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Abstract 

Atrial fibrillation is the most common supraventricular arrhythmia and is 

associated with molecular remodelling that promotes the maintenance and 

worsening of the disease. Although extensive research has been 

performed to develop treatments to hamper the progression of atrial 

fibrillation, many attempts showed disappointing results when transferred 

to clinics. One reason could be that the results obtained in the study 

models do not cross the transferability gap and the observed results could 

not be applicable to human pathophysiology. However, the exclusive 

utilisation of human tissue comes with a certain number of limitations, 

including the poor availability of the material. One solution could come from 

the huge progress made in the development of induced pluripotent stem 

cells (iPSC), and their utilisation for 3D in vitro modelling. Unlike human 

materials, they are readily available, and unlike animal models, the results 

obtained can better be transferred to human pathophysiology. Therefore, 

we hypothesised that atrial cardiomyocytes derived from iPSC could be 

used to study mechanisms associated with acute and long-term electrical 

remodelling in atrial fibrillation. 

In the first part, we investigated whether atrial cardiomyocytes derived 

from induced pluripotent stem cells (atrial iPSC) could be a suitable model 

for studying acute (24 hours) electrical remodelling associated with atrial 

fibrillation. Results showed that 3 Hz electrically paced (tachypaced) atrial 

iPSC showed electrical remodelling characterised by a reduction of the 

action potential duration at 90% repolarisation (APD90), a decreased L-

type Ca2+ current (ICa,L), an impaired activation of the acetylcholine-

activated inward-rectifier K+ current (IK,ACh) and the development of a 

constitutively active and agonist independent IK,ACh. The IK,ACh impairment 

was associated with a significantly reduced expression of Kir3.4.  

In the second part, we evaluated the effects of acute electrical tachypacing 

on atrial engineered human myocardium (EHM). We showed that electrical 

tachypacing for 24 hours was associated with a significant reduction of the 

APD90 and an impaired response to the M2-receptor agonist, carbachol.  
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In the last part, we investigated the effects of long-term optical tachypacing 

on atrial EHM. This was permitted by the utilisation of an atrial iPSC line 

expressing the fast variant of the channelrhodopsin chrimson. The acute 

optical tachypacing of chrimson atrial EHM showed the same electrical 

remodelling observed in the electrically tachypaced atrial EHM, 

characterised by a significant reduction of the APD90 and an altered 

response to the M2-receptor agonist carbachol. Additionally, long-term 

optical tachypacing (7 days) of chrimson atrial EHM resulted in a 

hyperpolarisation of the resting membrane potential, an increase in the 

action potential amplitude, and the maximum upstroke velocity. 

 

Altogether, this thesis shows that atrial iPSC and atrial EHM models can 

be used as experimental tools to investigate the electrical remodelling 

associated with acute and long-term atrial fibrillation, thus giving an 

outlook on the possibilities of using novel genome editing technologies for 

the elaboration of study models.
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1 Introduction 

1.1 Normal electrophysiology of the heart 

1.1.1 Cardiac action potential  

The term action potential (AP) refers to the changes in the membrane potential 

during a cycle of membrane depolarisation-repolarisation framed by a period of 

membrane potential equilibrium, called resting membrane potential (RMP). The 

cardiac AP can be seen as the macroscopic manifestation of the activation and 

inactivation of the ion channels present at the membrane of a cardiac cell over 

time. 

 

AP properties can vary a lot depending on the specie (Clauss et al. 2019; 

Schüttler et al. 2020), the cell population considered (Cyganek et al. 2018) or 

even the layer of the organ we are considering (Liu et al. 1993). Furthermore, the 

capacity of an excitable cell to generate an AP does exist outside of the cardiac 

system (namely in the neural system). Finally, excitable cells are also very 

susceptible to variations caused by their environment (temperature, oxygen 

concentration, pH, ion concentration, pressure). 

 

A classic cardiac AP can be decomposed into five phases going from 0 to 4, each 

associated with the participation of specific ion channels. A schematic human AP 

is drawn in Figure 1, and the different phases that compose it are described 

below. Biophysical concepts underlying the generation of an action potential are 

described in the Supplemental content 1.  
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Figure 1: Schematic action potential with the different phases. The different action 

potential phases are numbered as follows: phase (0) is the upstroke, (1) is the 

early repolarisation phase, (2) is the plateau phase, (3) is the late repolarisation 

phase, (4) is the resting phase. mV: millivolts. 

Phase 0 

The phase 0 corresponds to the AP's fast depolarisation phase (or upstroke). The 

principal ion channels involved in this phase are the voltage-dependant sodium 

channels, carrying the INa current (Marban et al. 1998). Following an activation 

pre-pulse (slow depolarisation for nodal cells or electrical pre-pulse), the 

membrane potential reaches the activation potential of the voltage-gated sodium 

channels, thereby causing their activation and their opening. The resulting current 

is a massive inward depolarising current that rapidly shifts the membrane 

potential to a positive voltage in a few milliseconds. 
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At the molecular level, 10 genes have been found to encode for the α-subunits 

(Goldin et al. 2000). The principal isoform of the α-subunit at the cardiac level is 

the NaV1.5 (encoded by the gene SNCA5).  

Many mutations have already been described and associated with the 

development of arrhythmia. Amongst them, the one concerning the permeability 

pore and the selectivity filter seems to be the most frequent, where over 

70 mutations only on these two components of the channel have already been 

described (Jiang et al. 2020). Most of them are responsible for the development 

of arrhythmia, particularly a form of congenital long QT syndrome (LQT3) called 

Brugada’s syndrome (Baroudi et al. 2001; Baroudi et al. 2002). 

 

In the context of atrial fibrillation (AF), inhibition of the late component of the INa 

has been investigated as a potential therapeutic target because of its 

arrhythmogenic potential (Burashnikov 2017; Chu et al. 2020; Ton et al. 2021). 

However, a recent study in a lone AF goat model could not show any potential 

therapeutic effects on the utilisation of the INa inhibitor ranolazine for restoring 

sinus rhythm (Opačić et al. 2021). 

 

Gene α-subunit Current Agonist Antagonist References 

SCNA1 NaV1.5 INa 

Acotinide, 

Sea anemone 

toxin 

Flecainide, Quinidine, 

Amiodarone, TTX 

Isom et al. 1992; 

Isom et al. 1995; 

Morgan et al. 2000; 

Maier et al. 2003; 

Abriel 2007; 

Jiang et al. 2020 

Table 1: Ion channel involved in phase 0 of the cardiac action potential. 

Phase 1 

The phase 1 refers to the early repolarisation of the AP. During this phase, sodium 

channels are inactivated with only its late tail current subsisting. The transient 

outward potassium channel (Ito) quickly activates to engage the early 

repolarisation of the membrane. This fast activation is responsible for the “notch”, 

observable in the AP. 
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Ito is a complex current whose electrophysiological characteristics depend on the 

α-subunit heterodimeric construction. Two different Ito have been observed and 

characterised namely Ito,f(fast) and Ito,s(slow). Each current is the resulting from the 

heterodimeric constructions of the α-subunit, and the combination is defining the 

resulting current: Kv4.2 and/or Kv4.3 α-subunits assembly will result in Ito,f whereas 

Kv1.4 and/or Kv1.7 α-subunits assembly will result in Ito,s (Oudit et al., 2001). Their 

names were given according to their recovery kinetics from inactivation. While 

they both have comparable activation and inactivation speeds (2-10 and 

25-80 ms for their activation and inactivation, respectively), their recovery time 

from inactivation varies a lot (80-200 ms and 1-2s for the fast and slow forms 

respectively). Finally, it has been shown that the Ito,f current density, was larger 

in comparison with Ito,s and that these functional heterogeneities were coupled 

with an expressional heterogeneity throughout the heart. Interestingly, fast 

isoforms are rather expressed in short AP regions and the slow forms in the long 

AP regions (the fast form is mostly expressed in the left epicardial region, the 

right ventricle, and the base of the heart, while the slow form in the septum, left 

ventricular endocardium and the apex of the heart). This particularity gives Ito a 

modulatory and coordinating role for the ventricle repolarisation and contraction, 

ensuring the correct direction of the repolarisation wave. 

 

For all these reasons, mutations affecting Ito can result in arrhythmogenic events 

by generating alternans (Ni et al. 2019) or early after depolarisations (EAD) which 

facilitate the initiation and the maintenance of AF (Zhao et al. 2012). Recently, 

the inhibition of Ito has been shown to be a promising possibility for treating 

J-wave syndrome patients (Ye et al. 2022). The study showed that in 

patient-derived iPSC, the utilisation of acetatin, a powerful Ito blocker, was able 

to restore the AP notch, alleviating the arrhythmogenic potential of a mutation on 

the KCND3 gene. 

 

The second major player of phase 1 of the AP is the ultra-rapid outward current 

IKur. First, it is important to note that IKur is functionally expressed only in the atria. 

In the AP, IKur also plays a role in the generation of the notch. However, the role 

of IKur is more complex as it indirectly regulates the activity of all outward currents 

because it regulates the AP plateau’s height. Studies have shown the inhibition 
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of IKur resulted in an elevation of the plateau in a dose-dependent manner (Loose 

et al. 2014). Although IKur plays a role as repolarising current, its inhibition has 

been shown not to necessarily prolong AP duration, with its effects also 

depending on the patient’s rhythm status (Loose et al. 2014). In sinus rhythm 

patients, it has been proposed that the inhibition of IKur was associated with an 

elevation of the plateau phase and an augmentation of the availability of the IKr 

channel, thus fastening the repolarisation (Gintant 2000). However, because AF 

is associated with the impairment of several currents involved in the AP (including 

ICa,L: van Wagoner et al., 1999; Ito,f: van Wagoner et al., 1997; Workman et al., 

2001 and IK1: Dobrev et al., 2002), inhibition of IKur in AF showed different results 

i.e. AP prolongation (Wettwer et al. 2004). 

 
Because of its central role regarding the AP shape, mutations in the α-subunit 

Kv1.5 has been linked with several forms of lone AF (Olson et al. 2006; Parvez 

and Darbar 2010; Christophersen et al. 2013). Furthermore, because of its atrial 

specificity, the inhibition of IKur represents a great therapeutic target in the context 

of AF and is under large investigation for developing clinical approaches featuring 

this channel (Gunaga et al. 2017; Borrego et al. 2021). 

 

Gene α-subunit Organisation Current Agonist Antagonist References 

KCND2 

KCND3 

 

KCNA4 

KCNA7 

Kv4.2 

Kv4.3 

 

Kv1.4 

Kv1.7 

Ito,f 

Kv4.2 and/or 

Kv4.3 

 

Ito,s 

Kv1.7 and/or 

Kv1.4 

Ito NS5806 
Acetatin 

4-AP 

Yang et al. 2004; 

Lundby et al. 2008; 

Ravn et al. 2008; 

Calloe et al. 2011; 

Nielsen et al. 2013 

KCNA5 

KCNC1 

Kv1.5 

Kv3.1 
- IKur  

AVE0118, 

4-AP, 

MK-0448, 

Vernakalant 

Wettwer et al. 2004; 

Christ et al. 2008; 

Loose et al. 2014; 

Lévy et al. 2021 

Table 2: Ion channels involved in phase 1 of the action potential. 
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Phase 2 

The phase 2 of the cardiac AP corresponds to the plateau phase and is the 

longest phase of the cardiac AP. It involves calcium (Ca2+) related channels (ICa,L, 

INCX) and is associated with several electrophysiological and physiological 

mechanisms. 

 

ICa,L is the most prominent current of this phase. It is not only responsible for an 

inward depolarising current but also participates in cell contraction via its 

participation in the Ca2+-induced Ca2+-release (CICR) mechanism, which is 

initiated in the microdomains it forms with the Ca2+-activated ryanodine receptor, 

situated on the sarcoplasmic reticulum (SRet) membrane. ICa,L is generated by 

the L-type Ca2+-channel (LTCC), a Ca2+ channel belonging to the voltage-gated 

family of Ca2+ channels, formed by the assembly of Cav1.2 α-subunits. A gain of 

function mutation on the CACNA1C gene encoding for the Cav1.2 protein is 

associated with long-QT syndrome (Wemhöner et al. 2015; Mellor et al. 2019). 

 

Gene α-subunit Current Agonist Antagonist Reference 

CACNA1C Cav1.2 ICa,L BayY5959 

Nifedipine, 

verapamil, 

dihydropyridine, 

aconitine 

Satin et al. 2011; 

Ortner and Striessnig 2016; 

Wu et al. 2017 

Table 3: Ion channels involved in phase 2 of the cardiac action potential. 

Phase 3 

Phase 3 of the AP directly follows the plateau phase. It corresponds to the slow 

repolarisation phase and is mediated by the activity of repolarising potassium 

currents. 

 

The main channels involved in this phase are the delayed rectifier potassium 

currents IKr, IKS, the potassium current activated by acetylcholine (IK,ACh, in atria 

only) and the inward rectifier current IK1 in a smaller proportion. 

 

The rapid component of the delayed rectifier K+ channels (IKr) starts the slow 

repolarisation phase of the action potential. The cardiac IKr channel is encoded 
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by the human ether-a-go-go-related gene (hERG or KV11.1) and is named rapid 

in opposition to the slow component of the delayed rectifier K+ channels. It is more 

present in ventricular than in atrial tissues of humans (Pond et al. 2000). IKr is an 

outward repolarising current, whose activation starts below the isoelectric line 

until it reaches a maximum between -30 and -40mV (Hancox et al., 1998). It is 

important to note that its denomination refers to its activation kinetic and does not 

presume the current profile: although IKr is activated earlier than IKs, its intensity 

builds up gradually, so that IKr reaches its maximum intensity after IKs (Imredy et 

al. 2008). It is a major player of the slow repolarisation phase and is particularly 

under scrutiny during drug development phases, as its inhibition is 

arrhythmogenic and can result in the development of ventricular fibrillation or 

torsade-de-pointes in the ventricle (Hancox et al. 2008; Calderone et al. 2010; 

Parikh et al. 2017; Sharifi et al. 2017) and drug-induced long QT syndrome 

(Witchel 2011). Finally, the loss of function of the gene encoding for the Kv11.1 

protein has been associated with a long QT syndrome (LQT2), characterised by 

a prolongation of the AP (Gu et al. 2021). 

 

The second member of the delayed rectifier K+-channels is IKs, carrying the slow 

component. IKs is encoded by the KCNQ1 gene and the KvLQT1 protein 

constitutes the α-subunit of the channel. Although it is accepted that IKs participate 

in the repolarisation of the AP, controversies remain regarding its actual 

contribution in the AP repolarisation reserve (Liu and Antzelevitch 1995; Bosch 

et al. 1998; Varró et al. 2000; Lengyel et al. 2001; Jost et al. 2005). Nevertheless, 

mutations of the gene encoding for the KvLQT1 protein can also lead to a form 

of long QT syndrome (long QT syndrome type 1; Schwartz et al., 2021), and there 

is evidence showing that drug-induced long QT syndrome can also be caused by 

the inhibition of IKs (Veerman et al. 2013), demonstrating that IKs plays an 

important role in the late repolarisation of the AP in human.  

 

Another specific current is the G-protein-activated K+-current (IK,ACh) current. In a 

physiological context, this channel is activated by the vagal nerve-released 

neurotransmitter acetylcholine and acts in favour of the para-sympathetic balance 

(Heijman et al. 2018). IK,Ach is the result of a heterotetrameric construction of 

GIRK1 and GIRK4 subunits (Krapivinsky et al. 1995; Corey et al. 1998). IK,Ach also 
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participates in cardiac automaticity, but its exact role remains unclear (Mesirca et 

al. 2013). IK,ACh quickly became an interesting target in the context of atrial 

fibrillation, as it was shown that its activity was altered and was associated with 

electrical remodelling increasing the propensity for atrial fibrillation development 

(Hashimoto et al., 2006; Kovoor et al., 2001). 

 

Gene α-subunit Current Agonist Antagonists References 

KCNH2 
Kv11.1 

(HERG) 
IKr  

Dofetilide,  

KCB-328 
 

KCNQ1 KVLQT1 IKs 

DIDS, 

L-364,373-R-L3), 

mefenamic acid 

Chromanol 29B, 

L-735,821 

Salata et al. 1998;  

Banyasz et al. 2005;  

Yang et al. 2013; 

Printemps et al. 2019 

KCNJ3 

KCNJ5 

Kir3.1 

Kir3.4 
IK,ACh 

Acetylcholine, 

carbachol, 

adenosine 

Tertiapin  

Table 4: Ion channels involved in phase 3 of the cardiac action potential. 

Phase 4 

Phase 4 of the AP is associated with the RMP phase. During this phase, most of 

the Ca2+ and Na+ voltage-gated channels are closed, because of the very low 

membrane potential. The membrane potential can be associated with the 

equilibrium potential of the potassium channels (EqK) located at ± -80 mV, and is 

mediated by the activity of the inward rectifying potassium current (IK1). 
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Gene Protein Organisation Current Agonist Antagonist Reference 

KCNJ2 

Kir2.1 

Kir2.2 

Kir2.3 

Homo/hetero 

tetramers 
IK1 

Zacopride, 

tetramisole 
PA-6 

Hoeker et al. 2017; 

Jebran et al. 2022; 

Liu et al. 2022 

Table 5: Ion channel involved in phase 4 of the cardiac action potential. 

1.1.2 The different cardiac action potentials 

Because ion channel expression is heterogeneous throughout the different 

cardiac compartments, the AP shape and duration is also different, depending on 

at the considered location (Liu et al. 1993; Liu and Antzelevitch 1995; Bryant et 

al. 1998). Furthermore, within the same tissue variability exists. On the following 

paragraph, we will describe the main characteristics associated with the different 

cardiac AP.  

Sinus node action potential 

The sinus node AP is unique because of the presence of the If current that is 

responsible for the automaticity of the nodal cells. This current is unique, because 

of the singular biophysical properties associated with its functioning. If is carried 

by a heterodimeric construction of isomers belonging to the 

hyperpolarisation-activated cyclic nucleotide-gated (HCN) family, and its 

activation is placed under the control of a regulatory subunit, part of the MinK 

family (MinK-related peptide 1, MirP1; Weisbrod et al., 2016; H. Yu et al., 2001). 

Unlike other cardiac depolarising currents (particularly sodium currents), this 

current is carried through a channel whose activation is mediated by 

hyperpolarisation of the membrane and is permeable to cations (Na+ and K+). 

 

The If current is not strictly specific to the nodal cells, but is also expressed in the 

other cell types participating in the conduction system of the cardiac tissue 

(DiFrancesco 1981; Baruscotti et al. 2010). Ih (the current resulting in the 

expression of HCN channels) is also found in the central nervous system (Berger 

et al. 2003), pancreatic β-cells (El-Kholy et al. 2007), the enteric nervous system 

(Wang et al. 2012) or even in the portal vein (Greenwood and Prestwich 2002) 

however, its physiological role in these specific tissues is not always clear.  
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In terms of the action potential duration (APD), sinus node cells show a short APD 

compared to the ventricular APD, ranging around 150 ms in humans (Verkerk 

et al., 2009). 

Ventricular action potential 

The ventricular AP also has its specifics. The ventricle is the contractile chamber 

of the heart, and its AP is characterised by a long plateau phase above the 

isoelectric line. The ventricular AP is longer (from 350 to 500 ms) than the atrial 

AP (Kang et al. 2016; Nánási et al. 2021; Koncz et al. 2022). 

This difference in APD is due to the different expression and function of ion 

channels involved in the AP (Cyganek et al., 2018; X. Zhang et al., 2017). 

Atrial action potential 

The atrial AP is characterised by a more triangular shape and a more depolarised 

RMP (Wang et al. 1998). Its plateau is classically described under the isoelectric 

line, and because of the expression of IKur channels, the plateau phase is less 

prominent (Loose et al. 2014). Finally, its duration is shorter in comparison to the 

ventricular AP (250-400 ms; Colman et al., 2018; Fakuade et al., 2021). 

 

The atrial AP is different from the ventricular one, mainly because of the presence 

of atrial-specific currents (namely IKur, and IK,Ach, both described above).  
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Figure 2: Schematic representation of the different cardiac action potentials and 

the kinetics of activation of the major ion channels involved in the generation of 

the action potentials. Blue represents an outward current, red represents an inward 

current. From Lane and Tinker 2017, with permission. 

1.1.3  Cardiac excitation-contraction coupling 

The term excitation-contraction coupling describes the sequence of events 

leading to the contraction of a cardiac cell following its excitation, its membrane 

depolarisation, and the generation of an AP. 

 

Cell contraction is a phenomenon mediated by Ca2+, mostly originating from the 

SRet. During the plateau phase of the AP, the Ca2+ influx generated by the 

activation of the L-type Ca2+ current activates the ryanodine receptor-2, located 

at the SRet membrane, leading to a massive unloading of Ca2+ into the cell, this 

is the CICR phenomenon (Bers 2002). This Ca2+ will eventually bind to contractile 

protein of the cell (namely the contraction inhibitory protein troponin C which has 
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its inhibition relieved upon Ca2+ binding) and trigger the contraction of the cell via 

ATP hydrolysis at the myosin protein’s heads (Cooper 2000). 

 

Relaxation occurs through the activation of several mechanisms, all participating 

in the reduction of intracellular Ca2+. At the cell membrane, the 

Na+/Ca2+-exchanger (NCX) and the Ca2+-ATPases are mobilised to extrude Ca2+ 

out of the cytosol. Inside the cell, the sarcoplasmic reticulum Ca2+-ATPase 

(SERCA) and the mitochondrial Ca2+-uniporter (MCU) initiate Ca2+ reuptake in 

their respective compartments. Because of the diminution of the Ca2+ 

concentration, the inhibitory role of troponin C is relieved, and the contractile 

proteins are ready for the next cycle (Bers 2002). 

 

 

Figure 3: Schematic representation of the molecular mechanisms involved in the 

excitation-contraction mechanism. From Bers 2002, with permission. 
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1.2 Atrial fibrillation 

1.2.1 General characterisation 

With a prevalence of 1 to 2%, atrial fibrillation is the most common 

supraventricular arrhythmia in the western world (Hindricks et al. 2021). Current 

estimations state that over 9 million people were affected in 2010 and are 

projected to reach over 14 million people in 2060 in Europe alone (Hindricks et 

al. 2021). 

 

AF is characterised by a loss of the coordinated atrial depolarisation in favour of 

the apparition of several ectopic depolarisation foci throughout the atria. Because 

of this loss of electrical coordination, AF is associated with an impairment of the 

contractile function of the atria and several other comorbidities (Allessie et al. 

2002; Yeh et al. 2008; Sossalla et al. 2010). On top of the existing so-called “lone 

AF”, characterising AF as a direct consequence of a genetic mutation (Parvez 

and Darbar 2010; Christophersen et al. 2013; Olesen et al. 2013), AF is also a 

multifactorial disease whose development and maintenance is influenced by 

many factors (Goette et al. 1996; Bosch et al. 1999; Allessie et al. 2002; Nattel et 

al. 2008). Furthermore, AF can also be the end point of several other pathologies 

or part of larger syndromes (Lubitz et al. 2010; Qiao et al. 2016; Melillo et al. 

2020). Also, AF has been shown to be a risk factor of its own promotion and 

maintenance (Wijffels et al., 1995). 

