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ABSTRACT

Elias Kuusela: DCM-on-a-chip
Master of Science Thesis
Tampere University
Biotechnology and biomedical engineering
December 2023

Dilated cardiomyopathy is a familial heart disease, causing defects of varying severity in pa-
tients of different ages. This condition is is considered as one of the most important causes of sud-
den cardiac death. Several proteins and their mutations have been linked to the development of
dilated cardiomyopathy, but lamins A and C, and their gene LMNA is the most common in Finnish
population. Lamins A and C are responsible for the formation of nuclear lamina, a meshowrk
structure, beneath the nuclear membrane. This structure is important in mechanotransduction
processes as well as in gene regulation. As the collection of adult human cardiomyocytes is a bur-
den for the patient and the existing animal models are not accurate enough, there is a great need
for human based models to better understand complex disease, and to reach new therapeutic pos-
sibilities. In this work, human induced pluripotent stem cells are utilized to establish a cell sheet
of cardiomyocytes which electrical functioning could be studied with microelectrode array technol-
ogy. One control cell line (UTA.11311.EURCC) and two patient cell lines (UTA.12619.LMNA and
UTA.12401.LMNA) with different mutations were used. Cells were measured on microelectrode
arrays while exposing them to hypoxic stress to study the electrophysiological functioning of the
cells and their response to hypoxic stress. In addition, immunocytochemistry was performed to
confirm the successful differentiation of induced pluripotent stem cells into cardiomyocytes. Based
on the microelectrode array data, no increased decrease in their functionality was noticed due to
hypoxic stress, but the altered depolarization times and depolarization amplitudes were present
right from the beginning of the measurement before the hypoxic stress was applied. These results
suggested impaired functioning of the sodium channels due to the LMNA mutation that could be
affecting the disease phenotype.

Keywords: cardiomyocytes, disease model, human induced pluripotent stem cells, lamins, micro-
electrode array

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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Dilatoiva kardiomyopatia on perinnöllinen sydänsairaus, joka aiheuttaa vaihtelevia toiminthäi-
riöitä kaikenikäisillä potilailla. Tätä sairautta on pidetty yhtenä merkittävimpänä tekijänä sydämen
äkkikuolemaan. Useita proteiineja on yhidstetty sairauden syntymekanismiin, mutta A- ja C-tyypin
lamiinit sekä niitä koodaava geeni LMNA on Suomessa yleisimmin esiintynyt syy sairauden kehit-
tymisen taustalla. Lamiinit A ja C osallistuvat tumalaminan muodostamiseen, joka on verkkomai-
nen rakenne tumakalvon sisäpuolella. Tämä rakenne on tärkeässä roolissa solujen mekanotrans-
duktiossa sekä geenien toiminnan säätelyssä. Ihmisen sydänlihassolujen ollessa hyvin haastava
ja raskas toimenpide potilaille, sekä eläinmallien ollessa epätarkkoja, tarve ihmisperäisille mal-
leille on merkittävä, jotta voisimme paremmin ymmärtää monimutkaisia tauteja sekä löytää uusia
hoitomahdollisuuksia. Tässä työssä hyödynnettiin ihmisen indusoituja kantasoluja ysdänlihasso-
luista koostuvan solumaton muodostamiseen, jonka sähköistä toimintaa tutkittiin mikroelektrodi-
sirun avulla. Yksi solulinja toimi työssä kontrollilinjana (UTA.11311.EURCC) ja kahta potilaslinjaa
(UTA.12619.LMNA ja UTA.12401.LMNA) tutkittiin, joissa ilmeni kaksi eri mutaatiota. Soluja mitat-
tiin mikreoelektrodisiruilla ja mittausten aikana solut altistettiin hapenpuutteelle, solujen elektrofy-
siologisten ominaisuuksien tutkimiseksi sekä hapenpuutteesta aiheutuvan stressivasteen selvittä-
miseksi. Lisäksi immunosytokemian avulla varmistettiin onnistunut ihmisen indusoitujen pluripo-
tenttien kantasolujen erilaistaminen sydänlihassoluiksi. Mikroelektrodisiruilla tehtyjen mittausten
perusteella potilaiden solujen toiminnassa ei ollut havaittavissa lisävaurioita hapanpuuteesta ai-
heutuneen stressin seurauksena. Toisaalta potilaiden soluissa havaittiin muutoksia depolarisaa-
tioajassa sekä depolarisaatioamplitudissa heti mittauksien ensimmäisessä vaiheessa jo ennen ha-
penpuutetta. Nämä tulokset viittaavat solujen natrium-kanavien heikentyneeseen toimintaan LM-
NA geenin mutaation seurauksena, joka voisi aiheuttaa sairauden ilmenemisen.

Avainsanat: ihmisen indusoidut kantasolut, lamiinit, mikroelektrodisiru, sydänlihassolut, tautimalli
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ChatGPT, version 3.5
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1. INTRODUCTION

Mutated lamin A/C gene (LMNA) causes several disease phenotypes in different parts
of human body. These phenotypes include disorders of skeletal muscle, adipose tis-
sue, and neuronal tissue, premature ageing, and cardiovascular disease. Cardiovascular
phenotype involves progressive conduction abnormalities, atrial arrhythmias, dilated car-
diomyopathy (DCM), and ventricular arrhythmias (VA). [1, 2, 3] Onset of DCM has been
reported varying in terms of age of the patient as well as severity of the condition has been
stated to vary from low to life-threatning [2]. Disease typically has an autosomal domi-
nant inheritance and is familial up to 20-35 % of the cases. Furthermore, DCM causes
considerable morbidity, and is one of the most important causes of sudden cardiac death.
[4] DCM patients are typically characterized by early conduction defects, impaired my-
ocardial contraction, and ventricular dilation, eventually leading into heart failure [2, 3, 5].
These patients present a high rate of cardiac events, for example high degree atrioven-
tricular (AV) block, sudden death due to malignant ventricular tachycardia, and end-stage
heart failure [2, 6]. DCM has been traditionally regarded as a non-ischemic cardiomy-
opathy, but several studies have detected abnormalities in the myocardial perfusion with
DCM patients having moderate or severe adverse tissue remodeling. Both, impaired my-
ocardial perfusion reserve, and coronary flow reserve were noticed, meaning that chronic
or recurrent myocardial hypoperfusion could induce fibrosis and adverse remodeling in
DCM. [7] Deprivated oxygen levels have been reported to induce cell death and disrupted
sarcomere structures. In addition, changes in the functionality and electrophysiology have
been shown, such as decrease in cardiomyocyte beating frequency, contractility, calcium
overload, and arrhythmias. [8]

Collection of adult human cardiomyocytes is an invasive procedure, and therefore it is not
the best option in terms of the patient [9]. Additionally, it is not very efficient to collect
cardiomyocytes for longer period of time since those cells are terminally differentiated
not capable of proliferating, and the survival of collected cells would not be optimal [9].
Furthermore, some animal based models have been developed for the drug testing, for
example in the case of ischemic heart disease and drug intervention of the reperfusion
taking place after the ischemic event [8], and to gain better understanding of the mech-
anisms causing the DCM [10]. These animal models have provided promising results,
but these results have not been able to be replicated in the clinical trials most probably
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due to the difference between species. Due to these factors, the generation of functional
human based models are essential to reach new therapy possibilities and also to better
understand complex diseases, and conditions that we are experiencing. [8]

LMNA gene encodes lamin A and C proteins that are located in the inner nuclear mem-
brane, called nuclear lamina (NL). Their functions include providing mechanical support
for the nucleus, and controlling the interactions with the chromatin inside the nucleus. [3]
In addition, lamin A/C has been shown to play a key role in organizing the chromatin in
embryonic stem cells (ESCs) [11]. This way naive pluripotency of the stem cells is safe-
guarded, while appropriate cell fate choices during cardiogenesis are achieved [11]. Data
from patients and animal models have hinted that changes in the NL initiate the onset of
the disease due to defective electrical signaling, and molecular response to mechanical
stress. In addition, due to changes in chromatin organization and gene activity, gene ex-
pression and signaling is also altered and these are followed by progressive weakening
of the cardiac muscle. Still, the earlier mentioned options are only suggestions, and the
detailed mechanism causing the disease is yet to be confirmed. [10]

Human induced pluripotent stem cells (hiPSCs) allow continuous production of cardiomy-
ocytes (hiPSC-CMs) in an efficient manner. The generation of hiPSCs can be done from
patient’s skin fibroblasts, peripheral blood mononuclear cells, or acquired from commer-
cial sources. [12] Thanks to the endless division ability of the pluripotent stem cells, they
allow great supply of cells to research. Discovery of hiPSC-CM based models offers first
of all human-based system to research cardiac diseases and treatments. Secondly, these
methods offer much more personalized approach, since the generation of patient specific
cell lines and models is possible. [8]

Microelectrode array (MEA) is widely used tool to perform high-throughput electrophys-
iological assays in order to study cardiac arrhythmias for disease modeling purposes
[12]. In combination with hiPSC-CMs, MEA assays allow for example, drug screening for
compound-induced cardiotoxicity [12]. In MEA plate, array of microelectrodes are em-
bedded within the plate’s surface. Via these electrodes the electrical activity of the cells
is able to be detected and recorded. Acquired signal can be then amplified into user-
friendly shape in platforms such as Maestro Edge/Pro series (Axion BioSystems, Atlanta,
GA, United States), CardioExcyte 96 (Nanion Technologies, Munich, Germany), or Multi
Channel Experimenter (Multi Channel Systems MCS GmbH, Reutlingen, Germany). [12]
MEAs allow the measurement of extracellular field potentials (FPs), and are not capable
of determining the absolute membrane potential or ion currents as in the case of patch-
clamp for example. The benefit of MEAs is then its non-invasive nature which allows the
examination of the same group of cells repeatedly over a longer period. MEA measure-
ment of cell monolayer or small clusters provides parameters such as FP, field potential
duration (FPD), beating frequency, spike amplitude, and conduction velocity. Some of
these parameters also correspond to the ones acquired with the patch-clamp. [12, 13]
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MEA platform used in this work is introduced in Figure 1.1.

(a) MEA plate and cell culture well.
(b) Construction of the MEA cell culture well with
the acute hypoxia cover. Modified from [8].

Figure 1.1. a) MEA plate which allows the cell sheet to be cultured and its electrophysi-
ology to be measured. b) Acute hypoxia cover assembly on top of cell culture well which
enables the precise control over the gas environment of the cells.

This work aims at showing that stimulating the patient specific CMs it is possible to make
the DCM phenotype more prominent either during hypoxia or under reoxygenation while
recording the electrical activity of the cells with MEA. Comparison of the cell lines will be
done to find out if the patient cells experience prolonged defects due to hypoxic stress.
From the collected MEA signal, beating frequency of CMs, depolarization amplitude, de-
polarization time, and field potential duration will be analyzed. With these parameters
the viability of the current model will be evaluated by comparing our values to others
presented in the literature. By utilizing the immunocytochemistry, the successful hiPSC-
CM differentiation will be confirmed. This work aims at providing human-based model
which is better recapitulating the physiology of the disease than similar animal models.
Furthermore, patient specific cell lines are a step towards more personalized research.

This work consists of theoretical background, which will introduce the key topics that this
work will involve. Cardiac disease modeling, heart and cardiac tissue, lamin proteins and
their significance in cardiomyocytes, pathophysiology of dilated cardiomyopathy, and the
microelectrode array technology will be elaborated in this chapter. Following the theoreti-
cal part, the most central materials and methods will be presented, after which the results
are presented. After results, the meaning and significance of the results will be discussed,
leading to the conclusions of this piece of work.
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2. THEORETICAL BACKGROUND

In this chapter the background information about the central topics of this thesis will be
expanded. In Subchapter 2.1 the structures of the heart as well as its functioning will be
discussed thoroughly. This is followed by Subchapter 2.2, which introduces the lamin pro-
teins and their functions that are in central role of the disease model in this thesis. Finally,
in Subchapter 2.3 key concepts about in vitro disease modeling of cardiac diseases will
be introduced, the pathophysiology of the dilated cardiomyopathy is introduced, and the
implementation of microelectrode arrays into disease model will be discussed.

