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Abstract

The heart is arguably the most important organ in the body. It works tirelessly every minute
of our lifespan, supplying blood throughout the body, with maximum efficiency. The heart is
composed of a large number of distinct cell phenotypes that are coupled together and interacting
via a complex system of electrical and mechanical processes. The work in this thesis explores
the interactions between cardiac cells, and how these interactions and connections impact both
the mechanical and electrical behaviour of the heart. Specifically, novel results on three distinct
research projects are presented.

Firstly, a mathematical model of contractile units, coupled in series and suspended between
two springs, is constructed. This was done to investigate a problem posed by experiments, in
which monolayers of cardiomyocytes were cultured onto substrates with a range of stiffnesses.
It was discovered that the stiffness of the substrate impacts the nature of the contraction in the
cells. In particular, on soft substrates, like a flexible hydrogel, the cells can contract freely with
a regular motion. However if the substrate is stiff, like glass or plastic, multi-peaked behaviour
in the recorded motion of the cells appears. The mathematical model of this system confirms
that the substrate stiffness is in fact the cause of the multiple peaks in the contraction profiles,
but also highlights that when many contractile units are coupled in a chain the contraction of the
unit is dependent on its position within the chain.

The second piece of research presented coupled electrophysiology models of cardiomy-
ocytes and fibroblasts. This work explores action potential propagation as a function of the
fundamental patterns of fibroblast density that appear in fibrotic regions, and how these patterns
and the fibroblast density can result in the failure of the action potential propagation. Primary
action potential biomarkers including: conduction velocity, peak potential and triangulation in-
dex are estimated from direct numerical simulations. Through these simulations, it is shown
that the action potential propagation is blocked by the fibroblast density and the pattern of their
distribution. This work also investigates how these results are affected by the differentiation be-
tween fibroblasts and myofibroblasts. Furthermore, the asymptotic separation of fast and slow
time scales, that are typical in electrophysiological models, is exploited to estimate the threshold
number of fibroblasts per myocyte that will allow propagation.

The final research project explores a problem presented by experiments which co-cultured
human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM) with human embry-
onic kidney cells (HEK cells). In particular, this work addresses the question of;, if the cells were
cultured together and the HEK cells were expressing the inward rectifying current, can the spon-
taneous activity of the hiPSC-CM be suppressed? To this end, a novel model of the HEK cell
electrophysiology was coupled with an electrophysiology model of the hiPSC-CMs. This work
shows that the coupling of the cells can cause the spontaneous nature of the hiPSC-CM to fail as
hypothesised in the original experiments. Specifically, coupling the cardiomyocytes with HEK

cells that are expressing the inward rectifying current, /g1, increases the time between individual



il

action potentials, known as the cycle length, in comparison to the system with wild type HEK
cells coupled with the cardiomyocytes. Also, the spontaneous activity is stopped entirely when
sodium current of the cardiomyocytes is adjusted.

The ultimate aim of this work is to outline the significance of intercell interactions that ap-
pear in cardiac tissue and that these interactions must be considered to properly model cardiac
behaviour. As well as elucidating significant details of cell behaviour, all three pieces of work
show that if these interactions are imbalanced, the primary function of action potential propaga-

tion or muscle contraction can be affected to the extent of failing to perform.
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Chapter 1
Introduction

The heart is arguably the most important organ in the body. Through a complex system of elec-
trical and mechanical processes, that are all coupled together, the heart works tirelessly to supply
blood throughout the body, with maximum efficiency. These processes rely on interactions be-
tween the various cells that appear in cardiac tissue. It is these intercell interactions, and how
they impact the function of the cells, that will be the focus of the work presented in this thesis.
The intercell interactions are investigated through the use mathematical models of the electrical
and mechanical processes of cardiac cells that have been coupled together. Particularly, the im-
pact of these interactions are explored in three novel pieces of work which have been performed

as follows.

1. Cardiomyocyte Contraction when Attached to a Substrate: Mechanical models of
sarcomere contraction are coupled in series and suspended between two springs, to model
a problem presented by a set of experiments in which a monolayer of cardiac muscle cells
are cultured on various substrates [41]. This investigated if the contraction of the system

was affected by the substrate stiffness.

2. Action Potential Propagation with Coupled Myocytes and Fibroblasts: Myocyte and
fibroblast electrophysiology models are coupled to investigate how the pattern and density
of the fibroblast distribution in fibrotic tissue does or does not affect the propagation of the
action potential in cardiac tissue. These results have been published in Mortensen et al.
[65]. This work also looks at the differences in the electrophysiology of fibroblasts and
myofibroblasts.

3. Human Induced Pluripotent Stem Cell Derived Cardiomyocytes Coupled with Hu-
man Embryonic Kidney Cells: Human induced pluripotent stem cell derived cardiomy-
ocytes (hiPSC-CM) are coupled with a novel model of human embryonic kidney cells
(HEK cells) to explore a problem presented by Costa et al [17], in which hiPSC-CM are
co-cultured with HEK cells, in an effort to overcome the spontaneous character of these

particular cardiomyocytes.



CHAPTER 1. INTRODUCTION 2

When addressing these questions, there are many complex systems in cardiac tissue that must
be considered. Chapter 2 is dedicated to introducing all the crucial background of the biological
systems at play, that is required to begin to mathematically model cardiac tissue and the relevant
cell interactions. In this chapter, the function of the heart is described, with a focus on the
myocardium and its cells. In particular, myocytes, fibroblasts and their electrical and mechanical
processes. This chapter also discusses heart failure, and the impact heart failure has on cardiac

function, as well as the process of fibrosis.

1.1 Project 1: Cardiomyocyte Contraction on a Substrate

The first piece of novel work constructs a mathematical model of a monolayer of cardiomyocytes
on a substrate. This was done in order to model a problem presented by the work performed by
Huethorst et al. [41]. This work asks the question, is the contraction of the cardiomyocyte
monolayer impacted by the substrate stiffness?

Models of muscle contraction, or more specifically models of sarcomere contraction, are
introduced in Chapter 3. This involves discussion of the various steps of the contraction process
and their formulation, with a particular focus on the Rice model [88]. It is this model of the sar-
comere contraction that is adapted in the novel model that is used in Chapter 4. To construct the
model of the cardiomyocyte monolayer the Rice model is coupled to form a chain of contracting
units, using a coupling scheme based on work by Timmermann et al. [116]. This scheme defines
each unit’s change in length to be dependent on their own internal mechanisms and the length
changes of the adjacent units.

The work by Huethorst et al. [41], is concerned with the contraction of monolayers of
hiPSC-CM and recorded the motion of these cardiomyocytes when they are cultured on a rigid
substrate, for example glass or plastic, or a flexible substrate like a hydrogel, and substrate-free
cultures. These experiments found that spatio-temporal features of hiPSC-CM contraction are
dependent on the rigidity of the substrate that the monolayers of hiPSC-CMs are attached to.
Specifically, it was found that if a monolayer of cardiomyocytes is attached to a rigid substrate,
the contraction of the monolayer shows multi-peaked behaviour, meaning that multiple peaks
appear in the motion of contraction. However, if the monolayer is substrate-free or attached to a
flexible substrate, the number of contraction traces with multiple peaks is significantly reduced.
These phenomena are summarised in Figure 1.1.

By constructing a chain of contracting units and defining the two units at the ends of the
chain as simple springs, a simple model of the monolayer of cardiomyocytes on a substrate is
produced. The springs on the either end of the chain represent the attachments to the substrate,
and has a spring constant that is varied to reflect the changes in the substrate stiffnesses. Using
this model the length changes of the units and the positions of the unit ends are explored. The

model successfully exhibits the key behaviour of the experiments, namely an increase in the
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Figure 1.1: A summary of the motion time courses of cardiomyocyte monolayers as seen on
the different types of substrate from Huethorst [41]. With the second panel showing if the
human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM) are cultured on a stiff
substrate (glass or plastic), then multi-peaked behaviour is seen in the normalised amplitude of
the motion recordings of the cell cultures. The third panel shows that if the hiPSC-CM are
cultured on a flexible substrate, like a hydrogel, the multi-peaked behaviour is not seen in the
motion recordings.

prevalence of multi-peaked behaviour as the spring constant increases. This work confirms that
the substrate stiffness is directly linked to the multi-peaked behaviour. It also sheds light on
possible mechanisms at play in regular muscle tissue, specifically that if the chain of contracting

units is too long waves appear in the chain, which do not appear in muscle tissue.

1.2 Project 2: Action Potential Propagation with Coupled My-

ocytes and Fibroblasts

The latter half of this thesis focusses on mathematical models of electrophysiology. Starting
in Chapter 5, in which mathematical models of cardiac electrophysiology are introduced. Here
the types of ion channels and their formulation are discussed, as well as specific features of
myocyte models, and a summary of the monodomain model and its derivation. This chapter
also includes details of the numerical methods used to solve the EP models in question. There
is then a discussion of the types of coupling that can be utilised at a tissue level, particularly the
differences between “attachment" models and “insertion" models.

The second project presented in this thesis couples electrophysiological models of cardiomy-
ocytes and fibroblasts, and asks, does the pattern and density of the fibroblast distribution in fi-
brotic cardiac tissue affect the action potential propagation? This work is presented in Chapters
6 and 7 and was published in the paper Mortensen et al. [65].

There has already been extensive work on mathematical modelling of the coupling of my-
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ocyte and fibroblast electrophysiology. Namely, work by Kohl et al. [50] and MacCannell et al.
[52] coupled myocyte EP models with passive and active fibroblasts EP models, respectively.
These two models of the coupled myocyte and fibroblast cells are the basis of many subsequent
myocyte-fibroblast models. Through these models and newer models, the importance of the in-
tercell connections has been explored at the single cell level, showing significant impacts of the
action potential. There has also been extensive work at the tissue level.

When cardiac tissue is damaged the process of fibrosis takes place in order to repair the my-
ocardium. This fibrosis process causes an increase in the number of fibroblasts in the system,
which produce collagen to repair the damaged tissue. However, the repaired region can cause
arrhythmia. These arrhythmogenic properties of fibrotic tissue have been previously explored,
using 2D slabs with spiral waves [68, 106]. Sridhar et al. [106] coupled myocytes and fibroblasts
to show how increasing the conductance of the L-type calcium channel increases arrhythmoge-
nesis. As well as fibroblasts, they also model myofibroblasts, which are distinguished by having
an increased cell capacitance and an increased uncoupled diastolic potential. Nayak et al. [68]
use a passive model to show that as the intercell conductance (or coupling strength) is increased,
the AP plateau amplitude decreases and the resting potential increases. They also show that if
the number of coupled fibroblasts increases the resting potential and action potential duration
(APD) decrease. They also show that if the number of coupled fibroblasts is too high the AP can
not be generated and autorhythmic properties or oscillatory behaviours appear.

Beyond single-cell EP dynamics and 2D spiral waves, more realistic 3D geometries of atria
have also been studied [62, 63]. In the study by Morgan et al. [62] they compare the arrhyth-
mogenic properties of fibrosis and ionic remodelling as well as the combination of these two
features and investigate the corresponding changes in action potential wave length. To model
fibrosis they coupled the Courtemanche, Ramirez and Nattel model of human atrial myocytes
[16] (referred to as the CRN model) and developed the fibroblast model by MacCannell et al.
[52] to be specific to atrial fibroblasts. They showed an increased number of fibroblasts also
decreases the wave length. In the paper by Morgan et al. [63] they consider four causes of
atrial fibrillation: 1) ionic remodelling [15], 2) uniform myocyte-fibroblast coupling 3) uniform
myocyte-fibroblast coupling with increased tissue anisotropy and 4) patchy fibrosis defined by
patient specific atrial fibrosis. In the first three cases atrial fibrillation-like patterns were only
seen in the case with combined myocyte-fibroblast coupling and increased anisotropy. The pa-
tient specific fibrosis case shows evidence again of sustained rotors seen in atrial fibrillation
patterns.

These pieces of work are important, however they overlook the patterns that appear in the
fibrotic tissue. In previous work the fibroblasts are either randomly or uniformly distributed,
or there is a complex patient specific pattern, which are too complicated to inform on how
the pattern of fibrosis is related to the changes in behaviour. The work presented in Chapter

6, addresses this gap in the understanding relating to the pattern of the fibroblast distribution
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and how it impacts the action potential propagation. This work highlights three fundamental
patterns of fibrosis, namely: uniform fibrosis, a fibrotic barrier and a myocyte strait. Each
case highlighted that successful action potential propagation is dependent on both the fibroblast
density and pattern of the fibrotic regions.

This chapter is then followed by Chapter 7, which discusses the fast and slow subsystems
of the myocyte-fibroblast monodomain model. These subsystems can be exploited to reduce
the model and find analytical solutions that shed light on the problem of AP propagation in
the presence of fibroblasts, and it is shown that it is possible to find a good prediction of the
threshold number of fibroblasts that will stop the propagation to a reasonable accuracy. Both of
these chapters also consider the how differences between fibroblasts and myofibroblasts impact

the AP propagation.

1.3 Project 3: Human Induced Pluripotent Stem Cell Derived
Cardiomyocytes Coupled with Human Embryonic Kid-
ney Cells

As discussed, there has been extensive work done analysing the effects of the intercell coupling
of myocytes and fibroblasts at the single-cell level. However, this is not the only intercell EP
relationship of interest. In the final piece of work, in Chapter 8, a model of the electrophysiology
of human induced pluripotent stem cell derived cardiomyocytes (hiPSC -CMs) is coupled with
a novel EP model of human embryonic kidney cells (HEK cells). This was done in an effort to
investigate the problem presented in work by A. da Silva Costa et al [17], which, in an attempt
to overcome the spontaneous nature of the hiPSC-CM, co-cultured with HEK cells, both the
wild-type cells and HEK cells that are expressing Ix;. This work aimed to answer, why has
the spontaneous activation not been overcome? And under what conditions can spontaneous
activation be suppressed?

Human iPSC-CMs have the potential to be used as an alternative to cardiomyocytes taken
from animal tissue, in a range of fields, for example pharmatoxicity and regenerative medicine
[9, 13, 39, 57, 60, 119]. A key feature of hiPSC-CMs is the spontaneous electrical activity which
is considered to be an immature electrical phenotype [5, 39]., rather than waiting to be triggered
by an external stimulus, like with an adult ventricular cardiomyocyte. This is due to the presence
of the pacemaker (or funny) current, It, [119] and a lack of the inward rectifying current, I,
[39, 40, 119], which maintains a stable resting transmembrane potential [22, 40]. With a normal
adult level of expression of inward rectifier the resting potential is held close to the equilibrium
potential of K* (EK) [31].

The work done by Costa et al [17] developed an experimental model, co-culturing a partner

cell (HEK cell) to the culture, coupling them with the cardiomyocytes. This work found that
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coupling to wild type HEK alone caused APD shortening. Coupling the cardiomyocytes to
HEK cells expressinglx; (HEK-K1 cells) caused further shortening, although not in the APDgy.
It was also shown that the presence of the HEK-K1 cells caused the cycle lengths to increase, and
although the cells are less excitable, the spontaneous nature of the hiPSC-CM was not stopped
entirely. A mathematical model has been created to see if this phenomena can be explained.
The coupling of electrophysiology models of hiPSC-CMs and HEK cells does not occur
in the literature. There is an established model of the hiPSC-CM, by Paci et al [75] and is
commonly used to simulate the hiPSC-CM and successfully models the spontaneous nature of
the cells. However, there is no EP model of HEK cells, and thus using established forms of EP
models and published data, from Thomas and Smart [112] and de Boer et al. [20], an EP model
of the wild-type HEK cells and HEK cells expressing Ix; was derived. This coupled system
recreates the key features of the problem and also sheds light on the cause of some of these

features.

1.4 Aims

There are many advantages to using mathematical modelling to explore the nature of biological
processes, which are highlighted in the novel work presented in this thesis. First of all, once a
mathematical model is constructed, it is a fast and cost effective method of conducting research.
Another benefit of mathematical modelling is that it gives valuable insight into measurements
of mechanisms that are not always available experimentally, which can in turn inform the di-
rection of future experimental research. Finally, a mathematical model is a non-invasive way to
explore a biological process thus reducing the necessity for expensive and dangerous surgeries,
or repetitive animal testing. Beyond research, mathematical models are also considered to be the
future of medical treatment, as they can allow clinicians to see the long term outcomes without
waiting and thus treat patients early to reduce long term problems. For all these reasons, it is
very exciting to be part of this innovative and necessary research.

The ultimate aim of this work is to outline the significance of intercell interactions that
appear in cardiac tissue and that these interactions must be considered to properly model cardiac
behaviour. Both electrophysiological and mechanical models are used in the work presented.
As well as informing on the nature of the cells’ behaviours, all three pieces of work show that if
these interactions are imbalanced the primary function of AP propagation or muscle contraction

can be affected to the extent of failing to perform.



Chapter 2

Biology of The Heart

In this chapter, the function of the heart is described, with a focus on the myocardium and its
cells. In particular, myocytes, fibroblasts and their electrical and mechanical processes. This
chapter also discusses heart failure, and its impact on cardiac function, as well as the process of

fibrosis.

2.1 Introduction

Arguably the most important organ in the body, the heart works continuously to supply nutrients
to the whole body. The heart is comprised of four chambers; two atria and two ventricles, as well
as numerous valves separating the chambers and blood vessels. Figure 2.1 shows the anatomy
of the heart.

The blood is pumped through the heart with maximum efficiency. To achieve this efficiency
the heart beats with a particular pattern. Starting at the sinoatrial node (also known as the
pacemaker of the heart) in the right atrium, an electrical wave is stimulated and passes across
the atria until is reaches the atrioventricular node (AV node) at the top of the septum. This
causes the muscle cells of the atria to contract, expelling the blood out of the atria and into their
respective ventricles. The AV node momentarily slows the electrical signal before passing it
down the purkinje fibres in the septum of the heart, to the apex, and finally up and around the
outside of the ventricles. Again, as the electrical signal passes through the tissue, the muscle
contracts, forcing the blood out of the ventricles and out of the heart.

The right ventricle and atrium receive deoxygenated blood from the body and pumps the
plump to the lungs to become reoxygenated. The oxygenated blood then returns to the heart
and specifically into the left atrium and then the ventricle, which then pumps it to the rest of the
body. Since the left half of the heart has to pump the blood at high pressures, the left ventricle

is much bigger and stronger than the right.
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Figure 2.1: Anatomy of the heart.

2.2 Cardiac Tissue

The ventricular and atrial walls both have three key layers. The middle layer is the myocardium,
which makes up the majority of the heart wall, and the epi- and endocardium, which are much
thinner than the myocardium and are found on the outside and inside of the heart wall, respec-
tively [55]. The myocardium contains numerous types of cell: myocytes, fibroblasts, endothelial
cells and vascular muscle cells [77, 104]. By volume, the tissue is comprised of approximately
75% myocytes. However, the number of myocytes only make up 30% of the total number cells.
The remaining 90% of cells are fibroblasts [10, 14]. Intercell connections are formed between
these two types of cells, as well as between cells of the same type [49]. These cells are then
surrounded by the extracellular matrix (ECM) which supports the cells and gives the tissue its
structure and shape, and aids in mechanical, electrical and chemical signals [8]. This structural
part of the ECM, in which the cells reside, is made up of collagen and elastins [91] assuring
contraction is in the correct direction and the myocytes work together and not against one an-
other. However, as well as structure, the ECM also accommodates growth factor and cellular

receptor-binding properties [91].

2.2.1 Myocytes

Myocytes are muscle cells and there are three types: smooth, skeletal and cardiac. Naturally, this

work will focus on cardiac myocytes, also referred to as cardiomyocytes. The size and shape of
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cardiomyocytes can vary greatly, and can even include branches, but generally they are longer in
the force direction, with a length of 50-200um and a width of 10-40 um [2]. Within the myocyte
there is a range of organelles, such as the nucleus, the sarcomeres, the sarcoplasmic reticulum,
and mitochondria. The sarcomeres are the contractile units and account for a majority of the
mass and are surrounded by the sarcoplasmic reticulum, which stores Ca>* ions. The process
by which the sarcomeres contract is a cycle that starts with the electrical stimulation of the
myocyte. When sufficiently stimulated, the cardiomyocytes are depolarised, creating a change
in the transmembrane potential with has a particular profile, known as an action potential (AP)
[107].

The stimulation of the myocyte triggers a release of calcium ions from the sarcoplasmic
reticulum into the cytoplasm of the myocyte (or the sarcoplasm). These calcium ions then bind
to filaments in the sarcomeres that dis-inhibits the interaction between contractile filaments of
the sarcomere allowing generation of active force and contraction of the myocyte. This process

will be discussed further in Section 2.5.

Human-induced Pluripotent Stem Cell Derived Cardiomyocytes

An interesting and relevant type of cardiomyocyte is the human induced pluripotent stem cell
derived cardiomyocyte (hiPSC-CM). This cardiomyocyte is derived by inducing stem cells to
create cardiomyocytes, rather than extracting them from animal or human tissue. There are nu-
merous advantages to deriving cardiomyocytes from stem cells. Firstly, they are far more acces-
sible than regular human cardiomyocytes. They can also be transplanted into patients without the
risk of rejection [61]. This makes them desirable for ex-vivo experimentation. However, some
key features are considered to be immature, such as the fact that hiPSC-CMs spontaneously acti-
vate, rather than being stimulated by an external trigger. Human iPSC-CMs are explored further
in Chapter 8, in which they are co-cultured with human embryonic kidney cells, in an attempt

to overcome this behaviour.

2.2.2 Fibroblasts

Fibroblasts produce the collagen and the extracellular matrix. In healthy tissue, fibroblasts ac-
tively maintain this collagen matrix, but they are not electrically inert. Like myocytes, fibroblasts
can conduct electricity. However, unlike myocytes, the electrical response is electrotonic, rather
than active. Meaning, that when the fibroblast is stimulated, the depolarisation does not cre-
ate an action potential, rather the potential simply decays away once the stimulation has ended.
Fibroblasts create intercell connections with myocytes and thus their electrical behaviour are
undoubtedly linked. Examples of the intercell connections in cardiac tissue are seen in Figure
1, in work by Kohl and Camelliti [49] which shows immunolabeling of myocytes, fibroblasts

and their gap connections, specifically in a rabbit atrium. This paper also shows examples of the
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same connections appearing in the ventricles and AV node.

Fibroblasts in healthy tissue have the ability to differentiate themselves and become myofi-
broblasts [118]. Myofibroblasts differ from fibroblasts in that they are much bigger and express
smooth muscle cell actin [3]. The process of differentiation can occur when the heart must repair

itself if it has been damaged through some form of heart failure.

2.3 Cellular Electrophysiology

Electrophysiology is the study of the electricity that passes through the body, by way of the
movement of ions. For example, electricity passes through neurons in the brain and through
muscle tissue. This work will focus on the electrophysiology of cardiac tissue. More specifically,
the electrophysiology of the key electrically conducting cells in the myocardium and how these
cells interact.

The cell membrane is said to be selectively permeable, meaning only certain ions can pass
through it. This allows the cell to maintain its internal environment. The wall of the membrane
is comprised of a double layer of phospholipids whose heads face outward and are hydrophilic
and the tails are within the structure and are hydrophobic. Throughout the membrane wall are
proteins that can move within the wall and channels which allow passage through the wall of

certain molecules. An image of the cell membrane can be seen in Figure 2.2.

Figure 2.2: The cell membrane, from Keener and Sneyd [45].

Some of these channels are ion channels, which allow ions to cross the membrane either ac-
tively or passively. Active processes expend energy, whereas passive processes do not, but rather
rely on osmosis. The concentration differences of the ions that arise across the cell membrane
creates a difference in potential over the membrane, as they are, by definition, charged particles.
It 1s this potential difference caused by the flow and movement of the ions that is studied in

electrophysiology.
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2.3.1 Cardiomyocyte Action Potential Dynamics

The function of cardiomyocytes is dictated by the dynamics of the action potential, which is
in turn dictated by the altered membrane permeability and changes in ionic current flow. The
movement of ions is powered by the chemical potential and the electrical potential. The car-
diomyocyte operates with three types of ion: sodium ions, potassium ions and calcium ions.
However, there are more than 3 channels for these ions. The number of channels and their
variety is dependent on the species and if it is in the atria or ventricles. There is also a range
of ion transport systems and complexities. Most channels simply move a single ion across the
membrane and is dictated by the chemical potential. Whereas others can exchange one type of
ion for another or act as a pump working against the chemical potential. Also, within the cardiac
myocytes have subregions and organelles that themselves have ion channels, for example the
sarcoplasmic reticulum and the mitochondria.

These ion channels each are involved in controlling a different part of the action potential.
The movement of the ions is driven by two means, the chemical potential and the electrical
potential. There are 5 phases of the action potential, as seen in Figure 7.1 in the book Computa-
tional Cardiology, by Sachse [94]. Initially, the action potential is at rest, the calcium and sodium
channels are minimally active, while the potassium rectifying currents keep the transmembrane
potential at its rest state. Then, when the myocyte is activated by an adjacent cell (either a
myocyte or pacing cell), the action potential enters its second phase. There is a depolarisation
that causes an increase in the sodium channel permeability, which increases the transmembrane
potential to its maximum value before the channel inactivates, entering the third phase of early
repolarisation. In the early repolarisation phase, potassium channels open allowing an increase
in membrane permeability to potassium, reducing the transmembrane potential. The next phase
is the plateau phase, during which there is movement of calcium and potassium ions which hold
the transmembrane potential approximately constant. It is this change in calcium that triggers
the release of more calcium from the sarcoplasmic reticulum which can then bind with filaments
in the sarcomere and the muscle contraction process can take place. Once the plateau phase
ends, the system enters its final phase. During which calcium channels inactivate and delayed
rectifier potassium channels stay open to repolarise the cell membrane and the cell returns to the
initial state [94].

2.4 Calcium Storage and Release

The electrical and mechanical processes of cardiac tissue are intrinsically linked through the
concentration of the calcium ions. The uptake, storage and release of the calcium ions not only
are crucial in maintaining the action potential profile, but also in the process of muscle contrac-
tion. Out side of the cell the calcium concentration is much higher, which allows the cell open its

calcium channels in its membrane and letting the calcium ions to cross the membrane passively
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and dramatically increasing the internal calcium concentration. However, since the external cal-
cium concentration is much higher, energy must be expended to maintain the lower calcium ion
level. The calcium ions leave the sarcoplasm of cardiomyocyte by either pumping the calcium
back out through the membrane, or pumping the calcium ions internal compartments, like the
mitochondria or the sarcoplasmic reticula [45].

As mentioned in Section 2.3.1, during the action potential, the calcium ions play a role in
maintaining the plateau region. When the cell is activated the increase in calcium in the cyto-
plasm triggers the ryanodine receptors releasing the stored calcium ions, dramatically increasing
the calcium ion concentration in the sarcoplasm, often referred to an “explosion”. These calcium
ions can then attach to the myofilaments, facilitating the contraction of the myocyte (which is
described in more detail in the Section 2.5). Then once the contraction is complete the calcium
ions detach from filaments and either leave the cell via the membrane or are pumped back into
the sarcoplasmic reticulum [45]. This process of calcium transport in myocytes is depicted in

Figure 1 in the review by Bers [4].

2.5 Crossbridge Formation and Muscle Contraction

The process of myocyte contraction is complex, but also crucial in accurately modelling the
behaviour of said myocytes. The contraction occurs in the contractile units called sarcomeres
which are made of myofilaments known as the thin and thick filaments. The thin filaments are
themselves made up of three proteins called actin, troponin and tropomyosin. The thick filament
is made up of proteins called myosin which, when permitted, form bonds (or crossbridges) with
the actin and pull the two filaments together and contract the cell. However, there are many
mechanisms that control whether this process can take place or not.

