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1. Introduction: 

1.1 Heart 

1.1.1 Development of the heart  

Heart is one of the vital organs of the human body and the first organ to be developed 

during embryonic development (Woodcock & Matkovich, 2005).  It originates from the 

germ layer mesoderm. The heart is composed of three layers: epicardium, myocardium, 

and endocardium. The three layers give rise to different cell types and they serve 

different functions. The epicardium is the outermost layer of the heart, comprising of 

connective tissue providing mechanical support to the heart, whereas the innermost 

layer, endocardium comprises of endothelial cells. The middle layer known as 

myocardium consists of cardiomyocytes. There are various cell types present in the 

heart, such as endothelial cells, fibroblasts, cardiomyocytes and smooth muscle cells 

(Talman & Kivelä, 2018).  

1.1.2 Function of the heart 

The pumping of the heart is coordinated by the conduction of electrical signals through 

the heart. The conduction system of the heart consists of sinoatrial node (SAN), 

atrioventricular node (AVN), Bundle of His and Purkinje fibres (Woodcock & Matkovich, 

2005). The generation of the electrical impulse is initiated at the SAN which basically 

acts as the dominant pacemaker of the heart (Ambesh & Kapoor, 2017). The presence 

and interchange of ions through the ion channels in the SA node causes the spontaneous 

diastolic depolarization resulting in the generation of action potential (Ambesh & 

Kapoor, 2017). As described earlier by Ambesh et al, the signal is then spread from the 

SA node to the ventricles through the conduction system. Electrical coupling of the 

cardiomyocytes is required for the coordinated contraction of myocardium. 

1.1.3 Cardiomyocytes 

Cardiomyocytes (CMs) are responsible for the contraction of the heart to maintain 

proper blood circulation. CMs can be divided into three sub-groups:  pacemaker cells 

(nodal cells) and force producing ventricular and atrial CMs (Talman & Kivelä, 2018). 

The nodal cells that include sino-atrial (SA) and atrio-ventricular (AV) cells which set 

the pace of the heart and conduct the signal to the ventricles. More specifically, the wave 

of depolarization spreads from the SA node via AV-node to the rest of the heart. 



6 
 

Ventricular CMs from human heart usually ranges between 100-150um in length and 

19-20um in diameter. (Gerdes et al., 1998; Sarantitis et al., 2012). Moreover, ventricular 

CMs are highly developed muscles consisting of mitochondria, contractile units and 

calcium handling machinery. All these elements allow it to produce high level of force 

and pressure necessary for the systemic circulation (Kane & Terracciano, 2017). Atrial 

CMs produce contraction, but the force is smaller than in ventricular CMs (Kane & 

Terracciano, 2017).  

Sarcomere is a single contractile unit of the skeletal and cardiac muscle cell. It is 

composed of fine intermediate filaments that contains e.g. actin (thin filaments), myosin 

(thick filaments), titin and nebulin. Sarcomere is divided into following bands: A-band 

(thin and thick filament overlap), I-band (consists of only thin filaments) and H-band 

(consists of only thick filament) (Sarantitis et al. 2012). The structure of the sarcomere 

is surrounded by lateral boundaries known as Z-discs as shown in Figure 1. The 

sarcomere is a dynamic structure and the contraction occurs once the myosin motor 

protein interacts with the actin filament resulting in pulling of Z-discs towards the M-

band (Henderson, Gomez, Novak, Mi-Mi, & Gregorio, 2017). 

The thin filaments consist of actin along with troponin and tropomyosin. Tropomyosin 

forms a complex with troponin and hides the myosin binding site on the actin. Troponin 

has three subunits, inhibitory subunit troponin I, calcium-binding subunit troponin C 

and tropomyosin-binding subunit troponin T (Klabunde, 2011).  

 

The six thin filaments are arranged around one thick filament. They are composed of 

myosin molecules and the associated proteins. Two actin-heads are present for each 

myosin molecule to serve as the site of action for myosin ATPase. The interaction 

between thin and thick filaments involves ATP consumption (Klabunde 2011). 
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Figure 1: Basic structure of sarcomere. The sarcomere consists of A-band and I band. The 

region between two Z lines is called sarcomere. The centred M line usually consists of myosin 

and thick filaments and the light I-bands comprises of thin filaments. They are composed of 

actin attached to α-actinin present in Z-lines.  

(Sparrow & Schöck, 2009) 

 

 

1.1.4 Excitation-contraction coupling 
 

The electrical activation of cardiomyocytes leads to its contraction and this process is 

known as excitation-contraction coupling (ECC) (Donald M. Bers, 2018). The process of 

ECC is initiated by Ca2+-induced Ca2+ release (CICR) mechanism as described in Figure 2. 

The mechanism involves the Ca2+ ions to enter the cell through L-type Ca2+ channel. 

This, in turn activates ryanodine receptor (RyR2)-mediated Ca2+ release from 

sarcoplasmic reticulum (SR) and results in intracellular Ca2+ transients (Donald M. Bers, 

2018).  

The tropomyosin generally blocks the interaction between myosin and actin. Once the 

level of calcium rises, it binds to troponin C, which then reverses the inhibition of 

tropomyosin. The exposed myosin head now can interact with actin forming a cross 

bridge, hence leading to activation of contraction. During relaxation, the Ca2+ is either 

taken back into sarcoplasmic reticulum or out of the cell through Ca2+-ATP pump and 

Na+-Ca2+- exchanger (Donald M. Bers, 2014). 
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Figure 2: Excitation-contraction coupling and the schematic presentation of Ca2+induced 

Ca2+ release mechanism (CICR). Ca2+ enters the cardiomyocyte via the plasma membrane 

and activates the ryanodine receptors (RYR2), which in turn initiates the CICR mechanism. 

SERCA is the ion transporter, which releases Ca2+ from the cytosol.(Garg et al., 2018) 

 

1.1.5 Action potential  

The electrical impulses that initiates the contraction of cardiomyocytes is known as 

action potential. Action potential (AP) can be defined as a rapid depolarization of the 

cellular membrane followed by repolarization, bringing voltage back to its resting 

potential. The generation of the action potential primarily depends on the concentration 

gradient of Na+, K+ and Ca2+ ions and their net amount in and outside the membrane. In 

normal condition, AP has 4 different phases and each phase is regulated by ion currents 

(Figure 3).  

