrograms was determined for each map.
HISTOLOGIC ASSESSMENT. Prior to cardiopulmonary bypass, the right atrial appendage was
surgically excised and fixed in 10% formalin for histological analysis. Tissues were sectioned

(10 um) and stained with either oil-red-O (adiposity, hematoxylin counterstain) or picosirius
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red (fibrosis) or prepared for immunohistochemistry (gap junction visualization). For
quantification of fibrosis and adipose infiltration, sections were scanned with a brightfield
digital scanner using (Panoramic Scanll Scanner, 3D Histech) and images captured using
CaseViewer version 2.2 acquisition software (3DHistech; 20x magnification). Image analysis
was blinded and performed using ImageJ (V1.51, NIH). Briefly, images were converted to
greyscale (255 pixel range) and a pixel intensity histogram was assessed to determine the
non-biased threshold which was used to calculate the total area of fibrosis for each image (%
area). For all images, a value of total fibrosis (% area) was determined and the mean value
per patient was calculated. Regions with vascular fibrosis were excluded from the analysis.
For quantification of myocardial infiltration of EAT, a modified version of a previously
described approach was used (6). For immunohistochemistry, sections were incubated with
primary antibodies against Cx40 (1:200 dilution; Alpha Diagnostics Cx40-A) and N-cadherin
(1:800 dilution; Sigma C1821) overnight at 4°C. Sections were subsequently incubated with
anti-rabbit Cy35 (1:500; Jackson ImmunoResearch) and anti-mouse FITC (1:250; Jackson
ImmunoResearch) secondary antibodies and DAPI stain (300 nM; Invitrogen). Sections were
imaged using the Zeiss AXIO Imager.m2 connected to an Axiocam 506 mono camera and
ZEN blue software (V2.5, Zeiss). For quantification of Cx40 expression, Cx40 and
background fluorescence was measured for each image (ImageJ V1.51, NIH) and the total
corrected cellular fluorescence calculated (integrated density — (area of selected cell x mean

fluorescence of background) (7).

ANIMAL & CELL RECORDING DETAILS.
ANIMAL ETHICS. All experiments were approved by the Animal Ethics Committee of the

University of Melbourne and and performed in accordance with the guidelines of the

National Health and Medical Research Council of Australia.
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ADIPOSE TISSUE COLLECTION. Ovine EAT was harvested and fragmented for multielectrode
array (MEA) co-incubation with human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) to evaluate effects on field potential characteristics. Adult
Merino ewe anaesthesia was induced and maintained with 1.5%-2.0% isoflurane for the
duration of the surgery (8). Following thoracotomy and pericardial sac division, EAT was

excised and processed for co-culture with hiPSC-CMs.

Murine adipose tissue conditioned media was generated to both evaluate the effects on field
potential characteristics and identify the candidate proteins responsible. Male C57Bl/6 mice
(Animal Resources Centre, WA, Australia) were fed a high-fat diet (SF04-001; Specialty
Feeds, WA, Australia) for 12 weeks. Mice were anesthetized with an intra-peritoneal
injection of sodium pentobarbitone (70 mg/kg) sodium heparin (200 IU/kg) prior to tissue
harvest. Murine pericardial and inguinal subcutaneous adipose tissues were harvested,
fragmented and incubated in a serum-free medium (EX-CELL 325 PF CHO Serum-Free
Medium for CHO Cells; Sigma Aldrich) for 6 hrs to collect secreted/released proteins for
preparation of ‘conditioned’ media for subsequent electrophysiological recordings (DMEM

media) or mass spectroscopy analysis (protein free media).

CARDIOMYOCYTE CULTURE. The hiPSC-CMs were cultured and differentiated as previously
described (9-11). Briefly, hiPSCs (line PB004.4 female; Murdoch Children’s Research
Institute) were cultured in a 75 cm? tissue culture flask with hiPSC media [DMEM-F-12
(11320033; Gibco), 20% (vol/vol) knockout serum replacement (10828028, Gibco), 1x
nonessential amino acids (11140050; Gibco), 1x GlutaMAX (35050061; Gibco),

penicillin/streptomyein (15140122; Gibco), 110 uM 2-mercaptoethanol (21985023; Gibco),
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and 5 ng/mL recombinant human fibroblast growth factor (233-FB-025; R&D)] on irradiated

mouse embryonic fibroblasts and passaged using TrypLE Express enzyme (12604013,

ThermoFisher). One day before differentiation, 1.6 x 10° cells/om’ were seeded. To induce
differentiation (day 0), cells were treated with basal differentiation media [RPMI (21870076,
Sigma), B27 minus vitamin A (12587010; Gibco), and 50 pg/mL ascorbic acid (A8960;
Sigma) supplemented with 10 pM CHIR-99021 (4423; Tocris Bioscience) and 80 ng/mL
activin A (Peprotech)]. On days 1, 3, and 5, media were changed to basal differentiation
media supplemented with 5 uM IWR-1 (I0161; Sigma). Cells were maintained in basal
differentiation media from day 7 until used. For experiments, cells were dissociated with
TrypLE Express, centrifuged (200 g, 4°C, 3 min), carefully resuspended in basal
differentiation medium, and replated at 800,000 cells/mL as clusters across Geltrex-coated
MEAs (Geltrex, 1:100, A1413202; Life Technologies). hiPSC-CMs were cultured
with/without sheep epicardial adipose fragments (0.5 mm diameter) for 24 hrs and field

potential characteristics recorded.

The immortalized atrial cardiomyocyte cell line, HL-1 (Merck, SCC065), was used to assess
the electrophysiological effects of murine adipose tissue conditioned media. HL-1 cells were
cultured and seeded on MEAs as previously described (12). Briefly, HL-1 cells were cultured
in Claycomb media (51800C; Sigma) supplemented with 10% fetal bovine serum
(A3160601; ThermoFisher), penicillin/streptomycin (100 U/mL/100 pg/ml., 15140122;
Thermo- Fisher), norepinephrine (0.1 mM, A0937; Sigma), ascorbic acid (0.3 mM, A7631;
Sigma), and L-glutamine (2 mM, 25030081; Thermo- Fisher) and were maintained as per the
manufacturer’s instructions. For MEA experiments, 70,000 cardiomyocytes were seeded as a
droplet on gelatin- and/or fibronectin-coated MEAs [0.02% gelatin, G9391 (Sigma); 0.5

pg/mL fibronectin, F1141 (Sigma)]. After 48 hrs culture on MEAs, the HL-1 cell media was
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replaced with murine pericardial and inguinal subcutaneous adipose tissue conditioned media
[50% dilution in Dulbecco’s Modified Eagle Medium + GlutaM AX (ThermoFisher, 10565-
042), supplemented with: 10% fetal bovine serum (A3160601; ThermoFisher), pyruvic acid
(3 mM, Sigma, P-8574), bovine serum albumin (2 g/L, Sigma, A-7030), ampicillin (100
prg/ml, Sigma, A-0166), insulin-transferrin-selenium 100x (ThermoFisher, 41400045),
antibiotic/antimycotic (1%, ThermoFisher, 15240062), linoleic acid (5 pg/ml, Sigma, L.5900)
and ascorbic acid (100 uM, Sigma, A4544)] or adipose-free DMEM control. Cells were
cultured on MEASs for a further 24 hours and field potential characteristics recorded. HL-1
cultures exhibiting spontaneous beating rates in excess of 200 beats per minute were

excluded from analysis.

ELECTROPHYSIOLOGY RECORDINGS. Extracellular electrophysiological field potentials were
recorded from spontaneously beating cardiomyocyte cultures using the MEA2100 system
(Multichannel Systems, Reutlingen, Germany) maintained at 37°C. Field potential recordings
were acquired using Cardio2D+ software (Multichannel Systems) sampling at 10 kHz (low
pass filter: 3,500 Hz, high pass filter: 10 Hz), and electrophysiological parameters calculated
as previously described (12). Briefly, 10 consecutive field potentials were ensemble
averaged. Mean field potential duration for each MEA was calculated by averaging
ensembled signals across 3-10 electrodes. Delay in activation between neighboring electrodes
was computed using a multivector approach, and mean conduction velocity was calculated on
a beat-beat basis. Conduction velocity was then averaged across 10 consecutive beats for
each MEA. All analysis was performed using Cardio2D+, and arrhythmic cultures were

excluded.
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MOUSE ADIPOSE TISSUE CONDITIONED MEDIA PROTEOMICS. Conditioned media samples
prepared in a protein-free media were subjected to proteomic analysis by liquid
chromatography mass spectrometry/mass spectrometry (LC-MS/MS). Briefly, conditioned
media were filtered in spin filters (Amicon Ultra-4; Sigma-Aldrich, Castle Hill, Australia) to
remove cellular debris and non-protein material from samples prior to reduction with a
solution of 10 mM tris(2-carboxyethyl)phosphine (Sigma- Aldrich, Castle Hill, Australia).
Reduced samples underwent filter-aided sample preparation (FASP) and trypsin digestion (1
ug/100 ug protein). Following acidification with formic acid (pH 3.0), samples were
simultaneously desalted, concentrated and purified using C18 Ziptips (Millipore; Sigma-
Aldrich, Castle Hill, Australia). Samples were dried down with an Eppendorf Concentrator
Plus (Macquarie Park, Australia), stored at -20°C and then reconstituted in 0.1% formic acid
prior to mass spectrometric analysis. Peptides were analysed on an QExactive Hybrid
Quadrupole-Orbitrap Mass Spectrometer coupled to a Vanquish UHPLC (Thermo Fisher
Scientific; Scoresby, Australia). For both analyses at positive and negative ionization mode,
each sample was injected into an Accucore C30 column (2.1 x 250 mm, 2.6 um; Thermo

Fisher Scientific).

For protein quantification, MS/MS spectra were matched against UniProt mouse reference
protein database and calculated using the MaxQuant search engine Andromeda (13). Label
free quantification (LFQ) was performed (13) and ‘no number assigned’ values were imputed
to complete a normal distribution in Perseus prior to t-tests, false discovery rate exclusion and

visualisation in Perseus software (Max Planck Institute).

Secreted proteins detected were visualised on a volcano plot and proteins exhibiting

significant differences (P < 0.05) in abundance comparing tissue types represented.
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Pericardial samples (compared with inguinal subcutaneous) had 246 proteins of higher
abundance, and 22 proteins of lower abundance. These data were clustered on a heatmap to
reveal depot-specific differences and sample-specific secretome profiles. Proteins with the
largest differential in abundance were listed in rank order. The group of highest abundance in
pericardial (vs inguinal subcutaneous) adipose tissue were primarily metabolic proteins (and
lowest were more varied), suggesting pericardial adipose tissue has more mobile

metabolically active proteins.

Further characterization of the more abundant proteins released from pericardial adipose
tissue was undertaken (vs inguinal, P < 0.05), performing Gene Ontology (GO) analysis
(Enrichr) to identify cellular components most implicated (14,15). Of particular novel
importance, proteins linked with focal adhesion functionality (GO:0005925) were most
represented — proteins known to regulate intermyocyte connectivity and gap junction
structure. In relation to GO analysis of biological processes, proteins associated with cellular
responses to interleukin-12 (IL-12; GO:0071349) were highly represented, indicating a novel

role for this inflammatory pathway in the heart.

STATISTICAL ANALYSES. For clinical data analysis, normally distributed variables are
presented as mean + standard deviation, and non-normally distributed variables are presented
as median (inter-quartile range). Normality was assessed using the Shapiro-Wilk test.
Independent Student’s t-test, one-way analysis of variance and Mann-Whitney U tests were
used to compare variables between groups as appropriate. The paired Student’s t-test was
used to compare within patient changes across mapped rhythms (600 ms/300 ms) of plaque
activation times and conduction heterogeneity. Proportions were compared using the chi-

squared test. The relationship between continuous variables were evaluated using Spearman’s
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correlation. Cell culture experiments were analysed using unpaired t Student’s t-test or one-
way ANOVA with post hoc Fisher’s LSD tests, where appropriate. A P-value < 0.05 was
considered statistically significant. Tests were performed with SPSS (Version 23, NY, USA),

GraphPad Prism (Version 8.0), Perseus (Version 1.6.0.7) or Enrichr where appropriate.
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ONLINE APPENDIX — SUPPPLEMENTARY RESULTS

Supplementary Table 1. High abundance proteins relating to ‘focal adhesion’
(GO:0005925) released from pericardial adipose tissue (vs inguinal)

Abbreviation | Protein name Difference P-value
143372 14-3-3 protein zeta/delta 0.57 1.57E-03
ACTN1 Alpha-actinin-1 311 2.79E-05
ACTN4 Alpha-actinin-4 1.23 3.52E-04
AMPL Cytosol aminopeptidase 2.94 2.00E-03
ANXAS Annexin A5 2.86 1.94E-02
ARF1 ADP-ribosylation factor 1 2.67 1.36E-03
ARPC3 Actin-related protein 2/3 complex subunit 3 2.05 5.00E-04
CAP1 Adenylyl cyclase-associated protein 1 1.99 2.21E-02
CLH1 Clathrin heavy chain 1 3.23 1.60E-03
ENPL Endoplasmin 1.07 1.69E-02
EZRI Ezrin 2.34 2.09E-03
FLNA Filamin-A 3.77 1.01E-03
FLNB Filamin-B 3.52 4.67E-04
GRP75 Stress-70 protein, mitochondrial 2.89 3.99E-03
HNRPK Heterogeneous nuclear ribonucleoprotein K 3.67 1.01E-04
HSPBI1 Heat shock protein beta-1 241 1.20E-02
IQGA1 Ras GTPase-activating-like protein IQGAP1 2.75 2.74E-03
NPM Nucleophosmin 493 1.02E-05
PABP1 Polyadenylate-binding protein 1 1.99 7.07E-03
PARVA Alpha-parvin 247 7.62E-03
PDC6I Programmed cell death 6-interacting protein 3.73 8.79E-08
PLSL Plastin-2 (LCP1) 2.46 1.73E-03
RL5 608 ribosomal protein L5 2.30 2.47E-05
RL12 60S ribosomal protein L12 2.81 1.55E-04
RLAO 608 acidic ribosomal protein PO 2.66 6.00E-06
RLA1 608 acidic ribosomal protein P1 3.00 8.64E-03
RLA2 608 acidic ribosomal protein P2 3.90 3.53E-04
RS2 408 ribosomal protein S2 1.51 6.76E-03
RS4X 408 ribosomal protein S4 1.55 8.52E-03
RS8 408 ribosomal protein S8 1.70 2.02E-02
RSU1 Ras suppressor protein 1 3.27 6.03E-05
TLN1 Talin-1 2.46 3.68E-06
TPM4 Tropomyosin alpha-4 chain 2.61 1.15E-03
TWF1 Twinfilin-1 1.96 2.69E-02
VIME Vimentin 1.10 1.10E-04
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Supplementary Table 2. High abundance proteins relating to ‘cellular response to
interleukin-12’ (GO:0071349) released from pericardial adipose tissue (vs inguinal)

Abbreviation | Protein name Difference P-value
ARF1 ADP-ribosylation factor 1 2.67 1.36E-03
CAZA1 F-actin-capping protein subunit alpha-1 1.84 2.19E-02
GRP75 Stress-70 protein, mitochondrial 2.89 3.99E-03
GSTO1 Glutathione S-transferase omega-1 2.50 4.09E-03
HNRPF Heterogeneous nuclear ribonucleoprotein F 2.87 8.38E-03
MIF Macrophage migration inhibitory factor 1.71 1.18E-04
PLSL Plastin-2 (LCP-1) 2.46 1.73E-03
PSME2 Proteasome activator complex subunit 2 4.02 6.44E-09
RAPIB Ras-related protein Rap-1A 2.33 2.01E-02
RLAO 608 acidic ribosomal protein PO 2.66 6.00E-06
ROA2 Heterogeneous nuclear ribonucleoproteins A2/B1 1.22 2.46E-05
TALDO Transaldolase 3.94 4.19E-05
TCPA T-complex protein 1 subunit alpha 3.39 1.69E-07
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Abstract

Background

Sex differences in ventricular electrophysiology are recognised clinically with
experimental evidence implicating sex steroids as mediators. There is limited data
exploring electrophysiological sexual dimorphism and sex steroid responsiveness in the
atrium. The aim of this investigation was to determine electrophysiological differences

in male and female left atria at baseline and in response to acute sex steroid exposure.

Methods

Left atria were isolated from male and female C57BL/6 age-matched mice and loaded
with Di-4-ANEPPS. Optical mapping was used to assess action potential duration at 70%
repolarisation (APD7o) and conduction velocity in atria acutely treated with: OnM, 1nM

and 100nM 17B-oestradiol or testosterone.