The system by which the sarcomeres contract is initiated when calcium ions are present in
the sarcoplasm, they can bond to the troponin complexes on the thin filament. This exposes
the binding sites where myosin can bond to create crossbridges. Once the myosin are bound
to the actin the myosin rotates from a perpendicular position to a bent position, moving the
thin and thick filaments past one another, in a move called the power stroke [45]. When the
rotation is over the myosin detaches from the actin, returns to its pre-rotated state, and either
forms another bond to pull the filaments further or the calcium ions have started to detach from
the thin filament and leave the sarcoplasm again and the contraction is over and the sarcomere is
pulled apart and restored to its initial position and length. This restoration is done, in part by the
external pressures on the cell, but also internal structures called titin, which hold the sarcomere

in place. This process is illustrated in Figure 3.4.
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2.6 Heart Failure

In short, heart failure is the state in which the heart is unable to function as effectively as it
should and can have various causes [12, 27] and is the leading cause of death in the western
world [18]. In 2012 it was estimated that worldwide, there 26 million patients with heart failure,
costing an estimated £22.5billion [98]. In the average middle-aged man or woman, there is an
annual incidence of over clinical heart failure is 0.1-0.2%, which doubles for every additional
decade in age [54]. Projections show that in the coming decades the problem will only increase

[98] and so it is a keen area interest for people the world over.

2.6.1 Myocardial Infarctions

A common cause of heart failure is myocardial infarctions, commonly known as heart attacks,
which inflict irreversible necrosis on the myocardium [114]. For a myocardial infarction to oc-
cur, a cardiac blood vessel is blocked, stopping the blood flow all together. The lack of blood
flow in the muscle tissue starves the area of oxygen and causes the death of the myocytes. How-
ever, there is often a surviving layer of tissue on the endocardium, which receives the necessary
flow of blood from the chambers themselves. The damage to the heart tissue results in, not only,
abnormal mechanical properties but it often disrupts electrical signalling patterns in the tissue
and, in a significant portion of patients, leads to sudden cardiac death.

In 2015, roughly 15.9 million myocardial infarctions happened, worldwide [1]. There are
five major risk factors of coronary heart disease: hypertension (high blood pressure), smoking,
dyslipidemia (abnormal levels of lipid e.g. cholesterol), diabetes, and family history of coronary
heart disease, with 85% of patients who present with an MI having at least 1 of these risk factors
[11].

After a myocardial infarction occurs a scar is left on the myocardium. The infarct scar is not
electrically inert. Regions of normal myocardium extend into the infarct through the border zone
and islands of surviving cardiomyocytes located within the infarct scar are observed. Further,
the healed infarct is neovascularised and the surviving cardiomyocytes support electrical activity
by linking to an extensive fibroblast network.

From experiments performed by Myles et al [66, 67], it is clear that the scar caused by a my-
ocardial infarction affects several aspects of the AP propagation. In these experiments, sections
of rabbit left ventricles were removed, from both healthy rabbits and those that have had induced
myocardial infarctions and been allowed to heal over 8 weeks. These transmural sections were
then stimulated on the endocardium, and using fluorescent dye, that varies based on the potential
of the surface, the propagating action potential was recorded. Figure 2.3 shows examples from
these experiments. Notably it can be seen in the healthy case (top row) the activation times of
the tissue moves with a constant wave from the endocardium to the epicardium. Whereas in

the scarred case (bottom row), the AP takes longer to propagate into the scarred region, on the
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Figure 2.3: The top row (from left to right) shows the activation times across a section of healthy
myocardium taken from the left ventricle of a rabbit after being stimulated on the endocardium.
Then the fluorescence recordings at the endocardium, the middle of the myocardium, and the
epicardium, respectively, from [67]. The bottom row (from left to right) shows an image of a
transmural section of the left ventricle of a rabbit that has had an induced myocardial infarction.
Here the right side of the image is lighter in colour and indicates the scarred region. The next
panel is the activation times of this tissue, again with an endocardial stimulation (note that the
legend colouring is reversed). The final three panels show fluorescence traces in (a) the healthy
region, (b) the border zone, and (c) the scarred region from [66].

right. Although, it can be seen that the endocardium is activated almost simultaneously (as was
the case in the healthy tissue), implying that the endocardial layer is still healthy. Also, from
the recorded AP profiles, in the healthy case the APs do not vary much, although the AP in
the epicardium was marginally shorter. However, in the scarred case the AP has a significantly
reduced AP amplitude, due to the remnant myocardium.

These experiments were repeated, with the same tissues, but with epicardial stimulation.
These results can be seen in Figure 2.3. As with the profiles recorded from the endocardial
stimulation, the APs remain largely unchanged, with the exception of the AP recorded in the
scarred region, which has a reduced amplitude. However, when the tissue is stimulated from the
epicardium, the activation patterns that are recorded in both the healthy and scarred cases are
very different, to those recorded with the endocardial stimulation. Here the AP is much slower
to propagate, and moves slower as it propagates to the right, compared how it propagates to the
left.

2.6.2 Fibrosis

When cardiac tissue is damaged or diseased, myocytes die and a healing process, known as
fibrosis, starts [43]. This process has three key stages: inflammation and necrosis, fibrosis and
proliferation, and finally long-term remodelling with maturation [89]. There are a range of
factors that contribute to cardiac fibrosis, such as mechanical pressure overload, damage to the
tissue (for example a myocardial infarction), age, and congenital heart disease [77].

Initially dormant fibroblasts start to proliferate, form intercellular connections with myocytes

[49] and create collagen to repair the damaged tissue and form a scar [70]. The process of fibrosis
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Figure 2.4: The top row (from left to right) shows the activation times across a section of healthy
myocardium taken from the left ventricle of a rabbit after being stimulated on the epicardium.
Then the fluorescence recordings at the endocardium, the middle of the myocardium, and the
epicardium, respectively, from [67]. The bottom row (from left to right) shows an image of a
transmural section of the left ventricle of a rabbit that has had an induced myocardial infarction.
Here the right side of the image is lighter in colour and indicates the scarred region. The next
panel is the activation times of this tissue, again with an epicardial stimulation (note that the
legend colouring is reversed). The final three panels show fluorescence traces in (a) the healthy
region, (b) the border zone, and (c) the scarred region from [66].

forms a scar with a decreased number of myocytes and an increased number of fibroblasts and
an increased collagen density, compared to healthy tissue [90].

The fibrotic region is comprised primarily of collagen fibres and fibroblasts or myofibroblasts
with a few pockets of surviving myocytes, which may be insulated by the connective tissue.
The scarred region is thinner than the surrounding healthy myocardium and effectively does
not contract, due to the increase in collagen and the decrease of myocytes, although the new
myofibroblasts do have some contractile ability. There is also a surviving layer of myocytes
at the endocardium, known as the endocardial rim which is due to the configuration of the
coronary circulation [58]. Fibrosis can be characterised by the density of conductive tissue and
collagen [70], and at four levels of intensity. Diffusive fibrosis (the least fibrotic tissue) has some
increased levels of collagen, interstitial and patchy fibrosis have a mixture of conductive tissue
and collagen and are the most arrhythmogenic, finally compact fibrosis (the most fibrotic tissue)
is primarily collagen. Examples of fibrosis histology are shown in Figures 1 in the paper by
Nguyen et al. [70] shows examples of the histology of these four categories of fibrosis. Similarly,
in Figure 1 from the paper by Yamamura et al. [123], there is a closer example of fibrosis and the
complex patterns that occur. These two figures show collagen dyed red with conductive tissue
as yellow. Myocytes and fibroblasts can not be dyed separately in such figures and so they can
not be distinguished at this scale. However, the regions with denser collagen have experienced
cell death and then increased levels of fibroblasts and regions without denser collagen will have
a fewer fibroblast cells. The key properties of fibrosis are: the fibroblast density, the size of
the fibrotic region and the amount of collagen. In experimental work, it has been shown that

if fibroblasts occupy a larger volume than in healthy tissue the conduction velocity of the AP
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is decreased, the maximum diastolic potential of the AP is increased and the AP amplitude is
decreased [59, 66, 105].

Between the healthy cardiac tissue and the infarcted zone there is a border zone, which is
neither healthy nor just scar tissue. Here, the tissue contains cardiomyocytes and myofibroblasts.
The regions of myofibroblasts are not evenly distributed in this border zone, but instead are in
patches that appear with increasing frequency closer to the infarcted zone. This patchy variation
of cardiomyocyte and myofibroblast density causes a fingering pattern between the two zones
[66]. The shape of these border zones disrupts the wave of electricity and have been linked to

the induction of ventricular tachycardia.



Chapter 3

Mathematical Models of Muscle

Contraction

In this chapter the history and fundamentals of mathematical models of muscle contraction are

introduced.

3.1 Introduction to Mathematical Models of Muscle Contrac-
tion

One of the most fundamental models for muscle contraction is the Hill model [33]. In this
model, the muscle fibre is considered to be a contractile unit attached in series to an elastic
element, as seen in Figure 3.1a). This model can then be extended to the three-element Hill
model, that can be considered as an elastic element in series with a contractile element, which
are both parallel to another elastic element, this includes the myofilament structure in the model,
as seen in Figure 3.1b). For some time, an alternative form of the three-element model was also
considered, in which there was a contractile unit and elastic unit in parallel and then the second
elastic unit was in series to the two units in parallel. However, by varying the parameters of the
system both forms of the three-element model can be shown to be equivalent, as seen in [28].
The two forms of the three element model can be seen in Figures 3.1b) and 3.1c)

The contractile unit is characterised by a force-velocity relationship, which is derived by
considering the rate of change of the energy that is released from a muscle, that is allowed to
shorten quickly [45, 46]. The muscle is assumed to be tetanised, meaning that it is in a state of

sustained contraction. This gives the equation,

v(p+a)=b(po+a) (3.1

where p is the muscle tension and v is the contraction velocity. The constants a and b are

parameters, found by fitting the system to data and pg is the muscle tension when v = 0. The

17
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Alternate form of Hill's
Three-element Model

W - -

Figure 3.1: Schematic diagrams of the forms of Hill’s model of muscle contraction adapted
from [28]. Where the squares represent contractile units and the resistance symbols (or zig-zag
symbols) represent the elastic units. a) The original two-element form of Hill’s model, b) the
3-element form of Hill’s model and c) The alternate form of the 3-element form of Hill’s model.

(a) Hill's Two-element Model (b)Hill's Three-element Model ~ (c)

length of the system is denoted L, the summation of the length of the elastic unit is x, and the
length of the contractile unit, /. Thus L = x4 [ and the velocity of the contractile unit (seen in
Equation 3.1) is v = —dl /dt.

Since the elastic element and the contractile unit are in series, they experience the same
force. By assuming the elastic force is a function of its length, p = P(x), an equation of its

change in time can be found,

dp _ dPdx dP(dL dl) dP(dL )
== = +v).

dt — dxdr  dx\dr dt)  dx\dt

3.2
dt dt (3-2)

By assuming that the elastic element’s tension is linear, P = ot (x — xp), and rearranging Equation

3.1 it is found that, p i b
d_lt?:a(z+—(§()4—ap))’ (3.3)
where xg 1s the resting length of the elastic element, and o is the spring constant [29, 45]. To
find values of the constants, this model is fitted to data of the velocity of shortening after being
released from a prescribed load, as seen in Figure 3.2. Despite its simple form, it can be used
to model a range of behaviours of muscle tissue. For example, experiments with isometric
conditions. By repeatedly stimulating the resting tissue, isometric tension can be built up. To
measure the tension, the tissue is held at a constant length, and so dL/dt = 0, thus the differential

equation of muscle tension can be solved to find the change in tension over time,

—P—(Py+a)log (PO_P> = abt. (3.4)
P
Similarly the system can model the change in tension if it is allowed to decrease with a constant
velocity, dL/dt = u. Again substituting in the velocity and solving to find an equation of the
change in tension with time.

The Hill model provides insight into the mechanics of muscle tissue, however it does not
include the forces from the active contraction that is created by crossbridge formation, as de-

scribed in Section 2.5. The crossbridge formation process was first considered in 1957, by A.
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Figure 3.2: The Hill model fitted to data of the shortening velocity against the load on the muscle
[33].

F. Huxley [42], which combined the work by Hill, with understanding of the attachment and
detachments of myosin in the myofilaments. This model considered the system of crossbridge
formation to have only two states, bound and unbound, unlike the four that are seen in more
modern models of muscle contraction, for example those by Rice et al. [88] and Land et al.
[51]. These more recent models include states that distinguish not only between the rotated and
un-rotated bounds states, but also unbound states for which a bond is and is not permitted. It is
the distinction between these non-permissive and permissive states that includes the dependence
on the calcium ion concentration. This dependence allows the mechanical model to be coupled
with a model of the cells electrophysiology, which, if it is a suitable ion current model, will
include a profile of the calcium concentration, although this coupling will not be utilised in this
work.

The Rice model by Rice et al. [88] is a model of sarcomere contraction based on the cross-
bridge formation discussed in Section 2.5. This model is the basis of many updated models. For
example, the model by Land et al. [51]. This model utilises a different system of forces, as seen
in Figure 3.3, which shows the force systems of the Rice model and the Land model. Crucially,
the Land model does not include the effects of the mass. It should also be noted, the parallels
between the Rice and Land model force systems and the two forms of the Hill three-element
models, seen in Figures 3.3(b) and (c), which were shown to be identical. It may be of worth in
future work to investigate if there is a difference between the Rice model form and Land model
form if the Rice model did not include the mass. There is also an updated form of the length de-
pendence of the system, although there is little difference between the two length dependences.
These updates are not sufficient to warrant using the updated models over the more established

and accepted Rice model, which will be used in the subsequent work.
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Figure 3.3: a) The force components of the contraction model, from Rice et al. [88] and b) the
forces components, from Land et al. [S1]. T4 is the active force, Fj is the passive force from the
external structure. F; is the series elastic force, which is also linear. Fy is a dashpot, which is the
viscosity.

3.2 The Rice Model

The single cell model of the cardiac myofilament, developed by Rice et al. [88], has been used
to simulate a wide variety of experimental muscle characterisations such as Force-Calcium rela-
tions and twitches under isometric, isosarcometric, isotonic and auxotonic conditions [88]. Their
model includes the effects of mass, viscosity and passive restoring forces, as well as an active
force based on crossbridge theory. Starting with the mechanisms of the calcium attaching to the
troponin, and the rates of attachment, before mathematically describing the transitions between
the four states involved in crossbridge formation. These then inform the overlap filaments and
the forces involved in a cycle. All of these mechanisms culminate in defining the changes in the
sarcomere length.

In this section the equations and formulation of the Rice model are outlined.

3.2.1 Calcium Binding

As discussed in Sections 2.4 and 2.5, the process of muscle contraction is facilitated by the
presence of calcium ions binding to the troponin regulatory units. There are two types of these
regulatory units, the high affinity sites, CaTropy, and the low affinity sites, CaTrop; . They both
have a proportion of the calcium ions bound to them, which are calculated to be the fractional

population with calcium ions bound to these sites,

d
ECaTropH = kont[Ca](1 — CaTropy) — kofrurCaTropy, (3.5)

d
ECaTropL = kont|Cal(1 — CaTrop; ) — korrCaTropy , (3.6)
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where kont the bind rate of the calcium, [Cal, is the concentration of calcium ions, and kogy
and kogr are the unbinding rates of the calcium ions at the high and low affinity binding sites
respectively.

Although these binding and unbinding rates are distinct, they have the same essential form,
kxt = ky X kxmod X kxmodqpegies X Ok P3O, 3.7)

where ky is the base rate constant under the default conditions; kxmod is a modifier that is based
on other parameters or states, kxmodgpecies 18 modifier based on species. These modifiers are not
always included as the modification may not be necessary. Finally, Qkx is the Q10 value for 10°
changes in the temperature as specified by TmpC.

The binding rate, konT, 1s defined to be,

konT = kon X QK MPE3DNO) (3.8)

where kop = S0uM s~ and Qkon = 1.5.
Similarly, the unbinding rates of the high and low affinity cases are,

C-37)/10

koftrT = Kottt X ko f fmodspecies X Ok P3O, (3.9)
C-37)/10

kofirr = kofiL. X ko f fmodipecies X Ok P3P0 (3.10)

where kogry = 25571, kose, = 250s ! and Qkyie=1.2. The species dependent values, ko f fmodspecies
is 1 for rats, and 0.9 for rabbits. In the following work, this value was set to the rabbit values.

This choice was arbitrarily chosen as the model constructed in Chapter 4 is not species specific.

3.2.2 Binding Site States and Crossbridge Cycling

Based on the mechanism of muscle contraction, it is assumed that there are four individual states
of the binding sites. The first is the non-permissive state. This is the initial and resting state of the
binding site, where the calcium has not bound to the troponin and thus the crossbridge cannot
form. Second, the permissive state, in which the calcium ions are bound to the troponin and
made the binding site accessible but a crossbridge has not yet formed. Thirdly, there is the state
in which the myosin is bound but has not yet rotated, known as the bound state (or pre-rotated
state) and finally the rotated state where the myosin rotates to pull the two filaments past each
other, thus generating a force that acts to shorten the sarcomere. The crossbridge then rotates
back to its original state or unbinds. The proportions of the four sites in these states are given by
N, P, B and R, respectively'. These variables vary within the set [0, 1] and initially are set to be,

N =1 and P =B =R = 0. An illustration of this process and the four states are shown in Figure

n the original paper, [88], the states were denoted by Nxg, Pxp, XBprer, and XBpogr, respectively.
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3.4, in this figure the rate of change from one state to another is labelled on the arrows between

the states.

(1 Calcium\
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Figure 3.4: Illustration of the four stages of crossbridge formation and rotation, and the respec-
tive rates of transition between the states, as described in [88].

Whether or not the binding sites can transition into the bound states is dependent on if there
is a single overlap of the thin and thick filaments. The Rice model can also account for those
binding sites that fall outside the regions that will allow binding, and defines the proportion of
said non-permissive and permissive states, in the regions that do not have a single overlap of the

thin and thick filaments, respectively defined as,

d
ENNOXB = —kn_pT X NNoxB + kp_nTPNoxB, (3.11)
d
EPNOXB = kn_pT X NNoxB — kp_nTPNoxB, (3.12)

where k, 1 and kp, r are the rate of change from the non-permissive and permissive states and
vice versa, respectively. These rates are defined with a non-linear function of the regulatory

units with bound calcium ions.

TropRegulatory (x) = (1 — SOV Fpin(x)) X TropCay + SOV Fipin(x) X TropCay , (3.13)
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where, Tropgegyiatory (*) is the fraction of thin filament regulatory units with bound calcium ions,
x is the sarcomere length, and SOV Fipin(x) is the single-overlap function for the thin filament,
which is defined and discussed further in Section 3.2.3. Rice et al assume the co-operativity
of the nearest-neighbours shifts the regulatory units to the permissive state with the following

non-linear function,

permtot = (1/(1 + (permSO/TropRegulatory (x))nperm))oj, (3.14)

where, permso = 0.5 is the half-activation constant and npe;m= 15 is the Hill coefficient. This

function is included in the rate from the non-permissive to the permissive state,

kn_pr = kn_p X permtot x Qki SPPCIO, (3.15)
where, ky_p = 50s~! and Qky_p=1.6.
Whereas, in the reverse direction, the rate from the permissive to the non-permissive states

is defined as,

7100) , (3.16)

inversepermtot = min
permtot

£ (TmpC-37)/10)
p_n )

kp_nt = kp_n X inversepermtot x Qky (3.17)

where kp, n=500s~! and Qk;, 1=1.6.
Similarly to those in regions that will not allow crossbridges to form, the four binding sites
in the region that allows crossbridges are defined as a system of ODEs, which are derived by

considering the transactions that are illustrated in Figure 3.4 using the law of mass action,

dN
—r = ~HaprN + kP, (3.18)
dP
E = kn_pTN - (kp_nT + fappT)P + gappTB + gxv1R, (3.19)
dB
E = fappTP - (gappT + th)B + hyTR, (3.20)
dR
i hetB — (hot + gxb1)R. (3.21)

Again, the rates of change have the same form and are dependent on the temperature and species.

The rate of change from the permissive to bound state, fa,p, is defined to be,

fappT = fapp X Xmedspecies X Qfé}ggmpc_”)/m)» (3.22)

where fapp = 500s~! and Q fapp = 6.7. It should be noted other than the species and temperature
dependence, the rate is fixed.
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The rate of change returning from the bound state to permissive bound state, gappr, is defined
to be,
TmpC—37)/10
SappT = Zapp X ZappSlmod X xbmodspecies x Qghgp™ 17, (3.23)
Gappsimod =1+ (1 — SOV Fyick (x)) X gslmod, (3.24)

where gapp = 70~! and Ogapp=2.5, and gslmod=6 scales the thick filament effects. The function
gappSlimod increases the rate of detachment at shorter sarcomere lengths.
The rate of change from the bound to rotated states, ¢, is defined to be,

hir = hy X hgmod X xbmodspecies x Qh™PC /10 (3.25)
2
hemod = exp (—sign(nB) « hfmde x (?) ) , (3.26)
0

where, l’lf=2000_1, Qhs=6.25, and hfmdc=5 is the extent of the mean strain of the bound state
affects the isomerisation rate. 1np is the mean distortion, and is defined in Section 3.2.4.

The reverse rate from the rotated to bound states, Ay, iS,
TmpC-37)/10
hot = hy X Xbmodspecies X Qb PO, (3.27)

where hy,=400s~! and Qhy=6.25.

The rate from the rotated to the permissive state, gxpT, 1S,

TmpC—37)/10
8xbT = &xb X gxbmd X Xmedspecies X Qg)((% n )/19) (3.28)

where gxb=70§1 and Qgx,=6.25. The term gxbmd is the strain-dependence defined as,

o] — 2 if < X,
oxbmd — exp(op((xo —MR)/x0)") if MR < X0 (3.29)

exp(0n((xo — Mr)/%0)*) if MR > xo,

where ¢ =8 and o,=1 set the effects of strain in positive and negative shortening velocities. The

value g is the mean distortion of the rotated state, and is described further in Section 3.2.4.

3.2.3 Sarcomere Geometry

Beyond the state of the binding sites and the crossbridges, another key part of the mechanism is
the length of the sarcomere, or more specifically the extent to which the thin and thick filaments
overlap. The cross-section of the filaments is arranged in a hexagonal pattern, with the filaments
suspended next to each other, held in place by titin, an illustration of the sarcomere geometry is
seen in Figure 3.5a.



CHAPTER 3. MATHEMATICAL MODELS OF MUSCLE CONTRACTION 25

@ L Sarcomere ] (b) o— t2um —f

Iband | Aband X HHHHHHHHHHHH 2.4um
| |
Zline H zone
' Mline HHHHHHHHHHHH 2.3um

HHHHH 1.9 um

| HHHH 1.65 um
|
|
/
y HHHHHHHHH 14um
// ‘ ~
° : ° ..o.c
- o.0.0 L) — 0.1um
o ‘oo’ ° o
I band A-l overlap M line H zone 1.65um

Figure 3.5: a) Longitudinal and cross-sectional illustrations of the geometry and filaments of the
sarcomere, from [45]. b) Sarcomere Geometry of the filament length and movements [88].

It is assumed that for the crossbridges between the filaments to form, there must only be a
single overlap of the filaments. Meaning, if the sarcomere is stretched too far, the filaments stop
overlapping and the region that will allow crossbridges begins to reduce, but if the sarcomeres
contract too far the filaments from adjacent units begin to overlap the same region too and the
area that is viable for bonding begins to reduce also. An illustration of the how the overlap
changes with the sarcomere length is seen in Figure 3.5b.

In the Rice model, there are functions of the proportion of the thin and thick filaments that
have a single overlap, denoted SOVFy,;, and SOVFy,;ck, respectively. The thin filaments have
length 1.2um and the thick filaments have a length of 1.65um, with the section in the myosin
with no crossbridges, lengthy,,... with a length 0.1um. The key equations for this these single

overlap regions are,

2 x length,,.(x)
SOVFy; = SOV 3.30
k() lengthyyicy — lengthypy,e 30
length
SOVEy (x) — S1EMsourl®) (3.31)

lengthy,;,
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3.2.4 Mean Distortion

The mean distortions of the bound and rotated states” are given respectively as,

d 1dSL ()

E”B = 5 dt + BDutyFract [kp—b(_nB) +k”—b(nR —X0— TIB)} )
d_ 1dSL ¢

ETIR - E dt + RDutyFract [kb_”(nB +xo0 — TIR)] ’

where 1 and ng the mean distortion of the bound and the rotated states, xq is the mean distortion
between the two states. SL is the sarcomere length and ¢ is an empirically derived scaling term.
Finally, BPutvFract and RPuvFract are steady state populations of the bound and rotated states,

which are defined using the King-Altman rule [47] and are defined to be,

BDutyFract _ f appThbT + f appT&xbT
&xbTheT + fappThiT + appThoT + appT&xbT + fappThvT + fappT&xbT
RDutyFract — f appTth

gxothet + fappThT + appThoT + 8appT&xbT + fappThoT + fappT&xbT

The inverses are used in the mean distortion definitions as scaling factors to represent the
dependence on the time a crossbridge is in a particular state. By considering the optimal condi-

tions, the maximum state occupancies can be found,

pMax _ f apphb + f: app8xb
gxbhr+ fapphf + gapphb + Zapp8&xb + fapphb + fappgxb
Max f apphf

B gxbhe+ fapphb + gapphb ~+ 8app&xb + fapphb + fappgxb .

3.2.5 Force Components

With the sarcomere geometry and the contraction mechanisms outlined, the forces of the system
can be defined. There are many forces at play in this system, not only from the contraction by
the sarcomeres, but also from the internal and external structures of the sarcomere. As well as
damping effects from the viscosity and mass.

The active force from the sarcomere is given by,

(3.32)

B+ kR
Fu(x) = SOVEuic (x) (u> ,

X0 RMaX

where 7np and Mg are the mean distortions of the bound pre-rotated and rotated states, and are
themselves defined by a first order ODE. Also, xj is the initial value of ng and RMax i¢ the frac-

tion of strongly-bound crossbridges under the optimal conditions. The optimal conditions, which

2In the original paper, [88], the mean distortions were denoted xX Bp.Rr, and xX BpogR, respectively.
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give the maximum possible values, are high calcium activation, isosarcometric, a physiological
temperature of 37°C and a maximal single overlap of thick and thin filaments (SL >2.3um).

In the Rice model the passive force is defined so that when the length of the sarcomere is
below the rest length there is a negative passive force trying to stretch the sarcomere back to the
rest length, acting against the total muscle force and vice versa when the length is longer than
the rest length. This stops the sarcomere from becoming too compressed or stretched and is the
influence of the internal mechanisms in the sarcomere, primarily titin but also collagen can be
included if a trabeculae is being considered rather than an isolated cell. This collagen does not
stretch much and restricts the sarcomere from stretching to a length much more than 2.25um.

These functions are defined below, and are plotted in Figure 3.6.

P (x) PConyitin X (eXP(PEthitin X (x_ SLrest)) - 1) if x> SLiegt, (3.33)
Ti = .
—PConyigin X (eXP(PExptitin X (SLrest _x)) - 1) if x < SLyeg,

PConco X (exp(PEx X (x —SL —1) if x>8 ,
Feol (x) _ col ( P( Pcol ( col)) ) > SLyest (3.34)
0 if x <SLc,

Fri(x) if isolated cell,
Fpass(x) = (3.35)
Fri(x) + Feor(x) if trabeculae.
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Figure 3.6: Plot of the two forms of the passive force.