During the resting phase (phase 4) the membrane potential in both atrial and 

ventricular adult myocytes is negative and around -90mV. The negative voltage is 

created by ion currents across the cell membrane. The amount of K+ ions is higher 

inside than outside the cell, whereas the concentration of Na+ and Ca2+ is much higher 

outside the cell. When the signal reaches the cell, the voltage gated sodium channels 

opens, and an influx of Na+ ions occurs causing the partial depolarization of the 

membrane (phase 0). The activation and deactivation of phase 0 is very rapid and it is 

followed by phase 1. During phase 1, the inward rectifying K channels closes along Na+ 

channels, but the transient K+ channels open causing the flow of K+ from intracellular to 

extracellular space. This, in turn, repolarizes the cell by decreasing the voltage across 

the cell membrane. In phase 2, the AP reaches a plateau phase due to a balance between 
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depolarizing L-type inward Ca2+ current (ICaL) through voltage-dependent L-type Ca2+ 

channels (LTCCs) and the repolarizing rapid (IKr) and slow (IKs) delayed rectifier 

outward K+ currents. Phase 3 is the repolarising phase, which is due to opening of more 

K+ channels along with IKs and closing of LTCCs. This causes K+ efflux through IK1 

channels hence repolarization.  

     

Figure 3: Action potential. The picture illustrates inward, depolarizing and outward, 

repolarizing currents that underlie the atrial and ventricular action potential. Phase 0, rapid 

depolarization; phase 1, rapid early repolarization phase; phase 2, slow repolarization phase 

(‘plateau’ phase); phase 3, rapid late repolarization phase; phase 4, resting membrane 

potential. Adapted from (Grant, 2009). 

 

The electrical conduction of the heart is dependent on the excitatory stimuli and the 

generation of AP in cardiomyocytes. The AP is generated due to the opening and closing 

of many ion channels.  

  

1.1.6 Cardiac arrhythmias 

Aberrations in AP can lead to arrhythmias. The underlying reasons for the development 

of arrhythmia can be categorized in two different ways: (1) focal activity, which is an 

abnormal impulse generation due to automaticity and triggered activity or (2) improper 

impulse conduction (re-entry) (Garg et al., 2018). Often the arrhythmias detected from 

the cells are due to triggered activity, and mostly due to afterdepolarizations and there 

are two different afterdepolarizations. During the action potential at phase 2 or 3 the 
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early afterdepolarizations (EADs) occurs. The delayed afterdepolarizations (DADs) 

occurs after the completion of repolarization (Garg et al., 2018), because of abnormal 

Ca2+ release into the cytoplasm from SR. A full AP is generated if the amplitude of an 

afterdepolarization is large enough. Two different mechanisms have been proposed for 

EADs: First, a premature AP is triggered, if an extended depolarization occurs in the 

membrane due to prolonged repolarization of APD which in turn recovers and 

reactivates IcaL. Once the IcaL is reactivated there is an enhance flow of calcium 

inwards. As discussed in Garg et al., 2018 the second mechanism of EAD is due to 

spontaneous release of calcium from SR, which further activates INCX resulting in 

membrane depolarization. 

 

1.2 Stem cells 

1.2.1 Stem cells and their potency 

 Stem cells are vital for the development of an organism. They possess important 

properties, which separates them from other cells:  they can divide infinitely, and their 

division is either symmetrical or asymmetrical. In a symmetrical division, both the 

daughter cells have the same fate; either both remain as stem cells or differentiate. In 

the asymmetrical division, one of the daughter cells remains as stem cell and the other 

starts to differentiate (Bustin, 2015). At the early stage of an embryo development, 

pluripotent stem cells are the source for the formation of any kind of tissue, while later 

in life tissue-restricted or multipotent stem cells exist.  

Stem cells can be categorized according to its potency. Zygote (a fertilized egg) is the 

first cell during the development of a living organism. It can form the whole embryo and 

the fetal membranes and placenta. This property is known as totipotency. The zygote 

maintains its totipotency until the eight-cell morula stage. A process called gastrulation 

results in blastocyst formation. The blastocyst comprises of outer trophoblast cells and 

inner mass cells (ICM). The inner mass cells are pluripotent in nature which means it 

can give rise to any cells of an individual initially forming the three germ layers 

(ectoderm, mesoderm and endoderm) (Zhao et al., 2013). As the organ develops, the 

resident somatic stem cells present becomes more restricted to its potency. Somatic 

cells are also known as adult stem cells.  Adult stem cells can be defined as a group of 

undifferentiated cells and present in various tissues such as brain, gut, blood vessels, 
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teeth, heart etc. Unlike stem cells, they have limited ability to divide. They remain in 

quiescent stage until activated due to any disease or injury. For example, the 

hematopoietic stem cells give rise to blood cells, skin stem cells generate epithelial 

lining of the cell and such cells are known as multipotent stem cells (Daley, G. Q. 2015). 

  

1.2.2 Induced pluripotent stem cells 

The self-renewal capacity and the ability to differentiate into any cell type of embryonic 

stem cells (ESCs) are nearly unlimited (Zhao et al.2013). Hence, they have the potential 

to be used in several research applications such as gene targeting, cell therapy and 

tissue generation Their unlimited ability to divide is due to the cell cycle machinery 

which drives the cellular division. The cell cycle machinery in ESCs is different than in 

somatic cells. Unlike in somatic cells, the ESCs have a shorter G-phase, express a higher 

level of CDK1 and CDK2 kinases which result in their rapid proliferation. Furthermore, a 

noticeable level of D cyclins, KIP/CIP inhibitors, along with hyper and 

hypophosphorylated retinoblastoma (RB1) have been observed in ESCs (L. Liu, 

Michowski, Kolodziejczyk, & Sicinski, 2019). It has also been mentioned in Liu et al., 

2019, that in several experiments were CDK1, CDK2, cyclin E or B1 have been knocked 

out in ESCs and treatment with CDK-inhibitors resulted in the loss of pluripotency of 

ESCs. Apart from the cell cycle machinery, the expression of factors such as Oct3/4, 

Sox2, Klf4, and c-Myc maintains the pluripotency of the ESCs. However, the derivation of 

ESCs from blastocysts have ethical concerns. One of the main concerns being 

destruction of human embryo and donation of oocytes which raises the concern of 

human personhood, also treatment with ESC in different patient will lead to immune 

rejection.   Due to such limitations, an effort had been made to produce cells that are like 

ESCs but not derived from the blastocyst (Zhao et al. 2013). The first successful 

reprogramming of murine embryonic fibroblast into induced pluripotent stem cells 

(iPS) occurred in 2006 by Yamanaka and colleagues by using virus as a vector. After a 

year, they reprogrammed human dermal fibroblast into induced pluripotent stem cells 

using the same four factors used previously in mouse fibroblast. The four factors used 

for transduction were Oct3/4, Sox2, Klf4, and c-Myc (Yamanaka et al., 2007). These 

factors are named as Yamanaka factors, they are highly expressed in ES cells, and their 

over-expression induces the pluripotency in somatic cells. They play a role in 
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development signalling network necessary for pluripotency of ESCs cells. After the 

successful transduction, they observed that human iPS cells were similar to embryonic 

stem cell in almost all aspect such as morphology, telomerase activity, gene expression, 

proliferation, etc. These hiPSC cells could also be differentiated into the three germ 

layers as well as they can form teratomas. This differentiation capacity allows the 

creation of disease and patient specific cell lines without ethical concerns (Takahashi 

2007). This technology holds great potential benefit e.g. in cardiovascular research. 