 

Atrial fibrillation evolution is classified in three different stages depending on the 

duration of the episode and the attempts made to restore to SR. The first stage 

is called paroxysmal AF and is referring to the early development phase of the 

disease. AF is considered as paroxysmal until a duration of seven days. When 

the episode persists longer, the patient disease is qualified as persistent, but the 

conversion to sinus rhythm (SR) is still possible. When the conversion is no longer 

achievable and no further attempt are made, the patient’s disease is qualified as 

permanent (Hindricks et al. 2021). 

 

At the clinical level, many factors can influence the development of AF. They can 

be separated into two distinct groups: non-modifiable factors (including age or 
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genetic predisposition), and modifiable factors (including individual behaviour and 

consequences of lifestyle such as hypertension, diabetes mellitus, smoking, 

alcohol consumption, obesity, sedentarily or psychological stress or psychosocial 

factors, Hindricks et al., 2021). AF itself is associated with an increase in the 

mortality risk, however dying from AF itself is extremely rare (Freeman et al. 

2015). Life threatening risks associated with the development of AF are mainly 

due to the apparition of comorbidities associated with the development of the 

pathology or the risk factors associated with developing AF. 

1.2.2 Important definitions in the context of atrial fibrillation: substrate, 

trigger, re-entry, and rotor 

The pathophysiological description of AF is classically associated with notions of 

substrates and trigger events (Rivard et al. 2007; Mulla et al. 2019; 

Klapper-Goldstein et al. 2020).  

The substrate can refer to left atrial dilatation, fibrosis, atrial contractile 

dysfunction, or electromechanical disturbances. It includes all the factors that can 

constitute the terrain, thereby favouring the initiation or the maintenance of an 

arrhythmogenic event. The AF substrate development and extent is intimately 

linked to the extent of the disease and the AF state of the patient (Rivard et al. 

2007), and its development is also influenced by the non-modifiable and 

modifiable factors mentioned above. 

 

Trigger events refer to ectopic activity that can lead to the generation of an 

arrhythmic episode that can perpetuate and evolve in presence of a developed 

substrate. Ectopic beats constitute the majority of the trigger events, but others 

do exist, such as sympathetic/para-sympathetic imbalance (Voigt et al. 2012; 

Heijman et al. 2018).  

 

Two major arrhythmogenic phenomena are also intricately linked to AF and 

arrhythmia: re-entry, and rotors. 

A re-entry is a self-sustained arrhythmia propagating in a closed-loop circuit. 

Re-entry based arrhythmia are part of the impulse conduction group of 

arrhythmias and are to be distinguished from the impulse generated arrhythmia. 
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Their origin can be various and can include electrolyte abnormalities or 

channelopathies, mechanical stress (Timmermann et al. 2017), fibrosis or genetic 

background (Aguilar & Nattel, 2016; Senst & Zeltser, 2019; Wit & 

Cranefield, 1978). 

A rotor characterises a wave singularity whose reverberations radiate at high 

speed around a central core in a spiral way. Rotors are to be differentiated from 

the classical re-entries mainly because of the nature of their cores. Functionally 

in a re-entry, the core acts as an inert obstacle from which the depolarisation 

wave spirals around. However, in a rotor the core constitutes the area from where 

the disorganisation initiates because of its high instability (Krummen et al., 2015; 

Nattel et al., 2017). 

 

 

Figure 4: Schematic representation of re-entry and rotors. A, Classical anatomical 

re-entry, B, rotor re-entry. From Lane und Tinker 2017, with permission. 

 

1.2.3 Symptoms of atrial fibrillation 

Although 50 to 80% of AF patients are asymptomatic (Zöller et al. 2013), some 

symptoms can occur with the intensity varying between patients due to the 

severity and the evolution of the disease. Symptoms classically include breath 

shortening, fatigue, chest discomfort, palpitation, dizziness or even anxiety during 

AF episodes (Hindricks et al. 2021). Management of these symptoms is 

organised in concertation between the physician and the patient, according to the 

patient’s perception of the disease. The therapeutic approach and treatments are 

described in the Supplemental content 3. 
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1.2.4 Molecular mechanisms associated with the development of atrial 

fibrillation 

Molecular mechanisms associated with the development of atrial fibrillation can 

be separated into three different groups according to the nature of their 

associated remodelling. In the following part, we will mainly focus on structural 

and electrical remodelling. The remodelling associated with Ca2+ handling is 

described in the Supplemental content 2. 

Structural remodelling 

Structural remodelling is a slow process at the centre of the development and 

maintenance of atrial fibrillation. It occurs in the left atria, particularly in the 

posterior wall. In opposition to the electrical remodelling that starts when the first 

arrhythmia occurs, structural remodelling is a slow-going process that is hardly 

reversible when installed (Allessie et al. 2002). 

 

At the macroscopic level, atrial dilatation is the most significant hallmark of the 

structural remodelling associated with atrial fibrillation (Ausma et al. 1997). At the 

microscopic level, structural changes include a wide range of elements, including 

cellular hypertrophy, myolysis, cellular dedifferentiation (Allessie et al. 2002), 

fibrosis, apoptosis, mitochondria, and sarcoplasmic disruption (Ausma et al. 

1997) or connexin organisation disruption (Akar et al., 2004, 2007; Kostin et al., 

2002). 

 

Atrial dilatation can be the result of all the microscopic events happening in the 

atria but also the consequence of modifiable (hypertension, obstructive sleep 

apnoea, obesity, valvular heart disease, congestive heart failure, ischemia, 

inflammation) or non-modifiable factors (age or genetics) that can lead to the 

increase of atrial pressure or volume overload, ultimately leading to atrial 

dilatation (Verheule et al. 2003; Xi et al. 2009). Furthermore, atrial dilatation has 

been shown to increase the dispersion of the atrial effective refractory period 

(Satoh & Zipes, 1996), or increase anisotropy in the atria (Wong et al. 2012), both 

of which increase the susceptibility to arrhythmogenic events of AF induction 

(which is the reason why it can be considered to be a substrate). 
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A difficult aspect of the structural remodelling and its main microscopic feature, 

fibrosis, is that it can be the end point of many different conditions such as 

cardiomyopathies, mitral valve diseases, myocarditis or even senescence 

(Melillo et al. 2020; Pelliccia et al. 2022; Suresh et al. 2022; Zhang et al. 2022). 

This non-specific aspect adds to the difficulty of efficiently preventing or treating 

the apparition and the evolution of this substrate. 

 

An example of the contribution of fundamental research to the elaboration of 

therapeutic approaches to specifically target the development of this substrate 

was the development of angiotensin-converting enzyme (ACE) inhibitors. 

Fibrosis has been shown to be highly associated with the increase of the 

angiotensin-renin system during AF, possibly because of an impairment of the 

ACE/ACE2 balance (Pan et al., 2007). Therefore, treatments using ACE inhibitors 

have shown interesting results and reduced the amount of fibrosis (Goette et 

al. 2000) in AF models, and are now regularly used in clinical treatment 

(Hindricks et al. 2021) 

Electrical remodelling 

Electrical remodelling refers to the changes in cardiac electrophysiology that 

favour the initiation or maintenance of arrhythmogenic events. At the macroscopic 

level, electrical remodelling is characterised by the apparition of several ectopic 

depolarisation foci throughout the atria, overtaking the coordinated and organised 

depolarisation and wavefront originating from the sinus node. This remodelling 

creates chaotic and uncoordinated depolarisation and contraction of the atria 

(Hindricks et al. 2021). At the molecular level, many alterations can be described 

especially at the ion channel level, where several ion channels participating in the 

action potential generation have been shown to be altered by electrical 

remodelling (Bosch et al. 1999; Allessie et al. 2002). The electrical remodelling 

can be investigated using electrophysiology techniques. The techniques used to 

investigate electrical remodelling are described in the Supplemental content 6. 
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Inward currents 

In the context of AF, several inward currents have been shown to have a modified 

function. We can cite the INa, ICa,L or the INCX. 

First, with regards to the sodium channels, the late component has been shown 

to be particularly prone to remodelling. On top of the CaMKII regulation, inherited 

forms of AF presenting mutations on NaV1.5 α-subunit have also been reported 

(Darbar et al. 2008; Ellinor et al. 2008; Makiyama et al. 2008; Olesen et al. 2012). 

Furthermore, their description shows that the late component of INa carries 

arrhythmogenic effects via its participation in the APD, and its increase can favour 

the occurrence of EADs, while prolonging the opening of the arrhythmogenic 

window current (Benito et al. 2008; Ellinor et al. 2008; Zimmer and Surber 2008). 

However, although familial cases of arrhythmia characterised by mutations on the 

SCN5A gene have been described, especially in the case of long QT or even 

Brugada syndrome (Baroudi et al. 2001; Antzelevitch and Nof 2008; Benito et al. 

2008; Wilde and Amin 2018), the direct link between AF and sodium ion channel 

activity is poorly studied. Nevertheless, a study from Sossalla et al. showed 

evidence that in atrial myocardium from patients suffering from AF, although peak 

INa was reduced, INa,late was significantly increased (Sossalla et al. 2010). In this 

study, they attributed the decrease of INa,peak to a decreased expression of Nav1.5 

as shown previously (Yue et al. 1999), and the increase of INa,late to an increased 

expression of Nav1.1 (Xi et al. 2009). However, it can also be caused by the 

enhanced activity of the CAMKII activity (Wagner et al. 2006). Finally, the 

increase in INa can lead to an increased intracellular Ca2+ concentration because 

of the reverse activity of the NCX channels (Sossalla et al. 2008). The 

consecutive Ca2+ influx can furthermore promote the activity of the CAMKII and 

create a positive feedback loop. 

 

The second major contributor of the electrical remodelling associated with atrial 

fibrillation is the ICa,L. The Ca2+ current has been shown to be decreased in the 

context of AF, and the impairment of the Ca2+ currents and the Ca2+ handling is 

associated with a specific type of remodelling. 

 

Regarding INCX, it has been shown that its expression and its activity were highly 

enhanced in AF (Voigt et al. 2012). The higher activity can cause massive 
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activation of the exchanger, resulting in a more sustained current during the 

plateau phase, and even causes DADs following Ca2+ leaks from the 

sarcoplasmic reticulum. 

Furthermore, CAMKII has been shown to positively regulate NCX activity through 

phosphorylation and increasing its activity in the context of Ca2+ overload, which 

is related to AF (Heijman et al. 2014; Mesubi et al. 2021). 

Outward currents 

Several outward currents are prone to remodelling in the context of atrial 

fibrillation. On top of the activity of the channel placed under the control of the 

CAMKII (Voigt et al. 2012), other currents are prone to remodelling.  

 

The major one concerns the activity of the IK,ACh, and the apparition of an agonist 

independent constitutively active IK,ACh. In a physiological context, this current 

results from the liberation of the neurotransmitter acetylcholine (ACh) following a 

para-sympathetic stimulation resulting in an APD abbreviation and cell 

membrane hyperpolarisation (Heijman et al. 2018). However, during AF, it has 

been shown to be constitutively active (Dobrev et al. 2005). The reasons for its 

enhanced activity are a reduction in the inhibition of the channel by the 

conventional protein kinase C (PKC) isoform, for example PKCα (Voigt, Friedrich, 

et al., 2007), and the activation by other PKC isoforms (for example PKCε, 

Makary et al., 2011), thus resulting in an increased opening probability of the 

Kir3.1 α-subunit constituting the channel (Voigt N. et al. 2007). 

 

IK1 has also been shown to be altered in AF. IK1 is a background current 

responsible for the RMP (Reilly and Eckhardt 2021). However, when its activity 

increases, it can also be responsible for APD abbreviation (Zhang et al. 2005). 

Furthermore, its activity has been shown to be increased in the context of AF. 

This enhanced activity has been documented as being the result of an increased 

expression of Kir2.1 mRNA (Dobrev et al. 2005; Gaborit et al. 2005), which could 

be attributed to reduced levels of miR-1 (Girmatsion et al. 2009), or miR-26 

(Wang et al. 2011; Luo et al. 2013), but also an increased opening probability 

attributed to its phosphorylation status (Dobrev et al. 2005).  
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Overall, these changes in ion channel function lead to a reduction of the effective 

refractory period (ERP), thus increasing the excitability of the cell, thereby 

potentiating arrhythmogenicity (Bosch et al. 1999; Nattel et al. 2008). 

1.3 Different models to study human atrial fibrillation  

Considering the complexities of AF, choosing an appropriate model is quite 

challenging and requires selecting specific models for specific scientific 

questions. Here, we will brush a non-exhaustive picture of the most used models 

developed to study AF and try to highlight the advantages and disadvantages 

associated with each model, followed by a candid discussion of the models 

directly related to our model. Other models commonly used are described in the 

Supplemental content 4. 

1.3.1 Human models 

The study of AF in humans can be done in several ways. Observational studies 

are less constraining to set up because of the limitations in terms of technical 

requirements and patient consent/ethical approval. They classically consist of the 

repeated measurement of physiological and/or electrophysiological parameters 

using in vivo electrophysiology techniques (for example, electrocardiogram 

(ECG) or the Torso) to assess the correlations between the apparition a disease 

and an external factor (way of living, environmental) or an internal parameters 

(blood sugar value, ECG parameters, hormone, or protein level).  

Interventional studies are more complicated for obvious reasons. The first reason 

is the legal approval of the study (in terms of law and ethics). Clinical trials (for 

example, for the test of a new antiarrhythmic drug) are made after an excessively 

long pre-clinical phase to ensure the absence of side effects/teratogenic 

contraindications that could lead to the withdrawal of the pharmacological agent 

from the market, thereby engaging the structures in major health care 

responsibility and financial risks. For this reason, many studies never reach the 

point of commercial use. 
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Another way to perform interventional studies using the human model is via the 

use of surgical residuals and their utilisation by fundamental and/or clinical 

researchers. Such material can be obtained in many circumstances (for example, 

during heart transplantation, valve replacement, open heart surgery or biopsies). 

In these cases, legal and ethical requirements are not as complex and such 

material can be used for research purposes. Working on human material has the 

advantage that obtained results can be used directly to understand the 

pathophysiology of the disease, and fewer precautions need to be taken for their 

interpretation. However, the requirements are still extremely high, a close 

collaboration between the surgical department and the research institute must be 

organised. Human material can be very fragile and coordinated storage and 

transportation methods need to be discussed beforehand otherwise, the material 

will not be usable. Also, human material rarely comes from healthy donors and 

precautions need to be taken. Furthermore, interventions are limited because 

there are no genetic interventions possible on these tissues and long-term in vivo 

interventional studies are extremely difficult or even impossible to organise (in the 

context of AF, it is not possible to induce AF in patients for research purposes for 

obvious reasons). 

 

Advantages Disadvantages 

Translationalability 
Organisation requirements are extremely 

important 

 Availability 

 In vivo experiments 

 Genetic interventions 

Table 6: Advantages and disadvantages of the utilisation of the human model for 

the study of atrial fibrillation. 
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1.3.2 Cellular models 

Cellular models vary and their utilisation depends on the research question 

addressed. Hence, a wide range of models, including expression models (HEK, 

CHO, HELA), exist (Fuller et al. 1992; Haraguchi et al. 2015; Pandit et al. 2021). 

Furthermore, iPSC are widely used, and although standardised models exist, this 

technology also opens the possibility of developing patient-specific cell lines, 

offering a plethora of potential study models. 

  

Expression models were originally reserved for answering fundamental 

questions, as they are used for the characterisation or understanding of 

mechanisms (for example, the expression of a mutated ion channel in an 

expression model to study its biophysical properties).  

Non-primary cell cultures are often used because of their relatively easy handling 

and the possibilities they offer in terms of genetic investigations, as well as 

physiological and electrophysiological investigations. 

The utilisation of iPSC is remarkably interesting as it is extremely versatile in 

terms of possibilities. Moreover, modern differentiation techniques allowed the 

development of patient-specific iPSC lines, allowing the utilisation of rare 

patient-specific cells lines. The patient-specific generation of iPSC lines is not 

only used for the study of cardiac arrhythmia but also as a common approach to 

study drug interactions or establishing specific therapies in the context of 

personalised medicine (Huang et al. 2022; Jing et al. 2022; Kaneko 2022; Zhou et 

al. 2022). Furthermore, the dramatic fall in the costs associated with the utilisation 

of genome editing technologies, in particular CRISPR/Cas, opened the field of 

possibilities associated with this model even more. 

 

The major concern associated with the utilisation of the cellular model is its 2D 

aspect. Although research can be done while integrating different cell types in 

co-cultures to mimic a physiological environment as much as possible, the 2D 

component can represent an important limiting factor in many ways and is often 

cited as one of the major limitations associated with the utilisation of cellular 

models. This particularly applies in the context of AF as it is known that the 

interactions of the cardiomyocytes with their environment are a key factor of the 
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remodelling associated with the development and the maintenance of the 

disease. Furthermore, iPSC lines are often criticised for their immature profile 

(electrophysiologically as well as physiologically), likewise the fact that 

standardised iPSC cell line can express proteins of interest in a different manner 

(Cyganek et al., 2018; Huang et al., 2022; Zhou et al., 2022). Therefore, it is 

imperative to carefully choose the iPSC line (and the ion channel or protein 

expression levels in this cell line) according to the scientific question, ensuring 

the protocols' pertinence and the results. 

 

Despite all of this, the cellular model is still widely accepted as a good model to 

study AF, and it remains one of the most used models thanks to all its 

advantages.  
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Advantages Disadvantages 

Availability (iPSC, HEK, HELA, Oocytes) Translationalability (immaturity) 

Genetic intervention Two-dimensional model 

Translationalability (++ when patient 

specific cell line, +/- otherwise) 
 

Table 7: Advantages and disadvantages of the utilisation of iPSC model for the 

study of atrial fibrillation. 

1.3.3 Organoid models 

Engineered human myocardium model 

The engineered human myocardium (EHM) model was introduced by 

Zimmermann et al. in early 2000 (Zimmermann et al. 2000). The EHM model is 

a remarkably interesting model because of the very versatile experimentation 

protocols it allows before, during and after the preparation of the tissues. Because 

they are prepared using iPSC lines, the model allows a lot of variability in terms 

of type of cells to be used, including genetically modified cell lines. Similarly, 

fibroblasts used for tissue preparation can also be modified. The EHM model is 

powerful because of its 3D structure that allows a more precise representation of 

normal physiology. Furthermore, it is possible to apply rapid pacing protocols to 

try to induce AF and study the effect of nutrient deprivation, hypoxia, and many 

other protocols. 

 

Finally, possibilities for utilising such models are endless, and the direction it 

takes, using them as platform for personalised medicine, or even as therapeutic 

strategy in the context of heart failure (Jebran et al. 2022), shows the exciting 

future of the model. 

 

One limiting factor associated with the utilisation of this model comes from its 

strength and the utilisation of iPSC. As described earlier, iPSC are often criticised 

for their immaturity, and it is particularly important to carefully select the cell lines 

according to the needs of the study/the project beforehand. Another limiting factor 

comes from the material and maintenance costs associated with the use of such 

a model, and the fact that it requires a lot of technical skills and that mistakes can 
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end up being expensive. However, it is important to put these costs into 

perspective with the number of outputs we can obtain from such a model, and the 

liberty of approaches it grants. 

 

Advantages Disadvantages 

Genetic interventions 
Immaturity and variability associated with 

the utilisation of iPSC 

In vivo experiments Maintenance and generation costs 

Availability Demands a lot of technical skills 

Versatility of the model  

Table 8: Advantages and disadvantages of the utilisation of the engineered human 

myocardium model for the study of atrial fibrillation. 

1.4 Experimental protocols to induce atrial fibrillation 

Only the tachypacing method will be described hereafter, but other methods do 

exist. The other principle in vivo methods (mitral valve regurgitation and 

congestive heart failure model) are described in the Supplement content 5. 

1.4.1 Tachypacing 

Tachypacing methods to induce AF are widely accepted by the scientific 

community (Wijffels et al. 1995; Power et al. 1998; Lemoine et al. 2021). They 

involve the application of a protocol of high-frequency electrical stimulation pulses 

towards the heart (or specifically towards the atria or the ventricles), to subject 

the heart to a high depolarisation rate to mimic an episode of tachycardia and to 

recreate the different substrates observed in human AF. 

 

Initially developed using an electrical defibrillating device in a goat model 

(Wijffels et al. 1995), the technique evolved and is now commonly used and 

accepted to study AF remodelling. Modern approaches utilising optogenetic tools 

instead of electrical pulses have recently shown great promise and are now used 

in in vitro models (Lemoine et al. 2020). The pacing rate varies according to the 

specie of the model used but is classically several times higher than the 

physiological depolarisation rate of the normal heart of the model used (Morillo et 

al. 1995; Wijffels et al. 1995; Power et al. 1998; Mulla et al. 2019; Murphy et al. 
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2022). Hence, inducibility of AF in response to stimulation bursts (high frequency 

short stimulation) is classically assessed after a protocol of electrical tachypacing. 

Furthermore, Wijffels et al. showed that only 24 hours were sufficient to trigger 

AF episodes in a goat model, and that the longer the protocol lasted, the longer 

the episodes could last. Several other parameters showed to be pointing towards 

an AF-like remodelling after applying a tachypacing protocol: wavelength size and 

ERP were shortened but the conduction velocity was shown to be not altered 

(Li et al. 1999). A recent study by Citerni et al. showed that 4 weeks of atrial 

tachypacing in a swine model was sufficient to induce significant functional 

deterioration of the atria characterised by a significant reduction of the left 

ventricular ejection fraction (LVEF), an increase in the end-systolic and -diastolic 

volumes, mitral valve regurgitation and increase in fibrotic extracellular matrix in 

both atrial and ventricular compartments (Citerni et al. 2020). 

 

A great advantage of this method is that it is easily applicable to a very wide range 

of in vivo models, including the mammalian model, but also 2D cellular or 

monolayers and 3D organoid models for in vitro experimentations using pacing 

devices (Lemme et al., 2020; Lemoine et al., 2020, 2021). 

 

Finally, the consequences of the tachypacing protocol have been shown to be 

reversible. However, the reversibility depends on the extent of the underlying 

structural remodelling, and it seems that structural and electrical remodelling 

chances to recover after a tachypacing protocol are not the same. In a dog model 

of rapid atrial tachypacing, although susceptibility to AF was abolished 7-14 days 

after the pacing protocol, ultrastructural changes and structural changes 

remained (Everett IV et al. 2000). 

1.5 Channelrhodopsin and optogenetics 

1.5.1 History and definitions 

Channelrhodopsins are members of the light-gated ion channel family, a group 

of ion channels whose activity is regulated by electromagnetic radiation (Ernst et 

al. 2014). The first functional and structural characterisation of a 

channelrhodopsin (Chr-1) was done in 2003 by Nagel et al. In this study, they not 
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only demonstrated for the first time that an ion channel initially found in green 

alga (Chlamydomonas reinhardtii, channelrhodopsin-1) responded to light pulses 

by generating a photocurrent, but they also determined the structure of the 

channel. They also postulated the potential use of such proteins, enumerating 

foreseeable possibilities for an experimenter to control the membrane potential 

of a cell using simple light flashes (Nagel et al. 2003). Later on, the same group 

characterised another member of the Channelrhodopsin family 

(channelrhodopsin-2, ChR2), showing that the functional expression of the 

channel is not only possible in non-mammalian expression model (Oocyte), but 

also in a mammalian expression system (HEK and BHK cells), thus unravelling 

new doors and possibilities for the research community (Nagel et al. 2003). 