The afterload force is defined by,

FLonst if isotonic,
Fasi(x) = { KSE x (x—SLg) if isometric, (3.36)
0 otherwise,

when the conditions are isotonic then the afterload is constant, F /i?t““, where SL is the initial
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length of the sarcomere and KSE is the stiffness in units of normalised force per um. The forces
are normalised, specifically around the peak twitch force found by Daniels et al [19], where they
obtain the peak value to be 101.8kPa, relative to the sarcomere cross-section of the muscle in the
region of measurement. It is this value that all the other are relative to. Thus, when KSE=1(unit
normalised force)um™!, the non-normalised value is KSE=101.8kPa mm ™!,

Visco-elastic elements are also included. The muscle is assumed to have a Newtonian viscos-
ity element, which is set to a mean value (0.3%Faxitm~'s~1), which was found experimentally.

A mass term is included to prevent instantaneous changes in muscle shortening velocity for
quick release protocols, this improves the stability of the integration of the model equations.
This also improves response times. Choosing the damping correctly is important as the wrong
choice can lead to over and under damping. The mass is assumed to be constant, for a rabbit the
mass is 0.00025(unit normalised force)s? ,um’l.

Finally a series linear elastic element can be included to simulate the effects of compliant
end connections that occur in muscle preparations, so the muscle can internally shorten while

the total muscle length remains fixed. All of the components can be seen in Figure 3.3a).

3.2.6 Sarcomere Length Change

The final component of the model is the change in the sarcomere length, given by,

Lo—SL
%SL:PJF(S 0—SL)v

) (3.37)

m

d
t
p= /O (Fa(x) + Fpass (x) — Fpre — Fag(x))dt, (3.38)

where SL is the sarcomere length, SL is the rest sarcomere length, v is the viscosity (a constant),
m is the mass (a constant). Note the exclusion of the mass would lead to instantaneous changes
in the sarcomere length, which is of course not biologically possible. Also, p is the integral of
the forces with respect to time, thus it is a momentum term, F; is the active tension (defined
earlier), Fp,gs the passive force, also defined earlier, Fp. the preloaded force is defined as the

initial passive force (a constant) and Fay is the afterload force.

3.3 Numerical Methods

The model of cardiac myofilaments presented by Rice et al. [88] is a system of first order ODEs.
Specifically, it is a system of 11 ODEs. Cardiac myofilament contraction is dependent on the
change in calcium of the cell, which in turn is dependent on the cardiac action potential, which
is discussed in Section 2.3.1 and will be discussed further in Chapter 5, this involves very sharp
changes in value from the fast initial upstroke and thus the system can be described as stiff.

This requires a numerical method that can resolve the wave fronts. To this end a variable step,
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variable order solver may be suitable, for computational efficiency. One such method is utilised
in the MATLAB solver ode15s [99]. This solver is a quasi-constant step size implementation
of the in built numerical difference formulas, with backward differences. In the next Chapter,
the Rice model is adapted to construct a model on contracting units on a substrate, with the

model script being adapted from the Rice model code in the CelIML repository.

3.4 Discussion

In conclusion, there are many systems involved in mathematically modelling the contraction
of a cardiac cell. The development of these models has taken decades and have culminated in
the model of the cardiac myofilament by Rice et al. [88]. This model is well established, but
continuously being added to, adapted and updated. However, for the purposes of subsequent
work it is sufficient and contains many of the crucial aspects that are of interest. Specifically,
it reliably models the crossbridge formation system and includes a dependence on the calcium
concentration, meaning that it can also be adapted to be coupled with an electrophysiology
model in any future work. It is also readily coupled in series, using a coupling scheme that is

introduced in the next chapter.



Chapter 4

Cardiomyocyte Contraction when
Attached to a Substrate

In this chapter the first piece of novel work is presented, in which models of sarcomere contrac-
tion that have been adapted from the model of cardiac filament contraction by Rice et al. [88],
which are coupled end-to-end using a coupling scheme from Timmermann et al. [116]. This
model was constructed to investigate a problem posed by experiments performed by Huethorst
[41], that found a link between the contraction of a monolayer of cardiomyocytes and the stift-

ness of the substrate.

4.1 Introduction

The stiffness of the myocardium varies during the developmental stages and in disease. For ex-
ample, the human neonatal myocardium has a Young’s Modulus around 10 kPa which increases
to approximately 50 kPa in a healthy adult heart [85, 117, 120]. Whereas, cardiac fibrosis in-
creases the myocardium stiffness to approximately 100 kPa [85, 117, 120].

As with other cell types, cardiomyocytes will bind to both the surrounding cells and the
extra cellular matrix (ECM) through cell adhesion complexes [30, 76, 96, 97, 120]. There are a
number of studies that have shown that the substrate stiffness affects the sarcomere organisation
[32, 44, 87, 92], myofibril formation [23, 25, 86], calcium handling [7, 21, 44, 92] and force
generation [87, 92]. These studies primarily focussed on the effects on a single cell, and ignored
the role of cell-cell coupling and force transmission between the cells [24, 124].

In work by Huethorst [41], the contraction in monolayers of the hiPSC-CM was investigated
when the cardiomyocytes were cultured on a rigid substrate, for example glass or plastic, and a
flexible hydrogel, and substrate-free cultures. These experiments found that spatio-temporal fea-
tures of hiPSC-CM contraction are dependent on the rigidity of the substrate that the monolayers
of hiPSC-CMs are attached to. Specifically, it was found that if the monolayers of myocytes are

attached to a rigid substrate, such as plastic or glass, the contraction of the monolayer shows

30
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multi-peaked behaviour in the motion traces. However, if the monolayer is substrate-free or
attached to a flexible substrate like a hydrogel, the number of contraction traces with multiple

peaks is significantly reduced. These phenomena are summarised in Figure 1.1.

4.1.1 Motion Capturing Techniques

To record the myocyte contraction a high-speed camera (Hamamatsu ORCA-flash 4.0 V2 dig-
ital CMOS camera C11440-22CU) (100 fps, 600x600 pixels) and a 4x, 10x or 40x objective
(Olympus, air objectives) were used to record Brightfield videos. An open source contractility
algorithm (MUSCLEMOTION (MM) [95]) was used to analyse the video frames. The con-
tractility algorithm measures movement of the monolayer as a function of pixel intensity and
has been verified against a number of other measures of mechanical function. The contraction
algorithm is able to record the temporal parameters, for a range of illumination conditions. The
recorded value is relative to the position of the substrate and is contributed to by the motion
of the cell, regardless of if the cell is actively contracting. However, the amplitude of the con-
traction is dependent on the pixel intensity and the illumination levels and thus have arbitrary
units and thus comparison between contraction amplitudes is difficult and there is no distinction
between a cell that is contracting or being stretched. Another key artefact to consider is that
the algorithm does not consider directional changes, and although the images has movements of
the cells in two dimensions, the algorithm produces a trace of the motion against time only. An
example of the recorded potential, calcium concentration and motion of a single contracting cell
is shown in Figure 4.1b).

Each frame of the video was segmented into a grid, with the algorithm applied to each square
in the grid, giving a spatial mapping of the hiPSC-CM contractility. Many values were measured,
specifically, the spatial distribution of beat frequency, amplitude, contraction time, Upgg, relax-
ation time, Dngg, and the contractility duration at 50% of the peak, CDsq, were measured, as
seen in Figure 4.1a). The number of peaks within one time-course was also measured, as well
as the start time, Ts,, Which is measured as the time to 50% of the contraction amplitude. In
order to exclude outliers, the spread of Ts,« and CDso was estimated as the difference between
10th and 90th percentile.

4.1.2 Experimental Results

The differences in the multi-peaked behaviour is seen in Figure 4.2, which shows various traces
from spatial analysis of monolayers of cardiomyocytes on a rigid substrate. In Figure 4.2c),
the traces from the individual grids that divided the monolayer (seen in Figure 4.1a). These
traces are plotted together in Figure 4.2b). Figure 4.2¢e) shows the average trace from all nine
grid sections, over three consecutive cycles. These traces show that in most of the grid segments

multi-peaked behaviour appears and Figure 4.2¢) shows that this behaviour persists over multiple
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Figure 4.1: a) Schematic diagram of the measurements taken in contractility experiments [41].
b) The potential, calcium concentration and motion profiles overlapped.
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Figure 4.2: Spatio-temporal analysis of contractile behaviour of hiPSC-CMs reveals local vari-
ations of movement. a) 300x300um fields of view were subdivided in 3x3 grid-squares of
100x 100um, where after the MM algorithm was applied to every grid-square. b) All traces
from each grid-square (9 in total) were overlapped. c) All traces from each grid-square were
placed in their corresponding location shown in panel (a). d) Heatmaps indicating 1) the number
of peaks, 2) the amplitude of the events, 3) the start time, Ts,y, and 4) the contractile duration
at 50% of the amplitude, CDs5, (scalebars are 0-5 peaks, 0-7000 a.u., 0-40 ms and 0-600 ms,
respectively). e) The contractility trace taken from the whole area (300x300um). Adapted from
[41].
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cycles.

This work shows that rigid substrates may be inappropriate mechanical matrices for mono-
layers of hiPSC-CMs. This is important for both basic research and cardiotoxicity studies that
use hiPSC-CMs as a stable reliable model of human myocardium. In this section we have math-

ematically modelled this system in order further explore the mechanisms at play here.
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Figure 4.3: Illustration of units attached end-to-end, with external springs attached to a substrate,
with the relevant measurements and positions labelled for 5 contractile units.

4.2 Mathematical Modelling of Contractile Units attached to

a Substrate

In this section we set up the problem posed by this experimental work by Huethorst [41]. It is
known, from previous studies, that this profile varies from cell to cell. It is assumed that all the
cells are attached to each other via protein links (cadherins) and electrically coupled via another
type of protein link (connexin). It is also known that the monolayer of cells adheres to the
underlying matrix, via cell-adhesion complexes (SACs). It is suspected that it is variation in this
interaction that underlies the complex movement signals, since when the cells are not adhering
to the glass/plastic or if the tissue is cultured on a flexible matrix that these complex contraction
signals are minimised.

This problem can be simplified to be considered as a group of contractile units linked in se-
ries, with springs at either end of the system, representing the cell’s connections to the substrate.
The stiffness of these springs can be adjusted to reflect the stiffness of the substrate, an illustra-
tion of this system can be seen in Figure 4.3. The simplifying assumption of a 1D chain of cells
is justified by the fact that, not only is a 1D system simpler and faster to solve, but that the mo-
tion profiles recorded in the physical experiments do not account for 2D changes and so any 2D
effects could neither be validated or compared to the experiments. Another simplification was
that a model of myofilament contraction was used rather than a model of a whole myocyte. Al-
though the experiments were concerned with whole cells, as will be discussed in Section 4.2.3,
it was found that by simply adapting the passive force of the myofilament contraction, the Rice
model could effectively model the recorded motion of the myocyte contraction.

The forces of the springs on the outside are defined by a simple spring. The spring length is
also dependent on the springs’ viscosity and mass of the spring, although appropriate values for

these are unknown, and thus are arbitrarily chosen to be the same as the viscosity and mass of
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sarcomere from the Rice model [88], which will be used to define the contracting units.

For i€ {1,N} Forcespring = K(SL; —SLip), 4.1)
d SL;o—SL;)v
gy, - PHSLio=SL)v. 4.2)
dt m

where SL; ( is the rest length, which will be also used as the initial length of the spring, p is the
force integrated, v is the viscosity of the spring, m is mass of the spring, and K is the spring
constant, with units of (unit normalized force) ,um’l. Recall, from Section 3.2.5, that the model
forces are normalised relative to the peak-twitch force of 101.8kPa, as found by Daniels et al.
[19]. In the substrate-free case the spring constant will be set to K = 0, and the system has no
springs, in this case the viscosity will also be removed. This substrate-free case is interesting
to consider, but it should be noted that it is not physically realistic as the cell can never be truly
“substrate-free".

The contractile units between the springs are defined by the Rice model [88], as seen in
Section 3.2.5. The calcium profile recorded by Huethorst [41], as seen in Figure 4.1b) will
be used to define the contraction in the units, as they apply to the hiPSC-CM. However, note
that this profile is given with arbitrary units, and so must be scaled to be in the correct units.
The minimum and maximum calcium concentration will be defined by the calcium profile used
by the Rice model, the Chicago rabbit ventricular myocyte model by Shannon et al. [100].
Specifically, [Ca;]* = 0.09uM and [Ca;]?° = 1.45uM are the minimum and maximum calcium
concentrations, respectively. The rescaled data and associated fitted curve can be seen in Figure
4.4a).

The equation defining the calcium concentration profile, with the physiological values is,
[Ca;]* if > 30ms,

[Ca;] = { ([Caj]® —[Caj]¥) (1+exp(70(.)(')33?117(t753.5)) . (4.3)

3.98 )
0'1) <1+exp(0.0168(t7402))) +[Ca;]*  otherwise.

This equation has been constructed using two sigmoidal functions to create the shape of a simple
calcium profile. At which point the curve was fitted to the data taken in Figure 4.1b, to find the

parameters.

4.2.1 Measurements of Motion

In the experiments by Huethorst et al [41], the recorded motion is the absolute value of the
distance a point is from its initial position and are recorded as an average over a number of cells.
In order to fully compare the experimental and simulated results the “motion" of the cells must

be considered. To find the absolute value of the change in the position, Pos, the cumulative unit
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Figure 4.4: a) The calcium profile fitted to data taken from the calcium profile seen in Figure
4.1b, rescaled to units of uM. b) The displacement recorded, when the Rice model is uncoupled
(blue), and the displacements of a single contractile unit in the coupled system, but with the
springs exerting no force, with the scheme from Timmermann et al. [116] (black dashed line)
and in the adjusted scheme (orange broken line).

length, CSL, is found to locate the ends of the units relative to the exterior. Then the position is
taken to be the absolute value of the difference between the unit end position and from its initial
position,
;
CSL;= Y SL; and Pos;=|CSL;—CSL;g|, for ie{l,...,N—1}, (4.4)
j=1

where CSL; is the cumulative unit length. In this system there are N units, two of which are
the springs, thus, let the number of contractile units be, n = N — 2, which means that for n
contractile units there are n+ 1 points of motion. Figure 4.3 shows the positions labelled for
a system with n=5 contracting units, which is N=7 units in total. Note that, the colours of this
figure correspond with the profiles seen in Figures 4.9, 4.11,4.12, and 4.13.

Taking the average position gives a trace of the motion that can be most closely compared to
the motion trace from the algorithm described in Section 4.1.1 and it is assumed that the position
value, Pos;, is most like the recorded motion from the algorithm. Also note that, the units are
either springs or contracting units, and are not considered as sarcomeres, however, the model of
the contraction will be based on a model of sarcomere contraction (see Section 4.2.2), and so to
avoid confusion the unit length is denoted SL.

Another useful interpretation of the change in unit length is the displacement of the unit
length,

Dis; = |SL; —SL;o|, Vie{l,...,N}, 4.5)

where SL; ¢ is the initial unit length, also note that Dis; and Disy are the displacements of
the springs and are not included in subsequent plots of the displacement. Even though this
displacement of the unit length does not give the whole picture of the motion in the system, it

does inform about the activity of the individual unit behaviour.
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4.2.2 Coupling Contraction Models in Series

In a paper by Timmermann et al. [116], sarcomeres are attached end-to-end, by redefining the
change in sarcomere length to be dependent on the change in the adjacent sarcomeres’ lengths.
For a given number of units, N, attached end-to-end in a chain the change in unit length is
redefined.

dSLi _ ,dSLi _dSLi-i _dSLi

o g 7 7 Vie{2,....,N—1}, (4.6)
dSLy _dSL, dSL
where dtl = c/l; — cit\z’ 4.7)
dSL dSLy dSLy-
wd = T “9
where dgf’ is the unit length change, which are contractile units as defined by the Rice model

[88]if i € {2,...,(N —1)} or they are considered to be the spring units if for i = 1,N. In order
to solve this system numerically, for each time step the uncoupled sarcomere length change is
defined, and then each sarcomere length change is re-evaluated with the above scheme. Then for
the next time step the coupled sarcomere length is used to define the uncoupled length change.
By defining the unit lengths with this coupling scheme, the total length of the units is held

constant. This can be shown, by the summation of all the ODEs being equal to zero.

dS;tTO‘:%(5L1+SL2+...+SLN):%JF%JF...JF% (4.9a)
( Ly dSLN 1 > (4.9b)
-0 (4.9¢)

However, there is a problem with this coupling scheme. If one is to consider the case with one
contractile unit and no external springs (i.e. K = 0), this should be equivalent to the uncoupled
model. However, using this coupling scheme in this case, the rate of change of SL will be

doubled, i.e. . -
dSL, dSL3 dSL1 dSL,
-/ _ =0 =2—.
dt dt — dt dt

For this reason an adjustment is suggested. The coupling scheme equations are divided by

(4.10)
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2,

1, [ 4S5, ST, 5L,
dSL; _ <2dS i dSLi_, dS z+1>/2 Vie{2,...,N—1}, (4.11)

dt dt dt dt
dSL1 o dﬁl dﬁz /

dt _< dt dt > 2 (4.12)
dSLN . dS'ZN dgl\lel /

7 ( 7 7 ) 2. (4.13)

With this adjustment the uncoupled case and the single contractile unit with no springs are
equivalent, and maintains the property that the total length is constant. This is shown in Figure
4.4b), in which the displacement of the uncoupled case (blue line), and the displacements of the
coupled case with and without the adjustment (orange broken line and black dots, respectively)
are plotted together. This shows the uncoupled case and adjusted coupled case have the exact
same displacement, whereas the original coupled scheme has a faster upstroke and a slower
return to the rest length. It should be noted that in this figure the displacement of the unit length
is used rather than the position, since the position is relative to the external edge, which does not

exist in the uncoupled case.

Perfectly rigid springs

A special case can be defined, to represent the system attached to perfectly rigid springs. In this

system, the spring equations are defined to be,

dSL, dSL, dSLy dSLy 1 dSL, dSLy
= — an = — — - —_— =

dr  dt dt dr dr  dt 0. (4.14)

Thus, the units on the extremes of the chain are redefined to be,

dSL,  (dSL, dSLs dSLy-y _ (dSLy-y dSLy-»
dt _< dt dt )/2 and dt _< dt dt )/2 (4.15)

In this form, the summation of the contractile unit lengths can be shown to be constant, in the
same way as seen in equation 4.9, meaning the springs are perfectly rigid.

The most rigid substrates, glass and plastic substrates, have rigidities in the order GPa, which
far exceeds the stiffness of the cells. However, the cell can not be perfectly held in place by the
substrate as the cytoskeleton of the myocyte allow for some rearrangement and movement, and
so, as with the “substrate-free" case, although this is an interesting case to consider, it is not

physically realistic.
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4.2.3 Increased Passive Force

The passive forces included in the Rice model are based on the passive forces in the sarcomere.
Primarily, the restorative forces from the titin, which pull the sarcomere back to its rest length,
when it has either contracted or been stretched. There is also a passive force from the extra
cellular matrix (ECM), however this only activates if the sarcomere is stretched too far and the
collagen around the cell prevents it from getting any longer. The passive force of the titin is
an exponential function (Eq 4.16) that increases when SL is greater than the rest length, and
decreases exponentially when SL is less than the rest length. The passive force is very low when

the sarcomere length is close to the rest length.

P (x) PConyitin X (eXP(PEthitin X (x_ SLrest)) - 1) if x> SLiet, (4.16a)
Ti — .
—PConyigin X (eXP(PExptitin X (SLrest _x)) - 1) if x < SLie,

PConco X (exp(PEx X (x —SL —1) if x>8 ,
Feol (x) _ col ( P( Pcol ( col)) ) > SLyest (4.16b)
0 if x <SLc,

Fri(x) if isolated cell,
Fpassive (x) = (4.16¢)
Fri(x) + Feol(x)  if trabeculae.

A myocyte will have more passive forces than those acting upon the sarcomere. For example,
the isovolumetric nature of the myocyte act as a passive force on the cell. In an effort to capture
the passive force of the myocyte, an additional passive force has been added to the system on

top of those from the titin and ECM. This additional passive force is a simple linear function,

Fri(x) 4+ FLin (%) if isolated cell
Fragsive(¥) =4 " (4.17)
Fri(x) + Fool(x) + FLin(x)  if trabeculae

where Fpin(x) =0.131(x — SLy). (4.18)

The two forms of the cumulative passive forces can be seen in Figure 4.5a, with the dis-
placements from the two forms of the passive forces seen in Figure 4.5b. The additional passive
force causes the contractile unit to return to its rest length very quickly and even briefly be-
comes longer than its original length, hence the small second peak after the initial contraction.
Whereas, the case with the original passive force, returns to the rest length much slower and does
not overshoot. It should also be noted that there is little change in the amplitude or contraction
duration of the displacement.

The motion detected in the monolayers exhibit a fast return to the rest length, with little to
no tail, as seen in Figures 4.1a, 4.1b, and 4.4a. So, the passive force with the additional linear

passive force will be used in subsequent simulations.
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Figure 4.5: a) The original passive force from Rice et al. [88] (blue) and the passive force with
an additional linear component (orange) b) The displacement of a single contractile unit, with
no external springs, with the original passive force (blue) and with the passive force with an
additional linear component (orange).

4.2.4 Numerical Methods

The coupled system of contracting units, like the uncoupled units, is a system of first order
differential equations, with stiff initial changes in value. Although the number of ODEs is
greatly increased (depending on the number of units), the same variable time step MATLAB
solver ode15s [99] is sufficient. As discussed in Section 3.3, this solver is a quasi-constant step
size implementation of the in built numerical difference formulas, with backward differences,

and adequately resolves the features of the simulated results.

4.3 Simulation Results

The coupling of multiple contractile units, with external spring with a range stiffnesses, intro-
duces two key variables to the system; the number of contractile units, n, and the spring constant,
K. Both of these values impact the contraction of the units and the motion of the system.

Assuming that each unit acts identically, when the number of units is increased they act
against each other and the average displacement of the unit lengths decrease. However, even
though the individual units are shortening less, the position increases, as there is a cumulative
effect on those on the outside of the chain. The differences in the average displacements and
the average positions for a range of n can be seen in Figures 4.6 and 4.7, which have K=0 and
K=0.01, respectively (note that K is unitless). In the substrate free case, K=0, when the active
force ends, the passive force pulls the units back to its original length with such force the units
over correct and take a moment to settle, creating the oscillations seen in Figure 4.6. However,
as was discussed earlier, this is not seen in the experiments, as it is not a realistic system. These
oscillations are significantly dampened when the springs are attached to the system with spring
constants of K = 0.01, as seen in Figure 4.7.

The differences due to a change in the spring constant can be seen in Figure 4.8. Note
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Figure 4.6: a) Average displacements and b) average positions, for a range of n contractile units

(increasing from n = 1 (blue) to n = 5 (green), in the direction of the arrow), with no external
springs.

(a) 02 ‘ (b)o.15
0.15 +
SR =
2 2
A & 0.05
005 +
0 0 —
0 500 1000 0 500 1000
Time (ms) Time (ms)

Figure 4.7: a) Average displacements and b) average positions, for a range of n contractile units

(increasing from n = 1 (blue) to n = 5 (green), in the direction of the arrow), with external
springs with a spring constant of K=0.01.

that, as there is only one contracting units, the average position is equivalent to half the average
displacement and thus the average position is not presented, instead the active force is plotted.
Figure 4.8a) shows that the average displacement of the length decreases, which is reflected
in the active force generated, which is dependent on the unit length, as seen in Figure 4.8b).
Another key impact of increasing K, with identical units, is that the profile of the displacement
(and forces) are much more triangular than those at low values of K or as seen in the experimental
motions.

Figure 4.9 shows the forces, displacements, and positions of the individual units. Note that
the colours of the lines correspond with illustration seen in Figure 4.3, and the black lines are the
averages. For the lowest value of the spring constant, K=0.01, the profiles of the displacements
and positions are almost identical, with smooth shapes, similar to the uncoupled contraction
seen in Figure 4.4. As the K increases, the profiles become more triangular and multi-peaked
behaviour appears, although it should be noted that at K=1, the amplitude of the position profiles
are approximately 10% of the amplitudes seen when K=0.01.
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Figure 4.8: a) Average displacements and b) average positions, for a single contractile unit, with
a range of spring constants, K =0, 0.01, 0.1, and 1, the direction of the arrow, from blue to

purple.
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Figure 4.9: Forces, displacements and positions with n=5 and K=0.01, 0.1, 0.5, and 1. The black
lines denote the average of the displacements and positions.

4.3.1 Results of including Intercell Variations in Calcium

When the units are identical, if the external springs are very stiff, the units cannot move much
as the units are all pulling against each other equally. By introducing variation in the maximum
level of calcium in the each unit, at the higher levels of the spring constants, the units are able to
move more, this is due to the fact that some units are over-powered by adjacent cells and rather
than contracting are stretched.

By changing the maximum level of the calcium, there are significant effects on the dis-
placements and active force. Figure 4.10 shows that as the maximum calcium concentration is
reduced to approximately a third of its original value, the recorded displacement and active force
are very low, and hardly vary little from their initial values.

Figures 4.11 and 4.12 show the forces, displacements and positions of the individual units,

for a range of spring constants, K, when one unit has [Ca;]® =1.45uM and the others have
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Figure 4.10: a) Average displacements and b) average positions, for a single contractile unit and
a spring constant of K=0.01, with a range of maximum calcium concentrations, [Ca;]® =1.45,
1.25, 1.0, 0.75, and 0.5uM, the direction of the arrow, from blue to green.

[Ca;]® =0.5uM, meaning only one unit has sufficient calcium to prompt a significant contrac-
tion. Figure 4.11 has the unit with sufficient calcium in the middle unit, and Figure 4.12 shows
the profiles when the unit with sufficient calcium is off centre, in this case in the fourth unit
out of the five. Both of these cases show almost identical changes in the position for the lowest
value of the spring constant, K=0.01. For the larger values of K, the average amplitude of the
displacements and positions is greater than in the case with identical calcium profiles (as seen in
Figure 4.9). It should also be noted the wider profile and larger amplitude of the averages of the
displacements and positions.

Both of these cases show multi-peaked behaviour, however the contractions are also im-
pacted by the location of the unit with sufficient calcium. When this contracting unit is in the
middle of the system (Figure 4.11) there is less multi-peaked behaviour than in the case with
the contractile unit is off centre (Figure 4.12) and a wider average profile. These cases highlight
that the system is impacted significantly by variation in the units and asymmetry in the system.

Naturally, it is unlikely that only one unit will be able to contract within a given system, it
is more likely that all of the units will have a range of calcium profiles. Figure 4.13 shows the
profiles from a system with 5 contractile units in which the calcium is randomly' assigned within
95-100% of the assigned maximum calcium. Even with such minimal changes in the calcium
levels a lot more multi-peaked behaviour appears more for high values of K, in comparison to
the case with identical units (in Figure 4.9), while the lower values of K show profiles with a
single peak.