 

1.2.3 Cardiac disease modelling in vitro 

The molecular pathology of ion channel abnormalities can be best studied in native 

cardiomyocytes. But, not only the procedure to take a heart biopsy is an invasive 

method with significant risks, it is also difficult to culture the cells (Garg et al., 2018). 

Moreover, it was a laborious process to derive sufficient number of patient derived 

cardiomyocytes at different stages of the disease. As a result, most of the functional 

studies were performed in cell lines such as human kidney cell lines by introducing the 

mutation in a cardiac gene in them. However, these models lack the whole spectrum of 

cardiac proteins and thus not presenting the true electrophysiological phenotype of 

cardiomyocytes. Transgenic mice have also been used as model but the physiological 

differences  such as the beating rate of mice is higher than humans, the difference in K+ 

current leads to shorter action potential duration in mice, also the cardiac 

repolarization depends on different ion currents between the two species which limits 

the data validity (Garg et al., 2018).  

The discovery of induced pluripotent cells serves as a model to study the cardiac 

hereditary diseases. In addition, this advent could lead to precision medicine at an 

individual level without interspecies as well as interpersonal differences (Karakikes, 

Ameen, Termglinchan, & Wu, 2015). 

hiPSC-CMs offer numerous benefits compared to other in vitro models in various ways. 

First, the derivation of iPSC-CMs can be done by skin biopsy or blood draw which is 

invasive at minimum level and yields more cardiomyocytes from human than other 

methods. Secondly, in order to model the complex physiology, hiPSCs can be 

functionally characterized in vitro. Lastly, they retain the genome of the patient which 
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can further be assessed to study the genotype-phenotype relationship. (Karakikes et al., 

2015). In addition, in vitro disease modelling has been used to discover effect of 

mutations, which lead to heart abnormalities such as cardiac hypertrophy, dilated 

cardiomyopathy, arrhythmogenic cardiomyopathy, or left ventricular non-compaction 

cardiomyopathy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Overview of disease modelling in vitro using patient derived iPSCs. The picture 

has been modified from Tiscornia, 2011.  

 

 

1.Choice of disease 

2.Choice of cell type 

3. Reprogramming method. eg, by transcription 

factors, retrovirus, or non-integrative 

4.iPSC characterization (eg. Pluripotency) 

5. Differentiation to relevant cell type 

6. Drug screening 
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1.2.4 Cardiac differentiation  

The stem cell derived cardiomyocytes can be produced by several methods. As 

mentioned in (Acimovic et al., 2014), one of the first cardiac differentiation protocols 

involved was carried out by coculturing hESCs with mouse visceral endoderm like cells 

(END2). The secreting factors from the endoderm and the inhibitors of Wnt/beta-

catenin pathway leads to differentiation of cardiomyocytes (Acimovic et al., 2014). 

However, this method have not been very efficient (Chen, Matsa, & Wu, 2016). 

Other methods include the formation of embryoid body aggregates and monolayer 

based cardiac differentiation (Acimovic et al., 2014). The embryoid body aggregates are 

spontaneously formed in the suspension (Chen et al., 2016). In an article by Chen et al., 

it has been described that the EB based cell lines had two major set backs: low 

differentiation efficiency and heterogenous size of EB results in variation from line to 

line. Later, the embryoid body protocol has been improved to ‘forced aggregation’ 

methods to increase the yield. (Chen et al., 2016). The hESCS or hiPSCs plated in U-

bottom or V-bottom wells were centrifuged in the new modified protocols. As a result, 

the aggregates were more uniform in their sizes which lead to consistent differentiation 

(Chen et al., 2016). Later, 98% of pure cardiomyocytes based on the EB approach and 

addition of growth factors  (BMP4, activin A, FGF2, vascular endothelial growth factor 

[VEGF], and Dickkopf-related protein-1 [DKK1]) were achieved by Dubious and 

colleagues (Chen et al., 2016). However, due to the technical difficulties in EB method, 

the monolayer method is widely used (Chen et al., 2016). 

The monolayer of hESCs  was first used for differentiation by Laflamme et al., and there 

obtained 30% of pure cardiomyocyte poplulations. This method was achieved by 

simultaneous addition and removal of Activin A and BMP4, respectively. However, Lian 

et al. regulated the canonical Wnt signalling pathway by using small molecule glycogen 

synthase kinase 3β (GSK3β) and Wnt inhibitors and successfully achieved 87% pure 

cardiomyocytes (Lian, X. et al. 2012). This has demonstrated the importance of insulin 

and canonical Wnt signalling pathway network in cardiac differentiation. In addition, 

Wnt catenin signalling is dominant to insulin pathway in the differentiation process 

(Acimovic et al., 2014). 
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Apart from using the pluripotent stem cells and various growth factors and modulation 

of the signalling pathways, the cardiomyocytes can also be directly generated from 

somatic cells by using a set of transcription factors, hence bypassing the conversion to 

pluripotent state (Acimovic et al., 2014). The core transcription factors include Gata4, 

Mef2c and Tbx5 during early heart development. This direct or transdifferentiation of 

cardiac and dermal fibroblasts into cardiomyocytes can be done using these 

transcription factors (Acimovic et al., 2014). 

 

1.2.5 Cardiotoxicity 

Cardiovascular toxicity can be defined as damaged to the heart due to different factors 

such as muscle damage, toxin-induced electrophysiological properties, atheroscelerosis, 

etc. In addition, cardiotoxicity have been responsible for last stage drug failure 

development (Abi-Gerges et al., 2017). The cardiac toxicity assessment have been of 

high importance before the drugs enter the clinical trials. Particularly, it have been of 

great significance for the drugs which causes repolarization delay and pro-arrhythmia. 

So far, different cardiac toxicity assay have been developed to detect arrhythmias at 

early stage, calcium imaging being one of the high-throughput methods (Koplar, 2018). 

 

1.3 Methods to study functionality in cardiomyocytes 

Suitable methods to understand the functionality of patient derived cardiomyocytes are 

required in order to advance in precision medicine. These methods include patch clamp, 

multielectrode array and fluoroscence imaging (Garg et al., 2018).  

 

1.3.1 Patch clamp 

Patch clamp is used to record the electrical signals across the cell membrane and it 

provides detailed and precise electrophysiological properties from single 

cardiomyocytes. The method is efficient in measuring and characterizing the action 

potential of the cells and its underlying currents. In this technique, the cells are treated 

with ionic solution whose composition is similar to cytosol. A glass pipette with its fine 

tip is pressed against the cell membrane using a micromanipulator, and the whole 

process is carried out under an inverted micoscope. Next, by rupturing the cell 

membrane the pipette tip can get access to the electrical activity, and this step is 

performed after establishment of seal with giga-ohm resistance. However, one of the 
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drawbacks of the patch clamp technique is its low throughput, the recordings can be 

done for only a short period of time and it is a terminal experiment and cells dye after 

the procedure (Garg et al., 2018).  

