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ABSTRACT

Factors affecting cardiac function include those external to the heart (e.g., the
autonomic nervous system, ANS) and intrinsic processes that allow rapid beat-by-beat
adaptation to change in physiological demands. The overall objective of my PhD research
was to develop and utilise methods to investigate the integrated control of cardiac
electrical and mechanical activity by intrinsic and extrinsic mechanisms in the zebrafish.
This involved: 1) creation of a micro-cannulation technique to acutely manipulate the
heart’s hemodynamic load in vivo in intact zebrafish larvae and i1) intracellular
microelectrode measurements of cellular electrical activity in situ in isolated zebrafish
hearts combined with its optogenetic manipulation.

In the developing heart, effects of acute changes in hemodynamic load on cardiac
function are not well established but may be critical for the pre-neuronal control of
cardiac excitation and contraction. The specific aims of the primary portion of my thesis
were to determine the influence of acute changes in hemodynamic load on cardiac
function in vivo in intact zebrafish larvae during: i) different stages of cardiac
development, to define its evolution in the developing heart and ii) pharmacological
interrogation of the ANS and stretch-activated channels, to determine intrinsic and
extrinsic mechanisms driving observed functional changes, along with measurement of
membrane potential and intracellular calcium-dynamics using genetically-expressed
fluorescent reporters. It was found that an acute increase in hemodynamic load at 2 days
post fertilisation (dpf) causes a small decrease in heart rate, which becomes an increase
by 6 dpf and is further increased at 14 dpf, while stroke volume was increased at all
developmental stages. Interventions indicated that effects on cardiac rhythm are mediated
by both intrinsic (stretch) and extrinsic (ANS) mechanisms, while the effects on stroke
volume are purely intrinsic. Metrics of intracellular calcium handling (time to peak
transient, transient duration) were altered with acute hemodynamic loading, while voltage
dynamics remained unchanged.

Activation of cation-conducting channelrhodopsins leads to membrane
depolarisation, allowing the effective triggering of action potentials (AP) in
cardiomyocytes. In contrast, the quest for optogenetic tools for hyperpolarisation-induced
inhibition of AP generation has remained challenging. The green-light activated
channelrhodopsin GtACR1 mediates chloride-driven photocurrents that have been shown
to silence AP generation in neurons. It has been suggested, therefore, to be a suitable tool
for inhibition of cardiomyocytes activity. The aim of this project was to determine the
effects of GtACRI1 with pulsed and sustained light stimulation in intact zebrafish hearts.
It was found that both modes of light stimulation resulted in cell depolarisation, such that
pulsed light paced the heart, and sustained light caused silencing. While this does not
address the need for optogenetic silencing by hyperpolarization, GtACRI is a potentially
attractive tool for activating cardiomyocytes by transient light-induced depolarisation.

Overall, my research has revealed factors involved in the regulation of cardiac
function in response to acute changes in hemodynamic load during development and has
shed light on the potential use of optogenetics for cardiac control. My novel findings may
help us toward a better understanding of disturbances that arise in congenital heart
disease during cardiac development and maturation and how they may ultimately be
treated.

Xiii



ACh
ANOVA
ANS
AP
APD
ATR
AV
B-AR
BP
BR
Ca2t
CaTD
CHD
ChR2
Cr
CM
CNS
CO
COa
CT
CVD

cAMP

LIST OF ABBREIVATIONS

Acetylcholine

Analysis of Variance
Autonomic Nervous System
Action Potential

Action Potential Duration
Atropine

Atrioventricular

Beta Adrenergic Receptors
Blood Pressure

Beating Rate

Calcium

Calcium Transient Duration
Congenital Heart Disease
Channelrhodopsin-2
Chloride

Cardiomyocyte

Central Nervous System
Cardiac Output

Cardiac Output Area Index
Crista Terminalis
Cardiovascular Disease

Cyclic Adenosine Monophosphate

Xiv



DD
DPF
ECC
EDA
EDV
ESA
ESPVR
ESV
EF
FSL
HCN4
HR
HPF
IcaL
Icar12
Icar13
IcaT
Iy

Ixr
Ixs
Incx
ICNS

LV

Diastolic Depolarisation

Days Post Fertilisation
Excitation-Contraction Coupling

End Diastolic Area

End Diastolic Volume

End Systolic Area

End-Systolic Pressure Volume Relation

End Systolic Volume

Ejection Fraction

Frank-Starling Law
Hyperpolarization-Activated Cyclic Nucleotide-Gated Channel 4
Heart Rate

Hours Post Fertilisation

L-type Ca®" current

L-type Ca®" channel isoform CaV1.2 current
L-type Ca®" channel isoform CaV1.3 current
T-type Ca?" channel isoform CaV3.1 current
Funny Current

Delayed rectifier potassium current, rapid
Delayed rectifier potassium current, slow
Sodium Calcium Exchange current

Intra Cardiac Nervous System

Left Ventricle

XV



MEC

MHC

NCX

NE

P1

P2

P3

PNS

PKA

RV

SA

SAC

SACns

SAN

SM

SNS

SR

SV

SVC

TIM

Mechano-Electric Coupling
Myosin Heavy Chain

Sodium Calcium Exchanger
Norepinephrine

Protocol One

Protocol Two

Protocol Three

Parasympathetic Nervous System
Protein Kinase A

Muscarinic Receptor

Right Ventricle

Stroke Volume Area Index
Stretch Activated Channel
Stretch Activated Channel (non-ion-specific)
Sinoatrial Node

Streptomycin

Sympathetic Nervous System
Sarcoplasmic Reticulum

Stroke Volume

Systemic Venous Capacitance

Timolol

Xvi



ACKNOWLEDGEMENTS

Where does one begin to thank everyone involved in such a process. So many
people that have contributed to get me to this point. Most of whom, likely have no idea
the motivation and inspiration they have provided.

I would like to start off by thanking my external examiner, Dr. Ian Scott. We met
briefly at the IZFS conference in Montreal this year. Afterwards, when your name came
up in discussion of potential external examiners, | immediately had a great feeling about
your knowledge and expertise. Thank you for agreeing to take on this task.

To my incredibly patient and helpful committee. Thank you for your continued
support, encouragement, and wise words. Drs. Ketul Chaudary, Yassine El Hiani, Petra
Kienesberger, and Frank Smith. Ketul, your addition to my committee as a chair has
provided great insight and your support and enthusiasm for my work has not gone
unnoticed. Thank you. Yassine your belief in me and the conversations that we have
shared have meant a lot to me and I am truly thankful for the inspiration. Petra, although
much of our communication has been virtual, your input and encouragement in our
meetings has made my presentations and overall progress reach new heights. Frank, a
walking encyclopedia, your leadership and guidance have allowed me to develop as a
scientist and question everything. Thank you for your patience (especially in the earlier
days!).

I would like to thank all the members of the Department of Physiology and
Biophysics. The faculty, staff, administration, as well as fellow students. Although I

might be the worst at responding to emails and participation, your motivation and support

Xvil



to the progression of the department does not go unnoticed. It has been a pleasure
working and learning with all of you.

Thank you to Drs. David Bark Jr. and Deborah Garrity and all the lab members at
Colorado State University departments of Biology and Biomechanical Engineering.
Thank you for welcoming me into your labs and allowing me to learn under your
expertise to help develop as a scientist. Especially, Alex Gendernalik, some of those
times I will never forget. It has been such a privilege to get to know you all.

To my friends and family. Thank you so much for your understanding and
support. It has been a long road and I would not be the person I am today if it were not
for you. I owe so much of any success that I achieve because of you. Mom (and Dad),
thank you for your undying support and unconditional love. Mom, you truly are a saint
and your dedication to everyone around you is inspirational. Melanie and Heather, you
have both been monumental in the support you have provided (whether you know it, or
not). There have been many days where this journey was a lot to bare, thank you for your
help in getting me to the other side. To all my brothers, you continue to inspire me and
make me want to be better on every level. To all my friends, especially the Cole Harbour
boys for the constant laughter and great times. It’s a special bond that we share that is
quite rare and has lasted the test of time. Thank you for your patience in all the missed
events and late arrivals. Nick and Dave, you two have been there for me since day one
and I am so grateful and honoured to call you two my friends. Special shout out to the
Brown Hound Public House, apparently, they have a fantastic late afternoon brunch ;).

To all members of the Quinn Lab new and old, Bre and Eilidh — you have both

been so inspiring and set a high bar in your pursuit to conduct great science. It was truly a

xXviil



pleasure to get to witness you both become absolute rock stars and I look forward to what
the future brings for both of you. Matt, thank you for all the time and dedication you have
provided (especially in the early days). You are so willing to help everyone in the lab,

and anyone would agree the lab would not be as great without you in it.

To the newer members, I have to say, [ was a little reluctant to welcome this new
age TAQ lab after Bre and Eilidh parted. However, this second phase has provided some
exceptional laughs and a perhaps a few too many whiskies. Ahmed, Katherine, Jessi,
Michael, and Zach. You are all great individuals, scientists, and soon to be medical
doctors! I will keep my sunglasses close because the future is bright for all of you! Zach,
thank you for the daily discussions about baseball, politics, news, literally anything other

than writing — these distractions were necessary and extremely welcomed.

Finally, I have to my supervisor, Alex. I have often said that I have put more
thought into this acknowledgements section than the actual document, because words are
not enough to express my gratitude. You have continued to challenge me and help me
grow as a scientist, and as a person. When I first joined the lab, I was (over)confident,
and I quickly came tumbling back to earth after being humbled the first few years of this
program upon realising how little I knew. There is a quote by Ken Poirot that comes to
mind that says, “Greatness is inspiring others to be their best” and for that, Alex, you are
truly great. Your inspiration as a scientist, leader, and how you carry yourself in general,
made me want to keep going and be at my best. I have found my confidence again and I
am very much looking forward to the future, mostly because of you. Creating the

environment at the lab, the opportunities to travel and showcase our research, the

XiX



resources, and perhaps most importantly, the general conversations about nothing at all,

thank you.

XX



CHAPTER 1: INTRODUCTION

Heart disease does not respect national boundaries. It is most appropriate then,
that the pursuit of advancement in medical knowledge must also follow this trend.
Medical advancement, treatment options, research findings, must be internationally
oriented and collaboration focused, for mankind is strongest when we work together

toward a common goal.

1.1. Cardiovascular phvsiolo

Cardiovascular physiology investigates the intricate framework of the heart,
blood, and circulatory system, as well as the associated dynamics and function . The
initiation of a normal heartbeat is achieved through the spontaneous firing of an electrical
impulse from a centralised network of pacemaker cells in the sinoatrial node (SAN). The
electrical impulse produces the corresponding mechanical action necessary to deliver
blood to the network of vessels containing the necessary nutrients and oxygen to the
body 2. Function of the heart is affected by extrinsic and intrinsic mechanisms that allow
adaptation on a beat-by-beat basis **. Stretch of cardiac tissue is a critical intrinsic
modulator of cardiac function, as demonstrated by the increase in heart rate (HR, number
of beats per minute) and stroke volume (SV, blood ejected during a single beat) in
response to increased venous return to the heart . In the developing heart, effects of
acute changes in hemodynamic load on cardiac function are not well established but may
be critical to the pre-neuronal control of cardiac excitation and contraction - prior to
intrinsic neuronal and autonomic nervous system (ANS) contribution. This chapter will

discuss opportunities for the investigation of cardiac electrophysiology relating to two



modalities of measurement of cardiac function 1) increased hemodynamic load and ii)
optogenetic measurement and manipulation. Additionally, this chapter will briefly
discuss studies that have been conducted in small mammalian and zebrafish models —

highlighting advantages and limitations of each model.

1.1.1. Cardiac excitation

The cardiac action potential (AP) consists of a brief change in voltage across the
membrane of CM, facilitated by movement of ions inside and outside of the cell, through
ion channels 7. When a channel is opened, the electrical conductance of specific ions
through that ion channel is increased. Closure of ion channels causes ion conductance to
decrease. As ions flow through open channels, they generate electrical currents that
change membrane potential (Vi).

The initiation of each AP occurs in pacemaker cells of the SAN , characterised as
having no true resting potential, instead displaying a cyclic, spontaneous diastolic
depolarisation (DD) 8. This process involves a positive inward current (‘funny’ current,
Ir) that occurs through the slow activation of hyperpolarisation activated cyclic
nucleotide-gated (HCN) channels during the early phase of diastole, acting against
outward potassium (Iko) currents °. As diastole progresses and Vi becomes more
depolarised, trans-sarcolemmal calcium (Ca?") influx through CaV3.1 transient Ca**
channels (Icar) and CaV1.3 long-lasting (L-type) Ca** channels (Ica1) becomes dominant
10 Once Vi depolarises to reach the threshold for activation of CaV1.2-Ica 1, an AP is
fired !,

In a typical mammalian heart, the SAN generates an electrical stimulus that first

activates the atria, and then travels along the conduction pathways, pausing briefly (100
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ms) at the atrioventricular (AV) node, continuing down the conduction pathway of the
Purkinje fibres and throughout the ventricles via the bundle of His. The bundle of His
divides into right and left pathways, called bundle branches, to stimulate the right and left
ventricles!?. The AP of the working myocardium is different from that of pacemaker
cells, consisting of five phases, as opposed to three in pacemaker cells of the SAN. The
initial phase (phase 4) consists of a resting membrane potential near -90mV. Phase 0 is
defined by a rapid depolarisation initiated by the opening of voltage-gated Na" channels,
resulting in a rapid influx of Na" ions, causing a steep upstroke in the AP, as Vi, changes
from -90mV to +50mV. As the AP transitions into phase 1, /na becomes inactivated
coinciding with the activation of transient outward K" current (/;) causing a small
repolarisation in the Vi, producing a characteristic ‘notch’ in the morphology of the AP.
Phase 2 represents the plateau phase where a Ca* influx occurs through an opening of
voltage-gated Ic, 1 in the transverse-tubules of the sarcolemma. The Ca?" influx balances
the K" efflux, creating a plateau at an electrochemical potential of +50mV, during which
the influx of Ca®" also stimulates Ca*" release from the sarcoplasmic reticulum (SR),
initiating muscle contraction. The last step of the AP is phase 3 and consists of cellular
repolarisation, during which there is a K" efflux through the opening of delayed rectifier
K" channels (Ik:, Iks, Ik1) and closing of the voltage-gated Ica 1, returning Vim back to the

resting potential of -90mV (phase 0), allowing the sequence to repeat.

1.2.Excitation-contraction coupling

Excitation—contraction coupling (ECC) describes the relationship between the
electrical excitation of the cardiomyocytes (CM)preluding the active contraction causing

a mechanical transformation of the heart '3. During this process, second messenger Ca®*
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is an essential component in the electrical activity and the principle activator of
myofilaments, responsible for contraction ',

During the cardiac AP, as Ca" enters the cell, this entry triggers Ca>" release
from the SR via ryanodine receptors located in the membrane of the SR. The combination
of Ca?" influx and release, raises the free intracellular Ca** concentration ([Ca®*];), which
diffuses to the myofilaments and binds with the myofilament protein troponin C (TnC),
enabling the contractile machinery to become activated. In order for the contraction to
relax, [Ca®']i must decrease to allow Ca*" dissociation from TnC, which requires Ca**
removal from the cytosol by three pathways involving SR Ca**-ATPase (i.e., SR
reuptake), sarcolemmal Na*/Ca?" exchange (NCX), and sarcolemmal Ca**-ATPase (i.e.,

cell extrusion) "°.

1.2.1. Cardiac contraction

A sarcomere is the basic contractile unit of muscle fiber, which is comprised of
the two main protein filaments: actin and myosin '*!®. The most popular model that
describes a muscle contraction, is the sliding filament theory !”. In this theory, active
force is generated as actin filaments slide past the myosin filaments, resulting in
contraction of an individual sarcomere. This is powered using adenosine triphosphate
(ATP), but first Ca*>" ions must bind the protein complex TnC, exposing the active-
binding sites on actin '8, Once the actin-binding sites are uncovered, the high-energy
myosin head bridges the gap between itself and actin, forming a cross-bridge with the
actin filament. A phosphate is then removed from the ATP bound to myosin, resulting in
a change in confirmation of the protein becoming adenosine diphosphate, and what is

known as the “power stroke”. At the end of the power stroke, the myosin is in a low-
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energy position.Adenosine diphosphate is released, but the cross-bridge formed is still in
place and requires ATP to unbind '°. ATP binds to myosin again, moving to a high-
energy state and allowing the myosin head to release from the active actin site.

There are two main ways the strength of cardiac contraction is altered: by
changing the amplitude or duration of the Ca?" transient, and by altering the sensitivity of

the myofilaments to Ca®" 13,

1.3. Mechano-mechanical coupling

Acute myocardial stretch from acute changes in hemodynamic load can be
observed in various physiological and pathophysiological conditions (e.g., postural
changes, exercise, myocardial ischemia, hypertensive crises, valvular diseases, and heart
failure) 22!, On a beat-to-beat basis, cardiac contractile function is driven by a
multifaceted and dynamic process that is regulated by both intrinsic (e.g., mechanical
loading) and extrinsic (e.g., neuro-hormonal) factors 22, Specifically, the level of
contractile activation of adult mammalian CM is modulated by the magnitude of the Ca**
transient, the dynamic activation—relaxation kinetic response of the sarcomere to activator
Ca?", and the responsiveness of the myofilament to Ca**, the last of which is dependent
on sarcomere length and is a primary mediator of the Frank—Starling mechanism
(FSM)%,

The basis of the FSM is the intrinsic ability of the myocardium to produce a
greater active force, during contraction in response to stretch, known as length-dependent
activation. A feedback mechanism transmitted from cross-bridge formation to TnC to
enhance Ca®* binding has long been proposed to account for length-dependent activation

24 Advances in muscle physiology research have identified a third filament system
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composed of the elastic protein titin, showing significant coupling of active and passive
forces in cardiac muscle. Titan-based passive force promotes cross-bridge recruitment,

resulting in greater active force production in response to stretch 2.

1.4. Mechano-electric coupling

The primary purpose of the heart is to pump blood to the body, matching the
metabolic needs of the body, accomplished through the delicate balance between
electrical excitation and mechanical contraction *. During basal conditions, ECC is
generally sufficient to sustain the demands of the body !°. However, during instances of
increased metabolic demand, ranging from small postural or hormonal alterations to
larger demands related to exercise or heightened stress, the cardiovascular system must
adapt to supply the body during these dynamic scenarios »°. This is accomplished in part
through a feedback system driven by mechanical input preceding the electrical
contribution, or more eloquently termed mechano-electric coupling (MEC) #*3-28, Both
processes of ECC and MEC are critical in the modulation and sustainability of normal
cardiac function, and together comprise a “mechano-electric regulatory loop” (Figure 1.1)
4.

Early experimental evidence of MEC was reported by Francis Bainbridge who
demonstrated that a rapid increase in HR coincides with right atrial distension by
intravenous fluid injection in anaesthetised canines 2°. This indicates that the heart
responds to increases in hemodynamic load on an acute, time-sensitive, beat-by-beat
basis. This effect is now appropriately termed the Bainbridge reflex. More recently, this
reflex has been recognised as an effect that is intrinsic to the heart (i.e., does not act

through extracardiac reflex loops), as it has been shown in the denervated ** and
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transplanted heart ®!, ex sifu animal hearts , isolated tissue *2, and in isolated pacemaker
cells 3. It is also insensitive to ablation of intracardiac neurons **, block of neuronal Na*

3435 as well as adrenergic and cholinergic blockers **>7, further indicating that

channels
this effect is associated with an intracardiac mechanism. This effect does not appear to be
species dependent, as it has also been observed in a variety of vertebrates *%, including
human *°.

MEUC is essential for the heart’s adaptation to constantly changing physiological
conditions and is important for normal heart function (Quinn, 2015). In some instances
relating to pathophysiological mechanical perturbations, or specific disease states, MEC
can instead create an environment that promotes the development of atrial and ventricular
arrythmias, as well as the overall destabilisation of cardiac rhythm 4048,

In terms of the increase in HR that occurs with an increase in atrial load,
intracellular microelectrode recordings in SAN tissue under stretch have shown increased
maximum diastolic Vi, decreased maximum systolic Vi, and increased DD rate +°.
Patch-clamp recordings in axially stretched isolated SAN cells combined with
computational modelling have provided an explanation for these changes by
demonstrating that stretch responses occur through a mechano-sensitive whole-cell
current, with a reversal potential of ~-11mV %3, likely being carried by the cation non-
selective stretch-activated channels (SACns). Evidence supporting this rapidly activating
effect which involves a current with a reversal potential between 0 to -20 mV %!, This
effect has been demonstrated from studies in which SACxs has been blocked, causing a

reduction of the stretch-induced effect on HR 2. This effect may also be driven by

SACxs in fibroblasts >3, which appear to be electrically coupled to SAN cells **, so could



support stretch-induced depolarisation ¢, A similar effect has also been demonstrated

in stretched Purkinje fibers during ventricular diastole >’, which display a mechanically-

58,59 49,60,61

induced increase in automaticity and conduction velocity

An interaction between intrinsic mechanical control and autonomic modulation

62,63 35 well as isolated atria °*°. It was demonstrated

has been shown in intact animals
that with an increase in atrial pressure, a corresponding increase in HR was paired with a
decrease in response to vagal stimulation. This effect was also present when HR was
reduced through vagal stimulation as the stretch-induced HR response was increased.
This interaction may be mediated by muscarinic K™ channels, as has been more recently
demonstrated with atrial distension . This suggests that parasympathetic nervous system
(PNS) control of HR may be continuously modified by atrial load, further implicating
stretch-induced adjustments of HR to changes in hemodynamic demand as critical for
maintaining cardiac output (CO) .

In physiological conditions, the magnitude of end-diastolic volume (filling) of the
right atrium is directly related to the degree to which the SAN is exposed to stretch. The
amount of venous return is increased during activities that are above basal conditions.
Through the Bainbridge reflex, HR is increased in response to an increase in right atrial
volume. In coordination with this effect are the cell length-dependent changes in SV that

occur though the Frank-Starling mechanism. These two stretch-induced responses act to

mitigate the imbalance in supply by increasing CO, which is the product of HR x SV.

1.4.1. Mechano-sensitive channels

Over the last three decades, molecular drivers of cardiac mechano-sensitivity have

gained increased recognition in the scientific and clinical communities. Stretch-activated
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channels (SAC) have been identified as one contributor to mechano-sensitive
autoregulation of the heartbeat. SAC appear to play important roles in the development of
cardiac pathologies, most notably stretch-induced arrhythmias . Specifically, mechano-
sensitive ion channels sense changes in mechanical stimuli, such as when atrial or
ventricular tissue is stretched and/or pressure is applied, causing depolarisation of the CM
Vm, which results in changes in action potential duration (APD) and QT interval 7°.

Increases in cell volume (volume activated channels; VAC), whether by swelling
"1 or pipette-based cell inflation > has been shown to increase Cl" 7! or K* conductance 7.
Increased cell volume induces a morphological deformation, however, from an acute
cardiac electrophysiological perspective, the delay in response time from VAC is on the
order of tens of seconds to minutes after the onset of cell volume changes 7*. This has
created more doubt as opposed to solid confirmations regarding the role of mechanical
stimuli as the primary driver of VAC gating. as it has been suggested that swelling-
induced changes in cytoskeletal structures must take place before mechanosensitive
electrophysiological responses are seen ”°.

The first whole-cell K selective stretch-activated channel (SACk) currents
(Isacx) were identified in cardiac cells 3. SACk pass an outward rectifying current,
allowing easy efflux of K* ions out of the cell. These currents are ion-specific, have large
single-channel conductance, and become inactive in a time-dependent manner 76,
Activation of SACk currents induces a repolarisation or hyperpolarisation effect ’’, and
have been identified in adult mammalian atrial ’* and ventricular 7*%° CM.

The identification of cation-specific SAC is a relatively new sub genre of

cardiovascular research, first identified in embryonic chick skeletal muscle less than 40



years ago °!, while SAC whole-cell currents in mammalian heart muscle were identified a
few years after °°. In comparison to SACk, SACxs currents have a smaller conductance,
and a reversal potential closer to 0 mV. As the reversal potential is positive relative to the
resting Vi of a CM, activation of these channels will act to depolarise resting CM. This
action can trigger unwanted firing in the form of premature or ectopic excitation ”’. In
contrast to SACk, single channel recordings have not been identified in SACns. This may
be due to restricted access to channel expression in membrane regions such as transverse-
tubules or intercalated discs. The main molecular candidates for SACxs are Piezol and
TRP channels 7%, See Figure 1.2 for a more comprehensive list of potential cardiac

candidates.

1.4.2. Mechano-sensitive calcium handling

The FSM is an intrinsic property of all vertebrate cardiac tissue, and has been
demonstrated in adult and embryonic myocardium #!. This mechanism of increased force
of contraction is vital for linking changes in SV to changes in venous return %2. An
increase in venous return dilates the working myocardium, stretching the tissue and
resulting in an increase in SV to accommodate the increase in venous return. In this way,
the FSM is a central component to the regulation of CO %3, Myofilament Ca*" sensitivity
is enhanced dynamically by stretching the myofilaments (as the heart fills with blood),
resulting in a stronger contraction. This is due, in part, to the transverse filament lattice
compression that occurs with stretch, enhancing actin-myosin interactions 3. The stretch-
induced increases in myofilament Ca** sensitivity involve a contribution from cross-
bridge formation. In the absence of Ca**, the thin filament TnC prevents binding of actin

and myosin ¥. Tropomyosin is bound to the troponin complex, which contains troponin T
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(TnT; tropomyosin binding), TnC (Ca** binding), and troponin I (Tnl; inhibitory). When
Ca?" binds to TnC, an increased interaction with Tnl allows tropomyosin to partially
move into a groove along the actin thin filament, allowing myosin heads to form weak
and strong cross-bridges with actin 3. When a strong cross-bridge forms, this generates
increased tension, further shifting tropomyosin into the actin groove, promoting
neighbouring myosin head cross-bridge formation 3%, Strong binding cross-bridges also
induce cooperative activation of actin by increasing the affinity of TnC for Ca>*¥’,
indicating coupling between the Ca®" regulatory sites on TnC and cross-bridge
interactions in the thin filament *®. This mechanism of propagated activation may be
particularly important as small changes in the proportion of strong cross-bridge
formations have drastic effects on the Ca®" sensitivity of force .

The cell membrane controls the balance between intracellular and extracellular
Ca?" via various proteins, and thus helps maintain Ca®" homeostasis. Plasma membrane
Ca?" ATPase, voltage-gated Ca*>" channel, and NCX have been identified as the main
Ca’" regulatory proteins on the cell membrane 3°2. The SR as an important Ca**
reservoir in the cell also contains Ca®" regulatory proteins. Such proteins in the SR
include stromal interaction molecules, inositol 1,4,5-trisphosphate receptor (IP3R), and
Sarcoendoplasmic Reticulum Calcium ATPase (SERCA). All these proteins are critical
in controlling cell functions, such as growth, migration, apoptosis, and metabolism %>,
As a general feedback mechanism, these key Ca®* regulatory proteins are also regulated
by intracellular Ca*" levels %,

Mechanical forces are essential for cardiovascular function and therefore the

discoveries of mechano-sensitive ion channels represent a major breakthrough in
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understanding cardiovascular mechanobiology. In particular, the endothelium in the
cardiovascular system is subjected to regular mechanical stimuli from transmural blood
pressure (BP) and shear stress from blood flow. The recently discovered mechano-
sensitive ion channels including Piezol and TRP channels are nonselective and
permeable to Na*, K*, and Ca®"; their activation in response to pressure stimulation or
shear stress induces cell depolarization and Ca?" influx *"~!%!. Dysfunction of Piezol and
TRP channels are closely linked to the development of cardiovascular disease. In some
cardiovascular diseases, such as hypertension, atherosclerosis, or aneurysmal plaques,
altered mechanical stress directly activating mechano-sensitive ion channels has been
reported °192, Ca®* regulatory proteins sensitise any subtle change of intracellular Ca®". It
has emerged that these proteins can cross-talk to mechanosensitive ion channels and such
cross-talk can take place with direct and physical interactions between them, such as
Piezol and SERCA %1%,

Piezol and Piezo2, which assemble as transmembrane triskelions to combine
exquisite force sensing with regulated calcium influx. There is emerging evidence for
their importance in endothelial shear stress sensing and secretion, nitric oxide generation,
vascular tone, angiogenesis, atherosclerosis, vascular permeability and remodeling, blood
pressure regulation, insulin sensitivity, exercise performance, and baroreceptor reflex 1%,
Additionally, there are early suggestions of relevance to cardiac fibroblasts and myocytes
100 Human genetic analysis points to significance in lymphatic disease, anemia, varicose
veins, and potentially heart failure, hypertension, aneurysms, and stroke '°2. These
channels appear to be versatile force sensors, used creatively to inform various force-

sensing situations.
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1.5. Autonomic control of cardiac contraction

The ANS is predominantly an efferent system which transmits impulses from the
central nervous system (CNS) to peripheral organs. The actions of autonomic nerves are
mediated by the release of neurotransmitters that bind to specific cardiac and vascular
receptors 1%>1% The classic understanding of autonomic control of the cardiac function
consists of regulatory processes by extrinsic cardiac nerves acting to either facilitate
(sympathetic nervous system; SNS) or inhibit (PNS) cardiac activity 93107198 Ppost-
ganglionic SNS neurons originating in the intrathoracic or cervical sympathetic ganglia
directly innervate cardiac cells, while pre-ganglionic PNS neurons originating in the
medulla of the brainstem innervate the cardiac plexuses in the heart via the right and left
vagus nerves '%°. Postganglionic axons originating in those ganglia running parallel with
the coronary vessels innervate the SAN, AV node, cardiac conduction system,
myocardial cells, and coronary vessels ''°. Together, the ANS is responsible for
influencing HR, force of contraction, and thus CO of the cardiac chambers 196111,

What is less appreciated is that the cardiac neurons that constitute an intrinsic
plexus may in fact act independently from extracardiac inputs. This is supported by
responses observed in hearts that have been surgically severed from extracardiac inputs
12 The intrinsic neurons are organized in multiple aggregates and neural
interconnections, localized to discrete atrial, and ventricular regions. These distinct

ganglionated plexuses constitute the intracardiac nervous system (ICNS) '%,
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1.5.1. Neuronal responses

Determinants of hemodynamic load are systemic vascular resistance and CO. The
modulation of CO is a fundamental component to the balance within the cardiovascular
system which is maintained through alterations in HR and SV. The product of SV can be
determined by subtracting end-systolic volume (ESV; the volume of blood in the heart
chamber at the end of systole) from the end-diastolic volume (EDV; the volume of blood
in the heart chamber at the end of the diastole).