2.1 Heart and cardiac tissue

Human heart, as with other mammals, can be described as two pumps working in turns
continuously. Left pump is composed of left atrium and left ventricle, and the right pump is
composed of right atrium and right ventricle. Right side of the heart is pumping the blood
into the pulmonary circulation, whereas the left side pumps the blood into the systemic
circulation. [14, p. 3][15, 16] In the pulmonary circulation the blood runs through the
lungs where it is enriched with oxygen. After returning the heart via pulmonary veins and
passing through the left atrium and ventricle, the oxygen-rich blood enter the systemic
circulation where it provides oxygen and nutrients to the rest of the tissues inside body.
After this, the deoxygenized blood returns to the right side of the heart, to be pumped
again into the pulmonary circulation. [14, p. 3][16] These structures and actions are also
demonstrated in Figure 2.1.
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(a) Internal anatomy of the heart [15]. (b) Circulatory system [14, p. 4]

Figure 2.1. a) Key anatomical structures of the heart highlighted. b) Pulmonary and
systemic circulation connected into the heart. Direction of the blood flow is indicated by
arrows. Oxygen-rich blood is indicated by the darker shaded gray and the blood low in
oxygen by the lighter shaded gray.

A single heart beat or cardiac cycle, can be divided into systolic and diastolic phases of
the ventricles [16, 17, 18]. Systolic phase represents the phase of ventricular contraction,
and diastolic phase represents the ventricular relaxation phase. The pressure gradient
inside the heart changes during these periods, which is in essential role of controlling the
cardiac valves. Cardiac valves open and close in response to these pressure changes.
At the beginning of the systolic phase, pressure inside the ventricles are higher than the
atrial pressure, causing the atrioventricular (AV) valve to close. As cardiomyocytes start to
contract, intraventricular pressure starts increasing without the change of the ventricular
volume. This is called, isovolumic contraction. Intraventricular pressure keeps rising,
until pressures inside the aorta and pulmonary artery is exceeded. This is signal for the
semilunar valve and tricuspid valve to open, and allow the ventricular ejection of the blood.
After this, intracellular calcium concentration drops, initiating the isovolumic relaxation.
Pressure within the arteries is above the ventricular pressures, thus closing the semilunar
and tricuspid valves. [15, 17, 18]

Once the ventricular pressure drops below the atrial pressure, the AV valves are opened
again. Rapid and passive ventricular filling phase is initiated, during which the blood from
the atria is emptied into the ventricle. Additionally, in the end of diastole, active atrial
contraction furthermore aids the ventricular filling. [15, 17]

Atrial cycle differs from the one that the ventricles perform. The right atrium exchanges
information directly with the internal jugular veins (IJV). Since there are no valves between
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those structures, the right atrial pressure changes are reflected by the changes in the
jugular venous pressure. [18]

Heart tissue can be divided into three layers, each serving specific role in the function-
ing of the heart muscle. The outermost layer of the three is called pericardium. It is
mostly connective tissue, but also contains epithelium, blood vessels, lymph capillaries,
and nerve fibers. [15] The fluid contained in the pericardial cavity, between endocardium
and serous pericardium enables the heart to contract and relax without any friction [19].
Between the outermost and the innermost layer lies endocardium. It is formed by con-
nective tissue and epithelial cells, to strengthen the protective lining of the chambers and
valves. [15] Thirdly, the innermost layer of the heart tissue is called myocardium. This is
the functioning layer of the three, generating the blood flow by contracting. This layer in-
cludes cardiac muscle tissue, blood capillaries, connective tissue, lymph capillaries, and
nerve fibers. Due to the contractile nature of the myocardium, and large forces required
to pump the blood throughout the body, this layer is the thickest of the three. Especially in
the left ventricle, that undergoes higher loads than the right ventricle. [15]

2.1.1 Cardiomyocytes

Human cardiac myocytes can be divided into three classes: working myocytes, nodal cells
(sinoatrial (SA) node, AV node, generation of electrical impulse), and conduction (Purk-
inje) fibres [14, p. 16][16]. If not otherwise mentioned, later on in this thesis term "car-
diomyocytes" refers to the working myocytes. Typical cardiomyocytes present following
features (Figure 2.2): length of 50-100 µm, diameter of 10-20 µm, single nucleus located
in the centre of the cell, branched structure, intercalated disks (consisting of desmosomes
and gap junctions) attach the cells to neighboring cells, multiple mitochondria arranged in
rows in between the intracellular myofibrills, transverse (T) tubules organized in diads with
cisternae of sarcoplasmic reticulum, and extensive sarcoplasmic reticulum (SR). [16] In
the intercalated disks, role of the desmosomes is to mechanically attach the neighboring
cells and this way allow the transmission of forces. On the other hand, gap junctions have
an important role in the intercalated disks, as they create the electrical link between the
adjacent cells and rapid signal conduction this way. [17]

Contractile nature and ability to generate forces of the cardiomyocytes is provided by sar-
comere structures. This basic contractile unit is composed of actin and myosin filaments,
Z-line, and titin. Sarcomeres attach each other end-to-end and by forming bundles they
form myofibril-like units as in skeletal muscle [16]. Actin filaments directly attach to the
sarcomer Z-lines, but myosin filament attachment is enabled by elastic proteins called
titin. [20] This basic contractile unit inside cardiomyocytes is visible in Figure 2.3. Thick
myosin filaments mainly constitute the A (anisotropic) band, but it also includes some in-
terdigitating actin filaments. The I (isotropic) band is formed by thin actin filaments that
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Figure 2.2. Structure of the cardiomyocyte, where parts of sarcomere, and other impor-
tant functional structures are highlighted. Plasma membrane outlines the cell from its
environment, and controls the movement of molecules and ions in and out of the cell.
Mitochondria are responsible for the ATP production for the cell, thus providing energy to
maintain the essential processes. T tubules and sarcotubular network help with the prop-
agation of electrical stimuli throughout the cardiomyocyte and turn the electrical stimuli
into chemical stimuli by inducing Ca2+ release out of the sarcotubular network (or sar-
coplasmic reticulum). Z-line of the sarcomere, composed out of α-actinin, is a structure
binding the actin filaments. These actin filaments are highlighted as a I-band. Myosin
filaments on the other hand are visible as a A-band and are bound to proteins called titin.
[14, p. 19].

Figure 2.3. Sarcomere structure of a cardiomyocyte. Thanks to the release of calcium
from SR heads of the myosin filaments are able to attach on to the actin filaments. Then
myosin heads can detach and attach repeatedly, and this way "climb" along the actin
filament leading into the shortening of the sarcomere. When all of the sarcomeres act
simultaneously, contraction of the cardiac muscle is achieved. Modified from [20, p. 28].

are not overlapping with myosin filaments. Troponin and tropomyosin can be found from
these thin filaments as well. The Z-line is composed of α-actinin. [16]

Generated force itself is not beneficial if it is not transmitted to surrounding structures or
any neighboring cells. Integrins and dytsroglycan complexes spanning throughout the
membrane are responsible for the lateral connections and thus transmission of the forces
in lateral direction. Whereas, longitudal transmission of the forces is fascilitated by the
fascia adherens and desmosomes at the interdigitated ends of the cardiomyocytes. [20,
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Figure 2.4. Illustration of the cardiac conduction system. Propagation of the action po-
tential is also visualized in different points of the electrocardiograph signal. [19] Sinus
node (SA node) intiates the electrical impulse, AV node delays the impulse propagation,
the left and the right branches guide the impulse into right and left ventricle and eventually
into the Purkinje fibres.

p. 28]

2.1.2 Conduction system

The SA node is an assembly of highly specialized pacemaker cells initiating the electri-
cal impulse that is generating the heart beat [18]. SA node is located in the right atrium
between the superior vena cava and the right atrial appendage [18]. The AV node is
an essential electrical interface between the atria and ventricles [18]. This is due to its
capability to electromechanical coupling. AV node is located between the coronary si-
nus and the septal leaflet of the tricuspid valve [18]. Originating from the SA node, the
electrical impulse propagates towards the AV node via internodal tracts within the atria.
Reaching the AV node, impulse conduction is slowed down and continues towards His-
Purkinje system. Impulse time in the AV node increased, which aids the ventricles to fill
properly. Extending from the AV node, the bundle of His (atrioventricular bundle) guides
the electrical impulse onwards. It divides into the right and the left bundle branches, even-
tually forming the Purkinje fibres from Purkinje cells. Purkinje cells are highly specialized
cells enabling the rapid impulse propagation directly stimulating the cardiomyocytes to
contract. [18]
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Figure 2.5. a) Simplified presentation of the cell membrane and the distribution of ions.
b) Equivalent circuit modelling the cell membrane. Capacitive branch (CM) demonstrating
the lipid bilayer, conductive branches (gNa and gK) representing the sodium and potas-
sium selective ion channels, with the corresponding electromotive forces (ENa and EK)
indicating the membrane potentials. [21]

2.1.3 Cardiomyocyte cell membrane

Cardiac excitation and contraction is primarily relying on the excitability of the cell mem-
brane. In other words, the cells are able to depolarize or be depolarized in order to initiate
action potential. [21] Excitability of the membrane heavily depends on the action of the
ion channels, ion pumps, and ion transporters or exchangers in the lipid bilayer. Ba-
sic working principle of this membrane excitation is that, external stimulus reaching the
excitable cell initiates a rise in the resting membrane potential or the voltage gradient
across the membrane. [21] After certain critical level, called threshold, is reached, the
membrane permeability to ions is changed and inward current of ions is depolarizing the
cell membrane. This results in the initiation of the action potential. [21] Neuronal cells,
skeletal muscle cells, and smooth muscle cells share this ability with cardiac cells, but
non-excitable cells are not capable of depolarization to induce action potential either with
or without stimulation [21].

Basic simplified structure of the cell membrane is presented in Figure 2.5. Other ions, and
also surface proteins controlling the exchange of ions and molecules that are not included
in this figure will be described in the following paragraphs. [21]

Due to the selectivity of the ion channels the composition of fluids is different inside and
outside the cell as seen in Figure 2.5. Since the ions can not permeate the lipid bilayer
either, there is a charge across the membrane, called transmembrane potential. [21] Due
to the large proteins and other negatively charged particles the intracellular pace of the
excitable cells is more negative than the extracellular, and this way the inside of the cell
has negative potential. Upon depolarization, negativity of the transmembrane potential
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is reduced, and on the other hand during the repolarization this potential is restored due
to ion fluxes across the membrane. [21] Not only the selectivity of the membrane pro-
teins is controlling the ion fluxes, but also the electric potential and ion concentration.
Movement of the ions rely on diffusion and following the electrical forces. I.e. ions move
towards are where the concentration is smaller, and if the ion has a negative charge it
will move towards positively charged region. In combination these two form so called,
electrochemical gradient controlling the ion movement. In addition to moving down the
electrochemical gradient via ion channels, ions are also capable of being transported via
pumps by active transport. E.g. the sodium-potassium pumps sodium out of the cell and
potassium inside at a 3:2 ratio. Due to this deficit of positive charge is left inside the cell.
Similarly, calcium pumps, and sodium-calcium exchanger enable low intracellular calcium
concentration. [21]

Membrane potential of cardiomyocytes in resting state settles typically to about -85 to -95
mV. In this situation, there are no movement of charges across the cell membrane, due
to chemical and electrical forces being in equilibrium state. [21] For each particular ion,
for example K+, Na+, and Cl- ions in the case of cardiomyocytes, this equilibrium potential
can be calculated based on the intracellular and extracellular concentrations using the
Nernst equation [21]:

V = !
RT
zF

ln
C i

Co
(2.1)

assuming that the environment is temperature of 37 °C. In Equation 2.1, V is the mem-
brane potential, R the gas constant, T the absolute temperature, z the valence of the
ion, F the Faraday constant, and C i and Co the intracellular and extracellular concen-
trations of the ion. [21] As already described earlier, the cell membrane is permeable to
multiple ions, meaning that all of those has to be taken into account, when determining
the membrane potential. In the case of cardiomyocytes, the membrane is permeable
to sodium, potassium, and chloride and the membrane potential is defined following the
Goldman-Hodgkin-Katz equation:

V m = !
RT
zF

ln
PK +[K +]i + PNa +[Na+]i + PCl -[Cl -]o
PK +[K +]o + PNa +[Na+]o + PCl -[Cl -]i

(2.2)

Equation 2.2 defines the membrane potential when membrane is permeable to Na+, K+,
and Cl-, P is membrane permeability, and V m is the membrane potential across the mem-
brane. These ions have specific channels in the cell membrane, that allow the passage
across the membrane. Opening and closing of these channels is either electrically or
chemically gated, in other words voltage-gated or chemical/ligand-gated. When talking
about the generation of the action potential, potassium, sodium, and calcium channels of
the cardiomyocytes are voltage-gated that contribute to this project. [17][21] Next, gener-
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ation of the action potential and functioning of these channels is described in more detail.

