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Fibroblast-Myocyte Coupling on Cardiac Pacemaking and Conduction
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Constituting 90-95% of the cardiac non-myocyte cell population, cardiac fibroblasts
can electrically couple to cardiac myocytes by forming gap junctions. The electrical
interaction between cardiac myocytes and fibroblasts plays a vital role in cardiac
fibrosis and arrhythmia related heart disease.

In this thesis, cellular models of fibroblast-myocyte coupling in the rabbit sinoatrial
node (SAN) and atrium were developed to explore the mechanism underlying the
coupling. The effects of coupling fibroblast number and coupling strength between
fibroblast and myocyte on electrical activities of the coupled myocyte were also
investigated. 2D SAN-atrium tissue models with fibroblasts coupled in different ways
were then developed to investigate the effects of the coupling fibroblast number and
coupling strength on action potential initiation and propagation in cardiac tissue.

Our simulation found that the coupling exerts significant effects on the action potential
(AP) waveform of coupled myocyte in the SAN centre under weak coupling (the gap
junction conductance (Ggqp) is less than 0.2 nS), showing a smaller action potential
amplitude (APA), a less negative maximum diastolic potential (MDP), a shortened
APDyo, and a decreased dV/dtmax after coupling with a larger Gg., or more fibroblasts.
Moreover, the spontaneous activity in the SAN centre is abolished under strong
coupling (Ggqp > 1 nS). In contrast, there is no significant changes in AP characteristics
of coupled myocytes in the SAN periphery and atrium under weak coupling. The
APDy increases along with the coupling fibroblast number or Gy, in atrium and SAN
periphery under strong coupling. In the 2D tissue model, the conduction velocity (CV)
increases in coupling regions after coupling with a larger Ggq, or more fibroblasts in
the attachment models. However, it increases in the SAN centre and decreases in the
SAN periphery and atrium in the insertion models. Conduction blocks can be observed
in both models after coupling with a certain number of fibroblasts. Therefore,
fibroblasts are not only able to modulate the electrical activities of individual cells but
also can modify the pacemaking activities and the AP conduction in cardiac tissue.
However, the extent of changes is highly dependent on the electrophysiological
properties of coupled myocytes, coupling fibroblast number and coupling strength
between the myocyte and the fibroblast.
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Chapter 1. Introduction

1.1 Cardiac Anatomy and Physiology

1.1.1 The Heart

The heart is the core component in the circulatory system of human and other animals,
pumping oxygenated blood around the whole body and deoxygenated blood to the
lungs by periodic contractions [1]. The human heart normally weighs between 250 and
350 g [2], [3] and is located approximately in the middle of the chest between the two
lungs. As shown in Figure 1.1, the heart is divided by a muscular wall (the septum)
into two functionally distinct pumps: the left heart and right heart. The tricuspid valve
separates the right heart into the right atrium and ventricle, and the mitral valve
separates the left heart into the left atrium and ventricle. The right atrium collects the
deoxygenated blood from the whole body through the superior and inferior vena cava
and then passes it into the lower right ventricle, where it is pumped into the lungs
through the pulmonary artery. The blood is oxygenated by releasing the carbon dioxide
in the lungs and it then flows into the left atrium through the pulmonary veins. The
oxygenated blood finally circulates into the left ventricle, where it is pumped to the

whole body through the aorta.

1.1.2 The Sinoatrial Node

The sinoatrial node (SAN) is the natural pacemaker of the heart, first discovered by
Martin Flack in a mole’s heart in 1907 [4]. In 1963, Trautwein and Uchizono reported
the relationships between the function and anatomy of the SAN for the first time [5].
As shown in Figure 1.2, The SAN lies at the junction of the crista terminalis (CT) and
the intercaval near the opening of superior vena cava (SVC).

The SAN is a complex heterogeneous tissue that mainly contains fibroblasts and
collagen [6]. No obvious border has been found between the SAN and the surrounding
atrial muscle [7], [8]. From the centre to the periphery of the SAN, the shape and size
as well as the arrangement of the cells change gradually and become more similar to
the cells in the surrounding atrial muscle. As shown in Figure 1.2B and C, the stippled
area represents the small interweaving SAN cell region (SAN centre), the yellow area
indicates the large transitional SAN cell region, and the dashed yellow line indicates

the peripheral SAN tissue, where SAN cells intermingle with atrial cells.
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Figure 1.1 Schematic diagram of the gross anatomy of the human heart. Major
structures and blood vessels are labelled. Arrows imply the directions of the blood
flow. Adapted from Wikimedia Commons and created by Wapcaplet in Sodipodi. The
file is licensed under the ‘Creative Commons Attribution-Share Alike 3.0 Unported’

license.

1.1.3 The Cardiac Myocyte

Cardiac myocytes (Figure 1.3A) are the muscle cells that form the chambers of the
heart, constituting the majority of the myocardial mass. The size and shape of the
cardiac myocytes vary in different organs in different species, it has been found that
the cardiac myocytes are typically cylindrical and have a length of about 100-130 pm
in rat and guinea pig ventricle [9], a length of around 100 pm in rabbit ventricle [10],
a length of roughly 50 to 150 um and a diameter of 5 to 10 um in human heart [11],
and a length of around 25 to 30 pum and a diameter of < 8 um in rabbit SAN [12].
Cardiac myocytes are connected via intercalated disc bridges (porous gap junctions),
which allows the ionic currents to diffuse from cell to cell, forming a strong mechanical
and electrical connection between the neighbouring cells in the myocardium [13]. Gap
junctions are composed of connexin (Cx) proteins. The most abundant gap junctional
protein that has been found in the working myocardium is connexin43 (Cx43); other

Cxs such as Cx40 and Cx45 are also present in the atrial tissue and pacemaker, which
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together with Cx43 play an important role in AP propagation [14]-[16].

compact |

nodal cells

Figure 1.2 Schematic diagram of SAN location in the heart and histology of rabbit
SAN. (A) A dorsal view of rabbit heart showing location and extent of central (red)
and peripheral (green) sinus node tissue; the yellow dot is the leading pacemaker site
[17]. (B) An endocardial view of SAN-atrial muscle preparation. (C) A cross section
through the crista terminalis and intercaval region [7]. The star represents the leading
pacemaker site. The dark yellow represents the SAN cells. The dashed yellow line
represents the extent of SAN tissue overlying the atrial muscle of the crista terminalis.
The brown area represents the atrial muscle. The pink region indicates the connective
tissue. The stippled area indicates the interweaving SAN cells. The grey area
represents the block zone. The superior vena cava (SVC or SCV), interatrial septum
(SEP), inferior vena cava (IVC or ICV) and crista terminalis (CT), Aorta (Ao0),
pulmonary vein (PV), pulmonary Artery (PA), coronary sinus (CS), right atrial
appendage (RA), right ventricle (RV), endocardium (Endo), and epicardium (Epi) are

also labelled.

1.1.4 The Cardiac Fibroblast
The heart contains about 70% non-myocytes and 30% myocytes. The cardiac
fibroblast (CF), constituting 90-95% of the cardiac non-myocyte cell population, is

18



one of the most abundant non-myocyte cells in the heart [14], [18], [19]. The
fibroblasts are widely distributed in cardiac tissue and act as the gap cells separating
the cardiac myocytes. Fibroblasts have diverse morphologies in different locations of
the tissue and during different metabolic activity. However, generally, fibroblasts are
flat and spindle-shaped cells with multiple processes extending from the main cell [18],
which normally contains an oval nucleus and has no basement membrane. Moreover,
the cardiac fibroblasts are sensitive to the chemical and mechanical changes as well as
the electrical signals in the cardiac tissue. Fibroblasts can form a 3D network (Figure
1.3B) by synthesising and expressing the extracellular matrix (ECM) as a response to

those changes to ensure the proper function of the heart.

Figure 1.3 Cardiac tissue structure overview. (A) Histological diagram (transversal
cross-section) of rabbit ventricular myocardium; cardiac muscle cells are labelled pink,
non-myocytes are un-labelled. (B) The network of fibroblasts that surrounds myocyte
clusters of 2—4 cells. Myocytes are labelled red and fibroblasts are labelled blue. The
bright green dots represent the Cx43 and pale yellow-green patches represent the

nucleus. Scale bars of 5 mm in A and 20 um in B.
1.2 Cardiac Electrophysiology

1.2.1 Cell Membrane

The cell membrane is a thin phospholipid bilayer containing a hydrophilic head facing
outward and a hydrophobic tail facing inward (Figure 1.4), separating the intracellular
cytosol from the extracellular environment. The bilayer is impermeable to polar solutes,
including nucleic acids, proteins, and ions, but permits the passive diffusion of the

19



hydrophobic molecules. lons can only be transported through the cell membrane via
some specialised integral protein structures, such as ion channels, ion exchangers, and

ionic pumps.

Outside
of cell Y4

Carbohydrate

Proteins

Cell {
membrane \l

Inside
of cell Protein iy
(cytoplasm) channel Lipid bilayer

Figure 1.4 Schematic diagram of the physical structure of the cell membrane. The
yellow polar head groups separate the brown hydrophobic tails from the aqueous
cytosolic and the extracellular environment. The embedded protein channels are also

shown.

1.2.2 Ion Channels, Exchangers, and Pumps

lon channels are macromolecular pores in the sarcolemma (see Figure 1.3) that allow
the ions to move through the cell membrane according to the electrochemical gradient
formed by the different ion concentrations in the two sides of the cell membrane [20].
Normally, the ions move from a high to a low concentration. lon channels are the most
abundant structure that ions can pass through and have selective permeability for ions.
Generally, each type of channel is only permeable for one specific type of ion, and it
has two distinct processes, activation and inactivation, referred to as gates [20].
Whether or not a current can pass through the ion channel depends on the state of the

gates.

As shown in Figure 1.5, extracellular ions tend to flow into a cell because of the
electrochemical gradient towards the intracellular space. lons can flow into the cell in
state B (Figure 1.5 B). However, for states C and D, as the inactivation gates are
inactivated, the currents cannot flow through the ion channel even though the

activation gate in state C is open.

20



A Extracellular Space B Extracellular Space

o 0]
@ O @ ©
e .%o @0 @
@~ o N e | © ,
w @
2 2
) Of &
Sarcolemma E Sarcolemma o ; E
2 4 2
8 s
8 @ 3
w w
@] k) Intracellular Space @] Intracellular Space
@) @
Extracellular Space Extracellular Space
O
© O © o O 0]
eo_ 9 o o .%o
Q | o o o o ”
o o
o — =)
] o
o o
B 8
Sarcolemma ‘E Sarcolemma E
e 2
I+ G
v o 2
w w
Intracellular Space Intracellular Space
Q ° 9) P © ® e P

Figure 1.5 Schematic diagram of an ion channel. The activation gate (blue) and
inactivation (red) gates in four different states are shown: (A) closed (deactivation),
(B) open, (C) closed (inactivation), (D) closed (deactivation and inactivation). Figure
adapted from [21].

Similar to the ion channels, ion pumps also have selectivity in ion transportation, they
are permeable for one or two types of ions. Moreover, ion pumps can transport ions
against the electrochemical gradient by metabolising energy. For example, through the
Na*/K*" pump, two K" are actively transported into the cell regardless the higher
intracellular concentration; meanwhile, the three Na*™ are moving out the cell despite
the fact that the electrochemical gradient is inward. The ion exchangers can exchange
ions in opposite directions. The directions depend on the concentrations of the ion on
both sides of the cell membrane. The Na*/Ca?* exchanger can exchange a single Ca?*

with three Na* driven by the electrochemical gradient of Na*.
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1.2.3 Action Potential
The cardiac action potential (AP) is the change in the membrane potential (rise and
fall) during a short period after an electrical stimulus is applied. The AP arises from

the transportation of ions through the membrane following the stimulus.

Early le ’
repolarization [{Plateau (2)
(1)
0_ — e o el e e, cem e e SR e s s o e e - - -
Iy
>E Final
< Upstroke — repolarization (3)
(0) KACh S
- o 4
|KAChT Pacemaker -
-------- function ,-*
’ ImTl 4’.'
, APD
LN iy ——— [T
(4) 0.2 seconds NCX{

Figure 1.6 Schematic diagram of an example of cardiac action potential as a function
of time. Five phases are presented: resting (phase 4), upstroke (phase 0), early
repolarisation (phase 1), plateau (phase 2), and final repolarisation (phase 3). The
inward currents (Ina, lca, I, and Na*-Ca?* exchanger (NCX)) are marked by | in yellow
boxes. The outward currents (Ikach, k1, Lo, Ikur, Ik, and Ixs) are marked by 1 in grey

boxes. The figure is from [22].