The amount of variation of the levels of calcium, between the units is difficult to measure
in physiology. However, the amount of intercell variation impacts the amount of motion that is
recorded in the simulations. This was explored by varying the maximum calcium concentration
with a random number generator, with a uniform distribution. The randomly generated number

was used to assign a maximum calcium concentration within a prescriber percentage range of

I'The Matlab function rand was used, which generates a random number between 0 and 1, with a uniform
distribution [56].
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Figure 4.11: Forces, displacements and positions with n=5 and K=0.01, 0.1, 0.5, and 1, when
the centre unit has sufficient calcium and the others do not. The black lines denote the average
of the displacements and positions, with one contracting unit in the middle of the chain.
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Figure 4.12: Forces, displacements and positions with n=5 and K=0.01, 0.1, 0.5, and 1, when
the fourth unit has sufficient calcium and the others do not. The black lines denote the average
of the displacements and positions.
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Figure 4.13: Forces, displacements and positions with n=5 and K=0.01, 0.1, 0.5, and 1, with
randomly assigned maximum calcium values within a range of 95%-100% of the assigned value
maximum calcium concentration. The black lines denote the average of the displacements and
positions.

the original maximum calcium, [Ca;]® =1.45uM. Four percentage ranges were considered. A
minimal range of 95-100%, a low level of variation, 75-105%, a medium level of variation,
50-115%, and the highest level of variation, 25-125%. As there is a relatively low number of
units, 5 units, the randomly assigned maximum levels of calcium can vary greatly, and thus the
simulations were repeated 15 times each and the average was taken of the average position for
each set, at the four levels of variation. Note that for each of the levels of variation, the random
number generator was reset so the same random numbers were generated in each case.

In Figure 4.14, the average positions, for the four levels of calcium variation with a spring
constant of K = 0.01, are plotted. Each case shows average positions with similar profiles at
a range of amplitudes, as the level of variation is increased the amplitude of the average of the
average positions decrease, as seen in Figure 4.16a), this is due to the average calcium level
decreasing as the range in the variation increases.

In Figure 4.15, the average positions, for the four levels of calcium variation with a spring
constant of K = 1.0, are plotted. As the level of variation increases there are greater differences
between the average potentials, some showing multiple peaks and few showing a smooth profile,
unlike the average positions seen in the K=0.01 cases. Also as the levels of variation increases
the amplitudes of the average of the average positions increase, as seen in Figure 4.16b). There
is also a change in the shape of these averages of the average positions, with the higher levels of

variation showing wider profiles, with a flatter peak.
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Figure 4.14: Average position from 15 sets of simulations with 5 contractile units, with K=0.01
and randomly assigned maximum calcium concentrations within the ranges: a) the minimal
range of 95-100%, b) a low level of variation, 75-105%, c) a medium level of variation, 50-
115%, d) and the highest level of variation, 25-125%. The average of the 15 sets of averages is
plotted with the thick black line.

4.3.2 Long Chains of Contractile Units

The experiments focus the algorithm on the groups of cells within an assigned small grid, esti-
mated to be approximately five cells [41]. However, The system is part of a larger monolayer
with many more cells. So, it is natural to explore simulations with many more units in the chain.

When a long chain of 100 units, with identical calcium profiles, is constructed, despite the
weak attachments to the substrate (K=0.01) only the units on the edges can contract, and despite
creating an active force, the units in the middle do not contract. However the contraction of the
outer units creates a wave and causes the units in the middle to decrease in length, even though
the calcium has left the system and thus having no active force. This can be seen in Figure
4.17. Tt should be noted that, the yellow lines represent the outer units from one end and the
green lines are the inner units, but due to the symmetry of the system the lines at the other end
cannot be seen in the figure as they are identical to the equivalent lines at the opposite end of the
chain. This Figure shows the outer units contracting first and a wave propagating to the centre
of the chain, which then meets the wave from the other end of the chain creating a cumulative
displacement. The maximum displacement of each unit in the chain is seen in Figure 4.20a) and
shows the dependence the unit movement has on its location within the cell. This not a feature
seen in the experimental results, this is likely due to attachments to the substrate breaking up

the chain. However, this is also does not appear in physiology. All of the units should pull the
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Figure 4.15: Average position from 15 sets of simulations with 5 contractile units, with K=1.0
and randomly assigned maximum calcium concentrations within the ranges: a) the minimal
range of 95-100%, b) a low level of variation, 75-105%, c) a medium level of variation, 50-
115%, d) and the highest level of variation, 25-125%. The average of the 15 sets of averages is
plotted with the thick black line.
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Figure 4.16: a) The average of the average position at five levels of variation of the maximum
calcium concentration when, the spring constant is a) K = 0.01 and b) K = 1.0.

chain at the same time. This is also reflected by the fact that the total length of the chain does
not change significantly, as seen in Figure 4.21b).

In an effort to reduce the wave effect and location dependence, calcium variation was intro-
duced with the same uniform distribution seen in Section 4.3.1, specifically uniform distribution
of the maximum calcium within the range 75-105% of the original value. This inclusion of the
calcium variation did remove the dependence on the location (as seen in Figure 4.20b)), although

it did not stop the wave from forming, as seen in Figure 4.18. Also, despite allowing the units
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Figure 4.17: Active force and displacement profiles of each unit in a chain of 100 identical units,
when K=0.01, with the black line denoting the average displacement.
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Figure 4.18: Active force and displacement profiles of each unit in a chain of 100 units, when

K=0.01, with the black line denoting the average displacement.

in the middle of the chain to move more, any additional contraction in a given unit from the
calcium variation is balanced by the stretching of adjacent units, meaning the total length of the
chain has a similar length change as the system with identical units, see Figure 4.21b).

The wave can be eliminated by separating groups of contractile units with a simple spring.
These springs are modelled in the same way as the external springs, with spring constants of
K = 0.01. Figure 4.19 shows the forces and displacement of the unit lengths, when a group of
five contracting units are separated by a spring, the displacements of the springs are not included.
This figure shows the similar levels of displacement, except the waves are buffered by the springs
and thus do not form. Figure 4.21a) shows the maximum displacements of the contracting units
in this system, showing less dependence on the location within the chain and an increased level

of contraction of the units throughout, although the smaller groups of 5 units show some location
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Figure 4.19: Active force and displacement profiles of each unit in a chain of 100 units, where

every sixth unit is a spring and all the springs have K=0.01. The black line denoting the average
displacement.

(a) 008  (b) 008
®
[ ]
= 006 | 006 | ®
E ~ [ ]
3 ® g o. ° .e®
% 0.04 '. <004 o . e
= ° = ° Ne o °
4 2 ..?:'-" °®
A 002 A 002 AR :,.
0 : 0 :
0 50 100 0 50 100
N N

Figure 4.20: Maximum displacements of each unit in a chain of 100 units, when K=0.01, where

a) the chain is entirely made of identical contractile units and b) the units have randomly chosen
maximum calcium concentrations.

dependence within their groups. Also, despite the increased levels of displacement, the overall

length change of the chain is less that the system without the springs separating the units, as
seen in Figure 4.21b).

4.4 Discussion

By mathematically modelling a chain of contractile units suspended between two springs, the
key characteristics seen in the experimental results have been successfully replicated. Specifi-
cally, for a substrate (or spring) with a low stiffness the simulated motion does not exhibit a lot
of multi-peaked behaviour, and as the substrate (or spring) stiffness increases, the multi-peaked
begins to appear. This behaviour is more pronounced when there is intercell variation in the

calcium profiles, with more variation causing more multi-peaked behaviour.
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Figure 4.21: a)Maximum displacements of each unit in a chain of 100 units, when K=0.01 where
groups of five contracting units are separated by a spring, and b) Total lengths of chains of 100
units and K=0.01, in three different cases. First 100 identical contracting units (blue), second
the cases with 100 units with varied levels of calcium (orange) and third 100 units where the
coupling is separated by a spring defining every sixth unit.

There are two key differences between the simulated and experimental results. Firstly, there
is a delay between the upstroke of the calcium profile and the active force, and subsequently the
unit length. However, this discrepancy appears in both the coupled and the uncoupled system
and is likely due to the formulation of the active force and crossbridge formation. This is some-
thing that would be explored in further work. Secondly, in the cases with increased substrate
stiffness, the time courses of the force and movement have a triangular shape and have a signifi-
cantly reduced amplitude, whereas the experimental results keep a similar shape and amplitude
in comparison to the softer substrate cases. This again points towards a flaw in the formulation
of the active force, which appears to be significantly affected by the constraints on the move-
ment of the units. Although, this effect is alleviated slightly when the a high level of variation
in the calcium profiles introduced, with the average of the average positions having greater am-
plitudes, greater durations and less triangular shapes. It should be noted that in the experiments,
although the profile shape is reliable, the experimental motion traces may not reliably capture
the amplitude.

An interesting result of these simulations is that for longer chains of contractile units, the
contraction of the units are dependent on the location within the chain. Even with a weak
attachment, the units in the centre of the chain are unable to move and the contraction of the
units at the edges cause a wave to appear, shortening those units in the middle even after the
calcium has left the system and there is no active force. This is a behaviour that does not appear
in nature. Also, the total length of the chain does not reduce significantly.

In an effort to remove the location dependence and wave formation, the system is adapted
with increasing the level of calcium variation and also by introducing springs between groups
of 5 units. By introducing calcium variation, the position dependence is removed, however
the wave persisted and the total length of the chain is similar to the case with identical units.

When the chain is broken up by springs at every sixth unit (where the contracting units are
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Figure 4.22: Schematic of units attached end-to-end, with periodic boundary conditions.

identical), the location dependence was reduced from the original case and the wave does not
appear. Although, as the additional springs in the system stretch, the total length of the chain
reduces even less that the other two cases.

Another possible method of avoiding the contraction being dependent on the location within
the chain, the coupling scheme could be redefined to have periodic boundaries, as seen in Figure
4.22. Here the first and final derivatives of SL have the same form as the those in the middle,
with dgljo and dEZNH being defined by the units at the other end of the chain,

dsLi _ <2dSL,~_dSL,- | dSL,+1> [2 vie{l.N}  @419)

dt dt dt
dSLy  dSLy dSLyy1  dSL,
h /= _ TN d = . 4.20
where dt dt an dt dt ( )

As with the original scheme to couple the units, it can be shown that the total length is held

constant.
dSLte.  d dSL, dSLy

= Z(SL SLy) = 421
dr d 1+ +SLy) “dr SRt dr “4.21)

I I Ly I I I
( dSL; dS » dSL > ( dSL, dSL, dS 3>/2+ 42

dt

dSLy dSLy_i dSL,
2 _ _ /2:0. 423
+< dt dt dt) ( )

By defining the unit length changes with periodic boundary conditions the dependence on
position is removed, however it also removes the external springs on either end, and thus severs
the attachment to the substrate. In this system, the forces on the units are only those defined
in the Rice model, namely the active and passive forces, with the preload and afterload forces
removed. It is only the passive force, which will restore the system to its original state, which is
dependent only on the unit length. Thus an additional passive force, to represent the connection
to the substrate is needed. This would be an opportunity to introduce a passive force that was
dependent on the position of the end of the units, rather than purely the unit length, which would
prevent cells being pushed or pulled too far away from their original positions. In order to do

this, the definition of the system would need to be reconsidered so that the unit lengths are
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defined by the positions as well as their internal forces. In the current formulation, the positions

are defined by the unit lengths and do not impact the results.



Chapter 5
Mathematical Models of Electrophysiology

In this chapter the origins and derivations of mathematical models of electrophysiology at the
single cell and tissue levels are discussed. The method by which these EP models are then cou-
pled is then outlined. Later in this chapter, the numerical methods used to solve both the single
cell and tissue level models are outlined. Finally, benchmarking of EP models and resolution

tests of the numerical implementation is presented.

5.1 Introduction to Mathematical Models of Electrophysiol-
ogy

There are two types of mathematical models of electrophysiology. The first is a model of the
cellular electrophysiology, known as “ion current models", which model the ion permeability
changes through the various channels in the cell membrane and organelles found within the
cell, in order to model the transmembrane potential. The second type of model is a simpler
qualitative model of the membrane potential and is subsequently called a “membrane potential
model". This type of model represents the electrical activity of cells with equations derived
using dynamical systems arguments to model the electrical properties [113].

Membrane potential models use far fewer equations than ion current models and offer an
adequate description of the electrical activity. A major benefit of membrane potential models
is that, through the use of fast-slow analysis, they can be treated analytically, this is discussed
further in Keener and Sneyd [45]. An example of such a model is the Fitzhugh-Nagumo model,
which was proposed independently by R. Fitzhugh and J. Nagumo in 1961 [26]. The dynamical
features of these models can be applied to various chemical, physical and biological systems.
These models do not give insight into the internal workings of the cells and are not readily
coupled with models of muscle contraction or with EP models of other cells. However, where
the membrane potential models lack in physiological detail, they make up for in computational

efficiency and are popular when modelling for large scale tissue models where the specifics of

52
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the cellular behaviour or the ion movements are unimportant. The work in this thesis will require
coupling with other models and thus we will focus on the more complex “ion current models".

The origins of ion current models were not concerned with the electrophysiology of cardiac
cells, but rather of the giant squid axon'. In 1952, Alan Hodgkin and Andrew Huxley derived
the first quantitative model of the cellular electrophysiology with ionic currents. Their work
used the giant axon of a squid, as it was sufficiently large enough to perform physical experi-
ments on, with the equipment available to them at the time. Their work ultimately lead to our
understanding of voltage-gated ion channels and the first mathematical model of these chan-
nels [34, 35, 36, 37, 38]. They used experimental results and their biological understanding to
derive equations for the transmembrane potential, the ion currents, and their associated gating
variables. For this work, they were awarded the 1963 Nobel Prize for Physiology and Medicine.
These techniques were later applied to cardiac cells by Denis Noble in the 1960s [72, 73], who
derived the first ion current model of the purkinje fibres in 1962. Since then many models have
been derived for various cardiac cells and for a range of species, such as: humans, rabbits, mice,
and pigs. There are also models of human induced pluripotent stem cell derived cardiomy-
ocytes. These models of the ionic current are dependent only on time and assume that there are
no spatial effects. The importance of spatial effects in electrophysiology were not considered
until Wilfrid Rall’s work on motor neurons [81, 82, 83, 84], which applied the cable equation2
to electrophysiology.

The work in this thesis utilises three different existing ionic current models of cardiac cells.
A model of human atrial cardiomyocytes by Courtemanche et al. [16], a model of human in-
duced stem cell derived cardiomyocytes by Paci et al. [75], and finally a model of mammalian
fibroblasts by Morgan et al [63]. Also presented, is a novel model of human embryonic kid-
ney cells (HEK cells), both wild-type HEK cells and those which express the inward rectifying
current.

To begin to mathematically model the electrophysiology of a cell, one can consider the po-
tential over the cell membrane as a simple electrical circuit with two components based on the
physiology of the cell. Firstly, the movement of ions through the ion channels in the mem-
brane act as resistors. Secondly, the change in electrical charge over the lipid bilayer of the cell
membrane acts as a capacitor. This simple resistor-capacitor circuit can be seen in Figure 5.1.

By considering the movement of ions over the membrane as an electrical circuit a simple
equation of the transmembrane current can be written,

dv(t)

L,(V,t) :CmT +lion(V,1). (5.1

The first term on the right hand side is the capacitance, where the Cy, is the membrane capaci-

'Not the axon of a giant squid but the giant axon of a squid.
The cable equation was first considered by Lord Kelvin in 1855 when he studied the transatlantic telegraph
cable, and the effects on the conductance over such a large distance [45].
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Figure 5.1: Schematic of the transmembrane ion circuit, adapted from [45].

tance (with units in Farads, F). The second term is the current through the ion channels (units in

Amps, A). The transmembrane potential is denoted V, which has units of Volts (V).

5.2 TIon Channel Currents

The capacitance of the membrane is determined by the size and surface area of the cell type,
and is constant for any given cell type. However, the movement of ions across the membrane,
through the respective channels, is much more complex. Ions can be actively moved across the
ions through channels known as pumps and exchangers that can move ions across the membrane,
even against gradients in their concentration or electrical fields. Alternatively, there are passive
channels which allow the movement of ions due to the same chemical gradients and electrical
fields [109]. The currents of these channels are commonly modelled by considering either the
flux of the ion concentration, or the physiological

The simplest is the passive channel, which has a current defined as,
Iion = Gion(v - Vion)a (52)

where, the ion channel conductance for a given ion is denoted Gijo,, Which is the inverse of the
channel resistance and has units of siemens’, S. The channel conductance is generally dependent
on the transmembrane potential, V, and its form will vary in each type ion channel. Finally, Viy,
is the Nernst potential of the ion.

The Nernst potential is a fundamental value within electrophysiology. It is defined as the

transmembrane potential generated by the separation of ions across the membrane at thermody-

3Siemens are sometimes known as Mhos, (backwards for Ohm, the units of resistance) and is denoted with an
upside down capital omega O.
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namic equilibrium [45].

5.2.1 The Nernst-Planck Equation

Every ion has a unique Nernst potential, dependent on the ion concentrations either side of the
membrane. The value can be derived by finding the chemical potential of the ion both internally
and externally, then finding the difference across the membrane. The Nernst potential is the
transmembrane potential at which the current across the membrane is zero [45].

Alternatively, the Nernst potential can also be found be considering the flux across the mem-
brane. There are two types of flux at play, electrical flux, Jg and diffusive flux, Jp [109]. The

diffusive flux for a given ion is defined by,
Jp = —Dy [ion], (5.3)

where D is the diffusion coefficient of the ion and [ion] is the ion concentration.

If there is no difference in the chemical concentration across the membrane, the flux is
entirely defined by the electrical flux, given by Planck’s equation,

Jg = mi[ion]E, where m = Dw, and E=— ¢, (5.4)
k4 RT

where z is the ion charge and the values m and E are the mobility and the electrical field, respec-
tively [109]. The universal gas constant is R, T is the temperature, F is the Faraday constant (a
capacitance) and ¢ is the scalar potential.

The summation of the diffusive and electrical flux forms the total flux, J, known as the

Nernst-Planck equation,
zF
=_-D i I . 5.5
J (v[lon]+Rch¢> (5.5)

As discussed earlier the Nernst potential is the potential when there is zero flux, so by con-
sidering the flux in only one dimension, across the membrane, and integrating the Nernst-Planck

equation when J=0, with respect to this dimension, the Nernst potential can be found,

Vo — RT . ([i.on]e> _ ]iln ([ion]e) 7 (5.6)

7F [ion]; zq [ion;

where, [ion]. and [ion]; are the external and internal ion concentrations, respectively, which are

defined when there is no current across the membrane and both sides are electrically neutral.
R

]TA’
where N, is Avogadro’s number and ¢ is the charge on a proton (note that F = gN4). When

An alternative formulation defines the Nernst potential with the Boltzmann’s constant, k =

V = Vion, there is no net current of the ion across the membrane.
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5.2.2 Ionic Flux Models

The Nernst-Planck equation (Equation (5.5)) can be used to determine the flux across the mem-
brane, not just its equilibrium point, and can be used to construct models for individual channels.

The simplest form of ion flux is the linear form,
Jion :g(V_Vion)a (5.7)

where g is the permeability of the channel. This linear flux is used to define the passive ion
current and are often used to define background currents. This was already seen in Equation
(5.2).

To find the ion flux of with more complex forms one must integrate the Nernst-Planck equa-
tion. First consider the gradient of the electrical field to be the transmembrane potential divided
by the distance between the internal and external regions, then rearranging Equation (5.5) to be

an ODE in terms of the ion concentration,
J
=0, (5.8)

where L is the membrane thickness.
Solving this ODE gives the Goldman-Hodgkin-Katz formulation for the ionic flux [109],

_ DzFV [ion]; — [ion], exp (=)

TLRT ew(RY)

(5.9)

where the subscripts i and e refer to the internal and external values. The term, LL—) is the perme-
ability of the membrane, and is sometimes denoted with a P. The flux, J, has units of moles per
area per time, which can be converted to the current of the ion, by multiplying the flux by zF,

the charge carried in a mole of the ion, giving,

_ DZFV [ion];  fion]exp (")

TLRC ew ()

I (5.10)

This is the Goldman-Hodgkin-Katz current equation, and is used to define many ionic current.

5.2.3 Models of Ion Channel Gates

The second form of model for the ion current considers gates that appear in the channel. A
channel may have multiple gates, all which must be open to allow ions to pass through. A
simple example of the derivation of the modelling these ion channel gates is the Hodgkin-Huxley

model, which derived two such models.
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The Hodgkin-Huxley Model

As discussed in Section 5.1, Hodgkin and Huxley were the first to derive models of active
ion channels. Their work focussed on the currents of the giant squid axon. Through their
experiments they identified a potassium current, a sodium current and small leakage current
(which they determined to be so negligible that it could be considered to be constant). They went
on to perform voltage clamp experiments for the potassium and sodium channels. They used
these experiments to derive equations for the respective ion conductances and introduced ‘gates’,
which actively open and close. Thus, the potassium and sodium conductances, respectively, can

be defined as,
gk = gxn’, ENa =GN, (5.11)

where, g, is the maximal conductance of the channel, a constant, and n, m, and h are the gating
variables. The voltage clamp experiments informed both how many types of gates the two
channels have and the order of each gate. These gating variables are determined by simple first
order ordinary differential equations with the same fundamental form, with one term opening
the gate and a second closing the gate, with a prescribed rate, as seen in Equation 5.12.

In conclusion, Hodgkin and Huxley derived a model for the transmembrane potential of the

axon of the giant squid, with 3 ion channels,

v

Cin = =8k (V = Vi) — gnam’h(V — Va) = gLV = VL), (5.12a)
o = (1= pun. (5.12b)
dt
d
d_’? = On(1—m) = Bum, (5.12¢)
dh
= (1 =h) = Buh, (5.12d)

where g1 is the constant maximal conductance of the small leakage current and o, are the rates
at which the gates open and f, are the rates at which the gates close. The specific values of the
parameters were determined with further experiments.

The Hodgkin-Huxley equations of the squid axon are simple in comparison with ion current
models of cardiomyocytes. Although the form models have similarities, the electrophysiology
of cardiomyocytes involves more ion channels, and there have been advancements in the under-

standing the behaviour of said ion channels.

5.3 Cardiomyocyte Ion Current Models

As discussed in Section 2.3.1, the myocyte AP involves the movement of three types of ions:
Sodium, Potassium, and Calcium, each with multiple channels. There are many models of

cardiomyocytes. Their differences are dependent on their location in the heart, i.e. the atria or
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Figure 5.2: Schematic of the ion channels in a) the Courtemanche, Ramirez, and Nattel EP
model of an human atrial cardiac myocyte Courtemanche et al. [16] and b) the EP model of a
human induced pluripotent stem cell derived cardiomyocyte, by Paci et al. [75].

ventricles, or the species, i.e. human or rabbit. Figure 5.2 shows examples of two cardiomyocyte
models, in Figure 5.2a), the ion channel schematic of the human atrial cardiac myocyte EP
model by Courtemanche, Ramirez and Nattel [16] (referred to as the CRN model), which will
be utilised and discussed in Chapters 6 and 7. Figure 5.2b) shows a schematic from the Paci et
al EP model of a human induced pluripotent stem cell derived cardiomyocyte [75], which will

be of interest in Chapter 8.

5.4 Tissue Level Models

Considering the electrophysiology of a cell with an ion current model can give an excellent in-
sight into cellular behaviour and are said to be single cell level models, however these models of
the transmembrane potentials do not consider how the action potentials propagate, as they have
no spatial dependence. To upscale the system to a tissue level model, one uses the monodomain

model, which has its origins in the cable equation.

5.4.1 The Cable Equation

The cable equation is derived by first considering the cable as an electrical circuit, consisting
of many resistor-capacitor circuits separated by resistors, as seen in Figure 5.3. This creates a
discrete representation of the ion transportation across and around the cell membranes.

On either side of the membrane are the two axial currents, /;(x) and I,(x) (intra- and extra-

cellular, respectively). They are defined by the differences in potential and the distance between
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Figure 5.3: Diagram of the circuit elements of the cable equation, from Keener and Sneyd [45]

each circuit for the channels,

1 9V,

—Lirdx=Vi(x+dx)-Vi(x) = L= ok as dx — 0, (5.13)
ri ox

—ILredx =Vo(x+dx) =V, (x) = I,=—— 5 as dx — 0, (5.14)
re 0x

where r; and r, are the respective resistances per unit area and V;(x) and V,(x) are the respective
potentials.
Kirchoff laws define the laws of an electrical circuit, specifically it is known that any change

in intracellular or extracellular axial currents must be due to the transmembrane current, /, thus,

Ii(x) — Li(x+dx) = Idx =I,(x+ dx) — I,(x)
I, dl,

— =5 "o

as dx — 0. (5.15)
Note, that there is difference in the sign, as the currents are travelling in opposite directions on
either sign of the membrane.

With no external current sources there is a constant total axial current, Iy = I; +1,. Thus,

with the definitions of the axial currents,

19V, 19V,

Also, the transmembrane potential is defined to be V = V; —V,, thus by eliminating the external
potential and rearranging,

1 dV Te 19V
rit+re 0x  ri+re r= ri dx

1. (5.17)

Now, recall the definition of the transmural current from Equation (5.15), and substitute into
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Equation (5.17),
I 8( ! av). (5.18)

N 5 ri+re E
This transmembrane current is equivalent to the transmural current from the single cell
model, Equation (5.1), thus we find that,

dv d 1 9V
I:p (CmE +Ijon) = a (ma) . (519)

where p is the perimeter of the cable (or cell) and [y, is the summation of the ion channel
currents.

Rearranging ultimately gives the cable equation,

dv 10 1 JV
Cn— =1 - —-— . 5.20
" dt 10n+pax (ri—f—re 8x) (5:20)

The cable equation is a second order PDE, and can be used to model neurons, a line of myocytes

or purkinje fibres.

5.4.2 The Monodomain Model

The cable equation only considers one spatial dimension. Using the same method the cable
equation can be upscaled to a 3D model of the transmembrane potential. This gives an equation
that still contains values specific to the intra- and extracellular regions, and is hence called the

bidomain model,

A% 1
Cmg +Iioniv'(0-ivvi)a (5-21)
V- (6;VVi+0,VV,) =0, (5.22)

where, ¥ is the surface-to-volume ratio of the membrane and o; and o, are the intra- and extra-
cellular conductances.

By defining the transmembrane potential to be V = V; —V,, and the transmembrane con-
ductance to be 0 = o;(0; + Ge)_lGe, the bidomain model can be rearranged to remove the
dependence on the internal and external values can be removed. This makes the system only

dependent on the transmembrane values and is thus known as the monodomain model,

dv 1
CmE = —lion+ EV- (ocVV), (5.23)
The monodomain model is equivalent to the bidomain model, but has fewer variables, and thus

is more simply solved numerically. It should be noted that ¢ is the conductivity tensor and is
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defined by the diagonal matrix,

(07} 0 O
c=10 o 0], (5.24)
0 0 o,

where 0}, 07, and 0, are the conductivity in the three directions of the tissue, named the longitu-
dinal, tissue and normal directions. The conductivity tensor is said to be transversely isotropic

as it larger in the longitudinal direction.

5.4.3 Conductance Variation: Length Rescaling

It can be assumed that in the scarred cardiac tissue, the increased levels of collagen cause reduced
conductance in the region. Thus, the conductivity parameter, o, can be reduced to reflect the
conductivity in a scar. By changing the conductivity tensor, the conduction velocity changes
proportionately and as a result the APD changes proportionately. Thus, to see if there is any
effect to the shape of the action potential, the length scale can be rescaled to remove ¢ from the
monodomain equation.

