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Abstract

The cardiac fibroblast is an important cardiac cell type whose main role is to
maintain the extracellular matrix of the heart and provide structural support for
cardiomyocytes. During disease, cardiac fibroblasts become activated to myofi-
broblasts. This process is a key hallmark of the pathological remodelling known
as cardiac fibrosis - resulting from persistent myofibroblasts and excessive de-
position of matrix proteins. Cardiac fibrosis is associated with a majority of car-
diovascular diseases as well as increased mortality and morbidity. Reversing the
myofibroblast phenotype provides an avenue to reduce cardiac fibrosis and re-
store normal cardiac function. This has been explored to a certain degree using
rodent models but has yet to be fully explored using human cells.
The primary activator of myofibroblasts is TGF-β, however, mechanical stress has
also been linked to this process. In this work, we investigated whether inhibition
of TGF-β receptor 1 or decreasing tensile strength in vitro could reverse activated
myofibroblasts back to a quiescent cardiac fibroblast phenotype. This was ex-
plored using both primary human cells and human induced pluripotent stem cells
(iPSC).
Cardiac fibroblasts and myofibroblasts have also been investigated for both their
direct and indirect effects on cardiomyocytes. Again, this has been explored pre-
dominantly using animal models. Optical mapping is a method often utilised in
the study of arrhythmogenesis to interrogate the disruption of electrical wave
propagation in the heart. Recently, it has been advanced to map human iPSC
derived cardiomyocyte (hiPSC-CM) monolayers enabling study of disease phe-
notypes and drug testing in vitro using human models. The work presented
here aimed to investigate the effects of quiescent cardiac fibroblasts and acti-
vated myofibroblasts on cardiomyocyte electrophysiology and contraction using
human iPSC-derived cells and optical mapping.
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Chapter 1

Introduction

1.1 The Heart

The heart is a muscular organ whose main purpose is to pump blood around the

body. The heart consists of four chambers, the right and left atria and the right

and left ventricles. The right atrium collects deoxygenated blood from the body

which moves into the right ventricle before being pumped towards the lungs for

oxygenation. Blood flows back to the heart via the pulmonary veins where it col-

lects in the left atrium before moving to the left ventricle to be pumped around the

rest of the body [1].

Cardiac function is primarily regulated by an electrical conduction system that

stimulates contraction. Electrical stimuli originate from the sinus node initiating

a wave of depolarisation across the right atrium, followed by the left. Electrical

conduction converges on the atrioventricular node before passing to the bundle

of His and Purkinje fibres which then stimulate ventricular depolarisation [1, 2].

The human heart is comprised of 4 major cell types that help it carry out its

specialised function. The primary cell type is that of the cardiomyocyte. Car-

diomyocytes are the contractile cells of the heart and make up the majority of the
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CHAPTER 1. INTRODUCTION

heart by volume (roughly 70%) and 30-40% by number [3, 4]. Cardiac fibroblasts,

endothelial cells and immune cells make up the majority of the non-myocyte pop-

ulation in the human heart. The cardiac fibroblast has an important structural role

while also aiding in wound healing and repair (see section 1.2.1) [4, 5, 6]. En-

dothelial cells comprise the inner walls of the cardiac chambers and the linings of

blood vessels. Their main role is to control blood flow [3, 4]. Lastly, we have the

immune cells which include macrophages, T cells and B cells. These cells are

involved in inflammation and are important regulators in cardiac disease [3, 7].

1.2 Cardiac Fibrosis

Cardiovascular disease (CVD) is the leading cause of death globally and includes

diseases such as stroke, hypertension, ischaemia, and heart failure. The number

of people affected by CVDs is increasing due to ageing populations and an in-

crease in comorbidities including obesity and chronic kidney disease [8, 9]. CVDs

cause millions of deaths worldwide every year with further losses attributed to

disability-adjusted life years [9]. Cardiac fibrosis is associated with many of these

CVDs and is often associated with a worse prognosis due to impaired cardiac

function [10, 11].

Despite the fibrotic process being an initially reparative and healing process,

cardiac fibrosis develops from pathological deposition of extracellular matrices

(ECM). As part of the wound healing stage, following a cardiac injury such as my-

ocardial infarction, there is a reparative stage of fibrosis known as replacement
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CHAPTER 1. INTRODUCTION

fibrosis. This acts to replace dead cardiomyocytes with a fibrotic scar and main-

tain some cardiac function [12, 13]. However, signalling cues from fibroblasts and

the dying cardiomyocytes also leads to cardiac fibrosis in the interstitial regions

and away from the infarct zone. This interstitial fibrosis also occurs during more

chronic and inflammatory conditions such as hypertensive cardiac disease. If this

is left untreated it will ultimately become irreversible replacement fibrosis [13, 14].

Cardiac fibrosis leads to electrical and structural remodelling that results in car-

diac dysfunction and can act as a substrate for arrhythmias by creating conduc-

tion blocks [15, 16]. There are currently no approved therapies for the treatment

of cardiac fibrosis so there is understandably a great interest in dissecting the

underlying mechanisms in the hopes of uncovering new therapeutic targets.

1.2.1 The Cardiac Fibroblast

The main process of cardiac fibrosis is driven by the activation of the cardiac fi-

broblast to the myofibroblast (MyoFb) [17]. The cardiac fibroblast is one of the

main cell types in the heart with an important role in maintaining the ECM, provid-

ing structural support for the cardiomyocytes, and in wound healing and repair [5].

The exact numbers of fibroblasts in the heart differ according to different sources

but most recent research suggests that they make up roughly 30-40% of the heart

by cell number [4, 6, 18]. The proportion of cardiac fibroblasts also increases with

age and in the presence of cardiac disease such as in heart failure and following

myocardial infarction [19, 20, 21].

Single-cell sequencing data has also demonstrated the existence of multiple sub-
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CHAPTER 1. INTRODUCTION

populations of cardiac fibroblasts within the heart. These subpopulations not only

differ by activation state but suggest differing roles within the different regions of

the heart [4, 6, 18]. It may also be indicative of the various possible lineages that

can give rise to cardiac fibroblasts.

In the myocardium, cardiac fibroblasts predominantly originate from the pro-epicardium

but can also stem from epithelial- and endothelial-to-mesenchymal transition [5,

22]. However, this heterogeneity means that there are no cellular markers ex-

clusive to the cardiac fibroblast. Colloquial markers used and described in the

literature are DDR2, vimentin, tcf21, and collagens 1 and 3 [5]. Regardless of

origin, upon stimulation by disease or injury, cardiac fibroblasts will activate to

MyoFbs [23, 24].

1.2.2 Myofibroblast activation

When activated to MyoFbs, these cells become less proliferative, increase their

deposition of collagens and increase production of α-SMA stress fibres that pro-

vide them with contractile properties [24, 25, 26]. The main purpose of the MyoFb

is to repair the myocardium following injury through the regulation of metallopro-

teinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) [27]. In the

context of myocardial infarction, MyoFbs increase the deposition of collagen to

replace the necrotic tissue, forming a fibrotic scar [13, 17, 28]. Despite being nec-

essary to prevent rupture of the myocardium, the presence of fibrosis ultimately

leads to increased stiffness in the myocardium that decreases cardiac function

and acts as a substrate for arrhythmogenesis [10, 29].
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CHAPTER 1. INTRODUCTION

The cardiac fibroblast to MyoFb activation process is multi-faceted and medi-

ated by many different factors [12, 30] (Figure 1.1). The main instigator of MyoFb

activation is transforming growth factor-beta (TGF-β), with several independent

studies demonstrating direct involvement [31, 32, 33]. Other paracrine factors

have also been implicated, such as Angiotensin II (Ang II) and Interleukin-6 (IL-

6) [34, 35]. A more novel activating factor is mechanical stress or tension, with

multiple studies observing that the use of stiff culture surfaces leads to the ex-

pression of α-SMA in cardiac fibroblasts [26, 36]. Many of these activating factors

are also involved in modulating communications between cardiac fibroblasts and

cardiomyocytes.

Figure 1.1: Resident cardiac fibroblasts derive from endothelial- or epithelial-to-
mesenchymal transition. Injury to the myocardium initiates signalling pathways that trig-
ger the activation of cFbs to MyoFbs. Loss of structural integrity via CM death also cre-
ates mechanical stress that mediates cFb to MyoFb activation. Consequences of MyoFb
activation vary between repair and disease processes. There are multiple mechanisms
for activation including mechanical stimuli and paracrine factors from a variety of different
sources such as CMs and the cFbs themselves. Image taken from my literature review
(see end of chapter)[12].
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CHAPTER 1. INTRODUCTION

1.3 Cardiac fibroblast-cardiomyocyte interactions

Over the past few decades, more and more research has shown the importance of

non-excitatory cells in maintaining normal electrical function in the heart [37, 38,

39]. More specifically, cardiac fibroblasts have been observed to have effects on

cardiomyocyte electrophysiology - both through direct contacts, i.e. gap junctions,

and paracrine effects, i.e. TGF-β and Ang II [40, 41, 42] (Figure 1.2).

Figure 1.2: Figure depicting cardiomyocyte-MyoFb communcations. Gap junctions
present at distal junctions between CMs as well as elsewhere between CMs and My-
oFbs. Gap junctions and membrane nanotubes allow exchange of molecules between
the cytoplasms of cells. Paracrine factors secreted by cells bind receptors on neighbour-
ing membranes initiating signalling pathways. Image taken from my review (see end of
chapter) [12].
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1.3.1 Interaction via gap junctions

Gap junctions are believed to be the main mechanism for electrotonic coupling

within the human heart [43]. These ion channels connect neighbouring cells al-

lowing the propagation of electrical signals between them [44]. Different combi-

nations of connexin proteins produce varying levels of channel permeability [45].

The main subtypes found in the heart are Cx40, Cx43 and Cx45. In cardiac

fibroblasts and ventricular cardiomyocytes, the most commonly expressed con-

nexin is Cx43 [43, 44].

Changes in the expression of connexin proteins have been observed in ageing

and following cardiac injury. These changes that often lead to conduction slow-

ing and increased risk of arrhythmias can be observed in both cardiomyocytes

and cardiac fibroblasts [46, 47, 48]. In models of cardiac injury, both Vasquez

et al (2010) and Zhang et al (2010) observed an increase in Cx43 expression in

cardiac fibroblasts which led to an increase in functional coupling with cardiomy-

ocytes [48, 49]. Zhang et al (2010) also observed a decrease in Cx43 expres-

sion in cardiomyocytes from these same models. Nagaraju et al (2019) built on

this work demonstrating that MyoFbs had an increased expression of Cx43 and

an increase in functional coupling with cardiomyocytes when compared to car-

diac fibroblasts [42]. This suggests that cardiac fibroblasts and MyoFbs may be

compensating for the loss to conserve cardiac function [49]. Whether this phe-

nomenon occurs in humans still needs to be investigated.
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1.3.2 Paracrine interactions

Evidence also exists for the interaction of cardiomyocytes and cardiac fibrob-

lasts indirectly using paracrine signalling [12]. In vitro studies have investigated

this using multiple methods including separated co-culture methods and condi-

tioned medium collected from the culture of cardiac fibroblasts. These have indi-

cated a role for paracrine mediators on the electrophysiology of cardiomyocytes

[48, 50, 51]. LaFramboise et al (2007) observed cardiomyocyte hypertrophy and

reduced spontaneous contractions in the presence of cardiac fibroblast condi-

tioned medium [52]. Vasquez et al (2010) expanded on this work comparing con-

ditioned medium of fibroblasts from healthy and diseased hearts. They demon-

strated slower conduction velocities and shortened action potential durations us-

ing MyoFb conditioned medium when compared to the healthy cardiac fibroblasts

[48].

When delving into the paracrine factors that cause these changes, several stand

out from the literature, TGF-β, Ang II and IL-6.

TGF-β

TGF-β is a cytokine involved in a multitude of processes, not limited to prolif-

eration, differentiation and migration [53]. TGF-β binds to TGF-β receptors to

stimulate multiple downstream pathways via either Smad- or non-Smad-mediated

transcription [12]. It has been an important area of cardiac fibrosis research as

the main driver for MyoFb activation [31, 32]. Several studies have also reported
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increased levels of TGF-β in models of hypertrophy and heart failure suggesting

additional roles outside of fibrosis [54, 55]. These effects have been described to

be more potent in the atria compared to the ventricles perhaps contributing to the

prevalence of atrial fibrillation [56, 57]. Because of this important role in cardiac

disease, multiple groups have investigated the TGF-β signalling pathway to iden-

tify potential anti-fibrotic therapeutics. Both Kuwahara et al (2002) and Khalil et al

(2017) demonstrated a reduction of fibrosis by reducing TGF-β signalling [31, 58].

Suppression or reversal of the MyoFb phenotype has been also demonstrated us-

ing TGF-β receptor inhibition [20, 59, 60]. However, due to the widespread use

of TGF-β throughout the body, increased mortality has been observed in TGF-β

knockdown models and following chronic pharmacological inhibition [20, 31].

The direct impact of TGF-β on electrical activity in the heart is less well described.

Cartledge et al (2015) demonstrated that co-culture with MyoFbs alters calcium

transients when compared to co-culture with cardiac fibroblasts and that these

effects were blocked in the presence of a TGF-β receptor inhibitor. However,

treatment with TGF-β alone could not recapitulate these changes, suggesting the

MyoFbs themselves were driving these changes and not the increased expres-

sion of TGF-β associated with activation [12, 50]. A study conducted by Kaur et

al (2013) demonstrated a significant increase in peak Na+ current when exposed

to TGF-β which was reversed in the presence of a TGF-β neutralising antibody. It

remains unclear whether these effects would have any impact on action potential

morphology or induce any changes in intracellular Na+ concentration [51].
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CHAPTER 1. INTRODUCTION

The involvement of TGF-β in cardiac fibrosis and hypertrophy is well-documented.

Its precise role in the activation of MyoFbs and cardiomyocyte-fibroblast com-

munications is becoming more evident. Modern -omics studies and the use of

computer modelling are providing more in-depth analysis of the TGF-β signalo-

some that will aid in the identification of novel downstream anti-fibrotic targets

[12, 60, 61, 62].

Angiotensin II

Ang II is a hormone within the renin-angiotensin system that is involved in the

regulation of blood pressure and sodium homeostasis [63, 64]. The use of ACE

inhibitors (angiotensin-converting enzyme) has long been an established treat-

ment of hypertension [65]. However, ACE inhibition has also been observed to

reduce ventricular remodelling through the reduction of cardiac hypertrophy and

fibrosis [66, 67].

Ang II is secreted by cardiac fibroblasts and MyoFbs and has been implicated as

a potent pro-fibrotic factor [67, 68, 69]. Cao et al (2018) demonstrated significant

upregulation of α-SMA in response to Ang II and a correlated increase in Cx43

expression, both indicative of MyoFb activation [34]. Exposure of Ang II to car-

diac fibroblasts also stimulates the release of TGF-β and IL-6 further promoting

fibrosis [69]. Together, this data suggests a greater role for Ang II in the heart,

and more specifically, in cardiac fibrosis. The use of ACE inhibitors in patients

with hypertensive heart disease has been shown to reduce cardiac fibrosis fur-

ther suggesting this pathway may be of interest in identifying anti-fibrotic therapies
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[70].

Interleukin-6

Like TGF-β, IL-6 is a cytokine involved in multiple processes of differentiation,

growth and survival [71]. Although IL-6 has a prominent role in inflammation, the

IL-6 signalling pathway is also involved in cardiac function with an important role

in cardio-protection following acute injury. However, perpetuated stimulation is

observed to cause cardiomyocyte hypertrophy and fibrosis [71, 72, 73, 74]. Ma

et al (2012) demonstrated that cardiac fibroblasts were the main source of IL-6

in the heart following stimulation by Ang II. They also observed that this was re-

liant on the presence of macrophages and that the presence of macrophages led

to activation of MyoFbs in an IL-6 dependent manner [35]. Other research has

demonstrated that cardiomyocytes themselves are also a source of IL-6 in the

heart and that following injury, cardiomyocyte secretion of IL-6 is increased thus

creating a feedback loop in cardiac fibroblasts that perpetuates cardiac hypertro-

phy and fibrosis [69, 75, 76]. Mechanisms driving this sustained IL-6 response in

cardiac disease are unclear and require further investigation.

1.3.3 The role of mechanical stimuli

Young’s modulus describes the ability of a substance to stretch and deform, i.e.

how elastic a material is [77]. There are disputing values for Young’s modulus of

the human heart due to the difficulty in obtaining healthy material. However, it is

estimated to be between 10-30 kPa [78, 79, 80]. During disease, the presence of
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fibrosis leads to a much stiffer substrate of 100+ kPa [29, 79]. It is now recognised

that the use of standard tissue culture plastic, due to the higher tensile strengths

(∼3 GPa), leads to MyoFb activation. This has been demonstrated by several

studies where α-SMA expression was increased after only a few hours of culture

[26, 79, 81]. Other experiments have shown that mimicking healthy (10-30 kPa)

substrates leads to decreased expression of collagen and α-SMA while mimick-

ing diseased substrates (100+ kPa) leads to increased expression of collagen and

α-SMA expression [79, 80, 81, 82]. With this in mind, it is likely that many existing

studies that utilise standard stiff plastic culture conditions are therefore working

with activated MyoFbs. Future research should aim to consider the stiffness of

the substrate in order to align more closely with physiological conditions.

The impact of mechanical forces has not only been implicated in MyoFb acti-

vation but in cardiomyocyte-cardiac fibroblast communications through a process

known as mechano-electric feedback [83, 84]. Zhuang et al (2000) demonstrated

in vitro that the application of pulsatile stretch, induced expression of proteins

involved in mechanical and electrical coupling. The observed increase in the ex-

pression of Cx43 corresponded to a rapid increase in conduction velocity [84].

This work was built upon by Nguyen et al (2018) who demonstrated that the use

of softer substrates not only promoted stronger contractions and transmission of

mechanical signals by cardiomyocytes but that the attenuation of signal propaga-

tion in the presence of MyoFbs occurred in a stiffness-dependent manner [29].

Mechanosensitive channel blockers have also been shown to improve electrical
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conduction in the presence of MyoFbs [85]. This data is evidence of the impor-

tance of environmental stiffness in regulating cardiomyocyte electrophysiology.

Reversing MyoFb activation and reducing the stiffness of the heart may provide

important avenues for decreasing the burden of cardiac fibrosis on the heart.

For more information regarding MyoFb activation and the effects of cardiac fi-

broblasts on cardiomyocytes, please see my published literature review at the

end of this chapter (Section 1.7).

1.4 Reversing the MyoFb phenotype

With such a commanding presence in cardiac disease, there is understandably

great interest in reducing or reversing the burden of cardiac fibrosis in the human

heart. Recent research has suggested this may be achievable through reversal

of the MyoFb phenotype [20, 59, 86].

TGF-β, as the main activator of MyoFbs, has been a predominant target of in-

terest in MyoFb reversal. Multiple studies have demonstrated that the use of a

TGF-β receptor inhibitor has either prevented expression of α-SMA fibres in qui-

escent cells or decreased expression in already activated cells [20, 59, 60, 86].

There have also been preclinical studies demonstrating the effectiveness of TGF-

β receptor inhibition as an effective anti-fibrotic treatment.

Despite global Smad2/3 knockouts being embryonic lethal, Khalil et al (2017)

demonstrated that knockout of fibroblast-specific TGF-β signalling components,

such as the TGF-β receptor 1, led to cardio-protective effects against fibrosis [31].
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Other in vivo studies have reported significant reductions in cardiac fibrosis when

using neutralising monocloncal antibodies or small molecule inhibitors of TGF-β

or TGF-β receptor 1 [54, 58, 87]. Although there are complications targeting TGF-

β due to its ubiquitous nature throughout the human body, these results suggest

that targeting specific aspects of the TGF-β signalling pathway within fibroblasts

may hold promise for anti-fibrotic therapies.

The use of softer substrates has also been investigated for MyoFb reversal. The

presence of fibrosis within the heart leads to a stiffening that both decreases car-

diac function and perpetuates MyoFb activation. Therefore, by decreasing the

stiffness of the heart, it may be possible to prevent further MyoFb activation and

progression to pathological fibrosis. Several studies have demonstrated that cul-

ture on stiff substrates leads to the activation of MyoFbs and that use of softer

substrates can prevent activation of MyoFbs [36, 82]. However, few have investi-

gated whether soft substrates can reverse the MyoFb phenotype.

Wang et al (2012) demonstrated using valvular MyoFbs and tunable substrates

that softening culture surfaces from 32 to 7 kPa led to a down-regulation of activa-

tion markers such as α-SMA and CTGF. These cells also maintained their ability

to re-activate to MyoFbs in the presence of TGF-β [80]. Similarly, when Giles

et al (2020) cultured primary mouse fibroblasts on stiff plastic followed by soft

hydrogels, they also observed a decrease in activation markers such as CTGF,

Periostin and collagens 1 and 3 [88]. Whether these results can be replicated

using human cells is yet to be investigated.
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1.5 Models of cardiac disease

With cardiovascular disease as the leading cause of mortality for decades, it is

important to be able to model the disease in the lab. Historically, animal mod-

els such as rats or mice have been favoured when it comes to modelling cardiac

disease. These animals have a high reproductive capacity and are relatively low

cost allowing larger numbers to be used thereby increasing the statistical power

of such studies [89, 90]. Bigger animals such as rabbits, dogs or pigs have also

been utilised [89]. In vivo studies allow better examination of whole organism

physiology and toxicity effects of drugs than in vitro studies, but they can be labo-

rious and costly, especially when using larger organisms [89, 91]. Another issue

is that there are often species differences, limiting the extrapolation of results to

humans. For example, mice have a higher heart rate and differential expression

of proteins and ion channels. These differences may in part explain some of the

high failure rates of cardiac drugs in human clinical trials [89, 91].

1.5.1 Animal models of cardiac fibrosis

Cardiac fibrosis is present in many CVDs and establishing an appropriate model

is important to properly investigate the pathophysiological mechanisms of the dis-

ease. Rodent models are the preferred model for investigating cardiac disease

and can be created using a variety of different techniques: surgery, pharmacol-

ogy and genetic modification [90]. The method used will depend on the aspect of

fibrosis being investigated. For example, the fibrosis formed following myocardial

infarction is more specific and localised and is often replicated using surgery by
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left coronary artery ligation. On the other hand, the more diffuse fibrosis formed

during inflammatory or chronic diseases such as hypertension, can be recreated

using a high-salt diet, genetic modification (as with the spontaneously hyperten-

sive rat) or exposure to Ang II [92]. Each of these methods comes with its own set

of advantages and limitations. The use of the high salt diet creates a progressive

disease that mimics human fibrosis, however, it only creates a relatively low level

of fibrosis [92]. The use of surgical models is invasive, requires a lot of training,

and has an associated mortality that increases costs. The benefits are that it

creates a robust model of reparative cardiac fibrosis and the associated cardiac

dysfunction [92]. Using pharmacological methods such as Ang II exposure tends

to induce a much faster onset of fibrosis than seen in humans but provides a high

degree of fibrosis in a shorter period of time [92].