Figure 1.6 shows the morphology of a typical AP (phases 0 to 4) with related ionic
currents labelled. Phase 0 is the depolarisation phase, also called the upstroke of the
AP, during which, the fast Na* channel is activated; then the Na* current (Iy,) flows
into the cell in a short time. Therefore, the membrane potential becomes more positive
and cells are depolarised. Phase 1 is the early repolarisation, during which the Na*
channel is inactivated and the K channels is activated, the outward transient K"
current becomes the major current, as a result, the membrane potential becomes less

negative. Phase 2 is the plateau of the AP resulting from the short-term balance of
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influx and efflux currents (mainly the L-type Ca?* current, rectifier K™ currents, NCX,
and Na*-K* pump currents). In phase 3, because of the closing of L-type Ca?* channels
and the opening of K* channels, the delayed K" current and inward rectifier K* current
become the dominant currents. A dramatic decrease in the membrane potential can be
observed in this phase; the cells become more repolarised. Phase 4 is the resting phase.
The delayed rectifier K™ channels are inactivated, and the membrane potential returns

to its resting value.
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Figure 1.7 Schematic diagram of an example of cardiac action potential as a function

of time in the SAN cell. The major ionic currents are labelled during the three phases:

phase 0 (upstroke), phase 3 (rapid repolarisation), and phase 4 (diastolic depolarisation)
[23].

Figure 1.7 shows the AP in the SAN with the main ionic currents labelled. As the
primary pacemaker cells in the heart, the SAN cells show different AP characteristics
from the AP of non-pacemaker cells in the heart. It normally has no true resting
potential but is able to generate regular spontaneous APs. In phase 4, the slow Ca?*
currents (Ic.rand Ic,z) are the major depolarising currents versus the fast Na™ currents
in non-pacemaker cells. The AP is then triggered when the membrane potential reaches
the threshold value (-40 and -30 mV). When it enters phase 3, the K" currents are
activated, the AP begins to repolarize and finally reaches a maximum diastolic

potential of -60 mV.
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1.2.4 The Cardiac Conduction System

The adjacent myocytes in the myocardial tissue are normally connected with gap
junctions, which are made of proteins as connexins. The ions can transfer between the
myocytes freely through the abundant ion channels in the gap junctions, therefore, the
APs can be propagated between myocytes via gap junctions (An initial electrical

stimulus is needed for the non-pacemaker myocyte to trigger the AP).

Figure 1.8 Schematic diagram of the cardiac conduction system. Green arrows indicate
the cardiac activation sequence during sinus rhythm. The SAN (sinoatrial node), AVN
(atrioventricular node), PF (Purkinje fibre), RA (right atrium), LA (left atrium), RV
(right ventricle), LV (left ventricle), TV (tricuspid valve), and MV (mitral valve) are
shown. [CC-BY-3.0 (www.creativecommons.org/licenses/by/3.0)], via Wikimedia

Commons. Image by Madhero88.

The SAN located at the top of the right atrium (Figure 1.8) is the natural pacemaker of
the heart. It can spontaneously depolarise and initiate APs. The Bachmann’s bundle
propagates the APs from the RA to the LA. Because of its high conduction efficiency,
the RA and LA can contract at the same rhythm. The atrioventricular node is the
secondary pacemaker in the heart, located in the inferior part of the inter-atrial septum.

It can electrically connect the atrium with ventricle and pass the APs to the
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atrioventricular bundle, where AP can be further propagated to the Purkinje fibres and

then to the ventricular septum in the left and right ventricles.

1.3 Myocyte-Fibroblast Interaction

Individual cardiac fibroblasts have sheet-like structures. They are capable of spreading
and interspersing between myocytes around the myocardium by going through
extended ‘spindle-like’ processes [24]. The connections with myocytes and other
fibroblasts are bridged by connexin junctions. In situ experiments have reported that
fibroblasts have a very large membrane surface area, roughly 720 pm? in rabbit SAN
(membrane folds and cell extensions are not taken into account) [6]. There are high
possibilities that the cardiac fibroblast can interact and communicate with the cardiac
myocytes or other fibroblasts in different ways because of the large membrane surface

arca.

1.3.1 Myocyte-Fibroblast Coupling

Traditionally, fibroblasts have been thought simply to be non-excitable cells that
structurally support adjacent myocytes by expressing ECM (such as collagen and
elastin fibres) and have no electrical communication with cardiac myocytes [19].
However, more recent research both in vitro [25]-[31] and in vivo [32]-[34] has
demonstrated that cardiac fibroblasts can electrically couple to neighbouring myocytes
and fibroblasts by forming gap junctions. According to the morphology of fibroblast
and myocyte distribution found by immunohistochemically labelling and confocal
microscopy technology, three dominant configurations of myocyte—fibroblast
electrical interactions have been reported by Kohl et al. As shown in Figure 1.9 [35],
they are the zero-sided, single-sided, and double-sided connection. In the zero-sided
connection, the fibroblast acts as an obstacle decoupling myocyte pairs. In the single-
sided connection, the fibroblasts are electrically connected to a single myocyte via gap
junctions. In the double-sided connection, the fibroblast serves as a conductor

interconnecting the separate myocytes or fibroblasts.
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D Zero-sided Single-sided Double-sided

I

Figure 1.9 Myocyte-fibroblast connections in the cardiac tissue. A) Cx43 distribution

myocytes
fibroblasts
Cx

at myocyte-myocyte junctions and occasional myocyte—fibroblast junctions in normal
sheep myocardium. B) Cx43 distribution at F-M junctions in normal sheep
myocardium. C) Confocal image of dyed myocyte—fibroblast-myocyte coupling in
rabbit right atrial tissue. D) Conceptual myocyte—fibroblast connections by Cx proteins.
Scale bars =20 pm.

1.3.2 The Significance of Myocyte-Fibroblast Coupling

It has been reported that electrical couplings between fibroblasts and myocytes play
important roles in maintaining the proper AP initiation and conduction. Cardiac
fibroblasts have been found to have a high density in pacemaker tissue. It takes up
about 50% -75% of the cell population in rabbit SAN, much more abundant than in
ventricles[25], [35]. Fibroblasts in the SAN are thought to be able to electrically
connect the separate pacemaker cells and therefore allow synchronic spontaneous
activity in leading the pacemaker and ensure that the sinus impulse is propagated to
the surrounding atrial cells properly [24]. In the atrium and ventricle, the fibroblasts
can modulate the AP propagation by coupling in different ways to maintain the

synchronisation of the electrical conductivity [6], [36], [37]. The positive effects of
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injected fibroblasts on AP conduction in infarcted myocardium reported by in vitro
experiments suggest that myocyte—fibroblast couplings can improve the AP
conduction in injured cardiac tissue [30], [38], [39]. However, in order to better
understand the therapeutic effect on heart injury, the mechanism underlying the
myocyte—fibroblast electrical coupling in different species still needs to be explored in

detail.

1.4 Overview and Aim of the Thesis

There are two main purposes of this thesis:

1. Give insight into the electrophysiological role of fibroblasts in fibroblast—

myocyte coupling.

2. Explore the effects of coupling fibroblast number and coupling strength on

electrical activities in pacemaker and atrial cells.

3. Discuss the coupling effects on AP initiation and propagation in cardiac tissue.
The background knowledge of cardiac physiology and electrophysiology is introduced
in Chapter 1. The numerical methods and the mathematical formula of cell and tissue
models are provided in Chapter 2. The development of cellular models of myocyte—
fibroblast coupling in the SAN and atrium is introduced in Chapter 3. The simulation
effects of coupling fibroblast number and coupling strength on the electrical activities
in myocytes are also presented. The simulation results of the coupling effects on AP
initiation and propagation in tissue models are illustrated in Chapter 4. Finally, In
Chapter 5, the simulation results in cellular and tissue models are discussed. The

conclusions, limitations, and future work are also presented.
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Chapter 2. Mathematical and Physical Basis

2.1 Membrane Current and Potential

2.1.1 Hodgkin-Huxley Equations

To describe the relationship between current and voltage in the membrane of giant
squid axons, Alan Lloyd Hodgkin and Andrew Huxley developed the Hodgkin-Huxley
model in 1952 [40]. It incorporated three ionic currents (Na“, K*, and a ‘leak current’)
and is the basis of most mathematical models to describe excitable cells. As shown in
Figure 2.1, the cell is analogous to a simplified circuit, in which the capacitor
represents the bi-layer cell membrane (Figure 1.4) and the resistances represent the ion

channels.

Outside

INa IK
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EnavT By == E, =

iR
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Figure 2.1 Schematic diagram of the electric circuit model of the membrane. Cn,
represents the membrane capacitance. Ina, Ik, and Ij indicate the corresponding inward
Na" current, outward K" current, and ‘leak current’, respectively. Rna, Rk, and R;
represent the membrane resistance, while Ena, Ex, and E; represent the equilibrium

potential. Figure adapted from [41].

The different ion concentrations on either side of the cell membrane result in a

membrane potential difference across the membrane:
V=44, 2.1)
where ¢ represents the intracellular potential and ¢, is the extracellular potential.
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Therefore, in the capacitor,

v=2 (2.2)

where Cy, is the capacitance, V is the potential difference across the capacitor, and Q

is the change of the capacitor. Thus, the change rate of the membrane potential is

governed by
d_V:id_Q (2.3)
dt C, dt
Therefore,
dv
C,—-=I., 2.4
Tdt ¢ @4)

where |, is the capacitive current. The resistance and each ionic current across the

membrane can be expressed by
l=g/(E-E), (2.5)

where 1 represents the particular ion, I, is the ionic current, g, =1/R, is the

conductance of the channel, E is the membrane potential, and E, is the equilibrium

potential.

According to the Nernst equations [42], the equilibrium potential for each ion is

[i],
i (2.6)

where R is the universal gas constant, R is the temperature, z is the valance of the ion,

i:_l(

F is Faraday's constant, [i] is the extracellular concentration, and [i] is the

intracellular concentration. According to the Kirchhoff’s first law, the algebraic sum
of currents in a network of conductors meeting at a point is zero; thus, combining

Equation 2.4 and Equation 2.5 yields

l,+>.1,=0, 2.7
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thus,
C., ‘ij—\t/ => 1. (2.8)

As three ionic currents (the inward Na* current, outward K current. and ‘leak current)

were considered in the HH model,

_zli:_gNa(\/Na_ENa)+gK(\/K_EK)+gL(VL_EL)' (2.9)

2.2 Action Potential Propagation

The AP propagation in cardiac tissue depends on the gap junction channels, which
bridge the cells and allow ions to flow between the neighbouring cells. Thus, the cells
can share similar electrophysiological features because of the ionic communication.
For example, the concentration of intracellular Na* and the membrane potential is
increased during the upstroke in the excited cell; as a result, more Na" flows to the
neighbouring cells via gap junction channels and elevates their membrane potentials.
When the membrane potentials in the neighbouring cells are increased to their

thresholds, their APs will be triggered.

2.2.1 Monodomain Model

The monodomain model was used in this thesis to describe the AP propagation in
cardiac tissue. The cardiac tissue is assumed to be isotropic in the monodomain model
to reduce the complexity of computation. Both the intracellular and extracellular
potential fields are assumed to have the same anisotropy ratio [43]. Thus, the AP

propagation can be described by

oV l
—=V-D(VV)--tr, 2.10
it (W)-2 (2.10)

m

where |, is the total transmembrane ionic current, representing Zli in Equation 2.8,

Cm is the membrane capacitance, V is the spatial gradient operator, V is the membrane
potential, and D is a tensor of diffusion coefficient that depends on the coupling
conductance [44]. In most of the simulations, the coupling conductance is constant;

thus, Equation 2.10 can be written as
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where D is the diffusion coefficient.

2.2.2 Boundary Conditions
The “no-flux” boundary [45] conditions were applied in our study. It is assumed that
there is no current flow normal to the boundaries in an isolated tissue, which means

that the gradient of the voltage in the direction is zero:
n-DVV =0, (2.12)

where n is the unit vector normal to the tissue surface. The direction of n varies in real
tissue; therefore, an approximation is needed when identifying the normal on the tissue

surface.