Results

Male and female left atria demonstrated similar baseline conduction velocity (male vs
female: 53.8+4.8cm/s vs 45.7+3.0cm/s, P=ns) and APD7o (16.1+0.8ms vs 17.0+0.7ms,
P=ns) — although APDyo spatial heterogeneity was significantly greater in females
(2.1+£0.2ms vs 3.1+0.3ms, P<0.05). Oestradiol prolonged APDyo in males (OnM vs 1nM:
14.7+20.9ms vs 16.6+1.1ms, P<0.05) and females (15.5+0.9ms vs 18.8+1.1ms, P<0.05).
The extent of this was greater in females (AAPD7o, male vs female: 3.8+0.7 vs 6.0+0.7ms,
P<0.05). 100nM oestradiol also slowed conduction velocity in both males (58.8+8.3cm/s
vs 44.0£6.9cm/s, P<0.05) and females (45.0+2.5 vs 41.9+2.3, P<0.05), although the

extent of this was greater in males (Aconduction velocity: -14.8+4.5cm/s vs -
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4.3+1.5cm/s, P<0.05). Testosterone prolonged APD7o in males only (OnM vs 1nM vs
100nM: 17.441.4ms vs 22.1+1.3ms vs 24.9+1.4ms, P<0.05) and did not modulate

conduction velocity (P=ns).

Conclusion

This is the first study to show that acute administration of oestrogen/testosterone
rapidly modulates left atrial electrophysiology in a sexually dimorphic manner. These
data are important, indicating that changes in systemic/intracardiac sex steroid
synthesis/balance can cause sudden changes in atrial electrophysiology. Disruption of
sex steroid balance might lead to pathological modulation of atrial electrophysiology

(i.e. conduction slowing/repolarisation prolongation) to increase arrhythmia risk.
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6.1 Background

Sex differences in cardiac electrophysiology are recognised clinically, with women
demonstrating faster heart rates, longer rate-corrected Q-T intervals and steeper
electrical restitution than men [1, 2]. These differences are, at least in part, mediated
through acute/genomic actions of sex steroids on their respective receptors expressed
throughout the myocardium [3]. Myocardial sex steroid receptor expression is
comparable between sexes; however, males have approximately 10-fold higher
circulating androgens and 10-fold lower circulating oestrogens than females —indicating

sex steroid balance is an important factor mediating myocardial sex differences [4-6].

The lower incidence of cardiovascular disease in age-matched premenopausal women
compared to men has led to the classical contention that oestrogens are
cardioprotective. This is supported by the substantial increase in cardiovascular disease
risk/severity post-menopause — a timepoint where systemic oestrogens decline [7, 8].
Contrarily, the Women’s Health Initiative trial demonstrated oestradiol hormone
replacement therapy increased atrial fibrillation risk in postmenopausal women,

indicating the effects of sex steroids on the heart are not fully understood [9].

The cellular electrophysiological mechanisms underpinning atrial fibrillation involve
heterogeneic prolongation/shortening of the cardiac action potential duration (APD)
and/or conduction velocity slowing [10]. Pre-clinical data examining the effects of sex
and sex steroids on atrial electrophysiology are distinctly lacking and ventricular data

has failed to yield consensus, with various preparations/species showing similar and
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different repolarisation times between sexes [11-16]. Greater insight into atrial

electrophysiological sexual dimorphism and sex steroid responsiveness is needed.

We have recently reported pericardial adipose tissue expresses aromatase, indicating
capacity to synthesise oestrogens from androgens to modulate sex steroids locally
around the myocardium [17]. Clinically, pericardial adipose tissue accumulation is linked
with increased atrial fibrillation risk [18, 19]. Evidence suggests release of factors from
the adipose tissue exert paracrine influence on the surrounding myocardium that may
increase vulnerability to atrial arrhythmias. We previously reported that increased
pericardial adipose tissue aromatase expression was associated with greater arrhythmia
vulnerability in isolated male mouse hearts. Also, isolated mouse hearts perfused with
exogenous oestradiol exhibited increased atrial arrhythmia incidence [17]. This suggests
that infiltration of pericardial adipose tissue into the atrial epicardium may lead to
localised regions of oestrogenic influence, modulating atrial electrophysiology to

increase atrial fibrillation vulnerability.

The aim of this investigation was to assess the actions of acute sex steroid treatment on

male and female mouse left atrial electrophysiology.
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6.2 Methods

Animal details

Mouse experiments were conducted under the Animals (Scientific Procedures) Act 1986
and approved by the Home Office and the institutional review board at the University
of Birmingham. C57BL/6 male and female mice (details in Supplementary table $6.1)
were housed in individually ventilated cages, under 12hr light/dark cycles (22°C, 55%

humidity). Chow and drinking water were available ad libitum.

Isolated left atrial optical mapping

Optical mapping experiments were performed as previously reported [20, 21] and a
visual overview of the preparation and output measures are depicted in Fig 6.1. Hearts
were rapidly excised from mice under deep anaesthesia (4% isoflurane in Oz, 3L/min)
and retrogradely perfused on a Langendorff apparatus (4ml/min) with 37°C Krebs-
Henseleit buffer (in mM: NaCl, 118.0; KCI, 3.52; MgS047H,0, 0.83; KH,PO4, 1.18;
NaHCOs, 24.90; glucose, 11.0; CaCly, 1.80; 95% 02/5% CO.). Hearts were loaded with Di-
4-ANEPPS (5uM; Cambridge Biosciences, Cambridge, UK) via bolus injection into the
perfusate over 5min. The left atrium was then resected, pinned flat onto the silicone
base of an organ bath and continuously superfused with Krebs-Henseleit buffer +

blebbistatin (60uM; 37°C; 95% 0,/5% CO,) to reduce motion artefacts.

Left atria were paced from the posterior wall using a 2ms bipolar pulse via platinum
electrodes at twice the capture threshold. Di-4-ANEPPS was excited at 530nm by two
twin LEDs (Cairn Research, Kent, UK). Emitted fluorescence (630nm) was captured at
1KHz using a high spatial resolution ORCA flash 4.0 camera (Hamamatsu Photonics,
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Japan). Wide field macroscopic images of tissue sequentially paced at 120ms, 100ms
and 80ms cycle lengths (100 pulses/cycle length) were acquired using WinFluor V3.4.9

at various recording timepoints.

After 10min of equilibration, a baseline recording was made at all cycle lengths, then
1nM 17B-oestradiol, testosterone, or vehicle (0.0001% ethanol) introduced into the
superfusate. After 10min, a second recording was made, then the superfusate changed
to buffer containing either 100nM oestradiol, testosterone, or vehicle (0.01% ethanol).

A final recording at all cycle lengths was made 10min thereafter.

Optical mapping analysis

Optical mapping data were analysed using ElectroMap [20, 22]. Ensemble averaging of
the last 10 beats of each cycle length was used to assess conduction velocity and APD at
70% repolarisation (APDyo) across the whole left atrium. Images at these specific beats
were spatially and temporally filtered with a 4x4 Gaussian filter and a 3™ order Savitzky-
Golay filter, respectively. Non-physiological baseline deviations were corrected for using
a Top-Hat filter (100ms). APDyo spatial heterogeneity was defined as the standard

deviation of the mean APD7o measure across a whole left atrium.

Statistical analysis

All data are presented as mean + standard error and were analysed blinded. Statistical
analyses were performed in GraphPad Prism 8.4 and are indicated in the Figure legends
throughout. P<0.05 was deemed significant and n denotes the number of mice. In
Figures, #, * and T indicate P<0.05 cycle length effect, treatment effect (OnM vs 1nM or

100nM, at all cycle lengths) and sex difference, respectively.
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6.3 Results

Male and female left atria have similar basal electrophysiology

Male mice were significantly heavier than age-matched females (36.6+1.0g vs 29.0+0.9g,
P<0.05; Supplementary Table S6.1). Males also had larger hearts (153.4+11.3mg vs
111.8+3.3mg, P<0.05), a trend for larger left atria (3.8+£0.4mg vs 3.0+0.2mg, P=0.09) and
comparable heart weight:body weight (P=ns). Neither body weight or left atrial weight

correlated with basal APD7o or conduction velocity (Supplementary Fig S6.1).

Although all hearts were loaded with the same volume and concentration of Di-4-
ANEPPS, we noticed some hearts were more receptive than others, emitting a greater
level of baseline fluorescence. Di-4-ANEPPS can slow conduction velocity [23], so we
wanted to ensure that dye uptake was equal between sexes. Baseline emitted
fluorescence (used here as a surrogate measure of dye uptake) was similar in male and
female atria (Supplementary Fig S6.2A). APD;, was unaffected by variations in dye
uptake; however, conduction velocity negatively correlated with Di-4-ANEPPS uptake

(Supplementary Fig S6.2B & C).

Mean whole left atrial APD7o was not significantly different between males and females
(100ms cycle length, male vs female: 16.1+0.8ms vs 17.0+0.7ms, P=ns; Fig 6.2A-C) and
both sexes exhibited APD7o-rate dependency (Fig 6.2C). Females demonstrated more
variability in APD7o across the left atrium than males (2.1+0.2ms vs 3.1+0.3ms, P<0.05;
Fig 6.2B & D). Conduction velocity was consistent between sexes (53.8+4.8cm/s vs

45.743.0cm/s, P=ns; Fig 6.2E & F).

240



Chapter 6

Acute oestradiol prolongs repolarisation and slows conduction in a

sexually dimorphic manner

To examine the acute electrophysiological responsiveness of the left atrium to sex
steroids, subsets of atria were acutely exposed to 1nM (physiological range) or 100nM
of either 17B-oestradiol, testosterone, or vehicle (ethanol; 0.0001% or 0.01%). Vehicle
did not modulate left atrial APD7o or conduction velocity (Supplementary Fig S5.3A-D).
Both 1nM and 100nM oestradiol prolonged male and female left atrial APD7o across all
paced cycle lengths (100ms cycle length, OnM vs 1nM, male: 14.7+20.9ms vs 16.6+1.1ms;
female: 15.5+0.9ms vs 18.8+1.1ms; P<0.05; Fig 6.3A-D). This effect was of similar
magnitude between sexes treated with 1nM oestradiol, but significantly greater in
females than males treated with 100nM (AAPDyo: 3.840.7 vs 6.0+0.7ms, P<0.05; Fig
6.3E). Male APDyo spatial heterogeneity was unaffected by oestradiol treatment (Fig
6.3F); however, female left atrial spatial heterogeneity was significantly increased at
1nM and 100nM (OnM vs 1nM vs 100nM: 2.2+0.4ms vs 3.2+0.5ms vs 3.7+0.5ms, P<0.05;

Fig 6.3G).

1nM oestradiol did not significantly change male or female left atrial conduction velocity
(Fig 6.4A-C); however, 100nM oestradiol slowed conduction velocity in both sexes (0nM
vs 100nM, male: 58.8+8.3cm/s vs 44.0£6.9cm/s; female: 45.0+2.5 vs 41.9+2.3, P<0.05;
Fig 6.4A-C). This slowing in conduction was greater in male than female left atria treated
with 100nM oestradiol (Aconduction velocity male vs female: -14.8+4.5cm/s vs -

4.3+1.5cm/s, P<0.05; Fig 6.4D).

241



Chapter 6

Acute testosterone modulates male, but not female left atrial

electrophysiology

Acute exposure to 1nM and 100nM testosterone prolonged male APDyo at all paced
cycle lengths (100ms cycle length, OnM vs 1nM vs 100nM: 17.4+1.4ms vs 22.1+1.3ms vs
24.9+1.4ms, P<0.05; Fig 6.5A-C), but females were unresponsive (P=ns; Fig 6.5A, B & D).
Testosterone did not modulate male or female APDyo spatial heterogeneity (P=ns; Fig
6.5E & F). Conduction velocity in both sexes was also unaffected by acute testosterone

treatment (P=ns, Fig 6.6A-C).
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6.4 Discussion

This is the first study to demonstrate that sex steroids can rapidly modulate left atrial
conduction and repolarisation in a sexually dimorphic manner (see Table 5.1 for
summary). No differences were detected in basal left atrial conduction and APDyo
between males and females (Fig 6.2C & F), though greater female repolarisation
heterogeneity (vs males) was evident (Fig 6.2D). Oestradiol prolongs atrial repolarisation
to a greater extent in females but slows conduction velocity more in males. Testosterone
prolongs male repolarisation but does not modulate female left atrial electrophysiology.
These data indicate that changes in sex steroid concentration can rapidly modulate atrial

electrophysiology through a non-transcriptional mechanism.

Male and female left atria demonstrate similar basal electrophysiology

There is a distinct lack of literature assessing atrial electrophysiological sexual
dimorphism. Wen-Chin et al. demonstrated no sex difference in APD between male and
female isolated rabbit left atrial cardiomyocytes paced at long cycle lengths [24];
however, pacing intact left atria at physiological rates revealed a male APD longer than
female [25]. Our data demonstrate male and female mouse left atria exhibit similar
repolarisation times at physiological pacing frequencies (Fig 6.2A-C). There are several
potential explanations as to why no APD sex difference was seen in our investigation.
Wen-Chin et al. used traditional microelectrode methodology for their experiments,
recording from a single site across the large rabbit atrium [25]. Optical mapping
approaches used here revealed that APD varies significantly across the small female
mouse left atrium (Fig 6.2B & D), indicating the latter finding of Wen-Chin et al. might

be an artefact of microelectrode positioning. Species differences in electrophysiological
243



Chapter 6

repolarisation reserve might also explain the discrepancy between investigations.
Mouse atrial action potentials have little-to-no repolarisation plateau phase due to a
greater contribution of the transient outward currents (o), and lesser contribution of

the delayed rectifier currents (/k) compared to rabbits and larger mammals [26, 27].

The novel finding that female left atrial epicardial repolarisation is more variable than
male is interesting. The underlying cellular mechanisms and physiological relevance of
this are not clear. Although there is no data for the mouse atria, in the ventricle, I, and
the ultra-rapid component of the delayed rectifier current (/kur) is uniform between
sexes [28, 29]. It could be that distribution of these channels is not uniform across the
atrial epicardium. Indeed, greater transmural heterogeneities in repolarisation times
and L-type Ca?* currents have been demonstrated in female ventricles compared to the

male [16, 30].

Oestradiol prolongs repolarisation in the male and female left atrium

Low and high dose oestradiol prolonged APD in both sexes, although prolongation was
significantly more pronounced in females (Fig 6.3A-E). There is limited literature
examining the effects of oestradiol on atrial electrophysiology and conflicting results in
ventricular tissue with data demonstrating oestradiol-induced APD shortening [31, 32],
prolongation [32-34] or no effect [35]. In part, this may be a result of a biphasic
concentration-dependent effect [32], but also inconsistencies between studies, with
varying treatment durations/concentrations, paced cycle lengths, and historical poor
reporting on sex. Supraphysiological concentrations of oestradiol (1-30uM) prolong APD
in male mouse ventricular cardiomyocytes through reducing /i, and L-type Ca* currents

[34]. Data from ovariectomised mice indicate that oestrogens negatively regulate
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ventricular /i, via oestrogen receptor a [36]. Together, these ventricular studies indicate
that the atrial APD prolongation we demonstrate might be mediated through inhibition

of I, via oestradiol interactions with oestrogen receptor a.

Kurokawa et al. have shown that 1nM oestradiol prolongs male and female guinea pig
ventricular APD through direct inhibition of Ky11.1 (carries the rapid delayed rectifier
current, k) [32]. Ik contributes only a small amount to mouse atrial repolarisation, so
this direct oestradiol-Ky11.1 interaction likely plays a smaller role than that of I in the
atrial data we present [26, 27]. Contrasting with Kurokawa et al., higher concentrations
of oestradiol in the present study did not shorten APD. 100-300nM oestradiol induced
APD shortening through enhancing the slow delayed rectifier current (/ks) and
suppressing L-type Ca?* currents [32]. Besides potential chamber-specific responses to
oestradiol, this discrepancy may be because the mouse exhibits almost negligible Ixs and
substantially smaller L-type Ca?* currents than larger species [26, 27]. Also, oestradiol
increased female atrial APD heterogeneity (Fig 6.3G). This means various populations of
cardiomyocytes possibly exhibited APD: shortening, no change or prolongation, masking

effects of specific cardiomyocyte populations.