Let, £ = —=x. Thus,

NG
Jd 0dx0 1 0
ox T oxdi Vo ok (5.25)
P9 () _(1a\(1a) 1 526
ox2  dx\dx) \odi)\\odi) oI '
Thus v
X (Cmg +Ii0n) = @2‘/7 (5.27)

Figure 5.4 shows examples of two APs propagating in one direction with two different con-
ductivities, o; = 1.334Sm ™! and 0; = 0.3Sm™ . By rescaling the data in the x-direction, the
APs have almost the same shape, with minor discrepancies on the repolarisation part of the AP.
It should be noted that since the length scale of the system changes the impact of the spatial
resolution will also be different in the systems. This will be discussed further, in Section 5.7.

5.5 Coupling of Multiple Electrophysiology Models

In this section the coupling of myocytes and fibroblasts EP models will be discussed, of course
the methods used can be applied to multiple cell types, or even variants of the same cell.

To begin to couple multiple EP models, one returns to the resistor-capacitor (RC) circuit. At
the single cell level, the RC circuits of the two EP models are resistively coupled in parallel,

with one of the first type and multiple of the second. Separated by the intercell conductance,
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Figure 5.4: Action potentials in the x-direction simulated with different conduction tensors, after
being rescaled to remove o from the system.

Vi Mpyocyte Fibroblast Fibroblast

——Cm —Cr 43

Figure 5.5: A schematic of the electrical circuit of a myocyte with coupled fibroblasts, based on
figures in [52].

Ggap- A schematic of this system for fibroblasts and myocytes, from MacCannell et al. [52], can

be seen in Figure 5.5
From this circuit, the following set of ODEs of the transmembrane potentials of the coupled

cells is found,

dViy 1 L

—= = ——— | In(Va,1) + Y Gaap (Vi — V) | , (5.28)
dt Cnm P
dVi 1
Z -G [Z6(Vi, 1) + Gap (Ve — V)] , (5.29)

where the m and f subscripts relate to the myocyte and fibroblast form of the variables and
constants, respectively. Vi is the transmembrane potentials, Cyy+ is the capacitance, I, is the
summation of the cells’ ionic currents, # is the number of coupled fibroblasts (note that n must

be a non-negative integer) and Gy, is the intercell conductance. Note that the current between
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Vin Mpyocyte Fibroblast Fibroblast

Figure 5.6: Schematic of the electrical circuit of the fibroblasts coupled to the myocyte, based
on figures in [52].

the myocyte and the fibroblast is defined to be Igap = Ggap (Vg — Vi), where if Isap < O then the

current flows from myocyte to fibroblast.

5.5.1 3-Dimensional Model of Myocyte-Fibroblast Electrophysiology

The coupled system can be upscaled to a tissue level system in the same way as the uncoupled
models. Again, the resistor-capacitance circuit, seen in Figure 5.5, is resistively coupled in
parallel, which can be seen in Figure 5.6.

The transmembrane potentials of the myocytes and fibroblasts are modelled by the equations,

X <cm% + Iy (Vin, £) +1(X) Ggap (Vin — V) + Isﬁm> =V-(6VVn) (5.30a)
PAY
cfa—tf + I(Vi, 1) + Gap (Vi — Vi) = 0. (5.30b)
I =1+ (V(x,1),y(x,1)), (5.30c)
dy
o= R(Vy), (5.30d)
for xe€Q, te€]0,00), (5.30e)

with boundary conditions

’A'%

— =0 on x€0Q, (5.30f)
on

in a spatial domain Q € R3 representing a piece of cardiac tissue with n being the outer normal
unit vector to the boundary dQ. The transmembrane currents of the myocytes and fibroblasts,

I, and I;, are modelled as a function of a vector of state variables, y, representing ionic con-
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Symbol | Parameter Value Unit Source Ref.

Cnm myocyte capacitance 100 pFmm~2 | Courtemanche et al. [16]
Cr fibroblast capacitance 6.3 pFrnm_2 MacCannell et al. [52]
Goap intercell conductance 0.5 nS Morgan et al. [63]

X surface-to-volume ratio 140 mm~! Niederer et al. [71]

o(x) conductivity tensor 0. 13 34 0. 001 76 Sm™! Niederer et al. [71]

I stimulus current amplitude -2000 PA Courtemanche et al. [16]
X stimulus extent 1 mm Courtemanche et al. [16]
ts stimulus duration 2 ms Courtemanche et al. [16]
In(Vim) | myocyte current kinetics variable PA Courtemanche et al. [16]
I(Vr) fibroblast current kinetics variable pPA Morgan et al. [63]

Table 5.1: Default values of model parameters and kinetics used in equations (5.30).

centrations and ionic channel gating variables determined by a system of non-linear ordinary
differential equations with rates given by R. Here it is assumed that fibroblast acts the same, and
thus the intercell currents, I, of each fibroblast is the same, and the coupling term in Equa-
tion (5.30a) is multiplied by 7, rather than being a summation term. It is also assumed that the
number of fibroblasts per myocyte, n, has spatial dependence. It is also, important to note that
dimensional analysis shows that the dimensions of the ionic currents are current densities.

In Chapter 6, the monodomain model with coupled fibroblasts is utilised, specifically with
the myocytes being defined by the Courtemanche, Ramirez, and Nattel model of atrial human
cardiomyocytes [16], and the model of mammalian fibroblasts by Morgan et al. [62], with the

parameters seen in Table 5.1.

5.5.2 Attachment versus Insertion Models

The above model describes an “attachment” model. In such a model each myocyte has a set num-
ber of fibroblasts coupled to it (defined by n(x)). This is a common and effective way to couple
fibroblasts with myocytes however it has limitations in that if the myocyte is removed then the
coupled fibroblasts are also removed from the system, thus it is impossible to have tissue that
is purely fibroblasts that still has some conductive properties. This limitation is overcome in an
“insertion" model where each node it the computational mesh is defined as either a myocyte or a
fibroblast, with their associated properties and parameter values. These models also define spe-
cific intercell conductances dependent on whether the intercell channels are myocyte-myocyte,
fibroblast-fibroblast, or myocyte-fibroblast channels. This allows for incredibly detailed tissues
which can have regions of almost entirely fibroblast. An example of such and insertion model
is described Xie et al. [122], and an illustration of the myocyte and fibroblast distribution from
this insertion model work is shown in Figure 5.7.

Although an insertion model better describes the interaction of fibroblasts and myocytes, the
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discrete formulation makes it is much more computationally expensive, as a result a less accurate
passive electrophysiology model is used. A passive model does not include fibroblast ionic
currents but instead a simpler diffusive term in the fibroblast transmembrane potential equations.
Due to the high computational cost, the insertion model was not used in the subsequent chapters,

in favour of the attachment model with an “active" fibroblast model.

77

2

% % %
7.

Figure 5.7: Schematic of Fibroblast-Myocyte tissue with random fibroblast insertions in smaller
shaded boxes, from [122]

5.6 Numerical Methods for Electrophysiological Models

In this section the methods used to solve the EP models at both the single cell level and the tissue

level are discussed.

5.6.1 Single Cell Solutions

At the single cell level, for example the work in Chapter 8, the model is a system of first order
ordinary differential equations (ODEs). The action potentials described by this system of ODEs,
as with those seen in cardiac tissue, have a fast initial upstroke and thus present a problem that
can be described as stiff, requiring a numerical method that can resolve the wave fronts and
thus a variable step, variable order solver is used. One such method is utilised in the MATLAB
solver ode15s [99]. This solver is a quasi-constant step size implementation of the in built
numerical difference formulas, with backward differences. This allows for efficient solving,
while maintaining a good resolution in the initial upstroke of the AP, as well as the rest of the

cycle.

5.6.2 Tissue Level Solutions

To solve the model at a tissue level an operator splitting method is used. This involves solving
the single cell ionic models and the monodomain equation separately.
The monodomain model (Equations (5.30)) is characterised by a large range of significant

scales, e.g. cardiac action potentials have extremely fast and narrow upstrokes (depolarisation)
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and very slow and spread out recovery (repolarisation) phases. An effective numerical scheme
based on an operator splitting approach (Godunov and Strang splitting, [108], also known as the
fractional time-step method [78]), was proposed by Qu and Garfinkel [80] and is adopted in our
study in the following form. The non-linear monodomain model is split into a set of non-linear
ordinary differential equations.

In order to obtain numerical solutions of the fibroblast-myocyte monodomain equations the

system (5.30) is written in the form,

)

ot

Vin
Vi

Vi
Vi

Vi
Vi

A ET (5.31)

where &7 and 2 are non-linear differential operators defined by

o |"™| =_ diag (i (I (Vi) 1(3) G (Vi = V0) + i) 1 (V) + Giap (Vi — vm))> ,

_V?_ Chl C%
1%_“5 = dia (—l—V(o V) o> (5.32)
vi| 7\ xCm ) '

Following [80],the classical operator splitting method of [108] is applied and the solution vector
[Vin, V4] ,{AI is numerically approximated after k time steps of length Ar by the following second-

order accurate in time, formal 6-scheme with 6 = 1/2,

Vin

+O(Ar?), k=0,1,...., (5.33)
Vi

0

v,
_ (e(le)Am% eAr% eem%) m
Vi

kAt

where [V, Vi]{ are specified initial conditions and eX = Y% X" /m! is an operator exponential.

The problems represented by the exponentials of o7 consist of a spatially-decoupled non-
linear system of stiff ordinary differential equations that describe the ionic models. Due to this
operator splitting method, the adaptive time stepping that was used to solve the ionic model at
the single cell level can no longer be used. Thus, they are solved using an fourth-order implicit
Runge-Kutta method.

The problem represented by the exponential of & is a linear diffusion equation which is
spatially discretised using a low-order finite element scheme and implemented in the open-
source parallel C++ finite element library 1ibMe sh [48], which is similar to the implementation
developed in Rossi and Griffith [93]. Specifically, the solution of linear systems and the time
stepping relies on the solvers provided by the PETSc library*. Simulations are run both on our
local Linux workstations with 2 Intel(R) Xeon (R) CPU E5-2699 2.30 GHz (up to 72 threads)
and 128 GB of memory at the School of Mathematics and Statistics, University of Glasgow as

4www.mcs.anL.qov/pctsc
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well as on the RCUK flagship High-Performance parallel computer ARCHER®. VisIt® is used
for post-processing the two- and three-dimensional simulations.

The High-Performance parallel computer ARCHER was used in select simulations in Sec-
tion 6.3.4. Certain simulations required an increased resolution due to their specific conditions
which caused them to become unstable with the usual spatial and temporal resolution, that was
sufficient for the majority of the simulations in that same section. The choice of the resolution
1s discussed further in Section 5.7. In this section it is discussed that the numerical simulation

code has been validated in [64] against the benchmark paper of [71].

5.6.3 Operator Splitting

The complete monodomain model (Equations (5.30)) is integrated over the interval [t,,,1, + At]
in the three fractional steps of the splitting algorithm. This splits the model into two sets of equa-
tions. Firstly, the reaction part which is an initial value problem of the ionic model equations,

which are a set of non-linear ordinary differential equations,

oV . 1 : .

7 - _a(llono/may) +ISIIII1)7 (5343)
dy
5; = R(Vm,y). (5.34b)

It should be noted that this form includes the variables of both the myocyte and fibroblast models.

Secondly, the diffusion part, a linear diffusion second order partial differential equation,

WV 1
S =V (VY. (5.35)

and then the algorithm solves the two sets of equations at separately using an intermediate time
step, t, +mAt. Note that V! o = Vi (1, + 0At).

1. Solve the non-linear ODE system for V! 5 att, <t <1, + 0Az,

8Vﬁ__ 1 : 3y<_ _ yn
7 - _allon(vmay% ot - R(vay)7 Vm(tn) - Vm (536)

where V is defined by initial conditions or the previous time-step.

2. Solve the linear PDE for Vil at 1, <t <1, + At

Vi 1
El e V(Wi Vinlta) = Vi .
Y 2Co (cVV, Vin(t) P (5.37)

5www.arch9r.ac.uk

6httos://visit.iinA.qov
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3. Solve the ODE system again for V! att, + 0At <t <t,+ At

v 1 dy

a_l‘m = _C_mlion(vm7Y)a E = R(Vm7Y)a Vm(tn + 9At) = Vlgjgl- (5-38)
Step 3 at a given time is the same as Step 1 at the next time step and so in practice the first and
final steps are combined. Also, generally m = 1/2 is chosen for the intermediate step. Further
details on the operator splitting method applied to the monodomain problem can be found in

[109].

5.6.4 Numerical Solution of the Reaction Part

In the above form the problem that is usually stiff, 5.34, can be integrated separately using one
of the many known methods for solution of initial value problems. In the following work a

fourth-order Runge-Kutta method is used.

5.6.5 Numerical Solution of Diffusion Part

The diffusion part of the above system, 5.35, is solved with use of a finite element method.
For the spatial discretisation, the numerical approximation V(x,?) of the myocyte transmem-
brane potential is assumed to take the form of a finite expansion in a set of continuous piece-
wise polynomial nodal basis functions, {¢(x),i = 1...p} with time-dependent coefficient,

{Vm,i(t),i=1...p}, each representing a nodal value at time ¢,

Vin(x,1) = VI (x,1) Z¢, oy (5.39)

where p = dim{¢"}, and & denotes a parameter measuring the size of the domain partition.
Substituting expansion 5.39 in equation 5.30a, taking the Galerkin projection and using the
boundary condition 5.30f, the following weak variational form of the monodomain equation is

obtained, ,
a‘m h h h
C, | —=2. 0 + (oVV Vo = wh =1... 4
% m( 8t 7¢l)Q ( m» (pl)Q 0 ere 1 p7 (5 0)

representing a weighted-residual condition for minimization of the residual error, where the
round brackets (v,w)Q = [ovwdQ denote the inner product with the basis functions. The
Galerkin approximation 5.40 represents a set of p ordinary differential equations in time for the
p coefficient functions Vi(t) in the expansion 5.39. For brevity, going forward, the superscript &
is dropped.

For the temporal discretisation of the Galerkin projection equations 5.40 the time derivative

approximated a first-order accurate forward finite difference formula and the following implicit
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numerical scheme is used,

1
V"Nfr —Vxng

CiM
XEm At

+ KVl =, (5.41)

where V" = [ T AP, 74

Ve m, p] now denoted the p-dimensional vector of voltage values at

time level ¢, = nAr with time step Af, and where

[Mij] = (¢1,9))a, (5.42)

denotes the mass matrix and
[Kij] = (V¢1,0V9))a, (5.43)

denotes the stiffness matrix.

Finally, the vector of unknowns voltage values at time level 7,1 is determined by solving

(M+ %K)V"“ —MV", (5.44)
m

5.7 Benchmarking

Our mathematical model and its numerical implementation are validated by comparison with a
standard cardiac tissue electrophysiology simulation benchmark case Niederer et al. [71], and is
discussed in Mortensen et al. [64]. This benchmarking work calculates the time for the action
potential to propagate across a domain, known as the activation time, of a predefined mesh. The
domain was measured from one corner to the opposite corner. This domain was defined for a
range of spatial steps and system is solved for a range temporal step sizes. This test shows the
effects of varying the step sizes on the simulation accuracy. When testing our numerical im-
plementation, our results at A =0.0001 ms and Ax =0.1 mm agreed with the benchmark values
with the ten Tusscher model, [110] within 2% error. The values recorded for these benchmark-
ing simulations are listed in Tables 5.2a) and 5.2b). The benchmark work uses the ten Tusscher
model, however this work also repeated the test with the Weiss model [53], a model of rabbit
ventricular myocytes in order to explore is the numerical implementation as a form of resolution
test.

From these simulations it is clear, for both models, that the solution is significantly affected
by the spatial resolution, becoming more accurate as the resolution increases. The spatial resolu-
tion strongly impacts the activation times, however when the temporal resolution is varied there
is little change in the activation time. However, as seen with the solutions from the Weiss model
(see Table 5.2b)) if the temporal resolution is not increased when the spatial resolution is in-
creased the solution may not converge, and the simulation will fail. Of course, with the increase

of the resolution, the computational cost increases, and thus for large simulations a balance must



CHAPTER 5. MATHEMATICAL MODELS OF ELECTROPHYSIOLOGY 70

Figure 5.8: Schematic of mesh from the benchmark paper, [71]. (a) mesh and stimulation
location dimensions. (b) cross-section of the mesh of interest.

‘ .53.91

0

Figure 5.9: Cross-section from benchmark tests with the Weiss model, where Ax = 0.1mm and
At = 0.005ms.

be struck between the accuracy of the simulations and the computational cost. For the majority
of the simulations in this work, the chosen spatial mesh size of 0.1 mm is required, with a time
step of 0.005 ms. Some simulations in Chapter 6, required a higher resolution, which will be
discussed in that chapter.

In subsequent chapters the Weiss model is not used, however this model is representative of
many cardiac EP models, in particular its sharp initial upstroke appears in all cardiac EP models
and is very stiff. Due to the stiffness of the ionic current system, a high-resolution spatial
mesh with typical size 0.1 mm and a time step of 0.005 ms is required to resolve the upstrokes of
propagating action potentials, without being unreasonably computationally expensive. Although
some direct numerical simulations presented in Section 6.3.4 require an even higher resolution of
0.05 and 0.025 mm, due to these specific cases being close to a threshold, that will be discussed
in the section.

a) Ax (mm) b) Ax (mm)

At(ms) | 0.5 0333 0.2 0.1 At (ms) | 0.5 0.333 0.2 0.1
0.05 81.75 60.95 52.15 47.20 0.01 X X X 54.19
0.025 80.70 59.85 50.72 45.40 0.005 X X 63.94 5391
0.010 80.06 59.20 49.94 44.26 0.0025 | X 8230 63.81 53.76
0.005 79.82 58.96 49.65 43.85 0.0001 | X 82.25 63.75 53.68

Table 5.2: Activation times from mech cross section with a) the ten Tusscher-Panfilov model
[110] and b) the Weiss model [53]. X marks simulations that failed.
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Figure 5.10: Results from benchmark tests with ten Tusscher-Panfilov model.
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Figure 5.11: Results from benchmark tests with Weiss model.



Chapter 6

Direct Numerical Simulations of Action
Potential Propagation after Coupling
Myocytes and Fibroblasts

In this chapter, the effects of coupling myocyte and fibroblast electrophysiology models are
explored. In particular how this coupling can cause the action potential to fail to propagate in
three fundamental pattern of fibroblast density, seen in histology of fibrosis. At the end of the

chapter, the differences between fibroblasts and myofibroblasts are explored.

6.1 Introduction

As discussed in Chapter 1, when a myocardial infarction occurs, a region of tissue is damaged,
causing the process of fibrosis to start. This introduces increased levels of fibroblasts, the cells
that produce the collagen and the extra cellular matrix. Like myocytes, fibroblasts can conduct
electricity. However, unlike myocytes, the fibroblast is not active. Meaning that, when the
fibroblast is stimulated, there are no voltage gated time-dependant channels that would support
an action potential (AP). Instead, the potential just decays away when the stimulation stops.
It is clear from experiments that connections form not only between myocytes and between
fibroblasts, but also there are intercell connections between myocytes and fibroblasts [49, 77].
So, when fibroblasts are coupled with myocytes, they will conduct will conduct electricity, but if
there are too many fibroblasts compared to the number of myocytes then the passive component
will dominate over the active elements of the cardiomyocyte component.

In previous studies, there has been extensive work on mathematical modelling the coupling
of myocytes and fibroblasts. Namely, work by Kohl et al. [S0] and MacCannell et al. [52] cou-
pled myocyte EP models with passive and active fibroblasts EP models, respectively. These two
models of the coupled myocyte and fibroblast cells are the basis of many subsequent myocyte-

fibroblast models. The work by Kohl et al coupled fibroblasts with sino-atrial myocytes, whereas

72
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the work by MacCannell et al couples a mammalian model of fibroblasts with the ventricular
myocyte model, by ten Tusscher et al [111]. Both the passive and active models show increased
the action potential duration and decreased AP amplitude. However, the passive models have no
significant effect on the myocyte currents. Whereas, the active models show significant changes
to some potassium and calcium currents of the myocytes. Many newer models explore the ar-
rhythmogenic properties of fibrotic tissue. This work has involved 2D slabs with spiral waves
[68, 106]. Sridhar et al. [106] actively couple myocytes and fibroblasts, the fibroblasts randomly
distributed across the region. They showed how increasing the conductance of the L-type chan-
nel increases arrhythmogenesis. They also distinguish between two types of fibroblasts; regular
fibroblasts and myofibroblasts, which are distinguished by having an increased cell capacitance
and an increased uncoupled resting potential for the myofibroblasts. Work by Nayak et al. [68]
use a passive model to show that as the intercell conductance (or coupling strength), is increased
the AP plateau amplitude decreases and the resting potential increases and also if the number of
coupled fibroblasts increases the resting potential and action potential duration (APD) decrease.
They also show that if the number of coupled fibroblasts is too high the AP can not be generated
and autorhythmic properties or oscillatory behaviours appear.

Beyond single-cell EP dynamics and 2D spiral waves, more realistic 3D geometries of atria
have also been studied [62, 63]. In the study by Morgan et al. [62] they compare the arrhyth-
mogenic properties of fibrosis and ionic remodelling as well as the combination of these two
features and showed how they reduced the wave length compared to the control case. To model
fibrosis they coupled the CRN model of human atrial myocytes [16] and developed the fibroblast
model by MacCannell et al. [52] to be specific to atrial fibroblasts. They showed an increased
number of fibroblasts also decreases the wave length. In the paper by [63] they consider four
causes of atrial fibrillation: 1) ionic remodelling [15], 2) uniform myocyte-fibroblast coupling 3)
uniform myocyte-fibroblast coupling with increased tissue anisotropy and 4) patchy fibrosis de-
fined by patient specific atrial fibrosis. In the first three cases atrial fibrillation-like patterns were
only seen in the case with combined myocyte-fibroblast coupling and increased anisotropy. The
patient specific fibrosis case shows evidence again of sustained rotors seen in atrial fibrillation
patterns. However, the patient specific fibrosis patterns are very complex and so it is difficult to
assess to what extent the pattern causes the sustained rotors, if at all, and if so what features of
the pattern causes them.

In the literature there is little thorough research into how the coupling of the myocytes and
fibroblasts affects the spatial propagation of the AP in 1 dimension, or simple changes in the
number of fibroblasts across a 1D or 2D region. This is key to understanding the effects of the

coupling before more complex and realistic geometries of organs can be considered.
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Figure 6.1: The change in the resting values of (a) the myocyte potential, V., (e’s) and fibroblast
potential, V;*, (+’s) over a range of N and (b) the change in the resting value of the gating
variable j, against V.

6.2 Single Cell Simulations

In this section, the results of coupling myocyte and fibroblasts at the single cell level are dis-
cussed.

One of the first notable effects of coupling myocytes and fibroblasts, before the AP is even
stimulated, is that the equilibrium values change when the fibroblasts are coupled. Figure 6.1
shows the change in the resting values of the myocyte and fibroblast potentials, VY and V%,
respectively, the gating variable j and the calcium concentration. The gating variable j is the
slow variable in the sodium current and is of interest in Chapter 7, where it is discussed further.

The action potential should be stimulated when the system is at rest, thus before the stim-
ulation current is applied to the system it is allowed to come to a rest. Once the system has
come to its new resting levels the AP can be stimulated. The action potentials of myocytes and
fibroblasts can be seen in Figure 6.2. These examples of APs show the same behaviour that was
described in the previous work, namely the reduced peak amplitude, and the change in the ac-
tion potential duration (APD). Where APD3( and APDy is measured to be the time between the
initial upstroke and the time when the AP is 30% and 90% repolarised. These recorded values
are seen later in Figure 6.6. Note that the system was allowed to rest for 1,000ms before the

stimulation, and then the time was rescaled to start at Oms to more easily see the time course.

6.3 Tissue Level Simulations

In this section, results from direct numerical simulations of equations 5.30 are presented for
the three choices of fibroblast distribution, which are introduced in Section 6.3.1. In each of
these cases numerical values are provided for selected biomarkers typically used to characterise
propagation in experimental measurements. In particular, we report values of conduction ve-

locity, peak potential, peak intracellular calcium transient, APD3y, APDgy and the normalised

1

[Ca.]® (nM)
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Figure 6.2: Change in myocyte and fibroblast potentials, against time, for a range of N.

triangulation index as functions of the number of fibroblasts per myocyte.

6.3.1 Defining the Fibrotic Region

When fibrosis occurs there are three key properties. The fibrotic region has an increased density
of fibroblasts. The second property is the size and shape of the region. Both of these properties
are defined by n(x,y). The final property is an increased density of collagen, which decreases the
conductivity of the tissue, thus is defined by & (x,y). In order to focus was on the effects of the
increased presence of fibroblasts it was assumed that the conductivity is constant over the tissue,
and as discussed in Section 5.4.3 variation of o (x,y) is functionally a space scale parameter, and
does not impact the electrophysiology of the cells.

When a fibrotic scar that is formed, the scar is not uniform but it has patches and strands of
increased fibrosis. In Figure 6.3a) an example of fibrosis histology from [123] is shown, when
the collagen is stained red, and the regular conductive tissue is yellow, it can be assumed that
the regions with increased levels of collagen also have increased numbers of fibroblasts. It is
not possible to distinguish between myocytes and fibroblasts at this scale. The patterns in the
collagen show a complex series of strands and patches and an overall increase in collagen across
the space. An illustration of fibrotic tissue is shown in Figure 6.3b), again with the yellow
regions showing the healthy non-fibrotic tissue and red regions have an increased fibroblast
density. This figure highlights three cases of interest. The first case is uniform fibrosis where
n(x,y) is assumed to be constant. This case will be referred to as C1. Figure 6.3b) labels two
cases of uniform fibrosis, Cla is healthy, fibroblast-free case where n(x,y) = 0 and C1b shows
uniform fibrosis, where 7 is a constant positive integer. The second case is tissue that is separated
by a patch of fibrosis, labelled C2. The final case (C3) is a thin strand of healthy tissue between
fibrotic regions, labelled C3. These three cases raise the questions: how does AP propagation
vary between Cla and C1b? How wide can the fibrotic patch in C2 be to allow propagation?
How thin can the strand in C3 be to allow propagation?

For the three fundamental fibroblast distributions, n(x,y) is defined to be,
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(b)

Figure 6.3: (a) An example of fibrosis in a specimen of cardiac tissue with collagen stained in red
and intact myocardium shown in yellow from [123] and adapted and shown with permission in
Mortensen et al. [65]. (b) A schematic illustration of a border zone between intact myocardium
(to the left) and fibrosis (to the right) where the darker shaded areas indicate increased fibroblast
density. The rectangular regions denoted in (b) correspond to the specific forms of the fibroblast
distribution function n(x,y) considered, see text. These figures are published in Mortensen et al.
[65].

C1. Uniform fibroblast distribution prescribed by
n(x,y) =N, (6.1a)

where N is a constant over the entire domain. This case is schematically illustrated in
boxes Cla and C1b of Figure 6.3(b) with N = 0 describing intact myocardium with no
fibroblasts and N > 0 indicating N fibroblasts attached to each myocyte, respectively.

C2. “Fibroblast barrier” distribution prescribed by
n(x,y) =NH((Ly/2+ Ax) —x)H (x — (Ly/2 — Ax)), (6.1b)

where intact myocardium with no attached fibroblasts is separated by a rectangular re-
gion of constant width Ax extending uniformly in the y-direction where N fibroblasts are
attached to each myocyte. This case is a simplification of the situation schematically
illustrated in box C2 of Figure 6.3(b).