In our 2D real tissue simulation (Chapter 4), the 2D slice were discretized into
structured grids and each grid represents a tissue cell. A layer of “ghost cell” was added
on the boundary [46]. In order to make the gradient of the voltage for each cell in
boundary (VV ) equal to zero, the voltage of the “ghost cell” is set to be same as the
voltage of the adjacent boundary cell, therefore, the “no-flux” boundary condition in

real tissue can be ensured.
2.3 Numerical Methods

2.3.1 The Forward Euler Method

The forward Euler method was first proposed by Leonhard Euler and is the simplest
method for solving an ordinary differential equation (ODE) with a given initial value.
The differential equation can be expressed as follows:

dy = f(x,y(xX)) - (2.13)
dx

Given an initial value X, , and a increment, AX (from X, to X, ), according to Taylor’s

n+1

expansion, we can obtain
Yo = Yn +AX- f (Xn’ y(xn)) +O(AX2)’ (214)

where O(Ax?) is the local error, which can be reduced with a forward step that is small
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enough.

2.3.2 The Finite Difference Method

The finite difference method (FDM) is a common numerical method to approximate
the solution of a partial differential equation (PDE) by discretizing the space domains
into structured grids. In a 1D monodomain, the approximation of the second space

derivative at position X can be obtained by using the second-order central difference:

f"(x): f(x+Ax)+fA(:2—Ax)—2f(x), (2.15)

where AX is the spacing step in the grid. Using the forward time difference ( At) and
applying Equation 2.14 to the monodomain model (Equation 2.10), the membrane

potential at time { and position X is governed by

D t-At Vt—At _ Z\/I—At I
th :th—At + At (Vx—Ax + x+A); X ) _Atﬂ
(Ax) Cn

, (2.16)

where V is the function for the membrane potential, |, is the total transmembrane

ionic current, D is the diffusion coefficient at x , At and AX are the time and space

step, respectively.

2.3.3 Stability Criterion
In order to solve the monodomain equation (2.16) in a stable domain, the following
relationship must be satisfied[21], [46]:

where At and AX are the time and space step, respectively. D is the diffusion

coefficient.

2.4 Characterizing Action Potentials in Excitable Cells

As shown in Figure 2.2, both the pacemaker cells and the non-pacemaker cells show
an upstroke during the depolarisation. The maximum upstroke velocity (dV/dtmax) is
the maximum rate of the membrane potential change during depolarisation. The time
corresponding to the maximum upstroke velocity is defined as the activation point.

The time from activation point to the 90% of repolarisation is defined as APDgg. The
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peak amplitude (PA) is the most depolarised potential. The resting membrane potential
(RMP) is the potential of the non-pacemaker cells during the flat resting phase. The
maximum diastolic potential (MDP) refers to the most negative diastolic potential in
the pacemaker cells. The cycle length (CL) in pacemaker cells is the interval between

the MDPs.
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Figure 2.2 Distinguishing features of the action potential in (A) non-pacemaking and
(B) pacemaking cell. The amplitude, peak amplitude, resting potential, maximum

diastolic potential upstroke, notch, and APDyo are labelled. Figure adapted from [46].
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Chapter 3. The Myocyte-Fibroblast Coupling in
Cellular Models

3.2 Introduction

Originating from mesenchymal stem cells, fibroblasts constitute 90-95% of the cardiac
non-myocyte cell population. The interaction between cardiac myocytes and
fibroblasts plays a vital role in cardiac fibrosis and arrhythmia related heart disease.
Pathological fibrosis and myocardial remodelling caused by injury, ageing,
inflammation, infarction, hypertrophy, and ischemia are closely associated with
increasing fibroblast density and ECM accumulation in the heart [31], [47], [48]. It is
particularly important to understand the mechanism underlying the myocyte—

fibroblast interaction physiologically and pathologically.

In vitro experiments have directly demonstrated the existence of electrical coupling
between cardiac myocytes and fibroblasts. The effects of fibroblasts on the electrical
activities in cardiac cells and tissues have been widely studied. Miragoli et al. [27]
studied impulse conduction in a cultured neonatal-rat myocyte strand with coated
fibroblasts and found that the conduction velocity (CV) of voltage impulse in the
myocyte strand was slowed down and the maximum upstroke velocity (dV/dtmax) of
myocytes was decreased after coating more fibroblasts. McSpadden et al. also reported
that the CV in the cultured monolayer of neonatal-rat cardiac myocytes was decreased
along with the increasing density of fibroblasts [49]. Gaudesius et al. illustrated that
an electrical impulse was propagated between myocytes interconnected with a strand
fibroblast of a length of up to 300pum in their co-cultured experiment. A larger
conduction delay was shown after increasing the length of the interconnecting

fibroblast strand [26], [27].

Some computational models also have been developed in silico to investigate the more
detailed mechanism underlying the electrical interactions between myocytes and
fibroblasts. Kohl and Noble [50] developed a cellular model of a SAN myocyte with
a single fibroblast coupled and found that the myocyte—fibroblast coupling could
increase the pacemaking rate. By integrating Tusscher-Noble-Noble-Panfilov’s human
ventricular myocyte model with an active fibroblast model, MacCannell et al. found

that fibroblast-myocyte coupling could result in a more hyperpolarised action

34



potential plateau, a shortened action potential duration (APD), and a more positive
resting membrane potential (RMP) in coupled myocyte [51]. Malecker et al. [52]
simulated the coupling effects on the excitability and repolarisation of myocytes by
coupling two different types of fibroblast models to a human atrial myocyte. Their
results demonstrated that the changes in the waveform of myocytes are highly
dependent on the coupling strength, electrophysiology of the fibroblast, and coupling

frequencies.

Studies of coupling mechanism in cellular models have been conducted since the
1990s. According to the most recent research, cardiac fibroblasts are a capacitor that
is charged during depolarisation phase of coupled myocyte and discharged during
repolarisation phase. However, most of the conclusions come from computer
simulations in non-pacemaker cells. Whether there are different coupling mechanisms
in pacemaker because of their unique electrophysiological properties is still unknown.
Therefore, in this thesis, we developed cellular models of fibroblasts coupling with
SAN centre, periphery, and atrial cells to explore the mechanisms underlying coupling
in detail. The effects of coupling fibroblast number and coupling strength were also
studied.

3.2 Method

3.2.1 Myocyte-Fibroblast Coupling

To study the myocyte—fibroblast coupling effects on the SAN and atrial myocytes, we
used the cell-to-cell coupling model introduced by MacCannell [51]. As shown in
Figure 3.1, a selected number of fibroblasts were assigned to couple with a single
myocyte via gap junctions. The membrane potential of the myocyte is governed by the

following differential equation:

dv 1 :
dm :__|:Im(vm’t)+Istim+ZGgap(Vm _Vf):|’ (31)
t C., i~0

where V and V, represent the membrane potential of myocytes and fibroblasts,
respectively. C_ is the membrane capacitance of the myocyte, | is the sum of ionic

currents of the myocyte, and | represents the stimulus current applied to atrial

stim

myocytes, which is set to 0 in the SAN cells. Ggqp 1s the gap junction conductance, and
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i=0 represents no fibroblast is coupled to the myocyte, n represents the number of

fibroblasts coupling.

Similarly, the membrane potential of fibroblast is regulated by the following

differential equation:

dv, 1
E:_C_f[lf (Vf ’t)+Ggap(Vf _Vm)]’ (3-2)
where C; represents the membrane capacitance of the fibroblast and I, is the

transmembrane current of fibroblast.

A Fibroblast B gap

Gm% =C, Gf% = G
E E;

Myocyte Fibroblast

Figure 3.1 Schematic diagram of the myocyte-fibroblast coupling. (A) A single
myocyte is coupled to a selected number of fibroblasts. (B) An electrical circuit of a

myocyte-fibroblast coupling. Figure adapted from [53].

Ggeap 1s a very important parameter in myocyte-fibroblast coupling representing the
coupling strength. According to the co-cultured experiment on neonatal rat cardiac
myocytes coupled with fibroblasts conducted by Rook et al., it varies from 0.31 nS to
8 nS [25]. In computational models, the G,y value was set in a very wide range of 0.05
- 80 nS. In our study, G Was set in the range of 0 - 8 nS; when Ggqp 1s 0 nS, there is
no coupling between the fibroblast and myocyte. In addition, we consider it as a weak
coupling when Gy 1s less than 0.2 nS and a strong coupling when Gggp 1s larger than

1 nS.

A myocyte—fibroblast-myocyte model (M-nF-M, corresponding to the double-sided
connection) was also developed to investigate the capability and the efficiency of the
propagation of APs in a strand of fibroblasts. A Ggs of 0 - 30 nS was selected for
myocyte—fibroblast coupling; the value of Gy for fibroblast—fibroblast coupling was
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assumed to be the same as it is in fibroblast-myocyte coupling. Therefore, the
transmembrane potential for the myocyte is shown in the following differential

equation:

dv 1
dtm :_C_[Im(vm’t)_'_Istim+Ggap(Vm _Vf,a)]’ (33)

where V, , represents the membrane potential of the first or last fibroblast in the strand

and |, is the stimulus applied (set to O for the last myocyte).

stim

The membrane potential for the k™ fibroblast in the strand is governed by Equation

3.4:

dvi 1

Lk = _c_f[lf'k (Vi 1)+ 8y (V4 —Vy s =V i) | (3.4)

where V,, and |, are the membrane potential and total ionic current of the k"
fibroblast, respectively, while V,, , and V, , are the membrane potentials of the
previous and next fibroblast, respectively. For the first fibroblast in the strand, V, ,
is replaced by V, of the first myocyte, similarly for the last fibroblast, V, ., is

replaced by V, for the last myocyte.

3.2.2 Models of SAN

To explore the coupling effects of fibroblasts on central and peripheral SAN myocytes,
we used Zhang’s rabbit SAN model [44], [54]. As shown in Equation 3.5, the total
ionic current (frot,san) in SAN incorporates a TTX-sensitive Na* current (Ins), L-type
Ca®" current (Icaz), T-type Ca®" current (Ica7), 4-AP-sensitive currents (I, and Lys),
rapid delayed rectifying K current (Ix,), slow delayed rectifying K* current (/ks),
hyperpolarisation-activated current (), pump current (1), exchanger currents (/yaca),
and background current (/, including Ipna, Isca, and Ipk). Cells were assumed to be
larger in the SAN periphery with a membrane capacitance of 65 pF and relatively small

in the SAN centre with a membrane capacitance of 20 pF.

lotsan = Tha tlear Floar T lotla e o 1+ 1+ e + Ip ................
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3.2.3 Model of Atrial Myocyte

We used the cell model in rabbit right atrium developed by Lindblad [55] and modified
by Aslanidi [56]. As shown in Equation 3.6, the total ionic current of the atrial myocyte
(Ltotarrium) incorporates the fast Na* current (Inq), L-type Ca®" current (Ic..), T-type Ca?*
current (Icq7), and transient and sustained outward currents (I, and Zus), fast, slow, and
inward delayed rectifier K™ currents (I, Iks, and Ix;), background currents (IbNa, Ibca),
pump current (Inax), and exchanger current (/vaca). The membrane capacitance of the

atrial cell model was set to 50 pF. The cycle length (CL) was set to 500 ms.

I = INa + ICa,L + ICa,T + Ito + Isus + IK,r + IK,s + IK1+ Ib,Na + Ib,Ca + INaK + INaCa (36)

tot,atrium

3.2.4 Model of Cardiac Fibroblast

We used the ‘active’ fibroblast model developed by MacCannell et al. [51], which
incorporates four ionic currents; as shown in Equation 3.7, they are the time- and
voltage-dependent fibroblast K* current (/x»), inward-rectifying K* current (Ix;), pump
current (Iyax), background Na" current (Ipna). The membrane capacitance of fibroblast
was set to 6.3 pF, according to the experimental data measured from an isolated cardiac

fibroblast.
Lot siore = Tk T 1k T Tona F TNk +oeeemmmememeeeeieins (3.7)

3.3 Results

3.3.1 Effects of Coupling Strength under Weak Coupling

To investigate the effect of coupling strength on the electrical activity in SAN and
atrial myocytes under weak coupling (definition in section 3.2). A single fibroblast was
coupled to the myocyte in the SAN centre (CSAN), SAN periphery (PSAN), and
atrium (Ggap = 0 - 0.2 nS), respectively.