Itis interesting that females, who typically have 10-fold higher circulating oestrogens (vs
males), had greater basal APD heterogeneity (Fig 6.2D) and this was further increased
by exogenous oestradiol (Fig 6.3G). This potentially indicates non-uniform I, Ik and
oestrogen receptor a expression in the female atrial epicardium, although the

physiological relevance is not clear [32, 34, 36].
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Oestradiol slows conduction velocity in the male and female left atrium

There is limited evidence comparing male and female atrial conduction velocity. Here,
we demonstrate for the first time that it is similar between sexes (Fig 6.2E & F),
indicating the electrophysiological factors which dictate conduction (gap junction
coupling and Nay1.5 function) are similar between sexes. 100nM oestradiol slowed
conduction velocity in both sexes, but the effect was significantly more pronounced in
males (Fig 6.4). Conduction slowing has been seen in right atrial electrograms of (post-
)Jmenopausal women acutely receiving oestradiol, but the cellular interactions between
oestradiol and the conduction system have not been extensively investigated. Acute
oestradiol (3.3nM) does not influence maximal action potential amplitude (a conduction
velocity determinant) in rabbit ventricular tissue [35]. This is consistent with our absence

of an effect on conduction with 1nM oestradiol.

Oestradiol-induced conduction slowing, and repolarisation prolongation are both
potentially pro-arrhythmic, increasing the risk of reentrant and triggered arrhythmias,
respectively. This finding has important implications for those taking oestradiol in
transgender or post-menopause hormone replacement therapy, particularly where
evidence already indicates increased risk of atrial fibrillation and associated stroke [9,
37]. This might also provide further mechanistic link between the established
association of augmented pericardial adiposity and elevated atrial fibrillation risk [18,
19]. Pericardial adipose tissue has capacity to synthesise oestrogens which may be
released locally to exert paracrine effects on the atrial myocardium [17]. In mice,
pericardial adipose tissue aromatase content associates with the degree of arrhythmia

vulnerability and acute oestradiol increases arrhythmia incidence [17]. In areas of fibro-
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fatty infiltration into the atrial epicardium, we hypothesise that there are micro-regions
of highly concentrated oestradiol (100nM). It is therefore feasible that pericardial
adipose-derived oestrogens exert a paracrine effect on localised regions of the atria,
causing a non-uniform slowing of conduction/repolarisation prolongation that could

lead to the re-entrant pathways that culminate in atrial fibrillation.

Testosterone prolongs male left atrial repolarisation, but does not

modulate female electrophysiology

The acute effects of testosterone on atrial electrophysiology have not been previously
investigated. We report that females do not exhibit an acute electrophysiological
response to testosterone, whilst males demonstrate pronounced APD prolongation.
Evidence from guinea pig cardiomyocytes and SH-SY5Y cells identifies that testosterone
inhibits Ik through androgen receptor-mediated phosphoinositide 3-kinases signalling
and this may similarly prolong APD [32, 38]. Whilst males and females express
comparable levels of the androgen receptor in the atrium [5], evidence suggests greater
receptor activity in the male heart [39]. Testosterone supplementation post-castration
can prolong ventricular APD [40]. Others have shown ventricular cardiomyocyte APD
shortening in response to acute testosterone - an effect driven through androgen
receptor-regulated lks enhancement and L-type Ca?* current inhibition in the guinea pig
[41]. The discrepancy between our findings and this report could be due to several
factors, including pacing frequency, species differences, but also the limited

contribution of ks to atrial vs ventricular repolarisation [42].
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It is interesting that females do not possess a rapid electrophysiological response to
testosterone. Taking this together with the potentially pro-arrhythmic effects of
oestradiol, indicates that inhibition of oestradiol synthesis (i.e. aromatase inhibition)
may be beneficial in females with atrial fibrillation, as there are no detrimental
consequences of the inevitable testosterone build up. In breast cancer patients,
aromatase inhibitors associate with reduced torsade de pointes incidence than patients
receiving oestrogen receptor blockade [43] — likely because oestradiol can modulate
repolarisation independent of oestrogen receptors [32]. In males, the situation is more

complex and use of aromatase inhibitors may not be so beneficial.

Perspectives and significance

In summary, this is the first evidence that sex steroids can rapidly modulate atrial
electrophysiology. Although male and female basal atrial electrophysiology is similar,
acute responsiveness to sex steroids is sexually dimorphic. Data here indicate changes
in sex steroid concentration/balance may be pro-arrhythmic, prolonging atrial
repolarisation and slowing conduction. This is an important consideration for scenarios
where steroid levels are altered (e.g. with age, menopause, medications). The absence
of a testosterone response in females indicates value in exploring the antiarrhythmic
potential of oestrogen synthesis inhibition in female atrial fibrillation patients. Future
investigations should explore the signalling mechanisms mediating these rapid

electrophysiological responses to sex steroids in the atrium.
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6.5 Conclusions

We conclude that male and female left atrial electrophysiology can be rapidly
modulated by sex steroids through a non-transcriptional mechanism. The effects of sex
steroids are sexually dimorphic with female atria lacking responsiveness to testosterone
but showing greater repolarisation prolongation in response to oestradiol (vs males).
Males show greater oestradiol-induced conduction slowing than females. These data
are important, indicating that changes in systemic/intracardiac sex steroid
concentration/balance can cause sudden changes in atrial electrophysiology. Disruption
of sex steroid balance (i.e. through alterations in systemic or intracardiac synthesis)
might lead to pathological modulation of atrial electrophysiology to increase atrial

fibrillation risk.
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Table 6.1 Summary of male and female left atrial electrophysiology at baseline and in
response to sex steroids. 1, | and — indicate increase, decrease or no difference
respectively between sexes or in response to sex steroid treatment.

APDyo APDyo heterogeneity | Conduction velocity

Male Female Male Female Male Female
Basal - — - N - -
Oestradiol T ™ - T N2 N2
Testosterone ™ - — - _ _
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6.9 Figures
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Fig 6.1 High spatiotemporal resolution optical mapping of the isolated mouse left
atrium. (A) schematic of the isolated mouse left atrium optical mapping rig. (B) image of
a Di-4-ANEPPS-loaded left atrium excited by 530nm LEDs. (C) APD7o mapping across the
isolated left atrium. Pixel colour indicates APDy at a specific location. Zooming in on a
single pixel (right), reveals optical action potentials, of which the last 10 in a stimulus
train were ensemble averaged for data analysis (dotted box). Ensemble averaging of
these 10 beats from all pixels across a whole atrium (bottom) allows generation of a
single action potential and calculation of mean tissue APD7o. (D) activation maps indicate
propagation pathway from the stimulus site (posterior wall) across the appendage.
Colours indicate time of depolarisation, allowing for mean whole left atrial conduction

velocity to be calculated.
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Fig 6.2 Basal electrophysiology in male and female mouse left atria. (A) exemplar
ensemble averaged optical action potential traces, indicating APD7o measurement point
in male and female left atria and (B) APD7o maps of tissue paced at 100ms cycle length.
(C) Mean APDo across 80, 100 and 120ms paced cycle lengths and (D) APDyo spatial
heterogeneity at 100ms cycle length. (E) exemplar activation maps from male and
female left atria at 100ms cycle length and (F) mean conduction velocity. Two-way
repeated measures ANOVA (C) and unpaired t-tests (D & F). +P<0.05 between sexes and
#P<0.05 indicates cycle length effect; n=18 and n=20 for male and female, respectively.
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Fig 6.3 Oestradiol prolongs left atrial repolarisation to a greater extent in females than
males. (A) exemplar male and female ensemble averaged left atrial optical action
potentials treated with OnM or 100nM oestradiol and (B) APD7o maps (100ms cycle
length). Male (C) and female (D) mean whole left atrial APD7owith OnM, 1nM and 100nM
oestradiol treatment at 80ms, 100ms and 120ms cycle lengths. (E) oestradiol-induced
change in APD7o in male vs female left atria. Male (F) and female (G) APDyo spatial
heterogeneity with increasing oestradiol concentration (100ms cycle length). Two-way
(C-E) or one-way (F & G) repeated measures ANOVA with Sidak’s multiple comparison
tests. #, * and T indicate P<0.05 cycle length effect, treatment effect (vs OnM at all cycle
lengths) and sex difference, respectively; n=6-9.
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Fig 6.4 Oestradiol slows left atrial conduction velocity to a greater extent in males than
females. (A) exemplar male and female left atrial activation maps treated with OnM,
1nM or 100nM oestradiol. Male (B) and female (C) mean conduction velocity with OnM,
1nM and 100nM oestradiol treatment. (D) oestradiol-induced change in conduction
velocity in male vs female left atria. One-way (B & C) or two-way (D) repeated measures
ANOVA with Sidak’s multiple comparisons. * and 1 indicate P<0.05, treatment effect and
sex difference, respectively; n=7-9.
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Supplementary Table S6.1 Male and female mouse body characteristics. Age, body
weight, left atrial weight whole heart weight and heart:body weight ratio in male and

female C57BL/6 mice. Unpaired t-tests, 1P<0.05; n=18-20.

Male Female P-value
Age (weeks) 28.410.7 27.7+0.6 >0.05
Body weight (g) 36.6%1.0 29.0+0.9 <0.05 ()
Left atrial weight (mg) 3.810.4 3.0+0.2 0.09
Whole heart weight (mg) 153.4+11.3 111.843.3 <0.05 ()
Heart weight: body weight (mg/g) 4.5+0.4 4.5+0.2 >0.05
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6.11 Supplementary Figures
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7.1 Summary of key findings

Cardiac arrhythmias pose a significant risk to life and healthcare burden. Atrial
fibrillation is the most common arrhythmia, impeding life quality and posing significant
risk of stroke and heart failure (1). Ventricular fibrillation associates with abrupt onset,
resulting in sudden cardiac death without immediate cardiopulmonary resuscitation and
defibrillation (2-4). Current therapeutic options aim to target the electrophysiological
defects with limited success and do not address the processes that generate an
arrhythmic substrate (5-8). Recent evidence implicates pericardial adipose tissue
accumulation as an independent risk factor for fibrillation in both heart chambers (9-
22). Evidence for the mechanisms underlying these associations is limited. Studies so far
have focussed on pericardial adipose tissue release of pro-inflammatory mediators and
their paracrine actions promoting epicardial fibrosis (23-29), with virtually no
understanding of how cardiac adiposity affects cardiomyocyte electrophysiology and
inter-myocyte conduction. Recently the presence of a local androgen-oestrogen system
infaround the heart has been detected which may be involved in arrhythmia

vulnerability (30,31).

Experiments in this thesis addressed the cardiac electrophysiological implications of
augmented pericardial adiposity to define the mechanisms by which arrhythmia risk is

elevated in this context.
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Four major aims were addressed in this thesis:
1. Establish whether transmural electrophysiology is modulated in the context of

elevated cardiac adiposity.

2. Compare electrophysiology of cardiomyocyte cultures from different origins as

prelude to examining the paracrine influences of pericardial adipose tissue.

3. Ascertain whether obesity and epicardial adiposity associate with cardiac

electrophysiological remodelling which may increase arrhythmia vulnerability.

4. Examine whether sex steroids can modulate atrial electrophysiology, indicating

their potential as paracrine regulators of arrhythmia vulnerability.

The major findings from these investigations were:

1. The ventricular myocardium exhibits a transmural conduction velocity gradient,
consistent with the activation sequence. High fat feeding causes epicardial
conduction slowing, hence loss of the transmural gradient, increasing vulnerability
to transmural/intramural reentry. Augmented pericardial adiposity and epicardial

fibrosis evident with high fat feeding implicates them as potential mediators.

2. hiPSC-CM and NRVM cultures display similar electrophysiology and exhibit good

capacity to detect changes in repolarisation via experimental intervention.

3. Obesity associates with prolonged left atrial repolarisation and epicardial adipose
tissue exerts a paracrine effect to similarly modulate hiPSC-CM electrophysiology.

Prolonged repolarisation predisposes to triggered arrhythmia — a key feature of
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atrial fibrillation onset, indicating a potential paracrine role for epicardial adipose

tissue in the initial formation of an unstable electrical substrate.

4. Oestrogen and testosterone prolong repolarisation and slow conduction in the left

atrium, indicating their potential as paracrine regulators of arrhythmia vulnerability.

7.2 Pericardial adipose tissue and arrhythmia vulnerability: new
electrophysiological insights

7.2.1 Pericardial adiposity and atrial electrophysiology

Obesity associates with increased atrial fibrillation risk, but the cellular
electrophysiological mechanisms are poorly understood (32). Atrial fibrillation onset is
progressive, with paroxysmal symptoms typically underpinned by triggered arrhythmia
processes, and permanent/persistent disease states a result of structural/electrical
remodelling predisposing to reentry. To investigate the electrophysiological remodelling
that occurs with obesity, mice were fed a high fat diet and left atrial electrophysiology
assessed. Repolarisation was prolonged and conduction velocity unaffected in obese
mice, indicating their increased vulnerability to triggered arrhythmias which underpin

paroxysmal atrial fibrillation.

Pericardial adipose tissue accumulates with obesity (31,33,34). The last decade has seen
numerous studies establishing pericardial adiposity as an independent risk factor for
atrial fibrillation risk, severity, and post-ablation outcomes (9-11,14). It is well
understood that certain cellular electrophysiological changes must occur for atrial

fibrillation to precipitate; however, there is virtually no understanding of how cardiac

270



Chapter 7

adiposity affects cardiomyocyte electrophysiology. Co-culturing human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) with epicardial adipose tissue
fragments prolonged repolarisation. This is consistent with epicardial adipocyte-induced
action potential duration prolongation demonstrated in rabbit atrial cardiomyocytes
(30). Further, these data are consistent with the prolonged repolarisation in the obese
mouse left atrium. Although this thesis did not assess pericardial adiposity in these mice,
various clinical and preclinical studies indicate pericardial adipose tissue accumulates
with obesity/high fat feeding (31,33,34). Together these data indicate pericardial
adipose tissue exerts a paracrine effect to rapidly induce electrophysiological
remodelling in a manner conducive with increased triggered arrhythmia vulnerability,

classically implicated in atrial fibrillation onset.

Introduction of epicardial adipose tissue fragments into hiPSC-CM culture medium
increases bioavailability of free fatty acids. An important hallmark of cardiomyocyte
maturation from a neonatal to adult state is the switch of metabolic substrate from
glucose to fatty acids (35-37). Maturation of cardiomyocytes from a neonatal/immature
state to adult involves prolongation of repolarisation and so potentially the
electrophysiological response detected in hiPSC-CM-epicardial adipose tissue co-culture
are a result of an altered metabolic profile, rather than pathological (38). Nevertheless,
switching metabolic substrate from glucose to free fatty acids in hiPSC-CM cultures does
not affect repolarisation time, supporting the contention that the effect demonstrated
in this thesis is proarrhythmogenic and likely not mediated by free fatty acids (39,40).
Furthermore, this thesis also demonstrates an important thirty-day timeframe for

maturation of hiPSC-CM electrophysiology. As such, experiments in this thesis only used
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cultures which showed stable electrophysiology from 30 days post differentiation
induction for epicardial adipose tissue co-culture experiments. Similarly, hiPSC-CM
electrophysiology was compared to NRVM as prelude to epicardial adipose tissue co-
culture investigations to benchmark the characteristics of the locally produced hiPSC-
CMs against more classically used NRVMs. These data revealed similar repolarisation
times and B-adrenergic responsiveness between hiPSC-CM and NRVM, validating the

use of these locally produced hiPSC-CMs in electrophysiological investigations.

Together these data support the use of pericardial adipose tissue accumulation as a
potential early marker for atrial fibrillation vulnerability. This thesis speculates that
obese patients with paroxysmal symptoms may be most responsive to weight loss and
Class IV antiarrhythmic drugs which shorten repolarisation. Concurrently, Class Il
antiarrhythmic drugs which prolong repolarisation, may exacerbate arrhythmia
vulnerability in these patients. Class Ill antiarrhythmic agents are the most commonly
prescribed drug among atrial fibrillation patients and so perhaps stratifying patients who
are obese with paroxysmal symptoms into initial treatment with Class IV antiarrhythmics
may be beneficial (41,42). Further studies are warranted to identify the signalling
molecules facilitating the paracrine actions of pericardial adipose tissue on the atrial
myocardium which may identify novel therapeutic targets of the processes which drive

the disease, not just the symptoms.

7.2.2 Pericardial adiposity and ventricular electrophysiology

The sudden onset of ventricular fibrillation makes diagnosis and identification of at-risk

patients difficult. Recent data indicate pericardial adipose tissue accumulation as a risk
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factor for ventricular fibrillation vulnerability, but the cellular mechanisms are unknown
(15-19,21,22). This thesis demonstrates a transmural conduction velocity gradient in the
rat ventricle, whereby epicardial conduction velocity is faster than endocardial. This
gradient is abolished in the setting of high cardiac adiposity. A conduction velocity
gradient has not been previously probed for in the ventricle although numerous studies,
including this thesis, demonstrate a clear action potential duration gradient (43-49).
Further studies are required to examine the functional relevance of this gradient, which

we hypothesise helps maintain normal endocardial-epicardial activation sequence.