C3. “Myocyte strait” distribution prescribed by

n(x,y) =N (H((Ly/2—Ay) —y) +H(y— (Ly/2+ Ay))), (6.1c)

where intact myocardium, in the shape of a rectangular region of constant width Ay, ex-
tends uniformly in the x-direction and channelled by fibrotic regions on both sides where
N fibroblasts are attached to each myocyte. This case is schematically illustrated in box
C3 of Figure 6.3(b).
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Figure 6.4: The number of fibroblasts as functions of space. a) is an example of C2 N = 15 and
Ax = 10mm and b) is an example of C3 where N = 15 and Ay = 2mm.

Figure 6.5: Myocyte and fibroblast APs propagating in space at intervals of 25ms, in the case of
uniformly distributed fibroblasts where N=12.

6.3.2 Case 1: Uniform Fibroblast Distribution

In Section 6.3.1, three key cases of fibrotic regions are outlined. The first of which, uniform
fibroblast distribution, is mathematically modelled with a 1D fibre where n(x) = N is constant.
The basic effects of myocyte-fibroblast electrical coupling on conduction are best understood
in the simple case C1 of uniform fibroblast distribution (6.1a). Figure 6.5 shows a numerical
experiment that illustrates much of the observed behaviour in context. Here, a tissue model with
N = 12 fibroblasts coupled to each myocyte is considered. Myocyte and fibroblast variables are
set initially to the resting values of uncoupled cells as defined in [16] and [63], respectively. A
stimulation by a current injection with a single impulse is performed without allowing the tissue
to come to a rest state. The myocyte and fibroblast transmembrane potentials assume typical
action potential profiles, as shown in Figure 6.5, note that the profiles are plotted at intervals
of 25ms. As the signals propagate in the x-direction and in time, their peak values V) and V;
decrease while the pre-front potentials Vi and V* increase. The overall shapes of the action
potentials change and most notably the steep profile of the myocyte potential, V, is eroded
and assumes a much more diffusive profile than initially. This coincides with a slowdown of

conduction until eventually decay of the action potentials occurs.
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Since conduction velocity and action potential features depend on the state of the tissue
ahead of the front, this behaviour in these experiments can be explained by the process of re-
laxation of pre-front values of the myocyte and fibroblast potentials, gating variables, and ionic
concentrations to their resting states. This relaxation occurs simultaneously with the propagation
of the AP into the tissue. The resting state of the coupled myocyte-fibroblast system is different
from the resting states of the uncoupled myocytes and fibroblast cells and Figure 6.1 shows the
equilibrium values V,{f and V;* of myocyte and fibroblast potentials and, as examples, also of the
slow inactivation gating variable of the myocyte sodium current j* and of the resting calcium
concentration, [Ca;]%, all as functions of the number of coupled fibroblasts N. For each value of
N, the resting values are computed by suppressing stimulation and leaving the tissues to relax
for 1000 ms at which moment the equilibrium values are recorded. The pre-front potentials V.9
and V% as well as the [Ca;]* increase monotonically while j* decreases from their respective
uncoupled values with the increase of the number of coupled fibroblasts N.

Figure 6.6 shows the dependences of other selected AP biomarkers commonly measured ex-
perimentally on the number of coupled fibroblasts N. The most significant result is the existence
of a critical number of fibroblasts beyond which action potential propagation is inhibited and the
tissue relaxes to equilibrium soon after stimulation. At the parameter values used in Figure 6.6
this critical number is N = 10. At values of N smaller than this critical value, normal action
potentials are established and travel in the x-direction with constant wave speed, ¢, and a fixed
shape. These can be characterised with the value of their peak potential, V®, APD3y, APDyy,

and the normalised triangulation index,

APDgy — APD3
APDgy

APy = (6.2)
Wave speed values, ¢, exhibit non-monotonic behaviour with a slight increase in the interval
N € [0,4] and decrease for larger values of N until N is reached as shown in Figure 6.6(b).
This behaviour is similar to the “biphasic” behaviour reported by Miragoli et al. [59] in ex-
periments and by [121] in simulations of a cell-attached model. This non-monotonicity was
suggested to occur because wave speed first increases by the fibroblast bringing the membrane
potential closer to the threshold for sodium current activation but then decreases as the increasing
fibroblast density shift the cardiomyocyte membrane resting potential and sodium inactivation
as discussed above. This will be subject to further theoretical modelling in Chapter 7. With
the increase of the number of coupled fibroblasts N, both the peak potential values V¢ (Fig-
ure 6.6a)) and the values of APD3( (Figure 6.6d)) decrease, while the values of APD3q (Figure
6.6e)) somewhat increase, before collapse at N = 10, giving rise to increasingly triangular AP
profile as measured by APDry; (Figure 6.6f)). Another important quantity is the peak internal
myocyte calcium concentration, [Ca;]|® which is directly linked the magnitude of myocyte con-

traction, and is used to couple electrophysiological models to models of sarcomere mechanics
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Figure 6.6: Change in a) the maximum myocyte potential, V®, against N b) the AP wave speed,
¢, against N ¢) the maximum internal myocyte calcium concentration against NV, d) the myocyte
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APDj3( against B h) the myocyte APDgg against B and i) the APy against B.

[88]. The peak calcium concentration shown in Figure 6.6¢) stays relatively constant until after
N = 6, after which it decreases. Without coupling the EP model to a model of contraction, it is
clear that coupling a high number of fibroblasts will affect muscle contraction significantly.
Both in electrophysiological experiments and in vivo tissue is usually paced continually.
This is mimicked by investigating the effects that changing the basic cycle length, B, (BCL) has
on the action potential profile and its propagation. Simulations were performed for N < N for
a physiological range of BCLs ranging from 300ms (200bpm) to 1000ms (60bpm). To allow the
stimulated APs to adjust to the BCL a tissue of length 20mm was simulated for 6000ms, again
leaving the tissue to relax in the initial 1000ms before the first stimulation. As the BCL was
increased both the APD3( shown in Figure 6.6g) and the APDgq shown in Figure 6.6h) increase.
However, when the fibroblast count N reaches N = 7,8,9, alternans occur for shorter BCL. At
N = 10 alternans do not appear, this is likely due to the value being too close to the threshold of
excitation. The restitution curves end when the BCL becomes too short to successfully stimulate
every AP. For the smaller values of N, the normalised triangulation index, APty shown in Figure
6.61) increases weakly for small BCL, but for larger BCL the AP ;; remains relatively constant.

Action potential triangulation as an important pro-arrhythmic index

6.3.3 Case 2: Fibroblast Barrier

The second case, to be modelled is healthy tissue which is separated by a patch of increased

fibrosis. This case is modelled as a 1D fibre where n(x,y) is a step function, as described in
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Section 6.3.1 (see Figure 6.4a). This case represents healthy myocardium characterised by small
fibroblast density split in two by a fibrous region of high fibroblast density where N fibroblasts
are attached to each myocyte.

A test was completed with direct numerical simulations of the full model in which a 1D fibre
of length 50mm. Case 1 tells us that is N < 10 the AP will always propagate through this patch
however if N > 10 the AP may decay away in this region. Thus, a range of N when N > 10 is
tested and also with a range of widths of the fibrotic region, Ax. Again, like Case 1, the AP was
stimulated after 1,000ms, allowing the fibrotic region to come to a new resting state.

It is expected that the action potential propagation in this case will depend on both the width
Ax and the fibroblast count N — the two parameters needed to define this fibroblast distribution.
This is illustrated in Figure 6.7 which shows three examples of action potentials propagating
in the direction perpendicular to a fibroblast barrier. Panels (a) and (b) of Figure 6.7 show that
when the number of fibroblasts is held constant (N = 15), but barrier width is increased, from
Ax=5mm to Ax=10mm the AP propagation is blocked. Whereas, panels (a) and (c) of Figure 6.7
show that if the barrier width is held constant, Ax = Smm but number of fibroblasts is increased
from N=15 to N=18 propagation is also blocked. These examples suggest that there exist critical
values of the fibroblast barrier distribution parameters N and Ax over which block occurs. The
locus of these values forms a critical curve that serves as a threshold separating the outcomes of
successful propagation and block in the (N — Ax) parameter space and is shown in Figure6.8(a).
The threshold curve plays a similar role and appears similar in shape to “strength-duration”
curves, familiar from experimental electrophysiology, that serve to determine the threshold of
electrical excitation as functions of the stimulus current amplitude and duration. Note that as the
fibroblast count N approaches 10 from above, Ax increases asymptotically consistent with the
behaviour of the uniform case C1 discussed in the preceding section.

The threshold behaviour described above is the essential feature of the fibroblast barrier case
C2. Because the barrier is relatively thin its effect on the propagating action potential is only
transient if it is not blocked. In the extensive healthy regions far from the fibroblast barrier action
potential biomarkers behave in the same way as in the uniform case C1 described in relation to
Figure 6.6. For instance, Figure 6.8b) shows the calcium concentration profile propagating
across a fibroblast barrier with N = 15 and Ax = 5 mm. While in the barrier region the calcium
concentration is significantly less than in the “healthy" region, it quickly recovers on the exit of

this relatively narrow strip.

6.3.4 Case 3: Myocyte Strait

The final case (C3) is a strand of healthy tissue between regions of fibrotic tissue, which is
referred to as a “myocyte strait”. To model this a 2D slab (50mm x 10mm) is simulated, n(x,y)
defines a narrow strip that has no coupled fibroblasts and elsewhere the number of coupled

fibroblasts is greater than the maximum number of fibroblasts that allow propagation as defined
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Figure 6.7: Examples of Case 2. The top row shows APs propagating across the patch at time
intervals of 10 ms, the thick green line is the potential at the moment before stimulation. Column
a) N=15 and Ax=5mm, column b) N=15 and Ax=10mm, and column c¢) N=18 with Ax=5mm.
Thin grey broken vertical lines show the location and the width Ax of the fibroblast barrier and
the green line is the potential at the moment before the stimulation.
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Figure 6.8: The threshold curve separating the outcomes of propagation and block of action
potential in the (N — Ax) plane in the case of fibroblast barrier distribution (6.1b). The error
bars show the nearest pair of grid points where simulations were run in order to construct the
curve with the curve taken at midpoints. The markers show the locations of the three examples
illustrated in Figure 6.7 with full blue circles indicating successful propagation and empty red
circles indicating block. (b) Cross-sections of calcium concentration transient [Ca;](x,y = Ly/2,
at intervals of 10ms, from the moment of stimulation), Xk = 0,1,2... in the case N = 15 and
Ax = 5mm plotted in style similar to the panels in the top row of Figure 6.7. The thin grey
broken vertical lines show the location and the width Ax of the fibroblast barrier and the green
line is the potential at the moment before the stimulation.

in Section 6.3.1 (see Figure 6.4b). In the simulations the first Smm of the region (in the x-
direction) has O coupled fibroblasts to allow the AP to establish before entering the strand and
once again the tissue is stimulated after 1,000ms to allow an equilibrium state to form.

Similarly to the fibroblast barrier, a myocyte strait is determined by two free parameters — its
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Figure 6.9: Three examples of APs in the case of a myocyte strait (C3), at intervals of 10ms. The
top row shows APs propagating into the strand at time intervals of 10 ms, the thick green line is
the potential initial conditions. The bottom rows show the potential in time and space. Column
a) N =15 and Ay = 0.6mm, Column b) N = 15 and Ay = 0.4mm, and Column c¢) N = 18 and
Ay = 0.6mm. The thin grey broken vertical lines show the location and the width §x of the
fibroblast barrier and the green line is the potential at the moment before the stimulation.

width Ay and the fibroblast count N in the adjacent fibrous regions, and similarly, it is expected
that action potential propagation and failure will depend on both. Figure 6.9 shows three ex-
amples of action potentials propagating x-direction through myocyte straits. Panel (a) of Figure
6.9 shows an action potential propagating successfully through a strait of width Ay =0.6 mm
with 15 fibroblasts coupled to each myocyte on either side of the strand. The corresponding
propagation of the calcium transient in this case is shown in Figure 6.10(b). Propagation block
occurs when strait width is reduced as illustrated in Figure 6.9(b) for Ay =0.4 mm and the same
fibroblast count with N = 15 as in panel (a). Propagation block also occurs when the fibroblast
count in the flanking fibrotic regions is increased as demonstrated in Figure 6.9(c) for a strand
with Ay =0.6 mm, identical to that of panel (a) but with N = 18. The critical threshold curve
separating the regions where successful propagation and block occur in the (N — Ay) parameter
space 1s shown in Figure 6.10(a). The threshold curve tends to N = 10 from above as Ay tends
to 0 mm in agreement with the uniform case C1.

The simulations also show that if the AP can propagate through the strand it has a constant
speed and shape. Although the wave speed and maximum shape both decrease as N increases.
These results are shown in Figure 6.11.

As discussed in Section 5.6.2, to avoid numerical instabilities in the cases near the propa-
gation threshold, the mesh discretization size was reduced from 0.1 mm to 0.05 mm in select

few cases, in particular for larger values of N = 18, 19, 20. This increase of resolution is also
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Figure 6.10: The threshold curve separating the outcomes of propagation and block of action
potential in the (N — Ax) plane in the case of a myocyte strait (C3). The error bars show the
nearest pair of grid points where simulations were run in order to construct the curve with the
curve taken at midpoints. The markers show the locations of the three examples illustrated in
Figure 6.9 with full blue circles indicating successful propagation and empty red circles indicat-
ing block. (b) Cross-sections of calcium concentration transient [Ca;](x,y = Ly/2, at intervals
of 10ms, from the moment of stimulation), k = 0,1,2... in the case N = 15 and Ay = 0.6 mm
plotted in style similar to the panels in the top row of Figure 6.7. The thin grey broken vertical
line shows the location of the fibroblast region and the green line is the potential at the moment

before the stimulation.
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Figure 6.11: The change in a) the maximum potential, b) the wave speed, ¢ and c¢) the maximum
calcium concentration in the strand, for a range of N in the fibrotic regions and Ay. The width,
Ay, increases from 0.1mm to 0.9mm in increments of 0.1mm in the direction of the arrow.

responsible for an insignificant change in the slope of the curves corresponding to Ay = 0.8mm

and 0.9mm in Figure 6.11.
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Figure 6.12: a) The resting potentials from the myocyte-myofibroblast system (in blue) and
myocyte-fibroblast (in orange), with of myocytes (e’s) coupled with fibroblasts (+’s), where
blue denotes the myocyte-fibroblast model and orange denotes the myocyte-myofibroblast. b)
Resting gating variable j with coupled fibroblasts (blue) and with coupled myofibroblasts (or-
ange). The black +’s denote the minimum value of j from the reduced model for the myocyte-
myofibroblast model.

6.4 Comparison of Fibroblasts and Myofibroblasts

As discussed in Section 2.2, fibroblasts have the ability to differentiate themselves into my-
ofibroblasts, becoming larger and containing smooth muscle fibres. These changes in their
physiology has effects on their electrophysiology. Work by Nguyen et al. [69] identifies that
myofibroblasts have a capacitance of, Cy, = 50.0pF, and an uncoupled resting potential of -
25mV. To achieve this higher resting potential, the inward rectifying current, Ik, is modified,
by decreasing the channel conductance, Gk, from 0.03ms~! to 0.0075ms~'. Changing these
values has a significant effect on the system. Figure 6.12 shows the change in the resting values
of the myocyte and myofibroblast potentials and the gating variable j, alongside the equivalent
values from the myocyte-fibroblast system, for a range of N cells per myocyte. When my-
ofibroblasts are coupled to myocytes the resting potentials of both cell types increases much
quicker and plateaus at a lower value of N. Similarly, the equilibrium value j decreases much
sooner than the equivalent in the fibroblast-myocyte system. With the myocyte-myofibroblast
system the same fundamental cases C1, C2 and C3 (outlined in Section 6.3.1) can be performed.
The results of these tests give the same qualitative results as with the myocyte-fibroblast model.
Although, since the resting potential of the myofibroblast is much higher than the regular fibrob-
last, the width needed to block propagation is much thinner in Case 2 and similarly in Case 3
the width that allows propagation along the isthmus is wider. The results of the tests of cases 2

and 3 can be seen in Figure 6.14

6.5 Discussion of Myocyte-Fibroblast Coupling

A mathematical model of fibrous atrial tissue has been formulated in terms of a set of cardiac

monodomain equations including a myocyte-fibroblast coupling current. Following the works
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Figure 6.13: a) The resting potentials from the myocyte-myofibroblast system (in blue) and
myocyte-fibroblast (in orange), with of myocytes (e’s) coupled with fibroblasts (+’s), where
blue denotes the myocyte-fibroblast model and orange denotes the myocyte-myofibroblast. b)
Resting gating variable j with coupled fibroblasts (blue) and with coupled myofibroblasts (or-
ange). The black +’s denote the minimum value of j from the reduced model for the myocyte-
myofibroblast model.
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Figure 6.14: a) The threshold curve separating the outcomes of propagation and block of action
potential in the (N — Ax) plane in the case of fibroblast barrier distribution (6.1b). b) The thresh-
old curve separating the outcomes of propagation and block of action potential in the (N — Ay)
plane in the case of fibroblast barrier distribution (6.1c). The error bars show the nearest pair of
grid points where simulations were run in order to construct the curve with the curve taken at
midpoints.

of [122] and [79] we adopt an “attachment” approach to couple the human atrial myocyte model
of [16] to the mammalian fibroblast model of [63]. A key advantage of the “attachment” ap-
proach is that it can be easily employed within a homogenised continuum model such as the
monodomain equations and a variety of fibroblast distributions can be prescribed simply and
acutely. The alternative “insertion” approach requires that the model is defined on a discrete
grid and does not lend itself easily to asymptotic analysis of the type report here. The atrial
model of [16] is chosen as partial asymptotic results (see below) were readily available in earlier
work by Simitev and Biktashev [101] for this specific kinetics and because the numerical code
was already validated in this case against the benchmark of [71]. For direct numerical simula-

tions of the monodomain equations the Strang operator splitting method is used, as discussed in
Section 5.6.2.
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Using this setup three idealised fibroblast distributions are investigated: uniform distribu-
tion, fibrosis barrier distribution and myocyte strait distribution. These are based on histology
of fibrotic cardiac tissue, and it is hypothesised that these are the constituent blocks of real-
istic fibroblast distributions. Essential action potential biomarkers that are typically measured
in electrophysiological myocardial tissue experiments including conduction velocity, peak po-
tential, action potential duration, and triangulation index are estimated from direct numerical
simulations for all idealised distributions. Failure of action potential propagation is found to
occur at certain critical values of the parameters that define each of the idealised fibroblast dis-
tributions and these critical values are accurately determined. In the case of uniform fibroblast
distribution it is found that electrical excitation fails to propagate when 10 or more fibroblasts
are coupled to each myocyte at the standard parameter values of the simulations. As fibroblast
count increases from zero, peak potential decreases while conduction velocity slightly increases
for mild fibrosis and then as the degree of fibrosis becomes more severe block occurs. The val-
ues of APDg increase as the fibroblast count increases until close to the propagation threshold
when APDg( decreases rapidly. Similarly, the calcium concentration stays relatively constant as
N increases from 0, until N = 8, after which it also falls off rapidly. In the case of fibroblast
barrier where “healthy" tissue is separated by a region of fibrosis the direct numerical simula-
tions show that propagation block is determined by both the width of the fibrosis barrier and the
count of fibroblasts coupled to each myocyte within it. For examples, the more severe the fibro-
sis within the region the thinner it must be to allow successful AP propagation. Then threshold
curve of fibroblast count versus width that splits propagation from failure is determined. This
curve is akin to strength-duration curves that are used elsewhere to determine the amplitude and
the duration of a stimulus current that is needed to trigger excitation. Unlike in the first and
third fibroblast distribution cases in this second case, it the AP is not appropriate to measure
biomarkers as the fibrotic region not big enough. In the case of myocyte strait where channel of
“healthy" tissue between two regions of fibrosis it is demonstrated that successful AP depends
on both the width of the strait and the fibroblast count in the adjacent regions. For instance, the
more severe the fibrosis of the surrounding region is, the wider the strand must be to admit the
pulse across. Similarly, to the second case the threshold curve of fibroblast count versus strait
width that splits propagation from failure is constructed. When the strait width is held constant,
as the fibroblast density in the adjacent regions increases the wave speed, peak potential and the
peak calcium concentration all decrease.

The same fundamental patterns of fibroblast distribution were applied to the case with my-
ocytes coupled with myofibroblasts, which have an increased capacitance and uncoupled resting
potential. The results show the same qualitative results, although there is a large difference in
the quantitative results. Firstly the uniform distribution showed that only 3 myofibroblasts are
needed to block propagation, and then when cases C2 and C3 are completed for N >3, a much

thinner barrier is required to stop the AP from propagating across the barrier, and a much wider
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myocyte strait was required to block the AP.

This work does not consider the effect of collagen formed in the fibrotic scar. This has
been excluded as collagen is not electrically active and thus its main contribution is to alter the
value of the effective potential diffusivity and this can be accounted for by simply rescaling the
spatial variables in the governing equations. While this is straightforward, in theory, to account
for realistic fibrosis distributions the collagen effect and the effects of tissue anisotropy are
difficult to separate from the biomarker changes that are reported and so it should be included
in simulations. This work also shows that for a large number coupled fibroblasts, the maximum
internal myocyte calcium concentration is significantly less than in the fibroblast-free case, and,
as discussed in Chapter 3, it is the calcium profile that triggers the myocyte contraction. Also,
along with reduced calcium levels, the fibroblasts also increase the collagen density which will
increase the passive forces in the system and block contraction further. So, the inclusion of

fibroblasts is important when modelling cardiac muscle contraction.



Chapter 7

Asymptotic Theory of Action Potential
Propagation in Fast and Slow Subsystems:
Reducing the Model

In this Chapter the arguments used to reduce the system to a model of the resting potential and
a model of the AP wavefront are outlined. In particular the asymptotic theory of the papers
[6, 101, 103] is extended to the case of uniform fibroblast distribution (C1). The theory captures
qualitatively the behaviour of action potential biomarkers reported above and explains the occur-
rence of propagation block with increasing fibroblast count N. This asymptotic theory considers
the fast subsystem of the model. The slow subsystem of the model can also be exploited to find
analytical equations of the resting myocyte and fibroblast potentials, exploring work in [122].
Equations (5.30) contain both fast and slow components. The initial upstroke of the action
potential is determined by the sodium current and is said to be “fast", and is dependent on the
fast gating variables m and h. The other fast variables are the gating variables u,, o, and d.
However, if it assumed that the system has stopped changing, i.e. % = % =0, then one can
explore how the tissue will act if allowed to rest for a long period of time, thus this is the “slow"

subsystem.

7.1 The Slow Subsystem: Analytical Resting Potential

As previously stated, the slow subsystem considers the tissue as it comes to a rest, once all of
the mechanics of the myocytes and fibroblasts have ended. This means that the active part of
the model can be considered by the simpler passive form, as argued by Weiss et al. [122]. They
argue that when a cell approaches its rest state the ionic currents can be assumed to be negligible

and thus removed and replaced with passive terms. By finding the Taylor expansion of Iy about

88
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the point E,, the passive form of the ion currents is found,

(Vi — Em) + ... = G (Vin — Em), (7.1)

since Iy (Ey) =0 and g% L= Gyy. Similarly, the Taylor expansion for It at Ef can be found and
thus in the vicinity of the rgsting potential of the uncoupled myocyte, the following equations

for V; and V,,, are found,

av.
Cmd—tm = —Gm(Vin— Em) + NGeap(Vi — Vi), (7.2)
dvi
CfE = —Gf<Vf — Ef) + Ggap (Vm — Vf), (7.3)

where Ep, and Ef are the resting potentials of the uncoupled myocytes and fibroblasts, set to
be -81mV and -46mV, respectively. This also introduced the new unknown parameters, the
membrane conductances of the myocytes and the fibroblasts are Gy, and Gy, respectively. These
conductances are unknown. It should be noted that as the case of uniform fibroblast distribution
is being considered and so the function of the number of coupled fibroblasts per myocyte is set
to be constant, n(x) = N.

Using these simpler passive forms of the ionic currents and setting potentials to be constant

(i.e. when % = % = 0), the equations can be solved to find the equilibrium values of the
potentials,
N Ef—E
VS(N):EmJF—%, (7.4)
+&ates
m Ggap Gy Gm
1 Ef—E
V¥(N) = Ef— —& (7.5)

Ge 1l 1, NV
fcgap+cf+cm

where V¥ and V* are the myocyte and fibroblast potentials at equilibrium. These solutions show
that Vo and V¢ are both dependent on N, as expected. They also show that if no fibroblasts are
coupled (N = 0), the resting potential is, as defined, V. = Ep,, and, if N tends to infinity, both
transmembrane potentials tend to Er. Similarly, if Gg,p = 0, as expected, Viyr = Ery and Vf“ = F¥,
and when Ggy;, tends to infinity, both V2 and VfoC tend to the same constant, a trade-off between
the uncoupled resting potentials, Ey, and E¢, the transmembrane conductances G, and Gy, and
the number of coupled fibroblasts, N,
GmEm + NGeE;

lim (V%)= lim (V&)= . 7.6
Gg;nlm( m) Gg;nlm( ) G T NG (7.6)

As mentioned, the conductances of the membranes, G, and Gy, are unknown. Although,

by considering the values of the resting potentials recorded in the direct numerical simulations
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Figure 7.1: Selected components of the equilibrium solution to the slow-time system (7.4). (a)
The resting (pre-front) myocyte potential V3 (solid blue curve) and fibroblast potential V* (solid
red curve) as functions of the fibroblast count N evaluated from (7.4). Dotted curves with blue
circle markers and with red plus-sign markers show values of V¥ and V%, respectively, measured
from direct numerical simulations of (5.30) as discussed in Section 6.3.2. (b) The resting (pre-
front) value j* of the j-gate as a function of the fibroblast count N evaluated analytically (solid
green curve) and from direct numerical simulations (dotted curve with diamond markers). With
Gf=0.23nS and G, = 2.2 nS.

(DNS), as seen in Figure 6.1, suitable values for these parameters can be chosen. Figure 7.1a
shows the analytical equations of the resting potentials fitted against the resting potentials from
the DNS, with Gy = 0.23 nS and G, = 2.2 nS, showing a good qualitative and quantitative fit.
Note, N = 0 is excluded as there is no value for Vfo‘ when N = 0.
Using this analytical result from the passive model, the change of resting values of the other
variables can be found. Notably, the gating variable of j,
dj

o
L —o;—jlo;+B;), thus jo=—2—,
dt / J( / BJ) Ja OCj—}-ﬁj

(7.7)

where jg is the resting value of the gating variable j. The terms ¢; and 3; are dependent on V,%
and are defined in [101]. For small N, j is approximately 1. As N increases, jo decreases and
approaches 0. The analytical solution of j is plotted, against the simulated resting values of j,
in Figure 7.1b).

7.2 The Fast Subsystem

The actions potentials which are excited by periodic stimuli and are propagating with a fixed
shape and speed are investigated by the travelling wave coordinates, z = X + ct, are introduced,

where ¥ = x/Cpn) /011 is a rescaled x-coordinate. Thus, the system becomes a periodic bound-
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ary value problem

d 1 d>

¢V == g (In(Vin, ) 4N Gaap(Vn =) ) + Vi (7.8
d 1
= <1f(vf, ) + Gaap (Vi — vm)) , (7.8b)
d
Cd_zu =F(u,Vn, Vp), (7.8¢)
d d
Vin(0) = Vin(cB), -Vin(0) = -Van(cB), Vin(z0) = Vit Vi(0) = Vi(cB), u(0) = u(cB).
(7.8d)

where u is a vector of all gating variables controlling the conductances of myocyte and fibroblast
ionic channels and the various intra- and extra-cellular concentrations of ions, with the functions
that define their dynamics, denoted by F, as defined in [16] and [63]. A phase (or pinning)
condition is needed to eliminate the translational invariance of the system and arises to replace
the initial value condition of the system. Thus, for the phase condition, Vi, (z0) = V2, 29 € [0, cB]

and V! is an arbitrary constant within range of Vi, e.g. V2 =0 mV.