The primary control centre of HR modulation is through the sympathetic and
parasympathetic nervous systems. An increase in SNS activity leads to an increase in CO
through an increase in HR and myocardial contractility. This is achieved through the
actions of neurotransmitters epinephrine and norepinephrine on beta-adrenergic receptors
(B1 and B 2) via stimulatory G proteins. This effect induces an increase in adenylyl cyclase
activity, intracellular cyclic adenosine monophosphate (cAMP) concentrations, and
protein kinase A (PKA) activity. The effect of cAMP increases SAN activity through the
direct effect on /;, while PKA increases SAN firing rate through increasing /cq. and SR
Ca”* handling. Conversely, the PNS neurotransmitter, ACh is released from the vagus
nerve and acts to reduce HR by binding to muscarinic (M2) receptors on the SAN,
coupled to inhibitory G proteins that mediate reductions in adenylyl cyclase activity,
cAMP levels, and PKA activity, all of which contribute to the inhibition of /I, Ica1, and
SR Ca** handling at the SAN. Additionally, the By-subunits of the inhibitory G protein
directly bind to and stimulate the acetylcholine-activated K current (Ikacn),

hyperpolarising the SAN and further inhibiting its activity ''*.
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The pressure-volume relationship is influenced by the position of the end-systolic
pressure volume relation (ESPVR), an increase in contractility is indicated by a leftward
or upward shift in the curve ''*. ESV, a function of changes in chamber contractility,
affects the ESPVR, where a shift to the left represents an increase in contractility. When
EDV and afterload remain constant, increasing contractility decreases ESV !''°.

The carotid sinuses, aortic arch, and right subclavian artery all contain nerve
endings which sense changes in arterial BP which relay these signals to the brainstem
16.117 The baroreceptor reflex is initiated by vascular distention, such as when there is an
increase in BP, causing mechanically-induced depolarization of the receptor terminals of
baroreceptor neurons, which then depolarize and transmit the signal via neuronal APs to
the medulla oblongata ''®12°, This results in an increase in baroreceptor activity, which
increases the input to the vasomotor centre. The resulting effect is a decrease in SNS
activity and an increase in PNS activity. The effect of the dual-action acts to decrease
HR, thereby decreasing CO. The decrease in SNS activity elicits three other effects: (i) an
increase in systemic venous capacitance (SVC), which results in a decrease in EDV; (ii) a
decrease in left ventricle (LV) contractility, which results in an increase in ESV, and
along with the increase in SVC contributes to a decrease in SV; and (iii) arterial dilation.
The primary aim of the above actions is to restore BP toward baseline levels !'3. In
contrast, a decrease in BP results in the opposite effects, via a decrease in baroreceptor
and PNS activity, and an increase in SNS activity 21122,

Baroreceptors are adaptive, and sustained changes in arterial pressure will lead to
resetting of the pressure threshold. Over extended periods of increased pressure,

baroreceptor activity will decline >*!24, leading to an increase in the pressure threshold

15



for baroreceptor reflex activation 2. Decreased sensitivity may contribute to multiple
pathological conditions and is symptomatic of diseases that are characterised by
increased sympathetic cardiac excitation '?%!?7, In contrast to other cardiovascular
feedback systems, the baroreceptors are continuously modulating changes in BP and HR,

and the constantly active feedback circuits allow them to be dynamically sensitive 123130,

1.6. Models of cardiac electrophysiology

The use of animal models for research advancement , along with the development
of human induced pluripotent stem cells (iPSC)have contributed to numerous important
cardiac medical breakthroughs. Developments such as the artificial cardiac pacemaker,
the cardioverter defibrillator, the heart-and-lung machine, as well as numerous drug and
gene therapies were all made possible due to the knowledge gained from animal research
131 The field of cardiac electrophysiology has particularly benefited from experimental

and naturally occurring heart diseases in animal models 2,

1.6.1. Human induced pluripotent stem cells

The recent advent of the human iPSC technology and an increasingly refined
capacity to differentiate iPSC into disease-relevant cell types such as CM (iPSC-CMs)
133 provide an unprecedented opportunity for the generation of human patient-specific
cells for use in disease modeling, personalized drug screening, and regenerative
approaches toward precision medicine '3!3, Implementation of this unique and
clinically relevant model system presents a significant advantage in cardiovascular
research as it can circumvent complications in translating data from models across

different species and biological characteristics.
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1.6.1.1. Calcium dynamics in human induced pluripotent stem cells

HiPSC-CMs display functional and loaded ryanodine receptor-regulated
intracellular Ca*" stores. These stores can release Ca?" via ryanodine receptors and can
reload their content through SR Ca®" uptake utilizing functional SERCA pumps.
Evidence showing the expression and functionality of inositol-1,4,5-trisphosphate
receptors (IP3Rs) demonstrating that the observed whole-cell [Ca?']; transients in hiPSC-
CMs depend on both sarcolemmal Ca*" entry via L-type Ca** channels and on
intracellular store Ca®* release. Taken together hiPSC-CM:s recapitulate functional key
Ca’" handling proteins that have been shown to be expressed and functional in mouse
embryonic stem cells-CMs 34138 human embryonic stem cells-CMs '*4! and adult

cardiac tissue 3.

1.6.1.2. SAN, atrium, ventricle

Although functional cardiomyocytes have been obtained from human embryonic
stem cells and iPSC, significant challenges remain in optimizing these cell preparations
for experimental and potential clinical applications. The heterogeneity of cells produced
in differentiation protocols can be great even if one succeeds in isolating cardiomyocytes
142 For example, using a mixed population of cardiomyocytes including nodal, atrial, and
ventricular cells in attempts at left ventricular repair raises concerns for proarrhythmic
effects. Likewise, a preparation including undifferentiated cells could lead to
tumorigenesis. Thus, approaches to produce homogenous or well-characterized mixed

cell preparations remain a great need. Techniques to isolate cardiovascular progenitor cell
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populations from human ES cells have recently been described which help address this

concern ',

1.6.1.3. Advantages

Human iPSC-derived CM provide an unlimited source of CM and, therefore, a
valuable human-based tool for basic research and drug development '#*. The main
advantage of iPSC-derived CM is that they retain the same genetic information as the
donor thus enable the patient- or disease-specific phenotype and drug response studies
195(Karakikes et al., 2015). Human iPSC-derived CM exhibit the major cardiac structural
proteins (Kujala et al., 2012, Ojala et al., 2016), ion channels (Zhao et al., 2018), calcium
(Ca2+) cycling components (Itzhaki et al., 2011), and adrenergic receptors (Foldes et al.,
2014). In addition, they have been shown to faithfully recapitulate many genetic cardiac
diseases such as long QT -syndrome, catecholaminergic polymorphic ventricular
tachycardia, and hypertrophic cardiomyopathy (Jung et al., 2012, Kiviaho et al., 2015,

Kujala et al., 2012, Ojala et al., 2016, Spencer et al., 2014).
1.6.1.4. Limitations

The main issue is the use of retroviruses to generate iPSCs as they are associated
with cancer. More specifically, retroviruses can insert their DNA anywhere in the
genome and subsequently trigger cancer-causing gene expression. Also, as mentioned
before, the c-Myc (one of the genes used in reprogramming) is a known oncogene, and its
overexpression can cause cancer 3+146,

Also, in certain non-dividing cell types (such as PBMCs or elderly skin

fibroblasts) the reprogramming rate of somatic cells to iPSCs is very low (less than 0.02
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%). There is also a need to assess the quality and variability of the reprogramming
process. For example, iPSCs often have a tendency not to fully differentiate. Hence, there
is a need to pursue a quantitative assessment of the final quality of cells and screen for

any genetic or epigenetic alterations during the reprogramming process 147,

1.6.2. Rabbit

The rabbit heart shares many similarities with the human heart, including
morphology, AP characteristics, ion channel expression, as well as biophysical and
biochemical properties '“®. The utility of the rabbit has made it the most studied model for
human heart physiology and pathophysiology '*°, and one of the more optimal models for
studies of MEC °, myocardial repolarization !, regional patterns of myocardial
deformation !, cardiac cell electrophysiology '°*"!%*, heart size to excitation wavelength

3, coronary architecture 1>, response to ischaemia, and pharmacological

ratio '°
interventions '%’.

The working myocyte AP morphology of the rabbit consists of a prominent
plateau phase, comparable with the human AP 158716 Rabbit hearts express similar K*
channel function and gating kinetics, containing a major contribution from /k:and a
minor contribution from ks '°%161:163, Regarding the biophysical properties, the
similarities in cardiac ion currents of /k: show utility in the comparison of

pharmacological interrogations 138162,

1.6.2.1. Calcium dynamics in rabbit

Cardiac Ca®" dynamics have been studied in the rabbit model extensively. Ca*"

fluxes can be mediated by a range of factors, including /car, SR Ca**-ATPase,
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sarcolemmal NCX, mitochondrial Ca**, and sarcolemmal Ca?"-ATPase. In comparison of
these factors, the Ca®* flux characteristics in rabbit and human are very comparable ¢4,
Furthermore, in the rabbit ventricle, SERCA and NCX systems have been shown to
remove 70 — 74 percent and 23 — 28 percent of Ca?" 1619 Comparatively, the removal of
SERCA and NCX in the human ventricles has been reported at 76 and 24 percent,
respectively '¢7. However, when acting in isolation, such as when NCX activity is
blocked in isolated rabbit CM, it was shown that SERCA resequesters Ca>* faster than
human SERCA by itself as the time constant of SERCA dependent Ca" is 50 percent
slower in humans compared to rabbits %%, Thus, highlighting that although many
similarities exist, there are slight differences in Ca?" handling between rabbit and human
CM.

In some instances, a species-dependent effect on post-rest potentiation seems to
be present in isolated CM. During periods of continuous electrical pacing with a
designated pause period, first twitch tension is measured once stimulation is resumed.
Upon re-starting pacing, rabbits exhibit a post-rest decay where the first twitch tension is
decreased. Humans show post-rest potentiation of increased tension, and demonstrate a
further increase correlated with prolonged rest period duration '%!7% Although, as
previously discussed, the SR resequestration of the SR is similar between species, the
decrease in rabbit and increase in human have largely been attributed to changes in SR

Ca?" content during rest periods 7%,

1.6.2.2. SAN, atrium, ventricle

Studies involving SAN structure, composition, and the response to stretch have

been well established in the rabbit %172, The composition of the SAN is divided into
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roughly fifty percent extracellular matrix and fibroblasts and the other fifty percent
consists of pacemaker cells '7>!74 Pacemaker cells have been characterised with
heterogeneous cell volumes, morphologies, and ion current densities 1’17, The
architecture of the SAN contains a dense area of smaller, spindle-shaped pacemaker cells,
interwoven and embedded within a collagen network. In the outer areas, the cell design is
more ordered, in a parallel orientation in line with the crista terminalis 3.
Experimentation involving the use of rabbit atria dates back over 60 years,
involving intracellular microelectrode recordings to investigate the site of origin and
direction of activation !”7. Additional studies involve the measurement of the wavelength

78

of the cardiac impulse during periods of re-entrant tachycardia induction !”® and

pharmacological interrogation for re-entrant circuits !7°

, whole cell patch-clamp
technique to define the mechanism of cardiac /i, with comparison to human atrial
myocytes 318! Beyond the SAN, the rabbit has also been used to detail the network of
the specialised conduction system (the bundle of His, the bundle branches, and the

Purkinje fibre network) into ventricular electrophysiology models, and its role in

modulating ventricular activation sequence '8,

1.6.2.3. Advantages

Rabbits have several advantages that make them a highly attractive model for
studies of cardiac research. They are highly amenable to assessment of myocardial
function in intact animals, as various in vivo quantitative and imaging techniques such as

184,185

echocardiography ', hemodynamic cardiac catheterisation , electrocardiography

183 "and cardiac magnetic resonance imaging '>!.
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Another advantage of the rabbit is the in vivo HR range, reported between 150 —

188,189

360 bpm '#¢1%7 and although significantly higher than humans , it is much closer

than that of mice.

1.6.2.4. Limitations

One of the disadvantages of using the rabbit model is the associated cost of
acquiring and housing, compared to their rodent counterparts, particularly for
longitudinal studies and genetic models '°°. However, on a cost-basis, rabbits are less
expensive than larger animal models such as canine, ovine, or porcine options.
Differences between species that could interrupt the translation of therapeutic

181,191

interventions are the atrial /y , ventricular expression levels of some K* ion channel

192 ) 193—

subunits "7, relative expression levels of cardiac titin isoforms (i.e., N2B and N2BA

196 "and LV wall motion !, Additionally, rabbits demonstrate faster kinetics of cardiac

contractile parameters studied in both in vivo and ex vivo settings 1.

1.6.3. Rats

Rat models have dominated research into heart damage because, while rats share
many of the benefits of mice (low cost, ease of handling, etc.), their larger size greatly
facilitates surgical and postsurgical procedures. Myocardial damage in rat hearts is
induced by three procedures: surgical, pharmacological, or electrical 7. Some of the
most prominent heart disease models used for this model are myocardial infarction *31%,

hypertrophy and heart failure 2°°2°2 and AF 2%-205 Indeed, most of the work done on

ventricular fibrillation in rat hearts indicates that VF in this species occurs at a time
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corresponding to the IB arrhythmias, and no clear separation of IA from IB arrhythmias

has been described in small animal species.

1.6.3.1. Calcium dynamics in rats

Besides the macroscopic dimension of the ventricles, intrinsic differences in
normoxic metabolism may also exist among species. In rats such differences have been
shown with respect to the duration and shape of the transmembrane action potential and
the homeostasis of cellular Na* and Ca®". Thus, the relatively high normal intracellular
Na' activity in the normal rat affects the working mode of the NCX and may lead to
earlier Ca** overload in depolarized cells. Interestingly in rats, this difference can be

reversed by inhibition of thyroid hormone production 2%,

1.6.3.2. SAN, atrium, ventricle

Electrophysiological evidence for a bio-electrical interaction of mechanosensitive
fibroblasts with surrounding CM has been studied in isolated spontaneously beating
atrium of rat hearts, cell cultures of the neonatal rat heart. It was demonstrated that
cardiac fibroblasts and surrounding CM can be either electrically well isolated from each
other or coupled both capacitively and electrotonically >°. Electrotonic interaction of
these cells showed that stretch of the fibroblast during atrial diastole, simulating
increased atrial wall tension during atrial filling, can raise the spontaneous depolarization
rate of the pacemaker cell in a stretch-dependent manner by up to 24% >°. These results
show that cardiac mechanosensitive fibroblasts could form a cellular basis for the positive

chronotropic response of the heart to stretch of the right atrium.
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In isolated atrial rat tissue, using a selective blocker of the al-adrenergic receptor
(Prazosin; preganglionic location), ANP may interfere with norepinephrine activation of
this receptor. It was shown that ANP did not attenuate HR increases owing to
norepinephrine, arguing against a postsynaptic mechanism. Comparison of rat and human
ventricular myocytes isolated from failing and non-failing hearts looking at specific /i
was conducted. The current density of /i, was similar in cells from failing and non-
failing hearts, but smaller in human than in normal rat myocytes, respectively. Half
maximum activation was found at more positive potentials in human than in rat cells 7.

The characteristics of Ito in human cells were similar though not identical to Ito in rat

heart cells. This current may be a potential target for antiarrhythmic drug action.

1.6.3.3. Advantages

The advantages of using these models are that the housing, feeding, and hygiene
management are highly standardised. They have a short gestation period (20-23 days),
with sexual maturity occurring at 7 weeks '°. They present significantly lower cost than
larger animals, and the ability to investigate roles of various proteins and signaling

pathways in progression of heart disease by combining intervention models. Right-sided

208,209 209-211

hypertrophy and heart failure can be induced in rats with relative ease with
use of monocrotaline, a plant alkaloid which causes pulmonary hypertension without
affecting systemic BP !°. This model is particularly attractive as it can be established via

a single injection without the need of surgical procedures.
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1.6.3.4. Limitations

In rodents, the AP shape is markedly different than in human and other bigger
species: the plateau phase of the action potential is missing, resulting in a more triangular
AP shape with a very short APD. In contrast to humans, repolarization in mice and rats is
mainly driven by the rapidly activating, slowly inactivating delayed rectifier potassium
currents Ix,slow1 and Ix,siow2 and the fast and slow components of the transient outward
potassium current Lo, and fo,s 1>*. The rapid and slow delayed rectifier K* currents (/k;
and /ks) are functionally irrelevant. In addition, other repolarizing ion currents such as the
atrial Ix,r are differentially expressed in rodents 2!,

In contrast to all other species (aside from mice) it may be appreciated that in the
rat there is no shortening of refractory periods at the shorter cycle lengths. When
examining the diastolic interval along the ordinate versus the cycle length, it is clear that
the rat ventricle should not be the first choice if one aims at ‘filling up’ the diastolic
interval by means of a class 1, class III, or experimental anti-arrhythmic agent 2'3.

Additionally, one of the factors that make the mouse so appealing is the

abundance of genetically modified variants available, which at this point are only

marginally available in the rat model.

1.6.4. Mouse

The AP shape in the mouse model is vastly different from humans and most
animal models, such that the plateau phase is not present, resulting in a triangular AP
shape with a significantly shortened APD 72214215 [n contrast to humans, rabbits, and

zebrafish, repolarisation in mice is mainly driven by the rapidly activating, slowly
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inactivating, delayed rectifier K* currents (/i siow1, /k slow2) and the fast and slow

components of /i, (fast and slow) '**

. Meanwhile, the main characteristic of repolarising
fast and slow delayed rectifier K" currents (/kr, /ks) in human CM are functionally
irrelevant in this model 2!2. Therefore, studies on repolarisation mice have limited value
161

Technological advances have allowed in vivo measurement of parameters of
cardiac function and structure in the mouse, to complement in vitro molecular and

functional studies. These include a range of techniques such as echocardiography 2!62!7,

218,219 217,220

cardiovascular magnetic resonance imaging , electrocardiography , pressure-

221223 and BP measurement 27220,

volume loops
Perhaps the most attractive aspect of utilising mice is the ability to genetically
produce specific models. Of course, this is not a characteristic exclusive to the mouse
model, however, the time frame associated with their gestational age of ~18-21 days is a
key attribute, in addition to substantially lower production costs ?**. Genetic editing has
been used to affect a host of cardiovascular processes ranging from excitation to
metabolism. These models of dysfunction provide valuable insights into areas of protein
function related to the onset and development of cardiovascular disease (CVD). Cardiac
excitation, contraction, and relaxation of mice and humans share a lot of the same
dynamics and expression of proteins with similar functions '*°. Genetically modified
mouse models have demonstrated their utility in understanding the function of genes

relating to states of cardiac physiology and pathophysiology allowing for rapid proof-of-

principle interactions that can be extended to larger animal models.

26



1.6.4.1. SAN, atrium, ventricle

The structure of the mouse SAN has similarities to the rabbit, such as a
centralised dense area of tightly packed pacemaker cells. However, there are differences
in the alignment and orientation. In the mouse, pacemaker cells are in a perpendicular
orientation to the crista terminalis, as opposed to a parallel orientation in rabbit 17322
The outer area is similar to the rabbit as the pacemaker cells become less compact and
aligned in a parallel fashion relative to the crista terminalis *°. Additionally, the
composition of the mouse SAN is substantially different comprising 25 percent of
extracellular matrix and fibroblasts, while 75 percent consists of pacemaker cells 226227,
proportionately much more compared to the rabbit SAN.

Human genes share 99 percent of direct murine orthologs, a factor which has been
utilised with success in knock out models to investigate mechanisms involved in
231232

atherogenesis 228, dilated cardiomyopathy 22%23° hypertrophic cardiomyopathy

234-239 240
, AF 7 and

autoimmune cardiomyopathy 2>}, Duchenne muscular dystrophy
arrhythmogenesis as well as critical substrates necessary for sustaining micro re-entrant
circuits. Despite the small mass of the normal mouse atria, sustained atrial tachycardia
and fibrillation can be reproducibly induced with endocardial pacing after cholinergic
agonist administration 2!, which makes this a beneficial method for understanding the

role of Ixach in AF 24,

1.6.4.2. Calcium dynamics in mice

As discussed, Ca?" is necessary for the activation of myofilaments during

contraction, and the removal of Ca®" is essential in relaxation to allow normal diastolic
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filling. SERCA is predominantly responsible for the resequestration of 90-92 percent of

165,243 'whereas this accounts for only 76 percent in humans '¢7,

available Ca*" in mice
while NCX accounts for the remaining uptake in both groups. This variance of the

distribution of sarcolemmal and [Ca**]; fluxes compared to humans does not make them a
good model for the interaction between Ca®*-sensitive transporters (particularly NCX and

Icar) and Ca?"insensitive modulators of the AP 2%,

1.6.4.3. Advantages

Small rodents are easier to handle and house, have a shorter gestation time, and
have lower maintenance cost than larger animal models. These characteristics make small
rodent models logistically and economically the most used model for cardiac physiology
and disease, genetics, pharmacology, and long-term survival studies '°.

Overexpression of genes using cardiac-specific promotors is a benefit of this
nature, deletion through knock-out strategies or CRISPR-Cas technology, tamoxifen-
induced conditional targeting, or AAV-based gene transfer to cardiac regions of interest
245 Mice are generally bred by inbreeding which causes an identical background that is
highly effective for intraspecies repeatability, while a outbreeding enables identification
of potential genetic modifiers 2. Additionally, randomly mutagenized mice can be bred

to identify novel genes modulating cardiac traits including electrical function 24724,

1.6.4.4. Limitations

The mouse heart has adapted to function at a very high HR possessing rapid
systolic contraction as well as diastolic filling — both of which are necessary for

maintaining CO. The ventricular APD as discussed is much shorter in mice 22!
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232233 a3 they have a rapid repolarisation, lacking a prominent

compared to humans
plateau phase found in humans 2*°. Differences between small animal models and human

CM exist in myofilaments. The mouse ventricular CM express almost entirely (94-100

percent) fast a-MHC 234238 resulting in faster kinetics 2*°, tension cost, and lower

260,261 262,263

economy compared to the slow B-MHC typically found in human ventricles
Perhaps the most important limitation of the mouse model is the intrinsic
differences that are present including ion current characteristics, sympathetic tone 2*°, and
HR response to stretch — as the mouse heart, when mechanically stimulated has a
decreased HR response compared to all other animal models, including human, which
experience an increase in HR under the same circumstances 2. This effect complicates

the ability to translate any experimental effects relating to the intrinsic mechanical stretch

response from mouse to human.

1.6.5. Zebrafish

The zebrafish has become an increasingly popular model for studies of cardiac
physiology and pathophysiology 42, The zebrafish has a fully sequenced genome,

267,268

which may be altered using standard genetic techniques , and almost every cardiac

gene has a human ortholog with analogous function 2®°. Functionally, the zebrafish heart

270,271

has HR, AP morphologies, ion channels , and Ca**-handling proteins 2’>*"3 that are

generally more similar to human than are rodent characteristics.

1.6.5.1. SAN, atrium, ventricle

The function and genetic composition of the zebrafish SAN is similar to the

human. The zebrafish SAN is designed in a ring-like fashion, located at the border
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between the venous sinus and the atrium, embedded within the leaflets of the sinoatrial
valve 274278 SAN development in the zebrafish and human both share is/I-, thbx-, bmp4-,
and hcn4-expressing cells under control of shox2, all facilitated by the suppression of
nkx2.5 through Wnt signalling 27°-2%! . Initial studies reporting on the currents involved in
zebrafish SAN automaticity were found in the discovery of a slow mo mutation that
caused a reduction in HR by affecting a hyperpolarisation-activated inward current,

representative of the Ir28%2%3,

1.6.5.2. Calcium dynamics in zebrafish

Involvement of the membrane and Ca®" “

clocks” in SAN automaticity were
investigated using pharmacological interventions, which confirmed the role of /r (block of
HCN channels reduced HR by ~65%) and demonstrated a role for [Ca?']i cycling (block
of SR Ca*" release with ryanodine, combined with block of SR Ca** reuptake with
thapsigargin reduced HR by ~40%) 284,

In contrast to mammalian systems, Ca®" release from the SR plays a relatively
small role in activating the contractile apparatus in teleosts, which may contribute to
differences in restitution. The contractile function of the zebrafish heart is closely tied to

extracellular Ca** which enters CM through L-type Ca®" channel, T-type Ca** channel,

and the NCX %72,

1.6.5.3. Advantages

Unlike mammals, zebrafish can fully regenerate cardiac tissue after heart injury
285 Following amputation of up to 20% of the ventricle, new CM form and replace the
lost myocardium within 30 days without scar formation. This characteristic, which is not
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present in the mammalian system, provides the ability to investigate an ex vivo tool for
studying cardiac regeneration mechanisms 22428 Since zebrafish CM retain their
proliferative potential throughout their lifetime, regenerative events can be monitored live
and reprogramming pathways can be dissected 2%’

During embryogenesis, the zebrafish heart lends itself to high throughput testing
of drug effects on HR because the embryo is transparent and allows for direct observation
of rate and rhythm 2*°. In addition, forward genetic screens, reverse genetic methods, and

transgenic technology have been successfully used to identify factors regulating

cardiogenesis and function of the embryonic zebrafish heart 2%

1.6.5.4. Limitations

As with any experimental model, there are also limitations to the zebrafish’s use
(Table 1.1). The zebrafish heart is small, has only two chambers (one atrium and one
ventricle, rather than the four chambers in human), and generates relatively low chamber
pressure 2*°. While over 70% of human genes have at least one zebrafish ortholog, 24%
of genes have more than one ortholog (due to the zebrafish’s diploid genome), which can
confer redundancy in gene function and confound results of genetic manipulations %,
Functionally, while cardiac electrophysiology appears strikingly similar to humans 277!,
there are important differences in cellular Ca** cycling >’>*!. Zebrafish CM have a lack

2, and even though SR Ca?" levels are much higher in the

of transverse tubules »
zebrafish compared to human, release of Ca®* from the SR following excitation (Ca?'-
induced Ca®* release) appears to be limited (due in part to a low sensitivity of ryanodine

receptors to Ca?") 2. As a result, sarcolemmal Ca** influx is responsible for ~80% of the

Ca?" transient in zebrafish CM (compared to 25% in human) 2°?, although this remains
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somewhat controversial, as others have shown a strong dependence of contractile force
on SR Ca*" release >°* and the existence of Ca>" sparks with characteristics similar to
mammals 2°°. Zebrafish also have a higher NCX current than in mammals, such that its

reverse-mode has been shown to trigger SR Ca** release 2°°.

1.7. Application of zebrafish for studies of cardiac electrophysiology

The zebrafish atrial and ventricular AP have been characterised from intracellular
microelectrode recordings in intact adult hearts showing an overall AP morphology
similar to that of humans 2*°. Like most mammals, the zebrafish display functional ACh-
activated K" channels in the atrium, but not in the ventricle. The AP upstroke is
dominated by fast Na* channels, and Ic.r contributing to the plateau phase, while Ik are
involved in repolarization 2"1-?*°, In the zebrafish heart ventricular contraction is
abolished by mutation in the a-1C subunit (CaV1.2) strongly suggesting that Ica,L is
produced by orthologous genes in humans and zebrafish. In the heart of adult zebrafish
transcripts of the a-1D (CaV1.3) are also expressed >’

Ica1 1s an important component of pacemaker and conductive tissue, usually
absent in atrial and ventricular muscle of adult mammals. In this respect zebrafish vary
from humans and other mammals. Two o subunits of T-type Ca?* channels (CaV3.1 and
CaV3.2) are expressed in mammalian hearts 2°>**, T-type channel composition of the
zebrafish has not been studied, but T-type Ca** channel blocker with Ni** suggests that it
might be an ortholog to the mammalian CaV3.1, 2*° while immunofluorescence findings

suggest the presence of CaV3.2 3%,
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1.7.1. Heart development

During development, the embryonic heart undergoes a series of complex
morphogenetic and differentiation processes to form the mature cardiac structures 2°1-3%,
These processes are mediated by mechanosensitive proteins that convert mechanical
stimuli into biochemical or electrical signals which alter gene expression necessary for
differentiation and morphogenesis ***. Hemodynamic forces due to the continuous flow
of blood through the heart induce mechanosensitive signaling within endocardial cells
that trigger their differentiation and a remodeling 3%,

The hemodynamic forces that are driven by blood flow include shear, pressure,
and stretch which have associated mechanical mechanisms, which can be sensed at the
cellular level 3°73% impacting gene and protein expression 3, cell morphology 3'°, and
tissue organisation *!!. Hemodynamic forces have greater implications in the earlier
stages of development as the architectural foundation has not yet developed and has
greater cardiac plasticity 2°¢312313 Initiation of the heartbeat has been studied in the chick
and zebrafish embryo 319314318 'both of which allow easy accessibility during stages of
development, enabling manipulations and observation of the embryo, such as dissection,
grafting, micro-injection, and labeling.