Loss of this conduction gradient in the setting of augmented pericardial adiposity is
interesting — especially because this is driven by a slowing in the myocardial region
nearest the overlaying fat depots. Augmented fibrosis in the epicardium is likely a driver
of slowed conduction. This thesis does not provide empirical evidence for the stimulus
of fibrosis but notes the association between pericardial adiposity and extent of
epicardial fibrosis. Others have demonstrated pericardial adipose tissue has capacity to
release factors, such as activin A, to promote atrial fibrosis (23). This thesis hypothesises

occurrence of similar mechanisms within the ventricular epicardium.

Itis interesting that without obesity, relatively short-term high fat diet intake is sufficient
to induce pathological structural and electrical remodelling of the ventricular
myocardium. This contrasts the classic consensus that general adiposity and subsequent
systemic delivery of adipose released factors are driving disease. These data support the
emerging viewpoint that local adiposity is clearly implicated, and likely releasing factors
with a substantially greater local concentration than those of systemic origin.

Establishing whether a conduction velocity gradient is present in the human ventricle is
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important to further understand the mechanisms leading to ventricular fibrillation. Data

in this thesis indicate that inhibition of fibrosis deposition may be beneficial.

7.2.3 Integrated cardiac response to pericardial adipose tissue

This thesis highlights that the atria and ventricles respond differently to augmented
pericardial adiposity. Atrial repolarisation is prolonged, whilst ventricular repolarisation
is unaffected. Conversely, atrial conduction velocity is unaffected, whilst ventricular
conduction is slowed. At least in part, these effects are mediated through paracrine
effects of pericardial adipose tissue on the myocardium. It is possible this discrepancy is
not due to differences in chamber per se, but differences in chamber proximity to
different components of pericardial adipose tissue depots in rodents. Rodents have
minimal pericardial adipose tissue compared to humans, especially epicardial depots.
The small amount of epicardial adipose tissue in rodents is situated near the
atria/atrioventricular groove and outflow tracts (50). The majority of rodent cardiac
adipose is paracardial adipose, which surrounds the heart and has and can access the
myocardium through pores in the pericardial sac (50,51). It could be that these two
different constituents of pericardial adipose tissue synthesise and release different
factors to modulate myocardial function. Indeed, they are of distinct embryonic origin
and supplied by different vasculature (52). Epicardial adipose tissue may release factors
which facilitate repolarisation prolongation, whilst paracardial adipose releases factors
which promote fibrosis formation and conduction slowing. Consistent with this, hiPSC-
CMs (primarily of ventricular phenotype) exhibited prolonged repolarisation in co-
culture with epicardial adipose tissue fragments — indicating the effects are not chamber

specific, but likely pericardial adipose tissue depot-mediated. Although Venteclef et al.,
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(2015) have demonstrated atrial fibrosis in culture with epicardial adipose tissue, this
context in not consistent with the volume of epicardial adipose tissue present in rodents,
so perhaps explains the absence of a conduction slowing in the obese mouse atrium

presented in this thesis (23).

It is interesting that C57BL/6J mice fed a high fat became obese, but Sprague Dawley
rats fed a high fat diet did not. The additional supplementation of sucrose water in the
mouse diet is unlikely to be responsible for this difference, since mice fed the same high
fat diet as rats used in this study demonstrate significant weight gain (31). Existing
literature indicates high fat feeding of Sprague Dawley rats has mixed effects,
sometimes leading to significant weight gain over controls and sometimes not (53-56).
This perhaps just reflects natural biological variation that is a result of using outbred
animals. Systemic obesity may potentially play a role in modulating cardiac
electrophysiology, potentially offering an alternative explanation for differences
between mouse and rat studies in this thesis. Further the absence of any significant
weight gain in rats, highlights they may serve as a better model for cardiac adiposity

studies than mice.

The overall combined response of both chambers to pericardial adipose tissue elevation
is complex, mediated through a variety of factors and the remodelling is likely species
specific and age dependent. Nevertheless, evidence in this thesis indicates that in the
setting of obesity and elevated pericardial adiposity, electrical remodelling of both heart
chambers can occur to predispose to arrhythmia. This is the first direct evidence of the
capacity of pericardial adipose tissue to modulate electrophysiology of both heart

chambers.
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7.3 Sex and sex steroids as modulators of cardiac

electrophysiology

Pericardial adipose tissue has capacity to synthesise and release oestrogens, implicating
sex steroids as potential paracrine modulators of atrial electrophysiology (31).
Experimentally, oestradiol can acutely increase atrial arrhythmia inducibility in mouse
hearts (31). This thesis provides the first evidence that sex steroids can modulate atrial
electrophysiology through an acute, non-transcriptional-based mechanism. Oestradiol
prolongs repolarisation and slows conduction in both sexes, albeit to differing extents.
This response may be proarrhythmic, predisposing to early afterdepolarisations and
reentry, respectively. Repolarisation prolongation is consistent with data in this thesis
examining the electrophysiology of obese mouse left atria and hiPSC-CMs co-cultured
with epicardial adipose tissue fragments. Testosterone was also able to rapidly prolong
repolarisation in the male left atrium. Together, this indicates the possibility that
pericardial adipose tissue-derived sex steroids may similarly modulate atrial
electrophysiology in a paracrine fashion to predispose to arrhythmia. The relative
balance of local oestrogen/testosterone may be critical in mediating rapid
electrophysiological changes in the atrium. Further studies are required to confirm that
pericardial adipose-derived sex steroids are directly involved in regulating atrial

electrophysiology and arrhythmia vulnerability.
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7.4 Study limitations

This thesis employed two different electrophysiological mapping techniques to
elucidate the cellular myocardial changes that occur in the presence of elevated
pericardial adipose tissue. Combined use of two different mapping approaches for
electrophysiological investigations is rare, with laboratories typically selecting either
microelectrode array or optical mapping methodology through cost-benefit evaluation.
The use of both approaches in combination here strengthens the validity of these
findings; however, the drawbacks of these methodologies should be noted. Both
approaches only allow two-dimensional mapping, meaning data of a 3-dimensional
heart surface is somewhat interpolated. For optical mapping this is particularly
important as the setup used assumes equal pixel size across an entire image, which is
not true for three-dimensional heart tissue. Nevertheless, the isolated atrial preparation
is pinned relatively flat, so this limitation is not so problematic as it would be for whole

heart preparations which were not used here.

The use of excitation-contraction uncouplers and voltage-sensitive dyes also limits the
physiological relevance of optical mapping as a technique. Uncoupling contraction
reduces tissue metabolic demand and limits the contribution of strain/stress to
electrophysiological changes — features which are important in arrhythmia pathology
(57). Contraction uncouplers and voltage sensitive dyes can be toxic and themselves
modulate electrophysiology (58-60). Nevertheless, these experiments were performed

over a short timeframe where consistent tissue viability was demonstrated.
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Whilst microelectrode array experiments were not performed in the presence of toxic
dyes or excitation-contraction uncouplers, 2,3-Butanedione monoxime was present
during tissue slice generation to prevent contraction and minimise cutting damage.
Evidence indicates 2,3-Butanedione monoxime rapidly washes out of myocardium
(<5min for complete return of contraction), and so a minimum period of 5 min washout
was included before commencement of mapping experiments (61). Others cardiac slice
mapping protocols employ longer 2,3-Butanedione monoxime washout periods and
gradual temperature increases from 4°C (during slicing and in the holding chamber) to
37°C (during recordings)(49,62). Observationally, contraction was restored rapidly
(<30sec) and electrophysiological parameters consistent with published literature,

indicating the protocol employed was appropriate.

Tissue weights were required to maintain cardiac slice contact with recording
electrodes. Such additional stress on the tissue may itself affect stress/strain-induced
electrophysiological parameters. Tangential cardiac slices themselves were generated
from endocardium to epicardium, meaning the epicardial surface was adhered to the
vibratome specimen holder, potentially limiting oxygen/solution supply during the
slicing process. Hypoxic myocardium demonstrates shortened action potential duration
and slowed conduction velocity (63-66). Although we did not assess for hypoxia-
reoxygenation markers, electrophysiological evidence indicated good viability, with
conduction velocity fastest in the epicardium and velocities consistent with other
literature (62,67,68). The epicardium demonstrated shorter field potential durations
than the endocardium; however, numerous studies indicate this transmural

repolarisation duration gradient is physiologically intrinsic to the myocardium (43-49).
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Rodent tissue was primarily used throughout investigations presented here. Whilst
some investigations used human stem cell-derived cardiomyocytes and recapitulated
rodent findings, it should be noted that there are several electrophysiological
differences between rodent and human tissue. Importantly, rodent myocardium
exhibits a reduced repolarisation reserve, more dependent on the transient outward
currents and ultra-rapid delayed rectifier current than the human myocardium (69,70).
This results in rapid repolarisation with minimal plateau phase in rodent tissue which
conferred experimental difficulty in the microelectrode array-cardiac slice preparation

which has also be noted by others (71).

hiPSC-CM cultures used in this thesis re-plated onto microelectrode arrays as clusters,
limiting the scope to analyse conduction velocity. In Chapter 3 where the hiPSC-CM-
microelectrode array mapping procedures were being optimised, cells were re-seeded
onto 8x8 microelectrode arrays, which limited the capacity to reliably assess conduction
velocity, hence this parameter was not reported. In Chapter 5 this optimised
methodology was refined further, whereby cells were reseeded onto 3x3
microelectrode arrays and strict inclusion criteria were employed to define cultures
where conduction could be mapped (i.e. those cultures with synchronised intercellular
connectivity). This improved mapping capacity; however, it is important to acknowledge
conduction velocity in these instances is not directly comparable to monolayers or intact

myocardium.
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7.5 Conclusions and future directions

There is a clinical association between pericardial adipose tissue accumulation and
atrial/ventricular arrhythmia vulnerability. Through experimental electrophysiological
mapping and histological methodology, this thesis demonstrates the
electrophysiological remodelling that occurs to potentially predispose to arrhythmia in
the setting of augmented pericardial adiposity. This is the first direct evidence that atrial
and ventricular electrophysiology is modulated in the setting of augmented pericardial
adiposity, and at least a component of this is mediated through paracrine interactions
between pericardial adipose tissue and the atrial/ventricular epicardium. Future studies
should investigate the paracrine factors involved in the structural and electrical
remodelling process. This thesis also indicates the potential for sex steroids to rapidly
modulate atrial electrophysiology. With the established presence of an intra-cardiac
androgen-oestrogen system in the myocardium and surrounding pericardial adipose
tissue, future studies should examine the contribution of pericardial adipose tissue-
derived sex steroids as paracrine modulators of electrophysiology, and their potential
contribution to arrhythmia vulnerability. Investigations into the downstream
cardiomyocyte signalling mechanisms affected by pericardial adipose tissue-derived

paracrine mediators should also be examined.

Future investigations should aim to identify novel pericardial adipose tissue-derived
signalling molecules which might yield better therapeutic options, offering a more
targeted antiarrhythmia treatment strategy to limit off-target effects prevalent with

current treatment options.
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i The ability to record and analyse electrical behaviour across the heart using optical and electrode

i mapping has revolutionised cardiac research. However, wider uptake of these technologies is

: constrained by the lack of multi-functional and robustly characterised analysis and mapping software.

: We present ElectroMap, an adaptable, high-throughput, open-source software for processing,

i analysis and mapping of complex electrophysiology datasets from diverse experimental models and

¢ acquisition modalities. Key innovation is development of standalone module for quantification of

i conduction velocity, employing multiple methodologies, currently not widely available to researchers.

: ElectroMap has also been designed to support multiple methodologies for accurate calculation of

¢ activation, repolarisation, arrhythmia detection, calcium handling and beat-to-beat heterogeneity.

¢ ElectroMap implements automated signal segmentation, ensemble averaging and integrates

: optogenetic approaches. Here we employ ElectroMap for analysis, mapping and detection of pro-

: arrhythmic phenomena in silico, in cellulo, animal model and in vivo patient datasets. We anticipate

: that ElectroMap will accelerate innovative cardiac research and enhance the uptake, application and
interpretation of mapping technologies leading to novel approaches for arrhythmia prevention.

¢ 'The incidence and prevalence of cardiac diseases continues to increase every year"?. Adequate prevention and
i treatment requires a better understanding of the mechanistic drivers®. Detailed understanding of spatial and
: temporal electrical behaviour and ionic handling across the heart is integral to this.

: Ability to measure field potentials and conduction from multiple sites can be achieved by contact/non-contact
: electrodes arrays. More recently, optical mapping has allowed measurement and mapping of action potential and
¢ calcium transient morphology and conduction, leading to a broader utilisation of mapping technologies in the
¢ cardiovascular sphere. Increasingly, electrode array mapping has made its way from pre-clinical to clinical arena
: whilst the use of optical mapping continues to expand in experimental research. Optically imaging intact tissue
: using voltage or calcium sensitive fluorescent dyes has advantages over surface electrodes but the requirement
- for contraction uncouplers and inability to perform in vivo experiments limits clinical utility of optical map-
: ping’. Nevertheless, insights from optical mapping experiments have informed our understanding of complex
. arrhythmias and electrophysiological remodelling in heart disease*®. Electrode mapping has equally provided
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vital knowledge®'’, demonstrating that re-entry drives ventricular tachycardia'!, actively guiding current clinical
ablation strategies. Some arrhythmogenic principles, for example in atrial fibrillation (AF), remain poorly under-
stood from a mechanistic standpoint'®!® and thus require further experimentation.

Increased availability of optical mapping hardware in the laboratory has led to expansion of this technology.
Further uptake and wider application is hindered by limitations with respect to data processing and analysis. This
challenge is intensified as developing camera technology provides ever-increasing spatio-temporal resolution.
Furthermore, multiple processing algorithms are employed before the underlying data can be interpreted'*!°.
These algorithms require computational expertise to implement and are commonly developed and used within
individual research groups, utilising techniques specific to camera resolution, file type and animal species. Whilst
some software solutions are accessible, even straightforward calculation of conduction velocity (CV) across the
heart is currently unavailable, but to a few specialist groups. There is an unmet need for a robustly tested map-
ping software that allows high-throughput data processing, analysis, and mapping of electrophysiology from
different acquisition modalities and diverse datasets with distinct electrophysiological (EP) properties (for exam-
ple: animal, human tissue and cell monolayers). Therefore, we present novel and robust open-source software,
ElectroMap, for analysis of voltage and calcium optical mapping data. This work builds upon our previously pub-
lished algorithms'*-"” while integrating analytic approaches developed and validated by others®'4'*'°. ElectroMap
provides analysis of key EP parameters including action potential and calcium transient morphology, calcium
decay constant (7), activation and repolarisation times, diastolic interval (DI), time-to-peak, phase mapping and
dominant frequency (DF). A key innovation is the introduction of a comprehensive CV module for robust inves-
tigation of CV changes. This module integrates established single vector'® and multi vector” techniques for CV
measurement as well as a novel “activation constant” analysis. Furthermore, semi-automated alternans analysis
is enabled through development of a comprehensive alternans detection and quantification module. ElectroMap
integrates automated pacing frequency recognition, ensemble (L.e. multi-beat) averaging and beat-to-beat analysis
options. Here we employ ElectroMap for analysis, mapping and detection of pro-arrhythmic phenomena insilico,
in cellulo, animal model and in vivo patient datasets, and thus demonstrate its utility for cardiac research.

Methods

Expanded details about methods are provided in the Supplementary Material. All animal procedures were under-
taken in accordance with ethical guidelines set out by the UK Animals (Scientific Procedures) Act 1986 and
Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.
Studies conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S. National
Institutes of Health under assurance number A5634-01. Experiments were approved by the home office (mouse:
PPL 30/2967 and PFDA AF77F, guinea pig: PPL PF75E5F7F) and the institutional review boards at University of
Birmingham (murine) and King’s College London (guinea pig). For optical mapping of human tissue, left atrial
appendages were obtained from patients with atrial fibrillation (AF) during thoracoscopic surgery, as described
before?". The study was in accordance with the declaration of Helsinki and approved by the Review Board of the
Academic Medical Center, Amsterdam. I vivo intracardiac data were obtained in a clinical study approved by
local ethics committee for patients undergoing AF ablation at the University Hospitals of Leicester NHS Trust as
previously described”. All patients gave written informed consent.

Optical Mapping. Both mouse and guinea pig optical mapping experiments were conducted as previously
reported. For experiments in mouse”!'>!” fluorescent dye (Voltage: DI-4- ANEPPS, Calcium: Rhod-2AM) was
loaded into Langendorff perfused whole hearts. Left atria were isolated, with the posterior atrial surface exposed.
Atria were superfused under normoxic (95%0,/5%CO,) or hypoxic (95%N,/5%CQO,) conditions. Pacing was per-
formed via bipolar platinum electrode, and fluorescence captured using ORCA flash 4.0 camera (1 kHz sampling
rate, maximum field of view: 200 x 2048 pixels, 71 pm/pixel, Hamamatsu Electronics, Japan). Isolated guinea pig
hearts® were loaded with voltage dye Di-8- ANEPPS, paced via silver bipolar electrodes and imaged using Evolve
Delta 512 x 512 pixel EMCCD cameras (500 Hz sampling rate, 64 x 64 pixels, 320 um/pixel, Photometrics, USA)
mounted on a Olympus MVX10 stereomicroscope.