2.1.4 Cardiomyocyte action potential and contraction

Initiation and propagation of action potential is the most efficient way of signal conduction
in excitable tissues [21]. Cardiac action potential originates from SA node which is ca-
pable of spontaneous depolarization [17]. Cardiac action potential could be split into five
distinctive phases based on the changes in the membrane potential. Although, in some
different parts of the heart the initiation time, shape, and duration of the action potentials
typically varies, there are still some common underlying mechanics. [17] Firstly, when the
cells experience excitatory stimulus and the membrane potential reaches the threshold
level, and the membrane permeability changes. This allows rapid upstroke of the action
potential. [17, 21] This rapid upstroke (Phase 0, Figure 2.6) is caused by the opening of
the voltage-gated sodium and calcium channels, thus allowing the inward Na+ and Ca2+

current [17, 21]. After upstroke has taken place, the rapid depolarization phase (Phase 1,
Figure 2.6) of the action potential occurs. This is mainly due to almost total inactivation
of the Na+ and Ca2+ intake, and also small K+ outflow. [17] Following the depolarization
phase, some Na+ and Ca2+ channels are still allowing some flow of the ions inside the
cell, resulting in the plateau phase (Phase 2, Figure 2.6). During this phase, small mem-
brane current also occurs due to the Na+/Ca2+ exchanger (NCX) activity. [17] Once the
repolarization phase starts (Phase 3, Figure 2.6), outflow of potassium is in the key role.
This outflow is carried out by two types of K+ channels: relatively rapid (I K R ) and rela-
tively slow (I K S ) channels. Due to the very slow, and delayed activation of these channels
the action potential of cardiomyocytes is also much longer than for example neuronal ac-
tion potentials. [17, 21] After repolarization, the resting membrane potential is achieved
(Phase 4, Figure 2.6) thanks to the membrane current through the nonspecific cation
channel (HCN) allowing the Na+-K+ flow across the membrane (I f ), thus depolarizing the
membrane. Eventually this results that the membrane potential is back to its resting state
and the cycle can repeat. [16, 17, 21] These earlier described phases are marked in
Figure. 2.6 presenting the typical action potential wave form of cardiomyocytes.

In addition to action potential, some important processes with intracellular calcium has
to be completed to facilitate the cardiomyocyte contraction. This combination of action
potential and cardiomyocyte contraction is called excitation contraction coupling. [16, 21]

As the depolarizing stimulus reaches the cardiomyocyte, it enters the sarcolemma via T
tubules that run deeper into the cardiomyocyte as visualized in Figure 2.2 [18]. As the
stimulus reaches the T tubules, the voltage-gated L-type Ca2+ channels are opened, al-
lowing the Ca2+ influx into the cytosol. This commonly takes place during the plateau
phase (Phase 2, Figure 2.6) of the cardiac action potential. Flow of Ca2+ into the cy-
tosol, then initiates release of Ca2+ out of the SR. This process is called the Ca2+ induced
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Figure 2.6. Upper: Development of the membrane potential during the cardiomyocyte
action potential phases. Lower: Potassium, sodium, and calcium conductances during
the cardiomyocyte action potential phases. From this it can be seen how the permeability
of the ions changes in the different phases. [16]

Ca2+ release. [16, 18, 21] Once reached the cytosol, Ca2+ binds to regulatory protein
called troponin C. Troponin C then causes conformational changes in a regulatory com-
plex, eventually allowing troponin I to reveal a binding site on the actin filament. With this
structural change, the actin molecule head is now exposed, and ready to bind myosin
ATPase on the myosin head. This actin-myosin binding is essential to facilitate the sar-
comere contraction. [16, 18, 21] After binding, hydrolysis of ATP occurs and induces
conformational change in the actin-myosin complex. These changes result in mechanical
movement between the actin and myosin heads, in other words shortening of the sarcom-
ere. [21] The larger the number of actin-myosin intercations are formed, the greater the
contraction strength. Also, the larger amount of Ca2+ in the cytosol, the greater number
of actin-myosin interactions are formed. [16, 18] So it could be stated that the force of
contraction is depending on the amount of Ca2+ in the cytosol [16, 18].

Equally important as the Ca2+ intake, is also the Ca2+ ejection out of the cytosol [16, 18].
As the repolarization phase starts, Ca2+ ATPase activates as a response to increased
cytosolic Ca2+ concentration and is responsible for the pumping of Ca2+ back into the SR.
Inside SR, Ca2+ is stored by different proteins, such as calsiquestrin. Ca2+ is also, pumped
out of the cell by the NCX on the plasma membrane. [16, 18] Due to the lowered cytosolic
Ca2+ concentration, troponin complex undergoes another conformational change. This
leads to inhibition of troponin I in the actin binding site. Adeonosine diphosphate (ADP)
is displaced in the myosin head, and replaced by a new ATP. These changes allow the
sarcomere to return to its resting length, and the cycle to start over again. [21]
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2.2 Lamins in cardiomyocytes

Cells receive a lot of signals from their surrounding environment and neighboring cell.
These signals could be anything from pushing or pulling, to electrical impulses or chem-
ical signaling. In order to utilize this information from its surroundings for the cell’s own
advantage, these signals need to be converted into such form that can alter the cell’s
behaviour. For this purpose, refined processes have developed to sense mechanical
forces (mechanosensing) and transform those signals into electrical and/or biochemical
form (mechanotransduction) [22]. For example, changes in the extracellular matrix (ECM)
due to stretching can induce activation of liganded receptors and signaling pathways, or
mechanical forces can be conducted inside the cell via integrin receptors and cytoskele-
ton to alter channel proteins. In many cell types, integrins and cytoskeletal proteins work
together as a mechanosensing elements. [22]

Lamins are a type of intermediate filaments. Based on the sequence homologies, ex-
pression patterns, structural features, and biochemical and dynamic properties lamins
are categorized into two major subcategories, A- and B-types. In humans, as with other
vertebrates, two types of lamin A isoforms can be found: lamins A and C. These two
originate from the same gene (LMNA), but are end results of alternative splicing. In terms
of B-type lamins, B1 and B2 are the most expressed in vertebrates. Those are encoded
by the genes LMNB1 and LMNB2 respectively. [23, 24, 25] Expression of A-type lamins
appears to be developmentally regulated in all cells of the individual, whereas at least one
B-type lamin is typically expressed throughout different phases of the cell development
[25]. It has been pointed out that during mouse development lamins A and C are not
expressed before surpassing 10-12 day mark of the embryogenesis. In addition to that,
once the lamin A/C expression starts, it is mostly noticed in primordial muscle cells. [25]
On the other hand, in humans A-type lamins have been reported to be present in every
nucleated cell throughout the body [24].

Inside our cells, nuclear lamins can be found under the nuclear membrane, where they
separate the nuclear envelope (NE) from the nuclear matrix. [23, 24] This structure is
known as nuclear lamina where lamins are organized into filamentous meshwork that
is thin and elastic [24]. These nuclear lamins are also responsible for maintaining the
nuclear architecture and organizing important nuclear processes such as regulation of
genes, DNA replication, and chromatin accessibility [24]. Lamin A/C interacts directly
with Sun 1 and Sun 2 proteins which are essential part of linker of nucleoskeleton and
cytoskeleton (LINC) complex (Figure 2.7) [25].

Furthermore, lamins have been reported to be involved in various other processes such
as, regulation of chromatin positioning and gene expression by anchoring or organizing
interphase chromosomes, lamin A assemblying the nucleus after mitosis and lamin B as-
semblying the mitotic spindle, deoxyribonucleic acid (DNA) replication and repair where
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Figure 2.7. Illustration about the localization of the lamin A/C and how it is interacting
inside cardiomyocytes [26].

lamin B1 colocalizes with the replication foci, lamins bind to DNA replication factors, and
lamin A/C are present at the early replication sites [24, 25]. Additionally, lamins partici-
pate in DNA repair, transcription by interacting directly with numerous transcription factors
(Oct-1, c-Fos, MOK2, SREBP1) but also indirectly via emerin, lamin associated protein
2α(LAP2α), and retinoblastoma protein (pRb), positioning and organization of chromatin
by establishing transcriptionally silent microdomains, epigenetic regulation of chromatin,
and chromosome organization during the interphase [23, 25]. Next, functioning of the
lamins will be discussed in more detail.

Tissues, and cells undergo a wide variety of mechanical stimuli everyday resulting from
our movement and metabolism. For the normal functions and homeostasis of the cells,
these stimuli must be sensed and translated correctly into cellular responses. [27] Focal
adhesions (FAs), cytoskeleton, nuclear envelope, and biochemical events form together
this adaptive mechanism called mechanotransduction, where lamins play a key role in for-
mation the nucleoskeleton of the nuclear envelope [28]. Nucleus has been noted to have
mehcanosensing properties as the chromatin accessibilty can be altered as a response
to intracellular deformations. Clear evidence has been found for such mechanotransduc-
tion pathway from ECM to nucleus to exist, for example the timescale of force propagation
to the nucleus clearly outmatches the speed of diffusion-based biochemical signals. [27]
Furthermore, actin stress fibers on top of nucleus (the actin cap), in combination with
the associated FAs, create a bridge for the direct transduction of the extracellular stimuli
towards the nuclear genome [27]. Increasing evidence has been shown for the mechan-
otransuction signaling and the integrity of the nucleus to be hindered in conditions linked
with the mutations in A-type lamins [28].
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2.2.1 Lamins and mechanotransduction

Chromatin and nuclear lamina are in a dynamic relationship with each other determining
which areas of the chromatin is expressed and which are silent. Through LINC complex
lamins physically connect the nucleskeleton and cytoskeleton. If this connection is inter-
rupted due to abnormal lamin A/C expression, it usually leads to increased sensitivity to
mechanical stress and impairs mechanosensing. [11]

Thanks to FAs and other mechanosensing components, interacting with the surrounding
ECM of the cells, mechanical sensing is enabled. Mechanical cues applied to integrins
of the FAs induces multiple signaling cascade components such as, Rho GTPases, ser-
ine/threonine kinases, phosphatases, mitogen activated protein kinases (MAPKs), Akt,
and protein kinase C (PKC). [29] Main pathways altering cardiomyocytes gene expres-
sion are extracellular signal-regulated kinase (ERK), c-jun N-terminal kinase (JNK), and
the p38 cascades [29].

As already briefly described, lamins link with the SUN protein on the nucleoplasmic side
which is linked to Nesprin that binds to cytoskeleton (LINC complex). Therefore, A-type
lamins and LINC complexes are crucial part of the mechanical interplay between nu-
cleoskeleton and cytoskeleton. Cytoskeletal actin structures around the nucleus are af-
fected by the loss of function in A-type lamins, propably due to hindered activation of the
mechanosensitive transcriptional cofactor serum responsive factor and its target genes.
[30]

The cell nucleus is highly organized in different structural levels, all the way from pack-
ing the DNA into nucleosomes, to the organizing the genome into compartmentalized
chromosomal regions [31]. This kind of organization of the genomic material inside the
nucleus is in a crucial role of the cell’s functioning, and lamin A has been detected to
play a key role in this organization. The nuclear lamina has been shown to participate in
the peripheral heterochromatin association as well as to nuclear integrity. Upon lamina
deficiency, nuclear plasticity, and chromatin organization are greatly decreased. [31]

2.2.2 Lamins and electrophysiology

The role of tubulin and Nav1.5 channel (fast voltage-dependent sodium channel [32])
could be in a key position in the abnormal electrical properties of LMNA Q517-expressing
cardiomyocytes. Also, some LMNA variants have been stated to present abnormal sodium
currents. [33]

It has been also reported that load-bearing capability of the CMs could be behind the
decreased electrical functioning of the heart. Resulting from the lowered load-bearing
capability of the nuclei, it could lead to damaged nuclei and loss of CMs. Then again, this



16

causes a conduction block. [2]

Other cardiac manifestations are such dysfunctions which eventually leads to DCM. Al-
though, mechanisms behind these are still unclear and to be established, yet speculation
around altered lamin filament interaction with intermediate filaments of the sarcomere,
actin-based cytoskeleton, and the sarcolemma. But lots of work is needed to reveal the
true mechanisms behind these interactions. [2]

2.2.3 Lamin mutations

According to the standard nomenclature for mutations there are multiple ways of express-
ing a single mutation. It can be expressed as a DNA sequence change, e.g. c.254G>A,
where "c." refers to the coding DNA, the number indicates the nucleotide number in the
coding DNA, and G>A indicates that the nucleotide G is substituted to A. Same can be
expressed as amino acid change, e.g. G85E, where G refers to Gly and E to Glu, so
that Gly is changed to Glu, and this is amino acid number 85 from that DNA sequence.
This could be also written as p.Gly85Glu. [34] Mutation can also induce a frame shift,
which changes the amino acid sequence. This is marked in the expression as "fs", e.g.
A287Lfs*193. Following the "fs", the new location of the termination codon is expressed,
* indicating the termination codon, and 193 pointing the new location. [35]

To this date, it is not know why heart is especially subject to mutations in the LMNA gene
[24]. Then again, in terms of mutations in the LMNB1 and LMNB2 usually lead to cell
death, which could be the reason that these mutations are not found in human heritable
disease [23]. At the moment, over 50 genes have been linked with DCM [36]. These
genes encode various proteins from cytoskeleton to intercellular junctions. In addition,
only LMNA mutation is the only one being accepted regarding the genotype-phenotype
relationship. [37, p. 6] Familial forms of the disease is accounting for at least 40 % of
cases [37, p. 5] LMNA gene is also the most investigated gene of the ones connected
with DCM [37, p. 60].