It is also important to consider that outside of the inflicted cardiac injury, the hearts

in these models are otherwise healthy often without any co-morbidities [92, 93].

Furthermore, fibrosis is known to be a substrate for arrhythmias due to both struc-

tural and electrical remodelling [15, 16]. This is difficult to investigate using rodent

models as they have an inherent invulnerability to arrhythmia induction when com-

pared to larger animals such as dogs or pigs. It has also been found that when

these arrhythmias do occur, they are more easily reversed in murine models [93].

There is a nuance involved in selecting the right model for investigating cardiac

fibrosis and discovering potential anti-fibrotic therapeutics. Each has different

features that can help us to understand the pathological mechanisms of cardiac

fibrosis. Many of the models used also exhibit multi-organ damage that would not
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necessarily be observed in clinical settings. This demonstrates the need for the

development of more representative human models.

1.5.2 iPSC models of cardiac disease

Developments in the world of induced pluripotent stem cell (iPSC) research have

led to the increased use of iPSC models which may provide a better representa-

tion of human biology [94, 95, 96]. Over the last 20 years, the ability to differenti-

ate pluripotent stem cells (PSCs) has become more efficient and reliable. Despite

differentiation being a relatively length process (10-15 days), several established

protocols provide comparative success and efficiency [97, 98, 99].

iPSC-cardiomyocytes (iPSC-CMs) provide reasonable benefits compared to tra-

ditional models of disease. These models can be higher throughput due to the

proliferative capacity of iPSCs which means experiments can be conducted more

easily and in higher numbers giving greater statistical power. iPSC-CM mod-

els are also ethically unbiased and provide the opportunity to work with patient-

specific cells and mutations [97, 100]. By deriving iPSCs directly from patient

cells, first-hand examination of disease-causing mutations can be conducted and

exact disease mechanisms can be elucidated [94, 97]. This has been applied

to channelopathies, such as long QT syndrome, as well as to hypertrophic and

dilated cardiomyopathies [97]. Moretti et al (2010) was the first to generate iP-

SCs from patients with LQT1 syndrome which demonstrated the symptomatic

prolonged action potential duration compared to controls [97, 101]. Since then

further models have been created that have been successfully used to help us
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better understand disease mechanisms and improve drug testing [97, 102].

There is also emerging evidence that iPSC-CM models may be better predictors

of drug toxicity than the current predominantly used mouse models [103]. More

than a quarter of phase 2 clinical trials fail due to safety concerns, cardiotoxicity

being amongst the leading causes [97]. iPSC-CMs provide a human-relevant tool

to study adverse drug responses. Pointin et al (2017) demonstrated that 3D car-

diac microtissues, derived using iPSCs, were capable of correctly predicting the

contractile consequences of specific drugs [104]. Similarly, Saleem et al (2020)

tested a variety of drugs in iPSC-CMs, in both 2D and 3D formats, and demon-

strated high predictive accuracy, 85 % and 93 %, respectively [103].

iPSC-CM models not only have the ability to aid in cardiotoxicity studies, but they

also have the potential to improve personalised medicine. Patient-derived iPSC-

CMs were obtained from breast cancer patients following treatment with doxoru-

bicin and used to correctly recapitulate doxorubicin-induced toxicity [105]. Stilli-

tano et al (2017) further illustrated that iPSC-CMs could replicate the propensity

to exhibit an arrhythmogenic drug response using patients with LQT syndrome

[106].

Outside of disease modelling, iPSC-CM models provide significant promise as

potential sources for cardiac cell therapy. Adult human cardiomyocytes have min-

imal regenerative or proliferative capacity. iPSC-CMs, partly due to their foetal
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phenotype, show the ability to proliferate to some degree [97]. Research has

therefore begun using iPSC-derived CMs for engraftments and cell-based ther-

apies to repair injured hearts. Several studies have demonstrated that injecting

iPSC-CMs into damaged hearts can contribute to contraction and restore car-

diac function to some extent [97, 107, 108]. However, both Chong et al (2014)

and Shiba et al (2016) observed increased arrhythmias in the host animals a few

days after injection that were often fatal [107, 108]. Being able to reduce, control

or completely remove these arrhythmogenic side effects will dictate the future of

these therapies for use in human patients.

Figure 1.3: Schematic demonstrating the differences between a human adult ventricular
action potential and a human iPSC-derived cardiomyocyte action potential. Adapted from
Goverson et al (2018) [109].

Despite all of these many beneficial uses, iPSC-CMs still have an immature

phenotype and cannot reflect whole organ systems. Compared to adult CMs,

iPSC-CMs are rounder, smaller, not rod-shaped, and spontaneously contract

[109, 110]. A differential expression of ion channels such as the IK1 leads to

a different action potential waveform as seen in Figure 1.3 including a slower up-

stroke and a lack of a notch during the plateau phase [109]. This means certain

aspects of cardiomyocyte electrophysiology cannot be studied using iPSC-CMs
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without employing some method of maturation.

Fatty acid maturation

A distinctive characteristic of cardiomyocyte maturation is the switch from glucose

metabolism to fatty acid metabolism. Typical cell culture generally uses glucose

as an energy source, therefore, supplementation of fatty acids has since been

explored for the maturation of iPSC-CMs in culture [111]. Several independent

studies have demonstrated that the addition of fatty acids to culture media leads to

longer and more structured sarcomeres, significant increases in contractile force

and improved calcium transient and action potential dynamics [111, 112, 113].

However, despite these benefits, no study has yet shown the complete maturation

of iPSC-CMs using these methods.

Ageing in culture

Another aspect used for maturation is ageing or extended time in culture. Lundy et

al (2013) compared ESC-CM and iPSC-CMs grown in short term (30 days) versus

long-term culture (100 days). They observed significant increases in sarcomere

length and size, as well as, a decrease in circularity. Faster calcium kinetics and

more mature action potential morphology were also exhibited following long-term

culture [114]. Sartiani et al (2007) similarly found that maintaining cells in culture

for up to 3 months led to a more adult phenotype. With a focus on ion channel

expression, they observed increased expression of Ito1 and IK1 in later-stage ESC-

CMs, which led to more mature action potential characteristics [115].
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Micropatterning

Under standard culture conditions, iPSC-CMs do not have the typical rod-shape

and lack myofibril alignment along a dominant axis. Micropatterning has there-

fore been utilised to aid in the alignment and maturation of iPSC-CMs [116, 117].

Feaster et al (2015) demonstrated that the use of a ”matrigel mattress” produced

iPSC-CMs with contractile properties more similar to rabbit-CMs. These iPSC-

CMs also acquired morphological features associated with maturity such as elon-

gation, decreased circularity and increased sarcomere length compared to control

iPSC-CMs [116]. Other studies have demonstrated that plating neonatal rat cells

on micropatterned laminin led to better organisation and alignment of cardiomy-

ocytes mimicking the adult rat myocardium. These aligned neonatal cells also

exhibited increased expression of N-cadherin and the intercalated disks resem-

bled those found in vivo [118, 119].

Use of 3D culture

One final method of maturation amassing popularity is that of 3D cultures such as

engineered heart tissues (EHTs) and cardiac organoids [120, 121, 122]. Correia

et al (2018) observed an upregulation in genes related to fatty acid metabolism

in 3D aggregates when compared to 2D iPSC-CMs, as well as, a downregulation

in genes related to glycolysis. They also detected a significant increase in action

potential duration in 3D aggregates [120]. When Lemoine et al (2017) compared

EHTs with 2D monolayers of iPSC-CMs they discovered an increased density

of INa, similar to that reported for adult cardiomyocytes. They also observed,
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using microelectrode techniques, upstroke velocities comparable to human left

ventricular tissue [121]. Other models have also shown that the inclusion of other

cardiac cell types, such as cardiac fibroblasts and/or endothelial cells can not only

improve maturity but provide insight into important cell-cell interactions [123, 124].

Regardless of the maturation method used, iPSC-CMs still do not represent the

full mature phenotype as expected in adult ventricular cardiomyocytes. Despite

the numerous benefits of using these cells a precise method of maturation should

still be investigated to further improve the application of these cells in clinical

medicine.

Over the past couple of decades, studies have been exploring the intricate and

complex nature of cell-cell interactions in the heart, such as between the cardiac

fibroblast and cardiomyocyte. Nonetheless, there exists only one study that has

demonstrated direct contacts between these two cell types in vivo and whether

this phenomena exists in humans is yet to be confirmed [125]. Due to the difficul-

ties in obtaining human cardiac tissue, cellular systems are crucial to advancing

our understanding of cardiac disease. However, there are challenges with in situ

experiments and culturing cFbs in vitro, mainly due to their tendency to turn into

myofibroblasts. Coupled with the immaturity of iPSC-CMs, it’s crucial to find meth-

ods to improve and develop tissue culture models to allow more representative

human research to be conducted. With the complex nature of fibrosis, the devel-

opment of appropriate co-culture models may help to unravel the pathogenicity of
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the disease. Given the conservation of many of these processes across various

organs, identifying shared mechanisms could yield substantial clinical benefits for

a spectrum of diseases entailing fibrosis.

1.6 Thesis motivation and aims

Cardiac fibroblasts are integral to the proper function of the myocardium. How-

ever, due to the stiffness of tissue culture plastic, research is often done using

activated MyoFbs as opposed to quiescent cardiac fibroblasts. Reversing the

MyoFb phenotype could also provide an interesting avenue for fibrotic therapies.

We hypothesised that the culture of cardiac fibroblasts in 2D culture on stiff plastic

leads to myofibroblast activation. The aim of this work was therefore to investi-

gate the activation of human cardiac fibroblasts in culture and the potential for

reversibility of the activated MyoFb phenotype in 2D culture.

Much of the current published in vitro work has been conducted using animal

models. The question remains as to whether this translates to human biology.

Therefore we also aimed to investigate whether activated MyoFbs and quiescent

cardiac fibroblasts have differential effects on cardiac electrophysiology and con-

traction when using human iPSC models. Here, we hypothesise that MyoFbs will

have a greater and more detrimental effect on cardiomyocyte electrophysiology -

prolonging APD and CTD, and increasing heterogeneity, providing an arrhythmo-

genic substrate.
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1.7 Published literature review

During my first year, I wrote a literature review that was successfully published

in the Journal of the American Heart Association. A significant amount of this

work was conducted during the COVID-19 isolation period. The manuscript was

reviewed and edited by the co-authors.

Hall C, Gehmlich K, Denning C, Pavlovic D. Complex Relationship Between

Cardiac Fibroblasts and Cardiomyocytes in Health and Disease. J Am Heart

Assoc. 2021 Feb 15:e019338. doi: 10.1161/JAHA.120.019338. PMID: 33586463
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CONTEMPORARY REVIEW

Complex Relationship Between Cardiac 
Fibroblasts and Cardiomyocytes in Health 
and Disease
Caitlin Hall , MSci; Katja Gehmlich, PhD; Chris Denning , PhD*; Davor Pavlovic , PhD*

ABSTRACT: Cardiac fibroblasts are the primary cell type responsible for deposition of extracellular matrix in the heart, provid-
ing support to the contracting myocardium and contributing to a myriad of physiological signaling processes. Despite the 
importance of fibrosis in processes of wound healing, excessive fibroblast proliferation and activation can lead to pathological 
remodeling, driving heart failure and the onset of arrhythmias. Our understanding of the mechanisms driving the cardiac fibro-
blast activation and proliferation is expanding, and evidence for their direct and indirect effects on cardiac myocyte function 
is accumulating. In this review, we focus on the importance of the fibroblast-to-myofibroblast transition and the cross talk of 
cardiac fibroblasts with cardiac myocytes. We also consider the current use of models used to explore these questions.

Key Words: arrhythmias ■ cardiac fibroblasts ■ cardiomyocytes ■ fibrosis ■ heart failure ■ myofibroblast

Because of aging populations and lifestyle 
changes, the total number of deaths caused by 
cardiovascular diseases (CVDs) is increasing, 

by ≈21% from 2007 to 2017.1 High mortality rates as 
well as a high level of morbidity contribute to the high 
economic burden of CVDs.2 Many of these deadly and 
debilitating CVDs are associated with cardiac fibrosis, 
which can be classified as either diffuse interstitial or 
replacement fibrosis.3 Replacement fibrosis occurs 
immediately following cardiac injury, such as myocar-
dial infarction (MI), to form a fibrotic scar preventing 
rupture of the myocardium.3,4 Interstitial fibrosis is as-
sociated with inflammation and more chronic condi-
tions, such as cardiomyopathies or hypertension, and 
if the underlying condition is left untreated, results in 
irreversible replacement fibrosis.3–5 Cardiac fibrosis 
contributes to both electrical and structural remodel-
ing of the heart, which ultimately leads to decreased 
cardiac function, heart failure, and arrhythmias.4,6–8 
The relationship between fibrosis and CVDs has been 
the subject of multiple studies. However, with no ef-
ficient treatments directly targeting cardiac fibrosis, 

it presents an ever-growing clinical challenge.9,10 The 
fibrotic process is mediated by activation of cardiac 
fibroblasts (cFbs), an important nonexcitatory cell pop-
ulation in the heart, responsible for deposition of extra-
cellular matrix (ECM) in health and disease. cFbs can 
influence cardiac function through direct and indirect 
effects on cardiomyocytes.11–13 In this review, we sum-
marize the current understanding of the interactions 
between cFbs and cardiomyocytes and discuss the 
key questions remaining.

CARDIAC FIBROBLASTS
The human heart is composed of 5 major cell 
types: cardiomyocytes, fibroblasts, endothelial 
cells, macrophages, and smooth muscle cells.14–16 
Cardiomyocytes contribute roughly 30% to 40% by 
number and roughly 65% to 80% by volume in the adult 
mammalian heart.16–21 Recent single-cell sequencing 
studies highlight considerable heterogeneity between 
the different regions of the human heart, with ventricles 
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having distinct cellular signatures compared with atria 
(47.1% cardiomyocytes compared with 31.1%, respec-
tively).16,20 Reports on proportion of cFbs in heart differ, 
from circa 20% to 60% in rats and humans.6,15,16,19 cFb 
numbers increase with development, aging, and dis-
ease. Banerjee et al showed that, in both rats and mice, 
the number of fibroblasts increases postnatally until 
adulthood is reached (≈30% to ≈64% in rat and ≈10% 
to ≈25% in mouse).15 An increase in cFbs has also been 
demonstrated in heart failure and following MI.14,22,23

Comparison of transcriptomes has revealed more 
similarities between cFbs and cardiomyocytes than 
between other fibroblast cell types.24,25 In addition, use 
of single-cell RNA sequencing has identified several 
subpopulations of cFbs within the heart, displaying 
distinct genetic signatures.16 As mesenchymal cells 
present in every tissue in our body, these subpopula-
tions may be indicative of the various possible cFb lin-
eages.6,16 In the heart, cFbs are primarily derived from 
the proepicardium, but can also arise by epithelial-
to-mesenchymal and endothelial-to-mesenchymal 
transition.6,26 Because of this heterogeneity and their 
ubiquitous nature, markers specific to cFbs are still 
lacking. Vimentin is often used alongside specific mor-
phological properties of cFbs, such as the lack of a 
basement membrane. Some reports have used FSP1 
(fibroblast-specific protein 1) and discoidin domain re-
ceptor to identify cFbs, but these are also found in leu-
kocytes and fibrocytes, respectively.6,27

Regardless of origin, resident cFbs are dispersed 
throughout the heart as strands and sheets that sit be-
tween cardiac muscle fibers acting as a scaffold.28,29 
Their main function is to maintain the ECM through 
regulation of matrix metalloproteinases and tissue in-
hibitors of metalloproteinases, and therefore mediate 
secretion and degradation of collagen.30 During dis-
ease or injury (eg, following MI), cFbs undergo a transi-
tion from fibroblast to myofibroblast.6,31 This activated 
phenotype is described as having a spindle shape, 
increased proliferation, expression of α-smooth 
muscle actin (α-SMA), and increased production of 

collagen.32,33 Single-cell sequencing in mouse hearts 
further defined these differences between the acti-
vated myofibroblast and nonactivated cFb. They found 
≈30 genes differentially expressed between the 2 cell 
types, including periostin and collagens 1 and 3, all 
known to be associated with the myofibroblast.34

The main role of this cell type is wound healing 
and repair. Following MI, formation of a fibrotic scar, 
in place of necrotic tissue, prevents rupture of the 
myocardium.4,22 The expression of α-SMA stress fi-
bers provides these cells with the ability to contract. 
This causes shrinkage of the fibrotic scar and pro-
duces tension, which, in turn, increases the stiffness 
of the myocardium.32,35–37 Although initially beneficial 
for maintenance of cardiac function and prevention of 
heart rupture, long-term effects of excessive fibrosis 
are detrimental (see section on Cross Talk Between the 
Myofibroblast and the Cardiomyocyte below).

Structural and electrical remodeling of the myo-
cardium, attributed to chronic and proinflammatory 
conditions, such as hypertension, is commonly as-
sociated with cardiac fibrosis.28,38,39 Inflammation has 
been demonstrated to lead to cardiac fibrosis via acti-
vation of profibrotic signaling cascades via interleukin 
6 (IL-6) (see section on Interleukin 6 below).40 Stiffness 
itself can activate cFbs, leading to transition to myo-
fibroblasts (Figure  1). Myofibroblasts themselves can 
secrete further profibrotic factors, driving progres-
sion to the kind of fibrosis seen following MI.28,32,41,42 
Alongside increased stiffness, fibrosis has also been 
observed to slow conduction and disrupt electrical 
wave propagation. Ultimately, these factors contribute 
to decreased cardiac function and increased suscepti-
bility to arrhythmias.43

The transition from cFb to myofibroblast is a multifac-
torial process mediated by several factors (Figure 1).28,37 
Transforming growth factor-β (TGF-β) has been shown 
in several independent studies to be directly involved 
in this transition process.44–46 Myofibroblasts, once 
activated, can themselves secrete TGF-β, thus cre-
ating a detrimental positive feedback loop leading 
to sustained fibrosis.47–49 The importance of tensile 
strength and mechanical stress in the activation of 
myofibroblasts has also been demonstrated (see sec-
tion on Cross Talk Between the Myofibroblast and the 
Cardiomyocyte for more detail).32,48,50 Perhaps not sur-
prisingly, cFb activation can modulate cardiomyocyte 
function, and several modes of cFb-cardiomyocyte 
communication have been uncovered.

MECHANISMS OF CFB-
CARDIOMYOCYTE COMMUNICATION
In the 1980s, multiple studies demonstrated cell-cell 
interactions between excitatory and nonexcitatory cells 

Nonstandard Abbreviations and Acronyms

Ang II	 angiotensin II
cFb	 cardiac fibroblast
Cx43	 connexin 43
ECM	 extracellular matrix
FSP1	 fibroblast-specific protein 1
hiPSC	 human induced pluripotent stem cell
SMAD	 small mothers against decapentaplegic
TGF-β	 transforming growth factor-β
α-SMA	 α-smooth muscle actin
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in the heart. These were shown to be mediated via 
paracrine signaling and/or direct contacts between the 
cells.51,52 From the mid-2000s, there has been more 
focus on the effects of the nonexcitatory stromal cells 
on the electrophysiological features of the heart, with 
changes to conduction velocity and membrane de-
polarization observed during coculture.53 This is per-
haps not surprising considering that they make up a 
significant proportion of the total cell count.54 More re-
cently, multiple studies have identified that electrotonic 
communication occurs between cFbs and cardiomyo-
cytes. This was demonstrated using cultured as well 
as freshly isolated cFbs in vitro, and in animal disease 
models in vivo.13,53,55,56 The interaction and communi-
cation between cardiomyocytes and cFbs was shown 
to occur through several different modes (Figure  2). 
These include heterologous coupling through the for-
mation of gap junctions or membrane nanotubes, and 
via mechanical forces and paracrine signaling.13,53,57,58 
However, the question still remains as to whether these 
coupling events occur in vivo in humans.

COMMUNICATION VIA GAP 
JUNCTIONS
Gap junctions are considered the main mechanism 
for electrotonic coupling in the heart.59 They are ion 
channels that allow propagation of electrical signals 
between neighboring cells. Gap junctions are formed 
through the combination of 2 hemichannels, which 
are either homomeric or heteromeric. Depending on 
the composition of the 2 hemichannels, the junction 

will be either homotypic or heterotypic.60 The com-
bination of different connexins has demonstrated 
varying levels of channel permeability.61,62 Connexin 
40, connexin 43 (Cx43), and connexin 45 are the 3 
main connexin subtypes found in the heart. Cx43 
is the most widely expressed across the atrial and 
ventricular myocardium in both cardiomyocytes and 
cFbs.59,60

Changes in the expression of Cx43, and in some 
cases connexin 45, have been observed to affect car-
diac function. Studies have shown that the aging heart 
is accompanied by abnormalities in expression and 
distribution of Cx43.63,64 When 10-week-old rat hearts 
were compared with those from 2-year-old rats, a de-
creased intensity of Cx43 expression was seen in the 
left ventricles.64 Similar results were also seen in the 
atria of guinea pig hearts, accompanied by deteriora-
tion of adhesive junctions as well as gap junctions.63 
Furthermore, this age-related decrease in Cx43 has 
been linked to slowed conduction velocity.65 Together, 
these results show that through mediating expression 
of Cx43, aging can lead to conduction slowing and in-
creased risk of arrhythmias.