Human left atrial appendages?! were removed using an endoscopic stapling device (Endo Gia stapler, Tyco
Healthcare Group) and transported to the optical mapping setup in 100 mL cooled superfusion fluid. Atrial
preparation was submerged in a recording chamber, loaded with Di-4-ANEPPS and paced using an epicardial
electrode. MiCAM Ultima camera (2kHz sampling rate, 100 x 100pixels, 100 um/pixel SciMedia, USA) was used
to record epicardial images.

In-vivo Human Mapping. A high-density non-contact multi-electrode array catheter (Ensite Array, St. Jude
Medical, USA) was positioned in the right atrium. Virtual unipolar electrograms were bandpass filtered from
1-100 Hz with additional noise filtering, then exported from a 2048 node geometry as previously described®.

ElectroMap Design and Development. All data processing and analysis was performed using
ElectroMap, Fig. 1a. ElectroMap is developed to run on multiple platforms. It can run either within MATLAB
or as a standalone executable (.exe for Windows and.dmg for macOS) with download of the freely available
MATLAB runtime (see Supplementary Material). Processing parameters and additional modules are adjustable
using custom made graphical user interfaces. Software is designed to handle the widely used TIFF and MAT
formats. Custom input of sampling frequency and pixel size makes it compatible with various cameras and acqui-
sition systems. ElectroMap allows automatic or adjusted region selection (Fig. 1b) and multiple filtering options
(see Supplementary Material for full details of filtering options). Unless stated otherwise, all the signals in Figs 1-
8 underwent spatial (4 x 4 pixel Gaussian, sigma= 1.5) and temporal (3" order Savitzky-Golay) filtering to allow
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a Graphical User Interface
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Figure 1. ElectroMap interface and function. (a) FlectroMap Graphical User Interface with automatic signal
segmentation, image processing, signal processing, display and analysis options highlighted. (b) Illustration of
4 different region selection methods available in ElectroMap. (¢) Example of analysis from one pixel (top inset)
within murine atrial images. Action potential duration (APD) 30 (blue), 50 (green) and 70 (red) are calculated
from time of maximum upstroke velocity (vertical grey line) to 30%, 50%, 70% repolarisation respectively. Time
of repolarisation calculated by linear interpolation (dotted line) between sampling points, as shown for 50%
repolarisation in lower inset. (d) Time taken to process and analyse 5 image stacks of murine left atria from raw
images to conduction velocity calculation, comparison of ElectroMap and our previously published algorithms.
(e) Selection of pseudo-colour maps denoting some of the electrophysiological parameters measurable using
ElectroMap.

effective EP parameter quantification from single image pixels (Fig. 1c). The ElectroMap user interface permits
signal inversion via a simple checkbox option. User-defined settings can be stored and recalled for future analysis.

Integration of automated pacing frequency recognition and numerous user-defined segmentation options
(Supplementary Lig. I} enables simple and intuitive application of powerful analysis strategies including
beal-to-beal analysis of long experimental {iles and mulli-beal (ensemble) averaging to improve signal-lo-noise
ralio (SNR). Code oplimization resulled in increased processing speed of up Lo five-limes, compared Lo our pre-
viously published algorithms!® (Fig. 1d).

ElectroMap incorporates several definitions for activation (Start - d*F/dt?,,, Upstroke - dF/dt,,,,
Depolarisation Midpoint, Peak) and repolarisation (Downstroke — dF/dt,;,, Repolarization Percentage, End -
&?T/de,,,,), Supplementary Tig. I1. Repolarisation percentage can be set Lo any custom value between 0 and 100%
repolarisation/decay [rom peak for both repolarization and duration mapping (Supplementary Fig. 11I). Unless
stated otherwise, depolarization midpoint was used (o creale activalion maps, action potential duration (APD)
was defined from upstroke to 50% repolarization and calcium transient duration (CaT} was defined from upstroke
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to 50% repolarization/decay. For calcium transient analysis, T was calculated by fitting a mono-exponential model
to a user defined region of decay from peak cytosolic calcium. Cardiac alternans were measured as change in
duration or peak amplitude from one calcium transient to the previous. Additionally, effects of cytosolic calcium
load were investigated by comparing load’ and ‘release’ alternans amplitude, as in Wang et al.?>. Analysis results
can be exported from ElectroMap’s interface as TIFF files for individual maps, AVI/GIF files for multi-image
analyses such as beat-to-beat (see Supplementary Video I), and comma separated value (.csv) files for parameter
distribution and beat-to-beat analysis.

Statistical analysis. Data are presented as mean standard error. Differences between group means
were examined using two-tailed, paired Student’s t-test or using One Way Analysis of Variance (ANOVA) with
Bonferroni test, and were accepted as significant when P < 0.05.

Results

We have developed a novel, user-adaptable, semi-automated, robust, open-source software ElectroMap using
MATLAB, see Fig. 1a for graphical user interface. The software is freely downloadable from https://github.com/
CXO531/ElectroMap, and is available as a standalone executable file or as source code which can be run and
edited in MATLAB. Algorithms implemented within ElectroMap have previously been validated against mono-
phasic and transmembrane potentials in murine atria'®. Here, we present the application and further validation of
ElectroMap for the analysis and mapping of basic and complex cardiac electrophysiology from optical mapping
datasets (Figs 1-8) and endocardial electrograms (Fig. 8).

Conduction Velocity Module.  Analysis of the spread of electrical activation in cardiac tissue at high
spatiotemporal resolution is one of the most powerful applications of optical mapping. We have developed a
comprehensive CV analysis module within ElectroMap (Supplementary Fig. IV), to overcome a multitude of
complexities and potential user-bias associated with CV calculations'®?*. The module incorporates two estab-
lished methods that rely on superimposing a vector field upon the activation map: (i) multi-vector and (ii) single
vector method (see Fig. 2a,b). Additionally, we have developed a novel method that quantifies time taken to
activate a percentage of the tissue. This approach allows calculation of ‘activation constant” (see Fig. 2c,d), thereby
providing a measure of activation spread across the whole tissue.

To validate the three CV calculation methods, we generated computationally simulated model data (Fig. 3a
and Supplementary Fig. V; for algorithms, see Supplementary Material). All three methods accurately measured
conduction velocities ranging from 10 to 100 ¢cm/s in isotropic model data (Fig. 3a(i)). As shown in Fig. 3b,c,
single vector and multi-vector methods demonstrate a linear increase in CV with faster model conduction speed.
Activation curve method accurately detected a change in CV (Fig. 3d), increase in model CV led to a reduction
in the time taken to activate 50% (acts) of the tissue. We also validated CV analysis methods using models of ani-
sotropic activation (Fig. 3aii) and regional conduction block (Fig. 3aiii). Single vector analysis correctly detected
slower CV along the transverse (180°/360°) compared to longitudinal (0°/270°) direction in anisotropic waves,
and conduction slowing adjacent to the region of conduction block (Fig. 3e). Similarly, multi-vector method
successfully identified regions of reduced CV in anisotropic waves and severe conduction slowing around the
area of conduction block (Fig. 3f). Activation curve analysis was able to detect the slowing of conduction in the
anisotropic wave, as evident by a prolongation of the activation curve, and a delay in activation caused by con-
duction block (Fig. 3g). Additionally, Gaussian noise with incrementally increasing standard deviation (defined
as percentage of action potential amplitude, Supplementary Fig. VII) was introduced to isotropic simulated data
with CV of 50 cm/s, Fig. 3h. As expected, increased noise in single beat data decreases the ability to accurately
calculate CV, with noise levels above 20% resulting in erroneous CV measurements (Fig. 3i). However, SNR can
be improved using temporal and spatial filtering or multi-beat ensemble avenging within ElectroMap. Temporal
filtering (Savitzky-Goaly filter) did not improve CV measurement, whereas both spatial filtering (3 x 3 Gaussian
filter) and ensemble averaging of 10 beats substantially improved CV measurement accuracy.

Further validation was performed using experimental datasets acquired from murine left atrial tissue. We
focused on two physiologically relevant stimuli known to reduce CV: an increase in pacing frequency” and
acute hypoxia®® (Fig. 4a). Indeed, significant slowing of CV, due to increased pacing frequency, was detected
by multi-vector method (Fig. 4b, P=0.0335) and activation curve method, as shown by an increase in the actg,
(Fig. 4c and D, P=0.0119). Both methods also accurately detected a more severe slowing of CV caused by expo-
sure to acute hypoxia (Fig. 4e-g, P < 0.0001 and P=0.0051 respectively).

High-Throughput Beat-to-Beat Analysis. Studies of beat-to-beat variation can provide important
information about short periods of regional or whole tissue electrical instability, e.g. in response to pacing fre-
quency change, pharmacological agents or disease states. Therefore, we developed and tested algorithms to allow
high-throughput analysis of beat-to-beat alterations in long experimental files. Guinea pig hearts were paced
over 70 seconds with a 5-8-5 Hz pacing protocol?” and beat-to-beat changes in APD50 examined (Fig. 5a and
Supplementary Videos I and II). Increasing the pacing frequency (from 5Hz to 8 Hz) induced reversible short-
ening of mean ventricular APD (Fig. 5b). Furthermore, significant APD heterogeneity was detected in the first 4
beats, immediately after transition from 5Hz to 8 Hz (Fig. 5b,c). Switching back from 8 Hz to 5Hz (at 40s) also
induced some APD heterogeneity while highlighting a slow return to the steady state APD (Fig. 5b,d).

Calcium Decay Mapping.  Optical mapping is increasingly utilised to study calcium release patterns across
myocardial tissue or cellular monolayers, in response to disease, genetic factors or drug administration'®. The
estimation of calcium decay constant (7) is common in single cell studies. However, 7 is not commonly mapped
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Figure 2. ElectroMap conduclion velocity module quantification methods. (a) Veclor methods applied to
murine atria. Top panel: multi-vector method, with local conduction vectors (arrows) calculated across the
tissue. Lower panel: single velocity method, where conduction speed is measured along the vector (arrow)
connecting two points. (b) Activation map represented in 3D with x,y pixel positions and activation time

on z-axis. Upper inset demonstrates calculation of one local vector from a 5 x 5 pixel region by fitting of a
polynomial surface ({{x,y)) lo measured aclivation times (1(x,y)). Lower insel shows calculation of single vector
velocily (rom activation time diflerence (At} and distance (r) between two selected points. (¢) Activation of the
murine atria at 20% (acly), 50% (acls), and 90% (acly), lotal activation. (d) The associaled activalion curve,
with acty, acts, and acty, highlighted.

across multicellular preparations®, likely due to lack of support for this function in available software platforms.
We developed algorithms [or calculation of CaT and 7 maps, as shown in Fig. 6a,b. Importantly, Ca'T can be
measured [rom various ‘aclivation limes’ during upstroke (Supplementary Figs 1T and V1), allowing for assess-
ment of both calcium release and uptake (Fig. 6a inset). Moreover, T can be filted [rom any user-defined value
(Fig. 6b inset). To test and validate algorithms developed for calculation of T, mouse atria were loaded with Rhod-
2AM and paced at incremental frequencies (3-8.33-10-12.5 Hz). Software accurately calculated progressively
shorter T values at higher pacing frequencies (Fig. 6¢,d, P < 0.0001 for all pacing frequencies compared to 3 Hz).
Interestingly, higher pacing [requencies were associaled with a reduction in T helerogeneily (Tig. 6¢, P =0.0286
and P=0.0168 [or 10 [1z and 12.5 I1z pacing respeclively).

Alternans Analysis Module.  Alternans are beat-to-beat 2-period oscillations in ion handling, electrical
activity and hence mechanical contraction of the myocardium that can act as a precursor to conduction block and
lethal arrhythmias®~". We have developed a module within ElectroMap to detect and quantify alternans across
tissue and cellular monolayers. Alternans module is capable of quantifying peak, duration, and release or load
alternans (see Supplementary Fig. VIIT for alternans definitions).

In Fig. 7 we demonstrate utility of the alternans module in detection and quantification of calcium alternans
in a murine left atrium loaded with Rhod-2AM. 1he atrium was subjected to high frequency pacing of 12.5 Hz,
initially leading to moderate alternans (Fig. 7a, blue Ca'ls) and then transitioning to more pronounced alternans
(Fig. 7a, red CaTs). ElectroMap was used to generate maps allowing visualization and alternans quantification
across the atrium (Fig. 7b,c). Alternans displayed clear spatial heterogeneity (Fig. 7b,c) with increased ‘CaT Peak
Alternans’ correlating with changes in diastolic calcium load (‘Load Alternans’), see Fig. 7c.
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Figure 3. Validation of conduction velocity quantification methods using model datasets. (a) Model
conduction datasets exhibiting isotropic conduction (i}, anisotropic conduction (ii) and isotropic conduction
with a 2:1 conduction block in lower right region (iii). (b-d) Measured conduction velocities (CV) from
isotropic conduction model datasets spanning 10 to 100 cm/s using ElectroMap. (b) CV is measured using a
single vector from centre of sample (black) and from edge of sample (pink). (¢) multi-vector method is used
with windows sizes of 3 x 3 (green), 5 « 5 (red) and 10 x 10 (blue) pixels. CV is then measured as mean of the
magnitude of all local vectors calculated, with error bars representing the standard deviation of the mean. (d)
Activation curve method with acts, (time to 50% activation) used to quantify conduction. (e-g) Three CV
quantification methods applied to model datasets with isotropic, anisotropic and conduction block present
conduction. In all three cases, fastest model conduction was 50 cm/s. (e) Change in measured CV as a function
of angle using single vector method from centre of tissue. (f) Distribution of local vector magnitude measured
by multi-vector method (5 x 5 pixel window) in the three model datasets. (g) Activation curves from the model
datasets. (h) Example activation maps from unfiltered model datasets with isotropic conduction of 50 cm/s,
but with 10% and 30% signal noise. (i) Measured CV using multi-vector method (5 x 5 pixel window) from
unfiltered (Black), temporally filtered (Savitzky-Golay, Blue), Spatially filtered (3 x 3 Gaussian, Green) and 10
beat ensemble averaged (Red) model datasets at increasing noise levels, n — 5 at each noise level.
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Figure 4. Validalion of conduction velocily quantification methods in murine atria. (a) Activation maps [rom
murine atria at 3Hz and 10 Hz pacing (i), and during normoxia and hypoxia (ii). (b) Pacing at 10 Hz slows CV,
measured using multi-vector method. (c) Representative activation curve showing prolongation of activation
at 10 Hz vs 3 Hz pacing. (d) Pacing at 10 Hz slows CV, measured by time to 50% activation (actsg). (¢} CV
slowing induced by hypoxia, measured using multi-vector method. (f) Representative activation curve showing
prolongation of activation curve by hypoxia. (g) Iypoxia slows CV, measured by time (o 50% activation (aclsg).
Grouped data displayed as mean _ standard error, n=8, *P < 0.05 by paired (-(est.

Human Optical Mapping and Electrogram Recordings.  ElectroMapss utility extends to human tissue,
see Fig. 8a [or optical mapping of human atrial appendages. We also looked Lo test whether ElectroMap can be
applied to analysis of clinically relevant mapping technologies. Right atrial virtual electrograms {rom a patient
during sinus rhythm and AL were recorded and analysed after QRS subtraction®. During sinus rhythm, the
spread of activation was calculated from the timing of dV/dt,,;, in each electrogram, generating an activation map
(Fig. 8b). ElectroMap clearly identified higher DF components (Fig. 8c) during AF in the physiological range of
4-10 Hz (DF range can be set within ElectroMap’s interface). Additionally, marked phase discontinuities (Fig. 8d
and Supplementary Video 111} are observed in the electrogram recordings during AL These findings are con-
firmed using previously published algorithms®? with similar areas of high dominant frequency and discontinuous
phase behaviour identified (Fig. 8e,0).

Additional Features. ElectroMap analysis options further extend to measure diastolic interval (DI) and
time to peak. DI is measured from APD90 to the following activation time, which can be difficult to quantify in
low SNR samples on a single beat. To validate the DI function, guinca pig hearts were loaded with Di-8-ANEPPS
and pacing cycle length was decreased in 10 ms intervals from 170 ms to 110 ms. Ensemble averaging of 10 beat
segments was used to produce an ‘average beat diastolic interval, with improved SNR, and DI mapping function
was validated by plotting DI-APD restitution curves (Supplementary Fig. VIII). Both APD50 and DI decrease
more rapidly at higher pacing frequencies as previously demonstrated®'.