Development of DCM due to the LMNA mutations is typically linked with changes in both
actin and microtubule networks. Actin-microtubule network being in essential role consid-
ering the mechanical resistance of the cell. Lamins are able to interact with cytoskeleton
via its Lamin Tail Domain (LTD) and LINC complex, thus abnormally expressed LMNA
can induce disassembly and polymerization of actin. [6, 38] Other key defects due to the
LMNA mutations are seen in the conduction system. These include for example, ventric-
ular arrhythmias and atrioventricular block. [37, p. 60][38] Regarding the defects in the
cellular structures, mutated A-type lamins also make the cells prone to mechanical per-
turbations because of the decreased stiffness and stability of the nuclear lamina [24, 23].
Theory about the loss of gene regulatory properties of A-type lamins due to mutations
has also been introduced. A-type lamins could be a role in gene regulation by interact-
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ing with pRb via LAP2α or by prevention of transcriptional complex formation by binding
to SREBP1 and MOK2. [23] In following paragraphs, some examples about the specific
mutations will be presented with their characteristics.

In Finland S143P mutation in LMNA is the most prevalent mutation associated with DCM.
This mutation increases lamin A/C nucleoplasticity, mobility and tendency to form intranu-
clear aggregates in patient fibroblasts and further activates unfolded protein response.
Additionally, sinus or atrioventricular nodal dysfunction was noticed in the majority of the
patients, many of which required pacemaker implantation due to AV block, and atrial fib-
rillation. [4, 10] S143P mutation is speculated to be linked with loss of protein expression
or nuclear envelope damage, meaning the loss of the integrity of myocyte nuclei [4]. Pa-
tient are experiencing AV blocks of different degree, bradycardia, left atrium dilation, heart
transplantation and ultimately sudden cardiac death due to rapid ventricular arrhythmias,
bradycardia, and conduction system disorders. First-degree AV block in young patients is
also clinically significant. [4]

R482Q/W mutation in the LMNA gene have been associated with defective nuclear me-
chanics. For example, distorted nuclear shape is a key characteristic for this mutation.
Additionally, defects were found in mechanotransduction processes. Especially impaired
NF-κB signaling was found out in this case. [39]

R225X mutation was studied in contractile force experiments. HiPSC-CMs with R225X
mutation showed impaired systolic function in the cardiac cell sheet tissue. Experiments
showed decreased contractile force and maximun contraction velocity, while maximum
relaxation velocity was unchanged with lamin variant. Furthermore, attenuated mRNA
expression of some contractile proteins, cardiac transcription factors, ion channels, and
Ca2+ handling proteins were observed. [36]

LMNA nonsense mutation Q517 patients were reported with severe arrhythmogenic car-
diomyopathy with history of sudden death, abnormal aggregation of lamins at the nuclear
envelope, and within nucleoplasm. This type of mutation encoding for the C-terminally
truncated lamin A/C is shown to lead into more severe phenotypes and poor prognosis in
LMNA mutation carriers, due to the early onset of conduction disturbance, atrial fibrilla-
tion, malignant ventricular arrhythmias, and sudden death. [33]

Abnormal conduction dynamics have been found out in several mutations such as R4545H,
A287Lfs*193, V445E, and K219T. More precisely variants showed reduced the peak Na+

current when coexpressed with Nav1.5 channel in HEK 293 cells, reduced peak current
of INa+ when coexpressed with Nav1.5 channel in HEK293 cells, and altered action poten-
tials, reduced peak sodium current, and diminished conduction velocity. [33]
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2.3 Cardiac disease modeling in vitro

Poor regenerative capability and invasive collection of CMs from patients present chal-
lenges in the cardiovascular research and tissue modeling. Collection of CMs from patient
is invasive procedure having its own risk, and the survival of the cells after the operation
would not be optimal. Thanks to generation of hiPSC-CMs these problems have been
solved and it is possible to culture CMs in vitro and utilize them in disease modeling or
drug testing repeatedly. Additionally, this way the need for animal models is possible to
be reduced, since those models also have their disadvantages. For example, species-
specific differences in metabolism can be avoided this way. [12]

Cardiac diseases generally include characteristics such as, increased rate of apoptosis
[33, 24], fibrotic tissue [7, 33], arrhythmias [1, 3, 5, 6, 33, 40], defective electrical impulse
generation [33], altered ion channel currents [33], conduction abnormalities [1, 2, 3, 5, 10,
33], left ventricular dilation [3, 5, 40, 4, 41]. No curative drugs exist and heart transplant
is frequently necessary, for example for the DCM patients carrying LMNA mutations [5, 6,
10, 41]. Due to these reasons disease modeling solutions that are utilizing hiPSCs have
a high demand, in order to gain better understanding of the diseases and to discover new
treatment options.

2.3.1 Dilated cardiomyopathy pathophysiology

Two main hypotheses for the mechanism underlying the DCM were defects in the gene
regulation and abnormalities in nuclear architecture causing cellular fragility. The latter of
these, was seen in study with mouse embryonic fibroblasts (MEFs), where mechanical
load was applied onto single living cells. LMNA knockout cells presented significantly de-
creased mechanical stiffness and lower bursting force, when compared to wild-type cells.
[23] This was also investigated in another study with LMNA knockout MEFs. Mechanical
strain was applied onto the cells and nuclear mechanical properties, and strain-induced
signaling were measured. Experiments revealed that LMNA knockout cells present in-
creased nuclear deformation, defective mechanotransduction, and impaired viability un-
der mechanical strain. Especially NF-κB-regulated transcription in response to mechan-
ical or cytokine stimulation was attenuated in LMNA knockout cells despite increased
transcription factor binding. NF-κB is biomechanically activated stress-responsive tran-
scription factor which is able to act as an antiapoptotic signal. MAPK ERK 1/2 is an
important pathway regulating the mechanically induced gene expression and that it is
connected to NF-κB activation. [39]

Participation of lamin A into genome organization and gene regulation has been also stud-
ied. By depleting lamin A, dramatic transition from slow anomalous diffusion to fast and
normal diffusion was noticed, comparing LMNA knockout cells to wild-type cells. Effect
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of LAP2α depletion was also observed. LAP2α is a protein interacting with lamin A and
chromatin, and its depletion had no effect on genome dynamics. This lead to speculation
that lamin A forms chromosomal inter-chain interactions throughout the nucleus, which
contribute to chromatin dynamics, and that lamin A is responsible for molecular regula-
tion of chromatin diffusion which is critical for the maintenance of genome organization.
[31]

One possible pathway, leading into the disease phenotype could be defected Nav1.5
expression due to LMNA Q517X mutation. Research pointed out electrophysiological
changes in cardiomyocytes, including reduced action potential amplitude, overshoot, up-
stroke velocity, and diastolic potential. Additional unique features were noticed such as
hyper-polymerized tubulin network, upregulated acetylated α-tubulin, and cell surface
Nav1.5 downregulation. By treating the cardiomyocytes with tubulin assembly inhibiting
compound, the Nav1.5 kinetics were recovered, that suggests tubulin and Nav1.5 having
strong influence on electrical properties of LMNA mutated cardiomyocytes in DCM. [33]

S143P mutation in the LMNA gene induces resembles other reported mutations in this
gene in terms of its phenotype. Disease typically shows sinus node dysfunction or atri-
oventricular conduction defects in the beginning, typically with progressive nature. Gener-
ally, these findings lead to pacemaker implantation. Impairment of left ventricular systolic
function in combination with relatively mild dilation of the left ventricle, tends to appear
in more progressive stage of the disease. This could lead to end-stage heart failure and
sudden cardiac death. Preceding these, patient might show abnormalities in ECG or
echocardiograph at the age of 20-30 years. [4]

DCM is defined as left ventricular [7] or biventricular dilation and systolic dysfunction
with the lack of either pressure or volume overload [10]. DCM has been regarded as
a nonischemic disease, but DCM has been associated with microvascular dysfunction,
speculated to play a role in its pathogenesis [7]. In addition, coronary artery disease
could be another factor to cause the dysfunction if that sufficient enough. [37, p. vii]

Survival of the DCM patients have been remarkably improved. Currently, the survival rate
of 10-year follow-up is over 85 %. In most of the cases, disease leads to sudden cardiac
death, but thanks to the improvements in medical management, and device treatment,
such as implantable cardioverter defibrillator (ICD), have allowed the improvements in
the survival numbers. Furthermore, the clinical management of the disease is still one
challenge to be overcome. [37, p. vii]

LMNA mutations produces several heterogenous clinical phenotypes. Autosomal dom-
inant forms appear as skeletal muscle, adipose tissue, and neuronal tissue disorders,
premature ageing, and cardiovascular disease. The cardiac phenotype includes progres-
sive conduction abnormalities, atrial arrhythmias, dilated cardiomyopathy, and ventricular
arrhythmias. [1]
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The cardiac disease progression could be classified based on: atrial arrhythmias, AV
conduction disease (first, second and third degree AV block), ventricular arrhythmias, left
ventricle dilation, and systolic dysfunction and sudden cardiac death. Malignant ventricu-
lar arrhythmias are possible to be predicted based on the four risk factors: non-sustained
VT, left ventricular EF < 45 % at first clinical contact, male sex, and non-missense muta-
tions (ins-del/truncating or mutations affecting splicing). [2]

2.3.2 Modeling of cardiomyocyte electrophysiology

Modeling of CM electrophysiology is mostly performed using MEA assays [12]. Other
commonly used tools to study the electrophysiology of the CMs include patch clamp [42,
43, 44], and Ca2+ imaging [44]. Typically, patch clamp measurement provides more de-
tailed information on action potentials and its upstroke velocity, and resting membrane
potential. Then again, due to patch clamp requiring manual work, it is not as feasible for
medium- and high-throughput scale experiments as MEAs are. [13]

Dissociation of cultured hiPSC-CM aggregates allows the small aggregates or single cells
to be plated on MEAs. On top of the MEAs cells then create a cell sheet capable of
spontaneous electrical activity as field potential. These recorder field potentials on MEAs
can be then further analyzed and extracted into parameters, for example QT and RR
intervals. [13]

With MEAs, FPD can be analyzed which is analogue for QT time in ECG and action
potential duration (APD) in patch clamp recordings [45]. This is also visualized in Figure
2.8.

Arrhythmias can be detected from the MEA signal as a irregular beat periods. Examples
of an arrhythmic signals are visualized in Figure 2.9.

2.3.3 Earlier dilated cardiomyopathy models

Various studies have explored the impact of LMNA mutations on heart health and poten-
tial treatments for associated conditions. The analyzed studies originate from the year
2010 to 2022. Le Dour at al. (2017) studied the WNT/β-catenin signaling pathway in
LMNA mutated mice and human heart tissue. They discovered impaired signaling and
altered gap junction structures, suggesting a potential treatment using selective inhibitor,
6-bromoindirubin-3’-oxime (BIO), to activate pathway. With this treatment they were able
to activate the pathway and restore connexin 43 (Cx43) expression in mouse cardiomy-
ocytes. [5]

In another study by Le Dour et al. (2022) they focused on the myocardin-related tran-
scription factor A (MRTF-A) and serum response factor (SRF) signaling pathway’s role in
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Figure 2.8. Cardiac electrophysiological signals and parameters demonstrated with patch
clamp (top), MEA (middle), and electrocardiography (bottom). Modified from [12].