 

1.3.2 Multielectrode array 

Another approach to measure the electrical properties of cardiomyocytes is by using 

multielectrode array (MEA). Unlike patch clamp technique, MEA technique allows 

recording for a longer period of time due to its non-invasive approach. The MEA plate 

contains electrodes at the bottom of the well. The field potential (FP) of cardiomyocytes 

are measured once they are plated on the wells. MEA recording resembles the ECG of 

patients. The data recorded by MEA can be used to predict cardiotoxicity (Laurila, E et 

al., 2015).The limitation of this approach included its low resolution and inability to 

measure single ionic currents (Garg et al., 2018). 

 

1.3.3 Fluorescence imaging:  

The calcium transients in a cell are measured e.g. by fluorescent Ca2+ dyes in an 

noninvasive approach.  The fluorescent dyes provides insights into E-C coupling 

mechanism of the cardiomyocytes. The fluorescent signal is directly proportional to 

change in calcium concentration, that is if the calcium concentration is high the 

fluorescence is increased, whereas decreased fluorescence intensity indicates lower 

concentration of calcium. 

There are various types of Ca2+ indicators with different wavelenghths of excitation 

and emission spectra, basal fluorescence, Ca2+ binding affinity, and cell permeability 

(Bootman, Rietdorf, Collins, Walker, & Sanderson, 2013). As discussed in Bootman et al, 

the dyes can be categorized into two groups: ratiometric and non-ratiometric dyes. In 

the ratiometric method, the fluorescent dyes such as Fluo-2 and Indo-1  bind to calcium 

ion and exhibit a shift in emission or excitation spectra, and the difference between the 

two fluorescence intensitied is measured. Hence, these dyes can be classified as dual 

emission or dual excitation.  On the other hand, non-ratiometric dyes show a shift in 

fluorescence intensity upon calcium binding. For normalization, the intensity shift is 

represented as F/Fo, where F stands for intensity of fluorescence emission and Fo is the 

initial intensity. Some of the examples of such indicators are Fluo-3 and Fluo-4 

(Bootman, Rietdorf, Collins, Walker, & Sanderson, 2013).   
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1.4 Genetic cardiac diseases 

 

1.4.1 Long QT syndrome  (LQTS) 

Long QT sydrome (LQTS) is an inherited cardiac disorder characterized by prolonged 

cardiac replorization. This is seen as prolonged QT interval and T-wave abnormalities 

on the ECG (S. R. Shah & Park, 2018). A special type of potentially lethal cardiac 

arrhythmia, Torsades de Pointes, can be observed in LQTS and it is associated with 

syncope or sudden cardiac death. There are different forms of LQT diseases cases such 

as LQT1, LQT2, and LQT3 depending on the type of mutation present. The mutations are 

in the ion channels carrying the slow delayed K+ rectifier (Iks), rapid delayed rectifier 

k+ current (Ikr), and fast Na+ current (INa) for LQT1, LQT2 and LQT3, respectively. 

 

LQT1 

LQT1 is the most common form of LQTS. Reports have shown that it accounts for  

approximately 40% of LQTS globally. Mutation in KCNQ1 are responsible for this type of 

LQTS (R. Wilders & A. O. Verkerk, 2018). As mentioned earlier, it affects the IKs channel  

which results in a prolonged cardiac action potential.  Hence, due to mutation in KCNQ1 

it results in affecting majority of IKs channels as wild type and mutant subunits co-

assemble in heterodimers (R. Wilders & A. O. Verkerk, 2018). 

 

LQTS 2 

 

The mutation in KCNH2 (human ether-a-go-go related gene 1) is responsible for LQTS2. 

The gene encodes the α-subunit of the channels that conduct IKr. (Matsa et al., 2011)  

(Itzhaki et al., 2011) modelled the first LQTS2 disease derived from iPSCs. Also, an in 

vitro cell model of LQT2 with severe symptoms have been generated by (Lahti et al., 

2012). This model have provided a platform to study the underlying physiology of the 

disease, also to study cardiotoxicity due to drugs with potential to prolong QT interval 

(Lahti et al., 2012).  Additionally, it has been reported that mutation in A614V in KCNH2 

results in prolongation of AP and smaller Ikr, EADs and triggered arrhythmias (Garg et 

al., 2018). 
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1.4.2 Sodium channel mutation and Non-compaction cardiomyopathy  

The alpha subunit of the main cardiac sodium channel Nav1.5 is encoded by SCN5A 

gene. The gene is located in chromosome 3p21 with 28 exons and responsible for 

regulation of normal function of inward sodium current (INa). During the fast 

depolarization phase (Figure 3), INa current is the main component following which 

excitation-contraction coupling cascade begins and consequently proper conduction of 

the electrical impulse is initiated in the heart (W. Li et al., 2018).  

As described in Li et al., the mutation in SCN5A gene results in different variants of 

cardiac disorders, which includes Brugada syndrome (BrS), Long QT syndrome 3 

(LQT3), and dysfunction in the cardiac conduction system.  The phase 0 and 2 of action 

potential shown in Figure 3 is an important determinant of heart rhythms, normal 

conduction and excitement and sodium current is responsible for proper maintenance 

at this stage(W. Li et al., 2018). As a result, aberration in sodium channel causes 

disturbance in cardiac electrophysiology, different arrhythmias and defect in structural 

heart diseases (W. Li et al., 2018). The mutations in SCN5A disturbs the balance 

between inward and outward transmembrane currents. The mutation in SCN5A, coding 

for sodium channel, can either result in gain of function or loss of function. The gain of 

function results into increased sodium current, which delays inactivation. On the 

contrary in the case of loss of function, there is an acceleration of activation by a 

decrease in sodium influx. These different states correspond to different phenotypes of 

the disease (W. Li et al., 2018). 
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2. Aims of the study 
 
 
The aim of this work was to study cardiac disease modelling in vitro and more 

specifically calcium transients of cardiomyocytes from iPSC-derived cardiomyocytes. 

 

Specific aims were: 

• To compare calcium transients with two different calcium dyes in wild type 

cardiomyocytes. 

•  To compare calcium transients from LQTS cardiomyocytes between baseline 

and adrenaline. 

•  To study calcium transients from non-compaction cardiac disease 

cardiomyocytes at baseline. 
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3. Materials and Methods 
 
3.1 Ethical consideration 

The Heart group, Biomeditech, University of Tampere has been granted an ethical 

approval to conduct research on hiPSC lines (Aalto-Setälä R08070) by Pirkanmaa 

Hospital District. The skin biopsies from patients were collected after their written 

consent.  