Optogenetic excitation and pacing via light pulses in cardiac tissuc expressing light sensitive ion channels is
a novel rescarch tool*>** and may even be used for cardiac pacing in patients*. Towever, introduction of large
amplitude light pulses will distort optical mapping images and thus preclude processing and analysis of such
data. 'To this end, ElectroMap integrates a pacing artefact removal algorithm (Supplementary Fig. IX), which can
identify and correct for light-pacing peaks, thereby allowing processing and analysis of previously obscured data.

Discussion
"This work presents the development and validation of a novel open-source soflware for analysing and mapping
optical and electrical signals. We demonstrate the compalibility of ElectroMap with a variely of camera lypes, spe-
cies and experimental models. Key [ealures include comprehensive measurement, analysis and mapping of global
and regional conduction, versatile signal segmentation and semi-automated high-throughput analysis of action
potential and its spatial and temporal (beat-to-beat) variations, calcium transients, and cardiac alternans. Using
model and real data, we demonstrate the application of ElectroMap for analysis, measurement and mapping of
basic and complex electrophysiology and its utilily in dissecling pro-arrhythmic mechanisms in vitro and in vivo.
LlectroMap is buill on years of inlernational research and development in oplical mapping processing and
analysis, described in many excellent papers and reviews®#118333 Algorithms (hat ElectroMap relies on have
previously been validated against monophasic and transmembrane potentials in murine atria'®. Further valida-
tion performed against established open-source (Rhythm'") and commercially available software {Optiq, Cairn
Research, UK) yielded similar APD values and activation maps (Supplementary Fig. X). To the best of our knowl-
edge, this is the {irst such comparison of commonly used analysis algorithms, which should help instil confidence
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Figure 5. Bcal Lo beat analysis of whole guinca pig heart. (a) Tissue averaged fluorescent signal from voltage
dye loaded guinea pig heart across 70 s experiment. (b) Graph of whole heart beat-to-beat changes in mean
APDS50. (¢) Raw trace and whole heart APD50 maps prior to (beats 17 & 48) and immediately after (beats 19—
52) pacing frequency increase from 5 Hz to 8 Hz (blue in A and B). (d) Raw trace and whole heart APD50 maps
prior to {beats 300 & 301) and immediately after (beats 302-305) pacing frequency return to 511z

in interpretation of data generated thus far. Importantly, ElectroMap provides further functionalities and outputs,
nol widely available currently, including ensemble averaging, multiple CV methodologies, aulomatic frequency
delection, signal segmentalion, allernans analysis and decay constant mapping. The use of ElectroMap extends
beyond optlical mapping, allowing for its application in clinical seltings with electrogram array data.

Robust validation studies performed using both model and experimental data demonstrate ElectroMap’s util-
ity for accurately quantifying key parameters of electrical function and calcium release across cardiac tissue. CV
quantification in model data with noise verified that processing using ElectroMap allows accurate parameter
quantification. In this case, ensemble averaging proved the most eflective processing strategy due (o the ran-
domness of the noise and the underlying identical morphology of all simulated action polentials. In other cir-
cumslances, (e.g. beal-lo-beal varialions) ensemble averaging of signals should be avoided, necessitating distinct
processing strategies such as spatial filtering, temporal filtering and baseline correction which are all employable
using ElectroMap.

Additionally, we demonstrate thal improved processing speeds with aulomalic or user defined signal segmen-
Lation enable more complex and compultationally challenging analyses; e.g. beal-lo-beal variations in APD or
regional differences in calcium decay. Indeed, we demonstrate that using ElectroMap, rapid and straightforward
analysis of long experimental datasets can reveal acute periods of pro-arrhythmic EP behaviour throughout the
entire guinea pig myocardium (Fig. 5). Such analysis would otherwise be missed by ensemble averaging of multi-
ple beats or analysis of a single beat. ElectroMap, in contrast, provides rapid analysis of these complex EP parame-
ters and exporls (o video and spreadsheet formats thal facililale interpretation of the observed patterns. This may
be of particular imporlance when examining the pathophysiological effects of rapid changes in heart rate and/
or immediate and prolonged responses Lo stimuli such as adrenaline or acule ischaemia. With improving SNR
through better cameras and dyes, there is an increasing demand for beat-to-beat analysis of mapping data*”*, We

o]
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Figure 6. Calcium analysis and decay constant validation. (a) Cal'50 map from murine atrium as measured
from time of maximum upstroke velocity to 50% decay, illustrated in red in region of interest signal

(CaT50 yoke)- Also shown is the measurement of CaT50 from peak amplitude in region of interest (blue,
CaT50,e map in Supplementary Fig. VA). (b) Map of decay constant, 7, from the same atrium. Map shows
calculation of T by fitting of exponential decay points between 30% and 90% decay [rom peak (T35 o), illustrated
for the regional signal in blue. Also shown is calculation of T between 10% decay and baseline (red, 7.5, map
in Supplementary Fig. VD). (¢) Representative T maps (30_90) from murine left alria as pacing [requency is
increased. (d) Data showing shortening of mean 7 across the atria with increased pacing frequency. (e) Data
showing decrease of T heterogeneity (measured as standard deviation of mean 7 across individual atria) across
the atria with increased pacing frequency. Data displayed as mean + standard error, n = 5. P < 0.05, One-Way
ANOVA followed by Bonferroni multiple comparison lesl against 3 [z pacing.

anticipate that ElectroMap’s ability to achieve such analysis in a high-throughput semi-automated manner will
prove valuable for preclinical and clinical researchers.

The ability to simultaneously use three CV quantification methods is a key feature of FlectroMap. This is
essential due to inherent limitations of each individual methodology for analysis of cardiac CV'%?!. Here, we
demonstrate that single vector method can suffer from significant user-generated overestimation of CV (see
Supplementary Fig. IVA). More automated approaches have been proposed, such as that of Doshi e al.** whereby
single vector quantification is limited to areas where activation time linearly increases. Within ElectroMap’s con-
duction module, we have looked to overcome and highlight difficulties with the single vector method via an auto-
matic angular sweep of measured CV from a user chosen point, as in Fig. 3e and Supplementary Fig. IVA. This
approach reveals inherent variability that stems from user-defined propagation direction. FlectroMap automat-
ically identifies the slowest conduction direction, which, in normal circumstances, will be parallel to wavefront
propagation. 'The angular sweep additionally allows straightforward identification of longitudinal and transverse
Cygto

Application of multi-vector method reduces the likelihood of user-introduced errors but does not eliminate
them completely. Simulation studies by Linnenbank ef al.'® for instance demonstrate that despite increased auto-
mation, multi-vector methods can introduce systematic errors in CV quantification. The successful use of the
method requires minimum criteria to be mel in terms of grid size, local region size and angular binning for iden-
tification of propagation directions. Another problem can stem from inability to fit local vectors to some areas
of the tissue. For example, activation definitions that are intrinsically limited to sampling rate (such as upstroke)
can result in local regions where measured activation time is the same throughout. In such circumstances, mean-
ingful surface fit (e.g. Fig. 2b) or other methods for describing local activation such as finite difference analysis™,
are not achievable?. This can be particularly problematic in small tissue samples, like isolated murine left atria,
or in lissues exhibiting fast conduction and/or wavebreak. Viable solutions (o this issue include interpolation of
data between sampling points or use of alternative activation definitions such as depolarisation midpoint (see
Supplementary Fig. 1T and IV). However, this relies on accurate signal interpolation, not always achievable in
practice**. Epicardial conduction velocity quantification can also be complicated by multiple breakthroughs in
the endocardium leading to inaccurate CV estimation during complex arrhythmias™ or in the absence of epicar-
dial pacing. In conclusion, there is no universally applicable activation measure suited for every optical mapping
experiment, further validating the need for integration of multiple activation and CV quantification methodolo-
gies within ElectroMap.

ElectroMap incorporales a novel aclivation curve method of conduction analysis. This method allows
users to quantify the time taken to activate a defined tissue percentage or study the whole activation curve. The
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Figure 7. Alternans module. (a) lissue averaged fluorescent signal from calcium dye loaded mouse atrium
paced at 12.5Hz, showing distinct alternans behaviour at 0.5-3 s (blue, moderate alternans), and 4-6.5s (red,
large alternans). (b) Representative signals and time averaged alternans maps from tissue during moderate
alternans behaviour. Four maps shown correspond to the four measures of alternans available in ElectroMap
(see methods and Supplementary Fig. V1). (c) Maps during period of large alternans (41-6.5s) show increase in
alternans amplitude, and clear spatial discordance.

methodology is less susceptible to user bias or to sparsity of local vectors in areas of rapid conduction as it does
nol rely on user inpul or vector calculation. Purthermore, activation lime can be normalized Lo lissue size, yield-
ing an aclivalion constant in units such as ms/mm?2 This extends the use of the aclivation constant to studies
where tissue morphology may be allered, such as in hypertrophy or genolype dependent diflerences in cardiac
structure. However, activation constant only provides a summarised measure of activation, thus a combination
of analysis methods may be required for robust interrogation of cardiac conduction. Additionally, despite the
various CV methods within ElectroMap, conduction analysis can remain challenging if the underlying activation
paltern is heterogencous, often observed in arrhythmic lissue and cultured cardiac monolayers'™. The ‘Ceoflinn’
method of Tomek ef al** combines sophisticaled image processing lechniques with novel wavefront tracking
algorithms and can polentially overcome helerogeneily issues™.

Defining activation times for APD and CaT duration mapping is an important but complex and often poorly
understood analysis option. Different studies utilize distinct features of the upstroke to define activation, includ-
ing dF/dt,,, (upstroke)™, d?F/dt? ,,, (start)™®, depolarization midpoint’” and peak®. Similarly, time of repolari-
salion/decay can be measured al a defined repolarisation percentage''s, dP/di,, (downstroke) or d*[/d .
‘The paramelers best suiled for duration measurement will depend on experimental model, signal quality and
experimental question. We have integrated all of these user-selectable definitions within ElectroMap for both
APD (Supplementary Fig. IT) and CaT mapping (Fig. 6a and Supplementary Fig. VI).

Similarly, 7 calculations can be customised in ElectroMap’s interface to calculate decay constant for any
user-defined segment of the calcium reuptake. This permits analysis of cytosolic or SR* calcium handling kinet-
ics in diflerent animal species and cells. For example, note the regional discrepancy between CaT50 and 7 atrial
maps in Fig. 6a,b. This contrast results [rom the definition in CaT50 used, i.c. time from upstroke Lo 50% decay
(CaT50,u0ke) CaT50yroke is @ measure of both the release and reuptake of the cytosolic calcium. In contrast,
T depends only on reuptake kinetics, and so is unaffected by the changes in calcium release. By measuring CaT
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Figure 8. Human atrial optical and electrogram mapping analysis. (a) Activation map and example signals
generated from human left atrial appendage stained with voltage sensitive dye. (b) Activation map and
example signals generated from human right atrial in vivo clectrogram array recordings. Labels refer to closest
anatomical structure on 2D map - IVC and SVC: Inferior and Superior Vena Cava, CSO - Coronary Sinus
Ostium, Fossa - Fossa Ovalis. (¢) Dominant Frequency analysis between 4 and 1011z, showing localized arca
of increased frequency during AF. (d) Phase maps at 3 time points during sinus rhythm and AE Synchronised
phase behaviour during sinus rhythm is not replicated during AE The displayed frames are taken from phase
mapping over 30s, Supplementary Video I1. (¢) Dominant Frequency analysis and (f) Phase maps at 3 time
points during sinus rhythm and AT performed using previously published algorithms of similar datasets?%.

from peak (CaT50,,), the CaT50 and 7 values become more similar across the atria (Supplementary Fig. VI).
Deciphering pathophysiological relevance of these observations is not within the remit of this manuscript.
However, we predict the user-defined tools for comprehensive measurement of vital duration and relaxation
parameters that ElectroMap provides will aid understanding of cardiac pathophysiology.

‘Lhe utility of processing and analysis algorithms in ElectroMap can extend beyond optical mapping. Here, we
show analysis of in vive virtual unipolar electrogram recordings from human right atrium (Fig. 8b-d). Despite
the contrasting waveforms compared to optical mapping, by analysing the timing of dV/dt,;, in electrogram
recordings, ElectroMap is able to accurately calculate local activation times. Beyond its clinical utility, access to
analyses such as dominant frequency and phase mapping, allowing mapping the site of triggered activity during
arrhythmia (Fig. 8¢,d), can aid the translation of experimental data'®*."Lhese capabilities of ElectroMap require
further systematic validation against a range of clinically used platforms, however current outputs are compara-
ble to previous published analysis of similar datasets?, see Fig. 8c—f. Implementation of other analysis options
available within ElectroMap such as beat-to-beat segmentation, CV quantification and alternans detection and
quantification hold immense potential for the analysis of clectrogram data.

FlectroMap provides a robustly validated open-source flexible tool for processing and analysis of optical map-
ping data. We anticipate ElectroMap to facilitate increased uptake of optical mapping in cardiac electrophysiol-
ogy. Furthermore, application of novel data analysis strategies developed here will further our understanding of

SCIENTIFICREPORTS | (2079)9:1389 | https://doi.org/10.1038/541598-018-38263-2 11

298



Appendix

www.nature.com/scientificreports/

the mechanisms underpinning lethal arrhythmia. The application of ElectroMap extends beyond optical map-
ping. Here, we have demonstrated that ElectroMap can also be used in the analysis of clinical electrogram-based
mapping data. Moreover, application of high-throughput CV quantification methodologies can be applied to
drug-screening pipelines for cardiotoxic effects in cell monolayers. There is scope to broaden the existing func-
tions of ElectroMap, for example, by introducing dual-analysis of simultaneous voltage and calcium recordings
and implementing computational approaches to overcome motion artefacts*’. Furthermore, increases in compu-
tational efficiency through more sophisticated computational techniques, such as parallel processing, would allow
for faster data processing and could eventually facilitate in-acquisition analysis.
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Optical mapping is an established technique for high spatio-temporal resolution study of cardiac electrophysiology in multi-cellular preparations.
Here we present, in a step-by-step guide, the use of ElectroMap for analysis, quantification, and mapping of high-resolution voltage and calcium
datasets acquired by optical mapping. ElectroMap analysis options cover a wide variety of key electrophysiological parameters, and the
graphical user interface allows straightforward modification of pre-processing and parameter definitions, making ElectroMap applicable to a wide
range of experimental models. \We show how built-in pacing frequency detection and signal segmentation allows high-throughput analysis of
entire experimental recordings, acute responses, and single beat-to-beat variability. Additionally, ElectroMap incorporates automated multi-beat
averaging to improve signal quality of noisy datasets, and here we demonstrate how this feature can help elucidate electrophysiological changes
that might otherwise go undetected when using single beat analysis. Custom modules are included within the software for detailed investigation
of conduction, single file analysis, and alternans, as demonstrated here. This software platform can be used to enable and accelerate the
processing, analysis, and mapping of complex cardiac electrophysiology.

Video Link

The video component of this article can be found at https://www jove.com/video/59663/

Introduction

Optical mapping utilizes fluorescent reporters of voltage and/or calcium concentration to interrogate cardiac electrophysiolugy (EP) and

calcium handling in multicellular preparations, with greater spatial resolution than achievable with traditional techniques “~. Therefore, optical
mapping has emerged as an |m§)§‘r517agt and ever increasingly utilized technique, providing key insights into physiological and pathophysiological
electrical behavior in the heart™ . Effective processing and analysis of data obtained from optical mapping experiments is complicated

by several factors. The high spatlotemporal resolution nature of optical mapping datasets results in raw videos files composed of thousands
of image rrames each made up of a number of individual pixels, giving rise to large data files that necessitate high-throughput and automated
processmg Small pixel sizes, poor and uneven dye loading and small fractional changes in fluorescence result in optical signals with low signal
to noise ratio (SNR), requiring pre-processing before effective analysis is achievable " . Processing and analysis can be further complicated

by the use of optogenetic pacing protocols which utilize light to initiate activation, potentially distorting the recorded signal from the fluorescent
sensors'"'?. Furthermore, once data has been processed, several non-consistent techniques and definitions can be applled to measure
parameters of interest, with the most applicable techniques varying depending on experimental setup, model and question™ 21012 These
limitations prevent further uptake of the technology and hinder truly objective analysis.

To overcome these limitations, several research groups have designed custom processing pipelines tailored towards their experimental model,
question and hardware” %1% B . Others utilize commercial proprietary software where the underlying algorithms may be difficult to access™

As a result, there is a clear need for a freely available open-source software platform for processing and analysis of optical mapping data. It is
important that this software is open-source, easy to use, flexible to parameter adjustment, applicable to a range of experimental models with
distinct EP properties and crucially allows straightforward and tunable quantification of the range of cardiac parameters that can be studied using
optical mapping.