LMNA mutated cardiomyocytes, revealing how restoring α-tubulin acetylation with tubas-
tatin A improved cardiac functioning. Tubastatin A treatment increased α-tubulin acety-
lation thus restoring the appropriate localization of Cx43 in mice cardiomyocytes and
hiPSC-CMs. [6]

Miura et al. (2022) utilized LMNA mutated cardiomyoycytes to model DCM and revealed
impaired systolic function and downregulation of genes associated with contractile protein
and calcium handling. Furthermore, genes such as ATP2A2 and RYR2 were downregu-
lated. Model was based on cardiac cell sheet on top of a contractile force measurement
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Figure 2.9. Arrhythmic MEA signals compared to control signals. Arrhythmias are cap-
tured of LMNA mutated hiPSC-CMs during MEA recordings. Cardiomyocytes of father
and son were carrying E342K missense mutation. In control signals, the spikes are oc-
curing on regular intervals, but in the arrhythmic signals the peak intervals are varying
within the signal. Modified from [46].

device. [36]

Study by Bhattacharjee et al. (2017) compared several LMNA mutations and their im-
pacts on lamin A distribution. Analysis showed that aberrant laminar distribution and
nucleoplasmic aggregates appeared in mutant cells. [40]

Research by De Zio et al. (2022) targeted the LMNA mutation Q517X, findign abnor-
mal nuclear envelope aggregation, reduced action potential parameters, and decreased
Nav1.5 expression. By colchicine treatment they successfully restored the sodium current
related to Nav1.5 channel in cardiomyocytes. [33]

In paper by Wu et al. (2020) they investigated MAPK and JNK inhibitors in LMNA mutated
mice, discovering their potential to prevent left ventricular dilation, decrease myocardial
fibrosis, and improve cardiac function. ERK and JNK inhibitors were able to block na-
triuretic paptide precursors and proteins RNA expression that are involved in sarcomere
architecture. [47]

In a study by Shah et al. (2019) LMNA mutated hiPSC-CMs revealed altered lamina struc-
tures, reduced beating frequency, increased arrhythmicity, and prolonged action potential
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duration. Spontaneously beating CM aggregates were examined on MEAs for five days,
while exposing the cells for hypoxic stress three times during the five days, three hours
each time. Cells were allowed to recover during the reoxygenation between each stress
period. [10]

Shemer et al. (2021) studied LMNA mutated hiPSC-CMs, identifying decreased spon-
taneous beat rates, prolonged APD, increased ICa,L, and high arrhythmia occurences.
Further they investigated two compounds proposing potential treatments targeting NCX
for arrhythmia control.

In Table 2.1 the earlier studies about the DCM modeling have been collected with their
main characteristics.
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Table 2.1. Studies modeling the DCM.

Author Year CM ori-
gin(s)

Mutation(s) Methods Drug(s) Findings

Wu et al. [47] 2010 Mouse p.H222P echocardiography, histological
stainings, RT-PCR

MEK1/2 inhibitor,
JNK inhibitor

Inhibition of MAPKand JNK
pathways restored cardiac EF,
prevented LV dilation, and de-
creased myocardial fibrosis

Le Dour et al.
[5]

2017 Mouse,
heart
explant

p.H222P,
R60G,
c.IVS9+1g

quantitative real-time RT-PCR
analysis, protein extraction
and immunoblotting, electro-
cardiography, fluorescence
microscopy

BIO Impaired WNT/β-catenin path-
way, altered gap junctions

Bhattacharjee
et al. [40]

2017 Mouse K97E,
E161K,
L183P,
R190W,
K219T,
K260N,
Y267C

fluorescence microscopy (con-
focal and super resolution), im-
munoblotting

None Aggregated lamin A in NL and
nucleoplasm.

Shah et al.
[10]

2019 hiPSCs p.S143P fluorescence microscopy,
MEA, immunoblotting, calcium
imaging, teratoma assay

adrenaline LMNA mutated CMs had
decreased BPM, increased
cFPD, increassed arrhtyhmic-
ity, and more nucleoplasmic
lamin A

Shemer et al.
[46]

2021 hiPSCs E342K patch clamp, MEA, immunocy-
tochemistry, RNA sequencing,
calcium imaging, teratoma for-
mation

KB-R7943, ra-
nolazine

LMNA mutated CMs showed
decreased If, prolonged APD,
increased ICa,L, and increased
arrhythmicity

Le Dour et al.
[6]

2022 Mouse,
heart
explant
and hiP-
SCs

p.H222P,
p.S143P,
p.R190W

gene analysis, MuscleMotion,
spheroid

tubastatin A Decreased ATAT1 expression,
α-tubulin acetylation, mislocal-
ized Cx43

De Zio et al.
[33]

2022 murine
HL-1

Q517X patch clamp, fluorescence mi-
croscopy, cell surface biotinyla-
tion, Western Blot

colchicine Defected action potential char-
acteristics, Nav1.5 expression
was reduced by hyperacetyla-
tion of α-tubulin

Miura et al.
[36]

2022 hiPSCs p.R225X contractile force measurement,
qRT-PCR, RT-PCR, immunocy-
tochemistry, Sanger sequenc-
ing

None Impaired systolic function,
downregulation of contractility
related proteins, ion channels,
and transcription factors

As shown in Table 2.1 studies from the past 13 years show that animal cells are still
used despite the emerging hiPSCs. Various mutations have been studied, but mutation
p.H222P being the most studied one. Looking into the methods, earlier studies have
relied mainly on microscopy and PCR techniques, until recently MEA and patch clamp
have become more favoured. Various drugs have been also implemented, and those
have provided some promising results. Finally, some key findings are presented that
could be key characteristics in DCM.

In conclusion, it could be stated that to this date modeling and research of DCM has
relied primarily on animal models, clinical experiments, and human tissue samples. Eval-
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uation of protein structures by immunocytochemistry and microscopy, immunoblotting,
patch clamp, echocardiography and electrocardiography, and polymerase chain reaction
(PCR) techniques have been the most used used methodologies so far in discovering
the pathways and mechanisms behind the pathophysiology of DCM. Only a couple of
studies [10, 46, 32] were found utilizing MEAs in the electrophysiological studies of DCM.
Application of hiPSCs have emerged recently as a widely used strategy to resemble the
in vivo tissue. Several different mutations in the LMNA gene, and multiple drugs have
been studied since no consensus exists yet on the pathways and mechanisms causing
the condition.

2.3.4 Microelectrode array

MEAs are widely used method to conduct electrophysiological studies to examine cardiac
arrhythmias by disease modeling, and perform drug screening for compound-induced
cardiotoxicity. MEAs consist of an array of microelectrodes in a desired number. Those
microelectrodes are embedded within the surface of the MEA plate, from where they can
detect the electrical activity of the living cells. Electrodes can include not only sensing
electrodes, but also stimulating electrodes which could be utilized to generate a current
through the tissue layer and act as a pacing to reach desired beating frequency of the
cardiomyocyte cell sheet. In addition to the MEA plate, the measurement setup also
includes signal amplifier, heating system to heat the MEA plate from below, and software
to visualize the acquired data during the measurements. [12]

Recording of the extracellular field potential is possible thanks to the cardiac action po-
tentials propagation through the functional syncytiums of contracting cells. Furthermore,
this leads into the fact that the acquired MEA signal does not represent the entirely same
morphology as in the patch clamp studies. Nevertheless, correlating elements of an un-
derlying action potential exist and allow the comparison of the signals originating from
different acquisition methods. [12]

MEA assays are recognized as viable tool for high throughput electrophysiology-based
screening platform [12, 13, 45]. Also applications such as ischemia modeling [8, 9] or
modeling of other cardiovascular diseases are suitable to be performed on MEAs. Mainly,
applications of MEAs in the field of cardiovascular diseases, are focused on around drug
discovery and disease modeling where it essential to observe the functionality of an entire
cell sheet, i.e. tissue construct where larger population of cells are working together.
Sampling rate up to 50 kHz (www.multichannelsystems.com) for one sample allows large
amounts of data to be collected very sufficiently, thus providing good quality signals to be
analyzed.

Advantages of the MEA assays include reduced need for animal models, measurement
of multicellular cell sheets, possibility of multiple measurements with the same sample,
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implementation of hypoxic conditions, correlation with patch clamp/ECG parameters, and
drug screening. On the other hand downsides of the MEA include signal being summary
of several field potentials, meaning that the information is not accurate on single-cell level.
Thus, to reveal the exact mechanism of action behind specific abnormality, additional ex-
periments are required. In addition, the MEA analysis softwares have have fallen behind
in development, thus many times the research is relying on an in-house developed soft-
wares or scripts. [9, 12, 13, 45, 48]

2.3.5 Cardiomyocyte MEA signal

MEAs enable the assessment of extracellular field potentials from cell monolayers, clus-
ters, or single cells. Lots of data can be extracted from MEA experiments and from the
MEA signal several parameters are accessible, e.g. FPD, depolarization time, and beat-
ing rate (Figure 2.10.). FPD is considered to be in vitro analogues for QT time of the
ECG [45], whereas prolonged QT time is in many cases associated with the presence of
severe arrhythmias, some even proving to be fatal [48]. This makes the MEA experiments
valuable, since it allows the observation of FPD. Then the beat rate corresponds to the
heart rate, and the spike amplitude resembles the QRS complex, that are measured from
the ECG [49]. Furthermore, arrhythmia-like events are detectable that are comparable to
EAD and ectopic beats [49].

Figure 2.10. Field potential parameters derived from the MEA data. FPD onset (square)
represents 10 % deviation from the baseline compared to maximum depolarization am-
plitude (circle). Depolarization time is defined as the time difference between the FPD
onset and maximum depolarization. FPD offset (pentagon) is the point where 10 % de-
viation from the baseline compared to the maximum repolarization amplitude (star). FPD
is defined as the time difference between the FPD onset and offset. Modified from [50].

Factors such as distance from the electrode and three-dimensional (3D) orientation be-
tween the cells and the MEA plate’s surface are greatly influencing the signal amplitude
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and shape acquired from cardiomyocytes. Due to these variables, signal-to-noise ratio
(SNR), i.e. signal quality, could also show variation between different batches of samples.
This also presents a challenge on the signal analysis as the detection of sporadically
occuring arrhythmias relies mainly on the identification of morphological changes of the
signal. Since the researches are doing this evaluation by human eye from large amounts
of data, the screening of large amounts of data is challenging. [48]

Firstly, before any analysis some pre-processing is typically appropriate to be done. Pre-
processing is generally focused on enhancing the signal quality and to ease the following
analysis steps. For example, applying a low-pass filter with 200 Hz cut-off frequency could
be applied to decrease the noise of the signal [48].

In order to get appropriate results, it is essential to reliably detect the start- and end-point
of the FPD. One possible solution for this is automatic onset detection. It is based on
amplitude changes at every time point in the signal with respect to subsequent amplitudes
within a particular time frame. After this step, Trapezium’s area method (TRA) could be
utilized to detect the end of T wave for offset detection. Then, from the onset and offset
points, the FPD, corrected FPD, and the area under the curve for normalizing the FPD to
the beating rate can be performed. [48]

MEA analysis of cardiomyocyte signals is challenging due to the variety of signal wave-
forms. Narrow amplitude gradients and several differing morphologies, such as positive,
negative, only upwards, only downwards, or biphasic waveforms add their unpredictable
element on the analysis. [48] Sources for these inconsistencies could be for example,
the use of 3D cardiomyocyte aggregates. The other source of variation comes from the
interpretation of the FPD offset. Studies have shown that researchers have chosen fidu-
cial points based on individual reasoning and observation. This has lead to the scenario,
where some have used the repolarization wave peak as the offset, whereas others have
used the absolute end of the repolarization phase as the end of FPD. [48]
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3. RESEARCH QUESTIONS AND AIMS

In this work, by utilizing control and patient hiPSC-CMs the defects that typically occur in
the patient cell will be replicated. With our model, the following research questions will be
answered:

• Does the beating frequency of the patient cells suffer more than control cell’s when
under hypoxic stress?

• Is there defects in the depolarization time of the patient cells during the measure-
ments?

• Is there defects in the depolarization amplitude of the patient cells during the mea-
surements?
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4. EXPERIMENTAL METHODOLOGY

The most central methods used in this work included will be explained in this chapter. In
Subchapter 4.1 used hiPSC lines and their culturing will be explained. Next, in Subchap-
ter 4.2 the differentiation protocol into cardiomyocytes will be described. Following this,
the Subchapter 4.3 explains the plating of the beating cardiomyocyte clusters onto MEA
plates. MEA recording protocol is introduced in Subchapter 4.4, followed by Subchapter
on performing the data analysis of the recorded data in Subchapter 4.5. Finally, immuno-
cytochemistry is described in Subchapter 4.6, confocal microscopy and image processing
in Subchapter 4.7, and statistical analysis methods in Subchapter 4.8. Workflow of the
experiments is illustrated in Figure 4.1.