 

Shortly after, Nagel and Deisseroth showed, for the first time, that a 

channelrhodopsin could be inserted into rat neuronal cell population using a 

lentivirus to control their membrane potential via flashlight pulses. The same 

study also demonstrated the spatial and temporal possibilities of using such 

techniques, as the light stimulation at very high frequency (up to 20 Hz) still 

resulted in a response from the cells (with an action potential. Sequel to this, the 

term “optogenetics” was introduced in 2006 by Deisseroth et al. to refer to an 

approach utilising genetic engineering and optical technologies to control or 

monitor biological functions (Deisseroth et al., 2006). This moment started the 

era of optogenetic techniques, quickly capturing the scientific community's 

interest upon realisation of the possibilities these new tools could offer (Figure 

5). 
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Figure 5: Amount of publications including the word "Optogenetic" in title or 

abstract since 2002. 

 

Optogenetics has been used in many study models (2D, 3D, isolated cells) and 

living organs or organisms. As transfection methods developed and became 

more accessible and precise, the target and control of small cell populations 

within an organ became possible, ushering in optogenetic-based tools that 

decorticate molecular pathways came to light (Airan et al. 2009). However, 

despite the very rapidly growing interest in the neurology field the possibilities 

that these new tools offered were largely unexplored in the cardiovascular 

research field until 2010, where Brügmann et al., and Arrenberg et al., showed 

the possibilities of the use of such technology for controlling cardiomyocyte 

excitability in adult mouse hearts and in pacemaker cells of the developing 

zebrafish heart respectively (Arrenberg et al., 2010; Bruegmann et al., 2010; 

Entcheva, 2013). This new information brought new light on the powerful potential 

of optogenetic tools in cardiac research, including its possible therapeutic use, 

especially as a new alternative to current cardioversion methods (Bruegmann et 

al. 2018; Sasse et al. 2019; Richter and Bruegmann 2020; Nyns et al. 2022). 

  

 Optogenetic 

 Optogenetic     Cardiac 

 Optogenetic      Neurosciences 
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1.5.2 Mechanism of action 

Microbial and animal rhodopsins are multidomain proteins composed by two 

major domains. The first domain is called the opsin, or apoprotein. It is a 

G-protein-coupled receptor constituted by seven transmembrane α-helixes 

forming a binding pocket for its ligand, the retinal. Each transmembrane helix has 

their C-terminus located on the inside of the cell with their N-terminus region on 

the outside. Helixes are named A to G for type 1 channelrhodopsin and TM1 to 

TM7 for type 2 channelrhodopsin (Ernst et al. 2014). Helixes A, B, C and G 

constitute the pore (Kato et al. 2012). Helix F is responsible for opening/closing 

the channel (Vonck 2000). Functional channelrhodopsin functions as a dimer and 

dimerisation is made on helixes C and D (Kato et al., 2012; Müller et al., 2011). 

 

The second domain is the photosensitive domain. It presents a chromophore and 

is called retinal (Govorunova et al. 2017). The retinal is an aldehyde of vitamin A 

that is derived from β-carotene, and that is covalently linked to the ε-amino group 

of a lysine on helix G or TM7 via retinal Schiff base (RSB) linkage. When 

illuminated at a specific wavelength (depending on the nature of the retinal), 

retinal undergoes isomerisation from all-trans to 13-cis and initiates the so called 

“photocycle”, leading to a change of conformation of the protein and channel 

opening (Ernst et al. 2014). 

1.5.3 Utilisation of the channelrhodopsins 

Previously limited to the described channelrhodopsins ChR1 and ChR2, a wide 

range of channelrhodopsins are now used for research and even treatment 

purposes. Also, understanding of the molecular mechanisms associated with the 

functioning of the channelrhodopsin led to the development of modified 

channelrhodopsins. 

 

Since ChR1 and ChR2 were the first to be described, they were the first to have 

their structure experimentally modified. The first modifications targeted their 

opsins and were called chimeric channelopsins. The first so-called chimeric 

constructions were Chop1 and Chop2 channelopsins and they comprise the 

ChR1 and ChR2, without their retinal group. Interestingly, it has been shown that 



Introduction 

30 | P a g e  
 

heterologous expression of Chop2 was able to form a functional 

channelrhodopsin while incorporating endogenous all-trans-retinal (in human, 

Nagel et al. 2003). 

 

Directed mutagenesis was also investigated for the improvement of the 

channelrhodopsins. The main limitation with the utilisation of ChR1 is its 

insufficient depolarisation potential (because of limited proton permeability in 

physiological conditions), while the principal limitation associated with the 

utilisation of ChR2 is its fast inactivation and desensitisation (Nagel et al. 2003; 

Lin et al. 2009). To curate and improve ChR2, ChEF and ChIEF mutant 

channelrhodopsins were generated. These mutant channels present recombined 

mutations of Chop1 and Chop2 proteins. ChEF presents mutations around the 

retinal-binding pocket regions E and F, whereas ChIEF is a further mutated 

version of ChEF, presenting a mutation on the isoleucine 170. ChEF exhibited 

the same inactivation properties of ChR1 but its permeability was increased. 

ChIEF on the other hand, showed improved kinetics with reduced desensitisation 

potential. Finally, both ChEF and ChIEF demonstrated better responses, showing 

precise activation responses to stimulations of up to 25 and 50 Hz for ChEF and 

ChIEF respectively (Lin et al. 2009). 

 

Over the years, a lot of research has been performed to identify new types of 

optogenetic channels, with several hundreds of different channelrhodopsins now 

known. This feat is courtesy of the massive apport of marine biology and plant 

study as well as the multiplication of new variants of already described 

channelrhodopsins. 

The channelrhodopsin chrimson is one of the channelrhodopsins discovered 

thanks to transversal research. Initially discovered in algae, it has the particularity 

to have its opsin sensitive to red-shifted lights (Klapoetke et al. 2014; Mager et 

al. 2018). Initially applied for neuronal experiments, it has received great interest 

from other fields, including cardiac research. An advantage of the red-shifted 

channelrhodopsin is its penetration potential. It is known that red light can 

penetrate deeper in tissues, thus allowing more versatility for clinical or 

therapeutical approaches. Furthermore, red light has been shown to be able to 
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penetrate through the skull (Lin et al., 2013), thus being an interesting candidate 

for developing resynchronisation therapies using optogenetic technologies.
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Name of the protein Origin 
Peak excitation 

wavelength 
Ion permeability First description Kinetic properties References 

Channelrhodopsin-2 
Chlamydomonas 

reinhardtii 
460 nm 

PCa/PNa= 0.117; 

PK/PNa=0.427; 

PH/PNa=1.062.106 

(Nagel et al. 2003) 
τon: 2.12±0.13 ms, 

τoff: 13.39±1.059 ms 
(Mager et al., 2018) 

ChIEF 
ChEF mutated on 

isoleucin 170 
460 nm  (Lin et al. 2009) 

τon: 2.73±0.19 ms, 

τoff: 9.77±0.66 ms 
 

ChEF 

Chop1 + Chop2 + 

mutation on the E-F 

binding pocket site 

470 nm 

PCa/PNa= 0.149; 

PK/PNa=0.673; 

PH/PNa=0.877.106 

(Lin et al. 2009) 
τon: 2.921±0.15ms, 

τoff: 26.31±1.28 ms 
 

Channelrhodopsin-1 
Chlamydomonas 

reinhardtii 
500 nm H+ (Nagel et al. 2002)   

Chrimson 
Chlamydomonas 

noctigama 
590 nm 

PCa/PNa= 0.29±0.2; 

PK/PNa=0.62±0.04; 

PH/PNa=~106 

(Klapoetke et al. 

2014) 
τoff: 24.6±0.9 ms (Mager et al., 2018) 

ChrimsonR Chrimson variant 590 nm  (Mager et al., 2018) τoff: 15.8±0.4 ms  

Chrimson-vf Chrimson variant 590 nm  (Mager et al., 2018) τoff: 2.7±0.3 ms  

Chrimson-f Chrimson variant 625 nm 
PK/PNa=0.63±0.11; 

PH/PNa=~106 
(Mager et al., 2018) τoff: 5.7±0.5 ms  

Table 9: Biophysical characteristics of channelrhodopsin-1 and channelrhodopsin-2 and chrimson and a few of their variants used in 

research.
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1.6 Hypotheses and aims of the project 

The study of AF electrical remodelling is a challenging task. Although extremely 

convenient because of the experimental possibilities they offer, animal models 

for the study of AF often face poor transferability and applicability of the results 

obtained in human pathophysiology. Likewise, only working with human material 

to ensure the applicability comes with a certain number of limitations, including 

poor availability and the extremely limited extent of feasible interventional 

protocols. One opportunity comes together with the huge progresses that have 

been done in the development of iPSC, and their utilisation for 3D in vitro 

modelling. Unlike human material, iPSC are extremely available and many 

interventional protocols, including genome modification, are feasible, and unlike 

animal models, because they are derived from human cells, the applicability of 

the results to human disease is much better.  

For all these reasons, we hypothesise that atrial cardiomyocytes derived from 

induced pluripotent stem cells (atrial iPSC) and atrial EHM models can be used 

to understand acute and long-term electrical remodelling associated with AF.  

 

The first aim of this work will be to develop an atrial-specific iPSC line and show 

that this model can be used to study acute electrical remodelling associated with 

AF. To do so, we will develop a cell differentiation protocol to generate atrial iPSC 

and, using electrophysiological tools, characterise them. To assess whether we 

can use these cells as a model to investigate acute electrical remodelling, we will 

take advantage of the classically used in vivo tachypacing methods and 

electrophysiologically assess whether such protocol can induce the development 

of AF-like electrical remodelling in our cells. Because the exploration of electrical 

remodelling can be limited in a 2D model, we will take advantage of the 

fast-growing development of organoid models and try to propose a 3D alternative 

to the cellular model.  

 

The second aim of this project is therefore to develop a 3D organoid-based in 

vitro model for the study of acute electrical remodelling. First, we will develop an 

atrial EHM model using the cells previously mentioned. To investigate whether 

electrical remodelling can be induced in this model, we will repeat the pacing 
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methods on our 3D model and investigate the effects of such a protocol using the 

sharp-microelectrode technique. 

 

The last aim will consist in the study of long-term electrical remodelling. Using the 

EHM model, we will try to address this point using electrical and 

optogenetic-based stimulation approaches. The electrical remodelling will be 

observed using the sharp-microelectrode technique. 
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2 Material and methods 

2.1 Human experiments 

2.1.1 Patient data 

Patient data was collected and analysed a posteriori. Written informed consent 

was obtained from all patients included in this study. Experimental protocols were 

approved by the ethics committee of the University Medical Centre Göttingen 

(No. 4/11/18). 

2.1.2 Sample collection for biochemical investigation 

Right atrial appendages and myocardial tissues of hypertrophied left ventricle 

were collected from patients undergoing open heart surgeries and snap frozen 

directly after collection.  

2.1.3 Sample collection and preparation for electrophysiological 

measurements 

Samples were collected directly at the surgery theatre, from patients undergoing 

open heart surgeries. The right atrial appendage was, immediately after the 

excision, stored in transport solution at 4°C, which was prepared according to an 

already published protocol (Voigt et al. 2013), adjusted to pH 7.0 (Table 10), and 

brought back to the institute within 10 minutes following the tissue collection. 

 

Trabecular muscles were then isolated and carefully excised from the right atrial 

appendage and placed in a custom-built recording chamber under continuous 

perfusion of heated (37°C) and carbonated (5% CO2, 95% O2) Tyrode’s solution 

(Table 18). Tissue was left for at least 45 minutes for wash-out and 

accommodation before the beginning of the recordings. 
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Molecule Concentration (in mmol/L) 

2,3-butanedione monoxime 30 

Glucose 20 

KCl 10 

KH2PO4 1.2 

MgSO4 5 

MOPS 5 

NaCl 100 

Taurine 50 

Table 10: Transport solution composition. 

2.1.4 Electrophysiological measurements 

Tissues were electrically stimulated with a 1 ms monophasic pulse using a 

custom-made electrode (FHC, USA). The pulse amplitude was pre-defined as 

30% higher than the value required to trigger an action potential. After successful 

tissue impalement, and after reaching steady state activity, the tissue was then 

subjected to a train of electrical stimulation at increasing frequencies (0.25 Hz, 

0.5 Hz, 1 Hz, 2 Hz, 3 Hz, 4 Hz and 5 Hz). Membrane potential signals were 

amplified using a Sec-05-X amplifier (npi, Germany), digitised using LabChart 

PowerLab, and acquired and saved with LabChart Pro 9 software 

(both: ADInstruments, New Zealand). 

 

After successfully recording action potentials at different stimulation frequencies, 

a protocol to measure the ERP was applied to the tissue. Briefly, a train of 

10 stimuli at fixed frequencies was applied to the tissue, followed by an 11th 

stimulation at a time interval decreasing after each stimulation cycle. The cycle 

was repeated until the 11th pulse failed to trigger an action potential.  

 

10 µmol/L carbachol (CCh) were perfused to assess response of the tissues to 

the M2-receptor agonist. CCh stock solution was diluted in distilled water, and 

working solution was prepared in Tyrode’s solution (Table 18). After reaching a 

steady state, the perfusion solution was switched from Tyrode’s solution to 

Tyrode’s containing CCh. 5 ml of solution containing the drug were then perfused 
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to the recording chamber, followed by another 15 ml of Tyrode’s solution 

corresponding in the death volume of the perfusion system. After this moment, 

the drug was in the recording chamber, and adequate stimulation protocols were 

run to measure the “drug condition”. 

2.1.5 Data analysis 

Analysis was performed using LabChart pro 7 (ADInstruments, New Zealand) 

and GraphPad Prism 9 The average value of 10 consecutive and stable action 

potentials was calculated in LabChart Pro 7. The following parameters were 

measured: resting membrane potential (RMP), maximum upstroke velocity 

(dV/dtmax), action potential amplitude (APA) and the action potential duration at 

20, 50 and 90% of repolarisation (APD20, APD50 and APD90 respectively). 

 

Statistical analysis was performed using the statistical tool of 

GraphPad Prism 10 (GraphPad Software Inc., USA). Details of the test 

conditions are specified for each experiment. 

2.2 Cellular experiments 

2.2.1 Cell line generation 

Both stem cell lines UMGi014-C clone 14 (isWT1.14) and RUCDRi002-A-46 

clone 1 (TC-1133-CAG-Chrimson-YFP.1TC1133_CAG-Chrimson-YFP) were 

differentiated and cultured in our lab according to an already published protocol 

(Cyganek et al. 2018). Briefly, the stem cells were cultured in feeder-free medium 

until confluency was reached (StemFlex ™ Basal medium, gibco for isWT1.14 

cell line; StemMACS™ iPS-Brew XF, Mittenyi Biotec B.V & Co. KG for the 

TC113-chrimson modified cell line). After this point, mesoderm induction was 

initiated adding 4 µmol/L CHIR99021(Sigma-Aldrich) to the culture medium. After 

2 days, cardiac differentiation was started adding 5 µmol/L IWP2 (Wnt Antagonist 

II, Merck) to the medium. The next day, atrial specific differentiation was started, 

adding 1 µmol/L retinoic acid (Sigma Aldrich) to the culture medium already 

containing 5 µmol/L IWP2 for the next two following days. After this differentiation 

step, the first contractions could be observed, and the culture medium was 

changed for a cardiomyocyte culture medium for the following week. Next, a 
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lactate selection procedure was initiated to increase the purity of the cell batch 

using selection medium and after 7 days, culture medium was switched back to 

the cardiomyocyte culture medium. Finally, 7 days were given to the cells to 

recover. After this period, 28 days after the initial mesoderm induction, the cells 

were ready to be used for different purposes for instance for EHM generation or 

plated on glass coverslips for cellular experiments. 

2.2.2 Fibroblasts primary cultures expansion and maintenance 

The fibroblasts were obtained from an intern facility at the Medical University of 

Göttingen. We collected them at intermediate passage number (around 20) and 

expanded them until passage 26 before renewing the cell culture batch. 

Maintenance and recovery media compositions are described in Table 11. 

Maintenance was done until confluency, while replacing the maintenance 

medium every second day. 

 

When confluency was reached, fibroblasts were incubated at 37°C with TrypLE™ 

Express Enzym 1x (Thermofischer, Cat.#12604013, 4°C) to start dissociation. 

After 5 to 10 minutes, the cell isolation procedure was stopped using a volume of 

cardiomyocyte recovery medium (Table 12) corresponding to two times the 

amount of TrypLE™ and centrifuged at 100 g, 4°C for 10 minutes. The 

supernatant was removed, and the fibroblasts were resuspended in human 

fibroblasts recovery medium and reseeded at low density in T-175 culture flasks. 

Two days after reseeding, the medium was removed and replaced by the human 

foreskin maintenance medium and changed every second day until utilisation or 

confluency was reached again. 
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Human foreskin fibroblasts 

(HFF) maintenance 

medium 

Human foreskin fibroblasts 

(HFF) recovery medium 

Distributor, product 

reference, storage 

conditions 

500 ml DMEM 500 ml DMEM 
Gibco, 

Cat.#41966029, 4°C 

88 ml fetal bovine serum 

(FBS) (15%) 

88 ml fetal bovine serum 

(FBS) (15%) 

Gibco, 

Cat.#16140071, -20°C 

5.9 ml 100X 

penicillin/streptomycin 

(1%) 

5.9 ml 100X 

penicillin/streptomycin 

(1%) 

Gibco, 

Cat.#15140122, -20°C 

- FGF (0.1%) 
Peprotech, 

Cat. #AF-100-18B, -20 °C 

Table 11: Fibroblast culture media compositions. 

2.2.3 Coverslip preparation 

Compositions of the media used for coverslip preparation are described in detail 

in Table 12. 

 

In a 6-well plate or a flask, atrial or ventricular cardiomyocytes derived from 

induced pluripotent stem cells (atrial and ventricular iPSC) were first washed two 

times with pre-warmed PBS solution without calcium and magnesium 

(Ca2+/Mg2+). Next, cells were incubated for 15-20 minutes at 37°C with room 

temperature Accutase digestion mix solution (1.5 ml per well for 6 wells, 5 ml per 

flask when using flasks; Innovative Cell Technologies, Inc.). At the end of the 

digestion process, cells looked “ball-shaped” and detached from the bottom of 

the plate or the flask. After this step, digestion was stopped using a volume of 

cardiomyocyte recovery medium corresponding to twice the volume of Accutase 

digestion mix. Cells were carefully transferred in a 50 ml Falcon tube and 

centrifuged at 100 g, 4°C for 10 minutes. Supernatant was removed and cells 

were resuspended in the desired volume of cardiomyocyte recovery medium, and 

counted using a Neubauer chamber (Neubauer improved, Paul Marienfeld GmbH 

& Co.KG).  

 

  

https://www.accutase.com/
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The cells were counted in the external corners of the chamber, and the exact cell 

number was determined using the formula: 

 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 = (
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑠𝑖𝑑𝑒

4
) ∗ 𝑑 ∗ 104 ∗ 𝑉 

 

Where d is the dilution factor and V is the resuspension volume (in ml). 

 

According to the cell number and the desired cellularity, cells were transferred on 

glass coverslips (Menzel-Gläser Coverslips, ThermoScientific) previously coated 

with 1:60 Matrigel® solution (Corning®) and disposed in the well of a 6-well or a 

24-well plate and incubated 1 hour at 37°C to allow cell attachment. Finally, wells 

were filled with cardiomyocyte recovery medium (3 ml per well with a 6-well plate, 

1 ml per well for a 24-well plate). 2 days later, the medium was removed and 

replaced with cardiomyocyte culture medium. Medium was then changed every 

second day until utilisation. 

 

Table 12: Cardiomyocyte medium composition. 

2.2.4 Voltage-clamp recordings 

The composition of the bath solution and the pipette solution is described in detail 

in Table 13. 

 

A minimum of 7 days after performing the cell plating protocol was let to the cells 

before they were used for voltage-clamp measurements. 

 

Cardiomyocyte culture 

medium 

Cardiomyocyte 

recovery medium 
Distributor, storage 

49 ml RPMI1640 with 

Glutamax 

49 ml RPMI1640 with 

Glutamax 

Invitrogen, Cat 61870-010, 

4°C 

1 ml (2%) B27 plus insulin 
1 ml (2%) B27 plus 

insulin 

Invitrogen, Cat 17504-044, 

-20°C 

- 
25 µmol/L (0.02%) 

Rock inhibitor 

Stemolecule Y27632), Cat 

04-0012-10, -20°C 
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Inward rectifier K+ currents were recorded using the whole-cell ruptured patch 

configuration of the patch-clamp method. Membrane currents were acquired and 

analysed using the Axopatch 200B amplifier and the pClamp-Software 

(V10.7 Molecular Devices). Myocytes were continuously perfused with bath 

solution adjusted at pH=7.4 at 22-24°C. Borosilicate glass microelectrodes had 

tip resistances from 3 to 5 MΩ when filled with pipette solution (Table 13) adjusted 

at pH 7.4, the seal resistance was between 4–8 GΩ. Series resistance and cell 

capacitance were compensated prior to the measurement.  

 

The basal inward rectifier potassium current was measured by applying a ramp 

pulse protocol from −100 to  40 mV at 0.5 Hz. The agonist-inducible IK,ACh was 

stimulated with 2 μmol/L carbachol and the agonist-independent constitutive 

IK,ACh current was unmasked using 100 nmol/L of the selective IK,ACh blocker 

tertiapin, perfused in a bath solution containing 0.1 g/L bovine serum albumin. IK1 

was identified as Ba2+(1 mmol/L)-sensitive current as previously described 

(Dobrev et al. 2005; Voigt et al. 2007; Voigt et al. 2010). 

 

Molecule 
Bath solution 

concentration (in mmol/L) 

Pipette solution 

concentration (in mmol/L) 

NaCl 120 10 

KCl 20 40 

MgCl2 1 - 

CaCl2 2 - 

Glucose 10 - 

HEPES 10 10 

K-aspartate - 100 

Mg-ATP - 5 

EGTA - 2 

GTP-Tris - 0.1 

Table 13: Composition of bath and pipette solutions used for voltage-clamp 

recordings. 
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2.2.5 Optical action potential recordings 

The composition of the Tyrode’s solution used for optical action potential 

recordings is described in detail in Table 13. 

 

A minimum of 7 days after performing the cell plating protocol was let to the cells 

before they were used for optical action potential measurements. 

 

Optical action potentials in atrial and ventricular iPSC were recorded as 

previously described (Seibertz et al. 2020; Peper et al. 2021). 

 

Prior to the measurement of optical action potentials, cells were incubated with 

0.1X VoltageFluor2.1Cl (Fluovolt, Thermo Scientific; 20 minutes loading). 

Coverslips were then transferred to a heated recording chamber filled with 

Tyrode’s solution at pH = 7.35, 37°C and allowed to adjust to the solution for at 

least 10 mins in the dark before starting the recordings. An external pacing device 

(MyoPacer Field Stimulator, IonOptix) was used to electrically stimulate the cells 

at 1 Hz using a 3-5 ms bipolar pulse set with a voltage 30% above the stimulation 

threshold to ensure the capture of spontaneous beating activity during the 

measurements. 

 

Optical action potential signals from an isolated and masked cardiomyocyte were 

acquired using an epifluorescence microscope (λEx=470 nm, λEm=535 nm), 

optimised for high-speed signal capture thanks to the utilisation of a 

photomultiplier (Cairn Research), digitised (Axon Digidata 1550B, Axon 

Instruments), saved and analysed using Clampfit 10.7 software. Analysis was 

performed a posteriori on the average of 3 stable action potentials recorded from 

a single cell. 