The ability to observe cardiac development has provided insight into the study of
contractility and flow influences on heart development, indicating a critical role for
cardiac contraction and the resulting fluid forces in shaping the heart 3'°. Studies have
uncovered the essential role for cardiac contraction-responsive transcriptional changes in

320,321

endocardial cells in regulation of cardiac chamber maturation and endocardial

Notchl signaling to modulate trabeculation 3?2, Several types of cell behaviors are likely
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to contribute to the process of chamber emergence. Both CM proliferation and cell size

increase can help to facilitate chamber expansion 323723,

Cultured CM robustly display hypertrophic growth when stretched 26327,
suggesting that hypertrophic growth taking place in the embryonic heart could be
triggered by biomechanical forces. Embryonic circulation is initiated as soon as the heart
tube forms 32* | and so chamber emergence takes place while CM are contracting and
while blood is flowing. When blood flow is reduced, CM fail to expand normally at the
outer curvature of the embryonic zebrafish ventricle 3. This impact of blood flow on
CM cell size suggests that hemodynamics could have a major influence on hypertrophic
growth during chamber emergence. Even minor perturbations of cardiac specification or
morphogenesis can have catastrophic consequences for cardiac function 3%, Because of
the exquisite coordination of these events, the slightest cardiac developmental
perturbation (genetic or environmental) can easily lead to catastrophic heart defects and
subsequent embryonic/fetal demise. Thus, congenital heart diseases (CHD), including
both structural and functional cardiovascular defects, are amongst the most common and
most devastating birth defects in humans, occurring in about 5% of live births, and
resulting in significant mortality and morbidity **°. A large proportion of CHD are due to
defects in specific structures of the heart, which can lead to hemodynamic compromise
and catastrophic clinical outcomes. In order to illuminate the etiologies of these defects,
better understanding of the cellular and molecular events of cardiac development is

required.
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1.7.2. Transgenic models

Forward and reverse genetic approaches have been successfully applied in
zebrafish to identify novel signaling pathways, study gene function, and develop a range
of disease models. Reverse genetics refers to assessment of the role of a previously
identified, and sequenced gene. Temporary knockdown of expression of a known gene
during zebrafish development can be achieved by injection of morpholino antisense
oligonucleotides into the fertilized egg **!. Forward genetics refers to identifying novel
genes responsible for a particular phenotype of an organism. Two large-scale forward
genetic screens have identified hundreds of mutant phenotypes relevant to various aspects
of development and embryogenesis 332,

Specific to studies of cardiac research, the activity of the cell cycle in CM can
now be directly visualized in vivo using lines carrying the ubiquitin-based cell cycle
indicator (fluorescent ubiquitination-based cell cycle indicator) system 333, This system
labels cells with red and green fluorescent proteins depending on whether they are in
GO0/G1 or S/ G2/M, respectively 3**. Because no staining is required, the analysis of these
animals is based on imaging the fluorescence directly. These transgenics have been used

to screen over 1200 compounds for factors controlling CM proliferation 333333,

1.7.3. Intracardiac nervous system

The ICNS is sometimes referred as the “little brain” of the heart >33 In the
mammalian heart, it makes continuous adjustments of the mechanical and electrical
activity, and it consists of a network of neurons that communicate with each other and

with neurons located in the extracardiac thoracic ganglia, all under the control of the
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central nervous system 2. The ICNS comprises afferent (sensory), interconnecting (local
circuit), and cardio-motor (efferent sympathetic and parasympathetic) neurons 334338, The
intrinsic cardiac neurons are mainly concentrated in intracardiac ganglia residing in
specific regions of the heart, mostly in the atria, and each ganglion has a preferential
region of action **. The activation of efferent neurons results in the modulation of the
HR, atrio-ventricular node conduction as well as inotropism of atria and ventricles. Local
circuit neurons work as inter- and intra-ganglionic connections, whilst afferent neurons
transduce information of the cardiovascular milieu 33633,

Although the relatively small size of the zebrafish heart presents its own technical
challenges, it permits visualisation of, and accessibility to, the entire ICNS and its
external inputs in the whole, intact organ. Thus, the zebrafish model has been paramount
to expand our understanding of the ICNS 2”7 and its role in modulating chronotropy 27¢.

276

The basic structure of the ICNS has been described previously “*° and identified as

sharing the same foundation with that of humans and other mammalian models 34034,

1.7.4. Effects of stretch

The zebrafish appears to retain all critical components of intrinsic SAN regulation
seen in mammals, making it a potentially powerful experimental model for studies of
underlying mechanisms 2. In regards to the utility of zebrafish for the study of SAN
function, it has been shown that pacemaker activity is clearly present, functions similarly
to mammals, and is found in a ring-like structure at the location of the sinoatrial valve
(the border between the sinus venosus and the atrium) 274277,

The effect of mechanical stretch in isolated zebrafish SAN was found to share a

similar response to human (and most other mammals) 32, with an immediate magnitude-
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dependent increase in HR. This is an important mechanism for intrinsic regulation of
SAN function, which allows the heart to adapt to changes in hemodynamic load on a

beat-by-beat basis.

1.7.5. Optogenetic studies

Optogenetics, involving the optical measurement and manipulation of cellular
activity with genetically encoded light-sensitive microbial proteins (‘reporters’ and
‘actuators’), is a powerful experimental technique for probing (patho-)physiological
function. Originally developed as a tool for neuroscience, it has now been utilised in
cardiac research for over a decade, providing novel insight into the electrophysiology of
the healthy and diseased heart. Among the pioneering cardiac applications of optogenetic
actuators were studies in zebrafish, which first demonstrated their use for precise

spatiotemporal control of cardiac activity 274,

Zebrafish have been used as an experimental model for the use of optogenetic
reporters, including genetically encoded voltage- and Ca?*-sensitive indicators (GEVI,
GECI). For optogenetic studies, zebrafish provide additional advantages, as the whole
zebrafish heart can be visualised and interrogated in vivo in the transparent, externally
developing embryo *%, and the relatively small adult heart allows for in situ cell-specific

observation and control 34

not possible in mammals. With the advent of increasingly
sophisticated fluorescence imaging approaches and methods for spatially-resolved light

stimulation in the heart, the zebrafish represents an experimental model with unrealised

potential for cardiac optogenetic studies.
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1.8. Goals and hypotheses

Project 1: During embryogenesis, mechanical load is thought to be a critical factor in the
development and control of the heart’s mechanical and electrical activity. The control of
cardiac activity includes acute adaptation to changes in mechanical load, driven by
feedback of the heart’s mechanical state to its electrical and mechanical function
(‘mechano-electric’ and ‘mechano-mechanical coupling’). Studying electrical and
mechanical function of the early embryonic heart, however, is difficult in mammalian
models, as development occurs in utero and the heart is not easily accessible in the whole
embryo. As a result, experiments are generally performed in explanted hearts. The
zebrafish offers multiple advantages for studies of cardiac development, as their larvae
develop externally, and are nearly transparent, allowing for measurement and
manipulation of structure and function in vivo. The aim of this project was to develop a
novel method allowing the control of acute changes in hemodynamic load in vivo, to
study the presence of MEC- and MMC-mediated control of CO during early development

in the larval zebrafish heart.

Project 2: CHD are the most common type of human birth defect and feature structural
abnormalities that arise during cardiac development and maturation 3!, Understanding
the mechanisms driving the adaptations to changing hemodynamic load in an acute
setting, may provide insight into the dysfunction that occurs in the chronic setting.
Although the existence and importance of these acute stretch responses are well
established in the adult heart, their presence and role in the developing heart are ill-
defined. The aim of this project was to utilise the method developed in project one and
adapt it to zebrafish embryo during different stages of cardiac development to investigate

38



mechanisms driving the effect of acute increased hemodynamic load on the heart. The
hypothesis of this project is that in earlier stages of development, control of the HR is
driven primarily by intrinsic mechanisms (intrinsic; internal to the heart) which respond
to changes in mechanical load. As development progresses, the response to changes in
mechanical load is shifted from purely intrinsic, to an integrated intrinsic-extrinsic

(extrinsic; external to the heart) controlled system.

Project 3: Acute changes in preload or afterload require rapid alterations in the electrical
and mechanical activity of the heart. These rapid changes in cardiac function are driven
by autoregulatory mechanisms intrinsic to the heart (MEC, MMC) as opposed to slower
adaptations via the CNS or hormonal alterations (Quinn and Kohl, 2016; Quinn and
Kohl, 2021). Based on the results from project two, the aims of this project were to: 1)
determine the role of neurons in driving changes in cardiac function, through
pharmacological block of SNS and PNS effector cell and ii) determine the role of SACs
in driving changes in cardiac function with pharmacological block of a SACns. The
hypotheses were: the cardiac response to increased hemodynamic load will 1) be blunted
by SNS inhibition, as the SNS is cardioexcitatory, inhibition will interfere with proper
cardiac function and cause the system to overload or become completely dysfunctional to
the point of cessation of contraction; ii) be increased by PNS inhibition, as the PNS is
cardioinhibitory, inhibition will result in an increased response in cardiac function; iii) be
blunted by SACxs inhibition, as SACns drive Vi depolarization, inhibition will result in a
decrease in the HR response to the point of acute cardiac dysfunction, through cessation

of contraction.
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Project 4: This chapter will provide a review of the utility of the zebrafish model for
studies of cardiac optogenetics, highlighting their advantages and limitations.
Additionally, this chapter will provide a project demonstrating the effectiveness of this
application in the adult zebrafish. Activation of cation-conducting ChR leads to
membrane depolarization, allowing one to effectively trigger APs in CM. In contrast, the
quest for optogenetic tools for hyperpolarization-induced inhibition of AP generation has
remained challenging. The green-light activated ChR from GtACR1 mediates chloride
(CI")-driven photocurrents that have been shown to silence AP generation in different
types of neurons *#’. It has been suggested, therefore, to be a suitable tool for inhibition of
CM activity. The aim of this project was to: determine the effects of GtACR1 with
pulsed and sustained light stimulation in intact zebrafish hearts. The hypotheses of this
project were: 1) pulsed light stimulation of GtACR1 can cause controlled depolarisation
of ventricular cells in isolated zebrafish hearts, and ii) sustained light stimulation of
GtACRI can cause depolarisation inhibition by shifting the Vi, toward the reversal

potential for CI'.
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1.9, Tables

Table 1.1 | Advantages and limitations of the zebrafish for cardiac optogenetic
studies.

Advantages

Limitations

Relatively low cost (time, effort, money)
Fully sequenced genome

Relatively easy genetic manipulation
Large number of available transgenic lines

Majority of cardiac genes have human
ortholog

Externally developing, transparent embryo
Amenable to high throughput studies

Comparable heart rate, action potential
morphologies, ion channels, and calcium-
handling proteins to human

Intrinsic and extrinsic cardiac regulatory

pathways and mechanisms similar to human

Human cardiac diseases can be recapitulated

Diploid genome (24% of genes have
more than one ortholog)

Small, two-chambered heart
Relatively low-pressure system
Lack transverse tubules

Limited release of calcium from
sarcoplasmic reticulum following
excitation

Low sensitivity of ryanodine
receptors to calcium

Dependence of calcium transient on
sarcolemmal influx
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1.10. Figures

Figure 1.1 | The cardiac mechano-electric regulatory loop. The feedforward and
feedback links between cardiac electrophysiology and mechanics, forming the
intracardiac mechano-electric regulatory loop. The feedforward between electrical
excitation and mechanical contraction, involving intracellular calcium handling and actin-
myosin cross-bridge cycling, is a process known as “excitation-contraction coupling.”
Feedback from myocardial deformation to cell electrophysiology and intracellular
calcium dynamics occurs via multiple interdependent mechano-sensitive mechanisms,
which in turn affect the origin and spread of excitation, a phenomenon known as
“mechano-electric feedback” or more broadly “mechano-electric coupling” (From Quinn
& Kohl, 2021 with permission through the Copyright Clearance Center).
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Figure 1.2 | Mechanically gated channel and mechanically modulated channel
candidates are present throughout living organisms. Several mammalian channels
have homologues in other organisms: e.g. NOMPC, OSM9, TRP4, TRPY1 and LOV-1
are TRP homologues; MEC channels are members of the DEG/ENaC superfamily whose
mammalian representatives are ASIC channels; TPK is a homologue of K2P channels;
Mid1 is homologous to voltage-gated calcium channels. In red: channels expressed in the
heart; underlined: channels clearly identified as MGC; channels with no known
mammalian homologues are marked by *. “SACns”: stretch-activated channels, cation
non selective; “SACk”: stretch-activated channels, potassium selective; “Mito’:
mitochondria; “SR”: sarcoplasmic reticulum. Only a selection of the more well-known
channels and receptors is presented (From Peyronnet et al, 2016 with permission through
the Copyright Clearance Center).
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CHAPTER 2: ANOVEL METHOD FOR THE ACUTE IN VIVO
MANIPULATION OF HEMODYNAMIC LOAD IN EMBRYONIC ZEBRAFISH

2.1.Introduction

The heart is an electrically driven pump that provides the body with a constant
supply of blood during normal physiological conditions. The beating action of the heart
occurs because of cells in the myocardium that contract when electrically excited. These
CM experience a dynamic transformation in size due to varying mechanical forces during
each cardiac cycle. During relaxation (diastole), the cells undergo a physical
transformation as they lengthen and stretch due to the volume of blood filling the heart
chambers (preload). During contraction (systole), force generated by the cells works
against the existing mechanical load and resistance to blood ejection (afterload) to cause
shortening. Preload or afterload are constantly changing (for instance with every breath,
or change in posture, physical activity, efc.), with acute changes causing rapid alterations
in the electrical and mechanical activity of the heart. These rapid changes in cardiac
function (rather than slower, central nervous system- or hormonally-mediated alterations)
are driven by autoregulatory mechanisms that are intrinsic to the heart, involving
feedback from the mechanical environment to electrical (mechano-electric coupling,
MEC) and mechanical (mechano-mechanical coupling, MMC) activity *. This feedback
allows for two distinct means of rapidly adjusting CO, which is the product of HR and
SV on a beat-to-beat basis to acute alterations in venous return (i.e., preload). With
increased preload, there is stretch of the myocardium, which will increase CO by
increasing HR (the ‘Bainbridge effect’ 3#%, which occurs due to stretch of the heart’s
natural pacemaker, the SAN ** and contractile force (the ‘Frank-Starling mechanism’)
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330 an intrinsic property of CM, resulting from changes in myofilament spacing and Ca**
sensitivity 22. The subsequent increase in CO is critical for matching blood ejection to
inflow for each heartbeat, to keep the system in balance. Yet, while the existence and
importance of these acute stretch responses are well established in the adult heart, their

presence and role in the developing heart are ill-defined.

2.1.1. Importance of mechanical load for cardiac development

In the embryo, the heart is one of the first functional organs to develop and is
critical for the further development of the whole animal by supplying nutrients to the
body and removing waste products. As embryonic growth progresses, the heart
transforms from a linear tube into a multi-chambered structure separated by valves for
unidirectional blood flow. This transformation in cardiac morphology is dependent on
hemodynamic changes, manifested as an increase in intracardiac pressure, myocardial
strain, and wall shear stress, resulting in molecular and cell signalling responses that help
coordinate cell differentiation and tissue growth. The structural changes that occur during
cardiac morphogenesis are critical for the heart’s mechanical function and the effective
ejection of blood with each heartbeat. For further details on the influence of the heart’s
mechanical environment on the development of its structure and mechanical function, we
refer the reader to excellent reviews on the subject 306-313:319.351-354

The heart’s electrical activity develops along with its structure and mechanical
function and is similarly dependent on mechanical factors. This includes establishment of

distinct regional differences in electrophysiology, including the atrial and ventricular

myocardium *'73%° the cardiac conduction system 3%, and the SAN **’, which is
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spontaneously active and thus responsible for the initiation of cardiac excitation and in
determining HR 33%-3%,

Importantly, available evidence suggests that the electrical and mechanical
function of the developing heart also respond to acute changes in mechanical load (as in
the adult heart). This appears to be important for the pre-neuronal effects of BP on HR
(increased BP increases HR in intact chick embryos, prior to cardiac innervation) >, the
coordination of contraction across the heart (when electrical conduction in embryonic
chick hearts is prevented by block of gap junctions, the heart continues to beat in a
coordinated fashion) **7, and possibly the initiation of the very first heartbeat (as it occurs
after fluid pressure build-up in the quiescent heart tube) *¢!. However, whether rapid

functional responses to acutely altered hemodynamics (via MEC and MMC) are an

important control mechanism in the developing heart is unknown.

2.1.2. Zebrafish as an experimental model for the study of cardiac development

One reason for our lack of knowledge regarding the importance of MEC and
MMC during development are limitations for its study in mammalian models. Acute,
controlled in vivo alterations in hemodynamics, with simultaneous real-time visualisation
of their effects, is difficult in the opaque, in utero, mammalian embryo. While recent
advances in in vivo imaging and experimental techniques have provided critical new data

regarding the role of mechanics in heart development ¢

, information on acute effects of
altered load is still lacking.

The zebrafish has become a popular alternative model for studies of development
312,363,364

, including the role of mechanics in cardiac morphogenesis 3¢, The most

striking advantage of the zebrafish for developmental studies is the ability to easily
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visualise the developing organs in vivo in the transparent, externally growing embryo 2%,
Basic vertebrate organ patterning is conserved in the zebrafish, and zebrafish embryos
develop a complete body plan with major organ systems, including a beating heart and
major vessels with circulating blood within 48 hours post-fertilisation (hpf) *'2.
Importantly, though, while the cardiovascular system is one of the first to form during
development, the zebrafish embryo obtains oxygen by passive diffusion from water for
upwards of seven dpf, and nutrients from their yolks, so that experimental manipulations
and mutant phenotypes that severely perturb cardiac function and would be lethal in
humans and other mammals can be studied **’. The in vivo assessment of heart
development in zebrafish embryos is further enhanced by optogenetic tools that allow for
the optical measurement and manipulation of cardiac activity in the intact embryo with
genetically encoded light-sensitive proteins 5.

There are other important factors that make the zebrafish a powerful model for
studies of cardiac physiology 2°. Genetically, the zebrafish has a fully sequenced
genome, which is easily altered using standard genetic techniques at relatively low cost
(in terms of time, effort, and money) 2%’ and most cardiac genes have a human
ortholog with analogous function 2*°. Even though the zebrafish heart is in some ways
structurally different than the human heart 2°°, functionally the zebrafish heart shares
more similarities to human than rodents, specifically it has a more comparable HR, AP
morphologies, and ion channel dynamics?’%?"!, additionally, the Ca**-handling
mechanisms are generally well conserved 272273, Furthermore, it has been shown that
mechanisms of both intracardiac ** and extracardiac 2’” control of cardiac function are

similar to human. This is particularly true for the SAN *®* — which is important in the
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context of HR control — and importantly includes responses to stretch *37°, which like

the heart’s electrophysiology are more similar to that found in human than in rodents.

2.1.3. Studying the importance of mechanical factors for the development of cardiac

structure and function in the zebrafish

Recent innovative studies in zebrafish have provided important novel insights into
the role of mechanics in cardiac morphogenesis. For instance, it has been shown that

spatiotemporal variations in wall shear stress coordinate endothelial and valvular growth

371-373 1 374,375
5

and trabecular organisation *?2, and that its genetic 32, pharmacologica or

mechanical *7? disruption results in morphological defects, dependent on
mechanosensitive channel-mediated Hippo-Y AP-Notch signaling pathways 322373375376
Studying acute effects of mechanics on cardiac function in development, however, is

much more difficult 377.

2.2. A novel approach for the acute in vivo application of cardiac hemodynamic load

in zebrafish larvae

Our new approach builds off recent work using a hydrostatic pressurisation
technique designed to mechanically load the atrium of zebrafish larvae in vivo, for the
quantification of passive mechanical properties of the myocardium during development
378 Similar experiments were performed previously with chick hearts 37, however that
work was limited to ex vivo studies, using explanted hearts. The newer in vivo approach
focuses on mechanical loading of the atrium, as at early stages of zebrafish development
the atrium provides much of the work required for circulation **°. Also important for our

purposes, the atrium contains the SAN, which is responsible for the HR response to
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stretch 32°%_ Here we describe the evolution of our approach from the previous
hydrostatic pressurisation technique to the current electronic flow control system and

demonstrate its use to investigate MEC and MMC responses in 48 hpf zebrafish larvae.

2.2.1. Hydrostatic pressurisation technique

In previous in vivo studies examining the passive mechanical properties of the
developing zebrafish atrium, changes in mechanical load were applied by a hydrostatic
pressurisation technique 3’8. This consisted of a fluid column, filled with 0.3X Danieau’s
solution (which has similar salt concentrations and osmotic pressure to that of zebrafish
larvae) and connected to a syringe pump, which allowed for control of the fluid level in
the column to produce specified pressures. The column was also connected via a small
tube to a microcannula, which was made from a borosilicate glass capillary pulled and
broken to an outer diameter of 10-15 um. A zebrafish larva was embedded ventral side
up in low-melt agarose (for physical immobilisation) containing 2,3-butanedione
monoxime (BDM, an inhibitor of myosin ATPase, to stop contraction of the heart). The
cannula was attached to a micromanipulator and the fluid level in the column was zeroed
at the level of the heart (such that fluid did not enter or exit the cannula). Under an
upright fluorescence microscope, the cannula was advanced to puncture the confluence of
the cardinal veins, posterior to the atrial inlet. Cannulation did not affect the size or
morphology of the heart or initiate a visual response. After the cannula was inserted,
pressure was increased in a stepwise fashion by incremental increases of the fluid level in
the column, with brightfield images of the heart collected through the upright
microscope. The tissue was allowed to stabilize between pressurisation steps and there

was negligible flow out of the cannula once pressure equilibrium was reached (visualised
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by the inclusion of fluorescent Rhodamine dye in the column fluid). For further details
and specifics about this system, please see the report by *7%.

This technique allows for the application of low levels of sustained static pressure
to the larval zebrafish atrium and visualisation of the resulting deformation, which has
been used to obtain pressure-stretch relationships for constitutive models of the
myocardium and estimate tissue stiffness during development. While the system is
elegant in its simplicity and ease of use, the resolution of changes in applied pressure is

limited and it does not allow for the rapid application of mechanical loading needed for

the assessment of acute MEC and MMC responses in beating hearts.

2.2.2. Electronic pressure control system

To allow for rapid injection of small volumes to dilate the heart and assess acute
MEC and MMC responses, we modified the previous pressurisation approach to one
using a high-resolution electronic pressure control system. For this, the hydrostatic
column was replaced by a microfluidic pneumatic device that controls outlet pressure
between 0-2000 mbar with a resolution of 600 ubar, step size of 0.03% of the maximum
pressure, stability of 0.1%, and a validated 30 ms response time (LU-FEZ-2000, Fluigent,
Paris, France), to generate controlled flows that are dependent primarily on system
resistance and fluid viscosity. In our configuration, the system outlet pressurised a 15 mL
conical tube containing HEPES-buffered saline solution (in mM: NaCl 142, KCl1 4.7,
MgCl 1, CaCl; 1.8, Glucose 10, HEPES 10). The outlet of the conical tube was
connected to the cannula, so that the pressure resulted in outflow of solution.
Pressurisation was controlled by computer (connected via a LINK module, Fluigent),

using commercial software designed for the pressure control device (OxyGEN, Fluigent),
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which allowed for custom time-based pressurisation protocols and the recording of outlet
pressure.

While this updated approach allowed for more rapid and precise changes in
cannula outlet pressure, the rate of outflow from the cannula varied between each
preparation, as outflow is a function of system resistance, which varies due to differences
in cannula tip diameter, the nature of the cannula puncture, and subject-specific anatomy.
As a result, the injected volume and resulting atrial dilation from a given pressure were

difficult to predict and varied greatly from heart to heart.

2.2.3. Electronic flow control system

To rectify the variability in injected volume and atrial dilation, we moved to a
controlled flow system. In this configuration, the addition of a bidirectional flow rate
sensor inline with the cannula outlet allows for the control and monitoring of flow rate
between 0-80 puL/min with an accuracy of 5% (FLU-M-D, Fluigent), by automatic
pressure adjustment (Figure 2.1). Like the pressure control system, flow is controlled by
computer, allowing for custom protocols and the recording of pressure and flow (Figure
2.2). During volume injection, fluorescence videos of the heart tagged with a cardiac-
specific fluorescent marker are taken through an upright microscope, which allows for
relatively easy measurement of atrial dimensions and HR (Figure 2.3). Hearts tagged with
cardiac-specific functional fluorescent probes, such as genetically expressed voltage
(GEVI) or Ca?" (GECI) indicators **® may also be used with this system to measure
effects of acute changes in mechanical load on membrane potential or intracellular Ca**

handling.
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Here we demonstrate the use of this novel system for the investigation of MEC
and MMC responses in 48 hpf zebrafish larvae, a critical stage of early development after
the morphological transformation known as ‘looping’ (during which the linear heart tube
gradually bends at the boundary between the ventricle and the atrium to create an S-

shaped loop, so that the ventricle comes to lie beside the atrium %!

. We also present
GECI-based measurements of intracellular Ca** dynamics from the earliest cardiac

contractions in 24 hpf zebrafish, which demonstrates the potential for measurements of

subcellular effects using functional fluorescent imaging.

2.3.Assessing the adaptative response of larval zebrafish heart function to an acute

increase in hemodynamic load

All experimental procedures were approved by the Dalhousie University
Committee for Laboratory Animals and followed the guidelines of the Canadian Council
on Animal Care. Details of experimental protocols have been reported following the
Minimum Information about a Cardiac Electrophysiology Experiment (MICEE) reporting

standard 3%2.

2.3.1. Zebrafish larvae preparation

Zebrafish were bred and raised by the Faculty of Medicine Zebrafish Core
Facility at Dalhousie University. 48 hpf zebrafish with a point mutation in the mitfa and
roy genes, resulting in a lack of melanocytes and iridophores that makes them mostly
transparent (a common background strain known as casper °%%), genetically expressing a

fluorescent marker (eGFP) specifically in CM (driven by the heart-specific myosin light
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chain 7 [myl7] promoter, to make the heart easier to visualise) were used for this study
(Tg(myl7:eGFP) on a casper background). Animals were anesthetised in 3% Tris-
buffered tricaine solution (0.45 mM, pH 7.4; Tris: BP152, Fisher Scientific, Waltham,
MA; tricaine: MS-222, Sigma-Aldrich, St. Louis, MO) for five minutes, transferred to a
glass depression slide (CSTKO1, United Scientific Supplies, Libertyville, IL), and
embedded ventral side up in 1.5% low-melting agarose (IB70051, IBI Scientific,
Dubuque, 1A) in HEPES-buffered saline solution (in mM: NaCl 142, KC1 4.7, MgCl, 1,
CaCl; 1.8, Glucose 10, HEPES 10) with 3% Tris-buffered tricaine. All experiments were
performed at a controlled room temperature of 21° Celsius. The desired physiological
temperature would be to conduct experiments at 28° Celsius, which would increase the
basal HR in zebrafish at all developmental stages. The response to increased
hemodynamic load on HR at varying temperatures is not known, thus, investigation on

the effect on temperature of SAC is needed.

2.3.2. Cannulation of the larval zebrafish vasculature

Borosilicate glass capillaries (100 mm, 1 mm outer / 0.58 mm inner diameter;
1B100-4, World Precision Instruments, Sarasota, FL) were shaped using a micropipette
puller (P-97, Sutter Instruments, Novato, CA) into cannulas with a tip diameter of ~4 um.
Cannulas were coupled to the high-resolution electronic flow control system described
above and secured to a three-axis micromanipulator (MM-3, Narishige, Amityville, NY)
on the stage of an upright fluorescence microscope (Eclipse 801, Nikon, Tokyo, Japan)

with a 10x, 0.30 NA objective (Plan Fluor, Nikon). The cannula was inserted through the
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agarose and skin of the larval zebrafish and into the venous circulatory system slightly

upstream of the inlet to the atrium (sinus venosus) (Figure 2.1).

2.3.3. Application of controlled volume to the larval zebrafish heart

Volume loading protocols were developed in the flow control software (OxyGEN,
Fluigent), by defining the duration and rate of flow. The combination of flow duration
and rate were optimised for 48 hpf larval zebrafish by co-varying the parameters in
preliminary experiments to find a combination that resulted on average in ~25% (and no
more than 50%) dilation of the atrium at end-diastole (which is the percentage stretch that
gives the most robust HR response in adult zebrafish isolated SAN 32, The optimal
loading protocol involved a cannula flow of 3 uL/min for 30 s, applied three times, with a
90 s rest period between each (Figure. 2.2A; the amount of time found in preliminary
experiments to allow end-diastolic area [EDA] to return to baseline). Pressure and flow
during the loading protocol were monitored and recorded using the OxyGEN (Fluigent)

software (Figure 2.2B).

2.3.4. Measuring functional effects of acute volume loading

Fluorescent videos of the beating heart were acquired with a colour industrial
CMOS camera (DFK 33UP-1300, The Imaging Source, Charlotte, NC) at 60 frames per
second on the upright microscope by exciting the eGFP with a super high pressure
mercury lamp (HB-10101AF, Nikon) passed through a 480/40 nm filter and a 506 nm
dichroic mirror, with emission collected through a 535/50 nm filter (Chroma, Bellows
Falls, VT). Videos were analysed using custom routines in MATLAB (MathWorks,
Natick, USA) to calculate function parameters immediately before and at the end of each
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application of load. Atrial EDA and end-systolic area (ESA) were measured by tracing
the area of the atrium at the end of filling and the end of ejection, respectively. Stroke
area (SA) was calculated as EDA-ESA, and an area-index of CO (COa) was calculated as
HR x SA (Figure 2.3A) HR was measured from the time between peaks of filtered image
intensity signals, acquired by averaging intensity within a region of interest placed over

the atrial wall (Figure 2.3B).