Figure 4.1. Overview of the experimental process involving hiPSC-CM differentiation, cell
plating, MEA measurement, and immunocytochemistry. Process was iterated entirely five
times for gathering the MEA data and once for gathering the immunocytochemistry data.

4.1 hiPSC culturing

Generation of iPSC-lines is allowed by using four transcription factors: Oct3/4, Sox2, Klf4,
and c-Myc. By transducing these transcription factors into donated cells, these cells start
expressing these transcription factors and are forced back into the pluripotent state. [51,
52]

Control hiPSC-line, UTA.11311.EURCCS, and two diseased hiPSC-lines, UTA.12619.LMNA
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and UTA.12401.LMNA, generated from the donor’s blood samples were used in this the-
sis. The patient derived hiPSC-lines used in this work carry the mutations S143P in line
UTA.12619.LMNA and F237S in line UTA.12401.LMNA. From blood samples, peripheral
mononuclear cells were utilized in the generation of hiPSC-lines. All cell lines were cul-
tured on MEF feeder cells (Merck Millipore, Burlington, MA, United States), allowing the
stem cells to multiply, while maintaining their pluripotent state. KSR medium composed
of KnockOut DMEM (KO-DMEM) with 10 % KnockOut Serum Replacement (KO-SR), 1
% MEM non-essential amino acids (NEAA), 1 % GlutaMAX, 0.2 % β-mercaptoethanol
(all from Gibco, Thermo Fisher Scientific, Waltham, MA, United States) and 0.5 % Peni-
cillin/streptomycin (Pen/Strep, Lonza, Basel, Switzerland).

4.2 Cardiomyocyte differentiation

CM differentiation starts removing the MEFs around the iPSC colonies. Removing the
MEFs can be performed by scraping the MEFs with a pipette tip and pulling the MEF
network up, then leaving the iPSC colonies on the bottom of the cell culture well. After
this, the MEFs and the media is aspirated and the iPSCs are treated with Versene, about
8 minutes in room temperature. Next, Versene is removed and cells are suspended into
1.5 mL of KSR medium in each well, without fibroblast growth factor (FGF) where 5 µM
Blebbistatin (1 µL –> 1 mL, stock 5 mM) has been added. Cell suspension is then trans-
ferred to ultra-low attachment 6-well plate 3 mL per well, meaning that cell suspension
from two wells is combined into one well.
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Figure 4.2. hiPSC-CM differentiation protocol presented. Important hallmarks such as
change to differentiation medium, change to differentiation medium with insulin, and first
day of contracting cardiomyocytes.

The following day (D1) 3 mL of differentiation media is replaced for the cells. 50 mL of
differentiation media is composed of 48.75 mL RPMI (Roswell Park Memorial Institute)
1640 + Glutamax (Gibco), 1 mL of B27 minus insulin (Gibco), and 0.25 mL of Pen/Strep
(Gibco). On D1, 5 µg/mL of ascorbic acid, 10 ng/mL of bone morphogenic protein 4
(BMP4), and 25 ng/mL of Activin A are added into differentiation media.

On D3, the differentiation media with 5 µg/mL ascorbic acid is replaced for the cells. 3 mL
of media per well is replaced.

On D4, 3 mL of differentiation media per well is replaced. This time media is supple-
mented with 2.5 µM Inhibitor of WNT production-4 (IWP-4) and 5 µg/mL ascorbic acid.

On D7, 1.5 mL of differentiation media is replaced. 5 µg/mL of ascorbic acid is added
into the media. Again on D9, only half of the differentiation media is replaced and no
supplements are added.

Starting from D11 onwards, half of the differentiation media is changed every Monday,
Wednesday, and Friday, assuming that the differentiation is started (D0) on Monday. Also,
from this point onwards, the B27 minus insulin is replaced with normal B27 which includes
insulin.
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Table 4.1. Medium compositions used during the cardiomyocyte differentiation. Each
composition adds up to 50 mL of ready to use medium.

KSR RPMI+B27-ins RPMI+B27+ins

KO-DMEM 38.75 mL RPMI 1640+Glutamax 48.75 mL RPMI 1640+Glutamax 48.75 mL

KO-SR 10 mL B27 without insulin 1 mL B27 including insulin 1 mL

NEAA 0.5 mL Pen/Strep 250 µL Pen/Strep 250 µL

Glutamax 0.5 mL

Pen/Strep 0.25 mL

β-mercaptoethanol 98 µL

4.3 Dissociation

Dissociation is performed on D24 of the differentiation. First, beating aggregates are
collected and isolated from non-beating tissue with a scalpel if needed. Then, remove
culture medium and wash the cells with Low-Ca (buffer 1) for 30 minutes at room tem-
perature. Next, the buffer is replaced with enzyme medium (buffer 2) and incubated at 37
°C for 45 min. Finally, buffer 2 is replaced with KB medium (buffer 3) and incubated at
room temperature for one hour. Now the cells can be resuspended in maturation medium
(Table A.1) supplemented with FBS to break up any remaining aggregates. Plate cells on
MEA plates coated with Geltrex (Gibco).

Geltrex is prepared by diluting 120 µL of Geltrex in 6 mL of Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco) medium. Coating is incubated for
one hour at 37 °C.

4.4 Microelectrode array

After dissociation and plating the cell on MEA plates (Multi Channel Systems MCS GmbH),
samples were cultured at least 10 days. Culture media was either maturation medium or
20 % EB medium (Table B.1). 4 days after plating media were replaced to those used
in the actual MEA recording, and after that every other day for example, on Mondays,
Wednesdays, and Fridays. Medium was changed for the MEA plates for the last time
about one hour before starting the MEA experiment. Compositions of these media are
presented in Table B.1.

MEA measurements were performed on MEA2100-system (Multi Channel Systems MCS
GmbH) with MEA plates that have 60 electrodes on them in 8 by 8 grid formation (Multi
Channel Systems MCS Gmbh). Measurements were performed on 10 kHz sampling rate.
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Layout of the MEA electrodes is presented in Figure 4.3.

Figure 4.3. Illustration of the MEA electrode layout. In total there is 60 electrodes, elec-
trodes are spaced 200 µm apart from each other, and electrode diameter is 30 µm. Mod-
ified from [53].

Multi Channel Experimenter software (Multi Channel Systems MCS GmbH) was used
to capture hiPSC-CM field potentials during baseline, hypoxia and reoxygenation. Each
measurement consists of recording the baseline 4 min 55 sec in 5 min intervals for 3 h
and after that in 30 min intervals. Baseline is measured with 19 % oxygen gas mixture.
Following the baseline, cells are measured under hypoxic conditions for 3 h where gas
mixture has 0 % oxygen. Again, recording 4 min 55 sec in 5 min intervals. Finally, 0 %
oxygen mixture is replaced with the 19 % oxygen gas mixture, recording 4 min 55 sec in
5 min intervals for 3 h and after that in 30 min intervals. This protocol is demonstrated in
Figure 4.4.

Figure 4.4. Timeline representation of the acute hypoxia MEA measurements. Record-
ing lengths, recording periods, and oxygen percentages included for every phase of the
measurement. Created in BioRender.com

MEA 1-well construction used was such that allowed the hypoxic environment to establish
within minutes. The structure of the 1-well MEA was the same as Häkli et al. (2022)
presented (Figure 1.1b). [9]
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4.5 Data analysis

MEA data was analysed with in-house developed scripts. Beating frequency (beats per
minute (BPM)), field potential duration (FPD), beat-rate corrected FPD (cFPD), depolar-
ization time (t_dep) and depolarization amplitude (dep_amp) were analysed using MAT-
LAB (MathWorks Inc, Natick, MA, United States), which were then further processed in
RStudio (R Foundation for Statistical Computing, Vienna, Austria) programming environ-
ment, and Windows Excel (Microsoft Corporation, Redmon, Washington, United States).
Izumi-Nakaseko formula was used for cFPD [54].

For MATLAB analysis the recorded files had to be first converted into HDF5 file for-
mat. This was performed with Multi Channel DataManager (Multi Channel Systems MCS
GmbH). Ideally, three electrodes with strong and clear baseline signal were picked from
each MEA sample. Appropriate electrodes were chosen by evaluating the raw signal
shapes by eye with the Multi Channel Analyzer (Multi Channel Systems MCS GmbH)
software. Analysis of the raw data was then performed with DatAnalyzer MATLAB tool
[8, 9]. Analysis starts by visually setting suitable peak threshold and BPM values. Based
on the given BPM the software calculates minimum peak distance, in which only one
peak can be found. After finding all the CM beat peaks correctly, the software calculates
the depolarization times and field potential duration of the signals. These results were
then exported into RStudio where further analysis is performed with in-house developed
scripts. Script picks up the desired variables and splits the data into six time periods;
baseline (BL), 0-30 min of hypoxia (H 0-30 min), 30-180 min of hypoxia, (H 30-180 min),
0-30 min of reoxygenation (R 0-30 min), 30-180 min of reoxygenation (R 30-180 min), and
reoxygenation from 180 min onwards (R 180 -> min). Finally, the results were visualized
in Excel.

4.6 Immunocytochemistry

Immunocytochemistry was performed for both control and hypoxia samples on cells aged
21 and 28 days from the beginning of the differentiation. The samples were fixed with 4
% paraformaldehyde for 10 min, followed by two 10 min washes with phosphate buffered
saline (PBS). After second wash, 1 mL of permeabilization buffer (PB) was added and
incubated for 10min. Next the coverslips were removed from the solution and transferred
to dry and clean 6-well plate. During this, the excess solution was absorbed into paper by
gently touching the paper. After this 50 µL of 3 % bovine serum albumin (BSA) primary an-
tibody solution was added containing anti-lamin A/C (1:200, anti-mouse) and anti-cardiac
troponin T (1:500, anti-goat) antibodies and incubated for 60 min in room temperature
(RT). Solution was pipetted on top of the coverslip so that it remains as a droplet. Primary
antibody solution was washed off with PB, PBS, and PB incubating 10 min each. Again,
the coverslips were transferred to dry and clean 6-well plate similarly as earlier described.
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Then, 50 µL 3 % BSA secondary antibody solution with anti-mouse AlexaFluor568 and
anti-goat AlexaFluor488 was added in similar fashion as the primary solution and was
incubated 60 min in room temperature and dark. After incubation, washes with PBS and
MilliQ H2O for 10 min each were done. Finally, samples were mounted with VectaShield
with DAPI and left to cure in dark and room temperature. Compositions of PB and BSA
solutions are described in Table 4.2.

Table 4.2. Compositions of the solutions used in immunocytochemistry.

3 % BSA 25 mL 10 % BSA 10 mL PB 50 mL

PBS 25 mL PBS 10 mL PBS 41.25 mL

BSA 0.75 g BSA 1 g 10 % BSA 2.5 mL

Triton X 4 % 6.25 mL

4.7 Confocal microscopy

Immunocytochemistry samples were imaged with Nikon A1R+ laser scanning confocal
microscope (Nikon, Tokyo, Japan). Used objective was Plan Apo VC 60x Oil DIC N2,
N.A. 1.40, WD 0.13 mm (Nikon). Scanner selection was Galvano, and pinhole size 35.76
µm. Lasers with 488 µm and 568 µm wavelengths were utilized. Detector was A1-DUG
GaAsP Multi Detector Unit.

4.8 Statistical analysis

For the statistical analysis of the data IBM SPSS Statistics (IBM Corporation, New York,
United States) software was used. First, to evaluate the distribution of all the variables,
and to determine the equality of variances, Q-Q plots with Shapiro-Wilk test, and Lev-
ene’s test were used respectively. Based on the results of these test, it was seen that
the data was not normally distributed, and there were no equal variances. In order to
evaluate the differences between the measurement phases for each cell line, Friedman’s
2-way ANOVA by ranks for paired samples with 95 % confidence interval and Bonfer-
roni correction was utilized. Then, for comparing the differences between the cell lines,
Kruskal-Wallis H Test for independent samples with 95 % confidence interval and Bon-
ferroni correction was used, during the specific phase of the measurement. After the
Kruskal-Wallis test, Dunn-Bonferroni correction was applied in pairwise comparison.
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5. RESULTS

In this chapter the characteristics of the model will be presented. In Subchapter 5.1, the
immunocytochemical stainings are shown. Second, in Subchapter 5.2 the normalized
BPM development throughout the measurements is presented. Third, in Subchapter 5.3
depolarization amplitudes are illustrated. Fourth, in Subchapter 5.4 the depolarization
times of each cell line are compared. Lastly, in Subchapter 5.5 the corrected field potential
durations through measurements are shown.