These changes have also been observed following 
cardiac injury. Vasquez et al13 revealed that Cx43 and 
connexin 45 are present at cardiomyocyte-fibroblast 
contact points in neonatal rat cells. In a model of car-
diac injury, an increase in expression of Cx43 in cFbs, 
along with an observed increase in functional coupling 
between cardiomyocytes and cFbs, was detected. 
The same study also identified that myofibroblasts 
isolated from infarcted hearts, when cocultured with 

Figure 1.  Resident cardiac fibroblasts (cFbs) derive from endothelial-to-mesenchymal or 
epithelial-to-mesenchymal transition.
Injury to the myocardium initiates signaling pathways that trigger the activation of cFbs to myofibroblasts 
(MyoFbs). Loss of structural integrity via cardiomyocyte (CM) death also creates mechanical stress that 
mediates cFb to MyoFb activation. Consequences of MyoFb activation vary between repair and disease 
processes. There are multiple mechanisms for activation, including mechanical stimuli and paracrine 
factors, such as transforming growth factor-β (TGF-β) and angiotensin II (Ang II), from a variety of different 
sources, such as CMs and the cFbs themselves.28,43
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cardiomyocytes, decreased conduction velocities 
of the action potential and reduced action potential 
duration at 70% repolarization. More important, the 
authors showed that the effects on conduction and 
action potential duration were cFb density dependent, 
thus pointing toward a potential role in driving electro-
physiological heterogeneity across the heart and thus 
contributing to increase in arrhythmias.13 This cFb den-
sity dependency on cardiomyocyte electrophysiolog-
ical features was also shown in modeling studies by 
Sanchez et al, with effects being most prominent in the 
left atrial pulmonary vein myocardium, a common site 
of atrial ectopy.66

Zhang et al demonstrated in a mouse model that 
cFbs are activated following MI. Interestingly, these 
observations were apparent even in remote regions, 
away from the site of injury.67 This implicates myofibro-
blasts in the postinfarct remodeling process, as estab-
lished by other groups.67,68 More important, Zhang et 
al demonstrated that cFbs from infarcted hearts dis-
played increased expression of Cx43 and intercellular 
cardiomyocyte coupling. However, in contrast, cardio-
myocytes from these models exhibited downregulation 
and redistribution of Cx43 following MI. Decreased ex-
pression of Cx43 in cardiomyocytes has been shown to 
lead to increased propensity for abnormal conduction 

and susceptibility to arrhythmias.67,69 These data to-
gether suggest that cFbs may be maintaining elec-
trical coupling, to some extent, to preserve cardiac 
function.67 Whether this adaptive process is ultimately 
detrimental to the heart requires further confirmation. 
With the availability of human induced pluripotent stem 
cell–derived cFbs and cardiomyocytes, there is an op-
portunity, and a clear need, for further studies robustly 
examining the interaction and effects of nonactivated 
and activated cFbs on cardiomyocyte electrophysio-
logical features in human cell lines.70

COMMUNICATION VIA MEMBRANE 
NANOTUBES
Another mechanism that facilitates cFb-
cardiomyocyte communication is that of membrane 
nanotubes. This was established as a novel interac-
tion by He et al, who demonstrated that membrane 
nanotubes, through the exchange of Ca2+, could facili-
tate both long- and short-range connectivity between 
cardiomyocytes and cFbs and therefore regulate car-
diac contractility.57 Membrane nanotubes are long, 
thin, membrane-bound connections that consist of 
F-actin and, in some cells, microtubules.71,72 They are 

Figure 2.  Figure depicting cardiomyocyte (CM)–myofibroblast (MyoFb) communcations.
Gap junctions are present at distal junctions between CMs as well as elsewhere between CMs and 
MyoFbs. Gap junctions and membrane nanotubes allow exchange of molecules between the cytoplasms 
of cells. Paracrine factors secreted by cells bind receptors on neighbouring membranes, initiating 
signaling pathways. cFb indicates cardiac fibroblast.D
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suggested to help to control structural connectivity 
between cardiomyocytes and cFbs but also allow di-
rect communication via the exchange of organelles, 
vesicles, and ions, such as Ca2+, across distances 
of up to several micrometers. In theory, membrane 
nanotubes have the advantage over gap junctions, 
which are limited to transfer of molecules of <1.2 kDa 
and only where cells are in close proximity.57 Although 
membrane nanotubes have been identified in both 
cardiomyocytes and cFbs in vivo,57,72 the proposed 
effects on contractility have not, and more research 
is required to identify their role and contributions to 
mediating electrical signals in the heart.

COMMUNICATION VIA PARACRINE 
SIGNALING
Cardiomyocytes and cFbs can also interact indirectly 
via paracrine signaling.73 Considering that fibrosis 
is also demonstrated in areas remote to the injured 
myocardium, it is perhaps not surprising that par-
acrine factors may be involved in this process.74 To 
further investigate this concept, several groups have 
used separated coculture methods, using physical 
inserts to separate the 2 cell types within the same 
well or cFb conditioned medium harvested from cul-
tured cFbs.13,75,76 These have demonstrated the in-
volvement of paracrine mediators independently and 
alongside that of mechanical stress or physical cou-
pling on electrophysiological activity.13,75 LaFramboise 
et al showed that, following the addition of cFb con-
ditioned medium, cardiomyocyte hypertrophy as well 
as reduction of spontaneous contractions were ob-
served in neonatal cardiomyocytes.75 Vasquez et al13 
built on this work by comparing effects of conditioned 
media obtained from normal hearts and hearts with 
MI. They showed that conditioned medium from cFbs 
isolated from rat hearts with MI leads to slowed con-
duction velocities and a shortened action potential 
duration when compared with normal cFbs.13

There is growing evidence in support of cFb-
produced paracrine factors playing a role in modula-
tion of cardiac function and arrhythmogenesis. Many 
of these paracrine factors involved are known, how-
ever, mechanisms driving the observed changes in 
cardiac function and are under investigation. These will 
be discussed in the next section.

CROSS TALK BETWEEN THE 
MYOFIBROBLAST AND THE 
CARDIOMYOCYTE
Following identification of such communications be-
tween cFbs-cardiomyocytes, the importance of 

defining the consequences of these mechanisms be-
came apparent. The primary focus to date has been 
on TGF-β. An important mediator in the differentia-
tion of cFb to myofibroblast, it has also been shown 
to have direct effects on cardiomyocyte function.47,72,77 
However, there is also evidence for the involvement of 
angiotensin II (Ang II), IL-6, and mechanical stimuli in 
the communication processes.72,73

ROLE OF TGF-β
TGF-β is an important cytokine involved in many 
different cellular processes, including proliferation, 
differentiation, and migration.77 Its expression is al-
tered by several stimuli, such as mechanical stretch, 
hormones, and cytokines. In the heart, it is the driv-
ing force for myofibroblast activation and is therefore 
crucial during injury and wound healing.44,78 TGF-β 
receptor stimulation activates multiple downstream 
pathways, via both small mothers against decapen-
taplegic (Smad)– (Figure 3) and non–Smad-mediated 
transcription (Figure  4), to induce cFb proliferation, 
collagen synthesis, and myofibroblast activation.4,47,79 
Multiple studies have shown that TGF-β activates 
cFbs, at least to some extent, demonstrated by 
the expression of α-SMA fibers and a contractile 
phenotype.4,25,47

In 1988, Thompson et al reported the importance 
of TGF-β in cardiac disease in rats. They showed a 
marked increase in TGF-β in cardiomyocytes follow-
ing MI with increased localization to the border zone.80 
Several studies since then have reported TGF-β con-
tributing to both fibrotic and hypertrophic effects 
in the myocardium, both in vitro and in vivo.4,73,77 
Furthermore, higher levels of TGF-β are detected in 
hypertrophic hearts and in heart failure models.22,81 
These effects have been identified in direct coculture 
with cFbs and myofibroblasts and through the use of 
cFb/myofibroblast conditioned medium. In the pres-
ence of a TGF-β receptor inhibitor, these effects were 
reduced or even reversed. These studies clearly high-
light the role of TGF-β in profibrotic and prohypertro-
phic processes.73,82

Nakajima et al also observed the effects of TGF-β to 
be more prominent in the atria compared with the ven-
tricles. Through use of models with constitutive TGF-β 
activity, they concluded that TGF-β alone was not suf-
ficient in promoting ventricular fibrosis in their mouse 
model.77 Rahmutula et al later built on this work using 
a similar model. They observed an increased expres-
sion in TGF-β signaling proteins in both atria and ven-
tricles, although expression of fibrotic genes was only 
increased in the atria. This expression was associated 
with an increased atrial susceptibility to fibrosis and 
arrhythmia. Similar observations were made in human 
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atrial tissue.83 Interestingly, it has also been demon-
strated that TGF-β maintains a positive feedback loop 
by acting on cardiomyocytes to sustain its own ex-
pression and maintain myofibroblast proliferation.73,84 
Competitive inhibition of TGF-β receptors can prevent 
the cFb activation process.22 Several independent 
studies have explored targeting TGF-β signaling as a 
potential antifibrotic therapeutic strategy. Kuwahara 
et al observed, in pressure overloaded mouse hearts, 
that fibrosis could be decreased using an anti–TGF-β 
neutralizing antibody.49 Similarly, Khalil et al demon-
strated that deletion of Smad2/3 attenuated the fi-
brotic response in pressure overloaded mouse hearts. 
However, increased mortality in TGF-β receptor knock-
down models and following long-term pharmacological 
inhibition after MI limits its therapeutic use.22,44

Despite this, a study by Davies et al further impli-
cated non-Smad signaling in atrial remodeling and 
arrhythmogenesis, specifically with age. Through 
use of a conditional mouse knockdown of Mkk4, they 
demonstrated MKK4 as a negative regulator of TGF-β 
signaling through activation of the JNK pathway. They 
showed that, with age and with Mkk4 deletion, there 
were significantly greater levels of fibrotic tissue, 
TGF-β1 expression, TGF-β receptor expression, and 
effects on matrix metalloproteinase and tissue inhib-
itor of metalloproteinase expression levels, provid-
ing a substrate for arrhythmogenesis. Furthermore, 
they discovered that, in patients with atrial fibrillation, 
there were decreased levels of MKK4.85

More recently, TGF-β has also been linked to the 
WNT signaling pathway in the context of fibrosis and 

Figure 3.  Schematic of transforming growth factor-­β (TGF-β) activation via small mothers 
against decapentaplegic (Smad) signaling.
TGF-β binds its receptor, initiating phosphorylation (p) of Smad2/3. This complex then binds Smad4 
and translocates to the nucleus to induce transcription of target genes involved in proliferation, collagen 
production, and activation of cardiac fibroblasts to myofibroblasts (MyoFbs).42,75
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cardiac tissue remodeling.86 Several groups have ob-
served a role for WNT proteins in the activation of myo-
fibroblasts. Blyszczuk et al demonstrated this through 
the suppression of TGF-β–mediated myofibroblast ac-
tivation by blocking WNT signaling.87 Others have ob-
served stimulation of proliferation and upregulation of 
profibrotic genes through activation of the WNT path-
way.86,88,89 These data, together with those of Davies 

et al,85 suggest that although TGF-β itself may not be 
an appropriate target for pharmacological intervention, 
deciphering downstream targets could in fact provide 
new avenues for treatment.

The influence of TGF-β on ionic handling in the 
heart is less well defined. In coculture with cardiomy-
ocytes, both cFbs (defined as α-SMA–negative Fbs) 
and myofibroblasts have been reported to alter Ca2+ 

Figure 4.  Schematic of transforming growth factor-β (TGF-β) activation via noncanonical (small 
mothers against decapentaplegic–independent) signaling.
TGF-β binds its receptor, initiating activation of Ras or TAK1 and further downsteam activation of 
extracellular signal-regulated kinase (ERK), JNK, or p38. This leads to promotion of transcription factors 
(TFs) and the transcription of target genes involved in myofibroblast (MyoFb) activation, fibrosis, and 
cardiomyocyte apoptosis.79 MAPK indicates mitogen-activated protein kinase.
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transients. Myofibroblasts decreased Ca2+ transient 
amplitudes, whereas surprisingly, cFbs increased 
them. This effect was blocked by a TGF-β receptor 
inhibitor. TGF-β treatment of cardiomyocytes alone 
was not able to recapitulate the effects seen in co-
culture systems, indicating that TGF-β itself does not 
drive these Ca2+ transient alterations.73 Kaur et al ob-
served a peak Na+ current increase of ≈40% follow-
ing exposure to TGF-β. TGF-β effects on the current 
magnitude were voltage independent, and these ef-
fects were reversed in presence of a TGF-β neutral-
izing antibody.76 Whether these effects alter action 
potential morphological features and conduction or 
whether TGF-β leads to changes in intracellular Na+ 
concentrations is unclear.

The effects of TGF-β on cardiac pathogene-
sis have been recognized for many years through 
promotion of fibrosis and cardiomyocyte hypertro-
phy.49,81,85 The precise role of TGF-β in cardiac dis-
ease is only now becoming more evident. Numerous 
studies and the modern -omics approaches have 
highlighted TGF-β involvement in the modulation of 
multiple signaling pathways, important in activating 
the myofibroblast.44,90,91 Novel use of computer mod-
eling has enabled generation of in silico fibrosis mod-
els,92 allowing dissection of the TGF-β signalosome 
and potentially identification of novel downstream 
targets for antifibrotic therapy.

ANGIOTENSIN II
Ang II is a hormone that acts as part of the renin-
angiotensin system and is involved in regulating blood 
pressure and sodium homeostasis.93,94 Inhibition of 
Ang II signaling through use of angiotensin-converting 
enzyme inhibitors has long been used to treat hyper-
tension.95 However, evidence over the years has also 
suggested an important role for Ang II in ventricular 
remodeling following cardiac injury.96,97 Schieffer et al 
showed that, by blocking angiotensin receptors and by 
angiotensin-converting enzyme inhibition, ventricular 
remodeling was attenuated through reduction of car-
diac hypertrophy and fibrosis.96

Recent evidence implicates Ang II as a power-
ful profibrotic factor, as secreted by cFbs/myofi-
broblasts.98,99 Indeed, several independent studies 
demonstrate that exposure to Ang II stimulates cFb 
proliferation and, ultimately, fibrotic processes.97,99,100 
Cao et al observed that Ang II significantly upregu-
lated α-SMA in neonatal rat cFbs and that this cor-
related with an initial increase in Cx43 expression, 
indicative of myofibroblast activation.90 In the heart, 
myofibroblasts have been identified as a significant 
source of Ang II, implying the existence of a positive-
feedback mechanism.100 Ang II also stimulates the 

release of TGF-β and IL-6 from cFbs, which has been 
shown to further escalate the fibrotic process and the 
hypertrophic response seen in cardiomyocytes.99,101 
In patients with hypertensive heart disease, the 
angiotensin-converting enzyme inhibitor, lisinopril, 
reduced myocardial fibrosis, irrespective of its effects 
on left ventricular hypertrophy.102 These clinical find-
ings validate some of the preclinical evidence in favor 
of Ang II being a major driver of cardiac fibrosis.

INTERLEUKIN 6
IL-6 is a cytokine involved in processes of differentia-
tion, growth, and survival.103 Studies show that the 
IL-6 signaling pathway is crucial to cardiac function 
and cardioprotection following acute injury. However, 
continuous activation has been associated with at-
tenuated cardiac function attributable to processes in-
cluding cardiomyocyte hypertrophy and fibrosis.104,105 
IL-6 is secreted by both cardiomyocytes and cFbs, 
with increased expression seen in myocardial hyper-
trophy.106,107 Although cardiomyocytes and cFbs lack 
IL-6 receptors, local IL-6 secretion is likely to promote 
recruitment of the inflammatory cells to myocardium. 
Indeed, IL-6 has clearly been demonstrated to play a 
prominent role in inflammation.40,103

A study conducted by Ma et al used a macro-
phage/cFb coculture model to observe the effects 
of Ang II and IL-6 on the activation of cFbs. They 
observed that cFbs were the main source of IL-6 
following stimulation of Ang II and that this was re-
liant on the presence of macrophages. It was also 
determined that the presence of macrophages stim-
ulated α-SMA expression and collagen synthesis, 
and therefore activation of myofibroblasts, in an IL-6–
dependent manner.108 These results dictate in part a 
role for IL-6 in cardiac fibrosis through inflammatory 
processes. However, it was subsequently demon-
strated that following cardiac injury, cardiomyocytes 
are stimulated to produce IL-6, in turn thus stimulat-
ing proliferation of cFbs and further IL-6 secretion. 
This feedback loop fuels cardiac fibrosis and hyper-
trophy, leading to decreased cardiac function.99,106,107 
Furthermore, Meléndez et al demonstrated that ele-
vations in IL-6 resulted in cardiac fibrosis and a large 
degree of ventricular stiffness.40

The role of IL-6 has also been investigated using 
complete genetic knockouts. These mice displayed 
significant differences when compared with wild 
type. The hearts were larger while also having thin-
ner chamber walls. Echocardiographic analysis 
showed cardiac dilation, implying decreased cardiac 
function. Increased collagen deposition was also ob-
served in knockout mice, along with a higher per-
centage of cFbs. However, interestingly, abrogation 
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of IL-6 led to decreased cellular interactions between 
cardiomyocytes-cFbs because of a loss of cellular ad-
hesion.104 Remarkably, a more recent study, performed 
by McArthur et al, observed an upregulation of Cx43 
expression following stimulation with IL-6. Although this 
was only significant when in combination with the solu-
ble IL-6 receptor, it does point to a greater involvement 
in these cellular interactions.109 This evidence supports 
the involvement of inflammation, and specifically IL-6, 
in myocardial disorder through cardiomyocyte hyper-
trophy, fibrosis, and a loss of cardiomyocyte-cFb inter-
actions. However, mechanisms driving the sustained 
IL-6 response that leads to these pathogenic transi-
tions are unclear and require further investigation.

ROLE OF MECHANICAL STIMULI
The Young modulus is a mechanical property that 
describes the elasticity of a material.110 The healthy 
myocardium has a Young modulus ranging from 10 to 
30 kPa.48,111,112 However, following disease or injury, the 
development of a collagenous fibrotic scar increases 
the Young modulus to ≥100 kPa.35,113 The protein α-
SMA is associated with an increase in contractile force, 
which is needed for wound contraction following col-
lagen deposition and is therefore used as an activation 
marker for myofibroblasts.41,42

It is now commonly accepted that, under stan-
dard tissue culture conditions, because of the stiffer 
plastic surfaces (≈3  GPa), cFbs undergo activation 
to myofibroblasts. Several independent studies 
demonstrated increased expression of α-SMA after 
only a few hours of culture in rat cFbs.13,41,112 Further 
evidence for the role of mechanical signals in the 
cFb-to-myofibroblast activation process has been 
demonstrated through the use of multiple substrates 
of varying Young moduli to mimic healthy and patho-
logical cardiac environments. Use of higher Young 
moduli substrates (≥100  kPa) leads to increased 
proliferation of cFbs, higher levels of α-SMA, and 
increased deposition of collagen.41,112 How these 
mechanical signals drive the conversion to myofi-
broblast phenotype is unclear.41 Despite this, most 
studies to date use culture conditions with stiffer sur-
faces, thus presumably working with activated cFbs. 
Future studies should take into account substrate 
stiffness when designing experiments using cFbs to 
better match physiological conditions (see section 
on Cardiomyocyte and Cardiac Fibroblast In Vitro 
Culture Models). Some groups have begun to exper-
iment with polyacrylamide- or poly(ethylene glycol)-
based hydrogels, and others are using silicone.48,114 
In addition, with several commercially sourced cul-
ture dishes with softer Young moduli available, these 
experiments are now more achievable.

As well as acting as a stimulus for activation, me-
chanical forces have also been implicated in com-
municative processes in a phenomenon known as 
mechanoelectric feedback. The effect of mechanical 
forces on cardiomyocyte-cardiomyocyte communica-
tions is relatively well investigated115,116; however, the 
role of mechanical signal transmission between cardio-
myocytes and cFbs is yet to be elucidated. Intercalated 
discs are structures found at the distal ends of cardio-
myocytes, mediating the mechanoelectric feedback 
between cardiomyocytes.117–119 They consist of the 
fascia adherens, desmosomes, and gap junctions.117 
Fascia adherens junctions are constructed from ad-
hesion proteins, known as cadherins, that link the in-
tercalated discs to the actin cytoskeleton within the 
cardiomyocytes.118,119 Mutations in cadherins, as well 
as plakoglobin and desmoplakin, have significantly af-
fected electrical coupling.

Normal electrical coupling of cardiomyocytes has 
some dependence on normal mechanical coupling, 
and thus it is reasonable to assume that the mech-
anoelectric phenomenon also mediates heterocellu-
lar coupling of cFbs and cardiomyocytes.119,120 This 
has been evidenced in part through the application 
of pulsatile stretch, which induced higher expression 
of proteins involved in both mechanical and electrical 
coupling in neonatal rat cardiomyocytes.116 Zhuang 
et al used a custom-made stretch apparatus to apply 
10% pulsatile stretch to cells for either 6 or 72 hours. 
They observed an increase in Cx43 expression, 
which corresponded to a relatively rapid increase in 
conduction velocity. This increase in electrical cou-
pling could contribute to the formation of arrhythmia 
through dysregulated conduction in heterogeneously 
contracting cardiac tissue.116 Conversely, Thompson 
et al showed that inhibiting myofibroblast contraction 
and blocking mechanosensitive channels in mono-
layers of cocultured myofibroblasts and neonatal 
rat ventricular cardiomyocytes lead to a minimal in-
crease in myofibroblast membraneous expression of 
Cx43, a significant increase in cadherin expression, 
and an increase in conduction velocity.84 It is difficult 
to reconcile these divergent findings. Pulsatile stretch 
and reduced cellular tension are both likely to play 
a role in disease progression; however, the patho-
physiological relevance of these studies remains to 
be confirmed.

Multiple studies have also shown that growing 
cFbs or cardiomyocytes on stiffer substrates causes 
an increase in expression of proteins mediating cell-
cell contact.84,119 N-cadherin is most commonly found 
between myofibroblasts and cardiomyocytes. By ap-
plying pulsatile stretch to cultures of cardiomyocytes 
and/or myofibroblasts, there was an upregulation in 
expression of adhesion proteins, such as N-cadherin, 
in both cardiomyocytes and myofibroblasts.116,119 
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Thompson et al have also demonstrated that reduced 
expression of N-cadherin, via short-interfering RNA, 
reversed conduction slowing by myofibroblasts.121

Multiple lines of evidence confirm that environmen-
tal stiffness affects structural and functional properties 
of the myocardium. Increased mechanical forces can 
lead to altered cardiomyocyte electrophysiological fea-
tures and pathological fibrosis.32,112 Better understand-
ing of the mechanisms and key players driving cardiac 
fibrosis is necessary if we are to develop targeted ther-
apeutic agents.

CARDIOMYOCYTE AND CFB IN VITRO 
CULTURE MODELS
Current in vitro cell culture models do not recapit-
ulate the stiffness characteristics of healthy or dis-
eased myocardium, nor do they regularly consider 
multiple cells types that exist in the heart and their 
interplay. Considering that standard plastic dishes, 
because of high tensile strength, can lead to fibro-
blast activation, some previous work may require 
validation.13,72 Indeed, activation state of the cFb can 
significantly modulate structural and functional myo-
cardial properties.13,73 cFbs and myofibroblasts (TGF-
β–treated or α-SMA–positive cells) have differential 
effects on electrophysiological features in cardio-
myocytes. More important, in coculture with car-
diomyocytes, myofibroblasts often cause a slowing 
of conduction.73,84,121 However, defining what is the 
tensile strength of healthy human myocardium is not 
straightforward. Tensile strengths in the range of 5 to 
50 kPa have been reported.36,41,111,112 Determination 
of the Young modulus in healthy and diseased human 
myocardial tissue can be compromised by handling 
after surgery but equally by different stages of dis-
ease. Furthermore, whether the Young modulus var-
ies between the different chambers of the heart is yet 
to be investigated and should be considered moving 
forward.