2.3.5. Measurement of intracellular Ca?" dynamics

For fluorescent imaging of intracellular Ca**, 24 hpf casper zebrafish (in which
the developing heart is still a linear tube) with CM-specific expression the GECI
GCaMP3 were used (Tg(myl7:GCaMP3). Before embedding in agar, zebrafish were
exposed to 100 uM (S)-3’-amino blebbistatin (24170, Cayman Chemical, Ann Arbor,
MI; a blebbistatin derivative with increased water solubility and photostability during
blue light exposure *3* for 90 min to eliminate contraction-induced artifacts in optical
recordings **. Fluorescent videos were acquired by exciting the GCaMP3 using the same
configuration as the eGFP, with fluorescence emission captured at 250 frames per second
by a 128 x 128 pixel, 16-bit electron-multiplying charge-coupled device camera (i-Xon3,
Andor, Belfast, United Kingdom). Videos were analysed using custom routines in
MATLAB to calculate Ca** duration at 80% recovery to baseline (CaTDso) from
fluorescence averaged at 6 evenly spaced 6 x 6 regions-of-interest along the length of the
heart tube. All experiments were performed at 28°C (physiological zebrafish

temperature).
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2.3.6. Statistical analysis

Values are reported as mean+SEM. Statistical analysis was performed in Prism
(GraphPad, San Diego, CA). Group means were compared either by paired two-tailed
Student’s T-tests or paired or unpaired one-way ANOVA, with Tukey or Dunnet post hoc

tests, as appropriate. Significance was indicated by p<0.05.

2.4. Results
2.4.1. Effect of an acute increase in hemodynamic load on atrial EDA in 48 hpf

zebrafish larvae

Hemodynamic load of the atrium was acutely increased three times by the
injection of a controlled flow (3 puL/min) of saline into the confluence of the cardinal
veins over 30 s. Figure 2.4A shows the measured EDA immediately before (B1-B3) and
at the end (S1-S3) of each loading period. With each injection of saline there was a
significant increase in atrial EDA (Figure 2.4A). Importantly, during the rest period
between each saline injection, EDA returned to baseline, as there was no difference
between EDA at B1, B2, or B3 (Figure 2.4A). There was also no difference in the amount
of atrial dilation with each application of load (Figure 2.5A), indicating a consistent
hemodynamic effect. When averaged across all volume injections, the application of load

resulted in a 20.542.0% increase in atrial EDA (Figure 2.6).
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2.4.2. Effect of atrial dilation on electrical and mechanical function in 48 hpf

zebrafish larvae

The effect of the increase in atrial EDA on its electrical and mechanical function
was assessed by comparing HR and atrial SA before and during saline injection. Figures
2.4B and C show the measured HR and SA before and at the end of each loading period.
The first two periods of acute loading had no effect on HR, while the third caused a slight
decrease in HR (Figure 2.4B) of -3.4+1.1% (Figure 2.5B). For SA, there was a significant
increase with each loading period (Figure 2.4C). In both cases there was no difference
between values immediately before the application of load, indicating a return to baseline
(Figures 2.4B, C). As for EDA, there was no difference in the change in SA with each
load application (Figure 2.5C), and the decrease in HR with the third loading period was
not significantly different than the first two periods, which showed no change (Figure
2.5B). When averaged across all volume injections, the application of load resulted in a

60.1+8.5% increase in SA (Figure 2.6).

2.4.3. Effect of altered atrial function on CO

With an increase in venous return to the heart there must be a concomitant
increase in CO — to match outflow to inflow and maintain hemodynamic balance — which
can occur through an increase in HR, SA, or both. COa was calculated as the product of
HR and SA, with the effect of the increase in atrial EDA shown in Figure 2.4D. With
each dilation of the atrium, there was a significant increase in COa, which during each
rest period returned to the baseline value (Figure 2.4D). There was no difference in the

change of COa with each application of load (Figure 2.5D), which when averaged across
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all volume injections was 58.1£8.8% (Figure 2.6). This increase in COa was driven
solely by an increase in SA, supported by a lack of difference in the percentage change of
COa compared to SA, and a difference in the change of both compared to the absence of

an effect on HR (Figure 2.6).

2.4.4. In vivo GECI-based measurement of Ca** dynamics in 24 hpf zebrafish larvae

The above results show the in vivo effect of an acute increase in hemodynamic
load on atrial function. To better understand mechanisms involved, there is the potential
to combine the above method with the use of genetically-expressed fluorescent reporters
for in vivo measurement of subcellular effects. Here we demonstrate the use of the GECI
GCaMP3 to measure Ca®" dynamics in the heart at the very beginning of its contractile
activity in 24 hpf larval zebrafish (Figure 2.7). Changes in fluorescence allowed for the
visualisation of Ca" transient propagation as it progressed form the sinus venosus to the
outflow tract along the heart tube (Figure 2.7A). When CaTDgo was measured at 6 evenly
spaced regions of interest along the length of the tube, an increase in CaTDsgo was seen
halfway along (Figure 2.7B), revealing the early development of regional differentiation

in cellular Ca®" handling.

2.5. Discussion

Here we have presented a novel method for consistent and repeatable rapid in vivo
application of mechanical load to the larval zebrafish heart, and measurement of its acute
effect on electrical (HR) and mechanical (SV) cardiac function, as a means to study the
emergence of MEC and MMC responses in development. It was shown that in 48 hpf
zebrafish larvae, an acute increase in hemodynamic load has little effect on HR, but
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causes a large increase in SA, such that the concomitant increase in COa is driven by
MMC mechanisms. We also show the potential for the use of genetically-expressed
fluorescent reporters for in vivo measurement of subcellular effects, which in 24 hpf
larvae revealed the emergence of spatially varying Ca*>" handling along the heart tube.
Overall, our results demonstrate the potential of our new methodology for future studies

exploring the mechanical control of cardiac function during development.

2.5.1. The response of the 48 hpf zebrafish larvae heart to an acute increase in

hemodynamic load

With an average acute increase in atrial EDA of ~20% in 48 hpf zebrafish larvae,
we found close to a 60% increase in COa, with a similar increase in SA and little change
in HR. This suggests that acute adaptation to changes in hemodynamic load at early
developmental stages in the zebrafish heart are driven solely by MMC mechanisms. This
is in contrast to the heart of adult zebrafish *? and other vertebrates **°, in which there is
also a robust rapid increase in HR with stretch of the SAN, such that a combination of
both MEC and MMC responses are responsible for the associated increase in CO that
ensures the matching of output to venous return ®. Previous studies in mammalian
models, however, have shown evidence for responses of both the heart’s mechanical and
electrical function to acute changes in mechanical load. For mechanical function it has
been demonstrated in embryonic chick hearts that mechanical factors may coordinate
contraction across the heart, even without electrical excitation 3, which may also explain
initiation of the very first heartbeat in the quiescent heart tube *¢!. Electrically, prior to
cardiac innervation in chick embryos, it has been shown that an acute increase in BP

results in an increase in HR *%°. While the mechanisms responsible for these responses to
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changes in the mechanical environment are unknown, they could be driven by MMC or
MEC effects. Our data would suggest that MEC mechanisms are not yet present at early
developmental stages, so MMC is the primary driver as in the responses seen our
experiments, warranting further studies regarding the timing of the emergence of cardiac
MEC in the developing heart, made possible by our novel methodology.

What is well established is the critical role in early development that mechanical
load, including intracardiac pressure, myocardial strain, and wall shear stress, plays in
cardiac morphogenesis and the establishment of normal mechanical and electrical
function by driving molecular signalling that helps coordinate cell differentiation and
tissue growth 306:313:319351354 "1y fact some of the critical insights regarding the
dependence of cardiac development on mechanics has come from in vivo studies in
zebrafish larvae, which have shown the importance of spatiotemporal variations in wall
shear stress for coordinating endothelial and valvular growth and trabecular organisation
322371375 Our new methodology for studies in zebrafish is also well suited to allow for
experiments aimed at gaining further insights into the critical role of mechanics in the

development of cardiac structure and function.

2.5.2. Ca** dynamics in the heart tube of 24 hpf zebrafish larvae

Here we also showed the potential for in vivo fluorescent measurement of the
subcellular activity responsible for myocardial contraction. Using the GECI GCaMP,
intracellular Ca?" dynamics were measured in 24 hpf zebrafish larvae, showing the
release and re-uptake of Ca®" as a wave of excitation proceeded from the sinus venosus to
the outflow tract in the heart tube. Interestingly, when CaTDgo was measured from the

recorded signals, an increase was seen halfway along the tube. This spatial difference in
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CaTDgso reveals the beginning of regional cell differentiation, as portions of the heart tube
begins to take on atrial and ventricular cellular phenotypes. This is inline with previous
work from others using a similar imaging technique in zebrafish, which mapped Ca**
waves across the heart tube in 24 hpf larvae, and showed unidirectional waves of Ca**
release in a relatively slow, linear pattern from the sinus venosus to the outflow tract
(although in that study they did not measure properties of the Ca>" transient) 3. In a later
study using a combined GEVI-GECI construct for in vivo dual voltage-Ca** imaging to
probe the development of regional differentiation of cardiac cellular properties, it was
shown that at 36 hpf the cardiac action potential in zebrafish is initiated by Ca>*, but by
96 hpf it becomes sodium driven, while the atrial action potential remains Ca** dependent
386 Our work suggests that spatial differences in cardiac cellular function in fact develop
earlier, at least by 24 hpf, warranting further studies of the specific timing of the various

aspects of functional cellular differentiation.

2.6. Conclusion

As the heart is constantly experiencing acute variations in hemodynamic load, for
which it must adapt its activity to compensate, MEC and MMC are critical physiological
responses. Little is known about the presence and important of these responses in vivo in
the developing heart, in part due to experimental limitations. The novel technique
presented here allows for rapid variation in the mechanical load of the larval zebrafish
heart, while simultaneously imaging its effects, which may be used in future studies to
better understand the role of MEC and MMC for acute adaptation during cardiac

development.
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2.7. Figures

Figure 2.1 | Electronic flow control system for acute in vivo application of cardiac
hemodynamic load in zebrafish larvae. Outlet pressure of pressurised gas cylinder is
controlled by a computer-controlled high-resolution electronic pressure control system,
which pressurises a conical tube filled with saline solution. Flow rate from the tube is
measured by a bidirectional flow rate sensor and maintained at a set value by adjusting
pressure. A micro-cannula is connected to the flow, advanced with a micromanipulator
under an upright fluorescence microscope to puncture the confluence of the cardinal
veins (posterior to the atrial inlet) and used to inject volume into the heart. Effects of
volume loading are visualised through the microscope with an industrial camera.
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Figure 2.2 | Acute volume loading protocol. (A) Acute volume loading involved three
30 s periods of 3 puL/min saline injection through the cannula, with a 90 s rest period
between each, and measurements taken immediately before (B1-B3) and at the end of
load application (S1-S3). (B) The pressure and flow during loading were monitored and
recorded by the pressure-flow control software.
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Figure 2.3 | Measurement of atrial dilation and functional effects. (A) Videos of 48
hpf zebrafish larvae hearts expressing eGFP (Tg(myl7:eGFP) on a casper background
were analysed in Matlab to calculate function parameters at baseline immediately before
(B1-B3) and at the end of load application (S1-S3). Atrial end-diastolic (EDA) and end-
systolic (ESA) area were measured by tracing the area of the atria at the end of filling and
the end of ejection, respectively, from which stroke area (SA) was calculated as EDA-
ESA. (B) HR was measured from the time between peaks of filtered image intensity
signals, acquired by averaging intensity within a region of interest placed over the atrial
wall (red boxes in A).
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Figure 2.4 | Effects of atrial dilation on functional parameters in 48 hpf zebrafish
larvae. (A) End-diastolic area (EDA), (B) heart rate (HR), (C) stroke area (SA), and (D)
area cardiac output (COa = HR x SA) immediately before (B1-B3) and at the end of load
application (S1-S3). Mean values before and during each stretch were compared by
paired two-tailed Student’s T-tests. Significance was indicated by p<0.05. n=11 larvae.
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Figure 2.5 | Effect of repeated load application on functional parameters in 48hpf
zebrafish larvae. Percentage change (%A) of (A) end-diastolic area (EDA), (B) heart
rate (HR), (C) stroke area (SA), and (D) area cardiac output (CO4) for each period of
load application (S1, S2, S3). Average values presented as mean+SEM. Means for each
loading period were compared by paired one-way ANOVA, with Tukey post hoc tests for
individual comparisons. n=11 larvae.
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Figure 2.6 | Comparison of effects of load application on functional parameters in 48
hpf zebrafish larvae. Percentage change (%A) of end-diastolic area (EDA), heart rate
(HR), stroke area (SA), and area cardiac output (CO4) averaged over all periods of load
application. Average values presented as mean+SEM. Means for each measured
parameter were compared by unpaired one-way ANOVA, with Tukey post hoc tests for
individual comparisons. n=11 larvae.
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Figure 2.7 | In vivo imaging of Ca?" dynamics in the hearts of 24 hpf zebrafish
larvae. (A) Dynamic changes in intracellular Ca®" (Ca*" transients and wave
propagation) measured in the heart tube of 24 hpf zebrafish larvae expressing the GECI
GCaMP3. (B) Calcium transient duration at 80% recovery (CaTDsgo) measured at 6 even
spaced regions of interest along the length of the heart tube. Average values presented as
mean+SEM. Means for each ROI were compared by paired one-way ANOVA, with
Dunnet post hoc tests to compare regions 2-6 with ROI 1. *p<0.05. n=15 larvae.
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CHAPTER 3: EFFECTS OF AN ACUTE INCREASE IN HEMODYNAMIC
LOAD ON CARDIAC FUNCTION IN THE DEVELOPING EMBRYONIC
ZEBRAFISH

3.1. Introduction

Cardiac diseases remain a leading cause of morbidity and mortality ¥’

, and many
of these diseases arise at least in part from genetic defects that affect the development and
maturation of the heart 3838 The formation of the heart’s architecture involves a precise
spatiotemporal series of events that includes genetic, molecular, and cellular mechanisms
enabling stages of formation and differentiation in cardiac development **°. Much of the
progression in cardiac development is enabled by mechanical forces acting on the heart’s
chambers to promote their transformation 3!3.

Briefly, heart development can be broken down into five general stages: (i) the
formation of the primitive heart tube; (ii) cardiac looping; (iii) trabeculation and
compaction; (iv) septation; and (v) valve formation *!1*°192 The primitive heart tube
begins with two epithelial tubes, an outer myocardial tube, and an inner endocardial tube,
which form on opposite sides of the early embryo 3%°, separated by an extracellular matrix
layer called the cardiac jelly **. These tubes merge and fuse along the midline of the
embryo to form a single cardiac tube **!. Once the cardiac tube forms, spontaneous
contractions begin 3!!, which propels the feedforward relationship that controls blood
flow, which in turn upregulates the subsequent morphogenetic process of cardiac looping,
causing the heart to twist and bend into a curved tube 37",

As the heart progresses from a linear valveless tube into a multi-chambered

structure, the influence of hemodynamic forces exerted by the flow of blood acting on

surrounding tissue becomes more prominent *!'. Hemodynamic forces are particularly
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important in the earlier stages of heart development, as the architectural design that
provides the foundation has not yet developed *°!, allowing for more radical and rapid
changes as it progresses toward the mature heart form 3>2. These forces include pressure
(the normal force associated with BP), shear stress (the frictional forces exerted by the
flow of blood along the side of the wall *°°), and tissue stretch (due to outward force
acting directly on the tissue wall). These hemodynamic forces each have associated

1 307,308

mechanical effects, which are sensed at the cellular leve and impact gene and

protein expression 2%, cell morphology *!, and tissue organisation 3!!-396-3%,
Consequently, this process is also essential for organogenesis and the normal overall
development of the embryo through the supply of nutrients and oxygen 3%°.

The importance of these mechanical forces acting on the developing heart cannot
be overstated as even minor disruptions during this vulnerable stage in development can
have devastating repercussions in the form of CHD **°. CHD occurs when cardiac
morphogenetic processes are disrupted, which affects 1-2% of newborn children,
represents the largest classification of birth defects, accounts for approximately 25% of
all congenital abnormalities, and is the leading cause of death in infants under one year of
age %749 Despite this prevalence, the etiology of many forms of CHD remains
unknown. Clinical and experimental research has identified multiple genetic mutations
that result in CHD, but they do not account for the specific disease phenotype. Causes of
CHD are often partitioned into genetic and nongenetic categories. Well-recognized
nongenetic causes of CHD include environmental teratogens (dioxins, polychlorinated

biphenyls, pesticides), “°! maternal exposures (alcohol, isotretinoin, thalidomide,

antiseizure medications), “°? and infectious agents (eg, rubella).**> Despite decades of
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international efforts to combat these factors, the compendium of nongenetic causes of
CHD continues to increase and to diversify. Antiretroviral medications ** that are taken

405 with associated

by 8 million people worldwide, and the epidemic of obesity
phenotypes of diabetes mellitus *°® and hypercholesterolemia *°” are recognized as
emerging risk factors for CHD. Deciphering the contributions of genetic and nongenetic
causes of CHD has benefited from extensive model organism studies that have provided a
wealth of insights into cardiac developmental biology. Molecular pathways have been
identified that orchestrate formation of primordial cardiogenic fields that shape the
cardiac crescent and linear heart tube, and which drive atrial, ventricular, inflow, and
outflow tract morphogenesis.**>4%#1% Within these pathways, details have emerged about
molecules that promote lineage specification, differentiation, cell growth, and migration,
and that orchestrate temporal and spatial patterns of gene expression.*!!#!> Experimental
animal studies have provided spectacular insight to the understanding of mechanobiology
of heart development 3%°313416 \hile the integration and advancement of high-resolution
imaging modalities has continued to expand our understanding of the importance of
hemodynamic flow in the developing heart *!”*13, These advances will prove to be critical
for relevant clinically translatable interventions with the aim of identifying and adjusting
the trajectory of malforming hearts related to CHD, as well as for providing insight into
pressure and volume overload related heart conditions that may increase the risk of CVD.
Thus, understanding of the missteps that occur during this formative phase in
development is critical for providing insight into disease, and importantly, the associated

treatment strategies to repair or regenerate damaged cardiac tissue 338417,
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In vitro studies have demonstrated that vascular endothelial cells can sense and
transduce physical energy related to biomechanical stimuli, such as frictional stresses,
wall shear stress, and transmural pressure, which can all be related to pulsatile blood flow
420 However, the applicability of research conducted in vitro will remain speculative
without an in-depth, quantitative examination of blood flow conditions in vivo **!. The
ability to visualise and quantify fluid flow within a living organism would greatly benefit
the depth of understanding of the role of fluid forces in development and disease **2.

Over the past few decades, the zebrafish model has continued to provide insight
into a multitude of human diseases, particularly relating to cardiovascular and neuronal
conditions. One of the more prominent advantages of the zebrafish is the ability to image
the progression of nerve innervation and chamber morphology during development %3,
Regarding cardiovascular development, cardiac function and blood flow hemodynamics
need to be assessed to study the development of mechanisms that play an essential role in
the systems ability to adapt to changes in hemodynamic load. Important parameters to
consider include HR, SV, CO, EF, fractional area change, and fractional shortening 423,
Thus, the zebrafish is an important tool to study the analysis of hemodynamics in our
understanding of mechanobiological mechanisms of induced defects, which involve
determination of flow patterns, measuring flow velocities, calculating heart function
parameters, and calculating hemodynamic stress levels **”.

The development of various genetic and cell biology tools, such as forward and
reverse genetic approaches that provide the ability to induce a variety of clinically
relevant cardiac defects, and transgenesis, lineage tracing, and cell transplantation

techniques, provides the zebrafish model distinct advantages for the study of cardiac
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development. For example, the development of the zebrafish embryo — especially in the
transgenic casper line, allows for direct non-invasive real time imaging of heart
maturation at a cellular resolution ****?°_ Additionally, due to their small size, zebrafish
embryos rely primarily on oxygen diffusion to meet metabolic demands, instead of the
cardiovascular system until at least 7 dpf. Therefore, this enables detailed analysis and
detailed information relating to phenotype and maturation *%%. Finally, despite the
zebrafish heart being more simplistic in structure with two chambers, as opposed to four
chambers in the mammalian heart, the genetic expression responsible for the
development of the heart are conserved in vertebrates. Thus, studies of cardiac
development utilizing the zebrafish as a model organism will only continue to address
questions related to cardiac development in the future %%

The ability to provide sufficient CO is a dynamic process and is constantly varied and
modulated in response to changes in hemodynamic load (preload, afterload), contractility,
and HR #*%%_ Acute changes in LV hemodynamics and HR can alter LV mechanics +**-
435, Understanding the mechanisms responsible during acute changes in hemodynamic
load will allow us to determine the intrinsic contribution of modulation, and perhaps
provide insight into the long-term implications of when these mechanisms are altered or
compromised. The aim of this project was to expand the method developed in project 1a
and adapt it to zebrafish embryo during different stages of development to investigate
mechanisms driving the effect of acute increased hemodynamic load on the heart. The
hypothesis of this project is that in earlier stages of development, control of the HR is

driven primarily by intrinsic mechanisms which respond to changes in mechanical load.
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As development progresses, the response to changes in mechanical load is shifted from

purely intrinsic, to a balanced intrinsic-extrinsic controlled system.

3.2.Methods

3.2.1. Ethics statement

All experimental procedures were approved by the Dalhousie University Committee for
Laboratory Animals and followed the guidelines of the Canadian Council on Animal
Care. Details of experimental protocols have been reported following the Minimum

Information about a Cardiac Electrophysiology Experiment (MICEE) %2, .

3.2.2. Zebrafish embryo and larvae preparation

Zebrafish were bred and raised by the Faculty of Medicine Zebrafish Core
Facility at Dalhousie University. 48 hpf zebrafish with a point mutation in the mitfa and
roy genes, resulting in a lack of melanocytes and iridophores that makes them mostly
transparent (a common background strain known as casper [326]), genetically expressing
a fluorescent marker (eGFP) specifically in CM (driven by the heart-specific myosin light
chain 7 [myl7] promoter, to make the heart easier to visualise) were used for this study
(Tg(myl7:eGFP) on a casper background). Animals were anesthetised in 3% Tris-
buffered tricaine solution (0.45 mM, pH 7.4; Tris: BP152, Fisher Scientific, Waltham,
MA; tricaine: MS-222, Sigma-Aldrich, St. Louis, MO) for five minutes, transferred to a
glass depression slide (CSTKO1, United Scientific Supplies, Libertyville, IL), and
embedded ventral side up in 1.5% low-melting agarose (IB70051, IBI Scientific,

Dubuque, IA) in HEPES-buffered saline solution (in mM: NaCl 142, KCl1 4.7, MgCI2 1,

74



CaCl2 1.8, Glucose 10, HEPES 10) with 3% Tris-buffered tricaine. All experiments were

performed at a controlled room temperature of 21° Celsius.

3.2.3. Electronic flow control system

Depending on the age of the zebrafish, we explored numerous protocols adjusting the
magnitude of flow, duration of the flow, and rest between bouts of increased flow, with
the desire to apply a repeated increased load that would result in a 25 percent increase in
atrial EDA separated by an interval that would allow the atrial EDA to return to near-
baseline levels. This initial increase in EDA was derived from previous studies involving
isolated zebrafish SAN tissue and the manual manipulation of a mechanically induced

stretch response 2.

3.2.4. Inflation and rest protocol development

The duration of increased hemodynamic load previously described *’® provided an
entry to understand increasing hemodynamic load in the zebrafish heart. Although the
intention of the previous method was to investigate fluid dynamics and the relationship of
tissue stiffness over a longer duration (3+ minutes), we were interested in applying a
shorter duration to investigate the acute cardiac functional responses to increased
hemodynamic load on a beat-by-beat basis (30s). This required an instantaneous ability to
control heart volume, instead of a gradual progression in applied load through the water
column method.

The introduction of the electronic pressure-controlled system allowed near-
instantaneous changes to the applied pressure acting on the reservoir which forced saline

solution through the tubular network, through the canular and finally altering the flow
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into the intracardiac area of the zebrafish larvae. However, the initial electronic pressure-
controlled system that we implemented, had a maximum pressure limit of 25 mbar.
Despite efforts to optimize this through manipulation of the cannula tip, the effect on the
atria volume was delayed, and not as rapid as desired. To measure the effect of stretch on
a beat-by-beat basis we required a more robust, immediate effect. We then implemented
the electronic pressure-controlled system that had a maximum pressure limit of 2000
mbar. This system allowed the same near-instantaneous applied pressure, at a greater
magnitude and manipulation of the hemodynamic load being injected into the
cardiovascular system and directly effecting the chambers of the heart on a beat-by-beat
basis.

As we were navigating into now unfounded territory, this required a lot of trial
and error to optimize the desired timing of the applied load as well as the magnitude to
allow increased atrial stretch to occur without compromising cardiac function. We did see
the effect we were seeking; however, it was proving to be difficult to replicate our
findings as the main factor that needed to be constant was the diameter of the cannula as
this was the primary source of resistance. Using the P-95 Browning Glass Pipette Puller
was effective in pulling precise short, blunted cannulae. However, to allow uninterrupted
flow of solution into the intracardiac space, the tip needed to be further altered manually,
which on the order of pm, has the potential to vary the resistance considerably between
individual pipettes.

Through trial and effort, we developed a protocol for 2 dpf zebrafish embryo
consisting of three repeated bouts (Stretch 1; S1, Stretch 2; S2, Stretch 3; S3) of a

sustained increase in hemodynamic load of 3uL per minute (uL/min) for 30 seconds (s)
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to induce stretch of the atrial chamber separated by a two-minute rest period consisting of
OuL/min (Protocol 1); this duration before each phase of increased hemodynamic load is
the adapted baseline phase (Baseline 1; B1, Baseline 2; B2, Baseline 3; B3). The 6
dpf_P2 and 14 dpf, the parameters for duration of flow and rest were the same for
Protocol 2 and 3, the magnitude of flow was adjusted for anatomical size and
functionality, to 4 pL/min and 5 pL/min, respectively.

To summarise for clarity, the protocols used are described below:

Protocol 1 (P1): 30-second flow interval (flow rate: 3 pL/min) followed by a 90-second

rest interval (flow rate: 0 pL/min). Repeated a total of three times.

Protocol 2 (P2): 30-second flow interval (flow rate: 4 pL/min) followed by a 90-second

rest interval (flow rate: 0 pL/min). Repeated a total of three times.

Protocol 3 (P3): 30-second flow interval (flow rate: 5 pL/min) followed by a 90-second
rest interval (flow rate: 0 pL/min). Repeated a total of three times.

P1 was used in 2 dpf zebrafish. P2 was used in 6 dpf and 14 dpf zebrafish that were
incubated with blebbistatin. P3 was used in 14 dpf control and 14 dpf groups exposed to
pharmacological interrogation. Additionally, there was a second 14 dpf group for P2.
This was to ensure that HR response was not simply load-dependent based on the
protocol increases in flow, thus allowing comparison of 6 dpf and 14 dpf with the same
exposure to hemodynamic load (P2), as well as comparison of two 14 dpf groups with

varying hemodynamic load (P2, P3).

3.2.5. Measurements

Measurements of EDA, ESA, HR, SA, and COxa were collected and calculated as

described in Chapter 2.
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3.2.6. Statistical analysis

Data was analysed with GraphPad Prism (version 9.4.1). Differences between
baseline measurements (B1 and B2, B2 and B3) were compared using a Repeated
Measures One-Way ANOVA (paired). Equal variability of differences (sphericity) was
not assumed, instead the Greenhouse-Geisser correction was applied. The Greenhouse-
Geisser is used to assess the change in a continuous outcome with three or more
observations across time or within-subjects. Tukey’s multiple comparisons test was used
for post hoc analysis. To analyse changes between baseline and stretch (B1 and S1, B2
and S2, B3 and S3) individual paired t-tests were used. To assess changes between the
stretch phases (S1 and S2, S2 and S3), a Repeated Measures One-Way ANOVA was
performed. Comparison of average change between groups was assessed using an
Ordinary One-Way ANOVA (unpaired). Tukey’s multiple comparisons test was used for

post hoc analysis.

3.3. Results

3.3.1. Effect of increasing hemodynamic load on end diastolic area

Experiments in each age group resulted in a significant increase in EDA during
each stretch phase, compared to the corresponding rest phase (B1 and S1, B2 and S2, B3
and S3) (p <0.001). Additionally, in each phase, among each group, the 90-second
resting phase allowed EDA to return to baseline or near-baseline, evidenced by no
observed significant difference between B1 and B2 and between B2 and B3 (p > 0.05).

(Figures 3.1 —3.4).
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Examining the EDA percentage change between stretch and baseline within each
group showed no significant difference (S1 and S2, S2 and S3) (Figure 3.5). Thus, the
three repeated stretches were combined as one averaged stretch to simplify the direct
comparison between groups. Among these results, there were no significant differences
in the average percentage change of EDA between the 2 dpf_P1 group and both P2
groups (6 dpf_P2 (p =0.095), 14 dpf_P2 (p = 0.648)). There was also no significant
difference between 6 dpf_P2 and both 14 dpf groups (14 dpf_P2 (p = 0.622), 14 dpf_P3
(p =0.129)). The increased hemodynamic load in between the two protocol P3 and P2 in
the same age group resulted in a significant difference between 14 dpf_P2 and 14 dpf_P3
(p =0.007). (Figure 3.6).

The plots displaying the absolute change between baseline and stretch phases for
HR, SA, and COax for each group is included in the appendix, supplemental material. This

section will primarily focus on the comparison between groups.