 

3.2 Generation and characterization of patient-specific hiPSC 

For the generation of hiPSC lines, normal and patient fibroblasts from skin biopsies 

were reprogrammed to hiPSCs by Lentivirus infection followed by retrovirus infection 

using Dulbecco’s  modified eagle medium (DMEM, Lonza, Switzerland) containing 10% 

FBS, 2 mmol/l L-glutamine and 50 U/ml penicillin/streptomycin. 293FT-cells 

(Invitrogen, CA, USA) were maintained similarly with 1% non-essential amino acids 

(NEAA, Cambrex, NJ, USA). SCN5A cell lines have been reprogrammed with plasmids 

followed by electroporation with Nucleofector device. 

 

 The following cells, plasmids and reagents were used: 293FT-cells, Plat-E-cells, 

pLenti6/UbC/mSlc7a1-vector (Addgene, MA, USA), ViraPower™ Packaging Mix 

(Invitrogen), Lipofectamine™ 2000 (Invitrogen), pMX retroviral vector (hOCT3/4, 

hSOX2, hKLF4 or hc-MYC, Addgene), and Fugene 6 (Roche Diagnostics, Germany). 

 

Mouse embryonic fibroblast (MEF, Millipore, MA, USA) for differentiation induction 

were cultured in the same condition except without addition of antibiotics. In addition, 

the MEFs were treated with mitomycin C and radiation. Next, the MEF cells were used 

as feeder cell for the fibroblast in KSR medium: Knock out (KO)-DMEM (Invitrogen) 

consisting 20% KO-serum replacement (KO-SR, Invitrogen), NEAA, L-glutamine, 

penicillin/streptomycin, 0.1 mmol/L 2-mercaptoethanol and 4ng/ml basic fibroblast 

growth factor (bFGF, R & D Systems Inc., MN, USA). 

 

All the cells were cultured at 37o  C, 5% CO2, and the media changed every other day for 

iPS cells and twice a week for all the other cells. The table 1 represents  the cell lines 

which have been produced: 
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gene Cell line mutation Disease 

KCNQ1 UTA. 00118.LQT1  ivs7-2ANG LQT1 

KCNH2 00514 R176W, hERG 

 

LQT2 

SCN5A 14301 

14303 

 P1891A Non-compaction 

cardiomyopathy 

Control cell line 04602 WT -  

 

Table1. Cell lines used in this work 

 

The next step is the characterization of the stem cell lines by RT-PCR as well as 

immunocytochemistry to confirm the pluripotency of the cells.  RT-PCR was performed 

to confirm the presence of endogenous pluripotency genes such as Nanog, SOX2, REX1, 

OCT4 and c-MYC and the absence of the exogenes by the virus such as OCT4, SOX2, c-

MYC, and KLF4. GAPDH was used as an endogenous control. In addition, 4% 

formaldehyde (PFA, Sigma-Aldrich, Saint Louis, USA) was used to fix the hiPSC colonies. 

After fixation, the colonies were stained with primary antibodies against Nanog (R&D 

systems Inc., Minnesota, USA), Oct4 (R&D systems Inc.), SOX2 (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), TRA-1-60 (Millipore, Billerica, MA, USA), and TRA-

1-81 (Millipore), and appropriate secondary antibodies were used.  For nuclear 

staining, the colonies were stained with DAPI (4',6-diamidino-2-phenylindole) from 

Vectashield (Vector Laboratories Inc., Burlingame, USA). Embryoid body formation (EB) 

was done to test the pluripotency of hiPSC cell lines. The EB medium consisting of KO-

DMEM with 20% fetal bovine serum (FBS, Biosera, Boussens, France), 1% NEAA (Lonza 

Group Ltd), 2mM GlutaMax (ThermoFisher Scientific), and 50U/mL 

penicillin/streptomycin (Lonza Group Ltd)  for 4-6 weeks. 
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3.3 Differentiation of hiPSC-CMs 

The hiPSC-CMs were cocultured with murine visceral endoderm-like (END-2) cells 

(Professor Mummery, Humbrecht Institute, Utrecht, The Netherlands) for 

differentiation into cardiomyocytes. The END-2 cells were treated with mitomycin-C , it 

prevents cell proliferation by inhibiting DNA synthetic phase.  The medium used for co-

culturing was 0% KO-SR hES medium with no serum, serum replacement or bFGF 

(Mummery et al, 2003), supplemented with 2.92mg/ml of ascorbic acid (Sigma-Adrich, 

Takashaki et al., 2003). The medium was refreshed on 5, 8 and 12 days At day 1, no 

longer ascorbic acid was used, and serum was added (Kiviaho et al.,2015).  The 

spontaneously beating clusters were formed after 15 days of coculturing. For the 

detection of spontaneously beating aggregates phase contrast microscopy was used 

every day. 

 

3.4 Dissociation and plating of hiPSC CMs 

 

A scalpel was used to mechanically isolate the beating clusters into the cluster medium. 

It was then washed with the buffer solution containing 1M each NaCl, KCl, MgSO4, Na-

pyruvate, glucose and HEPES and 0.1M taurine with a pH adjusted to 6.9 using NaOH, at 

room temperature for 30 mins (Kiviaho et al.,2015). The washing buffer supplemented 

with 1M CaCl2) and 1 mg/ml collagenase A (Roche Diagnostics) were used to incubate 

the beating clusters at 370C for 45 mins. Next, the cells were incubated in a medium 

containing 1M of each K2HPO4, MgSO4, EGTA, Na-pyruvate, 0.1M creatine and taurine, 

and 2mmol/l of Na2ATP pH adjusted to 7.2 using NaOH. The cells were dissociated by 

pipetting the clusters, suspended in EB medium consisting of KO-DMEM with 20% fetal 

bovine serum (FBS, Biosera, Boussens, France). Once the cells were dissociated, they 

were plated on 12mm round glass coverslips coated with 0.1% gelatin (Kiviaho et al., 

2015).   

 

3.5 Calcium Imaging 

 

The dissociated CMs were incubated for 30 minutes in 1ml of HEPES based solution and 

1ul of 4ul Fluo-4 AM (Thermo fisher Scientific), and in some cases Cal520 (AAA 

bioquest), diluted in anhydrous DMSO (Thermo fisher Scientific). The HEPES based 

solution contains 137 NaCl, 5 KCl, 0.44 KH2PO4, 20 HEPES, 4.2 NaHCO3, 5 D-glucose, 2 



23 
 

CaCl2, 1.2 MgCl2, and 1 Na-pyruvate dissolved in H2O. The pH of the solution is adjusted 

to pH 7.4 with NaOH and osmolarity to 0.307. Following the incubation, the coverslip 

containing the cells were transferred to a RC imaging chamber (Warner Instruments 

Inc., Hamden, CT, USA) and extracellular solution was added to it for calcium imaging. 

The solution was then heated with an inline heater SH-27B controlled with a TC-324B 

controller unit (Warner Instruments Inc., CT, USA)  An inverted fluorescence 1A Axio 

observer fluorescence microscope (Carl Zeiss CMP GmBH, Gottingen, Germany) were 

used to image the spontaneously beating CMs and recorded using   an ANDOR iXOn 885 

CCd camera (Andor Technology, Belfast, Northern Ireland). The objective was 20X and a 

FITC filter with different excitation and emission spectra was used. The excitation and 

emission wavelength of Fluo-4 and Cal520 was at 494/506nm and 492/514 nm 

respectively.   