We have recently published and released a comprehenswe software platform, ElectroMap, for high-throughout, semi-automated processing,
analysis and mapping of cardiac optical mapping datasets "% Here, we present a video manual for the utilization of ElectroMap and demonstrate
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how it can be used to process, analyze and map several optical mapping datasets. We focus on the use of ElectroMap to quantify standard EP
and calcium handling variables and demonstrate the use of standalone conduction velocity, single file analysis and alternans modules.

1. Optical mapping data collection

1.

Perform cardiac optical mapping using one of a wide range of experimental models including intact and isolated whole heartsa"s, isolated

atria , ventricular wedges™, cardiac slices” ““, and cellular monolayers™. See associated references for experimental designs to collect
raw optical mapping data from these preparations. Provided that data obtained can be converted to a tiff stack or saved in a .MAT file, it
should be analyzable using ElectroMap. This includes data of varying dimensions (square/rectangular) and resolutions (maximum tested
currently 2048 pixels x 2048 pixels).

2. Software installation and start-up

NOTE: Below are detailed the two methods for installing and running ElectroMap — either within MATLAB run from the source (.m) code or as a
standalone executable file (.exe for windows). The final software and its functionality are invariant between the two setup options (other than a
few differences in directory navigation). Therefore, the main considerations for choosing version to install are access to MATLAB and required
toolboxes and whether access to source code is desired. Where possible, it is recommended to use the MATLAB version for faster start up
times, shorter processing times, and easier error reporting.

1.

Setup 1: Running electromap within MATLAB

1. Install MATLAB. ElectroMap was designed in MATLAB 2017a, however, software has been tested for use in all subsequent releases
of MATLAB (up to 2018b at time of writing). The following toolboxes are required: Image Processing, Signal Processing, Statistics and
Machine Learning, and Curve Fitting.

2. Download/clone all files from the latest ‘source code’ release of ElectroMap from the GitHub repository (https.//github.com/CX0531/
ElectroMap). Unzip the downloaded contents to a desired location.

3. Open MATLAB and navigate to the folder location hosting the ElectroMap source code. Then, open the file ElectroMap.m and press
run in the editor, or alternatively type ElectroMap in the command window and press RETURN. This will start the ElectroMap user
interface, Figure 1A.

2. Setup 2: Standalone .exe file

1. Download the installer file: https://drive.google.com/open?id=1nJyl07wSWIt5zWeitOaEyIbtg31tANXI.
2. Follow the instructions in the installer, which will download required the MATLAB runtime from the web alongside ElectroMap software.
3. Run ElectroMap.exe.

NOTE: Start up time for the standalone version can be several minutes.

3. Image loading and pre-processing

1.

Press Select Folder and navigate to the location of the data file(s) to be analyzed. This will populate the left-hand listbox with all files within
that directory that are of the correct file type (.tif or MAT). .MAT files must only contain the image stack variable.
NOTE: Only folders and not individual files will appear as you navigate through the directory selector.
Select file to be loaded from within the interface and press Load Images.
1. Once loaded, the first frame will appear, and the red outline will indicate automatic thresholding of the image. If needed, reload
previously used ROIls by selecting Save/Load ROI. In this case, skip step 3.3.
2. As default, thresholding is based on the pixel intensities in the first frame. If desired, modify this to a threshold based to the signal
time course amplitude by changing the option in the Image for threshold dropdown menu. Please note that once the thresholding is
selected, it is then applied for the whole image stack.

If desired, change the threshold option to manual, which will activate the slider to manually adjust the image threshold. Additionally, crop
images (Crop Image) and/or draw a custom region of interest (Custom ROI) for analysis by selecting the appropriate tick box(es) below
threshold options. Note that advanced options for region of interest selection such as number of areas are available from ROI Selection from
the top menu.

Onoce an appropriate threshold has been applied, press Process Images to apply processing. Settings for processing are detailed below
(step 3.4.1-3.4.5). At this point, ensure that the correct camera settings have been entered. These are Pixel Size in ym (IMPORTANT: this

is the image pixel size, and not the size of the pixels that make up the chip or equivalent hardware in the imaging device) and Framerate in
kHz.

1. For signal inversion, tick the Invert Data checkbox to enable. If reported fluorescent signal is inversely proportional to parameter of
interest (as with commonly used potentiometric dyes) the signal can be inverted.

2. For spatial filtering, select Gaussian or Average from the kernel menu. The size of the spatially averaged area is controlled by the
Size input adjacent to the Kernel dropdown menu (i.e. 3 results in 3 pixel x 3 pixel filter kernel). When applying a Gaussian filter, the
standard deviation can also be set from the Sigma input.

3. For baseline correction, select Top-hatz“ or polynomial (4"' or 11" degree) correction”® from the Baseline menu. Correction can be
applied to each pixel individually (long processing time) or as an average of the entire image (quicker but assumes homogenous
baseline alterations). Top-hat correction can also be modified by setting the Top-Hat Length in milliseconds, adjacent to the baseline
selection dropdown menu. The length of the Top-Hat kernel should be greater than the timescale of the individual action potentials/
calcium transients.
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4. Fortemporal filtering, select Savitzky-Goaly or infinite impulse (lIR) filtering from the Filtering menu.

NOTE: Other than for the tissue averaged signal that appears in the bottom left, temporal filtering is applied to each pixel individually
at time of parameter quantification from ensemble averaged image ranges. This has been implemented to reduce processing time by
filtering small sections of data when required rather than entire files.

5. For frame removal, note that if the Remove Frames option is selected, large peaks with amplitude greater than the signal of interest
can be removed from the image set. This may be useful in optically Faced datasets such as optogenetic pacing where depolarization is
initiated by optical activation of opsins such as channelrhodopsin 2"12,

NOTE: As frame removal will potentially introduce unphysiological step changes into the image signals, temporal filtering may introduce
artifacts to the data and so is not recommended here.

5. Note that signal will be segmented once Process Images has been selected according to the options under Segmentation options,

however this can quickly be changed without reprocessing the entire dataset (see section 4).

4. Data segmentation and ensemble averaging

NOTE: Once the file has been processed, peaks in the tissue averaged signal (bottom right trace, Figure 1A) will have been detected and
labelled by red circles. Only peaks above a set threshold (blue line on trace that is set by Peak Threshold) are counted. Additionally, peaks are
only counted if they are sufficiently delayed compared to the previous peaks, set by the Min Peak Distance input. Signal is then segmented
based on the detected peaks. First, the effective cycle length (CL) of each peak is calculated by measuring the time between it and the next
peak. If a number of peaks (set by Min Number of Peaks input) have similar CLs (threshold for which is set by Minimum Boundary input) then
they are grouped and the average CL for those peaks calculated.

1.

For further segmentation of the data, press Segment Signal. Sub-segmentation options are: None - all peaks with same CL grouped
together; All — Segments of Nyeaxs Within the constant CL times (npeaks is set by the Segment size input) are identified; Last — Final npeaxs
before a CL change are identified and grouped, and all others are not analyzed; and Single Beat — This is equivalent to applying the All
segmentation with nyeaxs = 1, and so no grouping or ensemble averaging (see 4.5) are applied. This can be applied by selecting the Single
Beat button.
1. Apply custom segmentation of the signal by zooming in on a time of interest and selecting Segment Signal. This will add an additional
option entitled Zoomed Section to the section list box, corresponding to the time points selected.

The results of the segmentation will appear in the list-box adjacent to the tissue averaged signal, and will show section number and the
estimated CL. All segmented time sections are denoted by different colors. Select a segment from the list-box to highlight that section in red.
This will also automatically trigger analyses of this section, as if the Produce Maps button was selected (see section 5).

Analyses of grouped peaks will be performed on the ‘ensemble averaged' data. This involves averaging the peaks in a segment together, with
the reference times being the peaks identified in step 4.2. Update the time window to average by modifying the before and after inputs and
pressing Segment Signal.

5. Action potential/calcium transient duration and conduction velocity analysis

1.

Once images have been processed, the Produce Maps button will become active. Press Produce Maps to apply action potential duration
(APD), activation time, conduction velocity and SNR analysis. By default, the analysis will be applied to the first signal segment. Select other
segments from the list-box will apply analysis to chosen segment.

NOTE: Results of analysis are displayed in results table, including mean, standard deviation, standard error, variance and 5th to 95th
percentile analysis. Duration maps are termed 'APD’ maps however, calcium signals processed using the same settings will measure calcium
transient duration.

Select Get Pixel Info to see a detailed display of the signal from any pixel within the image, and Compare Pixels to simultaneously plot
signals from up to 6 locations.

1. Use the Signal Processing panel to adjust settings for duration analysis. These are: Duration — Time of percentage repolarisation/
decay to measure from peak; ‘APD’ Baseline — Time period of signal that is defined as reference baseline for amplitude
measurements; and ‘APD’ Start time — Start time for duration measurements. These are the same options for deciding the activation
time for isochronal maps (discussed below) and are termed: Start ( sz/dtQmax), Upstroke (dF/dtya), Depolarisation midpoint (time of
50% amplitude), Peak (time of maximum amplitude). These definitions applied to mouse and guinea pig action potentials are shown in
Figure 2A.

NOTE: Changing any of these options will automatically update the duration map and the results table. Map scale and outlier removal
options are also available.

Conduction velocity is also measured automatically within the main software interface. This is achieved using the multi-vector method of
Bayly et al™ from the isochronal map defined by the chosen activation measure (discussed in step 5.4). Press Activation Points to render a
3D representation of the activation map.

The multi-vector conduction velocity measurement method spatially segments the isochronal map into regions of n x n pixels. Set the value of
n using the Local Window Size input, and set the range of activation times to apply analysis to using the Fitting activation times inputs.
NOTE: For each local region, a polynomial surface, f, is fitted that best describes the relationship between activation time and spatial position,
(x,y). The gradient vector, CV/., of this surface is then calculated as:

Vigewr = PF(x) (1) "

where |7 denotes the two-dimensional cartesian spatial differential operator®.

For each pixel in the isochronal map, a local vector representing speed and direction of conduction is calculated. Select Isochronal Map with
vectors from the display dropdown menu to view this analysis.
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6. SNR is calculated as the ratio of the maximum amplitude compared to the standard deviation of the signal at baseline. This analysis is
performed post all processing steps. Press SNR calculation in the top menu to edit settings for the period of the signal defined as baseline.

6. Conduction analysis module

1. Press Conduction to access more detailed analysis of conduction velocity. This opens a separate module where conduction can be
quantified using the Bayly multi-vector method as in the main interface, single vector methods, and as an activation curve.
2. Press Single Vector to analyze conduction using the single vector method, where CV is calculated from the delay in activation time between
two points. This can be done using Automatic or Manual methods, selectable below the Single Vector button.
1. For automatic single vector method, select a distance and start point from which to measure conduction. The software will then perform
a 360-degree sweep from the selected point, measuring the time delay and calculating the associated conduction velocity along all
directions in 1-degree increments. The results of this analysis are displayed in the graph adjacent to the map, and the direction of
slowest conduction is shown in red.
2. Formanual single vector method, choose both a start and end point from the isochronal map to calculate conduction velocity. To select
a new start point, press Clear Start Point.

3. Press Local Vector to apply the multi vector method, with the settings matching those from the main interface. Within the conduction module,
the distribution of conduction speeds, as well as the angular distribution of calculated vectors and angular dependence of conduction speed
can be displayed.

4. Press activation curve to plot the percentage of tissue activated as a function of time. Time to 100% activation is automatically displayed,
while custom values for minimum (blue) and maximum (red) activation percentages between which to measure can also be selected.

7. Additional analyses and modules

1. Aside from automatically performed duration and conduction velocity analyses, several other parameters can be quantified using ElectroMap.
These analyses are selectable from the dropdown menu above the display map. Select one of these options to perform the analysis, and the
results will appear in the 4" row of the results table: 1) Diastolic Interval — Time from 90% repolarization to activation time of the next action
potential; 2) Dominant Frequency — Frequency spectrum of each pixel is calculated using the fast Fourier Transform, and the frequency with
the most power is defined as the dominant frequency. Advanced range and window settings for dominant frequency analysis are available
by selecting Frequency Mapping; 3) Time to peak — The rise time between two user selected percentages (default 10 to 90%) of the
depolarization phase of the action potential or the release of calcium. Percentage values can be changed by selecting TTP Settings; and 4)
Relaxation constant (1) — Relaxation constant is calculated by fitting a mono-exponential decay of the form of the form:

F(t) =Fe 7+ (2

where the fluorescence level at time t depends on the peak fluorescence, Fy, and the subsequent decay (C is a oonslanl)zi The value
between which to fit equation 2 are selectable within the main ElectroMap user interfaces, as well as a goodness of fit exclusion criteria
based on the r* value.

2. Press Single File Analysis to open a dedicated module for high-throughput duration and conduction analysis of each identified segment
in a file. Analysis can be performed on either the whole image (duration, conduction and activation time) or on selected regions or points of
interest (currently duration only). Results are outputted to a .csv file.

NOTE: For APD values from the whole image, the first column in the .csv file is the mean, while the second column is the standard deviation.

3. Press Alternans to initiate a standalone module for dedicated analysis and mapping of beat-to-beat variability. See O'Shea et al. 2019"
for details on alternans processing and analysis options. Specifically, this module is designed to identify two period oscillations, known as
alternans. Both duration and amplitude alternans are calculated and outputted.

NOTE: Duration alternans are measured by comparing the duration measurement from one peak to the next; i.e. if peak one and two and
APD; and APD, respectively, then the duration alternan (AAPD) is calculated as
AAPD = |APD, — APD,| (3)
The duration measurement is performed using the settings in the main interface. Meanwhile, amplitude alternans can be quantified and
mapped across multi-cellular preparations as absolute change (defined as a percentage where 0% = same amplitude between one beat
and the next). Furthermore, the effects of phenomena such as calcium load can be further investigated by measuring and comparing Load
and Release alternans, as has been previously reported28 If L is defined as the peak amplitude of the large beats (i.e. where the amplitude
is greater than the previous beat), S the amplitude of the small beats, and D the diastolic load of the small beats, the release alternans
(ALT, .1,0:,) are defined as:
ALT,geaee = 1= (5/1) (4)
Conversely, load alternans (ALT,,,.) are defined as:
ALTq0e = D/L(5)
Alternans measurements can be made across the whole tissue, and the results of the analysis are displayed in the bottom right of the
module. When first using the module, the analysis is performed across the entire experimental file, and the results displayed are an average
beat-beat difference across the whole file. However, analysis can be restricted to specific times in the file by de-selecting Hold Zoom,
zooming in on a specific time period, and selecting Analyse Zoomed Section. This will update the results panel to show analysis from the
selected time period.

1. Select play to show a beat-to-beat video of the alternans analysis. Additionally, select Create Mean Map to export a map of the

alternans behavior averaged from the selecting time points, which are set in the pop-up menu when using this feature.

4. Press Phase Map to initiate the phase mapping module. A Hilbert transform is performed to calculate the instantaneous phase (between -
and +) of the signals at each timepoint. Press play or drag slider to visualize phase behavior over time and click on a pixel to render a phase
diagram
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8. Exporting data

1. Data is exported from ElectroMap in a variety of forms. Press Export Values to save the values of the currently displayed map in the main
used interface. Measured values can be saved as either a map (preserving pixel locations) or condensed into a single list, and can be saved
as .csv,.txt or .MAT files.

2. Press Export Map to bring up a pop-up containing the currently displayed map, which can then be saved in a variety of image formats.

Display options for the map are controlled by selecting Map Settings but can also be edited once Export Map has been selected. For

example, a color bar can be added by selecting this icon from the top menu, and the scale can be set by selecting Edit > Colormap.

Press Activation Video to render an animation of the activation sequence, which can be saved as an animated .gif file.

Press Segment Video to save a .avi video file of the currently displayed parameter of each identified segment.

Representative Results

All work performed as part of this study was undertaken in accordance with ethical guidelines set out by the UK Animals (Scientific Procedures)
Act 1986 and Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. Experiments were
approved by the home office (mouse: PPL 30/2967 and PFDAAF77F, guinea pig: PPL PF7SESF7F) and the institutional review boards at
University of Birmingham (mouse) and King's College London (gumea pig). Detailed methods for collection of the raw data that has been
analyzed here can be found in our previous publlcallons

3.
4.

The main interface from which ElectroMap is controlled is shown in Figure 1A. The necessary steps to analyze a dataset are controlled primarily
by the Load Images, Process Images, and Prod Maps buttons, and are shown highlighted in green, blue, and red, respectively in Figure
1A. Figure 1B-D shows the operations that occur on selection of each of these buttons. Load Images applies the image thresholding options as
selected by the user (Figure 1B), while Process Images (Figure 1C) applies filtering and baseline correction. Finally, Produce Maps will first
average data according to the time window and segmentation settings (unless single beat segmentation is chosen) and then perform analyses
described above.