3.3.2. Effect of increased hemodynamic load on heart rate

In 2 dpf_P1, the average percent change in HR between baseline and stretch was -
1.7£0.4 percent. In the absolute changes between baseline and stretch there were no
significant differences (p < 0.067) (Supplemental Figure 3.1). In 6 dpf_P2, the average
percent change in HR was 5.141.2 percent. There were no differences between the
absolute change in the first and second stretch phases (B1 and S1 or B2 and S2 (p <
0.147)), however, this group did see a significant increase between B3 and S3 (p = 0.044)
(Supplemental Figure 3.2). The average percent change in HR in the 14dpf_P2 group was
10.7+2.2 percent and there was a significant increase between each baseline and stretch

phase (p < 0.002) (Supplemental Figure 3.3), while the average percent change in HR in

79



the 14 dpf_P3 group was 14.94+3.4 percent and there was a significant increase between
each baseline and stretch phase (p < 0.002) (Supplemental Figure 3.4). Comparison of
average absolute HR change between groups resulted in significant differences between 2
dpf_P1 and 6 dpf_P2, 14 dpf_P2, and 14 dpf_P3 (p < 0.046). There were no significant
differences between groups comparing P2 (6 dpf_P2 and 14 dpf_P2) (p =0.093), but
there was a significant difference between 6 dpf_P2 and 14 dpf_P3 (p <0.001). There
were no significant differences between 14 dpf aged zebrafish (14 dpf_P2 and 14 dpf_P3)
(p =0.322) (Figure 3.7). Within each group there were no significant differences between
absolute HR measurements between baseline phases (B1 and B2; B2 and B3) (p < 0.099)
(Supplemental Figures 3.1 - 3.4), and no significant difference within each group,
comparing the absolute change in HR between stretches (p = 0.112) (Supplemental

Figure 3.5).

3.3.3. Effect of increased hemodynamic load on stroke area

Within each group (2 dpf_P1, 6 dpf_P2, 14 dpf_P2, 14 dpf_P3), there was a
significant increase in SA between each baseline and stretch phase (p < 0.046), with the
single exception of B3 and S3 in the 6 dpf_P2 aged zebrafish (p = 0.059). Additionally,
there were no significant differences between absolute SA measurements between
baseline phases within each group. (B1 and B2; B2 and B3) (p < 0.095) (Supplemental
Figures 3.6 - 3.9). There was no significant difference in the absolute change in SA
across each stretch phase, within each group (Supplemental Figure 3.10). Comparison of
the average absolute SA change between groups showed a significant increase between 6

dpf_P2 and both 14 dpf aged zebrafish (14 dpf_P2; 14 dpf_P3; p < 0.005). There were no
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significant differences between 14 dpf aged zebrafish (14 dpf_P2 and 14 dpf_P3) (p =

0.999) (Figure 3.8).

3.3.4. Effect of increased hemodynamic load on cardiac output

Regarding COax, there was a significant difference within each group comparing
each baseline and stretch phase (p < 0.039), and no significant change between absolute
baseline measurements within each group (p < 0.150) (Supplemental Figures 3.11 —
3.14). For absolute change in COAx across each stretch phase within each group there was
no significant differences (Supplemental Figure 3.15). Comparison of average absolute
COa change between groups found significant differences between 6 dpf_P2 and both 14
dpf aged zebrafish (14 dpf_P2; 14 dpf_P3; p <0.001). There were no significant
differences between 14 dpf aged zebrafish (14 dpf_P2 and 14 dpf_P3) (p = 0.812) (Figure

3.9).

3.4. Discussion

In the 2 dpf zebrafish embryos, after demonstration of the ability to increase atrial
EDA with a return to baseline, confirmed by no significant differences between baseline
measurements, measurement of functional cardiac parameters (HR, SA, COx) were
assessed to determine the effect of repeated bouts of applied increased hemodynamic load
acting on the atrium. In the 2 dpf zebrafish group, the HR response to repeated bouts of
increased hemodynamic load demonstrated no response between baseline and stretch
phases. In fact, this response was mathematically, slightly negative (average -1.7+0.3
percent change). This is contrary to what might be expected based on the heart’s response

to increased hemodynamic load, such as during exercise **°, CO increases as a result of
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contributions from increases in HR and force of contraction, and overall ventricular work
437 However, when consideration is given to the stage of cardiac development in 2 dpf
zebrafish embryo this may become less surprising. The zebrafish heart at 2 dpf has just
undergone transformation from a linear heart tube at 24 hpf and undergoes a leftward

looping into an S-shape at 33 hpf >’

, and ventricular displacement causing the initiation
of a pronounced two chambered structure. At 36 hpf, the pumping mechanisms begin to
transition from slow peristaltic waves into sequential chamber contractions, suggestive of
an onset of the cardiac contraction system **’. By 48 hpf the ventricular chamber is just
beginning to develop the outer and inner curvatures, while CM start delaminating from
the ventricle to begin trabeculation 8. Taken together, although the heart has begun to
develop into a functional contractile organ, there is still significant maturation of the
conduction system, remodeling, as well as nerve innervation that must occur before the
heart is capable to sustain the physiological demands 3143

By 6 dpf, the progression of the cardiac chambers and valves have developed
more completely and have become operational in the propulsion of blood flow, and the
prevention of back flow 3'%#!7_ In this group, there was an observed five percent increase
in HR, however, as there is no statistical significance, this may be attributed to immature
SAC development and could be further evidenced by the fact that a zebrafish embryo can
survive for 7 dpf without blood flow **°, and primarily rely on oxygen diffusion due to
their small size 263440,
In the 14 dpf zebrafish, the HR response is much more robust and at this stage in

development, the transportation of nutrients is fully dependent on blood flow from the

heart which could be driven by the presence of SACs. Some SACs have a permeability
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for Ca®", the activation of SACs has been proposed to mediate a stretch-induced rise in

3441 \where the the activation of SAC was also

the resting [Ca®']i and Ca?" transients
suggested to induce Na* accumulation with its non-selectivity over cations **2. The
changes in [Na']i was thought to increase [Ca*']i via the activation of Na*-Ca**
exchangers operating in a reverse-mode 2441443,

Comparing the percent change in EDA in 6 dpf_P2 group with the 14 dpf_P3
group, there was no significant difference, nor was there between the 6 dpf_P2 and 14
dpf_P2 groups. There was a significant difference in 14 dpf_P2 and 14 dpf_P3 which is
likely attributed to the increase in mass and HR response in the 14 dpf aged fish, as there
is a significant difference in HR response between 6 dpf_P2 and 14 dpf_P3 and no
significant difference between the 14 dpf groups (14 dpf_P2, 14 dpf_P3), as the HR
response was increased in this group, thus moving more flow and preventing EDA to
reach the levels of the 14 dpf_P3 group.

The presence of significant differences in SA with atrial dilation across each age
group demonstrates the presence of the FSL and that it is not age dependent. This
describes the relationship between increased length of myocardial fibres and its
mechanical performance and the importance for cardiac function **#°_ This mechanism
plays an important role in the increased venous return of blood to the heart and increases
in SV. As the increase in venous return dilates the heart chamber, this causes a stretch in
the myocardium, which increases the contractile force generated by the muscle, resulting

in an increased SV. The FSL is central to the alteration of CO, particularly important in

younger aged groups (2 dpf_P1, 6 dpf_P2) as the responses to increased HR do not
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appear to be present in these groups. The stretch of the myocardium thereby increases the
contractile force of the muscle and increases SV.

Regarding CO (the product of HR multiplied by SV), this must be altered to meet
the changing physiological demands on the system, which can occur either through

446 or temperature *47. The increase in CO occurs through an increase in

increased activity
HR or SV, but in most cases the delicate balance of frequency versus volume as a
modulatory strategy for adjusting CO occurs from contributions of both factors **. In the
case of this project, as temperature was a controlled variable, the increase in
hemodynamic load is more similar to increased venous return resulting from demands
due to strenuous exercise 5.

Ideally, this project would involve samples from each dpf age group in ascending
order from 2 dpf_P1 to 14 dpf with incremental responses to HR, specifically identifying
when the integrative HR response is initiated at each developmental stage. The zebrafish
ventricle chamber begins to develop distinguishable trabeculae at 72 hpf #3448, As this is
an indicator of cardiac development, this prompted the selection of the next age group to
include 4 dpf samples. However, as there were no observed changes in preliminary
experiments compared to 2 dpf_P1, the decision was made to pursue an older age group.
Trabeculation begins to line the outer curvature of the ventricle at ~5 dpf ***44% which
prompted exploration of the 6 dpf age group. After successfully adapting the
hemodynamic flow protocol to this group and identifying a change in the HR response,
this prompted further motivation to apply this method in an older age group to determine

if a more robust response to increased hemodynamic load would occur. After two weeks,

as cardiac development continues and the trabeculae continue to expand and mature up to
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this point, the compact myocardium still remains one cell layer thick **8

, which is
consistent with the relatively thin compact myocardium observed in adult zebrafish
ventricles *. We explored the potential of expanding this technique into the 14 dpf
group. Providing an interval at 10 dpf between these aged sample groups was explored
however, given the duration in timing needed to optimize this technique we opted to
focus attention on exploring the effects of pharmacological intervention, as described in
the next chapter.

Despite the casper zebrafish line providing an excellent tool that allows clear
visualisation and in vivo imaging of the cardiac chambers, at 14 dpf, the interference of
the ventricle overlapping the atrium and thus blocking the potential usage of this as a
successful experimental stage became complicated. Thus, further interrogation of this

method to measure the effects on the atrium in older aged zebrafish (15+ dpf) could

become problematic.

In conclusion, we have successfully demonstrated the use of a novel method to
manipulate the acute hemodynamic load and implement this approach in multiple age
groups in the zebrafish model, further validating this model system for the study of
mammalian cardiovascular physiology and functional relationships. The zebrafish
continues to offer a promising and advantageous model that will contribute significantly
to knowledge about the molecular mechanisms of mammalian cardiac modulation of HR
and contractile regulation, offering insight into the functional consequences of genetic

manipulation and therapeutic strategies in human health and disease.
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3.6. Figures

Figure 3.1 | Absolute EDA Change in 2 dpf zebrafish embryo. Baseline measurements
are represented as B1 B2 B3. Stretch phases measurements are represented as S1 S2 S3.
In each stretch phase there was a significant increase in EDA, returning to baseline levels
after the rest period indicated by no significant differences between baseline phases (ns =
p>0.05*=p< 0.05. **p=< 0.01, ***=p < 0.001).
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Figure 3.2 | Absolute EDA Change in 6 dpf zebrafish embryo. Baseline measurements
are represented as B1 B2 B3. Stretch phases measurements are represented as S1 S2 S3.
In each stretch phase there was a significant increase in EDA, returning to baseline levels
after the rest period indicated by no significant differences between baseline phases (ns =
p>0.05,*=p< 0.05. **p=< 0.01, ***=p < 0.001).
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Figure 3.3 | Absolute EDA change in 14 dpf zebrafish larvae (protocol 2). Baseline
measurements are represented as B1 B2 B3. Stretch phases measurements are represented
as S1 S2 S3. In each stretch phase there was a significant increase in EDA, returning to
baseline levels after the rest period indicated by no significant differences between
baseline phases (ns; non significant =p > 0.05, * =p < 0.05. ** p=< 0.01, ***=p <
0.001).
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Figure 3.4 | Absolute EDA change in 14 dpf zebrafish larvae. Baseline measurements
are represented as B1 B2 B3. Stretch phases measurements are represented as S1 S2 S3.
In each stretch phase there was a significant increase in EDA, returning to baseline levels
after the rest period indicated by no significant differences between baseline phases (ns =
p>0.05,*=p< 0.05. ** p=< 0.01, ***=p < 0.001).
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Figure 3.5 | Percent EDA change between each stretch in each age group.
Comparison of percentage EDA change within each group. S1, S2, S3 represents each
stretch across each group. 2 dpf; red, 6 dpf; green, 14 dpf_P3; blue, 14 dpf_P2; grey. In
each group there were no significant differences within each group (p < 0.05).
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Figure 3.6 | Average percent EDA change in each age group. Percent change in EDA
from each stretch, within each group was averaged to allow direct comparison between
each age group. 2 dpf; red, 6 dpf; green, 14 dpf_P3; blue, 14 dpf_P2; grey. There was a
signifcant difference between 14 dpf groups in protocol 2 and protocol 3. (ns = not
significant; p > 0.05, * =p <0.05, ** =p < 0.01, *** =p <0.001).
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Figure 3.7 | Average percent HR change in each age group. 2 dpf; red, 6 dpf; green,
14 dpf_P3; blue, 14 dpf_P2; grey. There was a signifcant difference between 6 dpf and
14 dpf_P3 and no significant difference between 6 dpfin 14 dpf_P2 (ns = non
significance; p > 0.05, * =p < 0.05, ** =p < 0.01, ¥*** =p <0.001).
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Figure 3.8 | Average percent SA change in each age group. 2 dpf; red, 6 dpf; green, 14
dpf_P3; blue, 14 dpf_P2; grey. SA change was siginificantly increased in both 14 dpf
groups compared to 6 dpf. There were no significant change between SA between 14 dpf
groups. (ns = non significance; p > 0.05, * =p <0.05, ** =p < 0.01, *** =p <0.001).
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Figure 3.9 | Average percent COa change in each age group. 2 dpf; red, 6 dpf; green,
14 dpf_P3; blue, 14 dpf_P2; grey. COA change was siginificantly increased in both 14
dpf groups compared to 6 dpf. There were no significant change between COA between
14 dpf groups. (ns = non significance; p > 0.05, * =p <0.05, **=p < 0.01, *** =p <
0.001).
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CHAPTER 4: MECHANISMS DRIVING CARDIAC EFFECTS OF ACUTE
INCREASED HEMODYNAMIC LOAD IN EMBRYONIC ZEBRAFISH

4.1. Introduction

This chapter discusses the general organization and physiology of the heart’s
response to changes in hemodynamic load and will investigate the ANS and the heart’s
intrinsic ability to self regulate through MEC. The ANS is functionally divided into the
SNS (adrenergic) and the PNS (cholinergic) and plays a key role in the regulation and
modulation of cardiac activity, including arterial BP, HR, and consequently CO, with its
dysregulation being involved in various heart diseases, such as cardiac arrhythmias 2.
The ANS comprises both extrinsic and intrinsic innervation of the heart. The ICNS
includes the network of the intracardiac ganglia and interconnecting neurons within the
heart tissue. The cardiac ganglia contribute to the tight modulation of cardiac
electrophysiology, working as a local hub integrating the inputs of the extrinsic
innervation and the ICNS %7,

The B-AR is a component of the SNS and plays an important role in the regulation
of cardiac function ***. When stimulated, CM B-ARs primarily bind to the G stimulatory
protein, and subunit, Ga protein responsible for activating adenylyl cyclase, which
generates the second messenger cAMP 27344 Increased cAMP levels activate cAMP-
dependent PKA which subsequently phosphorylates downstream Ca?* regulatory
proteins, in order to enhance cardiac contractility **4!. Enhanced activation and open
probability of L-Type Ca?" channels facilitates an increased contractility of CM, due to a

higher availability of cytosolic Ca®" while also elevated release and reuptake into the SR

are regulated by PKA 27341,
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Conversely, the PNS acts through the vagus nerve, innervating primarily the atria,

452 playing a critical role in reduction of HR,

with some innervation into the ventricle
force of contraction, and conduction velocity of the SAN and AV node through
cholinergic signaling *** being mediated by the binding of ACh to M2 muscarinic
receptors in atrial myocytes “*3°. M, receptors are coupled to G inhibitory proteins,
which mediate the decrease in inotropic and chronotropic responses through various
downstream mechanisms. One mechanism involves direct inhibition of adenylyl cyclase,
which leads to decreased production of adenosine 3',5'-cAMP and inhibition of PKA
436457 The negative inotropic and chonotropic effects from activation of muscarinic
receptors in the SAN, leads to negative chronotropic responses due to decreased cAMP
levels, which results in downstream inhibition of the HCN channel-mediated /r, resulting
in a decrease in pacemaker rate %4,

Furthermore, activation of SAC leads to an ion influx that alters [Ca®"]; and Na*
concentrations **°, while the elevation of Na* favors additional cellular Ca**
accumulation via the NCX. In essence, Ca>" acts as a signaling molecule to switch on
Ca?"-dependent signaling cascades including protein kinase C, pyruvate kinase,
calmodulin, CaM kinases, and phospholipases that modulate cardiac function by protein
phosphorylation *%!, ultimately by stimulating transcription factors and protein synthesis
462463 pharmacological inhibition of the stimulatory pathways of the ANS and SAC in
response to increases in hemodynamic load may provide insight into the mechanisms
responsible for parameters of cardiac function, including HR, SV, and CO. The ability to

study these mechanisms in an in vivo setting, while manipulating hemodynamic load has

not yet been possible in mammalian animal models.
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The zebrafish heart has several advantages over traditional mammalian models for
investigating the organization and function of the cardiovascular system. The
spontaneous electrical activity that occurs in the SAN, as well as propagation of this
signal through the atrium, AV canal, and into the ventricle are strikingly similar from the
two-chambered hearts of zebrafish to the four-chambered hearts of adult mammals
266,277,346 Recent reports 28%-383:464-466 haye established the zebrafish heart as a powerful
tool for studying cardiac electrophysiology, with the potential to provide broad insights
into cardiovascular function. Because of this striking resemblance to humans, zebrafish
have recently been adopted as a model for studies of heart physiology, as well as
pharmacological interrogation 2*°, with the potential to provide broad insights into
cardiovascular function. The specific aims of this project were to determine the role of
neurons and SACs in driving changes in driving changes in cardiac function with the use
of pharmacological block of SNS, PNS, and SACxs. The hypotheses were the cardiac
response to increased hemodynamic load will 1) be blunted by SNS inhibition, as the SNS
is cardioexcitatory, inhibition will interfere with proper cardiac function and cause the
system to overload or become completely dysfunctional to the point of cessation of
contraction; i1) be increased by PNS inhibition, as the PNS is cardioinhibitory, inhibition
will result in an increased response in cardiac function; ii1) be blunted by SACns
inhibition, as SACns drive Vi, depolarization, inhibition will result in a decrease in the

HR response to the point of acute cardiac dysfunction, through cessation of contraction.
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4.2.Methods

4.2.1. Ethics statement

All experimental procedures were approved by the Dalhousie University
Committee for Laboratory Animals and followed the guidelines of the Canadian Council
on Animal Care. Details of experimental protocols have been reported following the
Minimum Information about a Cardiac Electrophysiology Experiment (MICEE) reporting

standard %2,

4.2.2. Zebrafish embryo preparation

Each group in this project consisted of 14 dpf zebrafish larvae, as the ICNS
should be active at this developmental stage ***. The experimental setup is described in
the methods sections of Chapters 2 and 3. Pharmacological interrogation included
independent use of streptomycin (SACxs inhibitor; 500 uM; Sigma Aldrich), atropine
(postjunctional M2R blocker; 10 uM; Sigma Aldrich), timolol (postjunctional $1 and 2-
AR blocker; 100 uM; Sigma Aldrich), a combination of atropine and timolol (10 uM +
100 uM). Drug dose concentrations were determined based on previous literature using
isolated adult zebrafish hearts as a starting point, followed by an experimental protocol
using a range of concentrations (Figure 4.1).The incubation protocol for each of the
pharmacological interventions included the addition of the respective drug to the E3
embryo solution for a 15-minute duration. After this incubation period, zebrafish larvae
were placed in MS-222 for a five-minute period before the protocol was initiated. In the
promotion of negative results, hexamethonium, a nondepolarizing nicotinic receptor

blocker of nicotinic acetylcholine receptors on parasympathetic and sympathetic

98



preganglionic neurons was initially also tested, but not used after results were
inconclusive. The transgenic zebrafish tg(myl7:eGFP GCamp3 casper), and

tg(myl7:Chimeric VSFP-butterfly) were used to study Ca*>* and voltage dynamics in the
heart in a spatiotemporal manner. GCaMP is a GECI. GECls are designed to show the

Ca*' ion status of a tissue or medium and are either transfected into cell lines or via
transgenic crosses. GCaMP is created from the M 13 fragment of the chicken Mylk gene,
containing the target sequence for calmodulin binding, fused to the N terminus of a
circularly permutated form of EGFP. The C terminus of cpEGFP is fused to the rat
calmodulin gene. When Ca** binds to calmodulin, the interaction between Ca?>"CaMM13
induces a conformational change in cpEGFP which causes a subsequent change in
fluorescence intensity **>#%7. Chimeric VSFP-butterfly CY is a GEVI. The sensor consists
of a voltage sensitive domain with transmembrane segments S1-S4, sandwiched between
a fluorescence resonance energy transfer pair of the fluorescent proteins mCitrine and
mCerulean. Movement of S4 upon membrane depolarization translates into a change of
FRET efficiency 3.

The protocol for the GCaMP and butterfly zebrafish included a 45-minute
incubation with s-amino blebbistatin (100 pM), and then placed in MS-222 for a 5-
minute period before the flow-rest protocol was completed. Blebbistatin is used in optical
mapping of cardiac preparations to minimize motion artifacts caused by heart contraction,

by blocking the myosin heads from binding to actin *6%,
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4.1.1. Electronic flow control system

As discussed, protocol 3 (P3) was used for 14 dpf zebrafish under control
conditions and for each group in each pharmacological intervention group. In the
zebrafish expressing fluorescent reporters to collect Ca?* and voltage dynamics protocol
two (P2) was used as the use of blebbistatin uncouples the actin-myosin contraction,
reducing the movement artifact and in the process partially compromising contraction

and thus SV is substantially reduced.

4.2.3. Measurements

Measurements of EDA, ESA, HR, SA, and COa were collected and calculated as
described in Chapter 2. Voltage and Ca®" dynamics, including maximum upstroke
velocity, time to peak, as well as APD and CaTD at intervals of 30, 50 and 80 (APDso,
APDso, APD3g and CaTDgo, CaTDso, CaTD30) were collected from the transgenic casper

butterfly and GCaMP3 zebrafish lines.

4.2.4. Statistical analysis

Data was analysed with GraphPad Prism (version 9.4.1). Differences between
baseline measurements (B1 and B2, B2 and B3) were compared using a Repeated
Measures One-Way ANOVA (paired). Equal variability of differences (sphericity) was
not assumed, instead the Geisser-Greenhouse correction was applied. Tukey’s multiple
comparisons test was used for post hoc analysis. Paired t-tests were conducted to analyse
changes between baseline and stretch (B1 and S1, B2 and S2, B3 and S3) within groups.

To assess changes between the stretch phases (S1 and S2, S2 and S3) and to simplify the
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comparison across groups, a Repeated Measures One-Way ANOVA was performed.
Equal variability of differences (sphericity) was not assumed, instead the Geisser-
Greenhouse correction was applied. Comparison of average change between groups was
assessed using an Ordinary One-way ANOVA (unpaired). Tukey’s multiple comparisons

test was used for post hoc analysis.

4.3. Results

4.3.1. Effect of ANS blockers on cardiac function during increased hemodynamic

load

Among each ANS drug interaction group, experiments resulted in a significant
increase in EDA during each stretch phase compared with each corresponding baseline
phase (B1 and S1, B2 and S2, B3 and S3) (p < 0.001) (Supplemental Figures 4.1 —4.3).
Additionally, in each experimental drug intervention group, the 90-second rest phase
resulted in EDA returning to baseline or near-baseline, evidenced by no observed
significant changes between B1 and B2 and between B2 and B3 (p > 0.063)
(Supplemental Figures 4.1 - 4.3). Examining the EDA percentage change between each
stretch and baseline (S1 and S2, S2 and S3) within each group, there was no significant
change among any group (p > 0.068) (Figure 4.2). Thus, the three repeated stretches were
combined as one average stretch to allow direct comparison between groups. There were
no significant differences in the average EDA percent change between 14 dpf_P3 and
each of the ANS block intervention groups (p < 0.079) (Figure 4.3).

Each group saw a significant increase in HR during each stretch phase compared

with the corresponding baseline phase (B1 and S1, B2 and S2, B3 and S3) (p <0.001). In
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each group, HR response returned to baseline during the resting phase, evidenced by no
observed significant difference between B1 and B2, and between B2 and B3 (p > 0.075).
(Supplemental Figures 4.7 — 4.9). Comparison of the absolute change between each
stretch phase showed no significant differences within each group (S1 and S2, S2 and S3)
(p <0.293) (Figure 4.8). Comparison of the average HR change showed no significant
differences comparing the 14 dpf_P3 group with the atropine group, or atropine+timolol
group (p > 0.964) (Figure 4.9). The use of atropine (postjunctional MR blocker) induced
an average increase in baseline HR to 162 bpm from 134 bpm in 14 dpf_P3 zebrafish,
which increased to 178 bpm and 153 bpm during stretch phases (Supplemental Figures
3.4, 4.7). Whereas the timolol group had a significantly larger increase in HR response
compared to the 14 dpf_P3 group (p < 0.001) (Supplemental Figures 3.4, 4.9). This is due
to the reduction in resting HR in the timolol group, that still saw a drastic increase in
beats per minute, as the average increase in HR in the 14 dpf_P3 group 18.9 bpm, the
timolol group saw an average increase of over 55 bpm in response to the increased
hemodynamic load. The effect of timolol (postjunctional B-AR blocker) caused the
baseline HR response to drop to an average rate of 68 bpm from 134 bpm in 14 dpf_P3,
which increased to 123 bpm (153 bpm in 14 dpf_P3) during the stretch phases
(Supplemental Figures 3.4, 4.8). Which demonstrates that the heart’s ability to respond to
the increase in hemodynamic load was able to override the effect of timolol acting on the
suppression of the SNS and significantly increase HR.

Within each ANS pharmacological intervention group, there was a significant
difference in SA comparing each baseline phase to each corresponding stretch phase (B1

and S1, B2 and S2, B3 and S3) (p < 0.003). In each of these groups, there were no
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significant differences between baseline SA measurements, evidenced by no observed
significant changes between baseline measurements (B1 and B2, B2 and B3) (p > 0.151).
(Supplemental Figures 4.13 - 4.15). Comparison of the absolute change between each
stretch phase resulted in no significant differences within each group (S1 and S2, S2 and
S3) (p <0.277) (Figure 4.14). The absolute change from each repeated stretch phase was
combined as one average for direct comparison between groups. Among these results,
there were no significant differences comparing 14 dpf_P3 with the ANS blocker group
(p>0.074) (Figure 4.15).

Regarding analysis of COa, there was a significant difference comparing each
baseline phase to each corresponding stretch phase (B1 and S1, B2 and S2, B3 and S3) in
each ANS pharmacological interrogation group (p < 0.005). In each of these groups, there
were no significant differences between baseline COA measurements, evidenced by no
observed significant changes between baseline measurements (B1 and B2, B2 and B3) (p
>(0.151). (Supplemental Figures 4.17 - 4.19). Comparison of the absolute change
between each stretch phase showed no significant differences within each group (S1 and
S2, S2 and S3) (p < 0.345) (Figure 4.18). The absolute change from each repeated stretch
phase was combined as one average for the direct comparison between groups. Among
these results, there were no significant differences comparing 14 dpf_P3 with the
atropine, or atropine+timolol groups (p > 0.149). There was a significant increase in the
timolol group compared to the 14 dpf_P3 group (p < 0.005), which can be attributed to

the substantial increase in HR response in this group (Figures 4.19).
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4.3.2. Effect of SACns inhibitor on cardiac function during increased hemodynamic

load

The streptomycin group showed a significant increase in EDA during each stretch
phase compared with each corresponding baseline phase (B1 and S1, B2 and S2, B3 and
S3) (p <0.001). The 90-second rest phase resulted in EDA returning to baseline,
evidenced by no observed significant changes between B1 and B2 and between B2 and
B3 (p > 0.063) (Supplemental Figure 4.4). The EDA percentage change in each stretch
phase (S1 and S2, S2 and S3) was not significantly different. (p > 0.068) (Figure 4.4).
There were no significant differences between average percent change in EDA between
14 dpf_P3 and the streptomycin group, indicating that EDA was unaffected (p < 0.079)
(Figure 4.5).

The effect of streptomycin eliminated the HR response in this group, as there
were no significant differences between each stretch phase compared with each
corresponding baseline phase (B1 and S1, B2 and S2, B3 and S3) (p < 0.597). In this
group, there were no significant differences between baseline measurements (i.e., no
delayed response) evidenced by no observed significant changes between B1 and B2 and
between B2 and B3 (p > 0.075). (Supplemental Figure 4.10). Comparison of the absolute
change between each stretch phase showed no significant differences within the
streptomycin group (S1 and S2, S2 and S3) (p <0.293) (Figure 4.10). Comparison of the
streptomycin group to the 14 dpf_P3 group showed a significantly decreased HR
response (p < 0.002) (Figure 4.11).

Looking into SA response in the streptomycin group, comparison of each baseline

phase to each corresponding stretch phase resulted in a significant increase (B1 and S1,
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B2 and S2, B3 and S3) (p < 0.003), and no significant differences between baseline SA
measurements, evidenced by no observed significant changes between baseline
measurements (B1 and B2, B2 and B3) (p > 0.151). (Supplemental Figure 4.16). Again,
no significant differences within this group across stretches (S1 and S2, S2 and S3) (p <
0.277) (Figure 4.16). There was a significant increase in the streptomycin group
compared to the 14 dpf_P3 group (p < 0.001) (Figure 4.17), mirroring the opposite
decreased effect in HR response. These responses cancelled out when examining COa,
resulting in no significant difference between the 14 dpf_P3 group and the streptomycin
group. The significant elimination in HR response combined with the compensatory
increase in SA acted to cancel out, resulting in a non-significant change in COa compared
to 14 dpf_P3 (p > 0.149) (Figure 4.21). Notably, there was a significant difference
comparing each baseline phase to each corresponding stretch phase (B1 and S1, B2 and
S2, B3 and S3) in the streptomycin group (p < 0.005) and no observed significant
changes between baseline measurements (B1 and B2, B2 and B3) (p > 0.151).
(Supplemental Figure 4.20) or comparison of absolute change between stretches (p >

0.221) (Figure 4.20).