 

2 μmol/L CCh was perfused to the cells to investigate the response to the 

M2-receptor agonist. CCh was prepared in Tyrode’s solution described in Table 

14. 
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Molecule Concentration (in mmol/L) 

NaCl 140 

KCl 4 

MgCl2 1 

CaCl2 2 

Glucose 10 

HEPES 10 

Table 14: Composition of Tyrode's solution used for optical action potential 

recordings. 

2.2.6 Automated voltage-clamp measurements of ICa,L 

The compositions of the solutions used for the automated measurements of ICa,L 

are described in detail in Table 15. 

 

An automated patch-clamp system was used for the recording of ICa,L 

(SyncroPatch 384, Nanion Technologies GmbH), and thin borosilicate glass 

384-well planar chips (1xS-type NPC-384T) were used for all experiments. All 

solutions used were purchased from Nanion Technologies GmbH. 

 

Briefly, the chips were first loaded with 30 µl of solution 1, and 20 µl of cell 

suspension was added to each well. The pipette solution (internal solution, 

solution 3) was filled on the internal side of the chip. Next, a negative pressure 

(150-250 mbar) was exerted to reach the whole-cell configuration. 40 µl of 

solution 1 was temporarily added to promote giga seal formation. When a 

giga-seal was reached, the solution 1 was rapidly moved and replaced with bath 

solution (solution 4). L-type Ca2+ currents (ICa,L) were measured at 0.5 Hz using 

a voltage-step protocol with a holding potential of -80 mV and a 100 ms ramp 

pulse to -40 mV followed by a 100 ms test-pulse to +10 mV. The current-voltage 

(I-V) relationship and activation curve was measured by altering the test pulse 

from -40 mV by 10 mV every sweep including a final pulse of 60 mV. Experiments 

were performed at room temperature. 
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The integrated ICa,L, representing an estimation of Ca2+ entering the cell is 

calculated per litre total cell volume, and was estimated through a capacitance to 

a volume relationship of 4.57 pF/pL.  

 

PatchControl 384 (Nanion Technologies GmbH) software digitised and acquired 

the data, and recordings were excluded if they included a seal resistance of 

<250 MΩ, a peak current of <50 pA, or an Rseries of >20 MΩ at 10 mV. 

 

Molecule Solution 1 

Seal helping 

solution (solution 

2, in mmol/L) 

Internal solution 

(solution 3, in 

mmol/L) 

Bath solution 

(solution 4, in 

mmol/L) 

NaCl 140 130 10 140 

KCl 4 4 - 4 

MgCl2 - 1 - 1 

CaCl2 - 10 - 2 

Glucose 5 5 - 5 

HEPES 10 10 10 10 

EGTA - - 10 - 

CsCl - - 10 - 

CsF - - 110 - 

Table 15: Composition of the solutions used with the automated patch-clamp 

system. 

2.2.7 Electrical tachypacing of cardiomyocytes derived from induced 

pluripotent stem cells 

For the electrical tachypacing of the cardiomyocytes, the glass coverslips 

containing the cardiomyocytes were gently transferred to a 6-well plate filled with 

6 ml cardiomyocyte pacing medium with normal or low Ca2+ concentration (Table 

16), and the pacing plate (C-Dish, IonOptix) was carefully positioned on top of 

the well, while ensuring not to place it directly on the cell coverslip. 

 

The voltage and the duration of the pulse was adjusted according to their 

responsiveness to the pulses, and to ensure the overpowering of the 
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spontaneous beating rate during the pacing period (typically 20-25 V, 5 ms 

biphasic pulse). 

 

Cardiomyocyte culture 

medium 

(low Ca2+: 0.42 mmol/L) 

Cardiomyocyte pacing 

medium 

(high Ca2+: 1.79 mmol/L) 

Distributor 

49 mL RPMI1640, 

GlutaMAX 
- Thermo Fisher Scientific 

1 mL B27 plus insulin 1 mL B27 plus insulin Thermo Fisher Scientific 

- 
49 mL Medium 199, 

GlutaMAX 
Thermo Fisher Scientific 

Table 16: Induced pluripotent stem cell pacing medium composition. 

2.3 Engineered human myocardium experiments  

2.3.1 Engineered human myocardium preparation 

The media composition used for the preparation of EHM is described in detail in 

Table 17. 

 

EHM tissues were prepared according to an already described and published 

protocol (Tiburcy et al. 2017; Tiburcy et al. 2020). iPS derived cardiomyocytes 

differentiation and maintenance were described above. Fibroblasts provenance 

and maintenance were also discussed above. 

 

Briefly, a mixture of iPSC derived cardiomyocytes (25%), human fibroblasts 

(31%), 2X RPMI (14%), NaOH (0.27%), 2% Serum-free maturation medium that 

contains SFBM (IMDM+GlutaMAX, 1% 100X MEM-NEAA, 1% 100X penicillin/ 

streptomycin, 0.05% L-ascorbic acid + 4% B27 minus insulin, 0.01% IGF-1 

+ 0.1% VEGF   0.1% FGF)   0.1% TGFβ and collagen (27%) was moulded in a 

custom-made 48-wells plate and incubated at 37°C, 5% O2. After 1 hour, the 

wells were filled with serum-free maturation medium containing TGF-β1, and the 

medium was replaced once a day during the two first days after the casting 

procedure. After this time, the serum-free maturation medium containing TGF-β1 

was replaced by serum-free maturation medium without TGF-β1 and changed 



Material and methods 

46 | P a g e  
 

every other day for 30 days until the tissue reached maturation. Experiments were 

performed between d30 and d40 after EHM casting. 

 

Serum-free base 

medium (SFBM) 

Serum-free 

maturation 

medium 

(SFMM) 

Serum-free 

maturation 

medium + 

TGF-β1 

Distributor, product 

reference, storage 

conditions 

500 ml 

IMDM + GlutaMAX 

 

- - 
Gibco,  

Cat. #21056-023, 4°C 

5.1 mL 100X 

MEM-NEAA (1%) 

 

- - 
Invitrogen,  

Cat. #11140035, 4°C 

5.1 mL 100X 

penicillin/streptomycin 

(1%) 

 

- - 

Gibco,  

Cat. #15140122, -20°C 

  

- SFBM 47.8 ml SFBM 47.8 ml - 

- 

50 μL IGF-1 

(1:1000) 

 

50 μL IGF-1 

(1:1000) 

 

Peprotech,  

Cat. #AF-100-11, −20 °C 

- 

50 μL VEGF 

(1:1000) 

 

50 μL VEGF 

(1:1000) 

 

Peprotech,  

Cat. #AF-100-20, −20 °C 

- 

50 μL FGF 

(1:1000) 

 

50 μL FGF 

(1:1000) 

 

Peprotech,  

Cat. #AF-100-18B, −20 °C 

- - 

50 μL 

TGF- β1 

(1:1000) 

 

Peprotech,  

Cat. #AF 100-21C, −20 °C 

Table 17: Engineered human myocardium medium composition. 
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2.3.2 Electrical and optical tachypacing  

After their complete maturation (28 days after casting), tissues were carefully 

transferred to a custom-made Teflon holder, and placed into a 6-well plate filled 

with 8 ml of SFMM without TGF-β1 (Table 17).  

 

The pacing plate (C-Dish, IonOptix) was carefully placed on top of the Teflon 

holder and the EHM, and the pacer started according to the desired protocol.  

The voltage and the duration of the pulse was adjusted according to their 

responsiveness to the pulses, and to ensure the overpowering of the 

spontaneous beating rate during the pacing period (typically 20-25 V, 5 ms 

biphasic pulse). 

2.3.3 Electrophysiological measurements 

Electrophysiological measurements were performed in a custom-built recording 

chamber perfused with heated (37°C) and carbonated (5% CO2, 95% O2) 

Tyrode’s modified solution (Table 18). Perfusion was continuous throughout the 

duration of each experiment. 

 

Molecule Concentration (in mmol/L) 

NaCl 126.7 

KCl 5.4 

MgCl2 1.1 

CaCl2 1.8 

NaHPO4 0.42 

NaHCO3 22 

Glucose 5.5 

Table 18: Sharp-microelectrode Tyrode's modified solution. 

 

For performing an experiment, the tissue was carefully positioned and stabilised 

in the centre of the chamber, and at least 30 minutes were allowed for 

accommodation before the start of each electrophysiological investigation.  
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Borosilicate glass capillaries (Hilgenberg, Germany) were pulled using a 

horizontal pipette puller (Zeitz, Germany). Electrical resistance was 30-60 MΩ. 

Pipettes were backfilled with a 3 M KCl solution. The signal was amplified using 

a Sec-05-X (npi, Germany) amplifier, digitised using LabChart PowerLab, and 

acquired and saved using the LabChart Pro 7 software (both: ADInstruments, 

New Zealand). 

 

The tissue was electrically stimulated using a custom-made electrode 

(FHC, USA). The stimulation pulse was a 1 ms monophasic pulse. The pulse 

amplitude was pre-defined as 30% higher than the value necessary to trigger an 

action potential and to overpower the spontaneous activity of the tissue. After 

successful tissue impalement, and after reaching a steady state, spontaneous 

action potentials were recorded. The tissue was then subjected to a train of 

electrical stimulations at increasing frequencies (1 Hz, 2 Hz and 3 Hz). 

2.3.4 Data analysis  

Analysis was performed using LabChart pro and GraphPad Prism 7 

(GraphPad Software Inc., USA). The average values of 10 consecutive action 

potentials were calculated in LabChart Pro. The following parameters were 

measured: resting membrane potential (RMP), action potential maximum 

upstroke velocity (dV/dtmax), action potential amplitude (APA) and the action 

potential duration at 20, 50 and 90% of repolarisation (respectively APD20, 

APD50 and APD90).  

 

Statistical analysis was performed using the statistical tool of GraphPad Prism 

10. Details of the test conditions are specified for each experiment. 

2.4 Light pacer  

The light pacing device was custom-built and adjusted to the purpose of the 

experiment and the experimental model used. Briefly, LEDs were mounted on a 

breadboard encased in a 3D-printed case, and connected to a trigger box, to 

control the illumination parameters. 
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For the optical pacing of atrial EHM generated using atrial EHM generated using 

atrial iPSC transfected with an adeno-associated-virus-2 carrying a 

channelrhodopsin-2, blue LEDs (455 nm) were used. For the optical pacing of 

atrial EHM generated using atrial iPSC modified to express the fast variant of the 

channelrhodopsin chrimson, red LEDs were used (625 nm). 

2.5 Light sensitive engineered human myocardium 

experiments 

2.5.1 Virus-based engineered human myocardium generation 

Virus transduction 

Freshly differentiated iPSC-derived atrial cardiomyocytes were transduced using 

an adeno-associated virus carrying a channelrhodopsin coupled with a 

fluorescent reporter mCherry protein. The plasmid of the virus was chosen 

according to a previous publication from Lapp et al. , that showed adequate light 

sensitivity in cells (Lapp et al. 2017). 

 

The whole sequence of the plasmid can be found in the Supplemental 

content 7. 

 

Briefly, freshly prepared and warmed-up cardiomyocyte culture medium (Table 

12) was added to the desired well, and virus at a concentration of 105 gene copies 

per cell was added to the cells. Even distribution was ensured while carefully 

doing infinite (∞) sign-shape movements with the plate. The procedure was done 

on Friday afternoons. Medium was changed with fresh cardiomyocyte culture 

medium on the following Monday. After this time, cells were treated like normal 

iPSC cardiomyocyte in culture and followed the regular maintenance plan, so that 

their medium was changed every second day. 

Cell light sensitivity assessment  

Three days after the virus introduction, cells were isolated from the culture 

plate/well and replated on small glass coverslips for cell sensitivity assessment, 

using the plating protocol described above. Cells were plated at the density of 
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20.000 cells/coverslip. At least three days were let to the cells plated on glass 

coverslips before being used, to ensure full recovery from the isolation procedure. 

 

The coverslip was then transferred in a measuring chamber heated at 37°C 

(RC-24E, Warner Instruments, USA) sealed with a glass coverslip and filled with 

preheated Tyrode’s solution, pH=7.4 (Table 19). 

 

Molecule Concentration (in mmol/L) 

NaCl 140 

KCl 4 

MgCl2 1 

CaCl2 2 

Glucose 10 

HEPES 10 

Table 19: Tyrode's solution used for light sensitivity assessment in atrial 

cardiomyocytes derived from induced pluripotent stem cells transfected with an 

adeno-associated-virus-2 carrying a channelrhodopsin-2.  

 

For the illumination protocol, cells were let in the dark in the heating chamber for 

accommodation for a few minutes. Under the microscope, when a cell was found, 

a series of light pulses using 455 nm LEDs were applied to it and the cell response 

was recorded live in a TIF format at 60 images per second for future video 

reassembly. Light intensity and pulse duration were defined using a Myopacer 

(Ionoptix, USA). 

After the data acquisition, force spectra were analysed using the “MYOCYTER” 

plugin of ImageJ (Grune et al. 2019). 

Cell quantification assays 

To quantify virus transduction, flow cytometry cell counting was performed using 

a BD Accuri C6 plus Flow Cytometer (BD Biosciences, USA). First, cells were 

isolated using the protocol described in chapter 2.2.3. Next, FACS tubes 

containing 5.105 cells resuspended in 500 µl PBS without Ca2+ and Mg2+ were 

prepared. Prior to the experiment, 5 µl of 7-aminoactinomycin D (7-DD) was 

added to each tube and left to incubate for 10 minutes at room temperature in the 
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dark. On completion of incubation, aliquots containing the cells were mounted on 

the cell sorting system and acquisition was started with the protocol running at an 

acquisition speed of 20.000 events per second. Cell type discrimination was 

based on the 625 nm emission wavelength of the AAV-2 transfected cells, 

expressing the fluorochrome mCherry. FlowJo™ v10.8.1 software was used for 

the data analysis. 

2.5.2 Optogenetic stimulation of engineered human myocardium 

For optical pacing, selected EHM were transferred with their maturation 

stretchers on a Teflon mould in a 6-well plate filled with serum-free maturation 

medium (Table 17). The optical pacing plate with the correct set of LEDs (455 nm 

for AAV2-ChR2 and 625 nm for chrimson) was positioned above the 6-well plate, 

and the light signal parameters were chosen using an external trigger box. Light 

pulses of 188 µW/mm² intensity, were delivered to the tissues at 1 Hz or 3 Hz, for 

a duration of 1 day or 7 days. 

 

The entire system was placed in an incubator at 37°C and 5% CO2.  

2.5.3 Acute and long-term force measurements in response to light pulses 

in atrial engineered human myocardium 

For the acute and long-term force measurements in response to light pulses, 

EHM were first carefully removed from their maturation stretchers, and mounted 

on a custom-made modular bioreactor described previously (Kensah et al. 2011).  

 

Briefly, the bioreactor consists of a central cultivation chamber connected to a 

rostral linear motor and caudally to an inductive displacement transducer. The 

EHM was mounted inside the cultivation chamber and connected to both 

modules. The cultivation chamber was filled with 37°C pre-warmed sterile 

serum-free maturation medium (Table 17, replaced every two days) and the 

entire bioreactor was stored in an incubator at 37°C with 5% CO2 for the whole 

measurement period. The custom-made LED optical stimulator 

(described above) was placed underneath the transparent cultivation chamber to 

deliver defined light pulses (1 Hz, 118 µW/mm2 intensity, 5 ms).  
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The experiment was monitored live, and every hour, a recording fragment of 

10 minutes was automatically saved. Each recording fragment data was 

analysed using LabChart 10. 

2.6 Quantitative polymerase chain reaction assays 

Primer sequences are listed in Table 20. 

 

Total RNA was isolated from iPSC, EHM and native human tissue samples using 

TRIzol (Thermo Fisher Scientific, Waltham, MA, USA, #15596018) via 

phenol-chloroform extraction. Remaining genomic DNA was removed using 

RNase-free DNase I (Thermo Fisher Scientific, Waltham, MA, USA, #EN0521). 

 

1 µg DNAse-treated RNA was transcribed into complementary DNA (cDNA) 

using a RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, 

Waltham, MA, USA, #K1622) and random hexamer primers. Quantitative 

real-time reverse transcriptase polymerase chain reaction (qPCR) was performed 

using SsoAdvancedTM Universal SYBR Green supermix (Bio-Rad, California, 

USA, #1725271). Therefore, 25 ng cDNA was used as template per reaction. 

Fluorescence detection was performed as follows: 10 minutes incubation at 95°C, 

followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. After 

40 cycles, the melt curve analysis was done to ensure amplicon specificity. For 

relative quantification, expression levels of all target genes were normalised to 

the housekeeping gene (GAPDH). Relative gene expression levels were 

calculated using the ΔΔCq method. It consisted in the subtraction ΔCq of the 

samples paced at 3 Hz from the average of ΔCq of samples paced at 1 Hz.  
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Gene Forward primer Reverse primer 

GAPDH 
GGAAGGTGAAGGTCGGAG

TCA 

GTCATTGATGGCAACAATATCCA

CT 

CACNA1C 
AATCGCCTATGGACTCCTC

TT 
GCGCCTTCACATCAAATCCG 

KCNJ2 GTGCGAACCAACCGCTACA CCAGCGAATGTCCACACAC 

KCNJ3 
TCGGCTATGGCTACCGATA

CA 
GTGCTCGCTGAACATGAGG 

KCNJ5 GCGCTTCAACTTGCTCGTC GCCACTGAGGTTTTCAACACA 

ADORA1 
CCACAGACCTACTTCCACA

CC 
TACCGGAGAGGGATCTTGACC 

CHRM2 
ACACCCTCTACACTGTGAT

TGG 
GTCCGCTTGACTGGGTAGG 

Table 20: Primers used for quantitative polymerase chain reaction assays. 

2.7 Statistical analysis 

Data is presented as mean±SEM unless otherwise specified.  

 

Continuous and unpaired data sets with a sample size of n ≥ 20 were assumed 

to be normally distributed in virtue to the central limit theorem and were tested 

using the unpaired t-test. Normality was tested for the data with sample size 

between n = 10-20, and non-normally distributed unpaired data was compared 

using the Mann-Whitney-U test. For unpaired data sets with unequal variances 

(using the F-test), Welch’s t-test was used. 

 

Paired data sets with normal distribution were compared using paired t-test, and 

correction was applicated in case of multiple comparison. Non-normally 

distributed data sets were compared using the Wilcoxon match-pairs signed rank 

test.  

 

 

https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:812
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3 Results 

3.1 Characterisation of atrial fibrillation in human myocardium 

3.1.1 Patients suffering from chronic atrial fibrillation show impaired 

action potential parameters 

The recording of action potentials (AP) in trabecular muscle from patients 

suffering from chronic atrial fibrillation (cAF) showed a very distinct profile in 

comparison with the AP recorded in sinus rhythm (SR) patients (Figure 6). The 

first visual impression showed a triangulation of the AP in favour to a loss of the 

plateau phase. Although the analysis of the action potential amplitude (APA) and 

the maximum upstroke velocity (dV/dtmax) did not show any significant differences 

(SR vs cAF respectively for APA and dV/dtmax: 93.20±1.33 mV vs 95.40±2.23 mV; 

186.4±5.4 V/s vs 178.2±9.45 V/s, n=128/29 vs 40/9, mean±SEM, 

Welch’s t-test, P>0.05), action potential duration at 90% repolarisation (APD90) 

was significantly shorter in cAF patients (SR vs cAF: 403.1±5.48 ms vs 

312.3±9.75 ms, P<0.001 with unpaired Welch’s t-test), and the RMP significantly 

hyperpolarised (SR vs cAF: -71.94±0.46 mV vs -74.27±0.72 mV, P<0.05 using 

Student’s t-test). Furthermore, the evaluation of the restitution curves showed 

that the APD was independent from stimulation frequency, and the maximum 

slope was lower in cAF (0.936 vs 0.466 for SR and cAF respectively). To 

conclude, the measurement of the effective refractory period showed a 

significantly reduced duration in the cAF group (SR vs cAF: 300.31±10.96 ms vs 

227.6±10.24 ms, P<0.001 with unpaired Mann-Whitney’s test) 
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Figure 6: Human action potential. A, Representative action potential elicited at 1 Hz 

measured in sinus rhythm (SR, light blue, n=128/29) and chronic atrial fibrillation 

(cAF, dark blue, n=40/9) patients and (B) the quantification of resting membrane 

potential (RMP), action potential amplitude (APA), maximum upstroke velocity (dV/dtmax) 

and action potential repolarisation duration at 90% repolarisation (APD90). C, Restitution 

curves. D, Quantification of the effective refractory period (ERP). Data shown as 

mean±SEM. ***P<0.01, using Welch’s t-test. n/N=number (n) of recordings from N 

patients. 
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3.1.2 Patients suffering from chronic atrial fibrillation have an impaired 

response to a muscarinic receptor agonist 

 

Figure 7: Effects of M2-receptor agonist carbachol perfusion on the human atrial 

action potential. Representative action potential elicited at 1 Hz from a patient in sinus 

rhythm (SR, A, n=5/5) or suffering from chronic atrial fibrillation (cAF, C, n=3/3) before 

(for SR: light blue trace, A; and for cAF: dark blue trace, B) and after the perfusion of 

10 μmol/L carbachol (CCh, purple traces). (B, D) Quantification of the effects of the 

perfusion of CCh on the resting membrane potential (RMP) and the action potential 

duration at 90 repolarisation (APD90). Data shown as mean±SEM. ***P<0.001 using 

paired Student’s t-test. n/N=number (n) of recordings from N patients. 

 

The response of the muscarinic-2 receptor (M2-receptor) to the pharmacological 

agent carbachol (CCh) or its natural agonist acetylcholine (ACh) is expected to 

be impaired in patients suffering from AF (Dobrev et al. 2005; Voigt N. et al. 2007). 