Generally, as shown in Figure 3.2G—I, when there is no coupling (Gesp = 0 nS) the
membrane potential of the fibroblast remains at its resting potential level and there are
no gap junction current flows between fibroblasts and myocytes. After a fibroblast is
coupled to the myocyte, the /y,py changes along with time, which is negative during the
early depolarisation and late repolarisation phase of the AP of coupled myocytes,
suggesting an inward current flowing from the fibroblast to the coupled myocyte. The

leqp remains positive during the rest of the depolarisation and repolarisation phase,
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indicating an outward current from the coupled myocyte to the corresponding
fibroblast. Meanwhile, the membrane potential of the fibroblast mimics the AP in the
coupled myocyte and forms an action potential-like shape but with a much lower peak
amplitude (PA) (Figure 3.2D-F). The PA of the myocyte and the corresponding
coupled fibroblast depends on the gap junction conductance (Ggqp). After coupling
with a larger Ggqp, the PA of the coupled fibroblasts and the peak /¢, increased; the PA
of the myocyte is reduced in the CSAN, but remains almost unchanged in the PSAN

and atrium.
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Figure 3.2 Effects of Ggs on electrical activities of the myocytes and coupled
fibroblasts as a function of time. The membrane potential of the myocyte (A, B, and
C) and the coupled fibroblast (D, E, and F) as well as the gap junction current (/gap)
(G, H, and I) in the CSAN, PSAN, and atrium after coupling with a single fibroblast
with a Ggqp 0f 0, 0.06 nS, 0.12 nS and 0.18 nS.

In the CSAN, the quantified changes in AP characteristics are shown in Figure 3.3.
After coupling with a larger Ggap, the PA becomes less depolarised and the MDP
becomes more positive; as a result, the myocyte APA shows marked reductions

(reduced by 9% with a Ggap 0of 0.06 nS and 18.5% with a Ggap 0f 0.12 nS compared to
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the control value). The spontaneous activity is abolished with a Ggap 0f 0.18nS (Figure
3.3A). Meanwhile, a decreased dV/dtmax (from 2.66 V/s to 1.35 V/s), a shortened CL
(by 14%), and a shortened APDyo (by 13.5%) can also be observed in Figure 3.3B-D
when Gggp is increased from OnS to 0.18 nS, which indicates a slower upstroke and a

faster pacemaking rate.

Figure 3.4A shows the total transmembrane current (Iw¢) of the myocyte under control
conditions and weak coupling. A reduction in the it can be observed after coupling
with a larger Ggp. For example, it is decreased by 7.9% with a Ggp of 0.06nS and
14.7 % with a Ggap of 0.12nS compared to the control value, and it finally vanishes
when Gggp 1s increased to 0.18nS. When the Gggp is increased from 0 to 0.06nS and
0.12nS, the peak IcaL decreases by 12.3% and 24.5%, and the peak Ik is decreased by
10.6% and 19.4% (Figure 3.4C and B). Both currents vanish when Ggap is increased to
0.18 nS. The reductions in Iy, Icat, and Ir can also be observed in Figure 3.4D-F after

Ggap 15 increased.

In the PSAN, as shown in Figure 3.5, the changes in AP characteristics of myocyte are
relatively small as compared to the CSAN. When the Ggqp is increased from 0 to 0.18
nS, the dV/dtmax declines by 4.6% from 67.6 V/s to 64.5 V/s (Figure 3.5B), which
indicates a slower depolarisation rate. The APDyg is shortened and the CL is increased
slightly after coupling with a larger Ggqp. Moreover, after increasing Ggqp to 0.18 nS,
the changes in the PA and MDP are much smaller in comparison to the CSAN. The
changes in the /,; and each individual current are much smaller compared in the CSAN

model (Figure 3.6A).

In the atrium (Figure 3.7), after the Ggqp 1s increased from 0 to 0.18 nS, the dV/dtmax
shows only a small decrease, the APDsg is shortened by 3.6% decreasing from 51.6 ms
to 49.7 ms, the APDyo is shortened first and then increased to 86.1 ms versus 85.3 ms
in control, the PA decreases slightly, and the RMP becomes less negative. The coupling
effects on the transmembrane currents are shown in Figure 3.8. When the Ggqp 1s
increased from 0 to 0.18 nS, the Icaz, Ina and I, do not show significant changes, in

contrast, the /x- and Ix; are weakened by 7.6% and 8.5%, respectively.
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Figure 3.3 Effects of Ggqp on the AP characteristics of myocytes in CSAN under weak
coupling. Changes in the (A) AP, (B) dV/dtmax, (C) CL, (D) APDyo, (E) PA, and (F)
MDP of the coupled myocytes.
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Figure 3.4 Effects of Ggqp on the transmembrane currents of myocytes in the CSAN
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Figure 3.8 Effects of Ggqp on the transmembrane currents in myocytes in the atrium
under weak coupling as a function of time. Changes in the (A) oz, (B) Ikr, (C) Ing, (D)
Lo, (E) Icar, and (F) Ixs of myocytes after coupling with a single fibroblast with a Ggqp
0f 0.06 nS, 0.12 nS and 0.18 nS, respectively.

3.3.2 Effects of Coupling Strength under Strong Coupling

The spontaneous activity is abolished when Ggqp is larger than 0.18 nS in the CSAN.
Therefore, in this section, we study only strong myocyte—fibroblast coupling in the
PSAN and atrium by coupling a single fibroblast to a myocyte with a Ggs of 2 nS, 4
nS and 8 nS, respectively. As shown in Figure 3.9A, when the Gy 1s increased from

2 nS to 4 nS, the dV/dtmax 1s decreased from 64.9 V/s to 63.34 V/s while the APDyy is
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slightly prolonged. The strong coupling results in a larger PA in the fibroblast. It
increases along with Gggp (from 16 mV with a Ggqp 0f 2 nS to 17.86 mV with a Gggp of
4 nS and 21.3 mV with a Ggs of 8 nS). The peak outflow current (Igp > 0) is
strengthened, but the outflow duration is shortened, which means that the

modifications in the depolarisation of coupled myocytes become greater.
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Figure 3.9 Effects of Ggp on the AP characteristics of myocytes in the PSAN under
strong coupling. Changes in the (A) AP of myocytes, (B) membrane potential of
fibroblasts, (C) ewp, (D) dV/dtmax, and (E) APDyg in the coupled myocyte.

Figure 3.10 shows the coupling effects on transmembrane currents in control
conditions and under strong coupling. After coupling with a Gggp 0f 2 nS, the It and
each individual current is slightly weakened, and the CL of each current is also
prolonged with respect to the control value. However, the further increase in Ggap does

not exert significant effects on each individual current.
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Figure 3.10 Effects of Gg4p on the transmembrane currents of myocytes in the PSAN
under strong coupling as a function of time. Changes in the (A) fior, (B) Ikr, (C) Ina, (D)
L1, (E) IcaL, and (F) Ir in the myocytes after coupling with a single fibroblast with a
Ggap 0f 0,2 nS, 4 nS and 8 nS.

In the atrium, as shown in Figure 3.11A, the PA of myocytes under strong coupling is
small versus the control value. After the Gy, 1s increased from 2 to 15 nS, the dV/dtmax
is decreased from 160.6 V/s (control) to 151.78 V/s (Gesp = 15 nS), suggesting a
decrease in the depolarisation rate (Figure 3.11D). The APDoo shows a distinct change
compared to the weak coupling case, which is first prolonged (by 1.9%) and then
followed by a plateau when Ggqp 1s over 6 nS (Figure 3.11E). The PA of the coupled
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fibroblast becomes larger comparing to under weak coupling, which increases along

with the Gggp.
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Figure 3.11 Effects of G,., On the AP characteristics of myocytes in the atrium under
strong coupling. Changes in the (A) AP of myocytes, (B) membrane potential of
fibroblast, (C) Izap, (D) dV/dtmax, and (E) APDo.

Figure 3.12 shows the coupling effects on transmembrane currents under control
condition and strong coupling (Geap = 2, 4, 8 nS). After coupling a fibroblast with a
Ggap of 2 nS, the Icar and Ing are strengthened by 4% and 4.1%, respectively (Figure
3.12C and E). The outward currents including /-, 10, and Ixs are weakened (Figure
3.12B, D and F). Further increasing Ggqp to 8 nS, the peak /i, and Iy, are declined
dramatically (28.2% in I;o; and 26.5% in Iy.), while the outward currents do not show

significant changes.
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Figure 3.12 Effects of G, 0On the transmembrane currents of myocytes in the atrium
under strong coupling as a function of time. (A) L, (B) Ixr, (C) Ing, (D) Lo, (E)lcar,
and (F) Irin myocytes after coupling with a single fibroblast with a Gg., 0f 0, 2 nS, 4

nS and 8 nS, respectively.

3.3.3 Effects of Coupling Fibroblast Number under Weak Coupling

To investigate the effect of coupling fibroblast number on electrical activity in the
SAN and atrium under weak coupling, a myocyte was coupled to a varying number of
fibroblasts (0 to 15) with a fixed Ggqp 0f 0.01 nS. Generally, after coupling with more
fibroblasts, the peak /g4 is enlarged (Figure 3.13G-I), and the membrane potential
amplitude of each coupled fibroblast decreases in the CSAN but does not show
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significant changes in the PSAN and atrium (Figure 3.13D-F). After coupling with 15
fibroblasts in CSAN, the spontaneous activity in myocytes is abolished, the lqp
vanishes and the membrane potential of each coupled fibroblast decreases to its resting
value. The myocyte APA shows a marked reduction in the CSAN but does not change
significantly in the PSAN and atrium.
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Figure 3.13 Effects of coupling fibroblast number on electrical activity in the myocytes
and coupled fibroblasts in the SAN and atrium under weak coupling as a function of
time. The simulated membrane potential changes in myocytes (A, B, and C) and
coupled fibroblasts (D, E, and F) as well as the gap junction current (G, H, and I) in
the CSAN, PSAN, and atrium after coupling with a Ggsp 0f 0.01 nS.

In CSAN, as shown in Figure 3.14, after coupling with more fibroblasts, the PA
decreases and the MDP becomes less negative in myocytes. The APA is declined by
7.7% with 5 fibroblasts and 17.3% with 10 fibroblasts. The dV/dtmax also shows a
reduction of 12.8% and 28.9% after coupling with 5 and 10 fibroblasts, decreasing
from 2.66V/s (control) to 2.32 V/s (5 fibroblasts) and 1.89 V/s (10 fibroblasts),
respectively. The CL and APDyo are shortened by 12.6% and 12.8%, respectively after
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coupling with 10 fibroblasts. When the coupling fibroblast number is increased to 15,
the spontancous activity in the CSAN is abolished. The effects of the coupling
fibroblast number of fibroblasts on the transmembrane currents are presented in Figure
3.15, with an increase in the coupling fibroblast number from 0 to 10, both the outward
current and inward current are weakened, resulting in a reduction of 17.3 % in /.. The

Lo vanishes after coupling with 15 fibroblasts.

In the PSAN, as shown in Figure 3.16A, the effects of coupling fibroblast number on
the AP are very small in the PSAN versus in the CSAN under weak coupling. After
coupling with 15 fibroblasts, the PA is decreased slightly and the MDP becomes less
negative, therefore resulting in a small reduction in APA; the dV/dtmax 1s decreased
from 67.6 V/s (control) to 65.50 V/s; the CL and APDyo are both shortened slightly.
Figure 3.17 shows the effect of coupling fibroblast number on the transmembrane
currents of myocyte. The results suggest under weak coupling, even coupling with 15
fibroblast, the changes in each transmembrane current in PSAN are still very small

compared to the results in the CSAN.

In the atrium, as shown in Figure 3.18, when the coupling fibroblast number is
increased from O to 15, the dV/dtmax drops from 163.3 V/s to 157.8 V/s, by 3.4%, and
the APDso and APDy are shortened by 28.3% and 3.4%, respectively. The PA becomes
less depolarised, with a reduction of 5.9%, while the MDP becomes more positive,
with an elevation of 2.3%. As illustrated in Figure 3.19, the coupling fibroblast number
does not exert significant effects on the /s and inward currents (/c.z and In,) in coupled

myocytes, while the outward currents Ik, and Ixs are slightly strengthened.
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Figure 3.14 Effects of coupling fibroblast number (n) on the AP characteristics of
myocytes in the CSAN under weak coupling. Changes in the (A) AP, (B) dV/dtmax, (C)
CL, (D) APDyo, (E) PA, and (F) MDP in the coupled myocytes.
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Figure 3.16 Effects of coupling fibroblast number (n) on the AP characteristics of
myocytes in the PSAN under weak coupling. Changes in the (A) AP, (B) dV/dtmax, (C)
CL, (D) APDq, (E) PA, and (F) MDP of the coupled myocytes.
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Figure 3.18 Effects of coupling fibroblast number (n) on the AP characteristics of
myocytes in the atrium under weak coupling (Ggap = 0.01 nS). Changes in the (A) AP,
(B) dV/dtmax, (C) CL, (D) APDyo, (E) PA, and (F) MDP of the coupled myocyte.
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Figure 3.19 Effects of coupling fibroblast number (n) on the transmembrane currents
of myocytes in the atrium under weak coupling as a function of time. Changes in (A)
Liot, (B) Ikr, (C) INa, (D) Lio, (E) Icar, and (F) Irafter coupling with an increasing number
of fibroblasts (Ggqp=0.01 nS).