7.2.1 Asymptotic embedding

In order to analyse this boundary value problem, formulated above, an asymptotic embedding
procedure is used, which introduces into the equations the small parameter € > 0 [6]. With this
embedding the system of equations is unchanged when € = 1, whereas if € tends to zero (from
above) useful asymptotic simplifications are obtained . There are infinitely many ways to embed
a small parameter € and their merits are assessed on firstly, the basis of the usefulness of the
asymptotic simplifications and secondly, on the quality of approximation to the solutions of the
original problem.

The asymptotic embedding of Equations (7.8) used in this work is based on work by Simitev
et al. [101], on the relative speed of the dynamical variables in the atrial model of [16]. For
a system of M differential equations dw;/dr = Fj(wy,...wpy), [ = 1,...M the relative speeds
of dynamical variables w; can be formally measured by their time-scaling functions defined as
taw(wi,...) = |dF /dw| ' 1=1...M.

Comparing relevant time-scaling functions, our earlier work established that the myocyte
potential Vi, and the gating variables m and & are “fast variables”, i.e. they change significantly
during the upstroke of a typical action potential. While considering the fast system, all other
variables are said to be“slow” as they only change weakly during the fast period. However, an
unusual feature is that Vy, is both fast and slow, and is only considered fast due to its dependence
on the sodium current, this is said to be a non-Tikhonov feature [115]. Whereas, the sodium
current is only large in the upstroke, due to the near perfect switch behaviour of gates m and

h which are almost fully closed outside the upstroke. These observations lead to using the
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following asymptotic embedding of equations (7.8)
d 1 /1 s . d?
Cd—ZVm = _a <EgNa<VNa - Vm)]hm +IZ(Vma]7um) +NGgap(Vm - Vf)) + 8d_Z2Vma
(7.9a)
d 1
V=g (If(vf, ug) + Gap (Vi — Vm)> , (7.9b)
d n_/l(Vm, 8) —m —
—_— = Vin,0) =H(Vin — Ey), 7.9
T erymy 0 MV 0) = H(Vn—Ep) (7.5¢)
d Ijl(Vm, 8) - h -
—h=—"—"— h(Vy,0)=H(E,-V, 7.9d
CdZ 8Th(Vm) ; ( ms ) ( h m)» ( )
d i(Vn) — j
o JWVm) —J (7.9€)

Cd_zj a 7U(Vm) ’
ci Un| To(Vm) O Un(Vin) | [Um
dz Lf] [ 0 Te(Vs) ([W(Vf) ] Lf]) : (7.9)

The current Iy is the sum of all slow currents and uy, and uy are vectors composed of the remain-

ing slow gating variables (in addition to j which is also slow) with myocyte and fibroblast kinet-
ics, respectively. The functions 7, and w are time-scaling functions and quasi-stationary values
of gating variables j, m, and h, respectively. For the remaining slow gates these time scaling
functions are arranged in diagonal matrices T}, and T¢ with indices denoting myocyte and fibrob-
last function and uy, and uf are quasi-stationary values. The explicit forms of these expressions
are specified in [16, 63]. To account for the perfect switch behaviour of m and A, the functions
(Vin, €) and h(Viy, €) are “embedded”, i.e. they are e-dependent versions of (Vi) and h(Vy,)
such that 71(Vm; 1) = m(Vin) and h(Vin; 1) = h(Vy) on one hand and 7 (Vyy,0) = H (Viy — E,;) and
h(Vim,0) = H(E}j, — Vi) on the other hand, with E,, = —32.7mV and Ej, = —66.66mV so that
m(Ey) =1/2 and h(E},) = 1/2. Note the subtle difference between the m and m subscripts, with

the italicised m referring to the gating variable m and the regular m referring to the myocyte.

7.2.2 Asymptotic reduction

Now the system has been embedded and converted with the travelling wave coordinate the fast
subsystem cane be found. Rescaling Z = z/¢, taking the limit € — 0" and neglecting decoupled
equations, the fast-time subsystem is obtained,
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d 104 d2
m
oy HVm— Ep) —n (7.10b)
dz Tn(Vin)
d  H(E,—Vm)—h
—h= 7.1
“az wVe) (7.10¢)

d
Vin(—o0) = V&, d—ZVm(OO) =0, V() = V.2 Vin(0) = Ej, m(—o0) =0, h(—o0) = 1. (7.10d)
To avoid ambiguity, the pinning condition explicitly at Z = 0 have been specified in (7.10d) and
the range Z € (—o0,0) has been taken. We have also introduced the post-front potential, V,% as a
new parameter and introduced a condition to constrain it, this post-front potential is equivalent to
the maximum potential. Note that fibroblast kinetics have been decoupled and do not explicitly

affect this fast subsystem making this very similar to the problem considered in [101].

7.2.3 Solution to the Fast subsystem

For fixed myocyte and fibroblast parameter values, the fast subsystem (7.10) has differential
equations of cumulative order four and contains four free parameters (¢, V.3, V.2, j%), and is
constrained by five boundary conditions and one pinning condition. Therefore, the fast subsys-
tem is expected to have a two-parameter family of solutions, meaning that two of the free pa-
rameters can be chosen arbitrarily and all components of the solution will be functions of these
two. For comparison with the direct numerical simulations shown in Figure 6.6, the pre-front
values of the myocyte potential V& and of the slow inactivation gating variable of the myocyte
sodium current j* are chosen as independent parameters. It is through the choice of the myocyte
pre-front voltage that the system becomes implicitly dependent on the fibroblast kinetics, since
V.2 is equivalent to the resiting potential, which in turn is dependent on the number of fibroblasts
coupled per myocyte, as seen in Figure 6.1. The recorded rest potentials, which were then used
to define V., can be seen in Table 7.1.

In Figure 7.2, the post-front myocyte potential and the wave speed are shown as functions of
the latter two, V. = V2(V.Z j%), and ¢ = ¢(V,Z, j%), respectively.

The solutions are computed using the numerical method of [101] where a problem identical
to (7.10), although they also explore a curvature effect term which is not relevant to this work.
The numerical methods take into account that the fast subsystem is posed on an infinite interval
and that its right-hand sides are piece-wise differentiable. They use boundary-value problem
solver DO2RAF of the Numerical Algorithms Group numerical library, which employs a finite-
difference discretisation coupled to a deferred correction technique and Newton iteration [74].
Figure 7.2 shows that solutions of the fast-time problem exist only within a certain region of the

(VX — j%)-plane above a critical curve j& (V.Y). In particular, at every point within this region
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n | Ve (mV) | Vo (MV) | jiest | Jmin | Simulated ¢ |  Analytical ¢
Unstable | Stable
0| -8L.I18 [ 2430 [0978[0325| 0.0505 0.286 | 1.324
1| -79.74 | 2559 |0.968 | 0320 | 0.0512 0291 | 1.354
2 | <7827 | 2610 | 0954|0314 | 0.0517 0297 | 1.373
3| 27678 | 2490 |0.932]0309 | 0.0519 0.304 | 1.388
4 | <7526 | 2167 |0.901|0305| 0.0518 0.313 | 1.399
5| -73.71 | 1531 |0.857|0300| 0.0511 0.324 | 1.400
6 | -7213 | 0512 |0.799 | 0.297 |  0.0496 0.339 | 1.391
7 | 7053 | -0.989 |0.726 | 0.295 | 0.0470 0.359 | 1.365
8 | -6891 | -3.042 | 0.641 |0.297 | 0.0433 0.389 | 1.311
9 | -6729 | -5925 | 0548|0312 | 0.0377 0.446 | 1.234
10 | -65.69 X 0455 X 0.0286 X X

Table 7.1: Values recorded for given number of coupled fibroblasts. X denotes that a value could
not be recorded.
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Figure 7.2: Selected components of the solution to the fast-time system (7.10) computed using
the numerical method of [101]. (a) Wave speed ¢ and (b) peak myocyte potential V.% both as two-
valued functions of the pre-front values of the myocyte potential V& and of the slow inactivation
gating variable of the myocyte sodium current j*. The critical curve j&, (V;) below which the
fast-time problem has no solutions is shown as a black curve in the (V& — j%)-plane in both
panels.

two distinct solutions can be found — one solution sitting in a stable branch corresponding to
a faster speed c; (plotted with a solid blue line in Figure 7.2) and an one solution sitting in an
unstable branch corresponding to a slower speed ¢, (plotted with a dashed red line in Figure 7.2).
Other solution components are similarly two-valued functions of V;,, and j*. A more rigorous
demonstration of these assertions can be found in [103] where closed-form analytical solutions
are presented for a conceptual model with a similar asymptotic structure. For the particular
atrial kinetics of [16] considered here, a regular perturbation approximation of the critical curve
7% (VY) and of the wave speed ¢ has been reported in [101] and a solution in terms of iterated

integral expressions has been presented in [102].
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Figure 7.3: Selected components of the solution to the fast-time system (7.10) computed using
the numerical method of [101]. (a) Wave speed ¢ and (b) peak myocyte potential V. both as two-
valued functions of the pre-front values of the myocyte potential V.¥ and of the slow inactivation
gating variable of the myocyte sodium current j*. The critical curve j&. (V,%') below which the
fast-time problem has no solutions is shown as a black curve in the (V,¥ — j%)-plane in both
panels.

7.2.4 Analytical Model Validation

In order to validate this reduced model, the predicted values of the wave speed and post-front
voltage can be compared with the simulated values from the direct numerical simulations, which
are shown in Figure 6.6. In the work by [101] they find the relative error of the wave speed of
the full model compared to the reduced model to be 16.0%.

The wave speeds from the full system (shown in Figure 6.6) can now be compared with
the predicted wave speed from the full system using V% defined by both numerical simulations
and analytical solutions. Figure 7.3a) shows that the wave speeds from the full model and
the reduced model solutions has a relative error of 19.1% when N = 0, which decreases as N is
increased. So, it is reasonable to continue to use the same form for M (V') and H (V). It should be
noted that as there was a change of variables thus the full model was adjusted by ¢ = \/BflC,
where D = 6/xCy,. Both of the curves, using Vy from direct numerical simulations (orange
plus marks in Figure 7.3a) and the predicted values of V.¥ from the analytical equations (7.4)a
(black crosses), almost converge at N = 9, however their respective curvatures compared to the
simulated values imply that they would start diverging after this point.

A similar result is shown in Figure 7.3b) which compares the maximum amplitude of the
direct numerical simulations and the analytical results from the reduced model for V. These
results, again, have similar qualitative properties, again with approximately 19% relative error
and have similar qualitative properties, but also for the lower values of N a similar quantitative

values. Note that, these results do not need to be re-adjusted.

Condition for Propagation

The equilibrium solution of the slow subsystem can be coupled to the solution of the fast sub-

system. The resting myocyte potential, V,¢ and the resting value of the slow inactivation gating
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variable of the myocyte sodium current j* in the tissue serve as pre-front values for the propa-
gating wave front.

In practice, expressions (7.4) and (7.7) are first used to approximate V,%(N) and j*(N) and
these are then used as inputs to the fast-time boundary value problem 7.10 which is solved by
the numerical method of [101]. These asymptotic results are plotted in Figure 7.3 and compared
with the wave speed and the peak myocyte potential measured from direct numerical simulations
of the monodomain tissue equations (5.30) performed as described in section as discussed in
Section 6.3.2. The relative error between the asymptotic approximation to the wave speed and
the values from the direct numerical simulations is approximately 19% at N = 0 and decreases
with increasing N. To split the error contributions due to the asymptotic reduction from those due
to the linearisation of currents near the resting state, also in Figure 7.3 there are plotted the curves
computed using pre-front values V¢ and j* obtained from direct numerical simulations rather
than from expressions (7.4) and (7.7) but still solving the fast-time boundary value problem.
Errors due to the asymptotic reduction dominate.

With the insight from the asymptotic reduction and consequent coupling, the occurrence of
propagation failure with increasing fibroblast count can now be easily understood. Propagating
front solutions to the fast subsystem 7.10 exist if and only if a point (V, j*), with abscissa
given by the value of the pre-front myocyte potential and ordinate given the pre-front value of
the slow inactivation gating variable of the myocyte sodium current j, belongs to the region in
the (Vin, j)-plane located above the critical bifurcation curve j& (V,X) as plotted in Figure 7.2
while propagating front solutions do not exist in the region under the curve. The ;& (V) curve,
therefore serves as the boundary between absolute and relative refractoriness, i.e. the boundary
between the ability and the inability of the medium to conduct excitation waves. Refractoriness
is a fundamental characteristic of biological excitable media, including cardiac tissues. On the
other hand, for a given fibroblast count N, the values of V¢ and j* are determined from the so-
lution of the slow subsystem, i.e. the system with the fast variables removed. In the special case
of propagation of a single action potential through a rested tissue, these are given by equations
(7.4) and (7.7) for the equilibrium values of myocyte potential and the slow inactivation gating
variable of the myocyte sodium current. Therefore, propagation is possible if these values fall
within the region of relative refractoriness above the critical curve ;& (V) and failure occurs
if these values fall within the region of absolute refractoriness below ;& (V). In Figure 7.4
the j& (V) as well as the curve (V(N), j*(N)) parametrised by the fibroblast count N are
plotted together in the (Vi,, j) plane. The intersection of these two curves determines the critical
fibroblast count N beyond which propagation failure occurs. The N is denoted in Figure
7.4 and is bracketed between N =9 and N = 10 in full agreement with the results from direct
numerical simulations, see Figure 6.6 and discussion in Section 6.3.2. Figure 7.4 also indicates
that the intersection between the two curves occurs at a point far along the vertical asymptote

V¥ = Ey, of the fast-time system critical curve j%. (V). This observation allows us to derive an
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Figure 7.4: Critical fibroblast count N, beyond which propagation failure occurs. The thick
solid black curve is the critical refractoriness boundary curve j&. (V,X) for the existence of solu-
tions to the fast-time system as also shown in Figure 7.2. The blue curve is the locus of pairs of
equilibrium values of the j-gate and the myocyte potential (V,%(N), j%(N)) for fibroblast counts
N as denoted by circle markers along the curve. The value of N at the intersection point marked
with an asterisk is the critical fibroblast count Nt = 9.8. With G = 0.23 nS and G, = 2.2 nS.

explicit expression for the critical fibroblast count as a function of the parameters of the prob-
lem. Indeed, the algebraic equation V. = Ej,, where V.% is given by (7.4) and E;, = —66.6, is

linear in N and solving this equation finds the approximation,

Gin (Gt + Geap) (Via — En)
Gngap (Eh - Vfo)

Negit = (7.11)

Specific biomarker values reported from the direct numerical simulations in Chapter 6 also
depend on the rest of the model parameters. One model parameter with value poorly constrained
from experiments is the myocyte-fibroblast coupling conductance Ggyp. In the above, the value
of Ggap was chosen largely for numerical convenience. Now, with the help of the asymptotic
theory developed here the dependence on myocyte-fibroblast coupling conductance Ggyp can
be constructed easily. Figure 7.5(a) shows the critical number of coupled fibroblasts N as a
function of the value of myocyte-fibroblast coupling conductance Gg,p plotted from expression
7.11. Figure 7.5(b) shows the variation of the resting coupled myocyte and fibroblast potentials
and the resting value of the slow inactivation gating variable of the myocyte sodium current j
with variation of Gg,p computed from equations (7.4) and (7.7). Results from direct numerical
simulations of the uniformly distributed fibroblast case at fixed N = 4 are also plotted there
and show excellent agreement. This serves to demonstrate that the asymptotic theory remains
qualitatively valid. It has been too expensive to compute the entire critical curve as a function
of Ggyp by direct simulations. It is likely that the conceptual interpretation and the qualitative
conclusions of the asymptotic theory remain true for a wide range of parameters, in the same

way as for the variation with Ggyp.
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Figure 7.5: Dependence on myocyte-fibroblast coupling conductance Ggap. (a) Minimal number
of coupled fibroblasts necessary for propagation N, computed from equation 7.11. (b) Resting
(pre-front) potentials and j gate values computed from (7.4) and (7.7) as well as from direct
numerical simulations. Same formatting conventions as in Figure 7.1 are used with Vf and V*
on the left y-axis and j% on the right y-axis. Fibroblast count is fixed to N = 4 in (b). With
Gf=0.23 nS and G, = 2.2nS.

7.3 Comparison of Fibroblasts and Myofibroblasts

As with the myocyte-fibroblast system, the myocyte-myofibroblast system can also be further
explored by exploiting the fast and slow subsystems. Again, by fitting the analytical equations
of the resting potentials (Equations (7.4)) to data from DNSs from Section 6.4 (as seen in Figure
6.12) the membrane conductances values can be chosen, specifically Gy, = 2.0nS and Gy =
1.5nS. Using these values of the membrane conductances, the critical value of N can be found
by substituting them into Equation (7.11), which can be seen in Figure 7.6. For the intercell
conductance, Ggap = 0.5nS, the critical value of N is N ~ 1.9. As with the fibroblast-myocyte
case, the predicted critical value is close to the critical value of the DNSs, where Nt = 2. As
expected from the direct numerical simulations, the critical values for N is far less than in the

myocyte-fibroblast case.

7.4 Discussion of the Reduced Model

To explain the direct numerical simulation results presented in Chapter 6 asymptotic theory is
applied to the case of uniform fibroblast distribution, based on earlier work by Simitev and Bik-
tashev [103]. Action potential biomarkers values are obtained as hybrid analytical-numerical
solutions of coupled fast-time and slow-time periodic boundary value problems and compare
well to direct numerical simulations. The boundary of absolute refractoriness is determined
solely by the fast-time problem and is found to depend on the values of the myocyte potential
and the slow inactivation variable of the sodium current ahead of the propagating front of the
action potential. These quantities are in turn estimated from the slow-time problem using a reg-
ular perturbation expansion to find the steady state of the coupled myocyte-fibroblast kinetics.

The asymptotic theory captures, with remarkable accuracy, the block of propagation in the pres-
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Figure 7.6: Fast and slow subsystem results in the myocyte-myofibroblast case. a) The resting
(pre-front) myocyte potential V, (solid blue curve) and myofibroblast potential V;* (solid orange
curve) as functions of the number of fibroblasts per myocyte, N, evaluated from Equations (7.4).
Dotted curves with blue circle markers and with orange plus-sign markers show values of V¢ and
V¥, respectively, measured from direct numerical simulations of (5.30) as discussed in Section
6.4. Fitted with the membrane conductance values of G, = 2.0nS and Gy = 1.5nS. b) Minimal
number of coupled fibroblasts necessary for propagation N computed from equation (7.11).

ence of fibroblasts. This method of the reducing the model could be further applied to other
combinations of myocyte and fibroblast models to find key information about the critical value
of propagation and AP potential and speed, before any expensive direct numerical simulation
would need to be performed. In future work, an asymptotic theory for the cases of non-uniform
distributions n(x,y) will lead to a set of spatially dependent ordinary differential equations for

the steady state of the coupled myocyte-fibroblast model.



Chapter 8

Stem Cell Derived Cardiomyocytes
Coupled with Human Embryonic Kidney
Cells

In this chapter, the method of coupling multiple EP models will be applied in the final piece of
work presented in this thesis, in which an electrophysiology model of human induced pluripo-
tent stem cell derived cardiomyocytes (hiPSC-CM) is coupled to a novel model of a human
embryonic kidney cell (HEK cell). This coupling considered the problem presented in work by
A. da Silva Costa [17].

8.1 Introduction

Human iPSC-CMs have the potential to be used as an alternative to cardiomyocytes taken from
animal tissue, in a range of fields, for example pharmatoxicity and regenerative medicine [9, 13,
39, 57, 60, 119]. A key feature of hiPSC-CMs is the spontaneous electrical activity which is
considered to be an immature electrical phenotype [5, 39], rather than waiting to be triggered by
an external stimulus, like with an adult ventricular cardiomyocyte. This is due to the presence
of the pacemaker (or funny) current, It, [119] and a lack of the inward rectifying current, I,
[39, 40, 119], which maintains a stable resting transmembrane potential [22, 40]. With a normal
adult level of expression of inward rectifier the resting potential is held close to the equilibrium
potential of K™ (Eg) [31].

In work by A. da Silva Costa et al [17], the hiPSC-CMs were co-cultured with HEK-293
cells in two cases. With the HEK cells that are not expressing the inward rectifying current,
Ix; (known as wildtype HEK cells, HEK-WT), and with HEK cells expressing Ix; (HEK-K1).
This was done in an attempt to find out whether the connections to the HEK-K1 cells could
introduce sufficient Ix; to overcome the spontaneous nature of the hiPSC-CMs. The two cells

were co-cultured and had recordings taken over a range of ratios of HEK cells to hiPSC-CMs,

100
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Figure 8.1: Examples of the fluorescence traces with HEK-WT and HEK-K1, relative to their
diastolic fluorescence (Fg) from [17].

specifically 1:30, 1:10, 1:3 and 1:1. These were compared with a baseline case, the culture
with only hiPSC-CMs. From these experiments, the action potentials were assessed by a fluo-

rescent dye, FluoVolt™

and the fluorescence traces were recorded. The cells were dyed with
the FluoVolt™, which while being shone with a excitation light source, will emit light that is
dependent on the potential of the culture. The recorded traces of the fluorescence are dependent
on the culture, for example, the co-cultured arrays have an increased fluorescence amplitude (or
the diastolic fluorescence, Fp). An increase in the fluorescence relates to an increase in potential,
with the AP traces being recorded as the change in this fluorescence over the time of the action

potential.

8.2 Experimental Results

Examples of the recorded fluorescence traces (relative to their diastolic fluorescences, Fy), are
seen in Figure 8.1, in which traces from cultures in which hiPSC-CMs were co-cultured with
HEK-WT and CMs with HEK-K1 are compared to the fluorescence traces from purely hiPSC-
CM cultures. These traces have been averaged to remove the noise from the AP traces and show
a reduced amplitude in fluorescence, and a variation in the time course when the hiPSC-CMs
are co-cultured with either variety of the HEK cells. While the fluorescent dye does not give a
precise value for the amplitude of the action potential, or the transmembrane potential, the time
course is accurate, and values such as the APDs and the cycle times can be reliably recorded.
In Figure 8.2, the APDs of the three cultures at 20%, 50% and 90% repolarisation are shown.
When the CMs are co-cultured with the HEK-WT cells the APDs all decrease. Whereas when
the hiPSC-CMs are cultured with the HEK-K1, the APD,y and APDs, decrease even further,
but the APDyy is larger than the APDygg in the HEK-WT case. This reflects a more triangular AP
shape in the HEK-K1 culture, as seen in Figure 8.1.

Another key value is the cycle length, the time between individual APs. The percentage of
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Figure 8.2: Action potential durations from a)purely CM culture, b)CM and HEK-WT cultures,
and ¢) CM and HEK-K1 culture, [17].
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Figure 8.3: Examples of the cycle lengths, as percentages, the CM only culture as the standard
cycle length on three different days with HEK-WT and HEK-K1 co-cultures, relative to the CM
only cycle times, from [17].
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the cycle lengths of the cultures were recorded over 8 days in the CM only culture (the baseline
case, set to be 100%) and the HEK-WT and HEK-K1 cultures, for a range of CM to HEK ratios,
(1:30, 1:10, 1:3, and 1:1). Examples of the average recorded cycle times on days 4, 6, and 8
are seen in Figure 8.3. These results show that, as theorised, the cycle lengths increase when
the CMs co-cultured with HEK expressing Ix; and increases as the ratio changes from 1:30 to
1:1. However, the presence of the HEK-K1 cells does not entirely stop the spontaneous action
potential activation of the hiPSC-CMs. When the CMs are co-cultured with wildtype HEK cells

the cycle lengths stay at approximately at 100%, except when the ratio reaches 1:1, where the
cycle length increases [17].

8.3 Mathematically Modelling the Electrophysiology of hiPSC-
CMs with HEK cells

In this section the mathematical models of the hiPSC-CM and HEK cells are introduced. These
models will then be coupled at the single cell level, using the same method that was described in
Section 5.5, with multiple cardiomyocytes coupled to a single HEK cell. Unlike the work with
the myocytes and fibroblasts, the number of each type of cell will be considered as a ratio, to
better reflect the experimental results. In the experiments there are more cardiomyocytes than

HEK cells and so N defines the number of cardiomyocytes per HEK cell and it is this that is used
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Figure 8.4: Schematic diagram of the currents and subcellular regions included in the EP model
of hiPSC-CMs by Paci et al. [75].

to define this ratio of cardiomyocytes to HEK cells, for example, if N=30, the myocyte to HEK
cell ratio is 30:1. In this form of the system, there is only ever one HEK cell. To go beyond a
1:1 ratio, to have more myocytes than HEK cells, N is inverted, so for a CM to HEK cell ratio of
2:1 we would define N=1/2. This form also means there is no intercell-cell connection between
the cardiomyocytes, although it is assumed that there is no intercell variation and thus the work

does not require connections between the cardiomyocytes or any spatial variation.

8.3.1 Mathematical Model of hiPSC-CMs

There is a well established model of the stem cell derived cardiomyocytes by Paci et al [75].
This is an ion current model of the transmembrane potential. This model includes 12 ion cur-
rents, namely, the fast sodium current, Iy,, the L-type calcium current, Ic, 1., hyperpolarisation-
activated cyclic nucleotide-gated funny current, I, the transient outward [, the rapid and slow
delayed rectifier currents, Ik, and Ik respectively, the inward rectifier current, Ik, the sodium-
calcium exchanger, INaca, Sodium-potassium pump, Inak, the sarcolemmal calcium pump cur-
rent, Ipc,, and the background currents Iyn, and Iyc,, respectively. A schematic of these channels

can be seen in Figure 8.4.

8.3.2 Mathematical Model of HEK cells

There is no established EP model of HEK cells, with or without the expression Ix;. However,
a novel model of the HEK cell has been formulated using existing forms of the relevant ion

channels and data from studies of the cells. The HEK cells in the experiments by da Silva Costa
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et al. [17] can be assumed to have two currents, the wild type current, IwT, and the inward-
rectifying potassium current, /g;. The wild type current is a background current, which are
traditionally defined in mathematical models with a linear relationship. In a paper by Thomas
and Smart [112] the transmembrane current of the wildtype HEK is recorded when the cell is
held constant over a range of potentials. Thus, they have data for a current-voltage relationship,
to which the linear relationship of the wildtype current can be fitted to. Their data measures
the HEK cell to be at rest (a current of OpA/pF) when the voltage is approximately at -10mV.
However, in literature it is established that the wild type HEK cell is at rest of -30mV [17]. Thus,
the linear relationship of the wildtype current is set to pass through the point of no current when
-30mV, and the gradient of this relationship is derived by fitting the line to the data from Thomas
and Smart (2005) [112]. This current voltage relationship can be seen in Figure 8.5a). It should
be noted that the data of the current has been normalised and thus the physiological magnitude
cannot be found from this data. However, the magnitude can be estimated from data of HEK
cells that are expressing Ik, from Boer et al (2006) [20], which has data of the transmembrane
current of an HEK-K1 cell and is discussed further below.