To confirm this hypothesis, we perfused 10 µmol/L CCh to tissues during the AP 

measurement (Figure 7). Perfusion of CCh resulted in a dramatic reduction of 

the APD in SR tissues (control vs CCh: 397.5±33.51 ms vs 84.97±10.26 ms, 

n=5/5 respectively P<0.001 using paired Student’s t-test) accompanied with a 

slight hyperpolarisation of the RMP (SR vs cAF: -71.9±2.14 mV 

vs -75.88±1.58 mV respectively, P>0.05 using paired Student’s t-test). However, 

effects on the APD90 or on the RMP were absent in tissues from cAF patients (for 

the APD90 and the RMP, control vs CCh: 388.8±70.92 ms vs 110.8±36.63 ms, 
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n=3/3, and -76.39±3.09 vs -78.85±1.27, both P>0.05 using Wilcoxon’s rank test), 

thus relating the hypothesis of an impaired response of the muscarinic receptor 

upon activation in cAF patients.  
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  SR cAF 

G
e

n
e

ra
l 

Patients, n 29 9 

   

Sex, male/female 24/5 8/1 

Age, y 66.1±9.5 70.1±8.6 

Body mass index, kg/m2 29.1±4.1 29.6±3.2 

    

In
te

rv
e

n
ti
o

n
 

CAD, n 26 7 

MVD/AVD, n 5 3 

Intervention CAD+MVD/AVD, n 2 1 

Intervention time, minutes 255.3±57.6 273.8±84.9 

ECC time, minutes 123.8±59.9 139.5±40.6 

    

A
n

a
m

n
e
s
is

 

Hypertension, n 26 8 

Diabetes, n 17 4 

Hyperlipidaemia, n 18 3 

NYHA (I/II/III), n 0/5/4 1/2/2 

Stroke, n 0 0 

TIA, n 1 0 

    

CC Creatinine, µmol/L 0.9±0.2 1.3±0.4 

    

E
c
h

o
c
a

rd
io

g
ra

p
h

y
 LAD, mm 42.9±7 45.3±4.9 

LVEDD, mm 50.2±8.8 54.8±8.1 

IVSd, mm 12.8±2.7 13.1±2.2 

LVPWd, mm 12.1±1.8 11.8±1.47 

LVEF, % 57.4±12.3 45.7±10.2 

Diastolic dysfunction, Grade I/II/III 5/4/0 2/3/2 

    

M
e

d
ic

a
ti
o
n
 

Digitalis, n 1 0 

ACE inhibitors, n 5 4 

AT1 blockers, n 5 2 

Dihydropyridines, n 5 3 

Diuretics, n 10 5 

Nitrates, n 6 0 

Lipid-lowering drugs, n 17 6 
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Table 21: Clinical characteristics of patients used for sharp-microelectrode 

experiments. SR, Sinus rhythm; cAF, chronic atrial fibrillation; CAD, coronary artery 

disease; MVD/AVD, mitral/aortic valve disease; ECC, extracorporeal circulation; NYHA, 

New York Heart Association Functional Classification; TIA, transient ischemic attack; 

CC, clinical chemistry; LAD, left atrial diameter; LVEDD, left ventricular end-diastolic 

diameter; IVSd, interventricular septum thickness at end-diastole; LVPWd, left 

ventricular posterior wall thickness at end-diastole; LVEF, left ventricular ejection 

fraction; ACE, angiotensin-converting enzyme; AT, angiotensin receptor. Data shown as 

mean±SEM. 
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3.2 Induced pluripotent stem cells as a model to study 

electrical remodelling associated with atrial fibrillation  

3.2.1 Elaboration of atrial cardiomyocytes derived from an induced 

pluripotent stem cell line to study atrial fibrillation 

 

Figure 8: Induced pluripotent stem cell differentiation protocol. A, Schematic model 

of the induced pluripotent stem cell (iPSC) cardiomyocyte differentiation protocols used 

in this study. Application of 1 µmol/L retinoic acid on day (d) 3 to day 6 induces an atrial 

specific subtype in the resulting iPSC derived cardiomyocytes. Modified from Seibertz et 

al. Basic Res Cardiol, in revisions. B, Photomicrograph of atrial cardiomyocyte derived 

from induced pluripotent stem cells employed in this study in dense 6 well plating (left) 

and sparsely plated monolayers on 10 mm glass coverslips (right) for live single cell 

measurements. Scale bar = 50 µm.  

A major limitation in the study of AF using human tissue is the limitation of 

freedom to the experimenter (mainly in terms of interventional studies) as it is 

associated with many requirements and imperatives that do not always depend 

on the experimenter only. Therefore, a study model is preferable, with the 

utilisation of iPSC being the most interesting for our purposes because of its large 

versatility. Hence, we generated atrial and ventricular cardiomyocytes derived 

from induced pluripotent stem cells (atrial and ventricular iPSC) using the protocol 
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described in Figure 8, and plated them onto small glass coverslips at a density 

of 10.000 cells/cm2. The measurement of their spontaneous beating frequency 

showed a higher rate in atrial iPSC than in ventricular iPSC (atrial vs ventricular 

iPSC (Melanie Ritter MD thesis, not shown here). Moreover, the mRNA 

expression levels of key ion channels involved in the cardiac AP were measured 

and showed similar expression profiles in our iPSC lines in comparison with 

native human material (Figure 9).  

 

Figure 9: Comparison of the mRNA expression levels of L-type Ca2+ channels and 

inward rectifier K+ channels in atrial and ventricular cardiomyocytes derived from 

induced pluripotent stem cells, and atrial and ventricular patient biopsies. 

Comparison of the mRNA expression levels of L-type calcium (Ca2+) channels (ICa,L) and 

inward rectifier K+ channels (IK1, IK,ACh) in atrial (A) and ventricular (V) cardiomyocytes 

derived from induced pluripotent stem cells (iPSC), and atrial (A) and ventricular (V) 

patient biopsies. Results from 7 atrial and 7 ventricular differentiations as well as 5 atrial 

and 4 ventricular patient biopsies. Data shown as mean±SEM normalised to atrial patient 

biopsies. *P<0.05, **P<0.01 and *** P<0.001 using Mann-Whitney U test. 
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3.2.2 Atrial and ventricular cardiomyocytes derived from induced 

pluripotent stem cells show distinct electrophysiological profile 

 

Figure 10: Optical action potential measurements in atrial and ventricular 

cardiomyocytes derived from induced pluripotent stem cells. A, Representative 

action potentials in atrial (blue trace, n=74/4) and ventricular (green trace, n=89/3) 

cardiomyocytes derived from induced pluripotent stem cells (atrial and ventricular iPSC) 

elicited at 1 Hz and analysis of their action potential duration at 50 and 90% repolarisation 

(respectively APD50 and APD90). B, Representative action potentials measured optically 

in atrial (n=11/2) and ventricular iPSC (n=10/2) at 1 Hz stimulation before (baseline, BL) 

and after the perfusion of the M2-receptor agonist carbachol (CCh, 2 µmol/L, purple 

traces), and (C) corresponding quantification of their APD50 and APD90. Data shown as 

mean±SEM. For atrial vs ventricular, *** P<0.001 using Welch’s t-test. For baseline vs 

carbachol, *P<0.05, ***<0.001 using paired Student’s t-test. n/N=number (n) of cell from 

N batches. Adapted from the MD thesis of Melanie Ritter with permission.  

 

To continue our investigation, we needed to assess the quality of our cells and 

the efficacy of our differentiation protocol. We performed optical AP 

measurements in both atrial and ventricular iPSC using optical dye techniques 

(Figure 10). We observed that ventricular iPSC had a longer plateau phase, but 

also that APD50 and APD90 were significantly longer in ventricular iPSC 

(ventricular vs atrial: for the APD50 116.4±7.82 ms, n=89/3, vs 65.46±4.96 ms, 

n=74/4, P<0.001 using Welch’s t-test; for the APD90, 203.6±11.33 ms vs 
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133±9.17 ms, P<0.001 using Welch’s t-test). Furthermore, the perfusion of 

2 µmol/L M2-receptor agonist CCh only resulted in an effect in atrial cells (control 

vs CCh, for the APD50: 78.84±11 ms vs 61.6±7.03 ms, n=11/2, P<0.05 using 

paired Student’s t-test and for the APD90: 185.5±16.52 ms vs 128.1±8.59 ms, 

P<0.001 using paired Student’s t-test) whereas perfusion in ventricular iPSC did 

not result in any changes of the APD (control vs CCh, for the APD50: 

122.9±16.75 ms vs 121±15.09 ms, n=10/2, and for the APD90: 338.3±60.21 ms 

vs 359.5±64.18 ms, both P>0.05 using paired Student’s t-test). Altogether, the 

results were suggesting an atrial specificity of our atrial iPSC. 

 

 

Figure 11: ICa,L measurement in atrial and ventricular cardiomyocytes derived from 

induced pluripotent stem cells. A, Voltage-clamp protocol (0.5 Hz, top) and 

representative membrane current (IM) trace (bottom) of L-type Ca2+ current (ICa,L) in atrial 

(blue) or ventricular (green) cardiomyocytes derived from induced pluripotent stem cells 

(atrial and ventricular iPSC). B, Corresponding quantification of peak ICa,L (atrial: n=66/2, 

ventricular: n=176/2). Data shown as mean±SEM. *P<0.05, **P<0.01 and ***P<0.001 

using Welch’s t-test. n/N=number (n) of cell from N batches. Adapted from Seibertz et 

al. 2022. 

We continued the electrophysiological characterisation with the measurement of 

the L-type Ca2+ current (ICa,L) using automated patch-clamp (Figure 11). The 

results showed a significantly larger current density in our ventricular cell line 
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(respectively for atrial and ventricular iPSC: -7.95±0.37 pA/pF, n=66/2 

vs -9.19±0.29 pA/pF, n=176/2, P<0.05 using unpaired Student’s t-test). 

 

Figure 12: Basal inward-rectifier and carbachol induced K+ current measurement 

in atrial and ventricular cardiomyocytes derived from induced pluripotent stem 

cells. A, Representative voltage-clamp recordings of basal inward-rectifier K+ current 

(IK1) and Carbachol (CCh)-activated IK,ACh in isolated atrial and ventricular 

cardiomyocytes derived from induced pluripotent stem cells (atrial and ventricular iPSC). 

Inset indicates depolarising ramp-pulse protocol. B, Quantification of total inward-rectifier 

K+ currents before (baseline, BL, IK1) and after application of CCh in atrial (n=77/6) and 

ventricular (n=31/4) iPSC at -100 mV. C, Concentration-response curves for 

CCh-mediated activation of IK,ACh defined as CCh-dependent increase of 

inward-rectifier-K+-current amplitude at -100 mV in atrial (n=7-77/6) and ventricular 

(n=143/1) iPSC. Data shown as mean±SEM. *** P<0.001 using paired Student’s t-test 

with Bonferroni multiple comparison procedure. #P<0.05 vs. atrial BL using Welch’s t-test 

with Bonferroni multiple comparison procedure. n/N=number (n) of cell from N batches. 

Adapted from the MD thesis of Robin Springer with permission. 

 



Results 

65 | P a g e  
 

Regarding the potassium currents (Figure 12), the current density measurement 

of the basal inward-rectifier K+-current IK1 was shown to be significantly smaller 

at -100 mV in atrial compared to ventricular iPSC (respectively for atrial vs 

ventricular iPSC: 16.75±1.56 pA/pF, n=77/6 vs 26.9±5.23 pA/pF, n=31/4, P<0.05 

using Welch’s t-test with Bonferroni multiple comparison procedure). 

Furthermore, the perfusion of 2 µmol/L CCh only resulted in an inward current 

(IK,ACh) in atrial iPSC (for basal vs CCh condition respectively: 16.75±1.56 pA/pF 

vs 43.69±4.29 pA/pF, P<0.001 using paired Student’s t-test with Bonferroni 

multiple comparison procedure), where no effect could be observed in ventricular 

iPSC (for basal vs CCh condition respectively: 26.9±5.23 pA/pF vs 

26.75±5.23 pA/pF, P>0.05 using paired Student’s t-test with Bonferroni multiple 

comparison procedure). Finally, concentration-response curves showed that the 

CCh effect was dose dependent. 

3.3 Electrical tachypacing in induced pluripotent stem cells 

3.3.1 Electrical tachypacing of atrial induced pluripotent stem cells 

induces electrical remodelling  

 

Figure 13: Tachypacing-induced remodelling of action potentials in 

cardiomyocytes derived from induced pluripotent stem cells. A, Representative 

action potentials elicited at 1 Hz in atrial cardiomyocytes derived from induced pluripotent 

stem cells (atrial iPSC) after 24-hour electrical pacing at 1 Hz (light blue) and 3 Hz (dark 

blue). B, Quantification of the action potential duration at 50 and 90% repolarisation 

(APD50 and APD90 respectively; 1 Hz: n=23/3, 3 Hz: n=28/3). Data are shown as 

mean±SEM. **P<0.01 using Welch’s t-test. n/N=number (n) of atrial iPSC from 

N batches. Adapted from the MD thesis of Melanie Ritter with permission. 
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To induce electrical remodelling in our study model, we decided to use the 

electrical tachypacing method originally described by Wijffels et al. (1995), which 

is now an accepted method to study electrical remodelling caused by atrial 

fibrillation in different study models, including 2D cellular models. Atrial iPSC 

plated on glass coverslips were electrically paced for 24 hours and their AP were 

measured using optical dyes (Figure 13). Results show that the electrical pacing 

induced a reduction of both APD50 (for 1 Hz vs 3 Hz pacing groups respectively: 

163±27.26 ms, n=23/3 vs 88.2±9.42 ms, n=28/3, P<0.01 using Welch’s t-test) 

and APD90 (for 1 Hz vs 3 Hz groups respectively: 386.5±48.31 ms vs 

235.8±12.2 ms, P<0.01 using Welch’s t-test) in the group paced at 3 Hz 

compared to 1 Hz pacing. 

 

Figure 14: Tachypacing-induced development of agonist independent constitutive 

IK,ACh activity. A, Representative recordings of inward-rectifier K+ currents before 

(baseline, BL) and after application of 2µmol/L carbachol (CCh) or (D), the selective IK,ACh 

blocker tertiapin (TTP, 100 nmol/L) in atrial cardiomyocytes derived from induced 

pluripotent stem cells (iPSC) after to 24-hour electrical pacing at 1 Hz (left) or 3 Hz (right). 

Voltage-clamp protocol (inset). B, Corresponding quantification of basal inward-rectifier 

K+ current (membrane current, IM) densities at -100 mV in absence and in the presence 

of CCH (1 Hz: n=22/4, 3 Hz n=34/4) or (E) TTP (1 Hz: n=19/2, 3 Hz n=18/2). 

C, Corresponding quantification of the IK,ACh or (F) the agonist independent constitutive 

IK,ACh (IK,Ach,c) defined as block of basal inward-rectifier K+ current in response to TTP. 

Data shown as mean±SEM. ***P<0.001 using paired Student’s t-test. n/N=number (n) of 

iPSC from N batches. Adapted from the MD thesis of Robin Springer with permission. 
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Interestingly, the measurement of IK,ACh in paced atrial iPSC (Figure 14) showed 

that the current density resulting in the application of CCh was significantly lower 

in 3 Hz paced cells (1 Hz vs 3 Hz respectively: 37.54±6.87 pA/pF, n=22/4 vs 

11.33±1.9 pA/pF, n=34/4, p<0.05 using Welch’s t-test), suggesting an 

impairement of the IK,ACh. Interestingly, the perfusion of the IK,ACh selective blocker 

tertiapin (TTP) unravelled the presence of an agonist independent and 

consitutively active IK,ACh current, that could at least partially explain the AP 

shortening observed.  

 

Figure 15: Tachypacing-induced remodelling of ICa,L in atrial cardiomyocytes 

derived from induced pluripotent stem cells. A, Voltage-clamp protocol (top) and 

representative membrane current (IM) recording (bottom) of ICa,L measured in atrial 

cardiomyocytes derived from induced pluripotent stem (atrial iPSC) cells after 24-hour 

pacing at 1 Hz (light blue, n=23/4) and 3 Hz (dark blue, n=28/4). B, Quantification of peak 

ICa,L. C, Integrated ICa,L expressed as estimated cytosolic Ca2+ influx. Data shown as 

mean±SEM. *P<0.05 and using Welch’s t-test. n/N=number (n) of atrial iPSC from 

N batches. Adapted from the MD thesis of Lea Stelzer with permission. 

 

Following electrical tachypacing, the L-type Ca2+ current was also measured 

(Figure 15). Atrial iPSC, electrically paced at 3 Hz, showed a significant reduction 

in their current density in comparison with cells paced at 1 Hz (1 Hz vs 3 Hz 

respectively: -6.63±0.39 pA/pF, n=58/4 vs -5.3±0.34 pA/pF, n=34/4; P<0.05 using 

Welch’s t-test). Furthermore, the measurement of the integrated Ca2+ current 

representing the total Ca2+ influx was shown to be significantly reduced, indicating 

a mechanism to prevent the cell from Ca2+ overload during high frequency 

beating rates. 
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3.3.2 Calcium pacing medium privation prevents electrical remodelling in 

atrial induced pluripotent stem cells 

 

 

Figure 16: Electrical tachypacing in low-Ca2+ medium prevents the electrical 

remodelling-induced action potential shortening. A, Representative optical action 

potential measured in atrial cardiomyocytes derived from induced pluripotent stem cells 

(atrial iPSC) after 24 hours of electrical pacing at 1 Hz (light blue, n=8/1) or 3 Hz (dark 

blue, n=8/1) in low Ca2+ medium and B, quantification of their action potential duration at 

50 and 90% repolarisation (APD50 and APD90 respectively). n/N=number (n) of atrial 

iPSC from N batches. Adapted from the MD thesis of Melanie Ritter with permission. 

 

Following this last observation, we assumed that Ca2+ overload could play a role 

in electrical remodelling of the atrial iPSC. To confront this hypothesis, we 

repeated the experiments in low Ca2+ conditions (Figure 16). The measurement 

of the optical action potentials showed no significant changes neither on APD50 

(for 1 Hz vs 3 Hz respectively: 142.3±9.47 ms, n=8/1 vs 169.8±17.52 ms, n=8/1, 

P>0.05 using Mann-Whitney’s test) nor APD90 (for 1 Hz vs 3 Hz respectively: 

320.5±14.9 ms vs 330.9±18.93 ms, P>0.05 using unpaired Student’s t-test). 
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Figure 17: Electrical tachypacing in low-Ca2+ medium prevents the electrical 

tachypacing-induced IK,ACh remodelling and the apparition of a constitutive IK,ACh. 

A, Representative recordings of inward-rectifier K+ currents before (baseline, BL) and 

after the perfusion of 2µmol/L carbachol (CCh) or (D) the selective IK,ACh blocker tertiapin 

(TTP, 100 nmol/L) in atrial cardiomyocytes derived from induced pluripotent stem cells 

(atrial iPSC) after to 24-hour electrical pacing at 1 Hz (left) or 3 Hz (right) in low-Ca2+ 

medium. Voltage-clamp protocol (inset). B, Corresponding quantification of basal 

inward-rectifier K+ current (membrane current, IM) densities at -100 mV in absence and 

presence of CCh (1 Hz: n=18/2, 3 Hz: n=30/2) or (E) TTP (1 Hz: n=15/2, 3 Hz: n=15/2). 

C, Corresponding quantification of the IK,ACh or (F) the agonist independent constitutive 

IK,ACh (IK,Ach,c) defined as block of basal inward-rectifier K+ current in response to TTP. 

Data shown as mean±SEM. ***P<0.001 using paired Student’s t-test. n/N=number (n) of 

atrial iPSC from N batches. Adapted from the MD thesis of Robin Springer with 

permission. 

 

Likewise, the measurement of the CCh induced IK,ACh in atrial iPSC paced in low 

Ca2+ medium showed the apparition of a current of similar amplitude in both 

groups (Figure 17; 1 Hz baseline vs 3 Hz baseline respectively: 

38.67±5.84 pA/pF, n=15/2 vs 35.2±4.22 pA/pF, n=15/2). Furthermore, the 

perfusion of 100 nmol/L TTP to unravel a constitutively active IK,Ach showed 

apparition of currents of comparable amplitude in both groups. These currents 

were in a similar range as the ones observed in the 1 Hz group in normal Ca2+ 

conditions (Figure 14 F). This finding did not support the theory of the 
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development of a constitutively active IK,ACh neither in the 1 Hz nor the 3 Hz 

electrically paced cells within the low Ca2+ medium (1 Hz in normal medium vs 

1 Hz in low-Ca2+ medium vs 3 Hz in low Ca2+ medium: 0.845±0.48 pA/pF vs 

0.682±0.28 pA/pF vs 0.58±0.25 pA/pF, all P>0.05 using Multiple t-test).  

3.4 Atrial fibrillation in an engineered human myocardium 

model  

3.4.1 Atrial and ventricular engineered human myocardium show distinct 

atrial and ventricular electrophysiological profiles  

 

Figure 18: Engineered human myocardium generation protocol. A, Schematic 

representation of the protocol used for the generation of atrial and ventricular engineered 

human myocardium (EHM). B, Pictures of a maturation plate and EHM 1 hour after (d0), 

1 day (d1) after and 30 days (d30) after the casting procedure. C, Quantification of the 

spontaneous beating frequency measured in atrial EHM (A, n=46/5) and ventricular EHM 

(V, n=13/3), 30 days after the casting procedure. Results shown as mean±SEM. *P<0.05 

using Mann whitney’s test. 
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To study the effects of the electrical tachypacing in a multicellular environment, 

we decided to generate engineered human myocardium (EHM) with the 

previously described iPSC. 30 days after the casting procedure when the tissues 

were considered mature, electrophysiological investigation was made using the 

sharp-microelectrode technique to measure their AP. Spontaneous beating 

frequency analysis showed that atrial EHM had a significantly higher 

spontaneous beating rate compared to ventricular EHM (atrial vs ventricular 

respectively: 1.3±0.09 Hz, n=46/5 vs 0.89±0.16 Hz, n=13/3, P<0.05 using Mann 

Whitney’s test, Figure 18). Furthermore, similar to the results obtained in human 

cells, APD50 and APD90 were significantly shorter in atrial EHM compared to 

ventricular EHM (for the APD50, atrial vs ventricular respectively: 60.26±4.33 ms, 

n=57/11 vs 94.9±5.43 ms, n=27/6; and for the APD90, atrial vs ventricular 

respectively: 102.5±3.43 ms vs 205.7±11.49 ms; both P<0.001 using Welch’s 

t-test, Figure 18). Finally, although non-significant, hyperpolarisation was 

observed in ventricular EHM compared to atrial EHM (-67.69±1.17 mV 

vs -66.15±1.5 mV for atrial vs ventricular respectively), significantly higher values 

were observed in dV/dtmax (for atrial vs ventricular respectively: 21.17±1.99 V/s 

vs 49.16±5.02 V/s, P<0.001 using Welch’s t-test) and APA (atrial vs ventricular 

respectively 109.8±3.75 mV vs 82.77±2.25 mV, P<0.001 using Welch’s t-test) in 

ventricular tissues.  

 

 

Figure 19: Electrophysiological characterisation of atrial and ventricular 

engineered human myocardium. A, Representative action potential elicited at 1 Hz in 

atrial (A, blue, n=57/11) or ventricular (V, green, n=27/6) EHM and (B) the quantification 

of the action potential parameters resting membrane potential (RMP), action potential 

amplitude (APA), maximum upstroke velocity (dV/dtmax) and action potential durations at 

50 and 90% repolarisation (respectively APD50 and APD90). Data shown as mean±SEM. 

**P<0.01 and ***P<0.001 using Welch’s t-test. n/N=number of recording (n) from 

N tissues. 
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The atrial-specific drug CCh was then perfused to the tissues. It resulted in an 

APD90 reduction in atrial EHM (control vs CCh respectively: 94.13±4.09 ms vs 

83.44±3.25 ms, n=6/6, P<0.05 using paired Student’s t-test) and a 

hyperpolarisation of the RMP (control vs CCh respectively: -66.61±3.80 mV 

vs -71.72±3.12 mV, n=6/6, P<0.05 using paired Student’s t-test). No effects were 

observed in ventricular EHM, neither for the RMP (-62.91±2.33 mV 

vs -62.86±2.93 mV, n=10/10, for control vs CCh respectively) nor the APD90 

(159.8±17.04 mV vs 169.6±20.15 mV, control vs CCh condition respectively, both 

P>0.05 using paired Student’s t-test). 