4.3.3. Effect of increased hemodynamic load on calcium and voltage dynamics

The ability to study Ca®" and voltage dynamics is possible through the fluorescent
functional reporters in the tg (myl7:eGFP GCamp3 casper), and tg (myl7:Chimeric
VSFP-butterfly) zebrafish lines.

Examining the EDA percentage change, there were no significant changes within
each group (S1 and S2, S2 and S3) (p > 0.068) (Figure 4.6), however, there was a

significant change between baseline measurements, as both the GCaMP and butterfly
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groups did not return to baseline after each stretch, as EDA remained elevated (p < 0.044)
(Supplemental Figures 4.5, 4.6). This is an effect of the compromised SV due to
blebbistatin incubation as the atrial size remained in a stretched state, the percent change
in EDA decreases during corresponding stretch phases as a result. Regarding HR
response, there were no significant differences in absolute change within each group
(Figure 4.12) or in either GCaMP or butterfly groups at baseline measurements compared
to 14 dpf_P3, indicating that blebbistatin did not interfere with HR response (p < 0.05)
(Figure 4.13).

The effect of hemodynamic load on voltage and Ca*" dynamics resulted in no
significant differences between baseline phases within either group (B1 and B2, B2 and
B3) (p > 0.135) (Supplemental Figures 4.21 —4.30). Examining the change from baseline
to stretch, both groups displayed significant differences in time to peak (p < 0.048)
(Supplemental Figures 4.23, 4.24). Hemodynamic load resulted in significant decreases
in CaTDsgo (p < 0.017) (Supplemental Figure 4.25), CaTDso (in 2 of 3 stretches) (p <
0.05) (Supplemental Figure 4.27), and CaTD3o in only one stretch (p = 0.046)
(Supplemental Figure 4.29). There were no significant differences in maximum upstroke
in either group (p > 0.057) (Supplemental Figures 4.22, 4.23), nor any significant
changes in any APD interval measurements in the butterfly group (Supplemental Figures
4.26,4.28, 4.30). Additionally, there were no significant differences in the absolute
change between stretch phases among any of the Ca®" and voltage dynamics in either

group (S1 and S2, S2 and S3) (p > 0.065) (Figures 4.22 — 4.26).
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4.4. Discussion

The primary aim of this chapter was to investigate the role of the ANS and the
heart’s intrinsic response to increased hemodynamic load on the system. An essential
aspect of cardiac function and an overlying focus throughout this thesis is the heart’s
ability to adapt to meet varying hemodynamic demands. In a typical system, these
adaptations to acute stretch of the SAN results in more rapid diastolic depolarisations,
increasing HR #, as well as increased myocardial contractility via reflexes acting through
the heart’s intrinsic nervous system *?’. The sympathetic and parasympathetic pathways
of the ANS dually innervate the vertebrate heart *°. Reflex output from autonomic
centers in the CNS are carried by cardiac rami of the vagosympathetic nerve trunks to the

ICNS, which represents a common pathway for neuronal control of cardiac function.

4.4.1. Intrinsic factors

Intrinsic factors that are discussed below highlight the balance of controlling CO,
particularly when exposed to increases in hemodynamic load, between mechano-sensitive
responses, changes in actin myosin interactions, and potentially neuronal activation of the

ICNS.

4.4.1.1. Mechano-sensitive processes

The mechanically sensitive functionality of the heart allows an intrinsic level of
modulation to occur on a beat-by-beat basis through direct feedback from the
myocardium’s mechanical state to its electrical activity, through MEC mechanisms +°.

The immediate responsiveness to increasing hemodynamic load is a necessary component
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for the system to stay in balance for normal heart function >?°. Exposure to mechanical
stimuli allows SAC to open and become activated rapidly (within tens of milliseconds)
and lead to increased ion transients, which result in rapid alterations of cardiac electrical
activity and more rapid membrane depolarisation "647°,

Most of the known SAC-modulators are non-specific inhibitors, including
streptomycin *°. However, there is a minimal number of observed experiments in whole
hearts and tissue and the results are contradictory. Cooper and Kohl (2005) reported that
streptomycin was not effective in inhibition of positive chronotropy in pacemaker activity
induced by stretch of whole SAN tissue, and have questioned its suitability for in situ
experimentation involving acute block of mechanosensitive channels. Others have shown
successful inhibition of SAC in single cells, tissue, and isolated hearts, for instance,
decreasing the occurrence of arrhythmias induced by changes in ventricular wall-stress in

471

isolated rat hearts *"* and inhibiting the shortening of repolarisation that is typically

induced by stretch in Langendorff-perfused rabbit hearts 472

. More recently, streptomycin
treatment in isolated rabbit hearts decreased VF induced by stretching 4 while also
aiding in the prevention of stretch related AF incidence *’*. Finally, in hearts from

hypertensive rats, streptomycin was successful in reducing stretch-induced ectopic beats

by expanding the threshold for stretch-induced arrhythmias 47>

4.4.1.1.1. Bainbridge response

The Bainbridge response is a compensatory effect resulting in an increase in HR
following an increase in cardiac preload, which is usually paired with a more rapid DD.
This is thought to occur intrinsically, as the response time can be tracked to beat-to-beat

adaptation. Primarily a normal physiological response, however, changes in the
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myocardial mechanics with age and disease can have resounding negative consequences
and may contribute to SAN dysfunction and cardiac rhythm disturbances.

This response was on full display in this study as the 14 dpf_P3 group as well as
each ANS pharmacological group expressed a robust increase in HR in response to
increasing hemodynamic load. Of note, the robust response from the timolol group helps
to shed light on the fact despite the block of the SNS input the HR response was able to
‘override’ this effect and increase HR intrinsically. The use of streptomycin was used to
study the effect of intrinsic activation in the heart during bouts of increased
hemodynamic load. This effect appeared evident as both HR and SA were significantly
altered in the streptomycin group compared to the 14 dpf_P3 group. Exposure to the
same increase in hemodynamic load protocol induced a nonresponse in HR, while the SA
was significantly increased, perhaps a compensatory or protective mechanism in an effort

to keep the system in balance to account for the blunted HR response.

4.4.1.1.2. Membrane potential

Mechanical stretch has been shown to induce changes in the membrane potential,

specifically the depolarization of the resting membrane potential. This has been shown

across multiple species and experimental mediums, including isolated rabbit hearts 47,

477,478 479

canine hearts , ventricles of artificially ventilated rats *"°, single frog ventricular

480

cells ** and in situ canine hearts **!. The diastolic depolarizations by uniaxial stretch of

the single CM were also reported in isolated ventricular myocytes from mice %2, humans,

and rats 42483

and in isolated atrial myocytes from rats ***. In almost all cases, the
magnitude of the change in membrane potential was dependent on the magnitude of

stretch.
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With the use of the tg(myl7:Chimeric VSFP-butterfly casper) zebrafish the effect
of hemodynamic load on voltage dynamics was investigated. However, in these
incidences, there was no effect on any of the parameters investigated, apart from a
significant increase in the time to peak from baseline to the stretch phase.

Van Opbergen and colleagues (2018) conducted a study using the VSFP-Butterfly
zebrafish line exploring effects of isoproterenol to induce a slight increase in HR, and
separate groups of propranolol and I block E-4031 to decrease HR. They also showed
increased APD, as well as disrupted atria-ventricular electrical conduction with the use of
an Ica blocker (nifedipine) in juvenile zebrafish. This helps to verify that the potential to
impact the electrical activity is present in this zebrafish line, in this age group (14 dpf)
with pharmaceutical interrogation, as well as with altered hemodynamic load as shown in

the present study.

4.4.1.1.3. Calcium handling

Axial stretch of ventricular myocytes results in a rapid increase in frequency of
Ca** spark activity through increased ryanodine receptor channel opening “** 8 The
increase in Ca?* spark activity involves an associated mitochondrial Ca** release through
the Na*-Ca** exchanger **, which has previously been shown to alter BR in isolated
SAN cells by altering Ca** spark frequency **°. In the van Opbergen et al., study (2018),
discussed in the membrane potential section above, they also utilised a GCaMP zebrafish
line (GCaMP6f) to study the effects of pharmacological intervention on Ca?* dynamics.

They found that isoproterenol increased diastolic Ca®" levels and Ca*" transient

amplitudes, whereas propranolol caused a profound decrease in Ca®" transient parameters
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in embryonic fish and observed differences in atrial and ventricular Ca** recovery
dynamics between 3 dpf and 14 dpf casper fish, but not in Ca** upstroke dynamics.

We found difference in Ca®" dynamics in the 14 dpf_GC group with atrial
dilation, demonstrating a decrease in CaTD and time to peak, further supporting the
utility of this model to study in vivo cardiac studies with the aim of exploring how Ca**

dynamics are affected in physiological and pathophysiological conditions.

4.4.1.2. Actin myosin interactions

The interaction of actin and myosin plays an important role in the generation of
contractile force and the heart’s mechanical activity. At the molecular level, the
mechanism involves anatomically structural transition between actin and myosin’s

catalytic domain, and within myosin’s light chain domain *°!.

4.4.1.2.1. Frank-Starling law

The length-dependent increase in contractility of cardiac muscle is a direct result
of a length-dependent increase in myofibrillar Ca** sensitivity, however; the specific
molecular mechanisms have yet to be fully explained 3. There is evidence demonstrating
that the stretch-induced increases in myofilament Ca** sensitivity is regulated by cross-
bridge interaction and can be explained by thin filament activation 3.

The heart’s ability to eject a greater SV at greater EDA volumes is an essential
property of the myocardium and has been show in the intact zebrafish heart as well as
individual myocytes 2°!. The force-pCa relationship in myofibrillar bundles are
comparable in mice and zebrafish **. In regards to the experimental transference into

other mammalian models, the zebrafish myofibrils and ventricular cells display a length-
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dependent force generation that is similar in magnitude to the mammalian sarcomere
465493

In enzymatically isolated zebrafish ventricular myocytes, Dvornikov et al. (2014)
used a novel approach that included two modes of contraction to characterise cardiac
contractile mechanics, investigating input from extrinsic and intrinsic factors that regulate
force production. The modes of contraction included (i) electrically stimulated twitches in
mechanically loaded myocytes, and (ii) Ca**-activated contractions in chemically
permeabilized cells.

It was found that, when there is no change in [Ca®*];, twitch force increased in
response to sarcomere stretch, with maximal Ca?’-saturated force increasing with
sarcomere length. Furthermore, contractility was shown to respond to increases in
extracellular Ca** concentrations in a dose-dependent manner “®°. These findings provide
support for the claims that the FSL and myofilament length-dependent activation are an
intrinsic property and important modulator of contractile function of both mammalian
and zebrafish CM.

In this current study, across each age group as well as each group involved in the
pharmacological interrogation displayed significant increases in SA. Age, nor SNS and
PNS block did not appear to have a detrimental effect on the FSL, as the SA remained
elevated in response to increased hemodynamic load, demonstrated by no significant
differences in baseline and stretch phase measurement between groups. In the incidence
of the SACxs blocker, SM, there was a significantly greater increase in SA with atrial

dilation, which is likely due to compensation for the blunted HR response.
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4.4.2. Effect of blebbistatin on electrophysiology of the zebrafish heart

The incorporation of blebbistatin is essential for removing the movement artifact
and disruption of the signal using genetically-expressed functional fluorescent proteins.
In these instances, the heart maintained a partial mechanical contraction, however, this
was primarily on the outer perimeter of the atrium, thus allowing for the capture of both
Ca?" and voltage signals in the interior aspect of the chamber.

For a study by Stoyek et al., *®, I measured AP characteristics by microelectrode
from cells within the isolated adult zebrafish SAN, atrium, and ventricle with and without
blebbistatin (Figure 4.22, Supplemental Figure 4.18). SAN cells had a less negative
minimum Vm than atrial and ventricular cells, a lower dV/dtmax, lower AP amplitude and
max Vm, and a shorter APDso and APDg (Figures 4.22 F—K). Atrial cells had a shorter
APDso and APDsgo than ventricular cells (Figures 4.22 J,K). In the SAN, blebbistatin
resulted in a reduction of the slope of DD (—39%, p = 0.028; Figure 4E), however the
effect was not large enough to cause a reduction in HR (p = 0.463; although HR did
become more variable, Figure 4D). In the atrium, blebbistatin resulted in an increase of
APDso and APDsgo (+13% and +9%, p = 0.006 and p = 0.012; Figures 4.22 J,K) and in the
ventricle a decrease of APDgo (—9%, p = 0.003; Figure 4.22 K). No other AP parameters
were affected by blebbistatin (Figures 4.22F—K).

Thus, the application of blebbistatin to the isolated zebrafish heart resulted in
some changes in its electrophysiology. While HR and most measured AP characteristics
were unaffected, blebbistatin caused a decrease in the slope of DD in the SAN, an
increase in APD in the atrium, and a decrease of APD in the ventricle. Reports of the

effects of blebbistatin on cardiac electrophysiology in mammals have been variable. In
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isolated rabbit hearts, right ventricular and atrial tissue, and in rat ventricular myocytes, it
was first shown that blebbistatin has no effect on SAN activity or on CM APD %, Since
that time, studies using rabbit hearts have confirmed a lack of an effect of blebbistatin on
APD, while later studies using rabbit and pig hearts have demonstrated an increase +°.
The increase in APD that we observed in the zebrafish atrium agrees with these later
findings. It is unclear whether this increase in APD is due to non-specific interactions of
blebbistatin with cardiac ion channels and/or transporters or is instead a secondary effect
of the loss of contraction caused by excitation-contraction uncoupling, for instance due to
a loss of mechano-electric coupling effects or to a decrease in sarcolemmal ATP-sensitive
K channel current caused by a decrease in metabolic demand **°. The other
electrophysiological findings in our study (decreased DD slope in the SAN and increased
APD in the ventricle) suggest there may be direct effects of blebbistatin on ion channels
and/or transporters, warranting further investigations to determine the specific
mechanism(s) involved. It is worth noting that blebbistatin may also affect other aspects
of cardiac electrophysiology (e.g., conduction, refractoriness, APD restitution, arrhythmia
threshold), as well as Ca?" handling (e.g., cytosolic Ca** levels, Ca?* transient amplitude

and duration), important for the function of the SAN and working myocardium **°, which

deserve consideration in future studies using zebrafish.

4.4.3. Intracardiac nervous system

In the mammalian system, intracardiac neurons are dispersed in ganglia

throughout both atria 496-500

, yet the projection patterns of subpopulations of intracardiac
neurons to specific targets remain unknown. This highlights yet another unique advantage

of zebrafish heart, in that the majority of the neurons within the ICNS are located in the
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basal regions of the sinoatrial valves and can be visualised using standard microscope
techniques and are accessible for electrophysiological analyses 27277,

In addition to intracardiac neurons, the presence of schwann cells, small intensely
fluorescent cells, and endoneurial fibroblasts have also been identified to play a critical
role in ICNS structure and functional capability to exert reflex control of cardiac
function, even when isolated from central intrathoracic levels of the extracardiac ganglia
and ICNS 277337301503 " Ag this intricate level of research continues to develop, further
exploration in this area will be critical in the advancement of our knowledge in this

fascinating field and its importance in identifying target specific treatments for heart

disease.

4.4.4. Extrinsic factors

Extrinsic factors that are highlighted below include neuronal responses and
humoral responses. Although these responses are vast and intricate the focus will be on
the balance of controlling CO, particularly when exposed to increases in hemodynamic

load.

4.4.4.1. Neural response in zebrafish

The ANS of the zebrafish heart consists of axons entering the heart from the
cardiac rami of the vagosympathetic nerve trunks which form terminals close to the
putative pacemaker cells that express HCN4 in the SAN. As previously discussed in
Chapter 1, HCN4 channel is the primary supplier in the DD phase in cardiac pacemaker
cells 317344594 Immunohistochemistry has shown juxta-pacemaker cell terminals

containing both ACh and NE providing evidence for both cardio-inhibitory and
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excitatory autonomic control of pacemaker rate through the PNS and SNS 276,

Furthermore, evidence supporting the functional presence of a HCN4 subpopulation has
been identified in the AV canal 274?76 indicating the zebrafish heart may contain a
secondary pacemaker region in this region not unlike that found in the mammalian heart,
which contains multiple levels of a cardiac conduction system 274395307,

In the present study, the incubation of pharmacological agents, atropine and/or
timolol, were used to promote selective or combined blockade of the autonomic cardiac
receptors during periods of baseline and increased hemodynamic load

The concentrations of atropine and timolol were combined in a group to
determine if the contribution was stronger from the SNS or PNS. The effect on HR
suggests that the PNS block played a more prominent role, as the average baseline HR in

this group was 139 bpm and increased to 155 bpm with increased hemodynamic load.

These levels of HR are very similar to the levels demonstrated in the 14 dpf_P3 group.

4.4.4.1.1. Baroreceptor Reflex

One of the factors regulating the short-term beat-to-beat stabilization of BP is the
baroreceptor reflex in which pressure sensors located primarily in the arterial walls of the
carotid artery sinus and aortic arch rapidly respond to fluctuations in BP !17:121.508

Baroreceptor activity has been identified in both adult and larval zebrafish 3%-312,
Additionally, in all teleosts studied to date, CO has been found to be modulated by
autonomic reflexes activated by changes to internal variables, such as arterial BP >'* and
alterations in environmental factors - including changes in oxygen and CO; levels 3415,

The level of contribution from the baroreceptors in the present study is difficult to

assess in this experimental setting. Increasing BP causes an increase in baroreceptor
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reflex signaling, acting to decrease sympathetic cardiac input and increase
parasympathetic input. However, as there are other factors that are acting in opposition
that were acting to restore balance, the overall increase in HR, SA, and COa was
consistent across each 6 dpf and 14 dpf. In 2 dpf zebrafish embryo, as there was no
response in HR, this may indicate that early development of the zebrafish does not

include maturation of SACs.

4.5. Conclusion

Pharmacological interventions have indicated that effects on cardiac rhythm are
mediated by both intrinsic (stretch) and extrinsic (ANS) mechanisms, while the effects on
SA appear to be purely intrinsic. Studies looking at the effects of acute hemodynamic
loading on membrane potential and intracellular Ca** dynamics using genetically-
expressed functional fluorescent proteins have revealed effects on Ca?* dynamics only.
Furthermore, these findings have revealed factors involved in the regulation of cardiac
function in response to acute changes in hemodynamic load during development, which
include 1) showing that the FSM is present during development, even at early stages, and
is perhaps a compensatory protective mechanism during acute conditions of overload that
otherwise may lead to complications related to CHD, or other long term morphological or
electrical disturbances, i) SACxns are not present in the initial stages of development and
are necessary in the acute intrinsic response to increases in hemodynamic load. Further
research in this area is essential for understanding control of cardiac activity in the
developing heart and may help us better understand and manage disturbances that occur

with CHD.
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4.6. Figures

Figure 4.1 | A drug dose table to determine the required concentration. A range of
drug concentrations (not all included) were used to determine the appropriate drug dosage
for 14 dpf zebrafish larvae. Black = control, green/dark green = atropine (10uM/100uM),
rose/red = timolol (10uM/100uM), cerulean = atropine + timolol combination
(10uM/100uM), violet/purper = streptomycin (500uM/1000uM).

Drug Dose Table

Control (n=8) ||
Atropine 10uM (n=8) -
Atropine 100uM (n=8) -
Timolol 10uM (n=8)
1 00 " Timolol 100uM (n=8)

Atr+Tim 10uM+100uM (n=8)
Streptomycin 500uM (n=8)
Streptomycin 1000uM (n=13) -
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Figure 4.2 | Percent EDA change in 14 dpf zebrafish with and without ANS
pharmacological interrogation. S1, S2, S3 represents each stretch across each group. 14
dpf_P3; blue, atropine; green, timolol; cerulean, atropine+timolol; violet. In each group
there were no significant differences within each group, across each stretch phase (p <

0.05).
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Figure 4.3 | Average percent EDA change in 14 dpf zebrafish with and without ANS
pharmacological interrogation. There were no significant differences in EDA between
14 dpf groups. 14 dpf_P3; blue, atropine; green, timolol; cerulean, atropine+timolol;
violet. In each group there were no significant differences within each group, across each
stretch phase (p < 0.05).
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Figure 4.4 | Percent EDA change in 14 dpf zebrafish with and without SACns
inhibition. S1, S2, S3 represents each stretch across each group. 14 dpf_P3; blue, 14
dpf_Streptomycin; teal. In each group there were no significant differences within each
group, across each stretch phase (p < 0.05).
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Figure 4.5 | Average percent EDA change in 14 dpf zebrafish with and without
SACNns inhibition. There were no significant differences between 14 dpf group exposed
to P3. 14 dpf_P3; blue, 14 dpf_Streptomycin; teal. In each group there were no
significant differences within each group, across each stretch phase (p < 0.05).
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Figure 4.6 | Percent EDA change in 14 dpf zebrafish in 14 dpf, GCaMP and

butterfly zebrafish. S1, S2, S3 represents each stretch across each group. 14 dpf_P3;
blue, 14 dpf_GCaMP; green, 14 dpf_butterfly; purple. In each group there were no

significant differences within each group, across each stretch phase (p < 0.05).
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Figure 4.7 | Average percent EDA change in 14 dpf_P3, GCaMP, and butterfly
zebrafish. Exposure to blebbistatin resulted in a significant decrease in average EDA
percent change in both groups compared to 14 dpf_P3. 14 dpf_P3; blue, 14 dpf_GCaMP;
green, 14 dpf_butterfly; purple. In each group there were no significant differences within
each group, across each stretch phase. (ns; non significant =p > 0.05, * =p < 0.05. ** p
=< 0.01, ***=p < 0.001).
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Figure 4.8 | Absolute HR change in 14 dpf zebrafish with and without ANS
pharmacological interrogation. S1, S2, S3 represents each stretch across each group. 14
dpf_P3; blue, atropine; green, timolol; cerulean, atropine+timolol; violet. In each group
there were no significant differences within each group, across each stretch phase (p <
0.05).
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Figure 4.9 | Average absolute HR change in 14 dpf zebrafish with and without ANS
interrogation. There was a significant increase in HR in the timolol group compared to
14 dpf_P3. There were no signicant differences between 14 dpf_P3 and atropine or
atropine+timolol groups. 14 dpf_P3; blue, atropine; green, timolol; cerulean,
atropine+timolol; violet. (ns; non significant =p > 0.05, * =p < 0.05. ** p=< 0.01, ***
=p< 0.001).
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Figure 4.10 | Absolute HR change in 14 dpf zebrafish with and without SACns
inhibition. S1, S2, S3 represents each stretch across each group. 14 dpf_P3; blue, 14
dpf_Streptomycin; teal. In each group there were no significant differences within each
group, across each stretch phase (p < 0.05).

HR Change with Increased Hemodynamic Load

ns ns

60' I I 1 I | 1
€ 40- . .
Q . ®
8 °

il KN o

2 o £
(4y] o' o0 »e
o @
g - G
0 o
T il

_20-

'40"' ns > 0.05

s1 52 S3 “P<0.05

14dpf *P=<0.01
Streptomyein ***P<0.001

127



Figure 4.11 | Average absolute HR change in 14 dpf zebrafish with and without
SACNns inhibition. There was a significant decrease in HR in the streptomycin group
compared to the 14 dpf_P3 group. 14 dpf_P3; blue, 14 dpf_Streptomycin; teal. (ns; non
significant =p > 0.05, * =p < 0.05. ** p=< 0.01, ***=p < 0.001).
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Figure 4.12 | Absolute HR change in 14 dpf_P3, GCaMP, and butterfly zebrafish.
S1, S2, S3 represents each stretch across each group. 14 dpf_P3; blue, 14 dpf_GCaMP;
green, 14 dpf_butterfly; purple. In each group there were no significant differences within
each group, across each stretch phase (p < 0.05).
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Figure 4.13 | Average absolute HR change in 14 dpf_P3, GCaMP, and butterfly
zebrafish. There were no significant differences in HR between 14 dpf_P3 and the
GCaMP or butterfly groups. 14 dpf_P3; blue, 14 dpf_GCaMP; green, 14 dpf_butterfly;
purple. The effect of blebbistatin did not significantly alter the HR response in either
group compared to the 14 dpf control group. (ns; non significant =p > 0.05, * =p < 0.05.
**p=< 0.01, ¥**=p< 0.001).
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Figure 4.14 | Absolute SA change in 14 dpf zebrafish with and without ANS
pharmacological interrogation. S1, S2, S3 represents each stretch across each group. 14
dpf_P3; blue, atropine; green, timolol; cerulean, atropine+timolol; violet. In each group
there were no significant differences within each group, across each stretch phase (p <
0.05).
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Figure 4.15 | Average absolute SA change in 14 dpf zebrafish with and without ANS
pharmacological interrogation. There were no significant differences in SA between
the 14 dpf_P3 compared to 14 dpf groups ANS block. 14 dpf_P3; blue, atropine; green,
timolol; cerulean, atropine+timolol; violet. (p < 0.05).
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Figure 4.16 | Absolute SA change in 14 dpf zebrafish with and without SACns
inhibition. S1, S2, S3 represents each stretch across each group. 14 dpf_P3; blue, 14
dpf_Streptomycin; teal. In each group there were no significant differences within each
group, across each stretch phase (p < 0.05).
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Figure 4.17 | Average absolute SA change in 14 dpf zebrafish with and without
SACNns inhibition. There was a significant increase in SA in the streptomycin group
compared to 14 dpf_P3. 14 dpf_P3; blue, 14 dpf_Streptomycin; teal. (ns; non significant
=p>0.05,*=p< 0.05. **p=< 0.01, ***=p < 0.001).
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Figure 4.18 | Absolute COa change in 14 dpf zebrafish with and without ANS
pharmacological interrogation. S1, S2, S3 represents each stretch across each group. 14
dpf_P3; blue, atropine; green, timolol; cerulean, atropine+timolol; violet. In each group

there were no significant differences within each group, across each stretch phase (p <
0.05).
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Figure 4.19 | Average absolute COa change in 14 dpf zebrafish with and without
ANS pharmacological interrogation. There was a significant increase in the timolol
group compared to the 14 dpf control group. 14 dpf_P3; blue, atropine; green, timolol;
cerulean, atropine+timolol; violet. (ns; non significant = p > 0.05, * =p < 0.05. ** p=<
0.01, ***=p < 0.001).
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Figure 4.20 | Absolute COa change in 14 dpf zebrafish with and with SACns
inhibition. S1, S2, S3 represents each stretch across each group. 14 dpf_P3; blue, 14

dpf_Streptomycin; teal. In each group there were no significant differences within each
group, across each stretch phase (p < 0.05).
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Figure 4.21 | Average absolute COa change in 14 dpf zebrafish with and without
SACNS inhibition. There was no significant difference between 14 dpf control group
and the SACxs block group. 14 dpf_P3; blue, 14 dpf_Streptomycin; teal. (p < 0.05).
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Figure 4.22 | Absolute maximum upstroke change in 14 dpf zebrafish during
increased hemodynamic load. S1, S2, S3 represents each stretch across each group. 14
dpf_P3; blue, 14 dpf_GCaMP; green, 14 dpf_butterfly; purple. In each group there were
no significant differences within each group, across each stretch phase (p < 0.05).
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Figure 4.23 | Absolute change in time to peak in 14 dpf zebrafish during increased
hemodynamic load. S1, S2, S3 represents each stretch across each group. 14 dpf_P3;
blue, 14 dpf_GCaMP; green, 14 dpf_butterfly; purple. In each group there were no
significant differences within each group, across each stretch phase (p < 0.05).

Change in Time to Peak with Increased Hemodynamic Load

ns ns

1 0 0 - | ns ns | | ns ns |

—
7)) L * °, o,
E O ioe: 5 @gevsnnnu Wi §: %0 % s e OB ® roue
~ o
= = et e -+ o
]
= § & o
|: -.o ® o
°
-1004 o
L
o1 82 3 -200- ns > 0.05
*P=0.05
GCaMP
*P<0.01
Butterfly - *** P <0.001

140



Figure 4.24 | Absolute change in CaTDso and APDso in 14 dpf zebrafish during
increased hemodynamic load. S1, S2, S3 represents each stretch across each group. 14
dpf_P3; blue, 14 dpf_GCaMP; green, 14 dpf_butterfly; purple. In each group there were
no significant differences within each group, across each stretch phase (p < 0.05).
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Figure 4.25 | Absolute change in CaTDso and APDso in 14 dpf zebrafish during
increased hemodynamic load. S1, S2, S3 represents each stretch across each group. 14
dpf_P3; blue, 14 dpf_GCaMP; green, 14 dpf_butterfly; purple. In each group there were
no significant differences within each group, across each stretch phase (p < 0.05).
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Figure 4.26 | Absolute APD30/CaTD30 change in 14 dpf zebrafish during
hemodynamic load. S1, S2, S3 represents each stretch across each group. 14 dpf_P3;
blue, 14 dpf_GCaMP; green, 14 dpf_butterfly; purple. In each group there were no
significant differences within each group, across each stretch phase (p < 0.05).
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CHAPTER 5: OPTOGENETICS FOR THE MEASUREMENT AND
MANIPULATION OF ZEBRAFISH CARDIAC ELECTROPHYSIOLOGY

5.1, Introduction

The study of optogenetics has only recently been adopted from the field of
neuroscience and applied to the heart to optically control its function 27316518,
Optogenetics utilises light-sensitive proteins that are genetically expressed in cells of
interest, allowing for non-invasive control and monitoring of biological function in a
highly precise, spatiotemporal manner °'°. Cardiac research has utilised the potential of
optical mapping allowing a better understanding of the mechanisms relating to cardiac
electrical disturbances and foster development of new device technologies and high

spatiotemporal understanding of cardiac behaviour in response to optical actuation that

will optimistically integrate into clinical therapies.