3.3.4 Effects of Coupling Fibroblast Number under Strong Coupling
In strong coupling case, a varying number of fibroblasts (0, 2, 4, and 8) were coupled

to a myocyte in the SAN and atrium with a Ggqp of 1 and 10 nS. Our previous study
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suggests that the spontaneous activity of myocytes in the CSAN is abolished when
Geap is increased to 0.18 nS, therefore, we just discuss the effects of coupling fibroblast

number on myocytes in the PSAN and atrium in this section in the strong coupling

case.
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Figure 3.20 Effects of coupling fibroblast number (n) on myocytes in the PSAN with
different coupling strengths: (A—C) weak coupling with a G, 0f 0.1 nS, (D-F) strong
coupling with a Ggqp of 1 nS, (G—H) strong coupling with a Gg of 10 nS. Coupling
effects on the AP of myocyte (A—G), the membrane potential of fibroblasts (B—F), and
APDyo of myocytes (C-I) are shown.

Figure 3.20 shows the effects of coupling fibroblast number on the AP of myocytes,
the membrane potential of fibroblasts, and the APDyg of the coupled myocytes. The
coupling fibroblast number exerts a larger effect on the AP with a Ggqp of 1 nS (Figure
3.20D) and 10 nS (Figure 3.20G) in comparison to the results under weak coupling
(Figure 3.20A). The APDoo decreases along with the increase in the coupling fibroblast
number when Ggp is 0.1 nS (from 85 ms with 2 fibroblasts to 82.8 ms with 8
fibroblasts). However, it shows a distinct change under strong coupling, where it is
prolonged by 12.4% (Ggap = 1 nS) and 21.5% (Ggap = 10 nS) as the coupling fibroblast

number is increased from 2 to 8. Moreover, the reductions in the PA and dV/dtmax
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resulting from the increase in the coupling fibroblast number become more significant

with a larger Ggqp (Figure 3.21).
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Figure 3.21 Effects of coupling fibroblast number on the characteristics of the coupled
myocytes in the PSAN : (A) PA; (B) dV/dtmax.

In the atrium, as shown in Figure 3.22, with the increase in coupling strength, the
effects of coupling fibroblast number on both myocytes and coupled fibroblasts
increase. While coupling with a Gga of 0.1 nS, the increasing coupling fibroblast
number exerts a marked effect on the dynamics of myocyte repolarisation. After
coupling with 8 fibroblasts, the accelerated repolarisation results in a reduction of 2.6%
in APDgg versus the control. The dV/dtmax 1s also decreased from 163.3 V/s to 158.5
V/s. More profound effects in the AP of myocytes can be observed after coupling with
a Ggap of 1 nS as shown in Figure 3.22D and G. After the coupling fibroblast number
is increased from O to &, the PA is decreased from 28.9 mV to 13.2 mV, the APDyg is
prolonged by 41.4%, suggesting a slower repolarisation process, and the dV/dtmax is
decreased by 13.6% from 163.3 V/s to 141 V/s. When Ggqp 1s 10 nS, the prolongation
of APDgo becomes even more significant, which is increased by 71.5% with 7
fibroblasts. The AP is abolished when coupling with more fibroblasts. The reduction
in dV/dtmax also increases (Figure 3.23B, from 163.4 V/s in the control to 61.7 V/s with
7 fibroblasts). Moreover, the peak membrane potential of each coupled fibroblast
becomes more depolarised with a larger Ggqp. It decreases along with the increase in

the coupling fibroblast number with a fixed Ggap.
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Figure 3.22 Effects of coupling fibroblast number (n) on myocytes in the atrium with
different coupling strengths : (A—C) Ggqp = 0.1 nS, weak coupling; (D—F) Ggqp =1 nS,
strong coupling; and (G—H) Ggqp = 10 nS strong coupling. Coupling effects on the AP
of myocytes (A—G), the membrane potential of fibroblasts (B—F), and APDgy of

myocytes are shown.
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Figure 3.23 Effects of coupling fibroblast number on the characteristics of myocytes
in the atrium: (A) PA and (B) dV/dtmax.
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3.3.5 Action Potential Propagation in M-nF-M Connection

A Ggqp 0f 0-30 NS was selected to investigate the effects of G, 0N AP propagation in
myocyte—fibroblast-myocyte (M-F-M) connection. As shown in Figure 3.24, when no
fibroblast connects the two myocytes, the membrane potentials of the first fibroblast
and the last myocyte remain at 0. When the Ggq, is over the threshold value (6 nS), the
AP can be propagated to the next myocyte via a connecting fibroblast. The
electrophysiology of both myocytes shows some significant changes as compared to it
in control. The repolarisation process of the AP in the first myocyte becomes more
complicated, involving a second depolarisation after the AP enters its repolarisation
process (Figure 3.24A). Moreover, with an increase in Gg., from 7 nS to 24 nS, the PA
of the first myocyte drops by 81.4% from 20.4 mV to 7.8 mV, while the PA of the last
myocyte shows an inverse change, increasing from 10.6 mV to 12.37 mV. The
dV/dtmax Of the first myocyte is decreased from 148.8 V/s to 131 V/s, whilst the
dV/dtmax in the last myocyte is increased from 116.4 V/s to 142.7 /s (Figure 3.24D).

The AP propagation from the first myocyte to the next myocyte interconnected with a
strand of fibroblasts (M-nF-M) was also studied. We selected a varying number of
connecting fibroblast (0, 3, 5, and 7), and G, Was set to 18 nS for each coupling
number. As shown in Figure 3.25, the AP waveform of the first myocyte is
significantly modulated after connecting with another myocyte with simply one
fibroblast with a Gg,, of 18 nS. The PA is dramatically decreased by 58%, and the
APDyy is prolonged by 12.5%. After increasing the coupling fibroblast number from 1
to 6, the PA of the first myocyte does not show significant changes, whereas it is
decreased from 12.4 mV to -2.53 mV in the last myocyte (Figure 3.26A). The APDog
in both myocytes is prolonged first and then dramatically decreases (Figure 3.26B).
The dV/dtmax in the first myocyte does not show significant changes, but declines by
62.3% from 138 V/s with 1 fibroblast to 52 V/s with 6 fibroblasts (Figure 3.26C). The
conduction time for AP to be propagated from the first myocyte to the last myocyte is
increased from 2.9 ms with 1 fibroblast to 25.9 ms with 6 fibroblasts. The AP of the
last myocyte cannot be activated when the interconnecting fibroblast number is more
than 6.

62



A A0y == Control B
5. — G, =8nS
* — Gy, = 16108
; * — Gyp=2418 ;
E 20} g
e <
> on
—80 F

C 40, D
=

= 2
E -
> 5
2

= g
g =
g a
> =

0 100 200
Time (ms)

24 .

15+

160

135}

110

82¢

74

—e—First Myocyte
—s+—Last Myocyte

1y

11 16 21
Gygp (0S)

26

Figure 3.24 Effects of G4, 0n the electrical activities in the M-F-M connection : (A)
AP of the first myocyte, (C) membrane potential of fibroblasts, (E) AP of the last

myocyte, (B) PA, (D) dV/dtmax, and (F) APDeo.

63



A A0y - - Control B 407

[ —n=3
AN —n=5
\ —n=7

> >

E E

E £

be >

—80F , , , ,
0 100 200 0 100 200
Time (ms) Time (ms)

Figure 3.25 Simulated results of AP propagation in M-nF-M strand configuration. (A)
AP of the first myocyte; (B) AP of the last myocyte.

A 307 —e—First Myocyte B 104
—+—Last Myocyte
_ g
> =
E o} S 7
g =
=10 . . ‘ 70
C 160 D 30
@
2 —
£ 95 E s}
—O -
; <
S}
30 : ; . 0 : : .
1 4 7 1 4 7
Coupling Number Coupling Number

Figure 3.26 Effects of fibroblast number on the AP characteristics of myocytes in M-
nF-M strand configuration. (A) PA, (B) APDo, (C) dV/dtmax, and (D) conduction time

from the first myocyte to the last myocyte.

64



3.4 Summaries and Discussions

The coupling effect of fibroblasts on the electrical activity of myocytes in the central
SAN, peripheral SAN, and atrium were simulated in three fibroblast-myocyte
coupling models: a CSAN model, PSAN model, and atrial model. The effects of Geqp
and coupling fibroblast number on coupling were also investigated. Table 3.1 shows
the coupling effect on the AP characteristics in each model under different coupling

conditions.
Weak Coupling Strong Coupling
N=1, Gep=0.01nS  N=1,  Ggp=10nS
Ggap 1 N1 Geap 1 N1
APA ) ! - -
dV/dtmax ! ! — -
CSAN
APDgg l ! — _
CL ! ! - -
APA ! } } !
dV/dtmax ! ! ! I
PSAN
APDo ! ! T T
cL 1 ! 1 1
APA ! ! ! !
dV/dtmax ! ! ! I
Atrium
APDyg ) ! T 7
APDso ! l ! !

Table 3.1 Coupling effects on characteristics of myocytes in the SAN centre (CSAN),
SAN periphery (PSAN) and atrium. N is the coupling number, — represents not
applicable, 1 represents an increase, | represents decrease, and |1 represents a

decrease followed by an increase.
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3.4.1 Mechanism Underlying the Coupling

Generally, the fibroblast acts as a leaky capacitor in the myocyte—fibroblast coupling.
It has a more positive resting membrane potential versus myocytes. Therefore, when
the fibroblast is coupled to a myocyte, the current flows from fibroblasts to myocytes
through the gap junction channels because of the drive of the potential gradient (/g <
0, outflow). After they reach the same potential (/4 = 0), the ongoing depolarisation
process of myocytes produces a reversal potential gradient; therefore, the current starts
to flow back to charge the fibroblast (/g4 > 0, reflow), and the membrane potential of
coupled fibroblasts increases along with the increase in /gqp. During the repolarisation
phase of myocytes, when the membrane potential of a myocyte drops to the same level
as that of the fibroblast (Igap = 0), the charging process of the fibroblasts stops and the
discharge process begins; the current flows to the myocyte from the coupled fibroblast
(Igap < 0, outflow). The duration of each process greatly depends on the gap junction

conductance (Ggqp) and the coupled fibroblast number.

3.4.2 Effects of Ggap and coupling fibroblast number on AP Waveform

The dV/dtmax represents the maximum upstroke rate in myocytes. As shown in Table
3.2, it decreases along with the increase in Gy after coupling with a single fibroblast.
The result is consistent with in vitro studies in the murine SAN [47] and atrium [57].
This is because the increase in Ggqp produces a greater Igqp flowing from the myocyte
to the fibroblast during the upstroke of the myocyte; as a result, the upstroke rate
becomes slower. A reduction in dV/dtmax can also be observed after increasing the
coupling number with a fixed Ggap, because of the enlargement of total /o, leaking

from the myocyte to the fibroblasts as shown in section 3.3.3.

The dominant current during the upstroke of a myocyte is /c.. in the CSAN and Iy, in
the PSAN and atrium. The larger time constant in Ic.z results in a slower upstroke in
the CSAN. After coupling with a fibroblast, currents flow out from the myocyte
through the gap junction to charge the coupled fibroblast; therefore, the upstroke in the
CSAN can be abolished when Gy 1s increased to a certain value. This explains why
the AP initiation in the CSAN is abolished under strong coupling. For myocytes in the
PSAN and atrium, the effects of coupled fibroblasts on the depolarisation of the
corresponding myocytes are much smaller, because of the high intrinsic upstroke rate,

showing a small decrease in dV/dtmax.
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The PA of the myocyte also becomes less depolarised after coupling with a larger Ggup
or more fibroblasts, which can be attributed to the reduction in dV/dtmax. Moreover,
because of the more positive resting membrane potential of coupled fibroblasts, the
MDP (maximum diastolic potential in the SAN) and RMP (resting membrane potential
in the atrium) of the corresponding myocyte are also elevated after coupling with a
larger Ggqp or more fibroblasts. As a result, the APA is decreased to different degrees
in the CSAN, PSAN, and atrium. This result agrees with the in vivo experiments

conducted by Ursell et al. [33] and Davis et al. [58].