 

 

Figure 20: Action potential measurements in response to vagal agonist carbachol 

in atrial and ventricular engineered human myocardium. A,C Representative 

recordings of action potentials elicited at 1 Hz before (baseline, BL) and after application 

of the M2-receptor agonist carbachol (CCh, 10 µmol/L) in atrial (A, n=6/6) and ventricular 

(C, n=11/11) engineered human myocardium (EHM). (B,D) Corresponding quantification 

of the action potential duration at 50 and 90% repolarisation (APD50 and APD90 

respectively), resting membrane potential (RMP), upstroke velocity (dV/dtmax) and action 

potential amplitude (APA, n = 11/11). Data shown as mean±SEM. n/N = number (n) of 

recording from N EHM. 
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3.4.2 24-hour electrical tachypacing induces electrical remodelling in atrial 

engineered human myocardium 

 

Figure 21: Electrical remodelling of atrial engineered human myocardium induced 

by 24-hour electrical tachypacing. A, Representative action potentials elicited at 1 Hz 

in atrial engineered human myocardium (EHM) subjected to 24-hour electrical pacing at 

1 Hz (light blue, n=30/8) and 3 Hz (dark blue, n=30/8). B, Corresponding quantification 

of the action potential duration at 50 and 90% repolarisation (APD50 and APD90 

respectively), resting membrane potential (RMP), maximum upstroke velocity (dV/dtmax) 

and action potential amplitude (APA). Data shown as mean±SEM. **P<0.01 and 

***P<0.001 using Welch’s t-test. n/N=number (n) of recordings from N EHM. 

 

To test the hypothesis that electrical remodelling could be observed in atrial EHM, 

we subjected them to electrical tachypacing, and measured their AP using the 

sharp-microelectrode technique (Figure 21). Similar results as observed in our 

cellular model could be observed i.e. abbreviation of the APD90 in the group of 

EHM paced at 3 Hz in comparison to the group paced at 1 Hz (for 1 Hz vs 3 Hz 

atrial EHM respectively: 306.4±15.57 ms, n=30/8, vs 248.2±13.68 ms, n=30/8, 

P<0.001 using Welch’s t-test) without impairment of the other AP parameters 

(RMP, dV/dtmax and APA). 
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Figure 22: Effects of M2-receptor agonist carbachol on electrically paced atrial 

engineered human myocardium. A,C, Representative recordings of action potentials 

elicited at 1 Hz before (baseline, BL) and after application of the M2-receptor agonist 

carbachol (CCh, 10 µmol/L, purple) in atrial engineered human myocardium (EHM) 

subjected to 24-hour electrical pacing at 1 Hz (light blue, A, n=5/5) and 3 Hz (dark blue, 

C, n=6/6). B,D, Corresponding quantification of the action potential duration at 50 and 

90% repolarisation (APD50 and APD90 respectively), resting membrane potential (RMP), 

maximum upstroke velocity (dV/dtmax) and action potential amplitude (APA). Data shown 

as mean±SEM. *P<0.05, paired Student’s t-test. n/N=number (n) of recordings from 

N EHM.   

 

To investigate whether 24-hour electrical tachypacing altered the functioning of 

IK,ACh, we perfused 10 µmol/L of the M2-receptor agonist CCh to our tissues. 

Whereas atrial EHM paced at 1 Hz responded to the perfusion of the drug with a 

reduction in their APD90 (control vs CCh: 248±55.46 ms vs 184.6±51.84 ms, 

n=5/5, P<0.05 using paired t-test), no significant modifications in the AP 

parameters could be observed in the 3 Hz electrically paced group (Figure 22). 

 

Unfortunately, the prolongation of the electrical tachypacing failed and resulted in 

the death of the atrial EHM and atrial. To investigate whether atrial iPSC model 

could be used for the investigation of the electrical remodelling associated with 

long-term tachypacing, we had to find an alternative to circumvent this 

problematic. 
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3.5 Optogenetic tools to study long-term atrial tachypacing in 

atrial engineered human myocardium: the adeno-

associated-virus-channelrhodopsin-2 approach 

An optogenetic approach seemed to be fitting very well with our purpose. The 

major limitation associated with the electrical tachypacing appeared to not be of 

concern with this approach as the cell contraction is triggered by light pulses and 

not electrical pulses anymore, thus preventing the faradaic reactions, suspected 

to be at the origin of our EHM death during the long-term electrical pacing 

protocols. 

 

Figure 23: Plasmid construction of the adeno-associated-virus carrying the 

channelrhodopsin-2.  
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The first approach decided was designed around the utilisation of an AAV-2 

vector to bring a channelrhodopsin-2 (ChR2) to the atrial iPSC and confer them 

light sensitivity. 

This approach had already been successful in a cellular model (Bruegmann et al. 

2010), and this particular virus also has the advantage of carrying a reporter gene 

(mCherry) that would allow us to quantify the expression of the virus in our cell 

line. 

3.5.1 Successful introduction of channelrhodopsin-2 into atrial 

cardiomyocytes derived from induced pluripotent stem cells using 

an adeno-associated-virus-2 vector 

 

Figure 24: Functional assessment of light sensitivity in atrial cardiomyocytes 

derived from induced pluripotent stem cells transfected with an adeno-associated-

virus-2 carrying a channelrhodopsin-2. A, Representative picture of a control and 

(C) of a virus transfected atrial cardiomyocyte derived from induced pluripotent stem 

cells. (B, D, left figure) Live imaging analysis of cell contraction in absence (black) or 

presence of 1 Hz light pulses (blue rectangles) and (B,D, right figure) analysis of the 

beating frequency over the time period. 

 

First, we transfected the atrial iPSC with a viral charge concentration of 105 gene 

copies/cell and plated them on small glass coverslip 3 days later to subject them 

to the illumination protocols using 450 nm LED light pulses. Hence, we applied 
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trains of 1 Hz light pulses (3 ms square light pulses) to both control and atrial 

iPSC that received the virus and observed that only the cells carrying the virus 

were responding to the light pulses (Figure 24). 

 

 

Figure 25: Flow cytometry analysis of atrial derived pluripotent stem cells 

transfected with an adeno-associated-virus-2 carrying channelrhodopsin-2. Flow 

cytometry analysis of living (7-AAD negative) non-transfected atrial cardiomyocytes 

derived from induced pluripotent stem cells (atrial iPSC, grey) and atrial iPSC transfected 

with an adeno-associated-virus-2 carrying a channelrhodopsin-2 (red). Adapted from the 

MD thesis of Fiona Popp with permission. 

 

To assess the transfection rate, we performed a flow cytometry cell sorting assay, 

and the results showed that about 48% of the cell population was positive to 

mCherry (Figure 25). 
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3.5.2 Atrial engineered human myocardium generated with atrial 

cardiomyocytes derived from pluripotent stem cells transfected with 

an adeno-associated-virus-2 carrying a channelrhodopsin-2 are light 

sensitive, but long-term introduction of the virus impairs 

electrophysiology of the tissues 

 

Figure 26: Functional assessment of light sensitivity in atrial engineered human 

myocardium generated using atrial cardiomyocytes derived from induced 

pluripotent stem cells transfected with an adeno-associated-virus-2 carrying a 

channelrhodopsin-2. A, Picture of an atrial engineered human myocardium prepared 

with atrial cardiomyocytes derived from induced pluripotent stem cells transfected with 

an adeno-associated-virus-2 carrying a channelrhodopsin-2 (AAV2-ChR2 atrial EHM) 

mounted on the illumination set-up. B, Picture of the 620 nm mCherry emission from a 

AAV2-ChR2 atrial EHM. C, Representative recording of an illumination protocol and 

(D) quantification of the results. n=3/1. Data shown as mean±SEM. n/N: number of EHM 

(n) from N batches. 

 

Because it has never been investigated whether the light sensitivity of the cells 

would be kept after such a long-time post-transfection, we first had to ensure the 

light sensitivity would remain in the tissues. Therefore, we ran illumination 

protocols at 450 nm and assessed the responsiveness of the tissues to the light 

pulses (Figure 26). Analysis of the chronaxie (66.26±0.01 ms) and a rheobase 

(1.74 µW/mm2) demonstrated the light sensitivity of the constructs. The 
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acquisition of these functional values also was particularly interesting for us as it 

would serve us as base for the design and the technical requirements of our light 

pacing device, and the design of our optical pacing protocols. 

 

 

Figure 27: Long-term electrophysiological effects of the introduction of a 

channelrhodopsin-2 using an adeno-associated-virus-2 vector. A, Representative 

action potential elicited at 1 Hz measured in a control atrial engineered human 

myocardium (EHM, Ctrl, n=9/1) or in an atrial EHM prepared with atrial cardiomyocytes 

derived from induced pluripotent stem cells transfected with an adeno-associated-virus-

2 carrying a channelrhodopsin-2 (ChR-2, n=4/1) EHM and (B) quantification of the 

resting membrane potential (RMP), action potential amplitude (APA), maximum upstroke 

velocity (dV/dtmax) and action potential duration at 90% repolarisation (APD90). 

C, Quantification of the spontaneous beating frequency. Data shown as mean±SEM. 

**P<0.01, using Welch’s t-test. n/N=number (n) of recordings from N EHM. 

  

Another important aspect of the long-term introduction of the virus into the cells 

was to ensure it has no effects on the normal electrophysiology of the cells. To 

assess this point, we prepared atrial EHM with and without virus-transfected cells 

and measured their AP using the sharp-microelectrode method. Results showed 

that although the introduction of the virus did not alter the RMP, APA, dV/dtmax or 

the spontaneous beating frequency, it had an effect on the APD, especially on 

the APD90, which was significantly reduced in the AAV2-ChR2 atrial EHM (control 
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vs AAV2-ChR2 atrial EHM respectively: 142±2.53 ms, n=9/1, vs 119±3.67 ms, 

n=4/1, p<0.01 using Mann-Whitney’s test). 

3.5.3 Optical tachypacing of atrial engineered human myocardium 

generated with atrial induced pluripotent stem cells transfected with 

an adeno-associated-virus-2 carrying a channelrhodopsin-2 induces 

electrical remodelling 

 

Figure 28: Self-constructed pacer for the optical pacing of atrial engineered human 

myocardium expressing the channelrhodopsin-2. A, Schematic circuit diagram of the 

custom-made LED-plate used to stimulate atrial engineered human myocardium 

prepared with atrial cardiomyocytes derived from induced pluripotent stem cells 

expressing a channelrhodopsin-2. DR, dropping resistor, PR, parallel resistor. B, Bottom 

view of LED-plate and housing covering a standard six-well plate. C, Picture of the whole 

system including from left to right: the stimulation controller, the pacing plate and current 

controller. 

 

Although it seemed that long-term introduction of the channelrhodopsin into the 

cells had a deleterious effect on their electrophysiology, we still decided to run 

the optical pacing protocol using our self-constructed optical pacing device, to 

observe whether we could measure any remodelling in these tissues. Results 

showed that after 24 hours of optical pacing, tissues paced at 3 Hz recapitulated 

the electrical remodelling already observed in atrial iPSC, but also using the 

electrical tachypacing on non AAV-2-transfected atrial EHM. Hence, we observed 

no impairment on the RMP or the APA, but a significantly reduced APD90 in the 
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3 Hz optically paced group (1 Hz vs 3 Hz respectively: 515.9±5.66 ms, n=11/2 vs 

410±12.65 ms, n=10/2, p<0.001 using Mann-Whitney’s test). 

 

 

Figure 29: Electrical remodelling of atrial engineered human myocardium 

generated with atrial induced pluripotent stem cells transfected with an adeno-

associated-virus-2 carrying a channelrhodopsin-2 induced by 24-hour electrical 

tachypacing. A, Representative action potentials elicited at 1 Hz in atrial engineered 

human myocardium (EHM) subjected to 24-hour electrical pacing at 1 Hz (light blue, 

n=11/2) and 3 Hz (dark blue, n=10/2). B, Corresponding quantification of action potential 

duration at 50 and 90% repolarisation (APD50 and APD90 respectively), resting 

membrane potential (RMP), maximum upstroke velocity (dV/dtmax) and action potential 

amplitude (APA). Data shown as mean±SEM. **P<0.01 and ***P<0.001 using Welch’s 

t-test. n/N=number (n) of recordings from N EHM. 

3.6 Optogenetic tools to study long-term atrial tachypacing in 

atrial engineered human myocardium: the chrimson 

approach 

To circumvent the difficulties associated with the long-term introduction of the 

ChR2 using an AAV-2, we decided to change our strategy and used CRISPR-Cas 

modified stem cell line expressing a fast variant of the light-gated 

channelrhodopsin chrimson. 
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3.6.1 Chrimson atrial engineered human myocardium show distinct atrial 

electrophysiological specificity 

Because we acquired the cell line as stem cell, we first had to ensure our 

differentiation protocol would work and reliably provide us with atrial specific 

iPSC. Therefore, we differentiated atrial and ventricular chrimson iPSC using our 

standard differentiation protocol described in Figure 8, generated atrial and 

ventricular chrimson EHM and assessed their electrophysiology using the 

sharp-microelectrode technique (Figure 30).  

 

 

Figure 30: Electrophysiological characterisation of atrial and ventricular chrimson 

engineered human myocardium. A, Representative recordings of action potentials 

elicited at 1 Hz in atrial (A. Chr, n=12/3) and ventricular (V. Chr, n = 5/2) chrimson 

engineered human myocardium (EHM). (B) Corresponding quantification of the action 

potential duration at 50 and 90% repolarisation (APD50 and APD90 respectively), resting 

membrane potential (RMP) and action potential amplitude (APA). C, Restitution curves. 

Data shown as mean±SEM. *P<0.05, **P<0.01 and ***P<0.001 using Welch’s t-test. 

n/N = number (n) of recording from N EHM. Adapted from the MD thesis of Fiona Popp 

with permission. 
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Results showed longer APD at 20, 50 and 90% repolarisation in ventricular 

chrimson EHM compared to the atrial chrimson EHM (respectively for atrial vs 

ventricular EHM; n=12/3 and n=5/2; APD20: 102.8±2.19 ms vs 141.4±10.19 ms, 

p<0.01; APD50: 144.6±2.49 ms vs 224.6±4.25 ms, p<0.001; APD90: 

270.6±15.73 ms vs 361.6±20 ms, p<0.01 using Mann-Whitney’s test). This 

finding was independent of the stimulation frequency applied. Furthermore, 

results showed a hyperpolarised RMP (atrial vs ventricular chrimson EHM 

respectively: -71.8±0.98 mV vs -67.49±1.22 mV, p<0.05 using Mann-Whitney’s 

test) and a higher APA (for atrial vs ventricular chrimson EHM respectively: 

103.4±2.04 mV vs 112.4±1.3 mV, p<0.05 using Mann-Whitney’s test) in atrial 

chrimson EHM compared to ventricular chrimson EHM). 

 

 

Figure 31: Action potential measurements in response to M2-receptor agonist 

carbachol in atrial chrimson engineered human myocardium. A, Representative 

recordings of action potentials elicited at 1 Hz before (Control, Ctrl) and after perfusion 

of the M2-receptor agonist carbachol (CCh, 10 µmol/L). (B) Corresponding quantification 

of the action potential duration at 50 and 90% repolarisation (APD50 and APD90 

respectively), resting membrane potential (RMP), upstroke velocity (dV/dtmax) and action 

potential amplitude (APA). n = 6/5. Data shown as mean±SEM. *P<0.05 , **P<0.01, 

***P<0.001 using paired Student’s t-test. n/N = number (n) of recording from N EHM. 

Adapted from the MD thesis of Fiona Popp with permission. 
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Finally, we perfused CCh to the atrial chrimson EHM (Figure 31), and it led to a 

reduction of the APD90 (control vs CCh respectively: 220.4±19.78 ms, n=6/6 vs 

248.3±19.92 ms, p<0.01 using Student’s paired t-test), and a hyperpolarisation 

of the RMP (control vs CCh respectively: -73.67±0.56 mV vs -75.67±0.63 mV, 

p<0.05 using Student’s paired t-test). 

3.6.2 Chrimson atrial engineered human myocardium is light sensitive  

Next, we prepared our tissues to perform illumination protocols, and measured 

the response of the tissues to light stimulation. In order to optimise the future 

optical pacing conditions and adequately choose the LEDs to use on our optical 

light pacer, we decided to run the protocol using different light wavelengths and 

investigate the maximum responsiveness of the tissues (Figure 32).  

 

 

Figure 32: Functional assessment of light sensitivity in chrimson atrial engineered 

human myocardium. A, Picture of an atrial chrimson engineered human myocardium 

(EHM) mounted on the illumination set-up. B, Picture of the 515 nm eGFP emission from 

a chrimson atrial EHM. C, Representative recording of an illumination protocol run at 

625 nm and (D) quantification of the results at the different light wavelengths. E, Result 

of the illumination protocol at 1 ms. n=7/2. Data shown as mean±SEM. n/N: number of 

EHM (n) from N batches. 

 

The analysis of the rheobase showed a higher response to red shifted 

wavelengths, with a maximum sensitivity observed at 625 nm (455 nm vs 515 nm 
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vs 560 vs 625 nm: 22.96±16.40 vs 13.10±3.25 vs 10.66±4.115 vs 

6.48±1.78 µW/mm2). 

3.6.3 24-hour optical pacing induces electrical remodelling in atrial 

chrimson engineered human myocardium 

Finally, we optically paced our atrial chrimson EHM for 24 hours using 625 nm 

LEDs and measured their AP using sharp-microelectrode technique (Figure 33). 

The results showed no modifications in RMP, APA or dV/dtmax, but a significantly 

reduced APD50 (1 Hz vs 3 Hz respectively: 125±4.9 ms, n=48/14 vs 

141.9±6.17 ms, n=61/15, p<0.05 using Student’s t-test) and APD90 (1 Hz vs 3 Hz 

respectively: 239.7±6.17 ms vs 215.7±4.87 ms, p<0.01 using Student’s t-test) in 

atrial chrimson EHM paced at 3 Hz compared to the 1 Hz optically paced group. 

 

 

Figure 33: Electrical remodelling of atrial chrimson engineered human 

myocardium induced by 24-hour optical tachypacing. A, Representative action 

potentials elicited at 1 Hz in atrial engineered human myocardium (EHM) after 24-hour 

optical pacing at 1 Hz (light red) and 3 Hz (dark red). B, Corresponding quantification of 

the action potential duration at 50 and 90% repolarisation (APD50 and APD90 

respectively) resting membrane potential (RMP), upstroke velocity (dV/dtmax) and action 

potential amplitude (APA; 1 Hz: n=49/14, 3 Hz: n=61/15). Data shown as mean±SEM. 

*P<0.05, **P<0.01, using Welch’s t-test. n/N=number (n) of recordings from N EHM. 

Adapted from the MD thesis of Fiona Popp with permission. 

 

Furthermore, we perfused CCh on both 1 Hz and 3 Hz optically paced EHM and 

observed that only the atrial chrimson EHM paced at 1 Hz reacted to the drug 

perfusion (Figure 34). This response was characterised by a significant reduction 

in APD90 (control vs CCh condition respectively: 217.7±20.7 ms, n=8/8 vs 

170.6±17.71 ms, p<0.05 using Student’s paired t-test).  
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Figure 34: Effects of M2-receptor agonist carbachol on 24-hour optically paced 

atrial engineered human myocardium. A,C, Representative recordings of action 

potentials elicited at 1 Hz before (baseline, BL) and after application of the M2-receptor 

agonist carbachol (CCh, 10 µmol/L) in atrial chrimson engineered human myocardium 

(EHM) subjected to 24-hour optical pacing at 1 Hz (A) and 3 Hz (C). B,D, Corresponding 

quantification of action potential duration at 50 and 90% repolarisation (APD50 and APD90 

respectively), resting membrane potential (RMP), maximum upstroke velocity (dV/dtmax) 

and action potential amplitude (APA; 1 Hz: n=8/5, 3 Hz: n=10/5). Data shown as 

mean±SEM. *P<0.05, paired Student’s t-test. n/N=number (n) of recordings from N EHM. 

Adapted from the MD thesis of Fiona Popp with permission. 

 

Interestingly, mRNA level measurements in atrial chrimson EHM showed that the 

expression of the KCNJ5 gene coding for the inward rectifier K+ channel was 

significantly lowered in the 3 Hz paced group. However, CACNA1C (ICa,L), 

KCNJ2 (IK1), KCNJ3 (IK,ACh), CHRM2 (M2-R) and ADORA1 (A1-R) mRNA levels 

were unchanged after 24 hours of optical pacing (Figure 35). 
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Figure 35: mRNA levels of L-Type Ca2+ channels, inward-rectifier K+ channels, 

muscarinic receptors and adenosine receptors in atrial engineered human 

myocardium subjected to 24-hour optical tachypacing. mRNA levels of CACNA1C, 

KCNJ2, KCNJ3 and KCNJ5 (A), as well as CHRM2 and ADORA1 (B) were plotted as 

single values against the corresponding APD90. Squares indicate mean±SEM. **P<0.01 

using Mann-Whitney-U test. 

3.6.4 7-day optical pacing extends the spectrum of electrical remodelling 

in atrial chrimson engineered human myocardium 

Following the acute (24 hours) experiments, we aimed to increase the pacing 

duration to one week to assess whether we could use our EHM model for the 

study of electrical remodelling after long-term optical tachypacing.  
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Figure 36: Continuous optical long-term pacing for 7 days at 1 Hz. A, 

Representative recordings of force of contraction of atrial EHM on day 1, day 4 and day 7. 

B, Timecourse of corresponding time-to-peak, amplitude and frequency values based on 

measurements in 1-4 atrial engineered human myocardium. Data shown as mean±SEM. 

 

An important aspect of the long-term pacing protocol is ensuring that the tissues 

respond to the optical stimuli throughout the experimental protocol. Therefore, we 

mounted our chrimson atrial tissues on a force measurement chamber and 

observed their responses to light stimuli for one week (Figure 36). Pictures of the 

experimental set-up can be found in the Supplemental figure 5. The 

experiments showed that the light capture remained perfect over time, with a 1 Hz 

response after the seventh day of pacing. Interestingly, the results showed an 

increase of the force amplitude after one week, although time to peak remained 

the same. 
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Figure 37: Electrical remodelling of atrial engineered human myocardium induced 

by 7-day optical tachypacing. A, Representative action potentials elicited at 1 Hz in 

atrial chrimson engineered human myocardium (EHM) subjected to 7-day (7 d) optical 

pacing at 1 Hz (light red) and 3 Hz (dark red). B, Corresponding quantification of the 

action potential duration at 50 and 90% repolarisation (APD50 and APD90 respectively), 

resting membrane potential (RMP), maximum upstroke velocity (dV/dtmax) and action 

potential amplitude (APA; 1 Hz: n=45/8, 3 Hz: n=23/9). Data shown as mean±SEM. 

*P<0.05, **P<0.01, ***P<0.001 using Welch’s t-test. n/N=number (n) of recordings from 

N EHM. Adapted from the MD thesis of Fiona Popp with permission. 