5.1.1. Optogenetics in cardiac research

Optogenetics involves the measurement and manipulation of cellular activity
using genetically encoded light-sensitive proteins *2**!, Originally developed as a set of

tools for neuroscience to activate or silence neuronal circuits and observe neuronal

522,523 2+]i 5277529)

activity , optogenetic ‘reporters’ (for measurement of Vi 3243%6) or [Ca
and ‘actuators’ (for modulation of Vi, >3%-32) have now been utilised in cardiac research
for over a decade *!°. Cardiac optogenetics has had a wide-range of applications,
including: (i) all-optical studies of cardiac electrophysiology and high-throughput drug
screening; (i) cell-specific measurement or control to investigate cardiac sub-populations
(e.g., myocytes, Purkinje cells, fibroblasts, neurons, and immune cells); (iii) manipulation

of cardiac ion channels, G protein- coupled receptor signalling, and energetics; (iv)
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control of AP morphology or excitation waves; and (v) cardiac pacing,
cardioversion/defibrillation, or arrhythmia termination/ablation. Some of the pioneering

studies that applied optogenetics to the heart were performed in zebrafish (Danio rerio)

519

5.1.2. The use of zebrafish for optogenetic studies of the heart

The zebrafish has become an important integrative animal model for cardiac

research, based on its particular advantages as an experimental tool (Table 5.1) 265266,

The zebrafish offers a fully sequenced genome, which can be easily altered using

standard genetic techniques at relatively low cost (in terms of time, effort, and money)

69

267337 "and almost every cardiac gene has a human ortholog with analogous function 2%,

This high degree of genetic similarity has permitted researchers to recapitulate a variety

h 533

of human cardiac diseases in the zebrafis , which can be studied in a high throughput

manner >**. Functionally, the zebrafish heart has comparable HR, AP morphologies, ion
channels %, and Ca®*-handling proteins 2’* to human. Furthermore, it has been shown
that intrinsic 3 and extrinsic >”7 cardiac regulatory pathways and mechanisms are similar
to human, as is with the cardiac electrophysiology of the zebrafish %,

Considering its use specifically for cardiac optogenetic studies, the zebrafish has a
further advantage over other animal models, in that the entire zebrafish heart can be
optically accessed in vivo in the transparent, externally developing embryo 3* or in situ in

t 346

the relatively small, isolated adult hea , in @ manner not possible in mammals. While

other non-mammalian models may have a similar advantage (e.g., Drosophila

melanogaster ¥ and Xenopus laevis 3*°), they are limited in other ways. For instance,

while Drosophila have been highly utilised for studies of cardiac genetics 3, it is an
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invertebrate, and differences in the morphology of its heart — which is a tube —limits its
applicability for functional studies >*’. The heart of Xenopus, on the other hand, is in
some ways more anatomically similar to humans than zebrafish — for instance, it has a
pulmonary circulation — but there is a limited genetic tool box for their transgenesis >*%.
Ultimately, the similarities of zebrafish to human, and its particular experimental
advantages, have resulted in it being a popular experimental model for optogenetic

investigations, both for neuroscience (the brain and nervous system can also be optically

accessed in the whole animal ***-34!) and for cardiovascular research (Table 5.1).

5.1.3. Studies utilising cardiac optogenetic reporters in zebrafish

The electrical activity of the heart has been optically monitored for decades, well
before the emergence of modern optogenetics and the use of functional fluorescent
proteins. In the 1970s, Salama and Morad published the first reports of the use of voltage
sensitive fluorescent dyes to record cardiac APs >*>°%, Since that time, optical mapping
of Vi and [Ca?*]; in the whole heart or isolated tissue and cells has become a ‘standard’

344346 including studies using zebrafish **7>*¥, The use

technique in many research labs
of optogenetic reporters (genetically encoded voltage and Ca** indicators, GEVIs and
GEClIs, respectively) have additional advantages as they allow for organ-, organelle-, and
cell-specific measurements and for in vitro and in vivo longitudinal studies. There is now
a wide array of GEVIs and GEClIs available for use in the heart, with a range of
excitation and emission spectra, light sensitivity and signal intensity, temporal dynamics,

and other properties that dictate their specific use (Figure 5.1) 3451,
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5.1.3.1. Genetically encoded Ca?* indicators (GECIs)

The first use of an optogenetic reporter in the heart was described in the early
2000s. This involved GCaMP2, which includes a circularly permutated EGFP within an
M13/Calmodulin fusion protein that fluoresces when it binds Ca*, to record Ca** waves
in the isolated mouse heart and in open chest animals 2. This was followed by a study
that used GCaMP2 to demonstrate successful engraftment and electrical coupling of
embryonic CM with surrounding myocardium in the infarcted mouse heart 3. Around
the same time, the potential for using zebrafish to image intracellular Ca?" in the intact
animal was also being realised. The first published report involved the use of a transgenic
zebrafish line with cardiac-specific expression of gGCaMP driven by the cardiac myosin
light chain 2 (cmlc2) gene promoter (Tg(cmlc2:gCaMP)**’%). It was used to investigate a
transgenic zebrafish model of inherited long QT syndrome in which a loss of Ik due to a
mutation in the 5290 allele of the kcnh2 gene (kenh2°%°°) results in mechanical ventricular
asystole °>*. Using selective plane illumination microscopy (SPIM) and excitation-
contraction uncoupling with a silent heart cardiac troponin (tnnt2) morpholino (to
eliminate optical mapping motion artefact associated with contraction), Ca®" transients
were measured in vivo at various regions of the zebrafish atrium and ventricle in 2 dpf
embryos. In wild-type tnnt2 morpholino-injected zebrafish, repetitive fluorescent waves
representing an increase in cytosolic Ca®" during systole were visualised, spreading from
the atrium through the AV junction and into the ventricle (Figure 5.2A). In contrast, in
the kenh2***° homozygous mutants, Ca?* waves were visible in the atrium but not in the

ventricle (Figure 5.2A), implying impaired ventricular Ca** cycling.
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The above investigation was followed by a study using the same zebrafish line to
map Ca®" waves across the whole heart in intact embryos at various ages to investigate
the development of the vertebrate cardiac conduction system (Figure 5.2B) *%. Four
distinct stages of conduction development were identified, which corresponded to
specific cellular and anatomical changes in the developing heart and were dependent on
epigenetic mechanical factors such as hemodynamic flow and contraction. An in vivo
optical mapping technique was then used as a phenotypic assay to perform a forward
genetic screen, which identified 17 conduction-specific mutations (Fig 5.2B), thought to
represent novel genetic regulators of the cardiac conduction system. A similar approach
has been applied to other genes whose mutation is known to affect cardiac conduction,
such as the Popeye domain containing (Popdc) gene family, with morpholino knock
down of popdc2 in 5-6 dpf_P2 embryos causing SAN conduction failure, irregular atrial
and ventricular activity, and varying degrees of AV block 5.

More recently, zebrafish have been used to help in the assessment of novel GECls
for cardiac-specific applications, such as those with a ratiometric readout, which is useful
for assessing absolute changes in Ca®" and to help correct for the motion artefact that
occurs with optical mapping in the beating heart. Four available ratiometric Forster
resonance energy transfer (FRET)-based GECIs with varying Ca**-binding affinity (TN-
XXL, Twitch-1, Twitch-2B, and Twitch-4) were transiently expressed in the hearts of
zebrafish embryos (driven by the cmlc2 promoter) and kinetic parameters of atrial and
ventricular Ca®" transients were measured at 3 dpf under various conditions. Ultimately,

this revealed that Twitch-1 and Twitch-4 are the most promising for use in the heart,
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based on their greater sensitivity, faster kinetics, and higher affinity for Ca** (Figure 5.3)

556

5.1.3.2. Genetically encoded voltage indicators (GEVIs)

The development of effective GEVIs has been slower than GECIs, owing to
difficulties in achieving sufficiently fast kinetics and avoiding electrophysiological
interference. Recently, significant progress has been made, which includes their
application for cardiac research. The first reported use of GEVIs in the heart was in fact

h 337, which utilised a FRET-based voltage-sensitive fluorescent protein

in zebrafis
(VSFP) called Mermaid >°%. The Mermaid construct consists of a green-emitting
fluorescent donor (mMUKG; Umi-Kinoko from Sarcophyton) and an orange-emitting
fluorescent acceptor (mKOx; Kusabira from Fungia concinna) fused to a voltage sensing
phosphatase from Ciona intestinalis (Ci-VSP) with a transmembrane domain
homologous to the S1-S4 segments of voltage-gated potassium (Kv) channels °. The
Mermaid reporter was expressed specifically in the zebrafish heart under the cmc/2
promotor (7g(cmlc2:Mermaid)) and used for in vivo voltage mapping in 2-3 dpf embryos
under normal conditions and after application of the histamine H1 receptor blocker
astemizole (known to also block /x;). Measurements showed that astemizole disrupted the
normal sequence of cardiac excitation, causing retrograde propagation from the AV
boundary to the atrium (Figure 5.4A) >,

Since that time, a variety of new GEVIs have been developed with improved
sensitivity and kinetics. In a recent study using zebrafish >4, the novel GEVI chimeric

VSFP-butterfly CY (cyan-yellow, mCitrine/mCerulean) > or the updated GECI

GCaMP6f *°! were expressed in the heart of pigment-deficient, optically-transparent
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casper mutant zebrafish 3%, with the myosin light chain 7 (myl7) promotor
(Tg(myl7:chimeric VSFP-butterfly) and Tg(myl7:Gal4FF; UAS:GCaMP6f)). The hearts
of 3 dpf and 14 dpf zebrafish were imaged after administration of drugs targeting the
SNS or various cardiac ion channels to assess effects on electrical activation, AP
morphology, and [Ca?']; dynamics ** (Figure 5.4B). It was shown that: (i) B-AR
stimulation (with isoproterenol) or blockade (with propranolol) increased or decreased
diastolic Ca** levels and Ca?" transient amplitudes, respectively; (ii) /k: block (with E-
4031) increased APD; (iii) /caL block (with nifedipine) prevented Ca®" transients,
increased ventricular APD, and disrupted AV conduction; and (iv) differences exist in
atrial and ventricular Ca®* recovery dynamics between 3 and 14 dpf zebrafish (but not in

the Ca®" upstroke).

5.1.3.3. Combined voltage-Ca?* imaging

Functional fluorescent dyes can be combined for simultaneous mapping of
voltage and Ca®" in the whole heart >**. There is similar interest in combining GEVIs and
GECIs for dual voltage-Ca®" imaging, however this is generally prevented by spectral
overlap of the relevant fluorescent proteins. The first successful study using a GEVI-
GECI construct in the heart was performed in the zebrafish, using a genetically encoded
dual-function voltage-Ca?* reporter (‘CaViar’, created by fusing the GEVI Arch(D95N)
with the GECI GCaMP5) under control of the heart-specific cmlc2 promoter
(Tg(cmlc2:Arch(D95N)-GCaMP5G)) 3%, Hearts of 1.5-4.5 dpf embryos were imaged
during application of the Ica1 blocker nifedipine or Na* channel blocker quinidine, which

showed that early in development the zebrafish cardiac AP is initiated by Ca*’, but by 4
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dpf the ventricular AP becomes driven by Na*, while the atrial AP remains Ca*"

dependent (Figure 5.4C).

5.1.4. Studies utilising cardiac optogenetic actuators in zebrafish

Optogenetic actuators are light-activated proteins that generate a transmembrane
ion flux. The discovery and cloning of the ChR2 from the green alga Chlamydomonas
reinhardtii in 2003 >*! has led to the development of an extensive toolkit that includes
depolarising (excitatory) and hyperpolarising (inhibitory) opsins, which are activated
across a wide spectrum of wavelengths, and may be used for manipulation of cardiac
membrane potential (Figure 5.1) 3192363 Ag for the cardiac application of GEVIs and
GEClIs, one of the first reports of the use of optogenetic actuators in the heart was in
zebrafish 2%, This involved the use of both ChR2 (Tg(E1b: Gal4*!1%"";
UAS:ChR2(H134R)-eYFP*!*")) and the Cl -specific ion channel halorhodopsin from
Natronomonas pharaonis °** (Tg(E1b:Gal4-VP16*1%": UAS:NpHR-mCherry*'***)), to
locate and control cardiac pacemaker cells in intact 1-5 dpf zebrafish embryos. In NpHR-
expressing zebrafish, maps were generated at each dpf by sequentially illuminating small,
overlapping regions of the heart, and measuring the HR response, or the incidence of
cardiac arrest or arrhythmia (Figure 5.5A). It was found that: (i) at 1 dpf, the heart
stopped beating when a region at the venous pole was illuminated, indicating the location
of the pacemaker; (ii) at 2 dpf, the pacemaker region was more confined to the sinoatrial
ring (SAR), with illumination of large adjacent areas having no effect, and AV block (of
varying degree, depending on light intensity) occurred with illumination of the AV canal;

and (ii1) at 3 dpf, the pacemaker region was more defined, being confined to the dorsal
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right quadrant of the SAR. It was further found that in 4 dpf embryos, pulsed photo-
stimulation of the SAR at a frequency of 2.7-4.7 Hz with ChR2 was able to control HR.
Since the time of that pioneering study, another prominent family of Cl™-specific
light-activated ion channels has been developed, the Guillardia theta anion
channelrhodopsin 1 and 2 (GtACR1 and GtACR?2) %, which have been shown to silence
neuronal AP generation (including in zebrafish) *%¢-5%°. We have performed the first
cardiac application of GtACR1 involved zebrafish (using hearts isolated from 3 months
post fertilisation (mpf) adults with cardiac-specific GtACR1 expression,
Tg(cmlc2:GtACRI-eGFP)), which in combination with experiments in genetically
transfected single rabbit ventricular myocytes demonstrated that GtACRI1 activation
causes depolarisation of ventricular myocytes when applied during the resting (diastolic)
phase of the AP (and if suprathreshold, results in excitation), but causes repolarisation
when applied during the (systolic) plateau (resulting in shortening of the AP). This
biphasic response relates to the reversal potential of Cl” in ventricular myocytes, which is
somewhere between -40 mV and -33 mV 7, so that the flow of negative ions switches
from outward (causing depolarisation) to inward (causing repolarisation) as cells are
excited. As a result, pulsed illumination can be used to pace the heart, while sustained
illumination can arrest the heart in a depolarised state (Figure 5.5B) >’!. This indicates
that while GtACR1 does not address the need for optogenetic silencing through a
physiological means (i.e., hyperpolarisation), it is a potentially attractive tool for exciting

CM by transient light-induced depolarisation. This study is described below.
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5.2. Methods

5.2.1. Ethics statement

All experimental procedures in zebrafish were approved by the Dalhousie
University Committee for Laboratory Animals and followed the guidelines of the
Canadian Council on Animal Care. Details of experimental protocols are reported
following the Minimum Information about a Cardiac Electrophysiology Experiment

(MICEE) reporting standard %2,

5.2.2. Generation of cmlc2:GtACR1-eGFP transgenic zebrafish

A cmlc2:GtACR1-eGFP plasmid was generated using standard cloning and
microbiology techniques combined with the multisite Gateway system for Tol2
transposon transgenesis by a Research Associate in our lab, Sara Rafferty 2¢7. The 5’ entry
plasmid pSE-cmlc2, 3" entry plasmid p3E-polyA, destination plasmid pDestTol2pA2, and
donor plasmid pME-TA were obtained from Dr. Jason Berman (Dalhousie University,
Halifax, Canada). To generate the middle entry plasmid, the sequence of the
L13_CMV_GtACR1-eGFP plasmid was confirmed (using primers CMV_Forward: 5'-
CGCAAATGGGCGGTAGGCGTG-3" and EGFP-C-REV: 5'-
GTTCAGGGGGAGGTGTG-3') and then GtACR1-eGFP was amplified out of the
plasmid using polymerase chain reaction (PCR) with primers GtACR1 _for: 5'-
GCCACCATGAGCAGCATTAC-3" and EGFP-stop rev: 5'-
TTTACTTGTACAGCTCGTCCAT-3". The GtACR1-eGFP PCR product, purified using
a Gel Extraction Kit (QIAEX II, Qiagen; Hilden, Germany) and with the addition of a

polyA (pA) tail was ligated into pME-TA to generate the middle entry plasmid pME-
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GtACRI1-eGFP-pA, which was then subjected to restriction digest and sequencing (using
primers M13F(-21): 5'-TGTAAAACGACGGCCAGT-3', GtACRI, and
EGFP_stop_rev). An expression plasmid was then generated by ligating pSE-cmlc2,
pME-GtACR1-eGFP-pA, and p3E-polyA into pDestTol2pA2. Restriction digest and
sequencing (using primers T7: 5'-TAATACGACTCACTATAGGG-3' and EGFP-
stop_rev) confirmed the sequence of isolated expression plasmid DNA. The cmlc2-
GtACR1-eGFP-pA-pDestTol2pA2 DNA was purified with a PCR Purification Kit
(QIAquick, Qiagen) before microinjection of 22.7 ng/uL DNA and 16 ng/uL Tol2
transposase mRNA into one-cell stage Casper zebrafish embryos. Injected fish were
screened for successful gene transduction by eGFP expression using a fluorescent

microscope (MZ16F, Leica; Wetzlar, Germany).

5.2.3. Zebrafish heart preparation

Hearts were isolated from 3 mpf zebrafish expressing GtACR1-eGFP as
previously described 3227746 Fish were anesthetised in Tris-buffered (pH 7.4, BP152,
Fisher Scientific; Hampton, United States) tricaine (1.5 mM MS-222) in a controlled
room temperature of 21° Celsius tank water until opercular movements ceased and the
animals lacked response to fin pinch with forceps. A midline incision was made through
the ventral body wall and tissues of the ventral aorta, ventricle, atrium, and venous sinus
were removed, pinned into a 15 mL dish lined with Sylgard (DC 170, Dow Corning;
Midland, United States) containing Tyrode's solution (in mM: 142 NaCl, 4.7 KCI, 1
MgCl2, 1.8 CaCl2, 10 Glucose, 10 HEPES) of an osmolality of 300 + 5 mOsm checked
with an osmometer (Model 5004 puOsmette, Precision Systems; Natick, United States)

and with pH titrated to 7.4 with NaOH. In addition, 10 uM (#)-Blebbistatin (B592490,
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Toronto Research Chemicals; Toronto, Canada), a myosin inhibitor used for excitation-
contraction uncoupling was added to the bath to eliminate contraction for stability of

intracellular microelectrode recordings.

5.2.4. Intracellular microelectrode measurement in zebrafish ventricular myocyte

Intracellular microelectrode recordings were performed as previously described
572 Microelectrodes made from borosilicate glass tubing (0.5 mm inner diameter, 1.0 mm
outer diameter, with internal filament; type BF/100/50/10, Sutter Instruments; Novato,
United States) were pulled on a Brown/Flaming micropipette puller (Model P97, Sutter
Instruments) to tip diameters resulting in a 40-60 MQ resistance when filled with 3 M
KCI. Electrodes were coupled to the headstage of an amplifier (Model 1600 Neuroprobe
Amplifier, A/M Systems; Everett, United States) operated in current clamp mode with an
electrode holder (ESW-M10N, Warner Instruments; Hamden, United States). Electrodes
were advanced with a mechanical manipulator (MX/4, Narishige; Tokyo, Japan) into the
ventricular epicardium. Before cell penetration, the tip potential of the electrode was
nulled using the bridge controls of the intracellular amplifier with the electrode tip in the
bath. At the end of a recording, the microelectrode was withdrawn from the cell, the null
potential was checked, and the previous data adjusted if necessary. Transmembrane
potential was taken as the difference between the potential measured in the bath with a
silver/silver- Cl lead and the intracellular potential. Successful impalement was signaled
by a sudden step of the electrode potential to a negative value. Criteria for accepting a
cell were AP with a stable resting Vi, <-60 mV and an AP peak >0 mV that were

maintained throughout the recording. Transmembrane potential was recorded at 10 kHz
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using a software-controlled data acquisition system (LabChart and PowerLab,

ADInstruments; Sydney, Australia).

5.2.5. Activation of GtACRI1 in zebrafish isolated hearts

Experiments were performed in zebrafish isolated hearts and intact zebrafish
larvae at a controlled room temperature of 21° Celsius using an upright microscope
(BX51WI, Olympus; Shinjuku, Japan). Light for activation of GtACR1 was delivered by
a white LED (CFT-90-W, Luminus Devices; Sunnyvale, USA) through a 531/22 nm
filter (FF02-531/22, Semrock; Rochester, USA) focused on the ventricle with a 10X (for
isolated hearts) or 20X (for zebrafish larvae) water-immersion objective (UMPLFLN
10XW or XLUMPLFLN 20XW, Olympus). The microscope field stop was set at the
smallest aperture to produce a 0.16 mm? spot with an intensity of 1-5 mW/mm?. Light
application was either sustained for 15 s or pulsed for 10 ms at a rate 2xsinus HR in
regions displaying high or no eGFP expression, checked with 466/40 nm excitation
(FF01-466/40, Semrock), 495 nm dichroic (FF495-Di03, Semrock), and 525/50 nm
(ET525/50m, Chroma Technology; Bellows Falls, United States) filters. optical pacing
was compared to electrical pacing at the same HR applied extracellularly by a pair of
silver wire electrodes on either side of the heart coupled to a constant current stimulus
isolation unit (PSIU6D, Grass Technologies; West Warwick, USA) driven by 10 ms
rectangular pulses from a waveform generator (S44, Grass). Measurements of HR, resting
Vm, upstroke velocity (dV/dtmax), AP amplitude, APDso, and APDoy were averaged over
three consecutive heart beats before and during light stimulation. Light intensity was
measured at the end of the experiment using a USB power meter (PM16-120, Thorlabs;

Newton, United States).
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5.2.6. Data analysis

Values are reported as mean+SEM. Data was analyzed with custom routines in
Matlab. Statistical analysis was performed in Prism (GraphPad). Group means were

compared by two-tailed paired Student's t-test. Significance was indicated by p<0.05.

5.3. Results

Zebrafish served as a model system to study effects of GtACR1 activation in
native myocardium 26727, GtACR1-eGFP was expressed specifically in cardiac myocytes
in the hearts of zebrafish using Tol2 transposon transgenesis by microinjection of a
cmlc2:GtACR1-eGFP plasmid at the one-cell stage. Fish with successful gene insertion,
indicated by cardiac eGFP expression, were raised to 3 months. Hearts were isolated and
intracellular microelectrode recordings of ventricular myocyte membrane potential were

performed.

5.3.1. Effects of prolonged GtACRI activation in intact zebrafish hearts

GtACR1-eGFP expression in the ventricle was largely epicardial and
heterogeneous at the cellular level (Figure S5.1), with regions of high eGFP expression
next to eGFP-free areas at the whole-heart level (Figures 5.5, 5.6). Light for activation of
GtACR1 was focused on regions of high or no eGFP expression (spot size of 0.16 mm?).
When sustained light (5 mW/mm?) was applied to regions of high eGFP expression, there
was an immediate depolarisation of resting Vi and a decrease in the maximum rate of Vi

change (dV/dtmax) during the AP upstroke, as well as in AP amplitude, APDso, and APDoy
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(Figure 5.5, n= 34 cells, N=7 zebrafish hearts). Additionally, in regions of high eGFP-
expression in some hearts (N= 3/7), sustained light locally inhibited AP generation by
depolarisation of membrane potential (Figure 5.6). Ventricular contractions could also be
inhibited in vivo by exposing the entire ventricle (spot size of 0.05 mm?) of intact eGFP-
positive zebrafish larvae (21 dpf, N=3) to sustained light (1.7 mW/mm?; Supplementary

Movie 1).

5.3.2. Optical pacing of zebrafish hearts

When pulsed light (10 ms, 2xsinus HR) of supra-threshold intensity (1.2+0.2
mW/mm?; determined in each heart by increasing light intensity until AP stimulation
occurred) was applied to regions of high eGFP expression, AP were elicited, resulting in
optical pacing of the heart (Figure 5.5). Comparison of AP, stimulated by optical pacing
and electrical pacing at the same rate, showed no difference in AP characteristics (Figure
S5.2). As with sustained light, pulsed light also had an effect in vivo in intact eGFP-
positive zebrafish larvae, eliciting ventricular contractions resulting from optical pacing.
In contrast to GtACR1-expressing regions, neither sustained nor pulsed light application
to eGFP-negative myocardial tissue in the same animals, or to ventricular myocardium

from wild-type zebrafish (N=3), induced any changes in V.

S.4.Discussion

Tools to modulate cardiac electrophysiology in a spatio-temporally defined, cell-
specific manner hold a key to improving our understanding of electrophysiological
signaling in health and disease. ChR2 can be used for optical pacing, and for inhibition of

AP generation — albeit by non-physiological sustained depolarisation of the resting V.
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Prolonged membrane depolarisation will lead to ion concentration imbalances, which
could be particularly problematic in diseased tissue >’>. ACR have been used to inhibit
AP generation in neuronal cell populations and neonatal rat ventricular CM 366-569-574,

Green-light activation of GtACRI1 triggers depolarising photocurrents in resting
CM. GtACRI currents are based on CI™ conductance, with only minor current
contributions by cations, such as Na*, K*, or H". Accordingly, CM inhibition by
sustained illumination is based on polarising cells toward the reversal potential for Cl". In
line with an estimated reversal potential between -40 and -33 mV in CM 7375 GtACR1-
mediated myocyte inhibition relies on membrane depolarisation, thus preventing myocyte
repolarisation. While keeping CM at a depolarised potential can block re-excitation and
conduction, sustained depolarisation will result in Ca** and Na* overload via activation of
additional ion fluxes through L- and T-type Ca*" or background Na* channels. This
would be detrimental in cases where cells are already overloaded with Ca** or Na*, such
as when using GtACRI1 for inhibition of CM activity to terminate arrhythmias in
pathologically remodeled myocardium.

In contrast to CM, the reversal potential for C1 is closer to the resting Vi in the
somatodendritic compartment of neurons, in which ACR have a hyper- or re-polarising
effect. Thus, ACR activation mimics neuronal inhibition by postsynaptic GABAAa

receptors '

. It would be wrong, though, to assume that ACR necessarily hyperpolarise
all resting cells. There are neuronal compartments with elevated intracellular CI°
concentrations, including presynaptic terminals and axons, where ACR activation can

lead to depolarising photocurrents. In fact, several studies have reported ACR-triggered

presynaptic vesicle release and antidromic spikes %377, To overcome these excitatory
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effects, soma-targeted ACR have been constructed by addition of the soma-targeting
motifs of the K* channel K,2.1 and telencephalin **7-*’®, While optical inhibition with
soma-targeted ACR can be effective in neurons, ACR-based CM inhibition is based on
non-physiological sustained depolarisation, as shown here both for isolated cells and
myocytes within intact myocardium. A light-gated K" conductance could serve as a

potent alternative for optical inhibition of excitatory cells °”°

, as the resting potential of
excitable cells is close to the K reversal potential, thereby limiting secondary ion fluxes.
GtACRI has been reported to show biphasic channel closure, with the fast
component accelerating at depolarised potentials, whereas the slow component is similar
at both positive and negative membrane voltages **°. To prevent prolongation of optical

triggered AP, one could use an ACR with faster closing kinetics, such as the GtACR1-
C237A mutant %!, PSACR1 %8238 or ZipACR %, In ventricular cells of intact zebrafish
hearts, optically evoked AP display comparable amplitude and kinetics to same-
frequency electrically stimulated AP.

While ACR do not allow hyperpolarisation of CM, they may be used to mimic
CI” currents in cardiac cells. Both inward and outward CI” currents are present during the
cardiac AP cycle and at least six families of C1™ channels are functionally expressed in
CM. CI” channels have been found to play a role in cardiac arrhythmogenesis,
myocardial hypertrophy and heart failure, as well as in cardioprotection against ischemia
reperfusion >*°. ACR may be used to investigate the underlying roles of C1~ channels in
these disease settings, with light not only allowing for precise spatiotemporal control of

ACR activity, but also enabling titration of current amplitudes by variation of light

intensity and/or duration. Cell-type specific gene targeting may further enable
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investigating effects of ClI™ conductance on cells other than CM, and might be useful for
studying heterocellular interactions between CM and non-myocytes >%¢. Recent studies
expressing optogenetic probes specifically in either cardiac macrophages of healthy
mouse hearts, or in non-myocytes of ventricular scar-border zone tissue, showed
functional electronic coupling of the targeted cell types to adjacent CM 3788 The
relevance of such coupling, however, both in normal homeostasis and in the context of
cardiac tissue remodeling, remains to be determined. Optogenetic perturbation of
electronically coupled non-myocytes might be a useful approach here, for example to
modulate cardiac electrophysiological properties such as conduction velocity without

interfering with CM function (as pioneered by %%

5.5. Conclusion

1 589

Optogenetics is a powerful and highly successfu set of techniques that has

h 590,591

been instrumental in recent developments in neuroscience researc , and more

recently also for cardiac research °'°. Zebrafish provide specific advantages as an

265,266 and have been

experimental model for optogenetic cardiac investigations
instrumental in its early development, suggesting a bright future for this little fish. With
the increasing sophistication of optogenetic methods, the zebrafish represents an

experimental model with great potential for cardiac optogenetic studies. Hopefully more

cardiac researchers will soon begin to see the light.
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5.6. Tables

Table 5.1 | Previous applications of cardiac optogenetics using zebrafish.