Most experiments are conducted using mu-
rine cardiomyocytes and cFbs, despite significant 
differences in electrophysiological features when 
compared with humans, which have been reviewed 
extensively elsewhere.122,123 These species differ-
ences are thought to contribute to high failure rates 
of cardiac drugs in clinical trials.124 The use of human 
induced pluripotent stem cell–derived cardiomyo-
cytes (hiPSC-CMs) may circumvent these problems 
to some extent. However, hiPSC-CMs show an im-
mature phenotype, including spontaneous beating, 
reduced expression of the potassium channels, and 
a more depolarized resting membrane potential.124 
The cardiac differentiation process is also a rela-
tively lengthy one.125 Methods aimed at improving 

differentiation efficiency and hiPSC-CM yield are be-
coming routine, whereas many groups have shown 
tangible improvements in maturity.126–128 Yang et al 
treated hiPSC-CMs for 2 weeks with fatty acids and 
observed a more mature phenotype. This included 
larger and less circular cell size and a significant 
increase in sarcomere length. Also observed were 
increases in calcium transient amplitude and twitch 
force.129 A slightly more established method is the use 
of mechanical forces during the differentiation pro-
cess. Through increased substrate stiffness or appli-
cation of stretch, several independent studies have 
demonstrated more mature characteristics.130–132

Cellular interactions are of course also to be con-
sidered when developing a culture model for experi-
mentation. Novel methods, allowing differentiation of 
human induced pluripotent stem cell–derived cFbs, 
have been developed, opening up opportunities for 
much needed human coculture experiments.133,134 
Furthermore, the roles of other cell types are also 
beginning to be explored.20 Hulsmans et al ob-
served the presence of Cx43 at cell-cell contacts 
between cardiomyocytes and macrophages. They 
also demonstrated that, in the presence of macro-
phages, cardiomyocytes had a more depolarized 
resting membrane potential and decreased action 
potential duration.135 Use of endothelial and fibroblast 
coculture methods has also been reported to aid in 
induced pluripotent stem cell–derived cardiomyocyte 
maturation.136–139

Consideration of the effects of ECM on cardio-
myocyte and cFb structure and function is also nec-
essary. The varying composition of the ECM can 
alter its properties, such as stiffness, and conse-
quently exert differential effects on cardiomyocytes 
and cFbs.28,35 It is therefore important to replicate 
the ECM cellular environment as closely as possi-
ble in vitro to create representative culture mod-
els. Research groups often use collagen coatings 
during cell culture as collagen is highly expressed in 
the myocardium.112 However, following injury, it has 
been demonstrated that the collagen composition 
of the ECM changes to express more collagen 1 
than collagen 3.42,140 Equally, ECM protein fibronec-
tin was shown to be required for TGF-β–induced 
myofibroblast differentiation.48 ECM also has pos-
itive effects on cardiomyocyte organization in cul-
ture, aiding in cellular alignment, similar to that seen 
in vivo. This has been demonstrated through use of 
ridged collagen plates, where cardiomyocytes are 
allowed to connect to the ECM, forming laminae.141

More frequently, hiPSC-CMs are being used in a 
3-dimensional context to mimic the more complex 
tissue environment that exists in vivo. This concept of 
cardiac tissue engineering allows interrogation of both 
cell-ECM and cell-cell interactions, not only between 

D
ow

nloaded from
 http://ahajournals.org by on February 15, 2021



J Am Heart Assoc. 2021;10:e019338. DOI: 10.1161/JAHA.120.019338� 11

Hall et al� Cardiomyocyte-Cardiofibroblast Cross Talk

cardiomyocytes but also between other cardiac cell 
types.72,142 A recent study by Lee et al established a 
3-dimensional microtissue, using both cardiomyocytes 
and cFbs, to develop a novel model of cardiac fibro-
sis.143 Research such as this allows more accurate 
interrogation of cardiac disease and creates new plat-
forms for discovery of more tailored medicine through 
use of patient-derived models.

IS THE MYOFIBROBLAST 
PHENOTYPE REVERSIBLE?
Previously, it was thought that the myofibroblast 
was a terminally differentiated phenotype. The only 
method of reestablishing tissue homeostasis was that 
of apoptotic clearance after wound healing. However, 
more recent studies suggest that dedifferentiation or 
phenotype reversibility is possible and could hold the 
answer to identifying new therapeutic targets.47

Several pathways have been identified in the cFb-
myofibroblast activation process, with TGF-β being the 
main target of interest. Indeed, competitive inhibition 
of TGF-β receptors leads to a decrease in expression 
of α-SMA fibers, a marker for myofibroblast activa-
tion.47,48 Other research has shown that softer sub-
strates, around or just below what would be expected 
of the healthy myocardium, also lead to a decrease 
in expression of α-SMA fibers.37,48 α-SMA expression 
levels in these studies did not return to those of qui-
escent cFbs, suggesting that there may be an inter-
mediate stage, termed the protomyofibroblast,42,144 
as observed in a liver fibrosis study.145 This cFb plas-
ticity was only demonstrated in freshly isolated cells, 
so the myofibroblast reversibility in long-term culture 
on harder substrates needs to be investigated.22,32,48 
Interestingly, a study by Nagaraju et al observed that 
myofibroblasts obtained from patients with heart failure 
had less α-SMA expression following treatment with a 
TGF-β receptor inhibitor. Whether this was dedifferen-
tiation or simply a loss of α-SMA fibers is unclear.22

Prolonged activation of myofibroblasts leads to 
sustained fibrotic processes within the myocardium, 
leading to deterioration of heart function. Fibrosis, 
although ultimately detrimental, is necessary imme-
diately following the myocardial injury, and myofibro-
blasts are a crucial part of this process. Inhibition 
of TGF-β following myocardial injury has led to in-
creased mortality in a mouse model.22 Full genetic 
knockouts of TGF-β or certain signaling components 
(ie, Smad2) have embryonic lethality.44,146 Therefore, 
reversal of the cFb-to-myofibroblast transition may 
not be an appropriate therapeutic approach for myo-
cardial injury, although it may be more useful for 
treatment of chronic CVD, thus preventing the pro-
gression toward heart failure.22

CONCLUSIONS
Studies over the past 20  years have started to 
unveil the complexity of the cell-cell interactions 
within the myocardium. In this article, we focus on 
the role of the cFb and the activated myofibroblast 
in altering the structure and function of the myo-
cardium. Yet, there are still conflicting views as to 
the effects of these 2 cell types on cardiac electro-
physiological features and whether these phenom-
ena occur in humans. To advance the work further, 
we will require use of the full range of cellular and 
animal model systems available, while acknowl-
edging the particular strengths and weaknesses 
each possesses.

There are difficulties involved with in situ experi-
mentation; there are also limitations involved with cul-
turing cFbs in vitro, in particular their propensity for 
differentiation/activation to myofibroblasts. In addition, 
considering the immaturity of hiPSC-CM models, the 
importance of developing better, more representative 
fibrosis models is necessary.

Another issue that cannot be avoided is the im-
mense complexity of the pathogenesis of fibrosis. With 
multiple different and often intersecting pathways, it 
will be difficult to identify a single valid target to reduce 
or revert the process. However, only by integrating 
existing biological and computational platforms with 
systems biology approaches will further progress be 
made. Many of these processes are conserved across 
organs and, therefore, identifying common mecha-
nisms could have huge clinical benefit for many differ-
ent diseases involving fibrosis.
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Chapter 2

Materials and Methods

2.1 Fibroblast cell culture

Cryopreserved human cardiac fibroblasts (HCF) were obtained from PromoCell®.

Cells were thawed using Fibroblast Growth Medium 3 (PromoCell®, C23025/C23130)

into T75cm2 corning flasks. Cells were kept at 37oC and 5% CO2 in a humidi-

fied incubator. Every 4-7 days cells were passaged using 0.05% Trypsin-EDTA

(Gibco®, 25300054). Cells were incubated for 5 mins at 37oC before being col-

lected using fresh media and centrifuged at 1200 g for 4 mins. The supernatant

was then aspirated, cells resuspended in fresh media and split 1:4-1:8 into new

flasks. For experimental purposes all tissue culture plastic was coated with 10

µg/ml Fibronectin (Sigma-Aldrich, F1141-5MG) for at least 45 mins at room tem-

perature (RT) before use.

2.2 Soft substrates

Soft substrate plates were obtained from Cell Guidance Systems Ltd. Softwell®

Easy Coat™ plates were used for 6 well experiments at 2 and 25 kPa. Softwell
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G™ 96 Glass Bottom Plate, Easy Coat™ were used for 96 well experiments at 2

and 25 kPa. Plates were coated with 10 µg/ml Fibronectin (Sigma-Aldrich, F1141-

5MG) for at least 45 mins at RT before use. Once plated, cells were incubated at

37oC and 5% CO2 for 2-4 days before being stained for immunocytochemistry or

used with CyQUANT® (Invitrogen™, C35006) or RT-qPCR.

2.3 Proliferation assay

To quantify proliferation rates the CyQUANT® NF proliferation assay kit (Invitro-

gen™, C35006) was used. Cells were collected and counted using Trypan blue

stain 0.4% (Invitrogen™ T10282) and the Countess™ automated cell counter.

Cells were then seeded at the desired concentration into 96 well black plates

(Perkin Elmer®, 6005182) or Softwell G™ 96 Glass Bottom Plates. The first col-

umn of each plate (8 wells) had media only to act as blanks. Cells were left to

adhere at 37oC and 5% CO2 for 3-4 hours. Experimental conditions were added

as required – varying concentrations of TGF-β (Bio-techne®, 240-B-010) or SD-

208 (Bio-techne®, 3269/10) – to the Day 1 and 2 plates. The CyQUANT® (Invit-

rogen™, C35006) dye binding solution was prepared by adding CyQUANT® NF

dye and equal amounts of the dye delivery reagent to 1X HBSS buffer. 100 µL

was added to all wells except the negative control on the Day 0 plates following

adhesion of cells (3-4 hours after plating) and to the Day 1 and 2 plate 24 and

48 hours later, respectively. All experiments were done in duplicate or triplicate.

The plates containing dye solution were incubated for 1 hour at 37 oC. Fluores-

cence intensity from each well was then quantified using with a FlexStation® 3
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microplate reader (Molecular Devices) using the SoftMax Pro software. Excita-

tion wavelength was set at 485 nm and emission detection at 530 nm. The plates

were read from the bottom.

2.4 Seeding density assay

To identify the optimal cell density and TGF-β concentration for future experi-

ments, a seeding density assay was conducted. Cells were seeded into 96 well

black plates at varying cell number: 1,750, 3,500, 7000, 14000, 28000, and 56000

cells/cm2. The PromoCell® recommended seed is 7,000 cells/cm2. Day 0, 1 and

2 plates were prepared with or without serum. Cells were left to adhere for 3-4

hours at 37oC and 5% CO2. At this time, CyQUANT® dye was added to the Day 0

plate as described above (Section 2.3) and varying concentrations of TGF-β were

added to the appropriate wells (1.25, 2.5, 5, 10, 20 and 40 ng/ml) of the Day 1

and Day 2 plates. These were then left for 24 and 48 hrs before CyQUANT® was

added and fluorescence intensity quantified. Data was normalised to the blanks

and then corrected against the negative controls. Data was then analysed for

significance using a Two-way ANOVA.

2.5 Immunocytochemistry protocol 1

At the desired end point cells were washed with sterile Dulbecco’s Phosphate-

Bufffered Saline (DPBS) (Sigma-Aldrich, D8662) and fixed using 4% paraformalde-

hyde for 90 mins at RT. Stored cells were kept at 4oC in sterile DPBS for up to 1

month. Cells were permeabilised with 0.1% Triton™X-100 (Sigma-Aldrich,T8787)
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in DPBS for 5 mins at RT and then blocked with 5% Bovine Serum Albumin (BSA)

(Sigma-Aldrich, A1933) in DPBS for 1 hour at RT. Incubation with primary anti-

bodies followed overnight at 4oC. Vimentin (abcam®, ab45939) was used at a

concentration of 0.25 µg/ml and α-SMA (Sigma-Aldrich, A2547) at a dilution of

1:1000. Both primary and secondary antibodies were made up in 1% BSA in

DPBS. The cells were then blocked for a second time with 5% BSA in DPBS for

30 mins at RT before being incubated with secondary antibodies (abcam, Alexa

Fluor® 488, ab150077) (Thermofisher Scientific, Alexa Fluor® 647, A21235) at

1:1000 dilution for 90 mins at RT. Cells were kept in the dark and were fur-

ther incubated with DAPI (Thermofisher Scientific, 62248) at a concentration of

1:1000 in DPBS. Finally, cells were mounted onto glass slides using Histomount

(Scientific Laboratory Supplies, NAT1038). Cells were visualised using the Ze-

ica LSM780 Confocal laser scanning microscope equipped with the objective C-

Apochromat 40x/1.20 W. Images were acquired using the Zen Black software.

2.6 Immunocytochemistry protocol 2

At the desired end point cells were fixed using 4% paraformaldehyde for 10 mins

at RT followed by one wash with DPBS. Cells were stored in DPBS at 4oC for a

maximum of 1 month. Samples were blocked and permeabilised with blocking

buffer (1% BSA in DPBS with 5% FBS and 0.5% Triton™X-100) for 30 mins at RT.

Cells were subsequently incubated with primary antibodies in blocking buffer for

60 mins at RT. Vimentin was used at a concentration of 0.25 µg/ml and α-SMA at

a dilution of 1:500. Cells were then washed with blocking buffer twice for 3 mins.
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Following this, cells were kept in the dark and incubated with secondary anti-

bodies in blocking buffer minus Triton™X-100 for 60 mins at RT. Both secondary

antibodies were used at a dilution of 1:500 (Thermofisher Scientific, Alexa Fluor®

647, A-21246, and Alexa Fluor® 488, A-11029). Cells were then washed twice

with blocking buffer minus Triton™X-100 for 3 mins. Cells were further incubated

with a concentration of 1:1000 in DPBS. Finally, cells were mounted onto glass

slides using Histomount. Cells were visualised using the Zeica LSM780 Confocal

laser scanning microscope equipped with the objective C-Apochromat 40x/1.20

W. Images were acquired using the Zen Black software.

2.7 Image analysis

Individual cells were identified within the confocal images. The area of each cell

was selected within ImageJ. The raw integrated density for α-SMA was obtained

for each cell and normalised to the area of the cell. Percentage of cells positive

for α-SMA fibres was calculated using cellpose.

2.8 RT-qPCR

RNA was extracted using an RNeasy mini kit (QIAGEN, 74106) and quantified

using a nanodrop spectrophotometer (Thermofisher Scientific, ND-2000). RNA

was then converted to cDNA using the High-capacity cDNA reverse transcription

kit (Thermofisher Scientific, 4368814) within 24 hours. cDNA was diluted with

nuclease free water to 5 ng/µl before use. Master mixes were prepared for each

primer (Table 2.1) and 10ng of cDNA was used per reaction. The master mix
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kit used was TaqMan™ Fast Advanced Master Mix for qPCR (Thermofisher Sci-

entific,4444556). Primers were used at a 1x final concentration. GAPDH was

used as a loading control. The PCR parameters used are shown in Table 2.2.

RT-qPCR reactions were run on the 7500 Fast Real-Time PCR system (Applied

Biosystems). Relative quantification of genes was conducted using the 2(-Delta

Delta C(T)) method.

Gene Protein Assay ID

ACTA2 α-smooth muscle actin Hs00426835 g1

COL1A1 Collagen type 1 Hs00164004 m1

COL3A1 Collagen type 3 Hs00943809 m1

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Hs02786624 g1

Table 2.1: Taqman gene expression assays

Parameter
UNG incubation Polymerase activation PCR (40 cycles)

Hold Hold Denature Anneal/extend

Temperature 50oC 95oC 95oC 60oC

Time [mm:ss] 2:00 10:00 00:15 1:00

Table 2.2: PCR parameters used for RT-PCR. 96 well plates were used with 20µl per
reaction

2.9 iPSC culture

The hiPSC lines Kolf2-C1 and ReBL-PAT, were used for differentiation of car-

diomyocytes and cardiac fibroblasts. Both Kolf2-C1 and ReBL-PAT were derived

from white males. hiPSCs were cultured on 1:100-1:200 dilution of Matrigel®
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(Corning 356231) with daily media changes using Essential 8™ medium (Ther-

moFisher Scientific A1517001). hiPSCs were split approximately once a week

using 0.5 mM EDTA in PBS at a ratio of 1:7 or 1:15.

2.10 iPSC derivation of cardiac fibroblasts

hiPSCs were seeded at 2 x104/cm2 on Matrigel® coated 6 well plates on day -

2. On day 0 media was replaced with RPMI-1640 with 2% B-27™ supplement,

minus insulin supplemented with 6 µM CHIR99021 (Tocris Bioscience, 4424).

On day 2 CHIR99021 was removed and media was replaced with RPMI-1640+B-

27™ minus insulin. On day 3 media was replaced with RPMI-1640+B-27™ minus

insulin supplemented with 5 µM IWR-1-endo (Sigma, I0161). On day 6 re-plate

hiPSC derived cardiac progenitor cells at a density of 2 x104/cm2 in advanced

DMEM supplemented with 5 µM CHIR99021 and 2 µM Retinoic acid (Sigma-

Aldrich, R2625) for 3 days. On day 8 change media to advanced DMEM alone for

4 days. On day 12 re-plate hiPSC-epicardial cells in FGM3 supplemented with 10

ng/ml FGF 2 (Peprotech 100-18B) and 10 µM SB431542 (Selleck S1067). Media

was changed every 2 days. From day 18 cells were assessed for fibroblast purity

[126]

Figure 2.1: Protocol for the differentiation of cardiac fibroblasts from iPSCs [126]
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2.11 iPSC derivation of cardiomyocytes

hiPSCs were seeded at 7x105 on Matrigel® coated 25 cm2 tissue culture flasks on

day -3. On day -1 cells were treated with StemPro™-34 (ThermoFisher Scientific

10639011) supplemented with 1% L-Glutamine, 1ng/mL BMP-4 (R&D systems

314-BP-010) and 1:100 dilution of Matrigel®. 12-16 hours later (day 0) media

was replaced with StemPro™-34 supplemented with 1% L-Glutamine, 10 ng/mL

BMP-4 and 8 ng/mL Activin A (Lifetech PHC9561). On day 2 media was re-

placed with RPMI-1640 (ThermoFisher Scientific 11875085) supplemented with

2% B-27™ supplement, minus insulin (ThermoFisher Scientific A1895601), 10

µM KY02111 (R&D systems 4731) and 10 µM XAV939 (R&D systems 3748). On

day 4 media was replaced with RPMI-1640 supplemented with 2% B-27™ supple-

ment (ThermoFisher Scientific 17504044), 10 µM KY02111 and 10 µM XAV939.

On day 6 media was changed to RPMI-1640+B-27™ and cultured with this me-

dia every other day until use. Cells began beating around day 12. Once beating

iPSC derived cardiomyocytes (iPSC-CMs) were dissociated using TrypLE™ Se-

lect Enzyme (10X) (ThermoFisher Scientific A1217701) and plated using plating

media, which consisted of RPMI-1640 supplemented with 10% Knock Out Serum

Replacement (ThermoFisher Scientific 10828010) and 2 µM Thiazovivin (Selleck

S1459). Media was changed to RPMI-1640+B-27 24 hours after passaging [99].

iPSC-CMs were seeded between 1.75-2 x106 in 35mm dishes for use with optical

mapping and 1-2 x105 on coverslips for immunocytochemistry.
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Figure 2.2: Protocol for the differentiation of cardiomyocytes from iPSCs [99]

2.12 Optical mapping system

The optical mapping system used for the work presented here was re-purposed

and optimised for use with iPSC-CM monolayers and can be seen in Figure 2.3.

The optimisation process is elaborated on in Chapter 4. Cells were kept at 37oC

using a H-401 temperature pad (Okolab). A 10x objective was used to visualise

cells. To visualise Fluovolt loaded cells, a 470nm LED was used in conjunction

with a 520/50nm filter. To visualise Fura-2,AM loaded cells, a 380nm LED was

used with a T470nm dichromatic mirror and a 510nm long pass filter.

Figure 2.3: Visual representation of the optical mapping setup used in this thesis
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2.13 Optical mapping of iPSC-CMs

iPSC-CMs were plated at a density of 2x106 per 35mm dish for a dense mono-

layer. iPSC-CMs were used between day 20 and 30. For interrogation of calcium

transients, cells were incubated with 10 µM Fura-2, AM (Invitrogen™, F1221) in 1

mL RPMI+B27+ins for 20 mins at 37oC. Cells were then incubated with Tyrode’s

solution for a further 20 mins at 37oC to allow the dye to de-esterify and the cells

to acclimatise to the Tyrode’s solution. Fura-2, AM dye was excited at 380 nM with

fluorescence passing through a 510 +/-40 nm emission filter. For action potential

recordings, iPSC-CMs were incubated with 1 mL 0.5x concentration of FluoVolt™

(Invitrogen™, F10488) in Tyrode’s solution for 15 minutes at 37oC followed by Ty-

rode’s solution alone for a further 15 mins at 37oC. FluoVolt™ dye was excited at

470 nM with fluorescence passing through a 525 +/-25 nM emission filter. Spon-

taneous calcium transients and action potentials were recorded using an Evolve

delta 512x512 EMCCD camera and the WinFluor software. Data was analysed

using Electromap.

2.14 Cardiac fibroblast-cardiomyocyte co-culture

Dense monolayers of iPSC-CMs were obtained by seeding 2x106 per 30cm dish.

iPSC-cFbs were plated on top of the iPSC-CMs at varying densities of 2:1 (CM:cFb),

5:1 or 10:1 for 2 days and evaluated using MUSCLEMOTION (contraction anal-

ysis) and optical mapping. iPSC-cFbs were plated on top of the iPSC-CMs at

a density of 10:1 (CM:cFb) for 5 days in the presence or absence of 10 µM

SB541342 or 10 ng/mL TGF-β and evaluated using MUSCLEMOTION (contrac-
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tion analysis) and optical mapping.

2.15 Statistical methods

Data are presented as mean ± standard error of the mean. Differences between

group means were examined using nested or ordinary one-way analysis of vari-

ance (ANOVA) and were considered statistically significant when P < 0.05. Sta-

tistical analysis was conducted using GraphPad Prism 9.
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Chapter 3

Reversing the myofibroblast phenotype in chronically

activated human cardiac fibroblasts

Activation of cardiac fibroblasts to MyoFbs underlies the development of patholog-

ical cardiac fibrosis [24, 28]. The ability to reverse MyoFbs back to their quiescent

phenotype offers a mechanism to reduce the burden of cardiac fibrosis and re-

duce cardiac dysfunction. Existing research has shown to some extent that this

is possible using freshly isolated cells and short-term culture [20, 59, 80]. In this

chapter, chronic activation of human MyoFbs is investigated using primary human

cardiac fibroblasts and human iPSC-derived cells. The possibility of reversing hu-

man MyoFbs to their quiescent phenotype is also explored.

3.1 Computational modeling of cardiac fibroblast activation

The work done in this section was conducted by Mukti Chowkwale from the Jeff

Saucerman lab. A computational model was created from experimental data in

the published literature with the aim of identifying context-dependent drivers of

MyoFb activation [60]. 177 papers were used for model development to define

the network structure and 41 papers were used for validation of the model and
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its predictions. Through the integration of multiple signalling pathways, the model

can be used to predict changes in gene expression and protein activity related

to MyoFb activation. All pathways and biochemical and mechanical inputs have

been previously shown to regulate cardiac fibroblast activation and are altered

during cardiac injury and heart failure. The mechanical stimulus input within the

model stems from the application of various stretch apparatus. Each interaction

within the model is supported by two independent studies, most of which were

conducted in cardiac fibroblasts [60].