 

We then repeated the pacing protocol using the 1 Hz and 3 Hz pacing frequencies 

on freshly matured atrial chrimson EHM and measured their AP using the 

sharp-microelectrode set-up after one week of optical pacing (Figure 37). The 

results showed that tissues paced at 3 Hz did not only have a significantly 

shortened APD50 and APD90 (for APD50: 1 Hz vs 3 Hz respectively, 

157.2±4.08 ms, n=45/8 vs 123.1±4.57 ms, n=23/9, p<0.001 using Welch’s t-test; 

for APD90: 1 Hz vs 3 Hz respectively, 270.5±6.77 ms vs 233.8±10.33 ms, p<0.01 

using Welch’s t-test), but the RMP was also significantly hyperpolarised in tissues 

paced at 3 Hz (1 Hz vs 3 Hz respectively: -72.47±0.77 mV vs -75.69±0.51 mV, 

p<0.01 using Welch’s t-test). Interestingly, dv/dtmax and APA values were 

significantly higher in 3 Hz paced tissues as well (for dV/dtmax, 1 Hz vs 3 Hz; 

60.36±3.07 V/s vs 72.11±4.63 V/s, p<0.05 using Welch’s t-test; for APA, 1 Hz vs 

3 Hz respectively: 110.6±1.38 mV vs 116.2±0.79 mV, p<0.05 using Welch’s 

t-test). 
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Figure 38: Effects of M2-receptor agonist carbachol on atrial engineered human 

myocardium optically paced for 7 days. A,C, Representative recordings of action 

potentials elicited at 1 Hz before (baseline, BL) and after application of the M2-receptor 

agonist carbachol (CCh, 10 µmol/L, purple traces) in atrial chrimson engineered human 

myocardium (EHM) subjected to 1-week optical pacing at 1 Hz (light red, A, n=4/4) and 

3 Hz (dark red, C, n=5/4). B,D, Corresponding quantification of the action potential 

duration at 50 and 90% repolarisation (APD50 and APD90 respectively), resting 

membrane potential (RMP), maximum upstroke velocity (dV/dtmax) and action potential 

amplitude (APA). Data shown as mean±SEM. *P<0.05 using paired Student’s t-test. 

n/N=number (n) of recordings from N EHM. Adapted from the MD thesis of Fiona Popp 

with permission. 

 

To conclude, we measured the effects of the perfusion of the M2-receptor agonist 

CCh on the tissues optically paced for one week (Figure 38). The measurement 

of their AP before and after the perfusion of CCh showed that the tissues paced 

at 1 Hz still showed a response to the drug characterised by a significant 

reduction in the APD90 (control vs CCh condition respectively, 234.6±29.12 ms 

vs 197±24.98 ms, n=4/4, p<0.05 using Student’s paired t-test), whereas it was 

blunted in the 3 Hz paced group and no effects could be observed neither on the 

APD50 or APD90, nor on the other AP parameters. 
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4 Discussion 

4.1 Induced pluripotent stem cells serve as a model to study 

electrical remodelling associated with atrial fibrillation 

In the first part of this thesis, we showed that we could generate atrial 

cardiomyocytes derived from induced pluripotent stem cells (atrial iPSC) that 

exhibit atrial specific electrophysiological characteristics and use them to 

generate atrial engineered human myocardium (EHM). The atrial iPSC showed 

a higher spontaneous beating frequency compared to ventricular iPSC but also 

a shorter optical action potential (AP). At the current level, smaller current 

densities for the L-type calcium (Ca2+)-current (ICa,L) and the inward rectifier 

potassium current (IK1) were observed. Also, a response to the atrial specific 

muscarinic 2 (M2)-receptor agonist carbachol (CCh) was only observed in the 

atrial cell population and was characterised by a shortening of the AP, and at the 

current level by the presence of an IK,ACh current in the atrial cell population only. 

Finally, the mRNA level expression compared with human native tissues showed 

similar expression profiles in iPSC and native tissues, namely a significantly 

reduced expression of KCJN2 (coding for IK1) in atrial cells and a significantly 

higher level of KCJN3 (coding for IK,ACh). The same trend was observed for 

KCNJ5 (coding for IK,ACh). 

 

Next, we generated and electrophysiologically characterised our atrial EHM, to 

ensure that they conserved their atrial specificity after the long-term integration 

into 3D organoid structures. We therefore generated ventricular and atrial EHM 

and compared their AP in the absence and in presence of the atrial specific drug 

CCh using the sharp-microelectrode technique. We were able to show that atrial 

EHM AP were significantly shorter than ventricular EHM AP. Furthermore, we 

observed a resting membrane potential (RMP) hyperpolarisation in ventricular 

EHM compared to atrial EHM, and that the maximum upstroke velocity (dV/dtmax) 

and the action potential amplitude (APA) were significantly higher in ventricular 

EHM. Finally, we demonstrated that only atrial EHM were sensitive to the 

M2-receptor agonist CCh. 
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4.1.1 Addition of retinoic acid during induced pluripotent stem cell 

differentiation promotes atrial differentiation 

To promote atrial differentiation in our iPSC line, we used retinoic acid during the 

differentiation protocol. The importance of retinoic acid in the atrial differentiation 

mechanism was rapidly understood and studies showed that its inhibition in 

mouse or chicken embryos resulted in larger ventricles and smaller or even 

non-existing atria (Xavier-Neto et al. 1999; Hochgreb et al. 2003). Following this 

observation, the pioneer work of Gassanov et al. on iPSC set the base of what 

would become a standard protocol for atrial iPSC differentiation, while showing 

that the addition of retinoic acid to embryonic bodies during early differentiation 

stage led them towards an atrial phenotype (Gassanov et al. 2008). Our results 

aligned to the findings of these essential works and we demonstrated molecularly, 

the efficacy of our differentiation protocol, showing that principal AP actors were 

expressed in a similar way as in native human tissue (Figure 9). 

4.1.2 Atrial cardiomyocytes derived from induced pluripotent stem cells 

show distinct electrophysiological profile compared to ventricular 

cardiomyocytes derived from induced pluripotent stem cells 

To continue, we functionally demonstrated the atrial specificity of our cell 

population. As expected, the measurement of optical AP showed a significantly 

reduced APD in the atrial cell type (Figure 10). In human tissue, the shorter AP 

in the atrial compartment can be explained by the different expression of ion 

currents: repolarising currents such as IKur and IK,ACh are absent in ventricular cells 

(Wettwer et al. 2004; Voigt N. et al. 2007), and the current density of ICa,L is larger 

in the ventricular cells (Voigt et al. 2012). 

The absence of the functional expression of IK,ACh in the ventricular compartment 

is of particular interest because it is an interesting choice for assessing atrial 

specificity, as shown by our results as well. The M2-receptor agonist CCh was 

perfused to the cells and an IK,ACh current in response to the drug could not be 

observed in ventricular cells, whereas it was responsible for the generation of an 

IK,ACh current in atrial cells (Figure 12). Finally, automated voltage-clamp 

measurements showed a significantly larger ICa,L current density in ventricular 

cells, as already described in the literature (Voigt et al. 2012).  



Discussion 

93 | P a g e  
 

Altogether, our results clearly demonstrated that we were able to generate an 

atrial specific iPSC line, exerting a similar electrophysiological profile as native 

human cardiomyocytes. 

4.1.3 Atrial engineered human myocardium shows distinct atrial 

electrophysiological phenotype  

In order to use the EHM model as a model to investigate electrical remodelling 

associated with AF, we first had to ensure that the previously described cells 

would handle their long-term integration into the organoid model and that it would 

not be associated with an impairment of their normal electrophysiology.  

Using the sharp-microelectrode technique, the electrophysiological 

characterisation of the atrial and ventricular EHM showed a clear atrial specificity 

of the atrial EHM tissues. The shorter APD observed in atrial EHM in comparison 

to ventricular EHM (Figure 19), coupled with the absence of a response to the 

atrial specific agonist CCh in ventricular EHM but present in the atrial EHM 

(Figure 20) clearly demonstrated the atrial and ventricular specificities of our 

constructs. However, we were expecting to observe a hyperpolarised RMP in our 

ventricular EHM in comparison to atrial EHM (Wang et al. 1998). The 

voltage-clamp results clearly showed that ventricular iPSC had a larger IK1 current 

density and it is believed that this is responsible for the presence of a more 

negative RMP in ventricular cells. Because the measurements in cells and in 

tissues were performed at separate times and using different batches, it is 

possible that unchanged RMP results from longer maturation times of 

cardiomyocytes embedded into EHM. 

4.2 Hallmarks of electrical remodelling associated with atrial 

fibrillation 

In this second part, we assessed the electrophysiological characteristics of the 

electrical remodelling associated with the development of AF in human tissue. 

Using the sharp-microelectrode method, we showed that electrical remodelling in 

patients suffering from AF is characterised by a hyperpolarisation of the RMP, a 

significant shortening of the AP and the effective refractory period (ERP) and an 

impairment to response to the M2-receptor agonist CCh. 



Discussion 

94 | P a g e  
 

4.2.1 Action potential shortening and resting membrane potential 

hyperpolarisation are classical hallmarks of electrical remodelling  

To have a great overview of the atrial electrophysiological remodelling associated 

with AF in human tissue, sharp-microelectrode measurements of AP in tissues 

obtained from patients in SR or AF were made (Figure 6). As previously 

described (Wettwer et al. 2004; Grandi et al. 2011), our first observation was that 

the AP was shorter in AF tissues. AP shortening is the consequence of an 

impairment in the balance between inward depolarising and outward repolarising 

currents. Amongst them, it is known that AF is associated with a decreased 

current density of ICa,L, a depolarising current (Heijman et al. 2014), but also the 

development of a constitutively active IK,ACh, an atrial specific repolarising current 

(Dobrev et al. 2005). 

The second observation was that the RMP was significantly hyperpolarised in the 

AF group. It fits to previous studies reporting this observation and was attributed 

to an upregulation of IK1 (Bosch et al. 1999; Workman et al. 2001). Finally, the 

effective refractory period (ERP) was shown to be reduced. This observation is 

commonly described in the context of AF (Yu et al. 1998; Wiedmann et al. 2020; 

Guichard et al. 2021) where it can act as a pro-arrhythmic substrate that can lead 

to the maintenance of AF while promoting re-entries (Kumagai et al. 2004). 

4.2.2 Impaired response to an M2-receptor agonist is another hallmark of 

atrial fibrillation  

To conclude the characterisation, we investigated the electrophysiological 

response to the M2-receptor agonist carbachol in native cardiomyocytes from 

patients suffering from AF. As expected, we observed that the response to the 

M2-receptor agonist CCh was blunted in the AF group, as the perfusion of the 

drug failed to significantly reduce the APD in the AF group. In the normal cardiac 

physiology, IK,ACh is a current placed under the control of the activation of the 

M2-receptor, a Gi-protein whose activation by ACh upon parasympathetic 

activation leads to the opening of an atrial specific potassium channel responsible 

for the IK,ACh current, and has been shown to be constitutively active in AF (Dobrev 

et al. 2005). The development of a constitutively active IK,ACh has been attributed 

to its greatly increased opening probability promoted by the reduced inhibition of 
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its opening (Voigt N. et al. 2007), which is a consequence of a disbalance in the 

phosphorylation activity of protein kinases (for example PKAε and PKCδ, Makary 

et al., 2011). 

4.3 Electrical tachypacing induces electrical remodelling in 

atrial induced pluripotent stem cells 

In this third part, we explored the electrical remodelling induced by acute electrical 

tachypacing on the atrial iPSC model and the EHM model. First, we showed that 

24-hour electrical pacing of atrial iPSC induced electrical remodelling like the one 

described in human AF. At the AP level, we demonstrated that it was associated 

with a significant reduction of the APD and at the current level, that 24-hour 

electrical pacing was sufficient to significantly impair the ICa,L and IK,ACh currents. 

Furthermore, we showed that the impairment of the CCh-induced IK,ACh current 

was associated with the development of a constitutively active TTP-sensitive 

IK,ACh current in atrial iPSC electrically paced at 3 Hz. Finally, we showed that the 

remodelling observed after 24-hour electrical tachypacing could be prevented by 

pacing the cells in low Ca2+ medium, highlighting the crucial role of Ca2+ in the 

apparition of tachypacing-induced electrical remodelling. Next, we investigated 

the effects of 24-hour electrical tachypacing on atrial EHM. We showed that, as 

observed in cells, 24-hour electrical tachypacing of atrial EHM resulted in an 

AF-like electrophysiological remodelling characterised by an APD reduction with 

no impairment on the other AP parameters, and an alteration of the response to 

M2-receptor agonist CCh. 

4.3.1 Electrical tachypacing induces atrial fibrillation-like electrical 

remodelling  

On the long journey to recreate AF and electrical remodelling experimentally, 

many protocols have been described. The most used in vivo are the congenital 

heart failure model, the mitral valve regurgitation model and the electrical 

tachypacing model (Rankin et al. 1975; Wijffels et al. 1995; Gaspo 1999; 

Wakimoto et al. 2001; Bauer et al. 2004; Sun et al. 2008; Yeh et al. 2008; Tsujino 

et al. 2019; Bouwmeester et al. 2022). The last has the great advantage to be 

declinable in many study models, including in vitro in 2D and 3D models. 
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Electrical tachypacing has first been described in vivo in a goat model by Wijffels 

et al. in 1995 in his pioneer study demonstrating the self-maintenance and 

worsening characteristics of atrial fibrillation (Wijffels et al. 1995).  

 

For these reasons, we utilised the electrical tachypacing method to promote 

electrical remodelling in our atrial iPSC and atrial EHM. 

 

At the cellular level, we first observed that electrical remodelling was associated 

with a shortening of the optical AP (Figure 13) after electrical tachypacing. This 

finding confirmed the utilisation of the electrical tachypacing method to promote 

electrical remodelling in our atrial iPSC, and recapitulated AP shortening 

classically described in human AF (Bosch et al. 1999). To decorticate the ion 

channel alterations responsible for this shortening, we performed voltage-clamp 

measurements on atrial iPSC and measured key ion channels involved in the AP 

generation.  

 

We first started with the measurement of K+ currents (Figure 14) and showed 

that the electrical tachypacing of the cells impaired their response to the 

M2-agonist CCh. On top of this observation, the application of the IK,ACh specific 

blocker tertiapin (TTP) unravelled the presence of an agonist-independent 

constitutively active IK,ACh. The development of the constitutively active IK,ACh is a 

classical observation associated with electrical remodelling associated with AF 

(Dobrev et al. 2005; Voigt et al. 2007) and it could at least partially explain the 

shortening of the optical AP observed. Similar to other studies, we could not 

observe any significant alteration of the basal current measured at -100 mV, 

suggesting that IK1 was not significantly altered by the acute electrical pacing (Qi 

et al. 2008).  

 

ICa,L is another key player of the AP generation in human, and has also been 

shown to be a target of the electrical remodelling in AF. Also, the measurement 

of ICa,L after 24-hour electrical tachypacing showed a significant reduction of the 

ICa,L current density (Figure 15). This is a common observation in human AF 

(Heijman et al., 2014). An explanation for the mechanisms underlying the 

reduction of the ICa,L is the decreased mRNA expression of its α1C subunit (Yue 
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et al. 1997; Brundel et al. 1999), mediated by the activation of the calcineurin 

activated pathway, in particular NFATc3 and NFATc4 (Qi et al. 2008). 

Interestingly, Qi et al. showed that in dog, the activation of NFAT pathways could 

be prevented using Ca2+
 chelators, suggesting the key role of Ca2+ in electrical 

remodelling induced by electrical tachypacing. 

4.3.2 Calcium is a major key player of electrical remodelling  

To challenge the hypothesis of Ca2+ mediated electrical remodelling in response 

to electrical tachypacing, we repeated the electrical pacing experiments in low 

Ca2+ conditions. Consistently with the literature (Qi et al. 2008), we also could 

observe that acute electrical tachypacing failed to induce electrical remodelling in 

atrial iPSC paced in low Ca2+ concentration medium. This was characterised by 

an absence of AP shortening in response to electrical tachypacing (Figure 16), 

and also the prevention of the apparition of a constitutively active IK,ACh in 

response to electrical tachypacing (Figure 17). 

 

Altogether, these observations demonstrated that our atrial iPSC showed 

electrical remodelling comparable to what is observed in human AF in response 

to electrical tachypacing, and that it is mediated by Ca2+. 

4.3.3 Electrical tachypacing on atrial engineered human myocardium 

induces atrial fibrillation-like electrical remodelling 

To observe whether our atrial EHM could reproduce the cellular observations, we 

generated atrial EHM and subjected them to acute electrical tachypacing. 

 

Interestingly, the AP recordings in atrial EHM paced for 24 hours showed the 

same signs of electrical remodelling as observed in our 2D iPSC model, i.e. a 

significant reduction of the APD with no alterations of the other AP parameters 

(Figure 21). The observation made regarding the measurement of the K+ currents 

that indicated no alteration of the basal current, echoed with the absence of 

significant changes on the RMP parameter and the literature (Qi et al. 2008), 

suggesting that RMP hyperpolarisation is not happening in the early remodelling 

stages. 
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Moreover, a response to the M2-receptor agonist CCh could only be observed in 

the 1 Hz electrically paced group (Figure 22), suggesting an impairment of the 

IK,ACh in the electrically tachypaced group, and also confirming that 24-hour 

electrical tachypacing was sufficient to induce IK,ACh remodelling in atrial iPSC. 

 

Unfortunately, the prolongation of the pacing protocol failed using this model and 

caused the death of the tissues. This phenomenon could be explained by the 

apparition of Faradaic reactions related to the utilisation of carbon electrodes for 

the electrical tachypacing (Zhang et al. 2018). Their long-term utilisation could 

result in their oxidation and the generation of chlorine, hydroxyl radicals and the 

generation of hypochlorous and hypochlorine, which are particularly toxic and 

deleterious for the cells (Lemme et al. 2020). 

4.4 Acute optical tachypacing induces electrical remodelling in 

atrial engineered human myocardium 

In this part, we investigated the possibilities of using an adeno-associated-virus-

2 carrying a channelrhodopsin-2 (AAV2-ChR2) vector and to transfect atrial iPSC 

to confer them light sensitivity and use them in our atrial EHM construct to replace 

the electrical tachypacing method by an optical pacing approach. First, we 

transfected atrial iPSC with the described virus. After plating them onto small 

glass coverslips, we observed that the virus introduction conferred them light 

sensitivity, as the cells were responding to light pulses. Next, we used cell sorting 

assays to measure the transfection success rate, based on the expression of 

mCherry in cells, and observed that our transfection rate was in the range of the 

usually described range in literature. To continue, we used these cells to generate 

atrial EHM, and after their maturation period we assessed the functional 

expression of the virus using illumination protocols that demonstrated the high 

light sensitivity of the tissues. Next, we measured AP of transfected and non 

AAV2-ChR2-transfected atrial EHM using the sharp-microelectrode technique 

and compared their electrophysiological characteristics. The results showed that 

the introduction of the ChR2 impaired the electrophysiology of the cells, resulting 

in a shorter AP and a lower spontaneous beating frequency. Finally, we built up 

our own optical pacing device, subjected our light sensitive tissues to 24 hours of 
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optical tachypacing and measured their AP. Results showed electrical 

remodelling in response to optical tachypacing, characterised by a significant 

reduction of the APD with no modification of the other AP parameters.  

4.4.1 Atrial cardiomyocytes derived from induced pluripotent stem cells 

transfected with an adeno-associated-virus-2 carrying a 

channelrhodopsin-2 show light sensitivity 

Thanks to the pioneer works of Deisseroth and Nagel in the characterisation of 

channelrhodopsins and the definition of optogenetics, optogenetic tools became 

widely used and extensively developed over the two last decades (Nagel et al. 

2002; Nagel et al. 2003; Adamantidis et al. 2015). Thanks to this discovery, 

Brügmann and Arrenberg used this technology in cardiac tissues, as a tool to 

control the membrane potential (Arrenberg et al. 2010; Bruegmann et al. 2010). 

Following this idea of using light to control the membrane potential of our 

cardiomyocytes, we decided to utilise optogenetic tools to replace electrical 

stimulation pulses. Furthermore, based on Brügmann’s work, we decided to use 

an AAV2-ChR-2 vector to transfect our cell population. Functional and molecular 

investigation showed light sensitivity in our cells, characterised by contractions in 

response to light pulses (Figure 24). Moreover, the cell sorting assays showed 

that 48% of the cell population was positive to mCherry (Figure 25), which is 

comparable with published literature (Vogt et al. 2015; Bruegmann et al. 2018). 

Aiming for a higher percentage would have necessarily implied a greater viral 

charge, and the potential effects on cell viability would not have been guaranteed. 

Also, previous work demonstrated that even a very small change of the 

percentage of transfected cells could lead to a physiological response in vivo 

(Lagali et al. 2008).  
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4.4.2 Atrial cardiomyocytes derived from induced pluripotent stem cells 

transfected with an adeno-associated-virus-2 carrying a 

channelrhodopsin-2 can be used for generating light sensitive 

tissues but long-term introduction of the virus impairs the normal 

electrophysiology of the cells 

It was important to ensure that the introduction of the virus would not alter the 

electrophysiology of the cells, otherwise we could not certify whether the possible 

electrical remodelling observed, following an optical tachypacing protocol, could 

be attributed to the pacing protocol or the virus itself. Also, long-term effects 

associated with the long-term introduction of the AAV2-ChR2 in atrial iPSC were 

unknown. Therefore, we generated atrial EHM using transfected cells, and after 

30 days of maturation, tissues were mounted onto the illumination set-up to 

measure their light sensitivity. The experiments showed that the tissues were still 

responding to light pulses and the chronaxie and rheobase measurements clearly 

demonstrated a great light sensitivity in the constructs (Figure 26). Furthermore, 

the fluorescence measurements at 620 nm using fluorescent microscopy showed 

a clear mCherry signal, homogeneously distributed in the tissue. The high 

fluorescence observed was consistent with the high transfection rate measured 

in the cells. 

 

However, the measurement of the electrophysiology of the virus-transfected 

tissues showed that the introduction of the virus significantly impaired the APD, 

without altering the other parameters. 

 

All these observations pointed towards toxicity associated with the long-term 

introduction of the virus. The ChR2 is activated by blue light wavelengths, and 

blue light phototoxicity could be one of the reasons of the cell toxicity observed. 

Tyssowski and Gray showed that the exposure of a neuronal cultures to long-

term blue light flashlights without the introduction of a channelrhodopsin resulted 

in an alteration of gene activity, characterised by an overexpression of Fos mRNA 

(Tyssowski and Gray 2019). Interestingly, these observations could not be 

repeated with other light wavelengths (green and red). The same observation 

was made in specific microglial cells, where the authors showed an alteration of 
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the basal inflammatory and neurotrophic genes, and the reduced expression of 

pro-inflammatory genes (Cheng et al. 2016). Finally, studies on epithelial cells 

showed that the long time (6 hours) blue light illumination was responsible for a 

decrease of cell viability, associated with mitochondrial DNA lesions, associated 

with lipofuscin mediated production of reactive oxygen species (ROS; Godley et 

al., 2005; Sparrow et al., 2000). 

 

The utilisation of an AAV-2 vector could also be one reason for the cell function 

impairment. It has been shown that the utilisation of a lentiviral vector to express 

doxorubicin-induced ChR2 in neonatal rat ventricular myocytes was associated 

with cytotoxic effects, when a high multiplicity of infection was used (Li et al. 

2017). However, high ChR2 expression level was reported in this study, and we 

used a viral charge lower than normally used in literature (Vogt et al. 2015). 

Furthermore, no similar observations of direct cytotoxicity were reported with the 

utilisation of an AAV-2 vector. 

4.4.3 24-hour optical tachypacing of atrial engineered human myocardium 

generated with atrial cardiomyocytes derived from induced 

pluripotent stem cells transfected with an adeno-associated-virus-2 

carrying a channelrhodopsin-2 induces atrial fibrillation-like 

electrical remodelling 

To validate our approach and assess whether an alternative to the virus could be 

interesting to search for, we ran a 24-hour optical tachypacing protocol on our 

atrial light sensitive tissues (Figure 29). Using the sharp-microelectrode 

technique, we measured their AP and observed that 24 hours of optical 

tachypacing resulted in a significant reduction of the APD90 with no impairment 

on the other AP parameters. 