In Table 5.1 summary of all the analysed parameters for each cell line in each of the
conditions is given. Measurements were divided based on the oxygen conditions so that
in BL 19 % oxygen, hypoxia 0 % oxygen, and in reoxy 19 % oxygen.

Table 5.1. Means and standard deviations of each of the analyzed parameter under every
condition during the MEA measurements.

Parameter
Control 12619.LMNA 12401.LMNA

BL Hypoxia Reoxy BL Hypoxia Reoxy BL Hypoxia Reoxy

BPM 110.6±42.39 95.9±42.87 106.7±41.41 56.85±30.41 51.83±31.56 55.20±30.67 33.56±19.76 30.94±23.12 31.72±12.19

dep_amp (mV) 1.900±1.476 1.594±1.090 1.792±1.342 0.638±0.461 0.520±0.446 0.588±0.494 0.237±0.198 0.214±0.181 0.244±0.209

cFPD (ms) 237.8±169.6 241.0±172.1 215.2±175.6 320.5±184.7 330.0±199.6 310.0±187.3 417.7±386.6 444.0±395.5 491.2±470.0

t_dep (ms) 1.144±1.513 1.657±3.171 1.575±3.317 2.511±2.621 4.068±5.361 2.951±3.112 5.505±6.921 6.238±7.784 6.487±7.060

In Table 5.1 parameters are expressed as ’mean±standard deviation’. BL = baseline,
reoxy = reoxygenation, BPM = beats per minute, dep_amp = depolarization amplitude,
cFPD = corrected field potential duration, and t_dep = depolarization time. CFPD was
calculated using the Izumi-Nakaseko formula. It is notable that hypoxia affects all parame-
ters by increasing or decreasing the values. Further, BPM, and dep_amp were decreased
already decreased during the BL, as cFPD, t_dep were increased already during the BL.

In Table 5.2 all the cell differentiations for MEA measurements are listed. Also, number
of generated MEA samples per cell line from each differentiation are stated with the total
number of analyzed electrodes per cell line from that differentiation batch. All in all, from
all the MEA measurements 35 electrodes from 11311.EURCCS samples, 26 electrodes
from 12619.LMNA samples, and 9 electrodes from 12401.LMNA samples were analyzed.
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Table 5.2. Summary of the collected MEA data.

Differentiation batch Cell line Number of MEAs Number of analyzed electrodes

9.1.2023 11311.EURCCS 1 2

9.1.2023 12619.LMNA 0 0

16.1.2023 11311.EURCCS 2 0

16.1.2023 12619.LMNA 0 0

20.2.2023 11311.EURCCS 4 12

20.2.2023 12619.LMNA 4 11

20.2.2023 12401.LMNA 4 0

27.3.2023 11311.EURCCS 3 9

27.3.2023 12619.LMNA 1 3

27.3.2023 12401.LMNA 2 6

17.4.2023 11311.EURCCS 4 12

17.4.2023 12619.LMNA 4 12

17.4.2023 12401.LMNA 1 3

Table 5.2 presents the starting dates of the differentiation batches, number of cultured
MEA samples and number of analyzed electrodes in data analysis. One differentiation
batch (16.1.2023) failed so that no MEAs were measured from that.

5.1 Immunocytochemistry

In Figure 5.1 successful differentiation of hiPSCs into CMs is illustrated. All three cell lines
are stained against cardiac troponin T (red) and lamin A/C (blue). Staining of cardiac
troponin T, cardiac specific marker, has revealed the sarcomere structures of each cell
line. Additionally, expression of lamin A/C is detected as lamin A/C is present in NL
visible in blue.

Figure 5.1. Cell lines used in this work stained by anti-cardiac troponin T and anti-lamin
A/C. Control cell line 11311.EURCCS (left, D 21), mutated cell line 12619.LMNA (centre,
D 28), and mutated cell line 12401.LMNA (right, D 28).
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5.2 Normalized beating frequency

In Figure 5.2 the normalized BPM of each cell line is presented in different phases of
the MEA recordings. The control cell line shows significant decrease in the BPM al-
ready during the first hypoxia phase and also in the second one. On the other hand,
12619.LMNA line the first significant difference compared to baseline is noticed during
the first reoxygenation phase. After hypoxia, the control cell line has significant change
during the second phase of the reoxygnation. 12619.LMNA line has significant increase
in its BPM with a delay compared to the control line. It has recovered its BPM during the
final reoxygenation period.

Friedman test indicated that there were significant differences inside the control line, χ2(5)
= 22.853, p < 0.001. After adjusting the significance values by the Bonferroni correction,
differences were in the control line between BL and H 0-30 min (p = 0.000), between
BL and H 30-180 min (p = 0.000), BL and R 0-30 min (p = 0.000), H 0-30 min and R
180-> min (p = 0.011), H 30-180 min and R 180-> min (p = 0.000), and R 0-30 min and R
180-> min (p = 0.005). 12619.LMNA cell line also presented significant differences, χ2(5)
= 29.604, p < 0.001. After adjusting the significance values by the Bonferroni correction,
differences were in the control line between BL and R 0-30 min (p = 0.036), H 30-180 min
and R 180-> min (p = 0.001), R 0-30 min and R 180-> min (p = 0.000) R 30-180 min and
R 180-> min (p = 0.006).

Figure 5.2. Normalized BPM of each cell line in different phases of the experiment. * p <
0.05
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5.3 Depolarization amplitude

In Figure 5.3 the depolarization amplitude of each cell line is visualized throughout the
recordings. Control cell line (blue) is showing the biggest amplitude of the three cell lines,
while patient cell line 12401.LMNA appears to have the smallest amplitude. There is
difference in the amplitudes of the control line between baseline phase and the first hy-
poxia phase. Then again, 12619.LMNA line experiences significant difference to baseline
during the second hypoxia period. The control line does not show any other significant
differences during the measurements, but 12619.LMNA is differing between the different
measurement phases.

Friedman test indicated that there were significant differences inside the control line, χ2(5)
= 16.437, p = 0.006. After adjusting the significance values by the Bonferroni correction,
differences in the control line were between BL and H 0-30min (p = 0.002). Friedman test
indicated that there were significant differences inside 12619.LMNA line, χ2(5) = 56.088,
p < 0.001. After adjusting the significance values by the Bonferroni correction, differences
in the control line were between BL and H 30-180 min (p = 0.000), BL and R 0-30 min (p
= 0.000), BL and R 30-180 min (p = 0.045), H 0-30 min and R 180-> min (p = 0.045), H
30-180 min and R 180-> min (p = 0.000), R 0-30 min and R 180-> min (p = 0.000), and
R 30-180 min and R 180-> min (p = 0.028) .

Kruskal-Wallis test showed that there was a statistically significant difference in pain score
between the cell lines in BL χ2(2) = 30.153, p < 0.001, with a mean rank pain score of
22.94 for the control cell line, 44.27 for 12619.LMNA line, and 59.00 for 12401.LMNA line,
in H 0-30 min χ2(2) = 31.179, p < 0.001, with a mean rank pain score of 22.40 for the
control cell line, 45.62 for 12619.LMNA line, and 57.22 for 12401.LMNA line, in H 30-180
min χ2(2) = 31.864, p < 0.001, with a mean rank pain score of 22.20 for the control cell
line, 45.96 for 12619.LMNA line, and 57.00 for 12401.LMNA line, in R 0-30 min χ2(2) =
31.529, p < 0.001, with a mean rank pain score of 22.26 for the control cell line, 45.96 for
12619.LMNA line, and 56.78 for 12401.LMNA line, in R 30-180 min χ2(2) = 28.826, p <
0.001, with a mean rank pain score of 22.97 for the control cell line, 44.96 for 12619.LMNA
line, and 56.89 for 12401.LMNA line, and in R 180-> min χ2(2) = 28.185, p < 0.001, with
a mean rank pain score of 23.40 for the control cell line, 43.85 for 12619.LMNA line, and
58.44 for 12401.LMNA line. With the pairwise comparison it was found that statistically
significant difference was present in every measurement period between control line and
12619.LMNA and between control line and 12401.LMNA line. p < 0.001 in every period
when comparing the control to 12619.LMNA and 12401.LMNA.
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Figure 5.3. Depolarization amplitude of the cell lines in different phases of the experi-
ment. *** p < 0.001, * p < 0.05

5.4 Depolarization time

In Figure 5.4 depolarization times of the cell lines are presented in different parts of the
recordings. It can be seen that there is increase in the depolarization time of the control
cell line. Significant change from baseline is noticed during the second hypoxia phase.
Recovery of the depolarization time is taking place already during the first reoxygenation
phase and furthermore during the second one. 12619.LMNA line is not showing signif-
icant differences in any point of the measurements. Difference between the the cell is
significant in several phases of the measurements.

Friedman test indicated that there was significant differences inside the control line, χ2(5)
= 22.853, p < 0.001. After adjusting the significance values by the Bonferroni correction,
differences were in the control line between H 30-180 min and R 0-30 min (p = 0.021),
between H 30-180 min and R 30-180 min (p = 0.002), between BL and H 30-180 min
(p = 0.026), and between R 30-180 min and R 180 -> min (p = 0.032). Also, significant
difference was found inside 12619.LMNA line, χ2(5) = 15.055, p = 0.01. No significance
was found inside 12401.LMNA line, χ2(5) = 2.079, p = 0.838.

Kruskal-Wallis test showed that there was a statistically significant difference in pain score
between the different cell lines in BL χ2(2) = 8.125, p = 0.017, with a mean rank pain score
of 28.89 for the control cell line, 40.38 for 12619.LMNA line, and 47.11 for 12401.LMNA
line, in H 0-30 min χ2(2) = 7.972, p = 0.019, with a mean rank pain score of 28.86 for
the control cell line, 40.69 for 12619.LMNA line, and 46.33 for 12401.LMNA line, in R
0–30 min χ2(2) = 9.367, p = 0.009, with a mean rank pain score of 28.83 for the control
cell line, 39.42 for 12619.LMNA line, and 50.11 for 12401.LMNA line, in R 30-180 min
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χ2(2) = 9.757, p = 0.008, with a mean rank pain score of 29.29 for the control cell line,
38.08 for 12619.LMNA line, and 52.22 for 12401.LMNA line. Further with the pairwise
comparison, statistical difference was found in BL between control line and 12401.LMNA
line (p = 0.0497), in R 0-30 min between control line and 12401.LMNA line (p = 0.015),
and in R 30-180 min between control line and 12401.LMNA line (p = 0.008).

Figure 5.4. Depolarization time of the cell lines in different phases of the measurements.
* p < 0.05

5.5 Beat-rate corrected field potential duration

In Figure 5.5 corrected FPD of the three cell lines are presented in different phases of
the recordings. Based on Figure 5.5, for all the cell lines cFPD is not varying drastically
throughout the recordings. Friedman test indicated that there was significant differences
inside the control line, χ2(5) = 19.601, p = 0.001. After adjusting the significance values by
the Bonferroni correction, only differences were in the control line between H 30-180 min
and R 0-30 min (p = 0.002), and R 0-30 min and R 180 -> min (p = 0.002). No differences
between cell lines were found after Kruskal-Wallis test and Bonferroni correction.
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Figure 5.5. cFPD (Izumi-Nakaseko) of the cell lines during the different phases of the
experiment. *p < 0.05
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6. DISCUSSION

DCM model presented in this work showed successful differentiation of control cell line
11311.EURCCS, and LMNA mutated cell lines 12619.LMNA and 12401.LMNA. All of
these cell lines presented CM specific cardiac troponin T in immunocytochemical stain-
ings. Additionally, staining of lamin A/C demonstrated that the proteins are present in all
cell lines. Based on functional analysis on MEA assays, LMNA mutated CM’s beating
frequency did not decrease more than control line’s when under hypoxic stress (Figure
5.2). LMNA mutated cells had decreased depolarization time during all of the measure-
ment periods compared to the control line (Figure 5.4) even though only 12401.LMNA
line showed statistically significant difference from the control line. Similarly, decreased
depolarization amplitude was noticed during all of the measurement periods compared to
the control line (Figure 5.3), both 12619.LMNA and 12401.LMNA lines were statistically
different from the control line. Statistically significant differences due to hypoxia were
found in depolarization amplitude of the 12619.LMNA (Figure 5.3) line. In terms of the
depolarization time, only the control line presented statistically significant changes during
the measurements (Figure 5.4). Then again, looking into averages of these parameters,
reduced functioning during the hypoxic conditions was noticed (Table 5.1).