Both CL and APDy are shortened in the CSAN model after coupling with larger Ggap
or more fibroblast under weak coupling because of the elevation of the RMP. The gap
current flowing from the fibroblast to the coupled myocyte is able to decelerate the
repolarisation of myocyte and therefore results in a larger CL during the discharging
process. The significant decrease in APA can also lead to a remarkable reduction in
CL, which is more significant in comparison to the increase in CL resulting from the
current flowing from the fibroblast. As a result, the CL and APDyg are shortened,
suggesting a faster pacemaking rate in the CSAN.

In the PSAN model, the charging process of the fibroblast is very slow under weak
coupling, which takes a large portion of repolarisation phase. The discharge process
does not start until the very end of the repolarisation. With the increase of Ggap, the
early repolarisation rate is accelerated as the greater current flows to charge the
coupled fibroblast, therefore the APDyy is shortened, however, the late repolarisation
rate becomes slower because of the greater current flow from the fibroblast (discharge
process), and therefore the CL is prolonged. In strong coupling case, the charging
process of the fibroblast is accelerated, which finishes at the early repolarisation. After
increasing the Ggap, the repolarisation rate is slowed down, both CL and APDyo are
prolonged, suggesting a slower pacemaking rate. This may explain the reduction in

heart rate in the SAN found in ageing and diseased hearts [59], [60].

In the atrium model, with the increase in Ggsp, the APDgy decreases and is then
followed by an increase, which means that the charging process becomes faster with
the increase in Ggqp. The reduction in APDso means that the discharging process does

not start until the myocyte is repolarised by 50%.
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Our simulation in M-F-M connection suggests that the AP can be propagated to the
next myocyte when Gggp 1s in the range of 6 - 30 nS, which is smaller than the Ggup
used in Sachse et al.’s simulation (50 - 100 nS) [61]. The possible explanation is that
the rat ventricular myocyte model they used and some currents they incorporated in
the fibroblast model was from rat kidney. In the M-nF-M model, with the increase in
the coupling number, the delay in the activation time of the second myocyte is
increased. When the coupling fibroblast number is 2, the conduction delay is 6.4 ms
in our simulation, which is smaller in comparison to the results in in vitro experiments
[27]. The conduction block does not show until the coupling fibroblast number
fibroblast is more than 6, which is less than reported in the co-cultured experiment
[62]. This may be because the cells they used in their experiment were from the rat
ventricle, while our myocyte model was developed based on experimental data for

cells in the rabbit atrium.
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Chapter 4. The Myocyte-Fibroblast Coupling in

Tissue Models

4.1 Introduction

Featuring the proliferation of fibroblasts and the deposition of extracellular matrix
proteins (ECM), cardiac fibrosis usually occurs in an injured heart region as a response
to structural remodelling. It typically contributes to cardiac conduction abnormalities
and mechanical dysfunctions and therefore leads to many pathophysiological
conditions, such as hypertrophy, failure, and arrhythmias, etc. [63]. Some in vitro
experiments have demonstrated that fibroblasts can modulate the signalling pathways
in tissue both directly and indirectly [18], [64], [65]. For example, it can cause a
conduction delay or even interrupt the action potential (AP) propagation by working
as an electrical load of myocytes or mechanically separating myocyte connections [66].
Some other clinical recordings and in vitro experiments reported that fibroblasts can
act as a conductor propagating AP from one myocyte to another, which may improve
the electrical communications between myocytes in infarcted myocardial tissue and

therefore play an active role in reducing conduction disorders [26], [27], [67].

Some tissue-level computation models also have been developed in healthy and
diseased heart to explore the role that fibroblasts play in cardiac conduction.
Jacquement et al. developed a 2D rectangular sheet of canine atrial myocytes and
investigated the coupling effects on AP propagation in the tissue with fibroblasts
attached on the top and randomly inserted in the tissue, respectively. They found that
either improving or delaying the AP propagation mostly depends on the coupling type
and coupling strength [68], [69]. However, homogeneous coupling between fibroblasts

and zero-sided connection were not considered in their simulation.

Clancy et al. investigated the effect of fibroblasts on SAN activity by coupling
fibroblasts to the SAN tissue model incorporating the Oxsoft model and the Kurata
rabbit SAN model. As their results suggested, fibroblasts worked as an electrical sink
and could prolong the conduction time [70]. However, the fibroblast model they used
was the passive model; they did not consider the active and independent ion currents
in fibroblasts. Moreover, although they considered the double-sided connection and

zero-sided connection, they did not consider single-sided connection.
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Zlochiver et al.[71], [72] developed a 2D model of ventricular myocytes to simulate
the coupling effect on re-entrant arrhythmias according to their previous co-cultured
experiment. They suggested that the conduction velocity was first increased and then
decreased with the increasing heterocellular coupling. To examine the effects of the
coupling ratio on electrical spiral wave conduction during re-entrant activity, they
incorporated MacCannel’s fibroblast model and the Tusscher model in their later
simulation and found that the spiral-wave velocity and re-entrant lifespan depends on
the coupling strength and number of coupling fibroblasts. After coupling with more
fibroblasts, the conduction velocity was increased under weak coupling, but decreased

under strong coupling.

Although some investigations of coupling effects on AP conduction in cardiac tissue
have been conducted both in vitro and in silico, the roles that fibroblasts may play in
cardiac conduction is still controversial. Moreover, fibroblast-myocyte coupling has

not been studied in the realistic cardiac tissue model with the pacemaker incorporated.

Therefore, in our study, a SAN-atrium tissue model of a rabbit SAN and right atrium
was developed to study the AP initiation and propagation with fibroblasts coupled in
different ways. Three different fibroblast-myocyte configurations, the zero-sided
connection (decoupling model), the single-sided connection (attachment model), and
double-sided connection (insertion model), were considered. The coupling effects on
the AP waveform, pacemaking cycle length (CL), conduction velocity (CV), activation
time (AT), and maximum upstroke velocity (dV/dtmax) in the three models will be

introduced in the following sections.

4.2 Method

4.2.1 2D Tissue Model

The SAN-atrium tissue model was adopted from Butter et al.’s paper [46]; the
anatomical geometry was reconstructed from a single slice of rabbit right atrium cut
through the atrial muscle of the crista terminalis (CT) and the intercaval region. The
spatial resolution of the geometry was set to 210 %45 nodes in a Cartesian grid, with
40pm for each cell corresponding to 2-4 diameters of a single cardiac myocyte
according to the immunohistochemistry mapping data [73]. The geometry
incorporated the central and peripheral SAN, atrial muscle and septum, and the block
zone [8], [73] between the central and peripheral SAN next to the atrial septum. Each
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cell in the tissue was labelled with a flag variable to distinguish the cells from different
areas. The Zhang et al. equations for the SAN cell model [44] and the Aslanidi et al.
equations [56] for the right atrium were used to describe the electrical activities of the

cells in the different areas of the tissue.
The initiation and propagation of APs in the myocardial tissue can be formulated by

v !
2 =v.(DVV - 4.1
o~V (PW)=¢ “.0

m

where V is the membrane potential of myocyte, t is the time, V is the spatial gradient

operator, and D is a tensor of diffusion coefficient, C_ is the membrane capacitance,

and 7, is the total ionic current.

As indicated by the histological experiment, the cell-to-cell gap junction coupling
varies in the SAN centre, periphery, and atrium; the density of gap junction shows an
increase from the central SAN to the peripheral SAN. Thus, considering the regional
differences in the tissue, a spatial gradient of diffusion coefficient, D was introduced,
as shown in Figure 4.1F and generated by Equation 4.2:

1.0 1.0

PO)= Dt By s * g o0

(4.2)

where x is the horizontal coordinate through the 2D slice, x, and X, present the
approximate positions of the SAN boundaries, the D, and D, represent the diffusion

coefficients of cells in the SAN centre and SAN periphery, respectively.

A spatial gradient of C_ was also induced in the SAN region, because of the different

electrophysiological properties between the SAN centre and periphery. As the cell size
in the SAN periphery was presumed to be larger than in the SAN centre [7], [44], [74],

inour model, the C_ was regulated by Equation 4.3 and was smaller in the SAN centre

and larger in the SAN periphery:

1.0 1.0
10+ 00 104 g0t )

C,(x)=C: +CP( (4.3)

where C; and C! are the capacitances of cells in the SAN centre and SAN periphery.

Spatial variations in ion channel conductance were defined as a function of C,.
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C,(0-C . CE—C,()

(4.4)

where g,(x) is the conductance of the ion channel for a particular ionic current, Z
represents the different ionic current, and g, and g/ are the conductances of the cells

in the SAN centre and periphery, respectively.

As the block zone was also included in our geometry, owing to the low excitability of
the cell in the block zone, 7;,; for the cell in block zone was governed by Equation 4.5:

o =15 =G, (V -Vg), (4.5)

where |, is the passive membrane current of block zone cells, G, is the membrane
conductance, and V, is the resting membrane potential. In our model, G, and V, are

assumed to have the same values of neighbouring SAN and atrial cells. Equation 4.2-
4.5 are taken from [46].
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Figure 4.1 2D tissue model of the rabbit SAN with atrial tissue. (A) Cell distribution
and AP waveform of each cell type. (B) Activation time sequence during normal AP
conduction, (C) AT of the cells in the middle of the 2D slice. (D) AP profiles recorded
from the cells in the middle of the 2D slice. (E) Gradient in cell capacitance along the

slice. (F) Gradient in the diffusion coefficient along the slice. Figure taken from [75].
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® : Fibroblast —: Myocyte —=: Ggap junction

Figure 4.2 Schematic diagrams of the coupling regions in the SAN-atrium tissue. Three
different fibroblast—-myocyte arrangements were applied: The (A) attachment model,

(B) insertion model, and (C) decoupling model.

4.2.2 Fibroblast Model
MacCannell et al.’s active fibroblast model [51] was used in our 2D simulation (the

same as in the cellular simulation; see section 3.24).

4.2.3 Myocyte-Fibroblast Coupling Model
In our tissue models, three conceptual configurations of fibroblasts and myocytes were
considered based on the experimental observations in vivo [76], namely single-sided

connection, the double-sided connection, and zero-sided connection (Figure 1.9).

Attachment model: As shown in Figure 4.2A, corresponding to the single-sided
connection, a fibroblast was directly attached to a myocyte, working as a current sink.
In this case, a fibroblast can heterogeneously couple to a myocyte via gap junctions
but has no intercellular coupling with other fibroblasts. Two scenarios were studied to
explore the effects of fibroblasts on the pacemaking activity in the SAN and AP
propagation in the atrial muscle: (1) a varying number of fibroblasts were simply
attached to the myocyte in the central and peripheral SAN (FASN model) and (2) a
varying number of fibroblasts were attached to the myocyte in the whole tissue (FAT
model). The gap junction conductance (Ggqp) between myocyte and fibroblast was set
to 1 ns, 3ns, 6ns, and 9ns, and a coupling fibroblast number of 1, 3, 5, and 9 was

selected for each fixed Ggqp.

Decoupling model: As shown in Figure 4.2C, the decoupling arrangement is

presumed to be the most common type of the existence of fibroblasts in the
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myocardium. In this case, the fibroblast acts as an electrical insulator and is not
electrically connected to either the adjacent fibroblasts or myocytes, resulting in a
decrease in the density of the gap junction coupling between the myocytes. In our
decoupling model, a strand of electrically isolated fibroblasts was inserted to reduce
gap junctions in the myocyte—myocyte connections in the lateral direction. As the AP
propagation through gap junctions is characterised by the diffusion coefficient D, the
decrease in gap junction coupling can be simulated by reducing the value of the
diffusion coefficient. The transverse diffusion coefficient of the voltage was assumed

to be reduced by 50% when decoupled fibroblasts were evenly inserted in the tissue.