Figure 3.1: Fibroblast signalling network as created by Saucerman et al ([60]). 91
nodes representing gene products or cell processes. Each node is connected by an
arrow or arrows representing a reaction described by published experimental data. Red
boxes dictate the inputs and output used for this work. (Adapted from [60])

The model was used here to simulate the response of cardiac fibroblasts to

the stiff and soft substrates used experimentally (3 GPa, 25 kPa and 2 kPa) and

in the presence of 10 ng/mL TGF-β. Baseline condition was defined as 25% sig-

nalling activity for all untested inputs. Figure 3.2 shows that modelled cardiac

fibroblasts cultured at 3 GPa show no to little change in expression of α-SMA,
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collagen 1 and collagen 3 but an increase in expression of TGF-β receptor 1 and

proliferation rates (Figure 3.2 A). When cultured on 25 or 2 kPa the modelled car-

diac fibroblasts show increases in all outputs measured (Figure 3.2 B and C).

When the expression of activation markers is compared across the 3 substrates,

there is a consistent increase seen on 3 GPa when compared to 25 and 2 kPa

(Figure 3.2 D-F). However, expression of TGF-β receptor 1 is the same across

the three substrates and is only increased by the presence of TGF-β (3.2 H). Pro-

liferation shows the same pattern (3.2 G).

The experimental data used for both creation and validation of the model was

predominantly conducted in mouse and neonatal rat cardiac fibroblasts. The sub-

sequent sections investigate whether these results will be recapitulated using hu-

man cells.

Figure 3.2: Model predictions for cardiac fibroblasts grown on stiff and soft sub-
strates. Effects of TGF-β on expression of α-SMA, collagen 1 and 3, and TGF-β receptor
1 was assessed for cardiac fibroblasts grown on 3 GPa, 25 kPa and 2 kPa substrates.
Effects of TGF-β on proliferation were also studied. A-C Modelled response of cardiac
fibroblasts to TGF-β on different substrates (3 GPa, 25 kPa and 2 kPa). D-H Comparison
of modelled response of cardiac fibroblasts across the three different substrates
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3.2 Primary cardiac fibroblasts activate to myofibroblasts following long term cul-

ture in 2D

Standard tissue culture methods include the use of stiff plastic (E=3 GPa) that

does not reflect that of the human myocardium (10-30 kPa). Research has shown

that culture of murine cardiac fibroblasts on stiff plastic induces MyoFb activa-

tion as demonstrated by an increase in expression of α-SMA and collagen [82].

To investigate the effects of long-term culture on human cardiac fibroblasts (2-4

weeks), human primary cardiac fibroblasts (HCF) were obtained from ”healthy”

regions of explanted hearts and cultured in stiff polystyrene tissue culture flasks

for up to 10 passages. These cells were also exposed to 10 ng/mL TGF-β to

determine if already activated, could these cells activate further.

Cell culture media often contains serum which includes TGF-β, a known ac-

tivator of cardiac fibroblasts. To ensure the addition of serum in the cell culture

media was not dampening the effects of the added TGF-β, HCFs were grown in

the presence and absence of serum and then exposed to TGF-β (Figure 3.3).

In the presence of serum, there is a roughly 2-fold increase in the amount of

HCFs after 24 hours and then again after 48 hours (Figure 3.3 A). In the absence

of serum, there is almost no increase in HCFs after 48 hours (Figure 3.3 B).

The addition of TGF-β up to 40 ng/mL had no affect on proliferation in the pres-

ence or absence of serum (Figure 3.3 A and B). Expression of α-SMA protein,

as assessed by immunofluorescence staining, was unchanged in the absence of

serum in the presence of 10 ng/mL TGF-β. For this reason, serum was used for

subsequent experiments.
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Figure 3.3: Response of human cardiac fibroblasts to TGF-β in the presence or ab-
sence of 10% serum. A - Proliferation over 48 hours was assessed using the CyQUANT
assay in the presence of 10% serum and varying concentrations of TGF-β (0, 1.25, 2.5,
5, 10, 20, and 40 ng/mL). B - Proliferation over 48 hours in the absence of serum and
varying concentrations of TGF-β. C - Quantification of immunofluorescence staining for
α-SMA protein in the absence of serum with or without exposure to 10 ng/mL TGF-β.
Data presented as mean ± S.E.M. N = 14 wells per plate, 3 plates (A, B); 1 experiment,
3 images per condition

Following culture on 3 GPa stiff plastic, α-SMA was detected in HCFs demon-

strating MyoFb activation at baseline (Figure 3.3 and 3.4). To further assess their

activation potential, these cells were then exposed to 10 ng/mL TGF-β for 2 days

for immunofluorescence and proliferation (to avoid high confluency) and 4 days

for RT-qPCR experiments. Expression of activation markers α-SMA, collagen 1

and 3 were assessed. Vimentin was used as a marker for cardiac fibroblasts.
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Addition of TGF-β for 2 days had no significant effect on α-SMA as measured

by relative fluorescence or percentage of cells positive for α-SMA staining (Figure

3.4 A and B). Cell size was also unaffected by the addition of TGF-β (Figure 3.4

C). Proliferation was measured after 48 hours as a percentage change in fluores-

cence from baseline (Day 0). Treatment with TGF-β had no discernible effect on

proliferation (Figure 3.4). There was also no significant effect on mRNA expres-

sion levels for any of the 3 activation markers investigated (α-SMA, Collagen 1

and 3) following treatment with TGF-β for 4 days.

These results indicate that primary human cardiac fibroblasts are activated

following 2-4 weeks of culture on standard tissue culture plastic (3 GPa) and are

unresponsive to further TGF-β stimulation.
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Figure 3.4: Activation status and proliferation of HCFs on 3 GPa tissue culture plas-
tic. Cells were grown in the presence or absence of TGF-β for 2 days (proliferation and
immunofluorescence) or 4 days (RT-qPCR). DAPI is in blue, vimentin in green and α-
SMA in red. A - Quantification of α-SMA protein expression by immunofluorescence. B
- % cells positive for α-SMA staining in 96 well format using Operetta CLS system. C
- Comparison of cell size using cell area. D - Representative images for immunofluo-
rescence staining in panel A and C. Scale bar 100 µm. E - Proliferation over 48 hours
was assessed as a % change in fluorescence from Day 0 by CyQUANT assay. F-H -
mRNA expression of activation markers ACTA2, COL1A1 and COL3A1 as measured by
RT-qPCR. Data presented as mean ± S.E.M. N = 3 experiments, 3 images per condition
(A, C), 3 plates, 18 wells (B), 4 plates, 6+ wells per plate (E), 8-9 (F-H).
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3.3 Myofibroblasts cannot reverse to a quiescent phenotype using biochemical

and mechanical inputs either alone or in combination

To investigate whether this activated MyoFb phenotype could be reversed, HCFs

were exposed to TGF-β receptor inhibitor SD208 (30 nM) (Figure 3.5) and sub-

cultured on softer substrates of 25 and 2 kPa for 2-4 days (Figure 3.6). α-SMA

expression was unchanged as measured by immunofluorescence both in terms

of relative fluorescence and percentage of cells positive for α-SMA staining (Fig-

ure 3.5 A and B). Cell size was similarly unaffected by the addition of SD208,

as was proliferation (Figure 3.5 C and E). Despite a trend towards decreased α-

SMA and collagen 1 mRNA expression levels in the presence of SD208, this was

non-significant (Figure 3.5 F and G). There was also no significant change in the

expression of Collagen 3 mRNA following the addition of SD208 (Figure 3.5 H).

2 days of sub-culture on softer substrates of 25 or 2 kPa had no significant ef-

fect on the expression of α-SMA as assessed by immunofluorescence (Figure

3.6 A and D). A significant decrease in cell size was seen on 2 kPa when com-

pared with 3 GPa control (Figure 3.6 B). Similarly, a trend towards decreased cell

size was seen on 25 kPa however this was non-significant (Figure 3.6 B). Prolif-

eration across the 3 substrates was not significantly changed although there was

a trend towards decreased proliferation on 2 kPa (Figure 3.6 C).

It was then investigated whether sub-culture on soft substrates in combination

with TGF-β receptor inhibition could reverse the activated MyoFb phenotype (Fig-
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ures 3.7 and 3.8). Neither addition of TGF-β nor SD208 had any significant effect

on α-SMA in cells sub-cultured on 25 kPa as assessed by immunofluorescence

(Figure 3.7 A). mRNA expression levels of α-SMA, collagen 1 and collagen 3 were

also unchanged when compared to the undrugged control and to HCFs grown on

3 GPa (Figure 3.7 D-F). Furthermore, proliferation of HCFs on 25 kPa in the pres-

ence or absence of TGF-β or SD208 was not significantly different (Figure 3.7

B). Sub-culture on 2 kPa comparably had no significant effects on proliferation or

expression of α-SMA (Figure 3.8 A and B). mRNA expression levels of activation

markers α-SMA, collagen 1 and 3 were also indistinguishable from the undrugged

control or cells grown on 3 GPa (Figures 3.8 D-F).

These results demonstrate that HCFs cultured on stiff 3 GPa plastic are unre-

sponsive to TGF-β receptor inhibition. The data further indicates that HCFs are

unable to transition back to their quiescent phenotype using culture on soft sub-

strates alone or in combination with TGF-β receptor inhibition.
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Figure 3.5: Reversal of HCFs on 3 GPa tissue culture plastic using 30 nM SD208.
Cells were grown on 3 GPa plastic in the presence or absence of 30 nM SD208 for 2 days
(proliferation and immunofluorescence) or 4 days (RT-qPCR). A - Quantification of α-SMA
protein expression by immunofluorescence. B - % cells positive for α-SMA staining in 96
well format using Operetta CLS system. C - Comparison of cell size using cell area. D
- Representative images for immunofluorescence staining in panel A and C. Scale bar
100 µm. E - Proliferation over 48 hours was assessed as a % change in fluorescence
from Day 0 by CyQUANT assay. F-H - mRNA expression of activation markers ACTA2,
COL1A1 and COL3A1 as measured by RT-qPCR. Data presented as mean ± S.E.M. N
= 3 experiments, 3 images per condition (A, C), 3 plates, 18 wells (B), 4 plates, 6+ wells
per plate (E), 8-9 (F-H).
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Figure 3.6: Activation status of HCFs sub-cultured on 25 and 2 kPa soft substrates.
Cells were grown on 3 GPa and then subculture on 25 or 2 kPa soft substrates for 2
days. A - Quantification of α-SMA protein expression by immunofluorescence. B - Com-
parison of cell size using cell area. C - Proliferation over 48 hours was assessed as a %
change in fluorescence from Day 0 by CyQUANT assay. D - Representative images for
immunofluorescence staining in panel A and B. Scale bar 100 µm. Data presented as
mean ± S.E.M. N = 3 experiments, 3 images per condition (A, B), 4 plates, 6+ wells per
plate (C).
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Figure 3.7: Activation status and proliferation of HCFs sub-cultured on 25 kPa. Cells
were grown in the presence or absence of TGF-β or SD208 for 2-4 days. A - Quantifi-
cation of α-SMA protein expression by immunofluorescence. B - Proliferation over 48
hours was assessed as a % change in fluorescence from Day 0 by CyQUANT assay. C
- Representative images for immunofluorescence staining in panel A and B. Scale bar
100 µm. D-F - mRNA expression of activation markers ACTA2, COL1A1 and COL3A1 as
measured by RT-qPCR. Data presented as mean ± S.E.M. N = 3 experiments, 3 images
per condition (A, C), 4 plates, 6+ wells per plate (B), 5-8 (D-F)
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Figure 3.8: Activation status and proliferation of HCFs sub-cultured on 2 kPa. Cells
were grown in the presence or absence of TGF-β or SD208 for 2-4 days. A - Quantifi-
cation of α-SMA protein expression by immunofluorescence. B - Proliferation over 48
hours was assessed as a % change in fluorescence from Day 0 by CyQUANT assay. C
- Representative images for immunofluorescence staining in panel A and B. Scale bar
100 µm. D-F - mRNA expression of activation markers ACTA2, COL1A1 and COL3A1 as
measured by RT-qPCR. Data presented as mean ± S.E.M. N = 3 experiments, 3 images
per condition (A, C), 4 plates, 6+ wells per plate (B), 5-8 (D-F)
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3.3.1 Unresponsiveness to TGF-beta activation and inhibition is maintained in

HCFs cultured on stiff plastic

To further assess reversibility, HCF were thawed from passage 5 (p5) and cul-

tured in the presence or absence of TGF-β receptor inhibitor SB431542 (SB). SB

is used in the literature to maintain iPSC-derived cFbs as quiescent. Having seen

no effect using SD208 and to have a more direct comparison to later iPSC-cFb

experiments (Section 3.4), the switch was made to SB. At each passage post-

thaw up to p9, α-SMA expression was assessed by immunofluorescence. These

experiments allowed us to examine whether long-term TGF-β receptor inhibition

can indeed reverse chronically activated HCF. Total α-SMA expression as mea-

sured by relative integrated density does not significantly change from passage

6 to 9 (Figure 3.9 A). Similarly, % cells positive for α-SMA fibres does not signifi-

cantly change during long-term culture in the presence or absence of SB (Figure

3.9 B). Interestingly, % of α-SMA positive cells decreased (p = >0.05) with long

term culture suggesting de-differentiation of HCF. Our data also demonstrate that

HCF are unresponsive to TGF-β at each passage tested (p6-p9) regardless of

whether they are cultured in the presence or absence of SB (Figure 3.9 C).
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Figure 3.9: Activation status of human cardiac fibroblasts on stiff plastic across
multiple passages. HCF were thawed on 3 GPa plastic with and without TGF-β receptor
inhibitor SB431542 (SB). At each passage post thaw up to P9 cells were plated and
exposed to 10 ng/mL TGF-β for 2 days. A – relative fluorescence staining of α-SMA in
individual cells at P6-9. B – percentage of HCF positive for α-SMA fibrous staining at
P6-9 cultured in the presence and absence of SB. C – percentage of HCF positive for
α-SMA fibrous staining at P6-9 cultured with and without SB followed by exposure to 10
ng/mL TGF-β for 2 days. Data presented as mean ± S.E.M N = 2 cryovials, N = 6 wells,
2 images per well, A = individual cells, B and C = % cells per image
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3.4 Chronically activated human iPSC derived cardiac fibroblasts cannot be re-

versed to a quiescent phenotype

3.4.1 Differentiation of human iPSC derived cardiac fibroblasts

Through the work detailed in sections 3.1 and 3.2, it has been shown that human

primary HCFs activate to MyoFbs when kept in culture. An alternative method is

therefore required to obtain healthy quiescent cardiac fibroblasts for better repre-

sentation of the human myocardium for research purposes. It has been detailed

in Wu et al (2020) [126] that iPSC-derived cardiac fibroblasts (hiPSC-cFbs) can

be maintained as quiescent using TGF-β receptor inhibitor SB431542 (SB). This

section details the investigation into chronic activation and reversibility of hiPSC-

cFbs.

As mentioned, in section 1.2.1, cardiac fibroblasts have no markers specific to

themselves alone. Therefore, multiple markers are required to guarantee suc-

cessful differentiation from iPSCs. These include DDR2, vimentin, and collagen 1,

with the absence of α-SMA as a marker for quiescence and prescence of α-SMA

as a marker for activation. Figure 3.10 shows successful differentiation of cardiac

fibroblasts by the presence of vimentin, DDR2 and collagen 1 and an absence

of α-SMA staining. Figure 3.11 shows that when maintained in the presence of

SB the cells show little to no staining for fibrous α-SMA. However, when exposed

to TGF-β iPSC-cFbs activate to MyoFbs as demonstrated by the increase in size

and the presence of α-SMA fibrous staining (Figure 3.11).

These results indicate successful differentiation of iPSCs to cardiac fibrob-
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lasts. They also demonstrate that these cells maintain quiescence in culture with

the ability to activate to MyoFbs when exposed to TGF-β.

Figure 3.10: Immunofluorescence staining confirming differentiation of iPSCs to
cardiac fibroblasts. DAPI is stained in blue, vimentin and DDR2 in purple and α-SMA
and collagen 1 in green. Scale bar is 300 µm.

Figure 3.11: Activation of iPSC-cFbs using TGF-β. iPSC-cFbs in the presence of SB
or TGF-β. DAPI is in blue, vimentin in purple and α-SMA in green. A and B are different
batches of differentiations. Scale bar is 300 µm.
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3.4.2 Chronic activation of hiPSC-cFbs renders them unresponsive to TGF-beta

stimulation or inhibition

Having established that hiPSC-cFbs can be maintained as quiescent in culture

on 3 GPa plastic, these cells were used to further investigate whether chronic ac-

tivation leads to an irreversible MyoFb phenotype. To do this, hiPSC-cFbs were

cultured in the absence of SB for 2 weeks to generate an activated MyoFb phe-

notype (see figure 3.12).

Figure 3.12: Protocol schematic describing the experimental design for hiPSC-
cFbs. Cells were grown in the presence or absence of 10 µM SB431542 followed by
exposure to 10 ng/mL TGF-β or 30 nM SD208 for 2-4 days. These cells were then used
for immunofluorescence staining, the CyQUANT assay or RT-qPCR

Quiescent iPSC-cFbs show a significant increase in α-SMA staining follow-

ing exposure to TGF-β (Figure 3.13 A). Removal of SB for only 2 days shows a

two-fold increase in the percentage of cells showing positive staining of α-SMA,

though non-significant (Figure 3.13 A). This suggests culture on 3 GPa stiff plas-
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tic alone activates iPSC-cFbs. In contrast, chronically activated hiPSC-cFbs -

those grown without SB for 2 weeks - showed no change in α-SMA staining when

exposed to TGF-β (Figure 3.13 B). Nor did they show any response to TGF-β

receptor inhibition when exposed to SD208 or SB (Figure 3.13 B).

This closely reflects that seen with primary HCFs (section 3.1, 3.2 and 3.3) con-

firming standard tissue culture practices (3 GPa stiff plastic) do in fact activate

cFbs to MyoFbs. Also in line with the primary HCFs was the observation that

chronic activation leads to a loss of fibrous α-SMA staining (Figure 3.13).

To investigate this phenomenon further, we explored the effect of culture on stiff

3 GPa substrates and the addition of TGF-β on the activation state of quies-

cent hiPSC-cFbs over time. A qualitative assessment of α-SMA expression was

conducted over the period of 1 week using immunofluorescence. hiPSC-cFbs

were cultured in the absence of a TGF-β receptor inhibitor. α-SMA fibres began

to appear at the 24-hour mark (Figure 3.14 and 3.15) both in the absence and

presence of TGF-β. In the presence of TGF-β, an increased proportion of cells

stained with α-SMA up to 96 hours (Figure 3.14, 50-80% of cells and figure 3.15).

Culture on 3 GPa alone also resulted in an increase in α-SMA fibrous staining but

to a lesser degree than with TGF-β at each of the time points investigated (Figure

3.14, 5-20% and figure 3.15). In both conditions, the percentage of cells express-

ing α-SMA began to decrease between 96 hours and 1 week (168 hours). This

is in line with our previous observations (Figure 3.13 B) where a loss of fibrous

staining was seen in activated hiPSC-cFbs following long term (over two weeks)

culture on stiff substrates in the absence of a TGF-β receptor inhibitor.
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Figure 3.13: Immunofluorescence staining of quiescent and activated hiPSC-cFbs.
Quiescent and activated hiPSC-cFbs generated as per figure 3.12 were assessed for
α-SMA staining. DAPI is in blue, vimentin in red and α-SMA in green. A - Quiescent
hiPSC-cFbs were exposed to 10 ng/mL TGF-β for 2 days. Withdrawal of SB for 2 days
was also assessed. B - Activated hiPSC-cFbs were exposed to 10 ng/mL TGF-β, 30
nM SD208 or 10 µM SB for 2 days. Data presented as percentage of cells displaying
α-SMA expression by immunofluorescence. Scale bar 100 µm. Data presented as mean
± S.E.M. N = 3 plates, 18 wells, nested one-way ANOVA compared with control.
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Figure 3.14: Activation of hiPSC-cFbs over time on stiff 3 GPa stiff plastic. SB was
removed from the culture of quiescent hiPSC-cFbs for 7 days and α-SMA was assessed
in the presence and absence of TGF-β at 1, 4, 12, 24, 48, 72, 96 and 168 hours. 2
methods of analysis were performed. A - Percentage of cells positive for α-SMA fibrous
staining was assessed manually. B - Percentage of cells positive for fibrous staining was
assessed using CellPose. Representative images shown in figure 3.15. Data presented
as minimum to maximum. N = 3 wells, 3 images per well.
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Figure 3.15: Representative immunofluorescence images for figure 3.14. α-SMA
staining in iPSC-cFbs over a 1 week time period on 3 GPa plastic in the presence and
absence of 10 ng/mL TGF-β. On the left are cells grown without TGF-β and on the right
are cells grown with 10 ng/mL TGF-β. α-SMA in green and vimentin, as a marker for
cardiac fibroblasts, is in red. Scale bar is 200 µm.
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Proliferation was also assessed using quiescent and activated hiPSC-cFbs.

Activated hiPSC-cFbs show significantly decreased proliferation rates when com-

pared to quiescent cells (Figure 3.16 A). Similarly, acute activation of quiescent

hiPSC-cFbs with TGF-β also caused a significant decrease in proliferation rates

when compared to the undrugged control. Removal of SB for 2 days led to a small

but non-significant decrease in proliferation (Figure 3.16 B). Chronically activated

hiPSC-cFbs - generated from removal of SB from culture for 2 weeks - showed

no response to TGF-β or SD208, nor re-addition of SB (Figure 3.16 C).

Investigation of mRNA changes in activated and quiescent hiPSC-cFbs showed

robust increases in both α-SMA and collagen 1 in response to TGF-β compared

to undrugged controls. Neither quiescent nor activated hiPSC-cFbs showed any

significant changes in mRNA expression in response to SB. mRNA expression

levels of TGF-β receptor 1 were unchanged in response to both TGF-β and SB.

Taken together, these results predominantly mirror those seen with the primary

HCFs. Although changes in mRNA expression of activation markers were seen,

there was no response to SB at the protein level (Figure 3.13) or in terms of

proliferation. These results indicate that chronically activated MyoFbs cannot be

reversed to their quiescent phenotype using TGF-β receptor inhibition.
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Figure 3.16: Activation status and proliferation of quiescent and activated hiPSC-
cFbs. A-C Proliferation was assessed over 48 hours as a percentage change from base-
line (Day 0). A - Proliferation of quiescent and activated hiPSC-cFbs. B - Proliferation of
quiescent hiPSC-cFbs following exposure to 10 ng/mL TGF-β or removal of SB. C - Prolif-
eration of activated hiPSC-cFbs following exposure to 10 ng/mL TGF-β, 30 nM SD208 or
10 µM SB. D-I RT-qPCR for activation markers ACTA2, COL1A1 and TGFβR1 following
4 days of culture. D-F mRNA expression of hiPSC-cFbs grown in the presence of SB.
G-I mRNA expression of hiPSC-cFbs grown in the absence of SB for 2 weeks. Data pre-
sented as mean ± S.E.M. N = 3 plates, 24 wells (A-C), 5-6 (D-I). nested one-way ANOVA
compared with control (A-C), one-way ANOVA compared with control (D-I).
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3.5 Discussion

The presence of cardiac fibrosis is associated with many CVDs and is associ-

ated with increased mortality and morbidity. There is, therefore, a great interest in

identifying anti-fibrotic therapies especially as none currently exist. As an impor-

tant driver of cardiac fibrosis, the MyoFb has understandably been the subject of

many studies. The potential to reverse MyoFb activation and reduce the perpet-

ual cycle of pathological cardiac fibrosis could provide new avenues for therapy.