Publication

Age of
Study

Optogenetic Line

Application / Finding

Arnaout
et al., 2007

2 dpf

Tg(cmic2:gCaMP)s878

Investigated mutant model of inherited
long QT syndrome, in which loss of
rapid delayed-rectifier potassium
current (/kr) due to kenh2 mutation
results in mechanical ventricular
asystole. Showed lack of calcium
(Ca?*) waves in the ventricle,
suggesting impaired Ca?* cycling.

Chi
et al., 2008

1-21 dpf

Tg(cmic2:gCaMP)s878

Investigated development of the
vertebrate cardiac conduction system
and performed a forward genetic
screen. |dentified four stages of
conduction development, which
depended on epigenetic mechanical
factors, and identified 17 conduction-
specific mutations that may represent
novel genetic regulators of the cardiac
conduction system.

Tsutsui
etal., 2010

2-3 dpf

Tg(cmlc2:Mermaid)

Investigated the effect of the histamine
H1 receptor blocker astemizole on
cardiac excitation. Showed that
astemizole caused retrograde
propagation from the atrioventricular
boundary to the atrium.

Optogenetic
Reporters

Kirchmaier
etal. 2012

Tg(cmic2:gCaMP)s878

Investigated effect of Popeye domain
containing gene 2 knock-down.
Caused sinoatrial node conduction
failure, irregular atrial and ventricular
activity, and varying degrees of
atrioventricular block.

Hou
etal., 2014s

1.5-4 dpf

Tg(cmic2:Arch(D95N)-
GCaMP5G)

[‘CaViar]

Investigated the effects of L-type Ca?*
(Ica,L) or fast sodium current block.
Showed that <4 dpf, cardiac excitation
is initiated by Ca?*, but by 4 dpf
ventricular excitation it is initiated by
sodium, while atrial excitation remains
Ca?* dependent.

van
Opbergen
et al., 2018a

3, 14 dpf

Tg(myl7:chimeric
VSFP-butterfly CY)

Tg(myl7:Gal4FF;
UAS:GCaMPé6f)

Investigated effects of pharmacological
modulation of the sympathetic nervous
system or ion channels on cardiac
electrophysiology and Ca?* cycling.
Showed that: (i) sympathetic
stimulation or block increased or
decreased diastolic Ca?* and Ca?*
transient amplitudes; (ii) /kr block
increased action potential duration; (iii)
IcaL block prevented Ca?* transients,
increased ventricular action potential
duration, and disrupted atrioventricular
conduction; and (iv) differences exist in
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atrial and ventricular Ca?* cycling
during development.

Salgado-
Almario
et al., 2020

3 dpf

Tg(cmlic2:Twitch-1)
Tg(cmic2:Twitch-2B)
Tg(cmlic2:Twitch-4)
Tg(cmic2:TN-XXL)

Tested various novel genetically
encoded ratiometric calcium indicators
to determine which are the most
promising for use in the heart.
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S.7. Figures

Figure 5.1 | The optogenetic toolbox for measurement and manipulation of cardiac
activity. There is a large array of optogenetic actuators and reporters with a broad range
of activation spectra available for use in the heart. These comprise light-activated
depolarising (excitatory) and hyperpolarising (inhibitory) opsins that pass cations, anions,
and protons and genetically encoded voltage (GEVI) and calcium (GECI) indicators that
can be used to measure membrane potential and intracellular calcium. Opsin schematic
from Ferenczi et al. (2019), middle panel from Entcheva and Kay (2021), and GEVI and
GECI schematics from van Opbergen et al. (2018a).
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Figure 5.2 | In vivo imaging of intracellular calcium using genetically encoded
calcium indicators (GECIs) in intact zebrafish embryos. (A) Hearts in 48 h post-
fertilisation (hpf) wild-type embryos with cardiac-specific expression of gGCaMP exhibit
atrial and ventricular calcium release (left), while hearts in kenh2s290 mutants exhibit
atrial but no ventricular release (right). Each selected region in the images has a
corresponding fluorescence signal plotted below. The dotted lines mark an arbitrary point
in time to facilitate comparison across the different signals. From Arnaout et al. (2007).
(B) In hearts from 48 hpf wild-type embryos, calcium activation travels from the sinus
venosus across the atrium (Atr) and ventricle (Ven), with a delay at the atrioventricular
(AV) junction (left), while ventricular conduction is absent in silent ventricle (siv)
mutants and disorganised in dococs215, 226 (dcc) mutants (right). Isochronal lines
represent 60 ms. From Chi et al. (2008).
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Figure 5.3 | In vivo ratiometric intracellular calcium measurements with a
genetically encoded calcium indicator (GECI) in intact zebrafish embryos.
Ratiometric intracellular calcium signals were acquired with Twitch-1, Twitch-4, or a
Forster resonance energy transfer (FRET) construct insensitive to calcium (ECFP-16aa-
EYFP) from the atrium (red region-of-interest) and ventricle (white region-of-interest) of
3 days post-fertilisation embryos. The change in fluorescence in the donor and FRET
channels normalised to the first diastolic period (F/FDiast; upper graphs in atrium and
ventricle) and their ratio (R/RDiast; lower graphs in atrium and ventricle) are shown.

From Salgado-Almario et al. (2020).
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Figure 5.4 | In vivo imaging of membrane potential using genetically encoded voltage
indicators (GEVIs), combined with genetically encoded calcium indicators (GECIs) in
intact zebrafish embryos. (A) Signals (left) from a donor (mUKG, green) and acceptor
(mKOx, red) Forster resonance energy transfer (FRET) pair of fluorescent proteins and
their ratio (mKOx/mUKG, black) acquired from the ventricle of a 3 days post-
fertilisation (dpf) zebrafish embryo with cardiac-specific expression of the GEVI
Mermaid. Pseudo-colored ratio images (right) representing a single cardiac cycle in wild-
type, Mermaid-expressing zebrafish (upper) showing propagation of excitation from the
sinus venosus in the atrium (a) to the ventricle (v), and in astemizole-treated (5 uM, 15
min) zebrafish (lower) showing retrograde propagation from the ventricle to the atrium
(highlighted with arrows). Scale bar, 100 um. From Tsutsui et al. (2010). (B) Signals
(upper left) from a donor (mCerulean, blue) and acceptor (mCitrine, yellow) Forster
resonance energy transfer (FRET) pair of fluorescent proteins and their ratio
(mCitrine/mCerulean, black) acquired from the regions of interest (boxes in fluorescent
images) indicated on the atrium (A) and ventricle (V) of a 3 dpf zebrafish embryo with
cardiac-specific expression of GEVI VSFP-butterfly CY. Signals (upper right) acquired
from the atrium (blue) and ventricle (red) of a 3 dpf zebrafish embryo with cardiac-
specific expression of the GECI GCaMP6f. Line plots of chimeric VSFP-butterfly CY
(lower left) and GCaMP6f (lower right) background-corrected fluorescence intensities
averaged across the width of the myocardial wall superimposed on heat maps of
trajectory vs. time illustrating electrical impulse and Ca®" propagation throughout the
heart. cpEGFP, circularly permutated enhanced green fluorescent protein. From van
Opbergen et al. (2018a). (C) Single optical sections of a 4 dpf zebrafish heart with
cardiac-specific expression of the GEVI-GECI construct CaViar showing GEVI
Arch(D95N) (top) and GECI GCaMP5G (middle) fluorescence as excitation propagates
from the atrium (A) to ventricle (V). Voltage (Vm, red) and calcium (Ca*, blue) signals
acquired from the atrium and ventricle of 50 (upper left) and 102 (lower right) hours
post-fertilisation (hpf) zebrafish embryos exposed to nifedipine (L-type Ca?" channel
blocker) and quinidine (fast sodium channel blocker). At 52 hpf, nifedipine reversibly
suppressed voltage and Ca?" dynamics in both chambers, while quinidine had no effect.
At 102 hpf, nifedipine largely suppressed calcium transients in both chambers but only
suppressed atrial voltage, while quinidine largely suppressed voltage and calcium
transients in the ventricle but did not affect either transient in the atrium. Scale bar, 50
um. From Hou et al. (2014).
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Figure 5.5 | GtACR1 activation depolarises ventricular myocyte membrane potential in
isolated zebrafish hearts. Regions of high or no eGFP expression on the ventricle of 3-
months post fertilisation (mpf) zebrafish isolated hearts were illuminated by a 0.16 mm2
spot of 531/22 nm light sustained for 15 s or pulsed for 10 ms at a rate 2—3 X sinus heart
rate. (A,D—E) In the case of sustained light, in regions displaying eGFP expression (red
circle in C) there was an immediate increase in resting membrane potential (ER) and a
decrease in the maximum rate of membrane depolarisation (dE/dtmax), AP amplitude
(APAmp), and APD at 50% and 90% repolarisation (APD50 and APD90). (B) In the case
of pulsed light, the heart could be stimulated when light intensity was increased to supra-
threshold values. (A,B) In both cases, there was no effect seen in regions displaying no
eGFP expression (blue circle in C). *indicates p < 0.0001 by two-tailed paired Student's
t-test. (Borrowed from Kopton et al., 2018).
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Figure 5.6 | GtACR1 activation can inhibit ventricular myocyte action potentials in
isolated zebrafish hearts. In a subset of 3-months post fertilisation (mpf) isolated
zebrafish hearts (n = 3/7), a 0.16 mm2 spot of 531/22 nm light applied to some eGFP
expressing regions locally inhibited AP by depolarisation of membrane potential, while
there was no effect in regions with no eGFP expression (confirmed by live confocal
microscopy) (From Kopton et al., 2018).
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

An overarching strength of the projects that have been discussed in this
dissertation is the continued evidence for the effectiveness of zebrafish as a dynamic and
appropriate tool for studies of cardiac physiology. Application of the experimental
methods used in these projects would not be possible in larger mammalian models or
humans, particularly in an intact in vivo setting. For this reason, some may initially
question the relevance or transferability of such methods toward clinical treatment
options. However, many scientists that use the zebrafish model to investigate physiology,
and pathophysiology, will quickly inform listeners that their field of study is physiology,
and not specifically fish physiology. Otherwise, the need for genetic manipulation, state-
of-the-art optical imaging, along with an abundance of other innovative technologies,
would not be necessary. It is due to these technologies paired with tested-and-true, as
well as novel methods, that allows progression of understanding mechanisms in health,

and perhaps more importantly, in disease.

6.1. A novel method to manipulate hemodynamic load in vive

The introduction of this document began by discussing the importance of a
unified approach toward a common goal, to take a stand in support of the advancement of
science through international collaboration and sharing of knowledge. The method that
was utilised in Chapters 2, 3, and 4, is a glaring example of this notion. At an
international biomechanical engineering conference where scientists came together to
share ideas, methods, and results, led to a chance encounter that resulted in a

collaboration between our lab, and Dr. David Bark’s lab at Colorado State University. It
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was here that this method originated, and the lessons learned throughout this 12-week
research visit were paramount in the successful initiation of this project.

Upon returning from Dr. Bark’s lab, we implemented this method and began to
tailor it to address our specific questions, while further optimising various parameters
related to control of hemodynamic load (time, flow rate, rest) in 2 dpf zebrafish (Chapter
2; Methods). After successful proof-of-principle - in terms of manipulating EDA, we
established a systematic approach to collect measurements of cardiac function (HR, SA,
COa). When exposed to repeated episodes of sustained hemodynamic load, there was no
response in HR (Bainbridge reflex), but instead a over compensatory increase in the SA,
(Frank-Starling Law).

Indeed, with the onset of increased hemodynamic load, an increase in HR
response would be expected in the adult heart, however; in the case of a 2 dpf zebrafish
embryo, these results were not entirely surprising as the development of the heart is still
in its infancy and not yet fully functional, or dependent for survival at this stage. This did
provide motivation to determine when the expected effect takes place while also
attempting to uncover the intricate details relating to the mechanism(s) responsible
(Chapter 3). Parameters of cardiac function were investigated in older aged zebrafish (2 —
14 dpf) sample groups and the HR response became visible by 6 dpf, and much more
robust by 14 dpf. From this study, it is apparent that the FSL is not age dependent as this
response was present in each age group. In fact, the percentage change in SA was most
prominent in 2 dpf compared to 14 dpf, which may be a protective compensatory

mechanism.
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The next study included investigation of pharmacological interrogation to
determine contribution from the ANS and intrinsic input (Chapter 4), comparing
parameters of cardiac function in 14 dpf groups exposed to various blockers to a 14 dpf
control group. To summarise the results found, the response to increased hemodynamic
load is not a neuronal-specific response on a beat-by-beat basis but does appear to be HR
dependent. The absolute HR response was greater in the block of SNS stimulation
(Timolol) compared to control or PNS block (Atropine) or control. Whether this is
dependent on the potential, as the RHR was significantly reduced in the Timolol group,
whereas the other groups are closer to their physiological HR ceiling, and thus require a
much greater stimulus to reach this effect. In the streptomycin group, which blocks
SACns contribution, the Bainbridge reflex was eliminated and instead, a substantial
increase in the FSL contributed to the ability of the heart to remain functional. As EDA
began to increase beyond 50 to 60 percent from the baseline value, HR began to cease
and cardiac function became compromised, increase in SA via the FSL acted to counter

this effect.

6.2. Future directions

We demonstrated the use of a novel in vivo method in 48 hpf zebrafish embryos
and later expanded this into later stages of development up to 14 dpf, and integration with
pharmacological interrogation. This method was also combined with fluorescent imaging
using a GEVI or GECI to measure effects on cellular properties such as Vi, and [Ca**];
cycling and gain insight into subcellular mechanisms driving changes in whole heart

function 3%, Using the zebrafish will also allow for genetic manipulations, to more

specifically understand the molecular mechanisms involved 26737, Moreover, the
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zebrafish is an excellent model for cardiac disease 26>2%

, so that potential contributions of
MEC and MMC - and their disruption — to cardiac structural malformations and
functional problem in development may be studied, to better understand congenital heart
defects and early cardiac dysfunction. Finally, as imaging technology continues to
advance, the above may be enhanced by the use of four-dimensional imaging techniques
592593 for a more comprehensive, whole heart understanding of physiological and
pathophysiological cardiac adaptation. Additionally, furthering our understanding in
MEC, and more specifically SAC ion-specific preferential determination will help to
provide targeted treatment approach that considers potential electrophysiological benefits
in the context of the need to maintain volume regulatory capacity (in ischaemia, and even

more so, reperfusion) and the ability to tune cell contractility to the mechanical

environment.

6.3. Shedding light on cardiac function and arrhyvthmogenesis

An opportunity to collaborate with a cardiac research team at the Institute for
Experimental Cardiovascular Medicine in Freiburg, Germany was presented, working on
a project focused on cardiac optogenetics. The results of this project were exciting,
collecting intracellular microelectrode recordings while manipulating HR, and providing
insight into the field of cardiac optogenetics. GtACR1 represents a potent tool for light-
induced depolarization of defined cardiac cell populations, which can be used both to
activate and to silence AP generation in CM. However, we must consider that the
sustained membrane depolarization for cardiac silencing will give rise to secondary ion

fluxes that may affect transmembrane ion distribution. This could increase
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arrhythmogenicity in myocardium and be particularly counter-productive when using
optogenetic approaches in ischemic myocardium where CM are already overloaded with
Na® and/or Ca®*. Current research investigating a K™ gated optogenetic tool is currently

underway and may provide a more optimal channel to explore silencing of cardiac APs.

6.4. Future directions for the use of cardiac optogenetics in zebrafish

Unlike the prevalent use of optogenetics in zebrafish to study the nervous system
539-541 " there have been relatively few cardiac optogenetic studies performed in zebrafish
(summarised in Table 1.1), yet those studies have been fundamental in progressing the
application of optogenetic technologies to the heart. With the continual improvement of
optogenetic techniques °'°, the use of zebrafish for integrative (patho-)physiological
cardiac structure-function studies holds great promise. Future research will be driven by
technological advances such as high-speed, cell-accurate, three-dimensional mapping >~
5% more effective methods for cell-specific spatial and temporal gene expression %7,
and novel optogenetic actuators and reporters with enhanced expression, fluorescence,
and kinetics, combined with improved light delivery . As the field continues to
develop, the zebrafish may be invaluable for cardiac optogenetic studies directly related
to its strengths as an experimental model (Table 5.1; i.e., development, genetic screening,
drug discovery, cardiotoxicity testing, disease modelling, all-optical studies of
electrophysiology and cell signalling, and anti-arrhythmic strategy development). It may
also be a powerful tool for fundamental investigations of the hetero-cellular heart (e.g.,
structure-function interactions of myocytes, fibroblasts, intracardiac neurons, and

immune and endothelial cells) and in helping to overcome hindrances related to the

clinical translation of optogenetic techniques (e.g., genetic transfection, immune
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responses, phototoxicity) >*®. This will be enhanced by the large number of currently
available transgenic lines, genetic material, and tools (easily found through online
resources and central repositories), facilitated by the open zebrafish community willing to
share them 267268,

While a majority of cardiac optogenetic studies in the zebrafish have been performed
in the early stages of development, technological advances in fluorescence imaging
approaches and methods for spatially-resolved light stimulation have the promise to
enable studies to be performed in the adult isolated whole heart and in vivo. This will be
aided by the continuing development of transgenic lines that lack pigment and are thus

> 383 and ‘crystal’ #*%), and can

largely transparent throughout their lifespan (i.e., ‘casper
be used as a background on which to express optogenetic reporters and actuators along

with mutations of interest.
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APPENDIX 1: CHAPTER 3 SUPPLEMENTAL FIGURES

Supplemental Figure 3.1 | Absolute HR change in 2 dpf zebrafish embryo. B1 B2 B3
represents each baseline phase measurement. S1 S2 S3 represents each stretch phase
measurement. There were no significant differences in HR response between baseline and
stretch phase. There were also no significant differences between baseline phases. (ns =
no significant difference; p > 0.05, * =p < 0.05, ** =p < 0.01, *** =p <0.001).
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Supplemental Figure 3.2 | Absolute HR change in 6 dpf zebrafish embryo. B1 B2 B3
represents each baseline phase measurement. S1 S2 S3 represents each stretch phase
measurement. There were no significant differences in HR response between B1 and S1,
or B2 and S2, however, there was a significant difference between B3 and S3. There were

no significant differences between baseline phases. (ns = no significant difference; p >
0.05,*=p<0.05, **=p < 0.01, ***=p<0.001).
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Supplemental Figure 3.3 | Absolute HR change in 14 dpf zebrafish embryo. Absolute
HR change in 14 dpf zebrafish larvae exposed to P2. B1 B2 B3 represents each baseline
phase measurement. S1 S2 S3 represents each stretch phase measurement. There were
significant differences in HR response between each baseline and stretch phases. There
were no significant differences between baseline phases. (ns = no significant difference; p
>0.05, *=p<0.05, **=p< 0.01, *** =p<0.001).
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Supplemental Figure 3.4 | Absolute HR change in 14 dpf zebrafish embryo. Absolute
HR change in 14 dpf zebrafish larvae exposed to P3. B1 B2 B3 represents each baseline
phase measurement. S1 S2 S3 represents each stretch phase measurement. There were
significant differences in HR response between each baseline and stretch phases. There
were no significant differences between baseline phases. (ns = no significant difference; p
>0.05, *=p<0.05, **=p< 0.01, *** =p<0.001).
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Supplemental Figure 3.5 | Absolute change in HR response between each stretch in
each age group. The absolute change in HR during each stretch phase. S1, S2, S3
represents each stretch across each group. 2 dpf; red, 6 dpf; green, 14 dpf_P3; blue, 14
dpf_P2; grey. In each group there were no significant differences within each group,
across each stretch phase (p <0.05).
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Supplemental Figure 3.6 | Absolute SA change in 2 dpf zebrafish embryo. Absolute
SA change in 2 dpf zebrafish larvae exposed to P1. B1 B2 B3 represents each baseline
phase measurement. S1 S2 S3 represents each stretch phase measurement. There were
significant differences in SA response between baseline and stretch phase. There were
also no significant differences between baseline phases. (ns = no significant difference; p
>0.05, *=p<0.05, **=p< 0.01, *** =p<0.001).
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Supplemental Figure 3.7 | Absolute SA change in 6 dpf zebrafish embryo. Absolute
SA change in 6 dpf zebrafish larvae exposed to P2. B1 B2 B3 represents each baseline
phase measurement. S1 S2 S3 represents each stretch phase measurement. There were
significant differences in SA response between B1 and S1, B2 and S2, however, there
was no significant difference between B3 and S3. There were no significant differences
between baseline phases. (ns = no significant difference; p > 0.05, * =p <0.05, ** =p <
0.01, *** =p <0.001).
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Supplemental Figure 3.8 | Absolute SA change in 14 dpf zebrafish embryo. Absolute
SA change in 14 dpf zebrafish larvae exposed to P2. B1 B2 B3 represents each baseline
phase measurement. S1 S2 S3 represents each stretch phase measurement. There were
significant differences in SA response between baseline and stretch phase. There were
also no significant differences between baseline phases. (ns = no significant difference; p
>0.05, *=p<0.05, **=p< 0.01, *** =p<0.001).
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Supplemental Figure 3.9 | Absolute SA change in 14 dpf zebrafish embryo. A
Absolute SA change in 14 dpf zebrafish larvae exposed to P3. B1 B2 B3 represents each
baseline phase measurement. S1 S2 S3 represents each stretch phase measurement. There
were significant differences in SA response between baseline and stretch phase. There
were also no significant differences between baseline phases. (ns = no significant
difference; p > 0.05, * =p < 0.05, ¥* =p < 0.01, *** =p <0.001).
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Supplemental Figure 3.10 | Absolute change in SA response between each stretch in
each age group. The absolute change in SA during each stretch phase. S1, S2, S3
represents each stretch across each group. 2 dpf; red, 6 dpf; green, 14 dpf_P3; blue, 14
dpf_P2; grey. In each group there were no significant differences within each group,

across each stretch phase (p <0.05).
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Supplemental Figure 3.11 | Absolute COa change in 2 dpf zebrafish embryo.
Absolute COa change in 2 dpf zebrafish larvae exposed to P1. B1 B2 B3 represents each
baseline phase measurement. S1 S2 S3 represents each stretch phase measurement. There
were significant differences in COa response between each baseline and stretch phase.
There were also no significant differences between baseline phases. (ns = no significant
difference; p > 0.05, * =p < 0.05, ¥* =p < 0.01, *** =p <0.001).
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Supplemental Figure 3.12 | Absolute COa change in 6 dpf zebrafish embryo.
Absolute COx change in 6 dpf zebrafish larvae exposed to P2. B1 B2 B3 represents each
baseline phase measurement. S1 S2 S3 represents each stretch phase measurement. There
were significant differences in COa response between each baseline and stretch phase.
There were also no significant differences between baseline phases. (ns = no significant
difference; p > 0.05, * =p < 0.05, ¥* =p < 0.01, *** =p <0.001).
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Supplemental Figure 3.13 | Absolute COa change in 14 dpf zebrafish embryo.
Absolute COa change in 14 dpf zebrafish larvae exposed to P2. B1 B2 B3 represents
each baseline phase measurement. S1 S2 S3 represents each stretch phase measurement.
There were significant differences in COa response between each baseline and stretch
phase. There were also no significant differences between baseline phases. (ns = no
significant difference; p > 0.05, * =p <0.05, ** =p < 0.01, *** =p <0.001).
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Supplemental Figure 3.14 | Absolute COa change in 14 dpf zebrafish embryo.
Absolute COa change in 14 dpf zebrafish larvae exposed to P3. B1 B2 B3 represents
each baseline phase measurement. S1 S2 S3 represents each stretch phase measurement.
There were significant differences in COa response between each baseline and stretch
phase. There were also no significant differences between baseline phases. (ns = no
significant difference; p > 0.05, * =p <0.05, ** =p < 0.01, *** =p <0.001).
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Supplemental Figure 3.15 | Absolute change in COa response between each stretch
in each age group. The absolute change in COa during each stretch phase. S1, S2, S3
represents each stretch across each group. 2 dpf; red, 6 dpf; green, 14 dpf_P3; blue, 14
dpf_P2; grey. In each group there were no significant differences within each group,
across each stretch phase (p <0.05).
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APPENDIX 2: CHAPTER 4 SUPPLEMENTAL FIGURES

Supplemental Figure 4.1 | Absolute EDA Change in 14 dpf zebrafish embryo with MR
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference (p < 0.05).
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Supplemental Figure 4.2 | Absolute EDA Change in 14 dpf zebrafish embryo with f3-
AR block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.3 | Absolute EDA Change in 14 dpf zebrafish embryo with MR
and 3-AR block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3
represents each stretch phase measurement. In each stretch phase there was a significant
difference between baseline and stretch phases. There were no significant differences
between baseline phases. (*** = p <(0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.4 | Absolute EDA Change in 14 dpf zebrafish embryo with
SACxs block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3
represents each stretch phase measurement. In each stretch phase there was a significant
difference between baseline and stretch phases. There were no significant differences
between baseline phases. (*** = p <(0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.5 | Absolute EDA Change in 14 dpf zebrafish in GCaMP

B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each stretch
phase measurement. In each stretch phase there was a significant difference between
baseline and stretch phases. There were significant differences between each baseline
phases, likely resulting from the compromised SA due to the effects of blebbistatin. (***
=p <0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.6 | Absolute EDA Change in 14 dpf butterfly zebrafish. B1 B2
B3 represents each baseline phase measurement. S1 S2 S3 represents each stretch phase
measurement. In each stretch phase there was a significant difference between baseline
and stretch phases. There were significant differences between each baseline phases,
likely resulting from the compromised SA due to the effects of blebbistatin. (*** =p <
0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.7 | Absolute HR change in 14 dpf zebrafish embryo with MaR
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between

baseline phases. (*** =p < 0.001, ns = no significant difference (p < 0.05).
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Supplemental Figure 4.8 | Absolute HR change in 14 dpf zebrafish embryo with B-AR
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.9 | Absolute HR change in 14 dpf zebrafish embryo with MaR
and B-AR block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3
represents each stretch phase measurement. In each stretch phase there was a significant
difference between baseline and stretch phases. There were no significant differences
between baseline phases. (*** = p <(0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.10| Absolute HR change in 14 dpf zebrafish embryo with SACxs
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between

baseline phases. (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.11 | Absolute HR change in 14 dpf GCaMP zebrafish embryo.
B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each stretch
phase measurement. In each stretch phase there was a significant difference between
baseline and stretch phases. There were no significant differences between each baseline
phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.12 | Absolute EDA Change in 14 dpf butterfly zebrafish embryo.
B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each stretch
phase measurement. In each stretch phase there was a significant difference between
baseline and stretch phases. There were no significant differences between each baseline
phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.13 | Absolute SA change in 14 dpf zebrafish embryo with MR
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference (p < 0.05).
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Supplemental Figure 4.14 | Absolute SA change in 14 dpf zebrafish embryo with B-AR
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.15 | Absolute SA change in 14 dpf zebrafish embryo with MR

and B-AR block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3

represents each stretch phase measurement. In each stretch phase there was a significant

difference between baseline and stretch phases. There were no significant differences
between baseline phases. (*** = p <(0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.16| Absolute SA change in 14 dpf zebrafish embryo with SACxs
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.17 | Absolute COa change in 14 dpf zebrafish embryo with MR
block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each
stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference (p < 0.05).
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Supplemental Figure 4.18 | Absolute COA change in 14 dpf zebrafish embryo with -
AR block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was a significant difference
between baseline and stretch phases. There were no significant differences between
baseline phases. (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.19 | Absolute COa change in 14 dpf zebrafish embryo with MR

and B-AR block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3

represents each stretch phase measurement. In each stretch phase there was a significant

difference between baseline and stretch phases. There were no significant differences
between baseline phases. (*** = p <(0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.20 | Absolute CO change in 14 dpf zebrafish embryo with
SACxs block. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3
represents each stretch phase measurement. In each stretch phase there was no significant
difference between baseline and stretch phases. There were also no significant differences
between baseline phases. (*** = p <(0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.21 | Absolute Vmax change in 14 dpf GCaMP zebrafish embryo.
B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents each stretch
phase measurement. In each stretch phase there was no significant difference between
baseline and stretch phases. There were also no significant differences between each
baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.22 | Absolute Vmax change in 14 dpf butterfly zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.23 | Absolute time to peak change in 14 dpf GCaMP zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between

each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.24 | Absolute time to peak change in 14 dpf butterfly zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.25 | Absolute CaTDso change in 14 dpf GCaMP zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.26 | Absolute APDsgo change in 14 dpf butterfly zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.27 | Absolute CaTDs change in 14 dpf GCaMP zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.28 | Absolute APDso change in 14 dpf butterfly zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.29 | Absolute CaTD3o change in 14 dpf GCaMP zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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Supplemental Figure 4.30 | Absolute APD3 change in 14 dpf butterfly zebrafish
embryo. B1 B2 B3 represents each baseline phase measurement. S1 S2 S3 represents
each stretch phase measurement. In each stretch phase there was no significant difference
between baseline and stretch phases. There were also no significant differences between
each baseline phases (*** =p < 0.001, ns = no significant difference, p < 0.05).
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APPENDIX 3: CHAPTER S SUPPLEMENTARY FIGURES

Supplemental Figure 5.1 | Confocal microscopy optical slice through the ventricular
mid-wall of an immunohistochemically labeled zebrafish isolated heart. Anti-GFP reveals
heterogeneous cellular expression of GtACR1-eGFP (indicated by areas of bright green;
the duller green represents tissue autofluorescence). The region of high intensity at the
apex illustrates epicardial expression (as the optical slice goes through the epicardium in
this region), while the bright band in the center of the image represents high expression in
trabecular muscle.

255



Supplemental Figure 5.2 | Comparison of OP and EP at the same rate shows no
difference in the resulting AP morphology of a ventricular cell inside an isolated heart of
zebrafish 3 mpf.
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