Insertion model: According to in vitro experiments, fibroblasts can act as conductors
to electrically link two myocytes and pass an AP between the myocytes (double-sided
connection). Therefore, a number of fibroblasts were inserted in myocyte—-myocyte
connections (fibroblast number = 1, 5, and 9) in the lateral direction to simulate AP
propagation in this case (Figure 4.2B). Because of the insertion of fibroblasts, the gap
junctions in myocyte—myocyte connections are reduced, so we reduced the diffusion
coefficient by 50% to simulate the reduction in coupling between myocytes after
inserting fibroblasts in the tissue. The Ggqy in fibroblast—fibroblast coupling and
fibroblast-myocyte coupling was assumed to be the same in our model (Ggqp Of 1, 5,
and 15 nS was selected). Similar to the attachment model, two scenarios were studied
to explore the effects of fibroblasts on the pacemaking activity in the SAN and AP
propagation in the atrial muscle: (1) a fibroblast was simply inserted in the SAN (FISN
model), and (2) a fibroblast was inserted in the whole tissue (FIT model).

4.3 Results

4.3.1 Effects of Coupling Strength on AP Initiation and Propagation in the
Attachment Model

The coupling effects of G4, On the AP initiation in the pacemaker and the propagation
in the atrium were investigated in the 2D mathematical model. Figure 4.3 shows time-
space plots of AP profiles recorded in a line of cells (selected from the middle of the
2D slice) across the tissue under different coupling conditions. As shown in Figure
4.3A and B, when no fibroblast is coupled to the myocytes, the AP is initiated in the
SAN centre and then propagated to the atrial muscle and the atrial septum with a CL

of 342.4 ms. Despite the less depolarised PA in the block zone between the SAN centre
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and atrial septum, the AP propagation is not disrupted in the direction towards the
atrial septum. Figure 4.3C and D illustrate the changes in AP profiles when each
myocyte couples with three fibroblasts with a G, 0f 1 nS in the SAN (FASN model)
and whole tissue (FAT model), respectively. The CL is prolonged by 1.9% in the
FASN model and 2.1% in the FAT model compared to the results in control conditions,
suggesting a slower heart rate. The AP profiles for a larger coupling G, 0f 5 nS and
9 nS in the FASN model are shown in Figure 4.3E and G. The results indicate that the
CL change is very small after coupling with different Gg4, in the FASN: 349.05 ms
(Geap = 5nS) and 349.94 ms (Gqap = 9 NS) compared to 248.99 ms with a Gy 0f 1 NS.
A slight conduction delay in the SAN can be observed as G, is increased. In the FAT
model, after the Gy, is increased from 1 nS to 9 nS, the CL does not show significant
changes, while the conduction delay becomes more significant in the FAT model than
in the FASN model.

The changes in the AT, CV, and dV/dtmax Of the selected cells across the centre of the
2D tissue slice are also presented in Figure 4.4. The grey shaded region as marked in
the SAN towards the atrial septum corresponds to the block zone, where the AT shows
a delay and the CV and the dV/dtmax are smaller than those in the adjacent regions. As
shown in Figure 4.4, the changes in AT, CV, and dV/dtmax are greater in the region
from the SAN towards the atrial septum. The tissue in this region is thin and contains
more pacemaker cells. According to Figure 4.4A and B, the AT in both the FASN
model and the FAT model are prolonged after coupling with fibroblasts compared to
the results in control conditions. Moreover, the prolongations in AT are highly
dependent on Ggsp, Which becomes larger as Ggqp is increased. As shown in Figure
4.4C, the CV slows down in the SAN after coupling with fibroblasts and drops to a
lower level when G, becomes larger. For example, it is decreased by ~8.8% and
~11.9% on average in the SAN when the coupling Gg,, increases to 5 nS and 9 nS
from 1 nS in the FASN model. In the FAT model (Figure 4.4D), the reductions in CV
occur not only in the SAN but also in the atrium; they are smaller in the SAN (~19.0%
for Ggqp =5 nS and ~23.9% for Gy = 9 nS) and larger in the atrium (~15.1% for Gqp
=5 nS and ~21.4% for Gg,p = 9 nS). The decreases in CV can be attributed to the
decline in dV/dtmax, as illustrated in Figure 4.4E and F. A reduction in dV/dtmax is

shown in the SAN in the FASN model after coupling with fibroblasts and becomes

76



greater after Gg.p is increased. Moreover, a decrease in dV/dtmax in the atrium can also

be observed in the FAT model after coupling.
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Figure 4.3 Effects of G44, On the AP initiation and propagation in the attachment model
as a function of time. AP profiles in the 2D tissue under control conditions and with
each myocyte coupled with three fibroblasts (Geq» =1, 5, 9 nS) in the SAN (left, A, C,
E, G) and in whole tissue (right, B, D, F, H).
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Figure 4.4 Effects of G,q, On the AP conduction parameters in the attachment model
as a function of distance. The AT, CV, and dV/dtmax in the FASN model (A, C, E) and
in the FAT model (B, D, F) under control conditions and coupling to three fibroblasts
with a Ggqp 0f 1 nS, 5nS, and 9 nS.

4.3.2 Effects of Coupling Fibroblast Number on AP Initiation and
Propagation in the Attachment Model

The effects of the coupling fibroblast number on the AP initiation in pacemaker cells
and propagation in the atrium were also investigated by coupling a varying number of
fibroblasts (n =0, 1, 4, and 7) with a G4, of 3 nS. As shown in Figure 4.5C, E, and G,
after the coupling fibroblast number is increased from 1 to 4 and 7, the CL in the FASN
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model is prolonged by 2.8% and 5.9%, suggesting a slower pacemaking rate. A
unidirectional conduction block shows from the SAN centre towards the atrial muscle
when coupling fibroblast number is 7. Similar to in the FASN model, a prolonged CL
(3.1%) shows when the coupling fibroblast number is increased from 1 to 4 in the FAT
model. After coupling with 7 fibroblasts, the conduction is blocked in both direction

and therefore atrial tissue is not able to be activated.

As shown in Figure 4.6A and B, the AT is increased along with the fibroblasts coupled
in both FASN and FAT model. The activation delay in the atrium is larger in the FAT
model compared to it in the FASN model under same coupling strength and number.
Figure 4.6C and D shows the effects of coupling fibroblast number on CV in FASN
and FAT model. The increased coupling fibroblast number results in a greater decrease
in CV. For example, after coupling with 1 and 4 fibroblasts in the FASN model, the
CV is decreased by ~ 4.5% and ~ 14.6% on average in the SAN, while a decrease of
~17.4% and ~23.8% shows in the SAN and a decrease of ~4.5% and ~18.5% is shown
in the atrium in the FAT model. The reductions in dV/dtmax occurs in the area with
coupled fibroblasts and it becomes lager after coupling with more fibroblasts (Figure
4.6E and F).
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Figure 4.5 Effects of coupling fibroblast number on the AP initiation and propagation
in the attachment model as a function of time. AP profiles in the 2D tissue under
control conditions and with a varying number of fibroblasts (n = 1, 4, and 7) coupled
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Figure 4.6 Effects of coupling fibroblast number on the AP conduction parameters in
the attachment model as a function of distance. The AT, CV and dV/dtmax in the FASN
model (A, C, E) and in the FAT model (B, D, F) under control conditions and coupling

to a varying number of fibroblasts (n = 1, 4, and 7) with a G4, 0f 3 nS.

4.3.3 Effects of Coupling Strength on AP Initiation and Propagation in the
Insertion Model

The coupling effects of G4q, On the AP initiation in pacemaker cells and propagation
in the atrium were also investigated in the insertion model. The decoupling case was
also considered in this study. Figure 4.3 shows time-space plots of recorded AP

profiles in the SAN and the atrium under different coupling conditions. The control
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case is shown in Figure 4.7A and B. The decoupling case is shown in Figure 4.7C for
the FISN model and Figure 4.7D for the FIT model. After the myocyte pairs are
decoupled by the fibroblasts, a conduction delay can be observed in the SAN, and the
CL also decreases from 342.4 ms to 337.1 ms in the FISN model, while in the FIT
model, the conduction delay emerges both in the SAN and atrium; the CL is also
decreased by 1.6%, which indicates a faster heart rate after decoupling. The insertion
case is shown in Figure 4.7E and F, after myocytes are interconnected with one
fibroblast with a G4, 0f 5 nS; the conduction delay in the SAN is much smaller in the
FISN model compared to the results in the decoupling case. The CL shows an increase
from 337.12 ms (decoupling) to 348.26 ms (Gga» = 5 NS), which is even longer than in
control conditions. This suggests that the pacemaking rate is increased. In FIT model,
the decrease in the conduction delay can be observed in both the SAN and atrium. The
prolongation in CL is larger than in the FISN model, increasing from 336.85 ms
(decoupling) to 356.75 ms (G = 5 nS). A significant decrease in the conduction delay
in the SAN can be observed after the G is increased to 15 nS (Figure 4.7G),
suggesting faster AP propagation in the SAN in the FISN model. Meanwhile, the CL
is prolonged by 3.3%, 4.9%, and 1.6% with respect to the control conditioning, under
decoupling, and with a G4, Of 5 nS, respectively. When coupling with a G4, 0f 15 NS,
the conduction delay is decreased in both the SAN and atrium; the CL is prolonged
from 342.4 ms to 377 ms, 11.9% and 5.7% larger than under decoupling and with a
Ggap OF 5 nS (Figure 4.7H). Though a conduction block occurs in the block zone, the
AP can still be propagated to the atrial septum successfully from the peripheral SAN
(between the atrial septum and the block zone).

As shown in Figure 4.8A, in the decoupling case, the AT of the myocytes in both the
SAN and atrium is prolonged compared to the results in control conditions. After
interconnecting myocytes with fibroblasts and increasing the coupling G, from 0 to
1 nS and 15 nS, the AT shows significant decreases both in the SAN and atrium. In
the FIT model (Figure 4.8B), the AT in the atrium is much longer than in the FISN
model in the decoupling case. Moreover, after increasing the Gg,, to 5 nS, the AT in
the SAN is decreased and shorter than in control conditions, while the AT in the atrium

shows a reduction, but it is still larger than in control conditions.

Figure 4.8C shows the changes in the CV after decoupling and coupling in the FISN
model. The CV in the SAN is decreased in the decoupling case, but increases in the
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CSAN and decreases in the PSAN after connecting the separate myocytes with
fibroblasts. The changes become greater with a larger G,q,. FOr example, an increase
of ~15.4% and ~21.5% is shown in the CSAN and a decrease of ~6.3% and ~7.2% in
the PSAN after coupling with a Gg,, 0f 5 and 15 nS, respectively. Figure 4.8D shows
the CV changes in the FIT model; in the decoupling case, a reduction in CV is shown
in both the SAN (~14.9%) and atrium (~17.5%). After the Gy, is increased from 5 nS
to 15 nS in the coupling case, the CV decreases by ~1.2% on average in the PSAN and
increases by ~8.2% and ~1.8% in the CSAN and atrium, respectively.

The dV/dtmax in the FISN and FIT models is shown in Figure 4.8E and F. The effects
of decoupling on dV/dtmax are relatively small in the decoupled area in both models.
In the coupling case, the dV/dtmax decreases along with the increase in Geqp, falling
almost to 0 in the block zone in the FIT model when Gg,, is increased to 15 nS,

indicating a conduction block in the block zone.
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Figure 4.7 Effects of Gg, ONn the AP initiation and propagation in the insertion model

as a function of time. AP profiles in the 2D tissue under control conditions and with a

fibroblast inserted between myocytes (coupling G, 0f 0, 5, and 15 nS was selected)
in the SAN (left, A, C, E, G) and in whole tissue (right, B, D, F, H).
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Figure 4.8 Effects of G4y On the AP conduction parameters in the insertion model as
a function of distance. The AT, CV, and dV/dtmax in the FISN model (A, C, E) and in
the FIT model (B, D, F) under control conditions and with a fibroblast inserted in

between the myocytes.

4.3.4 Effects of Coupling Fibroblast Number on the AP Initiation and
Propagation in the Insertion Model.

The coupling effects of coupled fibroblast number on the AP initiation and propagation
were also investigated in the insertion model, in which a coupling Gg,, 0f 15 nS was
selected. The control case and decoupling case are shown in Figure 4.9A-D. In the
coupling cases, as shown in Figure 4.9E and F in the FISN model, the CL is increased
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from 353.8 ms to 358.6 ms compared to 342.4 ms in control conditions, which suggests
that the increasing coupling fibroblast number can result in a slower pacemaking rate.
The conduction delay in the SAN becomes greater in the SAN after coupling with
more fibroblasts. The CL is shortened from 377 ms to 372.2 ms after the coupling
fibroblast number is increased from 1 to 5 in the FIT model (Figure 4.9G and H).
Meanwhile, the conduction delay becomes smaller in the SAN and a conduction block
occurs in the block zone when the coupling fibroblast number is 1 and in both the block

zone and the atrial septum when the coupling fibroblast number is increased to 5.