In this chapter, primary human and human iPSC-derived cardiac fibroblasts are

used to investigate the reversal of the MyoFb phenotype. The results in this chap-

ter demonstrate that standard plastic, due to high tensile strength, leads to chronic

MyoFb activation and that this leads to a diminished response to TGF-β. It is also

shown that neither short-term culture on soft substrates, nor inhibition of TGF-β

receptors are able to reverse this chronic MyoFb phenotype.

The results of this chapter differ when compared to most of the published liter-

ature. This is also demonstrated when comparing the experimental results to the

modelling results in section 3.1. The model predicted (Figure 3.2) that both TGF-

β or the culture of cells on lower substrate materials would lead to changes in

expression of activation markers and proliferation, however when using human

cardiac fibroblasts we found no significant changes in expression or proliferation.

This is most likely because the model is built on predominantly mouse and rat

data and not human data. It has also been built using freshly isolated cells and

not those cultured for several weeks as in this chapter. Whether the differences

75



CHAPTER 3. REVERSING THE MYOFIBROBLAST PHENOTYPE IN
CHRONICALLY ACTIVATED HUMAN CARDIAC FIBROBLASTS

seen here are solely due to species differences or down to the ”chronic” activation

of long-term culture is yet unknown.

Another interesting observation is that in much of the immunofluorescence data

captured in this chapter, both the primary HCFs and iPSC-cFbs display an un-

usual α-SMA staining pattern. Rather than the typical fibrous staining of an acti-

vated MyoFb (Figure 3.11), a diffuse staining throughout the cytoplasm was ob-

served in our chronically activated cells (Figure 3.4 3.5, 3.7, 3.8). The exact

explanation for this is unclear. However, it may be that chronic exposure to such

a high stiffness (3 GPa plastic) may result in the disassembly of the α-SMA fibres.

This is supported by the observational loss of fibres over time in culture as seen

in figure 3.14. Perhaps the localisation of α-SMA within the MyoFb could be used

as a marker for irreversible chronic activation and late-stage fibrosis. Alternatively,

it might be that some level of de-differentiation may be occurring due to the high

level of stress exerted on these cells from the high substrate stiffness.

3.5.1 Mechanical stiffness and myofibroblast activation

Several studies have shown that primary cells begin to express α-SMA fibres after

several hours in culture on stiff plastic substrates supporting the hypothesis that

stiff substrates activate cardiac fibroblasts to MyoFbs [81, 82, 127]. It has also

been demonstrated that using softer, but still stiff substrates, that more closely

reflect that of the diseased myocardium (30-100 kPa) also leads to MyoFb acti-

vation as demonstrated by an increase in expression of activation markers such
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as α-SMA, collagen 1 and 3, and periostin [36, 82, 80]. This data supports the

idea that increased stiffness in the myocardium during CVD leads to perpetuated

MyoFb activation. The work conducted here also suggests we need to rethink our

tissue culture practices in regards to working with cardiac fibroblasts due to the

high tensile strengths involved.

Several studies have also shown that softer substrates can prevent the activation

of MyoFbs, however, reversal has been less well explored [81, 82, 88]. Wang et al

(2012) explored this possibility with some success using valvular cells [80]. The

data presented in this chapter suggests soft substrates are not sufficient to re-

verse the MyoFb phenotype, although it is possible that our use of soft substrates

for only 2-4 days may not have been long enough when using a chronically ac-

tivated cell type. Regardless of whether longer culture on soft substrates can

reverse the MyoFb phenotype or not, use of soft substrates should provide a

more physiological surface to work with and may be able to maintain quiescence

in the absence of a pharmcological inhibitor (SB).

3.5.2 Myofibroblast reversal and TGF-β receptor inhibition

In this work, TGF-β receptor inhibition was also investigated with the potential

to reverse the MyoFb phenotype. There have been reports of TGF-β inhibition

decreasing the expression of MyoFb activation markers using both murine and

human cells [20, 60, 88]. In contrast, we found that the use of neither SD208 nor

SB431542 had any effect on α-SMA or collagen expression. It must be noted that

in existing research, experiments utilised freshly isolated cells cultured for shorter
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periods suggesting they may not have been fully activated. Our cells were pur-

posefully kept for 2-4 weeks to induce a chronically activated phenotype. Also,

our use of 30 nM SD208, though used in other cardiac fibroblast studies [60] was

much lower than that used in the study performed using human cells (3 µM) [20].

Tomosek and Gabbiani previously suggested that there may be an intermedi-

ate ”protomyofibroblast” phenotype that bridges the differentiation of fibroblasts

to MyoFbs [128]. Identification of more than 2 populations of fibroblasts in the

healthy and diseased hearts in sequencing studies may also support this theory

[4, 6]. Taken together, the results in this chapter suggest there may be the pres-

ence of a threshold of activation after which MyoFbs become unresponsive to any

method of de-activation.

3.5.3 Proliferation of the myofibroblast

Previously, it has been assumed that MyoFbs have an increased proliferative ca-

pacity when compared to quiescent cardiac fibroblasts in order to fulfill their role

in wound healing and repair [17, 23]. However, more recently it has been demon-

strated that this might not be the case. Hecker et al (2011) demonstrated that

lung MyoFbs were less proliferative than their quiescent counterparts [86]. Using

a cardiac mouse model of myocardial infarction, Bugg et al (2022) demonstrated

that cardiac fibroblasts also had a reduced proliferative capacity following injury

[25]. Furthermore, a study using human fibroblasts from failing hearts showed

a significant decrease in the proliferative marker Ki-67 [20]. However, in these

patients, there was also an increase in vimentin in these hearts suggesting an
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increase in cardiac fibroblasts [20]. The results in this chapter demonstrate that,

whether through acute (TGF-β stimulation) or chronic (long-term culture on stiff

substrates) activation, MyoFbs have a reduced proliferative capacity when com-

pared to their quiescent counterparts. It may be that injury stimulates cardiac

fibroblast proliferation prior to differentiation into MyoFbs in order to fulfill their

role in healing but this remains to be studied.

3.5.4 Conclusion

The lack of effective treatments for reversing cardiac fibrosis demonstrates how

important reversing the MyoFb phenotype could be to decreasing mortality and

morbidity. Although the reversal methods explored in this chapter show no avail,

other methods of reversal may still be possible (See section 6.2.4). The activation

process is complex and multifactorial and by fully dissecting the cardiac to MyoFb

transition other therapeutic targets may be discovered. The increasing ease and

use of large-scale sequencing studies are supplying a wealth of information to

contribute to this goal. Fibrotic processes are generally conserved across the

different organ systems, identifying new targets to reverse MyoFb activation would

not only benefit the treatment of CVDs but would have massive clinical benefit for

multiple different diseases.
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Chapter 4

Optimisation of optical mapping for 2D monolayers of

iPSC-cardiomyocytes

Optical mapping is a technique used to study the electrophysiology of the heart

in health and disease. Through excitation of voltage and/or calcium dyes, optical

mapping allows us to obtain recordings with higher spatial resolution than stan-

dard electrode-based mapping techniques [129, 130]. Electrical activity and cal-

cium handling are recorded from the surface of the heart using specialised cam-

eras, such as CCD (charged coupled device) or CMOS (complementary metal

oxide semiconductor) sensors [131]. While voltage-sensitive dyes localise in cell

membranes and exhibit a fluorescence output that is changed rapidly in response

to changes in the membrane potential, calcium-sensitive dyes bind directly to cal-

cium in the cell with a fluorescence output that changes in relation to the move-

ment of calcium, into and out of the cytosol from the extracellular space and sar-

coplasmic reticulum [129, 131]. Using optical filters, dye-loaded cells are excited

at specifc wavelengths and emitted fluorescent photons imaged by the detector

[129].

Often, the contraction of cardiomyocytes or cardiac tissues while mapping dis-
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torts the signals. Therefore, contraction uncouplers, such as blebbistatin or BDM

(2,3-butanedione monoxime), may be utilised to suppress contraction and pre-

vent motion artefacts [129, 130]. However, there are contradicting reports as to

the electrophysiological side effects of using blebbistatin [132, 133]. Both Brack et

al (2013) and Kappadan et al (2020) showed prolongation of the action potential

using rabbit hearts [132, 133]. In contrast, Fedorov et al (2006) found no effects

of blebbistatin on either calcium transient morphology or action potential duration,

up to a concentration of 10 µM [134]. Similarly, there are also studies in zebrafish

and mouse hearts that also show no significant effects of blebbistatin on cardiac

electrophysiology [135, 136].

Because of this, many have found technical or computational approaches as an

alternative to motion-contraction uncouplers. One such example is excitation or

emmission ratiometry. Ratiometric dyes allow excitation or emission spectra to

be recorded at two different wavelengths [137]. It has been demonstrated in vivo

and ex vivo to reduce drift and motion artefacts without effecting electrophysiol-

ogy [138, 139].

Optical mapping is often utilised in the study of arrhythmogenesis to interrogate

the disruption of electrical wave propagation in the heart with the aim of informing

more effective treatment therapies [131]. Since its development in 1976, optical

mapping systems have become vital in electrophysiological research [140]. Re-

cently, they have been advanced to map human iPSC-CM monolayers enabling

the study of disease phenotypes and drug testing in vitro using human models
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[129, 141]. However, optical mapping of iPSC-CM monolayers presents unique

challenges due to poor signal quality compared to whole tissues (which produce

higher fluorescent signals), and susceptibility to phototoxicity and photobleaching.

Equally, as mentioned in section 1.2.1, iPSC-CMs have inherent limitations such

as a lack of maturity, a more positive diastolic membrane potential and decreased

inwardly rectifying potassium current (IK1) density. However, further development

of these models has shown increased accuracy for cardiotoxicity prediction using

in vitro drug screening [142].

In this chapter, I discuss the differentiation of human iPSCs to cardiomyocytes

and the optimisation of an existing optical mapping rig for use with iPSC-CM

monolayers to study calcium handling and action potential morphology.

4.1 Optimisation of and confirmation of cardiomyocyte differentiation

Differentiation of cardiomyocytes involves the use of small molecule inhibitors to

drive cells towards the mesoderm, cardiac mesoderm, cardiac progenitors, and

then finally beating cardiomyocytes (Figure 4.1). α-actinin is used as a marker

for cardiomyocytes. Prior to differentiation, the optimum seeding density for dif-

ferentiation can be identified to obtain optimal differentiation efficiency. This was

conducted using two different parental iPSC lines, Kolf-C2 and Rebl-Pat (Figure

4.2). Figure 4.2 demonstrates that regardless of seeding density, cardiomyocyte

differentiation provides 60-80% purity by α-actinin staining. In the Rebl-Pat line,

significant differences were not observed between the densities. However, there

may be a trend toward a higher percentage of cardiomyocytes being produced
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by the lower seeding density of 7x105 so this was used moving forward. In figure

4.3, α-actinin staining elucidates clear evidence of sarcomeres, further indicating

successful differentiation to cardiomyocytes. However, these images also demon-

strate the immaturity of iPSC-CMs showing a spherical shape and disorganised

sarcomeric structures.

Figure 4.1: Images of the differentiation process for cardiomyocytes from hiPSCs.
Cardiomyocyte differentiation begins at day -1. Photos were taken at every media change
through the differentiation protocol up to day 10 when cells begin to beat.
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Figure 4.2: Percentage of cells staining positive for α-actinin following iPSC-CM
differentiation. iPSC-CMs generated from 2 parental cell lines from multiple different
seeding densities (5, 6, 7, 8, 9 x105 and 1x106) were assessed for α-actinin staining using
immunofluorescence. Kolf-c2 staining was assessed using the Operetta platform. Data
was non-significant as assessed using one-way ANOVA. Rebl-Pat staining was assessed
using confocal microscopy. Data was non-significant as assessed using a nested one-
way ANOVA. Data presented as mean ± S.E.M. N = 3 batches of differentiations

Figure 4.3: Representative images for Rebl-Pat iPSC-CM differentiations in Figure
4.2. DAPI is in blue, α-actinin in red. White boxes show zoomed in sections of the red
α-actinin stained sarcomeres. Scale bar is 100 µm.

To assess how maintenance in culture affects iPSC-CMs, and to determine the
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optimal day to optically map the cells, beat rate was compared across different

ages (Figure 4.4). iPSC-CMs were assessed between days 20 and 36. Figure

4.4 shows a significant decrease in beat rate from days 32-36 when compared to

day 20. Cells at these later time points were also less likely to survive the dye

loading process and were thereby deemed less healthy. Therefore, cells were

only used for optical mapping between days 20 and 30.

Figure 4.4: Comparison of beat rate across different ages of iPSC-CMs. iPSC-CMs
were loaded with Fura-2, AM and optically mapped at different ages. Data presented as
the mean ± S.E.M. N = 6 batches of differentiations

4.2 iPSC-CMs remain stable during optical mapping

To interrogate calcium handling in iPSC-CMs, cells were loaded with 10 µM Fura-

2, AM. Calcium transients were recorded every 5 minutes for 30 minutes. Stud-

ies were conducted at room temperature and at 37oC. (Figure 4.5 and 4.6). To

assess changes in calcium influx, via sarcoplasmic extrusion and reuptake, dura-

tion measurements were taken at 50% relaxation from two different points – the

85



CHAPTER 4. OPTIMISATION OF OPTICAL MAPPING FOR 2D MONOLAYERS OF
IPSC-CARDIOMYOCYTES

maximum rise upstroke and the peak amplitude. Additionally, to assess the phys-

iological state of the cells and experimental quality, we measured beat rate and

fluorescence amplitude. Figure 4.5 A shows that repeatedly exposing the same

area to light does not affect the fluorescence amplitude of the calcium transience

over the course of 30 minutes. This demonstrates that any changes seen over

time are not due to photobleaching. At 37 degrees both cycle length and beat rate

remained the same from 0 to 30 minutes (Figure 4.5 B and C). Calcium transient

duration decreased insignificantly over the course of the 30 minutes for both peak

and maximum rise upstroke measurements (Figure 4.5 C and D). Taken together,

these results suggest that optical mapping for 30mins at 37oC is a stable method

to assess calcium handling properties of the iPSC-CMs. Figure 4.6 shows a com-

parison of the cells when measured at room temperature versus 37oC. At room

temperature, iPSC-CMs show an initial decrease in beat rate between 0 and 5

minutes before stabilising over the next 20 minutes (Figure 4.6 B). This change is

obviously mirrored in the cycle length measurements. There is an initial increase

from 0 to 5 minutes before stabilising around 6000 ms (Figure 4.6 A). Under-

standably, at room temperature calcium transient durations are much longer than

typically expected of iPSC-derived cardiomyocytes, when taken from both mea-

surements (Figure 4.6 C) [143].

These data demonstrate that optically mapping iPSC-CMs for 30 minutes does

not affect their electrophysiology, however mapping at room temperature may in-

duce calcium handling changes at baseline (prolonged CTD50) and reduce exper-
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imental stability. For these reasons, investigations were performed at 37oC here

on in.

Figure 4.5: iPSC-CMs were loaded with 10 µM Fura-2,AM and calcium transients
were recorded at 37oC over the course of 30 minutes A - Fluorescence of 3 dishes
over the course of 30 minutes. B-C - Cycle length and beat rate over the course of 30
minutes. D-E - Calcium transient duration measurements for maximum rise upstroke and
peak at 50% decay over the course of 30 minutes. B-E - Data was non-significant when
compared to 0 minutes using one-way ANOVA. Data presented as mean ± S.E.M. N =
2/3

Figure 4.6: iPSC-CMs were loaded with 10 µM Fura and calcium transients were
recorded at room temperature or 37o from the same area every 5 minutes for 30
minutes. A-B - Cycle length and beat rate over the course of 30 minutes at room tem-
perature and 37o. C - Calcium transient duration measurements for peak at 50% decay
over the course of 30 minutes at room temperature and 37o. N=2/3
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4.3 Use of different imaging parameters doesn’t affect calcium transient duration

measurements

Different optical mapping parameters were investigated to optimise our existing

setup for iPSC-CM monolayers. Spatial binning is the method of combining ad-

jacent pixels on the camera detector to sum their values and reduce background

noise. The rationale here is that ‘signal’ photons are constructively summed, and

so the signal is amplified, while the random nature of noise means there will be

destructive summation, and so noise is reduced. Due to the short exposure times

required to accurately capture signal morphology of electrophysiological signals,

such as the calcium transient or action potential, spatial binning is often required

as raw single detector pixel signal can be extremely noisy. However, spatial bin-

ning reduces the effective spatial resolution, and so may mask the utility of optical

mapping to study regional variations, conduction dynamics, etc. [144]. We there-

fore sought to test signal quality and accuracy at various levels of spatial binning

to find the least binning we could apply (to maximise spatial resolution) while ac-

curately measuring the calcium transients of the iPSC-CMs.

We selected bin sizes of 5, 10, 20 and 64 detector pixels, which resulted in pixel

sizes for the imaged sample of 4, 8, 16 and 51.2 µm respectively (using a 10x ob-

jective). As expected, cycle length and beat rate were unchanged by the change

in pixel size (Figure 4.7 A, B, E and F). However, CTD50 values were decreased

by using a pixel size of 51.2 µm (Figure 4.7 C, D, G and H), and activation maps

were significantly distorted (Figure 4.7 I). iPSC-CMs are roughly 100 µm in size,
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therefore averaging too large an area may lead to the integration of signals from

cells that are asynchronous, distorting the recorded signal which will change the

measured CTD50 values and activation as observed. Furthermore, as outlined,

large pixel sizes reduce spatial resolution, explaining the changes in activation

maps at 51.2 µm pixel size.

Figure 4.7: Calcium transient recordings were measured in iPSC-CMs at increasing
pixel size, 4, 8, 16 and 51.2 µm representative of pixel binning for 5, 10, 20 and 64
pixels. A and E - Cycle length at increasing pixel sizes. B and F - Beat rate of iPSC-
CMs at increasing pixel size. C and G - CTD50 maximum rise upstroke measurements
at different pixel sizes. D and H - CTD50 peak measurements at different pixel sizes.
A-D show consecutive measurements from one area within one dish connected by a
line whereas E-H show the same data represented as mean ± S.E.M. with pairwise
comparisons from a one-way ANOVA. I - Representative CTD50 maps for maximum rise
upstroke measurements at pixel size 4, 8, 16 and 51.2 µm. N = 6/7 dishes
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Another important aspect to consider is frame rate (inversely proportional to

exposure time). Longer exposure times, in theory, will lead to higher quality sig-

nals due to an increase in the number of photons collected per frame. However,

too long an exposure time can distort the recorded signal morphology [144]. This

is a result of the millisecond scale phenomena inherent in cardiac electrophysi-

ology. Again therefore, a balance needs to be found to optimise exposure time.

Figure 4.8 shows that calcium transient measurements are unchanged by the

change in length of exposure. Cycle length is observed to be between 1000-2000

ms (Figure 4.8 A) and beat rate between 40 and 60 beats per minute (Figure 4.8

B). CTD50 values also remain statistically unchanged, however there is a trend for

shorter CTD50 values at the shortest exposure time (Figure 4.8 C and D).
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Figure 4.8: Calcium transient recordings were measured at different exposure times
of 1.7, 3.4, 5.1, 6.8 or 8.5 milliseconds (ms). A - Cycle length at different exposure
times. B - Beat rate at different exposure times. C - CTD50 maximum rise upstroke
measurements at different exposure times. D - CTD50 peak measurements at different
exposure times. Data presented as mean ± S.E.M. N = 10 dishes.
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4.4 Use of different imaging parameters doesn’t affect action potential duration

measurements

As mentioned previously, optical mapping parameters needed to be optimised

for iPSC-CM monolayers. The previous experiments (section 4.3) were there-

fore repeated using Fluovolt to measure the action potential of the iPSC-CMs.

As expected, cycle length and beat rate were unchanged by the change in pixel

size (Figure 4.9 A-D). As seen with CTD50 in section 4.3, APD50 was decreased

slightly by using a pixel size of 51.2 µm and activation maps were distorted -

though to a lesser extent than that seen with calcium loading (Figure 4.9 E, H

and K). APD70 and APD90 were less affected and all effects were non-significant

(Figure 4.9 F, G, I and J). This data confirms that use of 51.2 µm is unsuitable,

likely due to the reduction in spatial resolution and an averaging of too many asyn-

chronous signals.
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Figure 4.9: Action potential recordings were measured in iPSC-CMs at increasing
pixel size, 4, 8, 16 and 51.2 µm representative of pixel binning for 5, 10, 20 and
64 pixels. A-B - Cycle length at increasing pixel sizes. C-D - Beat rate of iPSC-CMs
at increasing pixel size. E and H - APD50 depolarisation midpoint measurements at
different pixel sizes. F and I - APD70 depolarisation midpoint measurements at different
pixel sizes. G and J - APD90 depolarisation midpoint measurements at different pixel
sizes. A, C, and E-G show consecutive measurements from one area within one dish
connected by a line whereas B, D, and H-J show the same data represented as mean
± S.E.M. with pairwise comparisons from a one-way ANOVA. K - Representative APD50
maps for depolarisation midpoint measurements at pixel size 4, 8, 16 and 51.2 µm. N =
6 dishes.
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Figure 4.10: Action potential recordings were measured at different exposure times
of 1.7, 3.4, 5.1, 6.8 or 8.5 milliseconds (ms). A - Cycle length at different exposure
times. B - Beat rate at different exposure times. C-E - APD50, 70, and 90 depolarisation
midpoint measurements at different exposure times. F-G - Representative example of AP
measures. Data presented as mean ± S.E.M. N = 5 dishes (A-E), 1 (F-G).

Change of exposure times on voltage measurements was also investigated.

Cycle length and beat rate were unaffected by a change in exposure times (Fig-

ure 4.10 A and B). As with the CTD50 values (Figure 4.8), there is a trend for

a reduced APD value at 1.7 ms exposure (Figure 4.10 C-E). Compared to the

CTD50 measurements, APD is reduced to a greater extent at the shorter expo-
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sure times. The upstroke of an action potential is very rapid (<2-3ms). Therefore,

the lower exposure times are better able to capture the action potential depo-

larisation dynamics and so more accurately quantify the activation time (either

maximum upstroke velocity or peak) [131]. Hence, as observed by others, short

exposure times are required to accurately measure the action potential morphol-

ogy. This is demonstrated in figure 4.10 F and G where the morphology at 1.7 ms

appears shows clear action potential characteristics (rapid upstroke, prolonged

plateau phase followed by more rapid repolarisation). At 8.5 ms, these details

appear to be ‘smoothed out’ (Figure 4.10 G).