In the paper by Häkli et al., it was shown that normalized BPM of the control cells de-
creased during hypoxia, and was restored during reoxygenation. CFPD did not change
significantly during hypoxia or reoxygenation. Depolarization time increased during hy-
poxia and returned close to baseline during reoxygenation. [9] These findings are sim-
ilar to the data presented in this work, Tables 5.2, 5.4, and 5.5. Control cell line and
12619.LMNA recovered back to baseline level of normalized BPM during the reoxygena-
tion. As seen from Figure 5.2 the control cell line has significant difference to baseline
already during H 0-30 min, but 12619.LMNA line differs significantly from baseline for the
first time in R 0-30 min. Then considering the recovery after H 30-180 min, the control line
has significant change for the first time in R 30-180 min but 12619.LMNA line in R 180->
min. These suggest some kind of slower response to changes in their oxygen environ-
ment in 12619.LMNA line. Also, depolarization times and amplitudes of the control and
12619.LMNA line follow this behaviour presented by Häkli et al [9]. But then again, con-
trol line’s numerical values of cFPD, t_dep, and dep_amp are very different from the ones
of Häkli et al. In their paper, parameters occured as follows: cFPD 500-750 ms, t_dep
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2.5-5 ms, dep_amp 0.15-0.3 mV [9]. Nevertheless, it is clear that our hypoxia environ-
ment worked appropriately, based on the control line resembling the behaviour presented
by Häkli et al. In a studies by Shemer et al. [46] and Yang et al. [32], decreased spon-
taneous beat rate was noticed with hiPSC-CMs with LMNA mutation. Findings in these
papers support the data presented in this work, in Table 5.1. As seen from Table 5.1,
it is notable that the beating rate (BPM) of the LMNA mutated cells is approximately 2-
to 3-fold lower than beating rate of the control cells. This decreased spontaneous beat
rate was found to be linked with decreased If density, which is a key pacemaker current
[46]. Greater variation of the normalized BPM in the 12401.LMNA line could be originat-
ing from the small sample size (11311.EURCCS n=35, 12619.LMNA n=26, 12401.LMNA
n=9). As there are always batch-to-batch variation in the functionality of cardiomyocytes,
the portion of the 2nd and 3rd quartiles could be greatly reduced simply by having larger
dataset from the 12401.LMNA line.

Lowered depolarization amplitudes of the LMNA mutated cell lines, shown in Table 5.3,
suggest impaired dynamics in sodium and calcium handling. Amplitudes of the LMNA
mutated CMs are constantly lower than the ones of the control CMs. Significant reduction
was noticed in AP amplitudes and upstroke velocity in LMNA mutant CMs with Q517X
mutation, acquired with whole-cell patch clamp in a study by De Zio et al. Alongside
these findings, significantly decreased inward Na+ current density with reduced expres-
sion of Na+ channel Nav1.5 were observed. By treating these LMNA mutated cells with
colchicine, they were able to revert altered AP properties and Nav1.5 expression back
to resembling control cells. [33] Therefore, Nav1.5 channel expression looks to be in
central role in the Na+ dynamics and action potential generation of the CMs. This could
also explain the lowered depolarization amplitudes of the LMNA mutated lines. As earlier
described related to the normalized BPM, there is also slower response visible with the
depolarization amplitude in 12619.LMNA line. Control line has already significant differ-
ence between baseline and H 0-30 min, but 12619.LMNA line has significant difference
for the first time between baseline and H 30-180 min.

As seen from Figure 5.4, there is increase in the depolarization times of the LMNA mu-
tated cells and the control cells. There is statistically significant difference between the
depolarization times of the different cell lines in almost all of the measurement phases.
During the hypoxia periods, increase in depolarization time is seen in the control cells.
Interestingly, there is significant difference between baseline and H 30-180 min with the
control line, but no significant difference in 12619.LMNA line at any point. Salvarani et
al. studied LMNA mutation K219T, which was noticed to prevent the sodium channel
Nav1.5 expression thus decreasing sodium current density and conduction velocity [33,
55] These could be explaining the difference between the depolarization times of the
control line and patient lines.

Contractile force and contraction velocity has been found to be impaired in cardiac cell
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tissue with lamin variants. Downregulation of contractile proteins, ATP2A2, RYR2, tran-
scription factors, and ion channels were noticed. ATP2A2 is responsible for coding sar-
coendoplasmic reticulum Ca2+ ATPase (SERCA) 2a, subtype of SERCA expressed in
heart. SERCA2a mediates Ca2+ uptake into SR, thus downregulation of ATP2A2 could
lead to dysfunctional calcium re-uptake. [36] As the depolarization of the cell membrane
due to inward Na+ current precedes the influx of Ca2+ into the cytosol, then it could be
possible that impaired Na+ channel functions hinder the functions of voltage-gated L-type
Ca2+ channels. This could be then eventually affecting the Ca2+ induced Ca2+ release,
and therefore the excitation contraction coupling leading to impaired contractile force in
LMNA mutated cells. In addition, transcription of several ion channel mRNA was reduced
in LMNA CMs. This kind of changes were noticed with genes encoding for example,
sodium channels, potassium channels, calcium channels, and connexin 43. [32]

As presented in Figure 2.8 in part 2.3.3 the APD, FPD, and QT interval values should
resemble with one another. FPD of cardiomyocytes could be estimated to be around
300 ms [21, p. 79]. If this would be considered in approximately 60 BPM circumstances,
results in Table 5.1 would support this fact. According to Table 5.1 BPM of the control
line was constantly above the 60 BPM. At the same time cFPD of the control line was
closer to 200 ms mark. As the cFPD is expected to decrease as the BPM increases
and vice versa, it could be stated that the data presented in this work, follows this rule.
Prolonged APD of LMNA mutated cells was noticed in study by Shemer et al. They used
Bazett’s, Fridericia’s, Framingham’s, and Hodges’ formulas for beat-rate correction.[46]
Also, LMNA mutated cells presented prolonged cFPD when compared to control cells in
a study by Shah et al. [10] which are aligned with the results of this work. Even though
statistically differences were not found between the cell lines in this work. But it is good to
remember that patch clamp is performed on a single cell, opposed to cell sheet on MEA.
Bazett’s formula was used in that work. In addition, Yang et al. [32] presented similar
results where prolonged cFPD with Fridericia’s formula was observed. These reports
further highlight the presence of conduction defects that have been noticed with variety
of LMNA mutations. Despite these studies utilizing different correction formulas for the
beat rate correction, it is reasonable to expect results being close to each other. Relating
to the prolonged APD, increased ICa,L density was found from LMNA mutated cells. This
main inward current is responsible for the plateau phase of the action potential. [46] As
described in part 2.3.3, Table 2.8 APD is correlating closely with FPD. This finding seems
to be a promising option in deciphering the mechanism behind the prolonged FPD in
LMNA mutated CMs.

Lowered resistance against mechanical stress was seen during the CM differentiation
process where majority of the LMNA mutated cells break down (no data shown). This
was not occuring in same extent with the control cells. Also, as the dissociation protocol
relies heavily on breaking the aggregates by pipetting the cell suspension up and down,
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this could further reduce the amount and functionality of the cells on top of MEAs. Based
on these findings, lowered mechanical stability due to the defected nuclear architecture
seems likely. In a study by Ribeiro et al. [56], directly proportional relation between the
contraction force and action potential amplitude was discovered. Thus based on this
finding, it is likely that the contraction force would be also diminished in 12619.LMNA and
12401.LMNA patient lines.

These results provide added information on the mutation S143P which has been already
studied in studies by Shah et al. [10] and Le Dour et al. [6], but also new data on the mu-
tation F237S which electrophysiology has not been studied earlier. Electrophysiological
studies of LMNA mutated cardiomyocytes as the lamin A/C is present in all the cells in the
human system, and it is yet to be uncovered why the mutation is especially harmful in the
cardiomyocytes. In addition, extending the in vitro models from single cells to engineered
larger cell sheets or tissue constructs is essential in order to better understand how the
cells are interacting. By utilizing the acute hypoxia technology it could be possible to first
mimick the lack of oxygen during cardiac ischemia, and then apply drugs for studying
possible post-stroke treatments. Via hiPSC derived cells, the need for unethical animal
models or collection of embryonic stem cells or cardiac tissue samples could be signifi-
cantly reduced. Finally, application of human-based cells allows better mimicking of the
in vivo processes, with possibility to move towards finding personalized solutions thanks
to hiPSC technology.

It is important to note that this model very simplified version of what is truly happening in
vivo, lacking the contribution of other cell types in heart, such as fibroblasts and neurons.
Also, according to current knowledge the mechanisms leading to the CM maturation are
not resolved as reviewed by Guo et al. [57]. Some strategies have been implemented to
enhance the maturity of the hiPSC-CMs, such as maturation medium, but in this work our
maturation medium presented exceptionally high beat rates. Due to this, decision was
made to conduct the experiments with both maturation medium and our standard growth
medium (EB) side by side. Differentiation efficiency of the LMNA cell lines also restricted
the work, as majority of the cells died during the differentiation and smaller number of
beating aggregates were developed compared to the control line. After plating the cells
on MEA plates, it was noticed that the LMNA samples did not start beating at all. This
could be due to the cells have been damaged when undergoing the dissociation protocol
which is heavily relying on the mechanical breaking of the cell aggregates. Other option,
is that the LMNA differentiation has produced much larger number of other cells than CMs
and those have ended up on the MEA plates. Also this is linked with the cutting of the
aggregates with a scalpel to an extent. Since, the separation of beating area from the
non-beating one relies on eye-based judgement, this increases the chances of including
other cell types in the cell suspension to be plated. Differentiation protocol produces
different number of different sized beating aggregates every time. As the cell density of
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the suspension is not checked and the cell aggregates are chosen by eye this allows
the final cell density on MEA plates to vary from batch to batch. Finally, comparison of
parameters derived from MEA signal are not directly comparable to ones derived from
patch clamp signal, as MEAs typically involve cell sheets or monolayers, opposed to
patch-clamp involving single cells. At the same time, it appears that comparison of hiPSC
derived MEA models is hard due to lack of standardized experimentation.

There are some options to improve this model in the future. Firstly, dissociation method
including some kind of cell sorting method, e.g. magnetic activated cell sorting (MACS),
could be implemented prior to plating the cells. This would improve the consistency of
the samples from batch to batch as the cell density would be checked and this would
also minimize the number unwanted cells from the suspension. Also, this would tackle
the problem with current dissociation where variation is caused by the cell aggregates not
breaking entirely during the dissociation. All in all, these would even out the number of
cells in the samples and decrease the portion of unwanted cell types. Additional experi-
ments with 12401.LMNA line would be valuable in finding out if there are totally different
defects in the two patient lines. In terms of methods, applying assays to study the sodium
and calcium dynamics of the cells would give detailed information about the defects the
mutation is possibly causing. Furthermore, looking into gene or protein expression could
be relevant, with assays such as RT-PCR or Western Blotting.
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7. CONCLUSIONS

In this work hiPSC-CMs expressing CM specific cardiac troponin T and lamin A/C, the
protein under interest, were generated successfully. This allowed the establishment of
in vitro model for studying DCM. Comparing the changes in the beating frequency of
each cell line, no greater decrease was noticed in the patient cell lines than in the con-
trol line. Defects were found both in depolarization time and depolarization amplitude
of the patient lines already during the baseline period of the measurements. Overall,
with this model, differences between the control line and patient lines were noticed in
the electrical functioning (beat rate, depolarization amplitude and depolarization time) of
the cells. Concluding this work, hiPSC-based models would offer a step towards more
physiologically relevant models in place of animal models, while offering a possibility to
study patient-specific cells and treatments. LMNA mutated cell lines used in this study
presented decreased electrophysiological activity when compared to control line, thus
exhibiting the disease phenotype, which have been reported also in earlier studies. Ap-
plying hiPSC-CMs on top of MEA provides insight on how cells are functioning together
in a cell sheet, instead of looking into single cell dynamics. Additionally, MEA allows other
methods to be incorporated in the process, offering multiple simultaneous approaches in
disease modeling.
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