After the coupling fibroblast number is increased from 1 to 5, the AT is prolonged in
the SAN but is still shorter than in the decoupling case in the FISN model (Figure
4.10A). In the FIT model (Figure 4.10B), the AT is increased in both the SAN and
atrial muscle, but cells in the block zone and atrial septum are not activated because of

the conduction block.

Figure 4.10C shows the coupling effects on CV in the FISN models; with the increase
in coupling fibroblast number from 1 to 5, the conduction is slowed down in the SAN
and the CV decreases by ~38.5% on average. In the FIT model, as shows in Figure
4.10D, the CV is decreased by ~42.3% in atrial muscle and ~68.2 % in the SAN
towards atrial muscle. There is a conduction block in the SAN towards the atrial
septum and in almost all the atrial septum when the coupling fibroblast number is
increased to 5. Figure 4.10E and F shows the changes in dV/dtmax in both models. With
the increase in the coupling number, the dV/dtmax is decreased in coupled areas in both

models.
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Figure 4.9 Effects of coupling fibroblast number on the AP initiation and propagation
in the insertion model as a function of time. AP profiles in the 2D tissue in control (A,
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Figure 4.10 Effects of coupling fibroblast number on the AP conduction parameters in
the insertion model as a function of distance. The AT, CV, and dV/dtmax in the FISN
model (A, C, E) and in the FIT model (B, D, F) under control conditions and with a

fibroblast interconnecting the myocytes.

4.4 Summaries and Discussions

In the current study, the coupling effects of G,., and coupling fibroblast number on
the AP initiation and propagation are studied in the attachment and insertion models.

The main findings are shown in Table 4.1.
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Increase in coupling

Increase in G .
sap fibroblast number

FASN 1 1
FAT ? !
L Risn ? ]
FIT i 1}
FASN 1 1
FAT ? !
AT Fisn l l
FIT l 11
FASN | in CSAN | in CSAN
FAT | !
CV  FISN tin CSAN, |PSAN l
1in CSAN, | in PSAN,
FIT | in the atrium l
FASN | in CSAN | in CSAN
FAT l l
AVt £yo | in CSAN | in CSAN
FIT l l

Table 4.1 Effects of coupling fibroblast number and G4, On the AP initiation in the
SAN and propagation in the atrium. 1 represents an increase, | represents a decrease,
11 represents a decrease followed by an increase, and 1] represents an increase
followed decrease. CSAN is the SAN centre, PSAN is the SAN periphery, and N is
the coupling number.

In the FASN model, after coupling with a larger G Or coupling number, the CL is
prolonged; the dV/dtmax is decreased; the AT is increased; and the CV in the SAN is
slowed down. This result is consistent with our cellular simulation. The G in the
FASN model is set from 1 - 9 nS, which corresponds to the strong coupling in the
cellular simulation. Therefore, the CL in the PSAN is prolonged because of the slower
repolarisation of myocytes after coupling with a larger Gg,, or more fibroblasts.
Moreover, the spontaneous activity in the CSAN is not abolished even under strong
coupling in the tissue model, perhaps because of the strongly driven force from the
surrounding PSAN cells. In the FAT model, the effects on the AP conduction are
similar to those in the FASN model but become more significant because of the larger
coupling areas. The CL is prolonged; the dV/dtmax IS decreased; the AT is increased,;
and the CV is decreased in coupling regions after coupling with a larger Gg., Or more

fibroblasts.

89



While coupling with a single fibroblast in the attachment model, the conduction block
does not occur even when the Gg, is increased to 9 nS. However, when Gy, is fixed
at 3 nS, a block occurs in the SAN towards the atrial muscle direction in the FASN
model and fully blocked in the FAT model after the coupling fibroblast number is
increased to 7. This is because the SAN towards the atrial muscle contains fewer PSAN
cells in comparison to the SAN towards the atrial septum. Therefore, a conduction
block is more likely to occur in the SAN towards the atrial muscle after coupling with
more fibroblasts. Our simulated results of the changes in the CV in the attachment
model are consistent with Miragoli’s experimental study on the impulse conduction in

a strand of cardiomyocytes coated with myofibroblasts [27].

In the FIT model, while myocytes are interconnected with a fibroblast, the increasing
Ggap Can result in a larger CL, a shortened AT, a decreased dV/dtmax in the SAN and
atrium, a faster CV in the CSAN, and a slower CV in the PSAN and atrium. A possible
explanation for the diverse changes in CV in the SAN and atrium is that the coupling
between myocytes in the CSAN is much weaker than in the periphery and atrium, so
the electrical communications between the myocytes are actually enhanced after
interconnecting the myocytes with a single fibroblast in the CSAN. More importantly,
this improvement becomes more significant with a larger Geqp. As a result, the AP is
propagated faster in the CSAN after increasing Gqp. In contrast, the coupling between
myocytes is very strong in the PSAN and atrium; the AP has a faster propagation rate
in M-M versus M-F-M. Therefore, the CV is decreased after inserting a fibroblast
between myocytes. This decrease becomes greater with a larger Gg, Or more
fibroblasts.

Because the cells in the block zone have a low excitability, a conduction block can
first be observed in the block zone region after inserting one or more fibroblasts in the
2D tissue. With the increase in the coupling fibroblast number or coupling strength,

the conduction block spreads to the atrial septum and then the whole atrium.
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Chapter 5. Discussions and Conclusions

In this thesis, cellular models of fibroblast-myocyte coupling in the SAN and atrium
have been developed to explore the mechanism underlying the coupling and the effects
of coupling fibroblast number and coupling strength on electrical activity in the
coupled myocyte. At the tissue level, a 2D SAN-atrium tissue model has been used to
study the effects of coupling fibroblast number and coupling strength on AP initiation

and propagation.
5.1 Main Findings

5.1.1 Investigation of Coupling Effects in Cellular Models

Fibroblasts play double roles in the myocyte—fibroblast coupling. When the membrane
potential of a myocyte is higher than that of a fibroblast, the fibroblast acts as a passive
load, currents flow from the myocyte to the fibroblast via gap junction channels to
charge the fibroblast, elevating the membrane potential of the fibroblast. Once the
membrane potential of the fibroblast becomes more positive, the fibroblast works as a
current source and the currents flow back to the myocyte. The AP waveform of a
coupled myocyte can be modulated by the fibroblast by these two different processes.

In the SAN centre, the coupling exerts a significant effect on the AP waveform of
coupled myocytes, resulting in a less depolarised PA, a less negative MDP, a
prolonged APDgo, and a decreased dV/dtmax. Meanwhile, the total transmembrane
current and each individual current in the myocytes are weakened to different degrees.
The modulations become more significant after coupling with a larger Gy, or coupling
number. The spontaneous activity is abolished when Gy, is larger than 0.18 nS (with
one fibroblast).

In the SAN periphery and atrium, because of the different electrophysiological
properties of myocytes, the coupling effect becomes less significant. The effects of
Gqap and coupling fibroblast number on AP characteristics are similar to those in the
SAN centre under weak coupling (Ggesp < 0.2 nS), while the APD9y shows different
changes after coupling with a larger G,q, or more fibroblasts under strong coupling,
which can be attributed to the slower charging process of fibroblasts in the PSAN and

atrium models.

91



In M-nF-M connections, while interconnecting the myocytes simply by one fibroblast,
the AP of the last myocyte can be activated only if G, is in the range of 6 nS to 30
nS. The PA and dV/dtmax in both myocytes arrive at the same value when Gy, Is 18
nS. When interconnecting the myocytes with a strand of fibroblasts, the activation time

for the last myocyte increases along with the fibroblast number.

5.1.2 Investigation of Coupling Effects in Tissue Models

In the attachment models, with the increase in coupling strength and coupling number,
the pacemaking CL is prolonged; the AT for each coupled myocyte is increased; and
the CV is increased in coupling areas because of the reduction in dV/dtmax 0f coupled
myocytes. No conduction block occurs in both the FASN and FAT models even with
a large G,qp 0f 9 NS when coupling to one fibroblast. A half block emerges in the SAN
towards the atrial muscle direction (Figure 4.5G) when coupling with seven fibroblasts
(Ggap = 3 nS) in the FASN model. This may be because there are more CSAN cells
and fewer PSAN cells in the SAN towards the atrial muscle than those in the SAN
towards the atrial septum. In the FAT case, the conductions are blocked in both

directions under the same coupling conditions.

In the decoupling model, the insertion of fibroblasts reduces the electrical
communication between myocytes by separating the connected myocytes; as a result,
the CV is decreased dramatically, the AT is prolonged, and the pacemaking CL is

increased.

In the insertion model, the effects of fibroblasts on the CV become more complicated
in the SAN. The CV is increased in the CSAN by enhancing the coupling between
myocytes with a small number of interconnecting fibroblasts. In the PSAN and atrium,
the CV is decreased after the insertion of fibroblasts. This may be because the new
conduction pathway (M-nF-M) formed by the inserted fibroblasts takes more time to
conduct AP between myocytes. Because of the low excitability of cells in the block
zone, it works as a passive load on the conduction system in the tissue. Therefore, after
coupling with a larger coupling strength or more fibroblasts, a conduction block occurs
first in the block zone region and then spreads to the atrial septum in the FIT model
(Figure 4.7 F and H).
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5.2 Biomedical Implications

As suggested by our study, fibroblasts can modify APA, APD, and dV/dtmax in the AP
waveform, modulate the spontaneous activity in pacemaker cells, and change the AT
and CV during the AP propagation in cardiac tissue. The extent of these changes is
highly dependent on the electrophysiological properties of coupled myocytes, the
coupling number, and the coupling strength. Our simulations have shown how
fibroblasts modify the electrical activity in myocytes and even AP conduction in tissue.
Thus, is it possible in the future to target fibroblasts as a novel therapeutic approach to
prevent some fibrosis-associated heart diseases such as atrial fibrillation, heart failure,
and arrhythmias by modulating the electrical activity in the myocytes?

It has been proposed to use therapeutic interventions targeting fibroblast coupling to
reduce cardiac fibrosis to diminish the risks of arrhythmia in diseased hearts [77]. For
example, Roell et al. illustrated that post-infarct arrhythmia can be prevented by
engrafting Cx43-expressing non-myocytes into ventricular scars of mice [16].
Inducing scar tissue (which contains abundant fibroblasts) in the arrhythmogenic
region in the atria or ventricles has also been proved to eliminate arrhythmias
according to some clinical findings [67], [78], [79]. However, how much of the
positive effects were caused by electrical coupling between myocytes and fibroblasts
is still unknown, so more detailed research on the pathophysiology of fibroblast-

myocyte coupling still needs to be conducted.

5.3 Limitations and Future Work

1. The SAN model we used in our simulation did not incorporate some currents
known be present in SAN[44], [70], [80] such as the sustained current (ls), the

ACh-activated K* current (I acn), and the Ca®*-dependent inactivation of lca

2. The fibroblast model we used in our simulation is adapted from MacCannell’s
ventricular fibroblast model. However, It has been demonstrated in vitro
experiment that the atrial fibroblasts have some different electrophysiological
properties with the ventricular fibroblasts [81], [82]. For example, K* current
in atrial fibroblasts are thought to be not as large as in ventricular fibroblast.
New models of fibroblast in SAN and atrium can be developed in the future as

more experimental data are available.
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3. The membrane potential of cardiac fibroblasts have been proved be sensitive
to the mechanical stimuli [81]. The mechano-electrical feedback from
fibroblast can increases the pacemaking rate by altering the membrane
potential and ion concentration of myocyte in SAN, but in our simulation we

didn’t include the mechanosensitive currents in our fibroblast model.

4. Inour 2D simulation the anatomic geometry we used is just a small section of
rabbit atria. A larger 2D geometry or 3D whole heart geometry can be used to
investigate the coupling effects on the patterns of AP initiation and propagation

in healthy or diseased heart on whole organ level.

5. It has been demonstrated that the cardiac fibroblasts intersperse with myocytes
in some areas with low fibroblast density, but form island-like clusters in SAN
and atrial tissue in some areas with a high fibroblast density[35], [69].
Therefore, a tissue model with fibroblast islands randomly distributed needs to

be developed in a future study.
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