A key aspect of ElectroMap is its flexibility with respect to camera type and experimental model. This is crucial for the utility of an optical mapping
software due to the distinct cardiac EP and anatomical characteristics that exist between widely used models. Figure 2A for example shows the
action potentlal morphology of the murine atria when compared to the guinea pig ventricle, recorded using voltage sensitive dyes as previously
reported 1 . Despite the distinct shape of the action potential, and the use of two separate optical mapping cameras with different framerates and
pixel sizes, ElectroMap can be utilized to successfully analyze both datasets. However, this requires modification of some parameters within the
user interface (Figure 2B). Note that the prolonged guinea pig action potential necessitates a larger time window. Additionally, to prevent top-hat
baseline correction unphysiologically modifying the optically recorded signals, its time length must be increased so that it is greater than the time
course of the action potential.

ElectroMap offers a multitude of processing options to help improve the SNR of optically recorded signals which may be required to effectively
recover EP parameters. An example is automated ensemble averaging of peaks following data segmentation. Figure 3A-C demonstrates

how the application of ensemble averaging, in lieu of other methods, can improve SNR from isolated murine left atria (n = 13). This reduces
measurement heterogeneity and likelihood of analysis failure (Figure 3D) For example, a change of pacing frequency from 3 Hz to 10 Hz did not
alter APDsgo, when no ensemble averaging is undertaken, yet an expected 9 decrease in APDg at 10 Hz pacing was observed when measured
from ensemble averaged data (Figure 3E).

Figure 4 demonstrates the efficacy and utility of automated pacing frequency detection and segmentation offered by ElectroMap. Here, mouse
left atria (n = 5) were paced at a 120 ms cycle length and cycle length was incrementally shortened by 10 ms until it reached 50 ms. ElectroMap
automatically identified the pacing cycle length and grouped tissue averaged peaks accordingly (Figure 4A). This was achieved with high
accuracy in all datasets (Figure 4B). Automated segmentation of the data allowed straightforward and high throughput analysis of the slowing

of conduction velocity with increased pacing frequency/shortened cycle length (Figure 4C,D). Concurrently, APDs, (Figure 4E) and diastolic
interval (Figure 4F) shortened. Amplitude of the optically measured peaks decreased, while time to peak increased (Figure 4G,H). These are
again the expected restitution responses in cardiac tissue?* and use of ElectroMap can help therefore elucidate changes in response to pacing
frequency in presence of pharmacological agents, genetic modification, or disease states.

An important consideration in the use of a software such as ElectroMap is the presence of artifacts in the underlying data. Figure 5, for example
demonstrates that motion artifacts (the distortion of the optically recorded signal by tissue movement) can preclude accurate measurements of
activation and especially repolarization within ElectroMap. See Discussion for further considerations.
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Figure 1: ElectroMap main processing steps. (A) Graphical user interface of ElectroMap, with the Load Images (green), Process Images
(blue), and Produce Maps (red) buttons highlighted. (B) Image thresholding options that can be applied on selecting Load Images. (C) Signal
processing options available to the user include spatial and temporal filtering and baseline correction and can be applied to the image stack
by pressing Process Images. (D) Ensemble averaging and parameter quantification (shown APD measurement) that is activated by selecting
Produce Maps. Figure adapted from O’'Shea et al,, 2019"%. Please click here to view a larger version of this figure.
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Figure 2: Analysis of mouse and guinea pig data using ElectroMap. (A) Optically recorded action potential from mouse atria and guinea pig
ventricles, along with both the first (df/dt) and second (de/dtZ) derivate of these signals. The various definitions for activation and repolarization
times employable within ElectroMap are highlighted. (B) Screenshots of Image and signal processing settings utilized in ElectroMaps interface.
Red boxes highlight settings that required modification between analyses of mouse and guinea pig data. Figure adapted from O'Shea et al.,
2019, Please click here to view a larger version of this figure.
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Figure 3: Ensemble averaging to resolve APD changes. (A) APDsy map and example single pixel signal from single beat optical action
potentials. (B) APDsy map and example single pixel signal from optical action potentials generated by ensemble averaging of 10 successive
beats (peak method). (C) SNR of single beat compared to 10 beat averaged signals. (D) APDsg heterogeneity (i) and number of measurement
failures (i) as a function of SNR for single beat and 10 beat averaged APDsy maps. (E) APDsg at 3 and 10 Hz pacing frequency, as measured
from single beat and 10 beat maps. (Data shown as mean * standard error, n = 13 left atria, ****p < 0.001 by student's paired t-test). Please click
here to view a larger version of this figure.
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ElectroMap pacing frequency recognition
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Figure 4: Use of ElectroMap to study pacing freq p in diac tissue. (A) Example ElectroMap screenshot of pacing

frequency recognition and segmentation. (B) Comparison of known and ElectroMap measured pacing cycle lengths. (C) Activation maps at 120
ms and 60 ms pacing cycle lengths. (D-H) Grouped data of conduction velocity (D), APDs, (E), diastolic interval (F), amplitude (G), and time to
peak (H) as a function of pacing cycle length decreasing from 120 ms to 60 ms in 10 ms increments. (Data shown as mean + standard error, n =
5 left atria) Please click here to view a larger version of this figure.
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Figure 5: Effect of motion artifacts. (A) APDsy map. (B) Activation map. (C) Example signals from locations marked (crosses) on APD and
activation maps. In the area of the tissue marked with the red cross, contraction has not been successfully uncoupled, distorting the measured
optical signal. Please click here to view a larger version of this figure.

Here, we present a step-by-step guide for the utilization of open-source software ElectroMap for flexible and multi variable analysis of

cardiac optical mapping datasets. For successful use of ElectroMap, imaging data is required to be in .tif or MAT formats. ElectroMap
incorporates several modifiable user settings. As demonstrated in Figure 2A, this is necessary due to the wide heterogeneity that exists between
experimental models and imaging hardware. This means however that default settings within the software will not always be optimal, so a critical
step in using the software is for the user to tune settings for their particular experimental setup. These include camera settings and timescales,
as shown in Figure 2B. Once optimal settings have been found, these can be saved and reloaded at later times by selecting Configuration File.

Incorporation of automated CL measurement and signal segmentation are key advantages of the software. These features allow analysis of
acute responses in experimental recordings and widen analysis from focusing on isolated single beats. Once desired segmentation has been
achieved, the Single File Analysis module allows automated analysis of each individual segment (including single beats), realizing high-
throughput analysis of multiple variables across the recording outputted in a single .csv file. In conjunction, ensemble averaging of grouped
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peaks is an effective method to improve quality of noisy signals that is automatically performed in ElectroMap. However, ensemble averaging is
not ubiquitously beneficial, for example in studies of beat-to-beat variability. Therefore, ElectroMap integrates single beat segmentation to avoid
ensemble averaging, alternative processing options to improve SNR (spatial and temporal filtering) and includes the Alternans analysis module
to further investigate and map beat-to-beat variability.

Optical Mapping datasets often exhibit artifacts such as baseline drift and motion artifacts. Equally, the signals generated can be low quality

due to small pixel sizes, short exposure times and low fractional fluorescent changesz. These factors prevent effective and accurate analysis

of the underlying EP behavior. As outlined, ElectroMap has several processing strategies to overcome these issues. However, application of
these algorithms to fundamentally poor quality/distorted data will still prevent effective analysis. SNR is therefore one of the parameters that is
measured and displayed in ElectroMap. Equally, the user can select and compare the signals from specific regions from the sample using the
Pixel Info and Compare modules, allowing identification of phenomena such as motion artifacts shown in Figure §, and appropriate exclusion of
data.

At present, ElectroMap does not support removal of motion artifacts from raw data in the same manner as baseline correction. Therefore,

a possible future development of the software is inclusion of motion artefact removal by computational methods as has been reported“‘
Furthermore, ElectroMap is currently limited to study of one optical signal. However, for ratiometric dyes and simultaneous use of voltage and
calcium dyes”, concurrent processing of two wavelength channels is required. The integration of dual signal analysis is therefore an important
future addition to the software. Extension of analysis options applicable to arrhythmic datasets, such as phase singularity tracking, would equally
broaden the scope of the software™ . Finally, several of the analysis options described can also be useful in analysis of the electrode mapping
data. Indeed, ElectroMap has been used to analyze electrode mapping data despite the contrasting electrogram waveformzo'as, and further
optimization will expand its use for this modality.

P.K. receives research support from several drug and device companies active in atrial fibrillation and has received honoraria from several such
companies. L.F. has received institutional research grants EU, BHF, MRC, DFG and Gilead. P.K. and L.F. are listed as inventors on two patents
held by University of Birmingham (Atrial Fibrillation Therapy WO 2015140571, Markers for Atrial Fibrillation WO 2016012783).

All other authors declare no potential conflict of interest.

Acknowledgments

This work was funded by the EPSRC studentship (Sci-Phy-4-Health Centre for Doctoral Training L016346) to D.P., K.R. and L.F., Wellcome Trust
Seed Award Grant (109604/Z/15/Z) to D.P., British Heart Foundation Grants (PG/17/55/33087, RG/17/15/33106) to D.P., European Union (grant
agreement No 633196 [CATCH ME] to P.K. and L.F.), British Heart Foundation (FS/13/43/30324 to P.K. and L.F.; PG/17/30/32961 to P.K. and
A.H.), and Leducq Foundation to P.K.. J.W. is supported by the British Heart Foundation (FS/16/35/31952).

References

Efimov, I. R., Nikolski, V. P., Salama, G. Optical Imaging of the Heart. Circulation Research. 94, 21-33 (2004).

Herron, T. J., Lee, P, Jalife, J. Optical imaging of voltage and calcium in cardiac cells & tissues. Circulation Research. 110, 6038-623 (2012).

Boukens, B. J., Efimoy, |. R. A century of optocardiography. /EEE Reviews in Biomedical Engineering. 7, 115-125 (2014).

Myles, R. C., Wang, L., Kang, C., Bers, D. M., Ripplinger, C. M. Local B-adrenergic stimulation overcomes source-sink mismatch to generate

focal arrhythmia. Circulation Research. 110, 1454-1464 (2012).

5. Syeda, F. et al. PITX2 Modulates Atrial Membrane Potential and the Antiarrhythmic Effects of Sodium-Channel Blockers. Journal of the
American College of Cardiology. 68, 1881-1894 (2016).

6. Winter, J. et al. Sympathetic nervous regulation of cardiac alternans in the intact heart. Frontiers in Physiology. 9, 1-12 (2018).

7. Faggioni, M. et al. Suppression of spontaneous ca elevations prevents atrial fibrillation in calsequestrin 2-null hearts. Circufation: Arrhythmia
and Electrophysiology. 7, 313-320 (2014).

8. Sato, P. Y. et al. Loss of Plakophilin-2 Expression Leads to Decreased Sodium Current and Slower Conduction Velocity in Cultured Cardiac
Myocytes. Circulation Research. 108, 523-526 (2009).

9. Yu, T.Y.etal Optical mapping design for murine atrial electrophysiology. Comy Methods in Bic hanics and Bi dical Engi
Imaging & Visualization. §, 368-378 (2017).

10. Laughner, J. I, Ng, F. S., Sulkin, M. S., Arthur, R. M., Efimov, |. R. Processing and analysis of cardiac optical mapping data obtained with
potentiometric dyes. American Journal of Physiology. Heart and Circulatory Physiology. 303, H753-65 (2012).

11. Crocini, C., Ferrantini, C., Pavone, F. S., Sacconi, L. Optogenetics gets to the heart: A guiding light beyond defibrillation. Progress in
Biophysics and Molecular Biofogy. 130, 132-139 (2017).

12. Entcheva, E., Bub, G. All-optical control of cardiac excitation: Combined high-resolution optogenetic actuation and optical mapping. The
Journal of Physiology. 9, 2503-2510 (2016).

13. O'Shea, C. et al. ElectroMap: High-throughput open-source software for analysis and mapping of cardiac electrophysiology. Scientific
Reports. 9, 1-13 (2019).

14. Yu, T. Y. et al. An automated system using spatial oversampling for optical mapping in murine atria. Development and validation with
monophasic and transmembrane action potentials. Progress in Biophysics and Molecular Biology. 118, 340-348 (2014).

15. Jaimes, R. et al. Functional response of the isolated, perfused normoxic heart to pyruvate dehydrogenase activation by dichloroacetate and
pyruvate. Pflugers Archiv. 468, 131-142 (2016).

16. Wang, K. et al. Cardiac tissue slices: preparation, handling, and successful optical mapping. American Journal of Physiology. Heart and

Circulatory Physiology. 308, H1112-25 (2015).

rON=

Copyright © 2019 Creative Commons Attribution 3.0 License June 2019 | 148 | e59663 | Page 9 of 10

310



Appendix

°
lee Journal of Visualized Experiments www.jove.com

20.

. Parrish, D. C. et al. Transient denervation of viable myocardium after myocardial infarction does not alter arrhythmia susceptibility. American

Journal of Physiology. Heart and Circulatory Physiology. (2017).

lhara, K. et al. Electrophysiological Assessment of Murine Atria with High-Resolution Optical Mapping. Journaf of Visualized Experiments.
132, e56478 (2018).

Holmes, A. P. et al. A Regional Reduction in Ito and IKACh in the Murine Posterior Left Atrial Myocardium Is Associated with Action Potential
Prolongation and Increased Ectopic Activity. Plos One. 11, e0154077 (2016).

Lang, D. et al. Arrhythmogenic remodeling of B<inf>2</inf> versus B<inf>1</inf> adrenergic signaling in the human failing heart. Circufation:
Arrhythmia and Electrophysiofogy. 8, 409-419 (2015).

21. Kang, C. et al. Human Organotypic Cultured Cardiac Slices: New Platform For High Throughput Preclinical Human Trials. Scientific Reports.
6, 1-13 (2016).

22. Wen, Q. et al. Transverse cardiac slicing and optical imaging for analysis of transmural gradients in membrane potential and Ca2+ transients
in murine heart. The Journal of Physiology. 596, 3951-3965 (2018).

23. Houston, C. et al. Characterisation of re-entrant circuit (or rotational activity) in vitro using the HL1-6 myocyte cell line. Journal of Molecular
and Cellular Cardiology. 119, 155-164 (2018).

24. Yu, T. Y. et al. Optical mapping design for murine atrial electrophysiology. Computer Methods in Bi hanics and Bi dical Engil
Imaging and Visualization. 5, 368-376 (2017).

25. Laughner, J. 1., Ng, F. S., Sulkin, M. S., Arthur, R. M., Efimov, |. R. Processing and analysis of cardiac optical mapping data obtained with
potentiometric dyes. AJP: Heart and Circutatory Physiology. 303, H753-H765 (2012).

26. Bayly, P. V et al. Estimation of Conduction Velocity Vector Fields from Epicardial Mapping Data. /EEE Transactions on Bio-Medical
Engineering. 45, 563-571 (1998).

27. Jaimes, R. et al. A technical review of optical mapping of intracellular calcium within myocardial tissue. American Journal of Physiology. Heart
and Circulatory Physiology. 310, H1388-H1401 (2016).

28. Wang, L. et al. Optical mapping of sarcoplasmic reticulum Ca2+ in the intact heart: Ryanodine receptor refractoriness during alternans and
fibrillation. Circulation Research. 114, 1410-1421 (2014).

29. Winter, J., Shattock, M. J. Geometrical considerations in cardiac electrophysiology and arrhythmogenesis. Europace. (2016).

30. Mironov, S., Jalife, J., Tolkacheva, E. G. Role of conduction velocity restitution and short-term memory in the development of action potential
duration alternans in isolated rabbit hearts. Circulation. 118, 17-25 (2008).

31. Khwaounjoo, P. et al. Image-Based Motion Correction for Optical Mapping of Cardiac Electrical Activity. Annals of Biomedical Engineering.
43, 1235-1246 (2014).

32. Christoph, J., Luther, S. Marker-Free Tracking for Motion Artifact Compensation and Deformation Measurements in Optical Mapping Videos
of Contracting Hearts. Frontiers in Physiology. 9, (2018).

33. Umapathy, K. et al. Phase Mapping of Cardiac Fibrillation. Circufation: Arrhythmia and Electrophysiology. 3, 105-114 (2010).

34. Tomii, N. et al. Detection Algorithm of Phase Singularity Using Phase Variance Analysis for Epicardial Optical Mapping Data. /[EEE
Transactions on Biomedical Engineerting. 63, 1795-1803 (2016).

35. Cantwell, C. D. et al. Techniques for automated local activation time annotation. and conduction velocity estimation in cardiac mapping.
Computers in Biology and Medicine. 65, (2015).

Copyright © 2019 Creative Commons Attribution 3.0 License June 2019 | 148 | e59663 | Page 10 of 10

311