 

Calcium transients of LQT1 were also recorded with different concentrations of 

adrenaline. At first, the cells were recorded using perfusate at baseline with the 

extracellular solution without adrenaline and then with different concentrations of 

adrenaline to see its effect on calcium dynamics. 

Different concentration of adrenaline was used at different experiments. 

The adrenaline concentration used were 500nM, 1uM, 2uM. All the recordings were 30-

40 secs long with a frame rate of 50 FPS. 

 

3.6 Data analysis 

For Ca2+imaging the zen software 2.3 tools (Zeiss, Jena, Germany) was used and the 

beating areas of cardiomyocytes were selected as region of interest (ROI). First, they 

were analysed by visual recognition. Once the region is selected, its mean intensity is 

selected and converted from. cpz format to excel file for further analysis. The recorded 

calcium transients were further analysed by Clampfit software version 11.0.3.03 

(Molecular Devices, LLC). The parameters selected for demonstration of the data   Ca2+ 

transient duration in milliseconds, half-width (Ca2+ transient duration measured at 

50% of amplitude) in milliseconds, and frequency in hertz. The statistical analysis was 

done by using Graphpad Prism Version 8.2.0. 
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4. Results 

4.1  Key data analysis factors 

The calcium transient of the cardiomyocytes have been analysed by determining few  

parameters using Clampfit software.  The parameters selected are beat-to-beat 

duration, half width (CTD50), rise time, decay time and the beating rate of the single 

cardiac cells. The duration of the calcium cycle is calculated from event start time and 

the end time. Rise time determines the function of ion channels such as ryanodine and 

sarcolemmal calcium channels. Decay time is related to the function of the SERCA (SR 

Ca2+ ATPase) and sarcolemmal sodium calcium exchanger (NCX). The parameters 

shown in the figure 5 have been used to determine the calcium dynamics in each cell.  

 

Figure 5. The parametres of Ca2+ peaks analysed from the traces. The data is obtained by 

calcium imaging. 

 

 

The calcium cycling transients of different cell lines were studied. Different cell line had 

different pattern. In general, the variation is mostly observed at the peak. For the control cell 

line, WT 04602, the peak is sharper and more pointed compared to other cell line. The 

SCN5A cell lines also has different peaks, the peak is blunt in both SCN5A 14301 and 14303 

and commonly have plateau abnormality than other cell lines. Likewise, the LQT cell lines 
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have different shapes of the peaks: LQT2 cell line have a blunt peak compared to LQT1, but 

different than observed in the line with the  SCN5A mutation .  

  

 

(a) WT 04602 

 

(b) SCN5A 14301 
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(c) SCN5A 14303 

 

 

(d) LQT1 00118 
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(e) LQT2 00514 

 

4.2 Comparison between two different dyes on WT cells 

A total number of 252 wild type cells (04602 WT) were used to observe any variation 

caused due to usage of different calcium dyes. Among the 252 cells, 131 cells were 

recorded with Cal520 and 121 with Fluo4. Similar conditions were maintained for both 

the dyes, such as concentration, temperature and incubation period with the dye. Figure 

7 represents the different parameters obtained from Cal520 and Fluo4 by calcium 

imaging. The difference between the duration of the two dyes is 200 ms, as for Cal520 

(523.57ms) the duration is less than Fluo4 which is 714.28ms. Similarly, from figure 

7(b) the half width is 509.87ms for fluo4 which is higher than Cal520 (399.34 ms), 

which sums up for a difference of 110. While the fig 4 (c and d) represents the rise and 

decay time, the difference between the two dyes are significant. Most importantly, the 

beating frequency of the cardiomyocytes are also similar for the two dyes, Fluo4 and 

Cal520 0.59 and 0.55 hertz respectively. The differences between the two dyes in 

respect to all the parameters were significant (p<0.05). 
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(d)  

(e)  

 

Figure 7: Comparison of different parameters of Ca2+ traces using Cal520 and Fluo4 dye 

in Wild type 04602. (a) The graph represents the duration of the Ca2+ peaks (b) half width 

(c) rise time (d) decay time (e)beating frequency. The number of cells used for Cal520, Fluo4 

are 131 and 121 respectively. The data is presented as average and the p-values was 

determined statistically by unpaired t-test (*) p<0.05. Error bars represent standard error of 

the mean (SEM).      
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4.3 Comparison between control cell line (04602 WT) and SCN5A cell lines 

 

A number of experiments were carried out  with beating cardiomyocytes from SCN5A 

cell lines and control 04602 WT. Two SCN5A cell lines have been used (14301 and 

14303) from the same patient with the same mutation. Similar parameters were 

considered to make a comparison of calcium transients between the three cell lines. The 

SCN5A cell lines were compared to WT as well as against each other. A significant 

decrease was observed in all the parametres of  both SCN5A cell lines compared to the 

WT type, except in the rise time (figure 8). Although both the cell lines had significantly 

decreased duration, half width, decay time compared to WT type, the beating frequency 

was highest for SCN514303 among the three cell lines. In addition, the significant 

difference is stronger between the SCN514303 and WT (p<0.001) than SCN5A 14301 

and WT where the p value is less than 0.05. Moreover, there there was no significant 

difference between the two cell lines of SCN5A.  

. 
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(b)  

 

(c)    

(d)  
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Figure 8: Comparison among cell lines: wild type, SCN5A 14301 and 14303.  (a) Ca2+ 

peak duration; (b) half width: (c) rise time (d) decay time (e)beating frequency. The number 

of cells used WT=39, SCN5A 14301=50, SCN5A 14303=70. All the data is presented as 

average. The statistical analysis was performed by one-way ANOVA, (*) p<0.05, (**) p<0.01 

and (***) p<0.001. Error bars represent standard error of the mean. 

 
 
 
 
 
4.4 LQT1 and LQT2 cell lines used with adrenaline to see its effect on cells 
  

4.4.1 Effect of 100nM adrenaline in 00118  LQT1 cell line   
 

The LQT1 cell lines were incubated with 100nM of adrenaline to mimic beta-adrenergic 

stress. At first, the measurements of single dissociated CMs were taken at baseline level 

then after 5 mins of incubation with adrenaline. The parameters obtained after the 

adrenergic stress are shown in figure 9. There has been a slight increase in duration, 

half width, rise time and decay time after adrenaline addition, but the difference is not 

statistically significant. While the beating frequency at baseline was 0.66 hertz and after 

adrenaline addition was 0.62 hertz, which is normally supposed to increase after β-

adrenergic stimulation. 
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(a)  
 

 

(b)  
 

Figure 9: Comparison of LQT1 00118 cell line before and after exposure to 100nM 

adrenaline after 5 minutes. (a) duration, half width, rise time and decay time of the 

cardiomyocytes before and after adrenaline exposure. (b) beating frequency at baseline and 

after exposure to adrenaline. The number of cells used 00118 lqt1=65(at baseline level), 76 

cells (adrenaline). The data are represented as average. Error bars represent standard error 

of the mean (SEM).    