Additionally, to take into account that these are freely beating cells - and with-

out pacing - APD and CTD as a function of beat rate was investigated. This also

enables examination of restitution effects. Figure 4.11 A and B show a slight

negative correlation, as would be expected. However, due to the normal range

of beat rate (i.e. less than 100 beats per minute), significant restitution dynam-

ics were not observed as might be observed at faster rates where the restitution

slope steepens [145, 146].

Finally, we and others have observed that dye loading can alter inherent physiol-

ogy of iPSC-CMs and can detrimentally alter cells (e.g. stop them beating). We

therefore sought to test whether the loading of the voltage and calcium indicators

differentially affected the cells. A comparison of beat rate in Fura-2 AM and Fluo-

volt loaded cells shows that there is no significant effect of each dye on the beat

rate (Figure 4.11 C). This shows that both dyes are tolerated to the same degree
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by these cells.

Figure 4.11: A - Correlation of beat rate with CTD50. B - Correlation of beat rate with
APD50. Dark blue dots represents averaged areas. C - Comparison of beat rate in Fura-
2 AM and Fluovolt loaded cells. N = 41 (A), 65 (B), 19-24 (C)

Together these data indicate that the change in imaging parameters has no

significant effect on calcium or voltage measurements. In general, to obtain the

highest spatial and temporal resolution, this requires the smallest pixel size and

the shortest exposure time, respectively. However, at these settings, the data

becomes a lot larger which makes data handling more difficult. Despite this, mor-

phologically, the action potentials look more physiological at the lower exposure

time of 1.7 ms (Figure 4.10). In terms of pixel size, we observed no significant

changes except at that of 51.2 µm, so 8 µm was selected (to enable the high-

est spatial resolution). Moving forward all optical mapping measurements will be

obtained using 1.7 ms exposure time and 8 µm pixel size.
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4.5 Blebbistatin does not affect the electrophysiology of iPSC-CMs

Figure 4.12: Effect of blebbistatin on the electrophysiology of iPSC-CMs. iPSC-CMs
were loaded with 10 µM Fura 2-AM and calcium transient durations were measured in the
presence or absence of blebbistatin. A-B. Cycle length and beat rate were recorded with
and without 1 µM blebbistatin. C-D. CTD50 was measured from the upstroke or from the
peak with or without 1 µM blebbistatin. E-F. Cycle length and beat rate were then recorded
with or without 5 or 10 µM blebbistatin. iPSC-CMs were loaded with 0.5x Fluovolt dye and
action potential measurements were taken at 50, 70 and 90% repolarisation. G-H. Cycle
length and beat rate were also recorded with and without 1 µM blebbistatin. I-K. APD50,
70 and 90 for depolarisation midpoint measurements with and without blebbistatin. Data
presented as mean ± S.E.M. N = 18-25 (A, B), 11-13 (C, D), 8 (E, F), 20-24 (G), 11-17
(H-K)
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The contraction of cardiomyocytes or heart tissue while mapping distorts the

recorded signals. Therefore, excitation-contraction uncouplers such as, blebbis-

tatin or BDM (2,3-butanedione monoxime), must be utilised to suppress contrac-

tion and prevent motion artefacts [129, 130]. Existing studies have suggested that

blebbistatin may have concomitant effects on cardiac electrophysiology [132]. For

example, Kappadan et al (2020) demonstrated prolongation of the action poten-

tial in the presence of blebbistain (from 0.7 up to 2.8 µM) [133]. Therefore, the

effects of blebbistatin on iPSC-CM electrophysiology was assessed.

Use of 1 µM blebbistatin had no significant effect on cycle length and beat rate

of Fura-2, AM loaded iPSC-CMs, or on CTD50 measurements (Figure 4.12 A-D).

However, it was observed, using a light microscope, that these cells continued to

contract. Increased concentrations of 5 and 10 µM blebbistatin were then used

and despite no significant effects on cycle length and beat rate, contraction was

still observed.

When used in conjunction with Fluovolt, 1 µM blebbistatin showed no significant

effects on cycle length or beat rate (Figure 4.12 G and H). There were also no

effects seen on APD50, 70 or 90 (Figure 4.12 I-K). Similarly to Fura-2, AM loaded

cells, Fluovolt loaded iPSC-CMs continued to contract in the presence of bleb-

bistatin. Despite this, no contraction artefacts were seen so blebbistatin was not

used moving forward for latter optical mapping experiments. The difference in

signals when motion artefacts are present is displayed in figure 4.13. A possible

explanation for this is that at the confluency used, each cell in the iPSC-CM is
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attached directly to the plastic-ware used monolayer and thereby doesn’t have

the room to contract as forcefully as with whole tissues which tend to move in and

out of the background.

Figure 4.13: Representation of motion artefacts recorded by optical mapping com-
pared to a normal AP measure
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4.6 Isoprenaline induces the expected changes in calcium transient and action

potential duration

Figure 4.14: iPSC-CMs were incubated with 0.1, 0.5 and 1 µM isoprenaline for 5
minutes before calcium transient duration measurements were recorded. A-B -
Cycle length and beat rate at different isoprenaline concentrations. C-D - CTD50 peak
and maximum rise upstroke measurements at different isoprenaline concentrations. E -
Representative CTD50 maximum rise upstroke maps at different concentrations of iso-
prenaline. Data presented as mean ± S.E.M. N = 2-5
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As a final validation of our new system, we sought to investigate the response

of the iPSC-CMs to pharmacological stimuli. Isoprenaline is a non-selective β

adrenoceptor agonist that acts to increase beat rate and shorten APD and CTD50

in cardiomyocytes [147]. It was used here to validate our optical mapping sys-

tem. iPSC-CMs demonstrated a dose-response relationship in the presence of

increasing concentrations of isoprenaline in terms of calcium handling (Figure

4.14). There was a trend toward decreasing cycle length and increasing beat rate

with increasing concentrations of isoprenaline. Significance was only seen at the

highest concentration of 1 µM isoprenaline (Figure 4.14 A and B). There was a

significant decrease in CTD50 when measured from the maximum rise upstroke at

all concentrations of isoprenaline from 0.1 to 1 µM (Figure 4.14 C). When CTD50

was measured from the peak there was still a trend towards decreasing CTD50

but significance was only seen at 1 µM (Figure 4.14D). Representative maps

demonstrate well the decrease in CTD50 when in the presence of isoprenaline

from roughly 500 ms to 350 ms (Figure 4.14 E).

Voltage dynamics responded similarly to isoprenaline (Figure 4.15). Cycle length

decreased in the presence of 0.1 and 0.5 µM isoprenaline while beat rate, in-

versely proportional to cycle length, increased (Figure 4.15 A and B). APD50,

70, and 90 all decrease stepwise from 0 to 0.5 µM isoprenaline for both peak

and depolarisation midpoint measurements (Figure 4.15 C-E). All data were non-

significant. An unusual side effect of the addition of isoprenaline to iPSC-CMs

was for the cells to stop contracting making obtaining data for the cells difficult.

101



CHAPTER 4. OPTIMISATION OF OPTICAL MAPPING FOR 2D MONOLAYERS OF
IPSC-CARDIOMYOCYTES

Taken together, these data show initial validation of the use of our setup to ob-

serve pharmacologically induced changes in the electrophysiological behaviour

of iPSC-CMs. However, the detrimental effect of isoprenaline in several experi-

ments requires further investigation.
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Figure 4.15: iPSC-CMs were incubated with 0.1, 0.5 µM isoprenaline for 5 minutes
before action potential duration measurements were recorded at 50, 70 and 90%
repolarisation. A-B - Cycle length and beat rate at different isoprenaline concentrations.
C-E - APD50, 70 and 90 depolarisation midpoint measurements at different isoprenaline
concentrations. F. Representative APD50, 70 and 90 depolarisation midpoint maps at
different concentrations of isoprenaline. Data presented as mean ± S.E.M. N = 1-2
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4.7 Discussion

Optical mapping is an important technique for studying cardiac electrophysiology

that provides higher spatial resolution than standard electrode techniques [144].

In this chapter, a new optical mapping system was optimised for use with iPSC-

CM monolayers. Analysis of multiple different imaging parameters found that

1.7ms exposure and a pixel size of 8 µm was optimal for imaging of 2D iPSC-

CM monolayers. Successful validation of the system was achieved through a

demonstration of the appropriate dose response in the presence of isoprenaline.

4.7.1 Selecting the appropriate imaging parameters

The rapid propagation of the cardiac action potential requires high acquisition

rates but this can lead to low signal-to-noise ratios [144, 148]. In order to image

electrophysiology in cardiomyocytes, the general requirements are a temporal

resolution of greater than 500 Hz and a spatial resolution of less than 100 µm

[149]. Inappropriate image acquisition can lead to misinterpretation of optical sig-

nals and their physiological relevance [144, 148]. This dictates the importance of

optimizing optical mapping systems prior to use.

It was observed that there was no significant difference at any of the pixel sizes

tested for both calcium and voltage, however, there was an obvious distortion of

the optical signal at 51.2 µm during calcium loading. iPSC-CMs are smaller than

adult CMs, ranging from 20-70 µm, and calcium release throughout the cell is not

uniform, meaning that such a large bin size is likely averaging asynchronous sig-

nals [150]. Similar studies using iPSC-CMs for optical mapping have used smaller
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pixel sizes of 4 and 6.9 µm but no significant differences were observed between

4 and 8 µm [151, 152]. Therefore, to provide a more manageable dataset (in

terms of computer storage), 8 µm was used.

It was also observed that there was no significant difference at any of the expo-

sure times tested for both calcium and voltage. However, the calcium upstroke

and the depolarisation phase of an action potential both occur on a millisecond

scale. The observation of a more action potential like morphology at the lowest

exposure time led us to choose a 1.7ms exposure time for imaging. This reflects

a frame rate of 588 fps (frames per second). Heinson et al (2023) used a similar

rate of 525 fps for imaging of iPSC-CMs [152]. Others have used both higher

(992 fps) and lower (130fps) frame rates but obtained similar results, dictating the

importance of choosing the right parameters for the individual camera and set up

[141, 153].

4.7.2 Blebbistatin

Blebbistatin is often used in optical mapping studies in order to stop contraction

[141, 129]. It acts to inhibit myosin II to prevent motion artefacts without having

any effects on electrophysiology [154, 129]. However, as discussed at the begin-

ning of this chapter, there are newer reports that blebbistatin does in fact have

some effects on electrophysiology, depending on the model used [132, 133, 155].

In this chapter, it was observed that using up to 10 µM blebbistatin had no effect

on the electrophysiology of iPSC-CMs. However, interestingly, blebbistatin also

had no effect on contraction in the iPSC-CMs. To our knowledge, this is the first
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observation of this kind to be reported. In the work presented here, the issue

of contraction artefacts was largely circumvented by using a lower magnification.

This managed to allow us to avoid contraction artefacts while still being able to

obtain a clear signal.

Issues such as these have led more people towards the use of computational ap-

proaches to avoid contraction artefacts. A new study by Woodhams et al (2023)

has demonstrated that blebbistatin may, in fact, have some small but significant

effects on iPSC-CM sarcomeres and electrophysiology. They instead describe

the use of computer processing to remove motion without pharmacological inhi-

bition [155]. As computational methods such as these become more widespread,

it may remove the need for a contraction uncoupler altogether allowing more ac-

curate and representative data to be collected.

4.7.3 Pacing

It is common practice to pace cells when recording electrophysiology. This allows

us to account for any variability in beat rate, and the effects beat rate will have

on cardiac electrophysiology. iPSC-CMs are generally paced at 1 Hz to reflect

the average human heart rate of 60 beats per minute [141, 150]. Pacing can be

achieved via point stimulation or field stimulation. The benefits of point stimulation

are that it allows for the recording of conduction velocity as well as action potential

dynamics.

Unfortunately, the iPSC-CMs used in this study were unresponsive to both field

and point stimulation allowing only the recording of spontaneous activity. One of
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the main limitations of this is an increase in variability in part due to the hetero-

geneity of iPSC-derived CMs. Wei et al (2020) demonstrated how pacing can

significantly reduce plate-to-plate variability as well as reduce the variability in

drug response [156]. This ultimately allows for more precise identification of au-

thentic physiological responses.

The spontaneous beating of iPSC-CMs is also indicative of their immature phe-

notype. There is evidence that pacing can provide a form of electrical maturation

[157, 158, 159]. Use of electrical stimulation has led to increases in expression

of maturation-related genes such as α-MHC, cTnT, and RYR2, as well as, more

structured sarcomeres [159, 160]. Pacing is also something that happens in vivo,

starting at the sinoatrial node [1, 2]. Without it, our iPSC-CM model is less physi-

ologically relevant.

Moving forward, it will be important to work towards a paceable iPSC-CM model

and system in order to provide more reproducible and physiologically relevant re-

sults.

4.7.4 Conclusion

Set up and validation of this optical mapping system has not only allowed me

to interrogate fibroblast and CM dynamics (results chapter 3) but has provided a

methodology for other groups to use. Since completion, it has been used by the

Gehmlich group to interrogate the effects of Titin mutations on iPSC-CM electro-

physiology (paper in preparation), as well as the effects of culturing iPSC-CMs on
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varying substrate stiffness.
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Chapter 5

Effects of co-culture with cardiac fibroblasts on

electrophysiology and contraction of iPSC-cardiomyocytes

Cardiac fibroblasts are one of the most abundant cell types in the heart. They

provide structural support for cardiomyocytes and have an important role follow-

ing cardiac injury. In recent years, cardiac fibroblasts have been found to have

both direct and indirect effects on cardiomyocyte electrophysiology [42, 50, 161].

In this chapter, the effects of co-culture with quiescent cardiac fibroblasts and

activated MyoFbs on cardiomyocyte electrophysiology are examined using iPSC-

derived cells and optical mapping. This has previously predominantly been done

using animal models [42, 50, 123, 161].

5.1 Culture of iPSC-CMs with SB431542 for 2 days has no effect on contraction or

electrophysiology

iPSCs were differentiated into cardiac fibroblasts and cardiomyocytes using es-

tablished protocols [126, 99]. iPSC-cFbs are maintained as quiescent in culture

by using TGF-β receptor 1 inhibitor SB431542 (see section 3.4). Research sug-

gests that in the human heart cardiomyocytes make up roughly 75% by volume
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but that cardiomyocytes and cardiac fibroblasts are roughly 50-50 in terms of cell

number, about 30-40% each [4, 6] (see section 1.1). When optimising co-cultures

it is important to acknowledge that cardiac fibroblasts are proliferative, whereas

cardiomyocytes are not. Therefore, these two cell types cannot be kept in co-

culture indefinitely as the cardiac fibroblasts will run out of space to grow and

potentially take over the culture. It is also important when thinking about physio-

logical cell numbers to consider that iPSC-CMs are generally smaller than adult

cardiomyocytes.

As mentioned in section 3.4, iPSC-cFbs must be cultured in the presence of a

TGF-β receptor inhibitor (SB) to prevent activation to MyoFbs [126]. iPSC-CMs

were therefore assessed in the presence and absence of SB to ensure possible

effects were down to the co-cultures themselves and not the presence of the in-

hibitor.
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Figure 5.1: Contraction of iPSC-CMs in the presence or absence of a TGF-β receptor
inhibitor. iPSC-CMs were cultured in the presence or absence of 10 µM SB431542 for
2 days and contraction was assessed using MUSCLEMOTION. A - Contraction duration
in the presence or absence of SB. B - Contraction amplitude in the presence or absence
of SB. C - Time to peak in the presence or absence of SB. D - Relaxation time in the
presence or absence of SB. E - Peak-to-peak time in the presence or absence of SB.
Data presented as mean ± S.E.M. N = 10 batches of iPSC-CMs, n = 1-2 dishes

Contraction was measured using MUSCLEMOTION [162]. Contraction dura-

tion and relaxation time are the time it takes for the cells to contract and relax.

Contraction amplitude refers to the force of contraction, time to peak refers to

the speed of contraction, and peak-to-peak time refers to cycle length (inverse to

beat rate). Figure 5.1 shows that there is no significant difference between the

SB-treated cells and the untreated controls for any of the contraction parameters

measured.

Following contraction measurements, iPSC-CMs were then loaded with Fura-2,

AM or Fluovolt. When loaded with Fura-2, AM, similarly there was no significant
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effect on cycle length of beat rate in SB-treated versus untreated controls (Figure

5.2 A and B). There was also no significant difference in CTD50 measurements

of SB-treated iPSC-CMs either measured from the maximum rise upstroke or the

peak when compared to the untreated controls, suggesting no changes in cal-

cium inward current, release, extrusion or reuptake caused by SB. (Figure 5.2 C

and D).

Figure 5.2: Calcium handling of iPSC-CMs in the presence or absence of a TGF-
β receptor inhibitor. iPSC-CMs were cultured in the presence or absence of 10 µM
SB431542 for 2 days and loaded with 10 µM Fura-2, AM for optical mapping. A - Cycle
length in the presence or absence of SB. B - Beat rate in the presence or absence of SB.
C - CTD50 measured from the maximum rise upstroke in the presence or absence of SB.
D - CTD50 measured from the peak in the presence or absence of SB. Data presented
as mean ± S.E.M. N = 5 batches of iPSC-CMs, n = 1-2 dishes.

When iPSC-CMs were loaded with Fluovolt, there was no significant differ-

ence observed in cycle length or beat rate in the SB-treated iPSC-CMs when

compared to the untreated controls (Figure 5.3 A and B). There was also no sig-

nificant difference in APD50, 70 or 90 (Figure 5.3 C-E).

This data demonstrates that the presence of TGF-β receptor inhibitor SB for 2

days has no significant effect on the contraction or electrophysiology of iPSC-

CMs.

112



CHAPTER 5. EFFECTS OF CO-CULTURE WITH CARDIAC FIBROBLASTS ON
ELECTROPHYSIOLOGY AND CONTRACTION OF IPSC-CARDIOMYOCYTES

Figure 5.3: Voltage handling of iPSC-CMs in the presence of absence of a TGF-
β receptor inhibitor. iPSC-CMs were cultured in the presence or absence of 10 µM
SB431542 for 2 days and loaded with 10 µM Fluovolt for optical mapping. A - Cycle
length in the presence or absence of SB. B - Beat rate in the presence or absence of SB.
C-E - APD measurements in the presence or absence of SB. Data presented as mean ±
S.E.M. N = 3 batches of iPSC-CMs, n = 1-2 dishes.

5.2 Co-culture of cardiomyocytes with cardiac fibroblasts for 2 days has no effect

on contraction or electrophysiology

For initial co-culture experiments, three ratios of cardiomyocyte to cardiac fibrob-

last were tested - 2:1 (33% fibroblasts), 5:1 (16% fibroblasts) and 10:1 (11% fi-
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broblasts) (Figure 5.4). 2:1 is considered the most physiological in terms of cell

numbers in the adult human heart, however, with iPSC-CMs being smaller than

adult cardiomyocytes, 5:1 or 10:1 is considered to be more physiological in terms

of direct fibroblast to cardiomyocyte connections. Both contraction and electro-

physiology of the co-cultures were assessed after 2 days.

Figure 5.4: Immunofluorescent staining of iPSC-CM-iPSC-cFb co-cultures. iPSC-
cFbs were seeded ontop of iPSC-CMs at three different ratios - 2:1 (33% fibroblasts),
5:1 (16% fibroblasts) and 10:1 (11% fibroblasts). Cells were fixed after 2 days of culture
following optical mapping. DAPI is in blue for nuclear staining. α-actinin is in green as a
marker for cardiomyocytes. Vimentin is in red as a marker for cardiac fibroblasts. Scale
bar is 500 µm.

When iPSC-CMs were cultured with quiescent iPSC-cFbs (+SB) for 2 days,
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there was no significant change in any of the contraction parameters measured

with any of the three different ratios tested.

Figure 5.5: Contraction of iPSC-CMs in the presence of different ratios of quiescent
iPSC-cFbs. iPSC-CMs were cultured with 3 different ratios of quiescent iPSC-cFbs for 2
days and contraction was measured using MUSCLEMOTION. A - Contraction duration in
the presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. B - Contraction amplitude
in the presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. C - Time to peak in the
presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. D - Relaxation time in the
presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. E - Peak-to-peak time in the
presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. Data presented as mean ±
S.E.M. N = 10 batches of iPSC-CMs, n = 1-2 dishes

When loaded with Fura-2, AM, iPSC-CM-cFb co-cultures at all three ratios
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showed no significant difference in cycle length or beat rate when compared to

the iPSC-CMs alone (Figure 5.6 A and B). Although there was a trend towards

decreased CTD50 at a co-culture ratio of 2:1, there were low n numbers so we

cannot say whether this would be significant or not (Figure 5.6 C and D). The

higher the concentration of fibroblasts, the less well tolerated the calcium dye

was. These co-cultures often stopped beating following the dye loading process,

with only 2 dishes surviving (Figure5.6). This was also seen when using Flu-

ovolt, where none of the 2:1 co-cultures survived (Figure 5.7). Similarly, when

loaded with Fluovolt, iPSC-CM-cFb co-cultures showed no significant differences

in cycle length or beat rate when compared to iPSC-CMs alone (Figure 5.7 A and

B). There was also no significant differences in APD50, 70 or 90 (Figure 5.7 C-E).
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Figure 5.6: Calcium handling of iPSC-CMs in the presence of different ratios of
quiescent iPSC-cFbs. iPSC-CMs were cultured with 3 different ratios of quiescent iPSC-
cFbs for 2 days and then loaded with 10 µM Fura-2, AM. A - Cycle length. A - Cycle length
in the presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. B - Beat rate in the
presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. C - CTD50 measured from
the maximum rise uptstroke in the presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-
cFbs. D - CTD50 measured from the peak in the presence of 11% (10:1), 16% (5:1) or
33% (2:1) iPSC-cFbs. Data presented as mean ± S.E.M. N = 2-12 dishes.
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Figure 5.7: Voltage handling of iPSC-CMs in the presence of different ratios of qui-
escent iPSC-cFbs. iPSC-CMs were cultured with 3 different ratios of quiescent iPSC-
cFbs for 2 days and then loaded with 0.5x Fluovolt. A - Cycle length. A - Cycle length
in the presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. B - Beat rate in the
presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-cFbs. C - CTD50 measured from
the maximum rise uptstroke in the presence of 11% (10:1), 16% (5:1) or 33% (2:1) iPSC-
cFbs. D - CTD50 measured from the peak in the presence of 11% (10:1), 16% (5:1) or
33% (2:1) iPSC-cFbs. Data presented as mean ± S.E.M. N = 2-4 dishes.