In order to derive a current-voltage relationship of the Ik current in an HEK cell, data from
Boer et al [20] is used. These data are the transmembrane current of the whole cell and thus is
the summation of the wild type current as well as the K1 current. There is an established form
for the Ik IV curve, namely that for negative potentials, the current has a positive gradient, that
comes to a peak as the potential increases, the decreases monotonically, tending to OpA/pF as
the potential increases further. Thus, by looking at the data from Boer et al. (seen in Figure
8.5b), for the large positive potentials, the current begins to increase again, thus we know this is
solely from the wildtype current. Thus the HEK-WT current can be normalised about the largest
potential and the IV curve that is only due to the I current can be found. Also, since the Boer
et al data is not normalised, this process also gives a physiological magnitude to lwr.

The form of the Ik current equation is established in many mathematical electrophysiologi-
cal models [63] and so using the data by Boer et al [20] and the wild type current the parameters
can be found by fitting the curve to the data. This fitted current is shown in Figure 8.5b), along

with the wild type current and the total current.

cmd% = — (In+ Ggap (Vin — V1)) (8.1)
CH% = — (lwr+Ix1 + nGgap (Vi — Vi) , (8.2)
Iwr = 0.0726 (Vi + 30), (8.3)
It = Gt Vu +78.3651 8.4)

Vj+65.8558 ?

142.5156¢ 9710 -

where the m and H subscripts refer to the CMs and HEK cells, respectively. The capacitances
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Figure 8.5: a) The wild-type current, Iyt fitted to data from Thomas and Smart [112]. Note that
the units of the currents have been rescaled to match those in the HEK-K1 data. b) The wild-type

current, Iw, inward rectifying current I, and the total current I, fitted to data from Boer et
al [20].

are denoted, C,, is the capacitance of the cardiomyocyte where Gk is the Ix; conductance and is
estimated to be 2.9710S/F, from the Boer et al data [20]. I, is the total of the myocyte currents,
as defined by [75].

8.3.3 Measuring Results from the Potential of the Coupled System

The mathematical model of the coupled cells produce values for the potential in both cell types.
However, it should be noted that the fluorescence recordings do not distinguish between the
hiPSC-CM potential and the HEK cell potentials, and instead the experimental data is from an
average of the two potentials. Thus, to compare the potentials the simulated APs are averaged
taking into account the ratio of HEK cells to CM. It is this averaged potential that will be anal-
ysed in subsequent discussion. Examples of averaged potentials (at a 1:1 ratio) can be seen in
Figure 8.9. For N cardiomyocytes per HEK cell, the average potential, V, is,
NV +Vu
V= Nl (8.5)
Also, when recording the action potential durations from the coupled system, it should be
noted that the profiles of the hiPSC-CM action potentials have a very different shape compared
other adult myocytes. Crucially due to its spontaneous behaviour, the initial depolarisation can
start very gradually making it difficult to determine the “start" of the AP. So when measuring
the action potential durations, the start of the action potential is defined to be when the potential

is half of its maximum potential, i.e. the threshold that measures APDsy.

8.4 Simulation Results

In this section the results of the mathematical model are presented.
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Figure 8.6: Action potentials, with Gk1=25, 40, 60S/F over multiple cycles.

8.4.1 Results from the Uncoupled hiPSC-Cardiomyocytes

Before coupling the two cell types, the properties of the baseline hiPSC-CM only case can be
explored. In particular, how its behaviour is dependent on the strength of the existing inward
rectifying current of the hiPSC-CM, Ix;. The strength of this current is changed by varying
the channel conductance. In Figure 8.6, action potentials with three different values of Gk are
plotted over multiple cycles. This figure shows that the inward rectifying current impacts the
AP time-course of the AP and also increases the time between the different action potentials, the
cycle length. Figure 8.7 shows a range of EP dynamics, specifically the frequency of the APs,
as well as the APDs, the amplitude of the APs and the maximum calcium concentration. These
results show that as Gk increases APD;g, APDsg, and APDyg all decrease. Although the am-
plitude of the AP and the maximum calcium concentration both increase as the current strength
increases. However, most significantly as Gk increases the frequency of the APs decrease, until
it reaches 65S/F at which point the spontaneous behaviour ends and the action potentials are not

produced.

8.4.2 Results from the Coupled System

There are no recorded values for an appropriate coupling strength, Gg,p, between the hiPSC-
CM and HEK cells. However, it can be chosen by fitting the model to the simplest case and the
most accurate recorded values, specifically the APD,y and APDs in the HEK-WT case. Ggap
is varied with a ratio of 1:1, the results are seen in Figure 8.8. Using these results, the coupling
strength, Ggap = 0.7nS, is chosen for the intercell coupling strength. It should also be noted
that if the intercell conductance is increased sufficiently in the HEK-K1 case, the cycle length
increases until eventually the spontaneous excitation ends and the system comes to a rest, as
originally theorised. However, the spontaneous activity also eventually ends in the HEK-WT

case, but without a significant increase in the cycle length. Although, it should be noted that,
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Figure 8.7: Results from varying Gk in an uncoupled hiPSC-CM.

unlike the HEK-K1 case, the HEK-WT AP amplitude reduces significantly as Gg,p increases,
which may be the reason the spontaneous activity stopped. This can be seen in Figure 8.8.

Figure 8.9 shows the APs of the cardiomyocytes, the HEK cells, and the average AP, ata 1:1
ratio. When the HEK cells express Ik, as seen in Figure 8.9b), the resting potential is reduced to
approximately -80mV, compared to the resting of the HEK-WT, which is approximately -50mV.
This has the effect of both keeping the resting potential down, compared to the HEK-WT, which
quickly reaches a minimum value, but then begins to slowly increase until, ultimately, the next
action potential if activated. This is a feature that is seen in the experimental AP profiles seen
in Figure 8.1. From these AP traces it is also clear that the HEK potentials have a very small
amplitude, compared to the amplitude of the hiPSC-CM potentials.

The dependence on the ratio of HEK cells to hiPSC-CM, is shown in Figure 8.11. Here the
hiPSC-CM only case is represented by the ratio of 1:100 HEK cells to CMs. Unlike the experi-
mental results (seen in Figure 8.3) with the wild type HEK cells, the cycle times decrease as the
ratio changes to 1:1. However the cycle times relatively constant, with the HEK-K1 cells, and
crucially is greater than those in the HEK-WT case. The difference increases as the Ratio varies
to 1:1 and beyond. Although we do not have access to recordings of the calcium concentration,
APDs, or the potential amplitudes, V*™P, for a range of ratios, Figure 8.11 displays these values.
Notably, the APDs are all less than the 1:100 (or hiPSC-CM only case) and the APDs, when
HEK-K1 cells are coupled, are less that their equivalent APDs when the wild-type HEK cells
are couple. In the case of the APDg, this contradicts what is seen in the experimental results.

The mathematical model and experimental results agree that the spontaneous nature can not
be overcome in the current conditions. However, the mathematical model can be used to show

that is the coupling strength, Gg,p is increased, then if it is assumed that not all of the hiPSC-
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Figure 8.8: Results from varying Gg,p With hiPSC-CM coupled with HEK-WT (blue) and HEK-
K1 (orange) ata 1:1 ratio, a) the cycle lengths of the APs, b) the maximum calcium concentration
c) the AP amplitude d) the APD»( e) the APDs, and f) the APDg.
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Figure 8.9: Action potential traces, when hiPSC-CM are coupled with HEK cells at a 1:1 ratio
a) when the cardiomyocytes are coupled with wild-type HEK cells b) when the cardiomyocytes
are coupled with HEK cells expressing Ix;.

CM are successfully be stimulated (as may well be the case) then, as seen in Figure ??, the

spontaneous nature can be overcome.

8.5 Discussion

The work done by da Silva Costa [17] developed an experimental model, co-culturing a partner
cell (HEK cell) to the culture, coupling them with the cardiomyocytes. This work found that
coupling to wild type HEK alone caused APD shortening. Coupling the hiPSC-CM to HEK
cells expressing Ik caused further shortening, but not in the APDgg. It was also shown that the
presence of the HEK-K1 cells caused the cycle lengths to increase, and although the cells are
less excitable, the spontaneous nature of the hiPSC-CM was not stopped entirely. In order to

explore this phenomenon, a mathematical model has been created to see if it can be explained.
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Figure 8.10: Normalised action potential traces from the CM only (black), HEK-WT (red), and
HEK-K1 (blue) cases.
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Figure 8.11: Results from varying the ratio of HEK cells to hiPSC-CM, with Ggap = 0.7nS,
with HEK-WT in blue and HEK-K1 in orange, a) the cycle lengths of the APs, b) the maximum
calcium concentration c) the AP amplitude d) the APD,q e) the APDs( and f) the APDyy.
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Figure 8.12: Results from varying Gg,p with hiPSC-CM coupled with HEK-K1 at a 1:1 ratio,
with regular (blue) sodium current and the sodium current reduced by 50% (orange). a) the cycle
lengths of the APs, b) the maximum calcium concentration c) the AP amplitude d) the APD»
e) the APDs( and f) the APDgj.

Coupling of these types of cells has not been reported in the literature and an electrophysi-
ology model the HEK cell does not exist. However, using data from previous studies [20, 112]
and accepted forms of existing current models for the background current and the inward rec-
tifying current, a mathematical model of the HEK cells with and without the inward rectifying
current was constructed. The equations defining the currents are fitted to the data and fit well, al-
though no further verification of the model could be completed since there is no further recorded
electrophysiology of HEK cells that could be used for comparison. Another part of setting up
the model is the coupling strength between the cells. As there are no previous studies on the
coupling of these cells, the intercell conductance that is appropriate for these cells is unknown.
By coupling the hiPSC-CM with HEK-WT (at a 1:1 ratio) for a range of intercell conductance
values and comparing the APD,gs and APDsps with the experimental results, the appropriate
conductance is chosen.

Before exploring the effects of the coupling, the uncoupled hiPSC-CM is considered for
a range of inward rectifying current conductances. These results showed that with sufficient
strength in Ik, the spontaneous activity can be suppressed, as theorised. When the cells are
coupled, the mathematical model of hiPSC-CM and HEK cells recapitulates many of the fea-
tures seen in the experimental results. Firstly, when the cells are coupled at a 1:1 ratio the
system using the HEK-K1 have an increased cycle length, in comparison to the system with
the wild-type HEK cells. Secondly, when coupling of HEK cells to hiPSC-CMs is at a 1:1 ra-
tio the values of APD,g and APDs( are less than the case with a CM to HEK ratio of 100:1.
However, while the model predicts a decreased APDgg, whereas the experimental data indicate
a prolongation of APDyg. The source of this disagreement between the experimental work and

the mathematical work is unknown, but may be based in the very approximate estimates of the
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baseline electrophysiology of the HEK cell which may contain conductances that are accessed
by the very polarised potentials of these cells. However, it may also speak to more complex
behaviour happening in the original experiments which would need to be further explored. The
mathematical model also shows that the presence of the inward rectifying current from the HEK
cells can cause an increase in the length of the cycles, and even inexcitability when the sodium
current in the hiPSC-CM model is reduced to 50% of its usual level, which reflects a culture of
hiPSC-CM that may not all be becoming excited.

This new model successfully recapitulates many of the experimental results and suggests
that there may be a more complex system at play in the cultures. The model also suggests that if
a cell that expresses a stronger inward rectifying current were to be used, then the spontaneous
activation could be overcome. Future work in this project would work with the experimental
researchers to design a new set of experiments that may lead to desired outcome of a quiescent

stem cell derived cardiomyocyte.



Chapter 9
Discussion

The work presented in this thesis highlights many of the forms of intercellular connections that
appear in cardiac cells, and how these connections affect the mechanical and electrophysiolog-
ical properties of these cells. Specifically, three novel pieces of research are presented. Firstly,
based on experiments performed by Huethorst et al. [41], the Rice model is repeatedly coupled
in series to create a chain of contractile units, in order to explore how the contraction of a mono-
layer of cardiomyocytes is dependent on the rigidity of the substrate that they are attached to.
Secondly, electrophysiological models of myocytes and fibroblasts (and also myofibroblasts) are
coupled to show how the presence of the fibroblasts can stop the action potential propagation,
particularly in three fundamental patterns of fibroblast distribution. Finally, based on work by
A. da Silva Costa [17], human induced stem cell derived cardiomyocytes (hiPSC-CM) are cou-
pled with human embryonic kidney cells (HEK cells) to explore if the spontaneous activation
of the cardiomyocytes can be overcome if the HEK cells are expressing the stabilising inward
rectifying current. All three of these pieces of research show that the intercell connections have
a significant effect on the properties of the cells and can cause them to fail in their primary

functions.

9.1 Project 1: Cardiomyocyte Contraction on a Substrate

The first novel piece of work presented is a mathematical model of a chain of contractile units
suspended between two springs, to represent a monolayer of contracting hiPSC-CM attached to
a substrate. This work successfully replicates the key characteristics seen in the experimental
results. Specifically, as the substrate (or spring) stiffness increases, multi-peaked behaviour
begins to appear. This feature becomes more prominent when intercell variation in the calcium
profiles is introduced to the system, the more intercell variation the more enhanced the multi-
peaked behaviour becomes. This work effectively links the multi-peaked behaviour seen in the
contraction and the stiffness of there attachments holding them in place.

An interesting result of these simulations is that for longer chains of contractile units, there
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is a dependence on the location within the chain. When the units are identical, the units in the
centre of the chain are unable to move and the contraction of the units at the edges cause a
wave to appear, shortening those units in the middle even after the calcium has left the system
and there is no active force. As a result the total length change of the chain is relatively small,
compared to the length of the chain. The same behaviour appears when calcium variation is
introduced into the system, and although the cells in the middle are able to move more, any
additional contraction is counteracted by adjacent units being stretched. Thus, again, there is
little change in the length of the chain. This behaviour does not appear in nature. However,
the wave can be removed by breaking up the chain by introducing springs between groups of
contracting units. However, by introducing springs into the system the total length change of the
chain is further reduced.

Although this model successfully exhibits the key phenomena observed in the experiments,
there are still some differences. Specifically, in the experimental results, the profiles exhibit-
ing multi-peaked behaviour have a similar shape to the profiles with the single-peaked profiles.
Whereas, in the mathematical model the cases with increased rigidity in the springs, the multi-
peaked behaviour has a much more triangular time-course. Although, the triangular profile of
the positions is alleviated slightly when the a high level of variation in the calcium profiles intro-
duced, with the average of the average positions having greater amplitudes, greater durations and
less triangular shapes, than those in the case with identical units. The cause of the differences
between the simulated and experimental position (or motion) profiles could be attributed to the
following reasons. Firstly, the experimental measurements are performed on cardiomyocytes,
whereas the mathematical model of the contractile units is a model of sarcomere contraction,
which does not include many of the features of the myocyte, such as the intra-cellular structures
which will contribute passive forces. It should be noted that in the experiments, although the
profile shape is reliable, the experimental motion traces may not reliably capture the amplitude.
This work also suggests that there may be a short coming in the formulations of the active force,
which, like the contractile length changes, also produces a much more triangular profile in the
coupled system, although this is unsurprising as the two values are dependent on each other.
A second key difference is that the problem has been simplified to a one-dimensional problem,
while the motion results of the experiments are taken from a two-dimensional area, which may
be contributing to the shape of the motion and the multi-peaked behaviour. So, it would be of
interest to upscale this system to a 2-dimensional system of contracting units, this would notably
be closer to the system seen in the experiments, and may shed further light on mechanisms in
play. This would be of great interest if this work were to be continued.

Beyond addressing differences between the simulated and experimental results, another area
of interest to be explored when continuing this work is using the system with periodic boundary
conditions. This would remove the dependence on the location of the unit is within the chain.

However, to use the periodic boundary conditions a suitable mechanism to represent an attach-
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ment to the substrate would be required. This would be an opportunity to introduce a passive
force that is dependent on the position of the end of the units, rather than purely the unit length,
which would prevent cells being pushed or pulled too far away from their original positions.
In order to do this, the definition of the system would need to be reconsidered so that the unit
lengths are defined by the positions as well as their internal forces. In the current system the

positions are defined by the unit lengths and do not impact the results.

9.2 Project2: Action Potential Propagation with Coupled My-

ocytes and Fibroblasts

The second piece of work presented is concerned with the pattern and density of fibroblast dis-
tribution and how they can cause the action potential to fail to propagate. This work considers a
mathematical model of fibrous atrial tissue formulated in terms of a set of cardiac monodomain
equations including a myocyte-fibroblast coupling current. Following the works of Xie et al.
[122] and Qiao [79] an “attachment” approach is adopted to couple the human atrial myocyte
model, by Courtemanche et al. [16], to the mammalian fibroblast model, by Morgan et al. [63].
A key advantage of the “attachment” approach is that it can be easily employed within a ho-
mogenised continuum model such as the monodomain equations and a variety of fibroblast
distributions can be prescribed simply and acutely. To model the myocyte in the system the
atrial model of [16] is chosen as partial asymptotic results were readily available from earlier
work [101] for this specific kinetics and because the numerical code is already validated in this
case against the benchmark of [71] and is reported in work by Mortensen et al. [64]. For di-
rect numerical simulations of the monodomain equations the Strang operator splitting method is
used.

Using this setup, three fundamental fibroblast distributions: uniform distribution, fibrosis
barrier distribution and myocyte strait distribution, are investigated. It is hypothesized that these
fundamental distributions are the constituent blocks of realistic fibroblast distributions. Essen-
tial action potential biomarkers that are typically measured in electrophysiological cardiac tissue
experiments including conduction velocity, maximum potential, action potential duration, and
triangulation index are estimated from direct numerical simulations for all idealised distribu-
tions. Failure of action potential propagation is found to occur at certain critical values of the
parameters that define each of the idealised fibroblast distributions and these critical values are
accurately determined. In the case of uniform fibroblast distribution, it is found that electrical
excitation fails to propagate when 10 or more fibroblasts are coupled per myocyte at the stan-
dard parameter values of the simulations. As fibroblast count increases from zero, peak potential
decreases while conduction velocity slightly increases for mild fibrosis and then as the degree
of fibrosis becomes more severe block occurs. The values of APDg, increase as the fibroblast

count, N, increases until close to the propagation threshold when APDy decreases rapidly. Sim-
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ilarly, the calcium concentration stays relatively constant as N increases from N =0, until N = 8,
after which it also falls off rapidly. In the case of fibroblast barrier where “healthy" tissue is sep-
arated by a region of fibrosis, the direct numerical simulations show that propagation block is
determined by both the width of the fibrotic barrier and the number of fibroblasts coupled to each
myocyte within it, N. For example, the more severe the fibrosis within the region the thinner
it must be to allow successful AP propagation cross the barrier. From these simulations over a
range of barrier widths, and values of N a threshold curve of fibroblast count versus width that
splits propagation from failure. This curve is akin to strength-duration curves that are used else-
where to determine the amplitude and the duration of a stimulus current that is needed to trigger
excitation. Unlike in the first and third fibroblast distribution cases in this second case, the AP in
the barrier is not appropriate to measure biomarkers as the fibrotic region not big enough. In the
case of myocyte strait where channel of “healthy" tissue between two regions of fibrosis it was
demonstrated that successful action potential propagation depends on both the width of the strait
and the fibroblast count in the adjacent regions. For instance, the more severe the fibrosis of the
surrounding region is, the wider the strait must be to admit the AP down it. Similarly, to the
second case a threshold curve of the fibroblast count versus strait width that splits propagation
from failure, is constructed. Although unlike in case 2, the action potentials were able to come
to a constant form in the healthy strait and so the peak amplitude, the wave speed and APDg
could all be recorded. When the strait width is held constant, as the fibroblast density in the
adjacent regions increases the wave speed, peak potential and the peak calcium concentration
all decrease.

These tests were then repeated with the fibroblast model being redefined to be a model of
myofibroblast electrophysiology, specifically by increasing the capacitance to Cy=50pF, to ac-
count for the increased size of the myofibroblast, and secondly by altering the inward rectifying
current conductance to increase the uncoupled resting potential to -25mV [106]. In making
these changes there is a significant effect on the quantitative results, although there is little
change in the qualitative results. Most significantly the resting potential of the coupled cells
increases much faster as the number of myofibroblasts increases. As a result when the myocyte-
myofibroblasts system is applied to the uniform case (C1), the critical number of myofibroblasts
that would allow propagation is 2. In cases with a fibrotic barrier and the myocyte strait (C2 and
C3, respectively), even with the critical value being so low, the fibrotic barrier had to be much
thinner than in the fibroblast case seen earlier, and the myocyte strait had to be much wider.
These changes in the quantitative results in the experiments give much more physiological di-
mensions and cell ratios.

To explain these direct numerical simulation results asymptotic theory from earlier works
[103] were extended and applied to the case of uniform fibroblast distribution. Action potential
biomarkers values are obtained as hybrid analytical-numerical solutions of coupled fast-time and

slow-time periodic boundary value problems and compare well to direct numerical simulations.
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The boundary of absolute refractoriness is determined solely by the fast-time problem and is
found to depend on the values of the myocyte potential and the slow inactivation variable of the
sodium current ahead of the propagating front of the action potential. These quantities are in
turn estimated from the slow-time problem using a regular perturbation expansion to find the
steady state of the coupled myocyte-fibroblast kinetics. The asymptotic theory captures, with
remarkable accuracy, the block of propagation in the presence of fibroblasts.

This work does not consider the effect of collagen formed in the fibrotic scar. This has
been excluded as collagen is not electrically active and thus its main contribution is to alter the
value of the effective potential diffusivity and this can be accounted for by simply rescaling the
spatial variables in the governing equations. While this is, in theory, straightforward to account
for realistic fibrosis distributions the collagen effect and the effects of tissue anisotropy are
difficult to separate from the biomarker changes that are reported and so it should be included
in simulations. This work also shows that for a large number coupled fibroblasts, the maximum
internal myocyte calcium concentration is significantly less than in the fibroblast-free case, and,
as discussed in Chapter 3, it is the calcium profile that triggers the myocyte contraction. Also,
along with reduced calcium levels, the fibroblasts also increase the collagen density which will
increase the passive forces in the system. So, the inclusion of fibroblasts is important when
modelling cardiac muscle contraction.

There are multiple avenues for future work. Firstly, as discussed the presence of fibroblasts in
tissue will undoubtedly impact the contraction of the tissue, due to both the increased collagen
and the changes in the calcium concentrations, thus to mathematically model the contraction
of a piece of fibrotic tissue, the fibroblasts must be included. Another piece of future work
would involve combining the fundamental fibrotic patterns. For example, how will the propa-
gation threshold be impacted by a fibrotic barrier within a myocyte strait? Also, is it possible
to construct a theoretical scarred region that would cause arrhythmic patterns, to investigate if a
complex fibrotic pattern is enough to prompt the arrhythmia. Another extension to the uniform
fibrosis case could be further explored with a circular mesh, or alternatively a simpler 1D mesh
with periodic boundary conditions. By setting up a wave travelling in one direction there will
be a minimum circumference (or length) that will allow the AP to propagate, without it catch-
ing up to its own tail. However, as it is now known that increased levels of fibroblasts reduces
the speed of the wave, the minimum circumference may be dependent on the fibroblast density.
There is likely a threshold between the number of fibroblasts, N, and the mesh circumference,
which may help in the understanding of tachycardia that can appear as a result of the scar being
formed. Also, an asymptotic theory for the cases of non-uniform distributions n(x,y) will lead
to a set of spatially dependent ordinary differential equations for the steady state of the coupled

myocyte-fibroblast model and will also be subject for further studies.
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9.3 Project 3: Human Induced Pluripotent Stem Cell Derived
Cardiomyocytes Coupled with Human Embryonic Kid-
ney Cells

The final piece of work couples mathematical models of hiPSC-CM electrophysiology with an
EP model of HEK cells, in order to investigate the problem presented by the work done by
Costa et al. [17] who developed an experimental model, co-culturing a partner cell (HEK cell)
to the culture, coupling them with the cardiomyocytes. This work found that coupling to wild
type HEK alone caused APD shortening. Coupling the CM to HEK cells expressing Ik caused
further shortening, but not in the APDgq. It is also shown that the presence of the HEK-K1
cells caused the cycle lengths to increase, and although the cells are less excitable, the sponta-
neous nature of the hiPSC-CM is not stopped entirely. In order to explore this phenomenon, a
mathematical model has been created to see if it can be explained.

Coupling of these types of cells has not been reported in the literature and a detailed elec-
trophysiology model the HEK cell does not exist. However, using data from previous studies
[20, 112] and accepted forms of existing ion current models for the back ground current and
the inward rectifying current, equations defining the currents are fitted to the data and fit well,
although no further verification of the model could be completed. Another part of setting up
the model is the coupling strength between the cells. As there are no previous studies on the
coupling of these cells, the intercell conductance that is appropriate for these cells is unknown.
By coupling the hiPSC-CM with HEK-WT for a range of intercell conductance values and com-
paring the values of APD,y and APDsq with the experimental results, the appropriate intercell
conductance, Ggap, is chosen.

Before exploring the effects of the coupling, the uncoupled hiPSC-CM is considered for
a range of inward rectifying current conductances. These results proved that with sufficient
strength in Ik, the spontaneous activity can be suppressed. When the cells are coupled, the
mathematical model of hiPSC-CM and HEK cells recapitulates many of the features seen in the
experimental results. Firstly, when the cells are coupled at a 1:1 ratio the system using the HEK-
K1 have an increased cycle length, in comparison to the system with the wild-type HEK cells.
Secondly, when coupling of HEK cells to hiPSC-CMs is at a 1:1 ratio the values of APD;( and
APDs are less than the case with a CM to HEK ratio of 100:1. However, while the model pre-
dicts a decreased APDgg, whereas the experimental data indicate a prolongation of APDgg. This
source of this disagreement between the experimental work and the mathematical work is un-
known, but may be based in the very approximate estimates of the baseline electrophysiology of
the HEK cell which may contain conductances that are accessed by the very polarised potentials
of these cells. However, it may also speak to more complex behaviour happening in the original
experiments which would need to be further explored. The mathematical model also shows that

the presence of the inward rectifying current from the HEK cells can cause an increase in the
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length of the cycles, and even inexcitability when the sodium current in the hiPSC-CM model
is reduced to 50% of its usual level, which reflects a culture of hiPSC-CM that may not all be
becoming excited.

This new model successfully recapitulates many of the experimental results and suggests
that there may be a more complex system at play in the cultures. The model also suggests that if
a cell that expresses a stronger inward rectifying current were to be used, then the spontaneous
activation could be overcome. Future work in this project would work with the experimental
researchers to design a new set of experiments that may lead to desired outcome of a quiescent

stem cell derived cardiomyocyte.

9.4 Conclusion

The ultimate aim of this work is to outline the significance of intercell interactions that appear
in cardiac tissue and that these interactions must be considered to properly model cardiac be-
haviour. Both electrophysiological and mechanical models are used in the work presented. As
well as informing on the nature of the cells’ behaviours, all three pieces of work show that is if
these interactions are imbalanced the primary function of AP propagation or muscle contraction
can be affected to the extent of failing to perform.

All three of the pieces of research highlight the impact of the intercell connections. The first
piece of work showed that coupling contracting units in series caused multi-peaked behaviour.
The second showed that pattern and the density of regular fibroblasts (or myofibroblasts) coupled
myocytes with can cause the action potential to fail to propagate. And finally, the work of
coupling hiPSC-CM cells with HEK cells the spontaneous activation of the hiPSC-CM can be
overcome by the presence of HEK cells expressing Ix1. Not only do these pieces of work show
that intercell connections have a profound impact on the behaviour of a system and should be
carefully considered when researching these systems, but they also inform on the future research

outside of mathematical models.
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