 

4.4.2 Effect of 1 uM adrenaline in 00118  LQT1 cell line at different time points 
 

The 00118 LQT1 cell lines were tested again for a different dosage of adrenaline (1uM) 

but at different time points of 1, 2 and 3 mins. This was done to observe if the duration 

of exposure of adrenaline had any effect on β-adrenergic receptors. At first, the 
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measurements were taken at baseline level, then the cells were incubated with 1uM of 

adrenaline for 1 min and then measured again. The same step was repeated for 2 mins 

and 3 mins.  

             

In our results (Figure 10), the parameters (duration, half width, rise time) have 

decreased after 1 and 2 mins of adrenaline exposure but have elevated again at 3mins 

compared to the WT type. Moreover, the highest beating frequency is achieved after 2 

mins of adrenaline exposure. Although none of the difference is statistically significant 

except the beating frequency (p<0.05). The cells at the baseline level had the longest 

duration (914.56ms), and consequently the lowest beating frequency (0.61 hertz). The 

beating frequency is corresponding to the duration of the calcium cycle. Since 

adrenaline makes the heart beat faster and shortens the cardiac cycle so the durations 

of the calcium transient are decreased.  
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(a)  

 

 

(b)  

  

Figure 10: Comparison of LQT1 00118 cell line before and after exposure of 1uM of 

adrenaline at 1, 2 and 3 mins. (a) the duration, half width, rise time and decay time of the 

cardiomyocytes at baseline  and after exposure to adrenaline at different time points. (b) 

beating frequency at baseline and after exposure to adrenaline.all the datas are respresented 

as average.the number of cells used at baseline=21, ADR 1= 21, ADR 2= 15 and ADR 3= 

17. The statistical analysis was performed by one way ANOVA (*) p<0.05. Error bars 

represent standard error of the mean (SEM).                                                                   

                                                                

4.4.3 Effect of 2 uM adrenaline in 00118  LQT1 cell line at different time points 
  

Another experiment was conducted using 2uM of adrenaline with the same time points 

as previously done. This experiment was done to observe if the beating rate increases 

proportionally with an increased dose of adrenaline. As seen from the figure:11, there is 

no significant difference between the values of baseline and the cells exposed at 
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different time points. Unlike the cells with 1uM adrenaline, the cells at 2 min did not 

exhibit the highest beating frequency. 

 

(a)  

 

(b)  

 

Figure 11: Comparison of LQT1 00118 cell line before and after exposure to 2uM 

adrenaline at 1, 2 and 3 mins. (a) the duration, half width, rise time and decay time of the 

cardiomyocytes at baseline  and after exposure to adrenaline at different time points. (b) the 

beating frequency at baseline and after exposure to adrenaline. The numbers of cells used for 

baseline=55, adr 1= 58, adr 2=50, adr 3= 49. All the datas are represented as average. 

Error bars represent standard error of the mean (SEM).    
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4.5  Effect of 100nM adrenaline in 00514 LQT2 cell line at different time points 

 

Another disease cell line we used was 00514 LQT2. In 00514 LQT2 cell line, 100nM 

adrenaline was used at different time points. Unlike the previous results, the cells at 2 

min adrenaline exposure had the longest duration time compared to the other three 

conditions. The cells which were exposed to adrenaline for 3 mins had the shortest 

duration, half width, rise time, decay time, and the beating frequency. Although, the cells 

with the shortest duration are supposed to have the highest beating frequency, but the 

data represented is the opposite (Figure 12b). 
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 (a)     

 

(b)   

 

Figure 12: Comparison of 00514 LQT2 cell line before and after exposure to 100nM   

adrenaline at 1, 2 and 3 mins. (a) the duration, half width, rise time and decay time of the 

cardiomyocytes at baseline and after exposure to adrenaline at different time points. (b) the 

beating frequency at baseline and after exposure to adrenaline. Cells used for baseline= 7, 

ADR 1=5, ADR 2= 7, ADR 3=5. Error bars represent standard error of the mean (SEM).      

 

 

 
 
4.6 Classification of arrhythmias detected in the hiPSC-CMs of different cell lines 

 
Calcium transients recorded exhibited abnormalities: (a) beat rate variability, the beats 
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peak). This phenomenon of beat rate variability was common in almost all the cell lines, 

it was not specific to cell line. Multiple peaks were obvious in LQT1 cell lines and very 

rarely in other cell lines such SCN5A 14301 and 14303. Whereas plateau abnormality 

was seen mostly in SCN5A cell lines. 

 

 
 

 

 

 
 

 

 

 
 

 

 

Figure 13: Arrhythmias detected in different cell lines. (a) the beat rate variability (b) 

multiple peaks and (c) plateau abnormality. 

                                                              

                                                                

 

 

 

 

(a) Beat rate variability 

(b) Multiple peaks 

(c) Plateau abnormality 
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5. Discussion 

The main aim of this thesis was to study differences in calcium imaging using either 

different fluorescent Ca dyes or different  cardiac disease models. The beating rate and 

the intensity and the duration of myocyte contraction depends on the entry of calcium 

into the cytoplasm and removal out of the cytoplasm (Lou Q., Janardhan A., Efimov I.R. 

2012). Calcium fluoroscent dyes are great indicators to study the calcium fluxes in the 

cells. Among all the cardiotoxicity assay, calcium imaging has been recognised as one of 

the high throughput methods for early detection of the arrthymia as mentioned in 

Kopljar  (2018). The calcium transient duration and shape can be a valuable marker for 

predicting proarrthymia. However, calcium fluoroscent dyes may have a direct toxic 

impact on hiPSC-CMs which might cause an alteration in the physiology of the cells 

(Kopljar, Hermans, Teisman, Gallacher, & Lu, 2018). In our studies, all the experiments 

were performed using Calcium fluorescent dyes, therefore it was essential to analyse 

the potential effect of calcium dyes in physiology of the beating cells. Calcium 

fluorescent were used to study calcium dynamics in these cardiomyocytes as well these 

dyes gives an indication of the functionality of RyR and SERCA receptors. As a result, in 

the first part of the study few experiments were carried out in control cells to observe 

any variation in the physiological properties of the cells due to usage of different 

calcium dyes (Cal520 and Fluo4). 

We also wanted to analyze whether there are differences between the indicator dyes. 