This data demonstrates that co-culture of iPSC-CMs with between 11 and

33% iPSC-cFbs for 2 days has no significant effect on contraction. It also sug-

gests there is no effect on electrophysiology, however, this needs further confir-

mation. Interestingly, a higher number of fibroblasts caused a decrease in dye

tolerance for both Fura-2, AM and Fluovolt. Why these cells are more susceptible
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to cytotoxicity compared to the iPSC-CMs warrants further investigation.

5.3 Co-culture of cardiomyocytes with cardiac fibroblasts for 5 days has no effect

on contraction and electrophysiology

Having seen no effects after 2 days of co-culture, longer culture times of 5 days

were investigated. The concentration of 10:1 iPSC-CM to iPSC-cFb (11% fibrob-

lasts) was used moving forwards due to the lack of success and low viability of

the higher concentrations (Section 5.2). The effects of activated versus quiescent

fibroblast were also investigated. This was achieved through culture in the pres-

ence of SB or TGF-β. The activation time course (Section 3.4.2) helped to inform

the 5-day culture time used here as peak α-SMA was seen around 96 hours, past

which we begin to enter chronic activation of MyoFbs. Representative images

can be seen in figure 5.8.
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Figure 5.8: Immunofluorescent staining of iPSC-CM-iPSC-cFb co-cultures. iPSC-
cFbs were seeded ontop of iPSC-CMs at a ratio of 10:1 (11% fibroblasts) in the presence
of SB or TGF-β. Cells were fixed after 5 days of culture following optical mapping. DAPI is
in blue for nuclear staining. α-actinin is in green as a marker for cardiomyocytes. Vimentin
is in red as a marker for cardiac fibroblasts. Scale bar is 500 µm.

The majority of the contraction parameters recorded showed no significant

difference between iPSC-CMs alone, with SB or TGF-β, or with quiescent or ac-

tivated iPSC-cFbs (Figure 5.9 A, B, D and E). However, time to peak, i.e. speed

of contraction, was significantly slower in the presence of SB, whether fibroblasts

were present or not (Figure 5.9 C). Addition of TGF-β led to no significant differ-

ences when compared to iPSC-CMs alone but was signficantly increased when

compared to SB treated cells. Again this increase occurred regardless of the

presence of fibroblasts (Figure 5.9 C). The effect of SB on contraction was not

observed after 2 days. Why culture with SB for 5 days causes a slowing of con-

traction needs further investigation.
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Following contraction measurements, iPSC-CM-iPSC-cFb co-cultures were either

loaded with Fura-2, AM or Fluovolt to investigate calcium and voltage handling.

Cycle length and beat rate were unchanged by treatment with SB or TGF-β and

were unchanged by the addition of quiescent or activated fibroblasts (Figure 5.10

A and D). Though there was a trend toward increased CTD50 and CTD80 in the

presence of TGF-β this was non-significant. There was also no significant change

in CTD50 or 80 in the presence of SB or fibroblasts.

Cycle length and beat rate were similarly unchanged when using Fluovolt re-

gardless of drug treatment or the presence of fibroblasts (Figure 5.11 A and B).

However, when looking at APD measurements there were trends towards shorter

APDs in the presence of SB and quiescent fibroblasts (Figure 5.11 C-E). Though

this was non-significant when compared to iPSC-CMs alone, the decrease led to

significant differences between APDs when compared to SB treated cells (with

and without fibroblasts) (Figure 5.11 C-E).

A final assessment of the heterogeneity of the co-cultures was conducted (Figure

5.12). By assessing the standard deviation of the optical mapping data we can

determine whether co-culture with quiescent or activated iPSC-cFbs increases

heterogeneity and thereby susceptibility to arrhythmias. Standard deviation of

CTD50 and CTD80 values was unchanged by culture with SB or TGF-β or with

quiescent or activated iPSC-cFbs (Figure 5.12 A and B). Similarly, the standard
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deviation of APD50, 70 and 90 values was not statistically different in any of the

tested conditions, with drug or iPSC-cFbs.

In all measures of contraction and electrophysiology, there were no significant dif-

ferences between iPSC-CMs in the presence of fibroblasts and iPSC-CMs alone

regardless of whether quiescent or activated. Any differences seen in contraction

and voltage handling seem to be related to the presence of the drug SB alone.

Though higher expression of TGF-β is linked to cardiac fibrosis and hypertrophy,

there is no current evidence that TGF-β itself has any effects on cardiac elec-

trophysiology [50, 161]. This data concurs, only showing differences between

cells cultured in SB and not compared to iPSC-CMs alone. The effects of SB on

iPSC-CMs should be further investigated.
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Figure 5.9: Contraction of iPSC-CMs cultured with quiescent or activated iPSC-
cFbs for 5 days. iPSC-CMs were cultured with iPSC-cFbs for 5 days in the presence
of SB or TGF-β to generate quiescent (+SB) cFbs or activated (+TGF-β) MyoFbs. Con-
traction was measured using MUSCLEMOTION. A - Contraction duration of iPSC-CMs
alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. B - Contraction amplitude of
iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. C - Time to peak
of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. D - Relaxation
time of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. E - Peak-
to-peak time of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs.
Data presented as mean ± S.E.M. N = 16-30 dishes.
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Figure 5.10: Calcium handling of iPSC-CMs cultured with quiescent (+SB) or ac-
tivated (+TGF-β) iPSC-cFbs for 5 days. iPSC-CMs were cultured with iPSC-cFbs for
5 days in the presence of SB or TGF-β to generate quiescent (+SB) cFbs or activated
(+TGF-β) MyoFbs. Co-cultures were then loaded with 10 µM Fura-2, AM for optical map-
ping. A - Cycle length of iPSC-CMs alone or with SB, TGF-β, quiescent or activated
iPSC-cFbs. B - CTD50 measured from the upstroke of iPSC-CMs alone or with SB, TGF-
β, quiescent or activated iPSC-cFbs. C - CTD50 measured from the peak of iPSC-CMs
alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. D - Beat rate of iPSC-CMs
alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. E - CTD80 measured from
the upstroke of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs.
F - CTD80 measured from the peak of iPSC-CMs alone or with SB, TGF-β, quiescent or
activated iPSC-cFbs. Data presented as mean ± S.E.M. N = 7-10 dishes.
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Figure 5.11: Voltage handling of iPSC-CMs cultured with quiescent (+SB) or acti-
vated (+TGF-β) iPSC-cFbs for 5 days. iPSC-CMs were cultured with iPSC-cFbs for
5 days in the presence of SB or TGF-β to generate quiescent (+SB) cFbs or activated
(+TGF-β) MyoFbs. Co-cultures were then loaded with 0.5x Fluovolt for optical mapping.
A - Cycle length of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs.
B - Beat rate of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs.
C - APD50 of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. D
- APD70 of iPSC-CMs alone or with SB, TGF-β, quiescent or activated iPSC-cFbs. E -
APD90 measured from the upstroke of iPSC-CMs alone or with SB, TGF-β, quiescent or
activated iPSC-cFbs. Data presented as mean ± S.E.M. N = 7-11 dishes.
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Figure 5.12: Heterogeneity of iPSC-CM-iPSC-cFb co-cultures. iPSC-CM-iPSC-cFb
co-cultures were optically mapped using Fura-2,AM or Fluovolt. The heterogeneity of the
cultures was assessed using the standard deviation of CTD and APD measurements. A
- Standard deviation of CTD50 values measured from the peak. B - Standard deviation
of CTD80 values measured from the peak. C - Standard deviation of APD50 values
measured from the depolarisation midpoint. D - Standard deviation of APD70 values
measured from the depolarisation midpoint. E - Standard deviation of APD90 values
measured from the depolarisation midpoint. Data presented as mean ± S.E.M. N = 8-11
(A,B), 7-11 (C-E)
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5.4 Discussion

Several studies over the last 20 years have begun to dissect the importance of the

cardiac fibroblast in the electrical remodelling of the myocardium as well as struc-

tural remodelling. However, many experiments are conducted using murine CMs

and cFbs, despite significant differences in electrophysiology when compared to

humans. In this chapter, the aim was to investigate whether direct co-culture with

cardiac fibroblasts has any effect on cardiomyocyte electrophysiology and con-

traction using human iPSCs. Also, how the activation status of cardiac fibroblasts

affects cardiomyocyte electrophysiology and contraction. It was observed that

quiescent cardiac fibroblasts had no effect on contraction at multiple different ra-

tios after 2 days of co-culture, and that quiescent or activated fibroblasts also had

no effect on contraction after 5 days. After 5 days of co-culture, only time to peak

was affected by the presence of SB. Investigations of electrophysiology found no

significant changes in calcium or voltage with quiescent or activated CM-fibroblast

co-cultures when compared to CMs alone. The culture of iPSC-CMs with SB led

to a decrease in APD when compared to TGF-β treated cells but not CMs alone.

The presence of electrotonic coupling between cardiac fibroblasts and cardiomy-

ocytes has been confirmed in vitro in several animal models of disease [41, 48,

125, 163]. Experiments conducted using direct co-culture models have demon-

strated that fibroblasts directly affect cardiomyocyte electrophysiology. Many of

these in vitro studies have used neonatal rat ventricular cardiomyocytes and fi-

broblasts [41, 48, 164, 165]. Gaudesius et al (2003) demonstrated that while the
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presence of a large number of fibroblasts creates a conduction block, as during

scar formation, smaller numbers of fibroblasts allow conductivity and simply de-

lay activation times [166]. Others demonstrated that this conductivity occurs in a

Cx43-dependent manner [41, 164]. Vasquez et al (2010) observed that co-culture

with increasing numbers of fibroblasts leads to a slowing of conduction velocity

and prolongation of APD70 and Rother et al (2015) showed that increasing num-

bers of fibroblasts leads to a decrease in beat rate [48, 167]. However, several

studies that investigated direct co-culture using human cells (iPSCs and primary

cells) demonstrated that the presence of fibroblasts improves contraction and is

necessary for the formation of 3D EHTs or microtissues [168, 169, 170]. The re-

sults obtained in this chapter suggest that it is not just the presence of fibroblasts

that is required for electrotonic communication but a specific number of cells and

the length of time in contact with cardiomyocytes.

As mentioned in the introduction (section 1.2.1), the exact number of fibroblasts

in the heart is under disagreement and is reported to change during health and

disease. The amount of cFbs used in in vitro studies varies from 5% up to 80%

and ratios of CM:cFb reported vary from 2.5:1 up to 1:2. A few studies have in-

vestigated how the different numbers of fibroblasts present affect cardiomyocyte

behaviour. Using neonatal rat myocytes, Vasquez et al (2010) demonstrated that

conduction slowing was dependent on fibroblast density. The more fibroblasts

there were, the more conduction velocity was slowed [48]. Rother et al (2015)

also demonstrated that the beat rate was decreased further the more fibroblasts
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were added to the co-cultures [167]. The length of time in culture also seems to

vary greatly from less than 24 hours up to 8 days. The immunofluorescence stain-

ing seen after 5 days (Figure 5.8) suggests confluencies of roughly 40% which is

proposed to be physiological, however, in this chapter, no effects were seen after

48 hours or 5 days of direct co-culture.

In the work conducted here, cardiac fibroblasts were plated on top of cardiomy-

ocytes, in part due to the sensitivity of iPSC-CMs. This creates an even distri-

bution of fibroblasts in direct contact with cardiomyocytes. However, there is little

evidence that these direct contacts exist in vivo [125]. Due to the difficulties of

plating iPSC-CMs on glass, I was unable to do Cx43 staining to confirm whether

iPSC-derived cells exhibit these direct contacts.

Whether cardiac fibroblasts have an effect on electrophysiology is still being in-

vestigated but the question also exists as to whether activated MyoFbs have a

differential effect to their quiescent counterparts. Miragoli et al (2006) demon-

strated using neonatal rat cardiomyocytes that direct co-culture with MyoFbs led

to a slowing of conduction however they did not have a quiescent fibroblast con-

trol [41]. Vasquez et al (2010) similarly showed a decrease in conduction velocity

but that this was not significantly different to quiescent cFb co-cultures. They also

showed a prolongation of APD70 that occurred similarly in both co-cultures [48].

However, when using primary cells isolated from pigs, Nagaraju et al (2019) found

no significant difference in APD90 with co-culture of quiescent cFbs but a sig-

nificant decrease in APD90 with MyoFb co-culture compared to cardiomyocytes
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alone [42]. When using human cells Rupert et al (2020) compared EHTs made

with quiescent and activated fibroblasts and found that the addition of MyoFbs

led to a decreased contraction force when compared with both quiescent and

cardiomyocytes alone [165]. Blyszczuk et al (2020) found that MyoFbs increased

the beat rate and decreased relaxation time in cardiac microtissues compared

with quiescent cFbs but found no difference in APD [169]. These results differ

from the ones found here and perhaps dictate the importance of selecting the

right model for experimentation whether that be human cells or 2D versus 3D

(See section 6.2.3).

TGF-β receptor inhibition is currently used with cardiac fibroblasts to maintain

quiescence and in an attempt to prevent or reverse the MyoFb phenotype in cul-

ture. However, results shown here, and by Shen et al show that the use of SB

decreases time-to-peak [171]. The long-term use of pharmacological inhibition

may also have additional unknown side effects and should be investigated fur-

ther. The use of soft substrates in culture may avoid the necessity for SB and has

been demonstrated to decrease activation of MyoFbs in culture [81, 82, 88].

Taken together, all this data re-iterates the importance of selecting the right model

for experimentation, not only animal versus human but the specifics of the model,

in this example, the co-culture model. The results produced will vary depending

on the number of cells used and whether you are using activated or quiescent

fibroblasts, all of which will affect the ability to extrapolate data into the clinic.
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Cardiac fibroblasts and cardiomyocytes also do not exist in isolation but are con-

stantly surrounded by an ECM support structure which also interacts with the

cells. This has not been taken into account for a lot of these published co-culture

models, here included. There are difficulties applying this to 2D monolayer cul-

tures as the ECM components are secreted into the media. However, recent de-

velopments in biofabrication, such as bioprinting, have allowed for the inclusion

of ECM biology into models [172].

5.4.1 Conclusion

Several studies have shown that MyoFbs have an increased expression of Cx43

when compared to quiescent cardiac fibroblasts which you would expect to aid in

maintaining conduction and contraction following cardiomyocyte death [41, 42].

However, existing research doesn’t agree with the exact outcome of this electro-

tonic coupling or whether it exists in vivo. More work needs to be done using

human cells to determine whether electronic coupling does indeed happen in hu-

mans and to determine the correct conditions for in vitro testing. The development

of spatial transcriptomics along with the integration of single-cell sequencing may

be able to help elucidate whether these interactions do indeed exist in humans

[173].
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Chapter 6

Conclusions

6.1 Thesis outcomes

There were three main aims of this thesis:

• To investigate the reversibility of the myofibroblast phenotype (Chapter 3)

• To optimise an optical mapping setup for use with 2D iPSC-CM monolayers

(Chapter 4)

• To characterise the effects of quiescent and activated cardiac fibroblasts on

iPSC-CM electrophysiology and contraction (Chapter 5)

In carrying out these aims, I have successfully published 2 first-author papers,

one review (PMID: 33586463), and one primary research paper (PMID: 37495732).

The optical mapping system is now being used by other Ph.D. students to inves-

tigate different dilated cardiomyopathy mutations (manuscript in preparation), dif-

ferent substrates for the improved culture and maturation of iPSC-CMs, and other

disease phenotypes.
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6.2 Discussion

The current standard model for cardiac research is that of the mouse or rat. We

know that there are undeniable differences in electrophysiology between these

species and humans that make the results of these studies less translatable

[89, 90]. The advent of human iPSC technology is circumventing some of these

issues however, these models have their own disadvantages. The primary dis-

advantage is that of electrical and structural immaturity but methods are being

developed constantly to aid in this department [94, 95, 96]. Despite this, there

are many benefits to using in vitro studies in that they are higher throughput and

less expensive [100]. However, defining the correct culture conditions are impor-

tant to improve reproducibility and physiological relevance. This is includes, but

is not limited to, culture surface (i.e. stiffness) and cell type.

6.2.1 Stiffness and tissue culture surfaces

In this thesis, it was observed that standard tissue culture plastic activates car-

diac fibroblasts to MyoFbs and transitions them into an irreversible chronically

activated phenotype that is unresponsive to TGF-β activation (Chapter 3). How-

ever, the effects of tissue culture plastic on cardiomyocytes must also be consid-

ered. It was discovered by Jacot et al (2008) that culturing neonatal rat myocytes

on varying stiffnesses (1-50 kPa) led to variations in intracellular calcium levels

and calcium transients. Increasing substrate stiffness up to 10 kPa increased

calcium-induced calcium release but increasing further up to 50 kPa led to a de-

crease in calcium release. This was reflected by the greatest transient size being
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observed at 10 kPa compared to higher and lower stiffnesses. They also ob-

served maximum force generation on 10 kPa substrates, nearest the stiffness of

the native myocardium [174]. Two seperate studies found that with increasing

substrate stiffness came an increase in contraction stress for both neonatal rat

and hPSC derived CMs [79, 175]. However, Hazeltine et al (2012) found no sig-

nificant change in beat rate across any of the different substrates [175]. It has

also been observed that the use of substrates more closely resembling that of the

native myocardium leads to better sarcomere alignment that is often associated

with maturation, although this differs for different species [79, 174, ?]. Körner

et al (2021) further demonstrated how the use of different substrates can affect

ion channel expression and structural remodelling, with the lowest alignment of

Cav1.2 and Ryanodine receptor seen on the stiffest substrate, glass [176].

When conducting future studies, the substrate for culture should be considered

carefully. The future use of soft substrates may be able to keep cardiac fibrob-

lasts inactivated but also provide a more physiological surface for cardiomyocytes

thereby improving future in vitro models.

6.2.2 Multicellular models

The heart is an organ made up of several different cell types. This dictates the

importance of using co-culture or multicellular systems in research as cardiomy-

ocytes do not exist in isolation. A good example of this is that the use of fibroblasts

in EHTs has shown better contractility [168, 169]. Work here investigates the im-

pact of quiescent and activated cardiac fibroblasts on cardiomyocyte behaviour
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but other cell types have a role in cardiac homeostasis too. Direct co-culture with

macrophages has been shown to increase calcium release and induce higher

calcium transient amplitudes [177]. Macrophages also induce MyoFb activation

through expression of IL-6 [35]. Co-culture of cardiomyocytes with macrophages

or with endothelial cells has also been shown to promote cardiomyocyte mat-

uration through up-regulation of sarcomeric genes or changes in morphology

[178, 179].

More recently, tri- and quad-culture systems have begun to be experimented with,

including not only fibroblasts but endothelial cells and smooth muscle cells along-

side cardiomyocytes. These models show enhanced maturation and vasculari-

sation that create more representative physiological models of human health and

disease [180, 181, 182].

6.2.3 2D versus 3D

One of the major limitations of this work is the use of a 2D co-culture model in-

stead of 3D. There are many benefits to 2D cell culture. They allow us to examine

rudimentary details on cell structure, cell-cell communications and can inform on

cytotoxicity [183, 184]. However, 2D systems cannot be fully translated into clin-

ical trials as they do not mimic the structure, microenvironment, or cell-matrix

interactions, and cannot easily be used to examine off-target effects of phar-

maceuticals [185]. 3D systems for cardiac research include cardiac spheroids

and EHTs. It has been demonstrated that these are superior in relation to drug

development [103, 124]. Saleem et al (2020) compared drug response of 2D
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and 3D human iPSC-cardiomyocytes to animal models and found human iPSC-

cardiomyocytes were better predictors of adverse cardiac effects and that 3D

models were better still [103]. Beauchamp et al (2020) not only showed CM mat-

uration in 3D spheroids but a decreased activation of cardiac fibroblasts when

using 3D techniques. They demonstrated that 3D iPSC-cardiomyocytes had a

more physiological action potential than their 2D counterparts [124].

Future work has begun with the aim of using optical mapping with multi-cell type

EHTs.

6.2.4 Future work

There are a few questions still outstanding following the completion of this the-

sis. The first involves other methods of reversal for the MyoFb phenotype. With

the complexity of the cardiac fibroblast activation pathway, there are many pos-

sible targets to investigate. Another target explored within the context of cardiac

fibrosis are MicroRNAs (miRNAs). Several studies have implicated miRNA-21 in

cardiac fibrosis [186, 187, 188]. Zhou et al (2018) observed an up-regulation of

miRNA-21 in rat cardiac fibroblasts in response to TGF-β that correlated with My-

oFb activation and, that use of a miRNA sponge prevented this MyoFb activation

[187]. It was observed that the use of a miRNA-21 inhibitor prevented MyoFb ac-

tivation and attenuated cardiac fibrosis [186, 187]. Inhibition of miRNA-223 has

also been shown to decrease cardiac fibrosis and the related cardiac deteriora-

tion [189].

MBNL1 (muscleblind-like1 protein) has recently been identified with a potentially
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important role in MyoFb activation [25, 190]. MBNL1 has been shown to be up-

regulated in MyoFbs and overexpression of MBNL1 leads to MyoFb activation

[25]. Use of a knockout model has demonstrated that a loss of MBNL1 also pre-

vents MyoFb activation [25, 190]. This could be a promising target for reversal

studies.

There are also targets that have shown promise using pulmonary or liver MyoFbs

that might be worth exploring in cardiac MyoFbs. The transcription factor MyoD

has been shown to regulate pulmonary MyoFb differentiation with some potential

for reversibility [86]. Prostaglandin E2 has also been used in reversal studies us-

ing pulmonary MyoFbs [191].

Another question surrounds the co-culture model itself. As mentioned at the

end of Chapter 5, studies using higher numbers of fibroblasts have observed

electrical changes in the presence of cardiac fibroblasts [192]. More specifically,

Johnson et al (2023) demonstrated significant changes in electrophysiology with

co-culture of human cardiomyocytes and MyoFbs. However, this study used sig-

nificantly higher numbers of fibroblasts than would be found in native tissue (1:2,

CM:cFb) [192]. This study also had no quiescent fibroblast control. With more

time, perhaps more than one ratio, with higher numbers of fibroblasts, could have

been tested for the 5-day experiments conducted in this thesis. In conjunction

with Johnson et als (2023) work, it could have shed more light on the CM-cFb

interactions within the human context.
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Lastly, the use of spontaneous data, rather than paced, brings variability to the

data that may have masked any subtle effects the cardiac fibroblasts may have

had. Working towards a functioning pacing system for our optical mapping system

will be hugely beneficial to future work (as mentioned in Section 4.6.1).

6.3 Conclusions

Cardiac fibroblasts are undoubtedly important in cardiac disease due to their role

in cardiac fibrosis. Their role in electrical remodelling is still being investigated and

will be important in fully elucidating their roles in arrhythmogenesis. iPSC-derived

cells will be a beneficial tool in determining this in a human model however, there

is much work that needs to be done to improve this model with regards to maturity.

The limitations of culturing fibroblasts combined with the immaturity of hiPSC-

CM models, demonstrates the importance of working towards better and more

representative models To advance the work further, it will require the full range

of model systems available, while acknowledging the particular strengths and

weaknesses each possesses.
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