Calcium imaging studies between Cal520 and Fluo4 demonstrated significant 

differences in the duration of the cardiac cycle, half width, rise time and decay time of 

the transients and in the beating frequency (figure 6). It can be concluded that calcium 

transients vary depending on the type of dye used. Similar finding have been observed 

by Kopljar I (2018) that different calcium sensitive dyes have different physiological 

properties in hiPSCs and experiments done with different dyes can not be readily 

compared. However, it was concluded in Kopljar I (2018) that Cal520 is the least toxic 

among the  calcium fluoroscent dyes.Overall, the effect of fluoroscent dyes is small in 

hiPSCs. 

Since there have been a difference between the cells due to usage of different dyes, we 

have carried out rest of the experiment with Fluo4 to make sure there is no variation in 

the physiology of the cells due to dye.  
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A cardiac disease model used in this study is non-compaction cardiomyopathy. It is 

mainly characterized by the trabeculations, deep intertrabeulations and thickened 2 

layered myocardium (Klaassen et al., 2008). It occurs during embryonic development, 

due to the inability of left ventricular myocardium to compact (MedGen). It is caused 

due to sarcomeric (particularly sarcomeric encoding genes), cytoskeletal and ion 

channel genes defect and is classified as primary cardiomyopathy (Takasaki et al., 

2018). There are broad spectrum of genetic abnormalities, mutation in about 15 genes 

are involved which causes LVNC, one of them being mutation in sodium channel type Vα 

(SCN5A), Other genes includes taffazin (TAZ), cypher/ZASP, LIM domain binding 

protein (LDB3), lamin A/C (LMNA), alpha-dystrobrevin (DTNA) (Takasaki et al., 2018). 

The thesis work is based on mutation P1890A in SCN5A.  

 

The alpha subunit of the Nav  1.5 channel is encoded by the gene SCN5A gene. This gene 

is responsible for the inward current of the sodium (INa)  in cardiac cells  which causes 

depolarization(Zaklyazminskaya & Dzemeshkevich, 2016). The most common diseases 

associated with SCN5A mutation are Brugada syndrome and LQTS3.  However, in our 

experiment the SCN5A cell lines consists of the mutation P1891A, which is a variant of 

uncertain significance in non-compaction cardiomyopathy (UniProt). So far, there has 

not been any published paper based on this mutation. 

 

In our experiment, the two cell lines of SCN5A (14301 and 14303) derived from the 

same individual were compared to each other as well as to the control 04602 cell line 

derived from a healthy individual. As expected, there were no significant differences 

between two SCN5A cell lines in terms of duration, half width, rise time, decay time and 

beating frequency of the cardiomyocytes. However, both the cells lines had a significant 

decrease when compared with the control 04602 WT cell line in all the parameters 

except the rise time of Ca2+ transients. It appeared that Na+  channel mutation has an 

effect on cardiac cycle duration and half width. Due to mutation in Na+ ion channels, 

there is a rise in cytosolic Ca2+ level. This might be due to alteration in SERCA receptors 

and have affected the decay time, since decay time is related to the removal of Ca2+ 

through the SERCA or Na/Ca2+ exchanger (D. Shah et al., 2019). Furthermore, mutated 

Na channel significantly increased the beating frequency which also corresponds to 

shorter cardiac cycle.  
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Arrhythmias are associated with LVNC, which is also consistent in our results, although 

no major arrhythmias but plateau abnormality have been observed. It could be 

suggested that Na+ ion channel mutation may impact the RyR and SERCA or NCX. As 

described in (Shan et al., 2008), SCN5A plays a major role in the excitation  and 

conduction of the myocardial cells, which in turn determine the action potential 

duration by making a balance between depolarizing and repolarizing current. From our 

result, we can say that P1891A mutation in the Na channel affects the function of SERCA 

and RyR receptors, in addition to causing arrhythmia. 

Moreover, to confirm the significance of the SCN5A P1891A mutation in LVNC, other 

electrophysiological methods such as Patch Clamp needs to be performed. To 

understand the association of this mutation and SCN5A and its associated diseases, 

more experiments need to be done. 

 

Another aim of the thesis was to test the effect of beta-adrenergic stress stimulation in 

LQT1 and LQT2 cardiac disease models. Patients with mutations of KCNQ1 and KCNH2 

exhibit the arrhythmogenic symptoms during exercise. Adrenaline is secreted in the 

blood during strenuous exercise which in turn increases the heart rate (Vyas & 

Ackerman, 2006) . To understand the effect of adrenaline in LQT1 and LQT2, the cell 

lines were studied in vitro. The hiPSC-CMs were treated with different doses of 

adrenaline at different time points to observe at which point the adrenaline is effective 

to the cells. Our results indicate that low doses of adrenaline for short time are the most 

effective for elevation of beating frequency, exposing the cells for a longer time, for 

example more than 2 mins leads to beta adrenergic desensitization. Our result is in line 

with (Vyas & Ackerman, 2006), where they have seen that  high doses of epinephrine  in 

QT stress test produce false positive results. In addition, no significant difference has 

been observed between the cells of baseline, adrenaline 1 min, 2 mins or 3 mins in 

terms of duration, half width, rise time, decay time and beating frequency.  Only a 

significant increase has been seen in the beating frequency using 1uM at 2 min exposure 

of adrenaline. Although a significant rise in heart rate have been reported but no major 

arrhythmias were seen. 
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In addition, we have also experimented with LQT2 cell line which has a different 

mutation, KCNH2. This experiment was only carried out with 100nM of adrenaline. It 

was performed in order to see if there are any differences between mutations in 

different genes, since LQT1 has KCNQ1 and LQT2 has KCNH2 mutation, when beating 

was triggered by adrenaline. This could provide insights how the physical stress affects 

the two diseases. In previous studies (Shimizu et al., 2002), the study found that the 

LQT2 patients were less sensitive to the epinephrine than LQT1 patients. On the 

contrary, in our LQT2 cell line it shows high sensitivity to adrenaline in beating 

frequency by using only 100nM but not at significant level.  

 

Limitations of the study 

Apart from the advantage of using patient derived hiPSC-CMs exhibits an immatured 

phenotype compared to adult CMs. In addition, it was difficult to record some of the 

cells due to faint dye. Furthermore, some of the LQT cells were not beating prior 

addition of adrenaline. During analysis, some results could not be analysed due to small 

peaks. A few times the cells were in clusters rather than in single cell which makes it 

difficult for recording and analysis. 

 

 

 

6. Conclusion 

 

Using different fluoroscent Calcium dyes alters the calcium transient duration, half 

width, rise time, decay time and beating frequency. Hence, each dye have different effect 

on the cells. A cardiac disease model of new mutation have been developed, the SCN5A 

cell lines. The importance of the mutation is still unknown but it had a significant 

difference in calcium tranisents with the 04602 WT cell line. Additional experiments 

with other methods need to be performed. The cardiac models of different mutations 

respond to adrenaline differently. It has has been found that the dosage of adrenaline 

and the exposure time have a direct effect on its beating frequency. Longer exposure of 

adrenaline as well as high dosage leads to adrenergic receptor desensitization. 
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