 

However, because of the previously observed effects on the cell 

electrophysiology, a definitive conclusion was difficult to draw at this moment. 

Furthermore, the utilisation of this approach to investigate long-term effects of 

optical tachypacing was compromised as the lone introduction of the ChR2 

seemed to have altered the normal electrophysiology of the atrial EHM. 
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Altogether, this set of experiments allowed us to confirm the possibilities of an 

optogenetic-based approach but showed that the AAV-2-based approach was 

not adequate for a long-term introduction of the virus, as it was associated with 

alterations in the normal electrophysiology of the tissues. Another point to 

mention is that although we used much lower viral charge than described in the 

literature, morphological changes could be observed in our tissues and all of 

them, without exception, turned pink only a few days after the casting procedure 

and kept their pink colour until utilisation (Supplemental figure 4). Furthermore, 

sharp-microelectrode measurements turned out to be particularly difficult with the 

optically paced tissues: the contraction of the tissues appeared weakened after 

the pacing protocol, no spontaneous beating activity could be observed and 

eliciting AP required stimulation pulses of much higher intensity than with control 

tissues. 

 

All taken together, we decided to reconsider the viral approach to one that can 

be less harmful for the cells. Long-term introduction of a channelrhodopsin is not 

often investigated because they are often used acutely or over a brief period, and 

this limitation is major as the tissues must mature for at least 30 days before being 

used for electrophysiological measurements when being integrated in EHM. 

4.5 Long-term optical tachypacing extends the electrical 

remodelling observed after acute optical tachypacing 

In this final part, we investigated the possibilities of using an iPSC line modified 

to express the fast variant of the channelrhodopsin chrimson, to generate light 

sensitive atrial EHM suitable for long-term optical pacing. In the first part, we 

ensured the robustness of our differentiation protocol and generated ventricular 

and atrial chrimson EHM to assess their normal electrophysiological properties. 

We demonstrated atrial specificity of our atrial chrimson EHM model, showing 

that our atrial EHM had atrial specific electrophysiological properties 

characterised by a shorter AP compared to ventricular chrimson EHM, and an 

electrophysiological response to M2-receptor agonist CCh of our atrial 

constructs. Next, we ensured the light sensitivity of our model, and searched for 

the optimal wavelength for the optical stimulation of our tissues. Results of the 
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chronaxie and rheobase data did not only demonstrate the high light sensitivity 

of our model, but also showed that 625 nm was the optimal wavelength for the 

stimulation of the tissues. To continue, we investigated the effects of 24-hour 

optical pacing and showed that it resulted in the same electrical remodelling 

observed in all the previous models (AP shortening and no impairment of the 

other parameters). The perfusion of CCh demonstrated that acute optical 

tachypacing led to a loss of response to the agonist, which could be explained by 

the reduced mRNA KCNJ5 measured in the optically tachypaced group. Finally, 

after ensuring the chrimson EHM could endure a 7-day optical pacing protocol, 

we measured AP in 1-week paced tissues and observed that long-term optical 

tachypacing was responsible for an extension of the electrical remodelling in our 

atrial chrimson EHM, characterised by a hyperpolarisation of the RMP on top of 

the previously described features (AP shortening and alteration in the response 

to CCh). 

4.5.1 Atrial chrimson engineered human myocardium show atrial 

electrophysiological specificity and are light sensitive 

A classical drawback with the utilisation of optogenetic tools for long-term 

applications is the phototoxicity associated with the chronic channelrhodopsin 

activation. Furthermore, some channelrhodopsins (particularly 

channelrhodopsin-2, ChR2) are prone to desensitisation (Lin et al. 2009), 

mitigating their potential. To overcome these two major points, the scientific 

community developed chimeric or mutant variants of classical channelrhodopsins 

to enhance their properties (Lin et al. 2009; Lin et al. 2013; Jun and Cardin 2020). 

One variant of the chrimson channelrhodopsin developed by Mager et al. was 

particularly of interest because of its red shifted activation wavelength, and its 

rapid activation and deactivation kinetics (Mager et al. 2018). This variant was 

achieved by introducing two specific mutations (Y261F/S267M) in chrimson 

channelrhodopsin’s helix F, speeding up on/off kinetics. Also, they showed that 

this new variant could be stimulated at remarkably high frequency (up to 60 Hz), 

and no phototoxicity could be observed even after several months post 

viral-introduction of the channelrhodopsin in mouse interneurons. Therefore, we 

used this recent technology coupled with the CRISPR/Cas recombination 
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technology to generate an iPSC line carrying the f-chrimson variant and repeated 

our approach. 

The first point to ensure was the good functioning of our cell differentiation 

protocol. Because the chrimson cell line was different from the one previously 

used, it was important to ensure that we could obtain atrial cardiomyocytes of 

comparable phenotype and electrophysiological properties. As expected, the 

measurement of AP in atrial and ventricular chrimson EHM showed atrial specific 

differences including shorter AP (Figure 30) and response to the atrial specific 

drug CCh in our atrial tissues (Figure 31). Interestingly, RMP and APA were 

significantly hyperpolarised and higher. This could be explained by the small 

number of recordings and batch number of ventricular chrimson EHM. 

 

Next, we ran the illumination protocol, and the tissues showed great light 

sensitivity at 625 nm (Figure 32). This was expectable because of the previous 

descriptions of the channelrhodopsin chrimson (Klapoetke et al. 2014; Mager et 

al. 2018; Jun and Cardin 2020). 

 

Taken together, our results clearly demonstrated that our atrial f-chrimson cell 

line was atrial specific, and light sensitive. 

4.5.2 24-hour optical pacing of atrial chrimson engineered human 

myocardium results in atrial fibrillation-like electrical remodelling 

Next, we decided to optically stimulate our chrimson atrial EHM for 24 hours. We 

observed that it resulted in the same electrical remodelling as observed in cells 

and tissues after acute electrical pacing and was characterised by the reduction 

of the APD with no impairment on the other parameters (Figure 33). Interestingly, 

the application of CCh also resulted in a significant shortening of the AP only in 

the 1 Hz optically paced group, but did not result in any changes in the 3 Hz paced 

group (Figure 34) suggesting the impairment of the IK,ACh current. This finding 

could be explained by the down expression of the KCNJ5 gene coding for IK,ACh 

(Figure 35) observed in 24-hour optically paced atrial tissues. 
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4.5.3 Long-term pacing of atrial chrimson engineered human myocardium 

unravels time specific character of electrical remodelling  

After ensuring that the tissues could follow optical stimulation for 1 whole week 

(Figure 36), we extended the original 24-hour pacing protocol to 7 days and 

recorded the AP of the tissues using the sharp-microelectrode technique (Figure 

37). Interestingly, we did not only observe a reduction of the APD and an 

alteration in the response to CCh (Figure 38), but 7-day optical tachypacing also 

induced a hyperpolarisation of the RMP in the tachypaced group. This is 

particularly interesting because it was never observable after 24-hour pacing, 

independently from the stimulation method we used. This observation goes in line 

with the hypothesis of a time dependant electrical remodelling in which IK,ACh and 

ICa,L would be the first currents to be affected and where the IK1 alteration would 

only appear after several days. In human AF, an increase in IK1 has been 

attributed to the increased expression of Kir2.1 mRNA (Dobrev et al. 2005; 

Gaborit et al. 2005), consecutive to the reduced levels of miR-1 (Girmatsion et al. 

2009) or miR-26 (Wang et al. 2011; Luo et al. 2013). 

 

Likewise, the significantly increased maximum upstroke velocity and APA could 

be explained by a higher availability of INa channels consecutive to the more 

negative RMP.  

 

The constant increase in physiological functions of the tissue along the optical 

pacing protocol characterised by an increased contraction amplitude is 

particularly interesting (Figure 36). Since the beginning of the utilisation of 

organoid 3D models, attempts to increase their maturity and physiological, 

structural, and electrophysiological characteristics were made (Lyra-Leite et al. 

2022). Interestingly, long-term pacing of the tissues is an approach widely 

accepted to improve physiological and contractile function of the tissue, via the 

improvement of myofibril organisation, sarcomere re-arrangement or even 

T-tubule maturation (Ruan et al. 2016; Ronaldson-Bouchard et al. 2018; 

Ronaldson-Bouchard et al. 2019).  
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Altogether, we demonstrated that the atrial chrimson EHM could be a suitable 

model to study acute and long term tachypacing induced electrical remodelling. 



Limitations 

107 | P a g e  
 

5 Limitations 

Because atrial fibrillation (AF) is an evolving disease, and each development 

stage is associated with its own electrophysiological and structural 

characteristics, it is important to note that the models described could only be 

used for the study of acute and short-term remodelling associated with the 

development of atrial fibrillation. 

 

The utilisation of atrial iPSC and atrial EHM models is associated with a certain 

number of limitations. It is known that cardiomyocytes derived from induced 

pluripotent stem cells (iPSC) represent an immature state of development 

(Goversen et al. 2018). The presence of a depolarising current conferring them a 

spontaneous beating activity is an obvious example of this. However, techniques 

have been investigated for the improvement of the maturity of iPSC derived 

cardiomyocytes and organoid constructs based on the utilisation of 

cardiomyocytes derived from iPSC during their development (Lyra-Leite et al. 

2022) and should therefore be considered in the future for further investigation. 

Also, the action potential (AP) measurements in the UMGi014-C cell line showed 

short AP and a depolarised membrane potential in comparison to native human 

atrial tissue. This observation underlines the differences in ion channel 

expression and functioning between the two models. This could have potentially 

masked remodelling or modifications associated with the electrical pacing 

protocols: the detection of the impairment of an ion channel whose basal activity 

is already low is particularly challenging. Another iPSC line with more comparable 

electrophysiological properties to human native atria could be considered. 

 

Susceptibility to develop arrhythmogenic episodes was only poorly investigated. 

The principal reason was the structure of the tissue itself. Preliminary 

investigations using the multi electrode array system showed that the 

measurement of the conduction velocity was not compatible with the apparition 

of re-entry mechanisms and the self-perpetuation of a depolarising wave, 

because of the too small size of the tissue.  
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Another limitation of this work is the lack of mechanism-based evidence for the 

electrical remodelling observed in our models. Although mRNA level 

measurements showed that the KCNJ5 mRNA level was reduced, no 

investigation on the protein levels and phosphorylation status of other key 

proteins involved in the AP generation was done. Likewise, phosphorylation 

status and expression levels of calcineurin and other key proteins involved in Ca2+ 

handling were not investigated. 
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6 Summary and outlook 

The work of this thesis was articulated towards the development of two new 

models for the study of the electrical remodelling associated with atrial fibrillation. 

The first model was based on the utilisation of atrial cardiomyocytes derived from 

induced pluripotent stem cells (iPSC), and the second using the engineered 

human myocardium (EHM) technology. All along the project, the 

electrophysiological prism was used to investigate the potentials of these models.  

 

This work started with the electrophysiological characterisation of the electrical 

remodelling in native human atrial tissue. The measurement of action potentials 

(AP) from patients suffering from chronic atrial fibrillation using the sharp-

microelectrode technique helped us characterising hallmarks associated with 

electrical remodelling which is associated with the development of atrial 

fibrillation. It was characterised by an action potential shortening, resting 

membrane potential hyperpolarisation, and an impairment in the response to the 

atrial specific muscarinic-2 receptor agonist carbachol. 

 

To continue, we installed an iPSC differentiation protocol in our lab, based on the 

utilisation of retinoic acid during the mesoderm induction to obtain atrial specific 

iPSC. Using voltage-clamp and optical dye techniques, we demonstrated that our 

atrial iPSC population showed an atrial specific electrophysiology. At the AP level, 

it was characterised by a reduced action potential duration (APD) compared to 

the ventricular population but also by the response to atrial specific carbachol, 

absent in our ventricular population. Moreover, using voltage-clamp techniques, 

we demonstrated that our atrial cell population was characterised by a lower ICa,L 

and IK1 current density.  

 

Next, we investigated whether electrical tachypacing protocols could be used to 

induce electrical remodelling in our atrial iPSC model. Results demonstrated that 

the utilisation of electrical tachypacing protocol resulted in the development of an 

electrical remodelling in atrial iPSC resembling the electrical remodelling 

observed in patients with persistent atrial fibrillation, characterised by a reduction 

of the APD, a reduction of ICa,L and IK,ACh current densities, and the development 
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of an agonist independent and constitutively active IK,ACh. Furthermore, we 

demonstrated that the electrical remodelling observed was Ca2+-mediated, 

because the electrical remodelling induced by electrical tachypacing could not be 

reproduced when electrically tachypacing our atrial iPSC in low-Ca2+ 

concentration pacing medium. 

 

Because the utilisation of a cellular model is associated with a certain number of 

limitations, we decided to continue exploring the possibilities of using atrial iPSC 

to investigate the electrical remodelling associated with the development of atrial 

fibrillation while integrating our cardiomyocytes into an organoid EHM model, and 

attempted to observe this electrical remodelling in a 3D model. We started with 

the generation of atrial and ventricular EHM with the cells previously mentioned 

and confirmed that they kept their electrophysiological properties after the 

incorporation in the EHM and after the maturation of the tissues. For this purpose, 

we used the sharp-microelectrode technique to measure AP in atrial and 

ventricular EHM, and confirmed the results obtained with the measurement of the 

optical action potential, i.e., a shorter AP in the atrial population. Furthermore, the 

ventricular model did not react to carbachol, whereas it was associated with a 

shortening of the AP and a hyperpolarisation of the resting membrane potential 

(RMP) in atrial tissues. 

 

We continued with the investigation of the effects of 24-hour electrical 

tachypacing in our atrial EHM and showed that it resulted in an atrial fibrillation 

like electrophysiological remodelling characterised by a reduction of the APD. 

However, because of the deleterious effects of the electrical tachypacing, we 

could not extend the pacing protocol to longer duration and explore its long-term 

effects. 

 

To address this difficulty, we explored the possibilities conferred by the utilisation 

of optogenetic tools to confer light sensitivity to our cells, and replace the 

electrical pulses with light stimulation pulses. Our first approach was based on 

the utilisation of an adeno-associated-virus-2 vector carrying a 

channelrhodopsin-2 (ChR2). Promising results were observed at the cellular level 

but also when integrated into tissues as both showed light sensitivity. However, 
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long-term introduction of the channelrhodopsin-2 resulted in an impairment of the 

normal electrophysiology, characterised by an alteration of the AP parameters. 

Nevertheless, the optical tachypacing of the tissues for 24 hours resulted in the 

apparition of a similar electrical remodelling as observed using the electrical 

pacing and characterised by a reduction of the APD. For all these reasons, we 

decided to change the method to bring light sensitivity to the tissues. 

 

Thanks to the utilisation of a CRISPR/Cas modified iPSC line expressing a fast 

variant of the channelrhodopsin chrimson, we managed to tackle this difficulty. 

The fast (f)-chrimson variant is particularly of interest because of its red light 

shifted maximum response proprieties, and the interesting results in terms of cell 

viability demonstrated by the original publishing group. Using this new cell line, 

we first ensured that the utilisation of our differentiation protocol would provide us 

with cells showing atrial and ventricular phenotypes. We then generated atrial 

and ventricular chrimson EHM and using the sharp-microelectrode method, we 

showed that AP measured in atrial chrimson EHM were shorter than the AP 

measured in ventricular chrimson EHM and specifically responded to the atrial 

specific drug carbachol whereas this response was absent in the ventricular 

tissues.  

To continue, we repeated the acute optical tachypacing protocol on our chrimson 

EHM and showed that 24-hour optical tachypacing was sufficient to induce 

electrical remodelling, characterised by a reduction of the APD. Furthermore, the 

extension of the protocol to 7 days did not only recapitulate the remodelling 

observed with the 24-hour protocol, but also induced a hyperpolarisation of the 

resting membrane potential, another hallmark of the electrical remodelling 

associated with the development of atrial fibrillation.  

 

A couple of points could not be investigated during the time of this thesis and 

would be interesting to address in the future. 

The susceptibility to arrhythmogenesis is a classical point assessed with the 

utilisation of pacing protocols. In our model, the generation of re-entrant circuits 

could not be investigated because of the small size of the tissue that was not 

compatible with the perpetuation of macro-arrhythmia. A possibility to overcome 

this difficulty could be to increase the size of the tissue. 
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Regarding the arrhythmogenicity assessment, we were using a one stimulation 

electrode method to trigger AP in tissues. Because the tissue is ring-shaped and 

the depolarisation wave travels simultaneously on opposite directions, the 

wavefront breaks on the other side of the tissue, making the probability to trigger 

re-entry extremely low. Using a system with two stimulation electrodes could be 

a way to improve the situation: a second pulse would be triggered right after the 

first one to break the depolarisation wavefront on one side and therefore allowing 

re-entries to happen. 

 

Cellular experiments showed evidence that the electrical remodelling observed 

after a 24-hour electrical tachypacing was mediated by Ca2+, but we did not clarify 

the role of Ca2+ in the electrical remodelling observed. Ca2+/calcineurin kinase II 

(CaMKII) is a major protein kinase involved in the phosphorylation of proteins 

participating in the Ca2+ handling and the activity of ion channels involved in the 

AP. Verifying its activation status could be a potential lead for the explanation of 

the electrical remodelling observed. 

 

Similarly, experiments showed that electrical remodelling was time dependant, 

and that RMP hyperpolarisation could only be observed after one week, whereas 

the impairment of IK,ACh could already be observed after 24 hours, suggesting that 

two distinct molecular mechanisms are involved. The RMP depends on the 

activity of the inward rectifier potassium channel responsible for IK1, and its activity 

has been shown to be increased in the context of atrial fibrillation, because of the 

overexpression of its α-subunit Kir2.1. However, IK1 is also a known 

phosphorylation target of CaMKII. It would be interesting to investigate the 

participation of CaMKII in the RMP remodelling, and assess whether the 

modification of IK,ACh, normally placed under the control of the different isoforms 

of the protein kinase C, is also a consequence of the activity of the CaMKII.  

 

The electrical remodelling was the only aspect of the development of atrial 

fibrillation investigated along this work, however, in vivo studies using 

tachypacing protocols have demonstrated evidence for the development of a 

structural remodelling associated with tachypacing methods. Because structural 
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remodelling takes longer to be initiated, it would be interesting to explore this 

dimension using long-term optical pacing protocols. 

 

Finally, we stopped the optical tachypacing protocol after 7 days, but Mager et 

al., at the origin of the the fast variant of the chrimson channelrhodopsin, reported 

that the activity of the channel was maintained in mouse for several months after 

the introduction (Mager et al. 2018). Furthermore, they did not report cell death 

because of the long-term introduction. It would be interesting to know whether 

the optical pacing protocol could be used for longer optical pacing periods and if 

so, to investigate the effects. 
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1 Introduction to electrophysiology 

In this part, we will briefly define the biophysical concepts underlying the 

functioning of classic ion channels and the ionic movements through a biological 

membrane. 

1.1 Biophysical basis of electrogenesis 

1.1.1 Conventions and definitions 

A biological membrane is defined as a non-permeable lipidic bilayer electrically 

chargeable (Bruce et al. 2002). The comparison of two compartments (intra- and 

extracellular) shows the apparition of ionic gradients maintained by the presence 

of permeable pores in the membrane (ion channels for example). The resulting 

charged ionic flux crossing the membrane is responsible for an ionic current, 

experimentally measurable. Furthermore, experiments showed that at steady 

state, the inside of the membrane is negatively charged.  

 

The term hyperpolarisation is used to describe the evolution of a potential towards 

a more negative state. Oppositely, the term depolarisation is used to describe the 

evolution of a potential towards a more positive state. Finally, the term 

repolarisation is used to describe the evolution of the potential towards a more 

negative state, consecutively to a depolarisation. 

 

By convention, the terminology used to describe the behaviour of an ion channel 

is given accordingly to the transfer of a positive charge (cation). Hence, an inward 

current refers to the entrance of cations (Na+, Ca2+, K+) or an exit of anions (Cl-). 

Therefore, because the inside of a cell is negatively charged, an inward current 

will be depolarising, and an outward current hyperpolarising.  

1.1.2 Equilibrium potential and driving force  

An ion present in two compartments A and B (or external and internal) separated 

by a membrane specifically permeable for this ion is subjected to two forces: a 

concentration gradient force and an electrical gradient force. These two forces 

can either be directed towards the same direction or be opposed. In such 
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condition exists a membrane potential, where concentration and electrical 

gradients are exactly opposite. This state is called equilibrium potential (Eion) and 

can be calculated using Nernst’s equation. 

 

𝐸𝑚 = 𝐸𝐴 − 𝐸𝐵 =
𝑅𝑇

𝑧𝐹
ln

[𝐼]𝑒𝑥𝑡

[𝐼]𝑖𝑛𝑡
 

 

Where R is the ideal gas constant, T is the temperature in Kelvin, z is the charge 

of the ion, F is the Faraday’s constant and [I]ext and [I]int are the ion concentrations 

in the external and internal compartment, respectively. 

 

We can also define the driving force as follows: 

 

𝐸𝐷𝐹 = 𝐸𝑚 − 𝐸𝑖𝑜𝑛 

 

It corresponds in the difference between the membrane potential (Em) and the 

equilibrium potential of an ion (Eion). The higher the driving force is, the more ions 

cross the membrane (if they have the possibility to pass through an ion channel). 

1.1.3 Membrane potential 

Because of the presence in the membrane of ion channels selective for an ion 

and the presence of an ionic gradient, we can observe a difference of potential 

across the membrane, which can be calculated using the Goldman-Hodgkin-

Katz’s (GHK) equation. 

 

𝐸𝑚 =
𝑅𝑇

𝑧𝐹
ln(

∑ 𝑃𝑖[𝑖]𝑒𝑥𝑡 + ∑ 𝑃𝑖[𝑖]𝑒𝑥𝑡 𝑎𝑛𝑖𝑜𝑛𝑠  𝑐𝑎𝑡𝑖𝑜𝑛𝑠

∑ 𝑃𝑖[𝑖]𝑖𝑛𝑡𝑐𝑎𝑡𝑖𝑜𝑛𝑠 + ∑ 𝑃𝑖[𝑖]𝑖𝑛𝑡 𝑎𝑛𝑖𝑜𝑛𝑠
) 

 

Where R is the ideal gas constant, T is the temperature in Kelvin, z is the charge 

of the ion, F is the Faraday’s constant, Pi is the ion permeability, and [I]ext and [I]int 

are the ion concentrations in the external and internal compartment, respectively. 
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In a biological system permeable for K+, Na+, Cl- and Ca2+, we can develop the 

GHK’s equation as follows: 

 

𝐸𝑚 = −
𝑅𝑇

𝑧𝐹
ln (

𝑃𝑁𝑎+[𝑁𝑎+]𝑒𝑥𝑡 + 𝑃𝐾+[𝐾+]𝑒𝑥𝑡 + 𝑃𝐶𝑎2+[𝐶𝑎2+]𝑒𝑥𝑡 + 𝑃𝐶𝑙−[𝐶𝑙−]𝑒𝑥𝑡

𝑃𝑁𝑎+[𝑁𝑎+]𝑖𝑛𝑡 + 𝑃𝐾+[𝐾+]𝑖𝑛𝑡 + 𝑃𝐶𝑎2+[𝐶𝑎2+]𝑖𝑛𝑡 + 𝑃𝐶𝑙−[𝐶𝑙−]𝑖𝑛𝑡
) 

 

This equation includes the channel permeabilities for the different ions, and the 

ion concentrations. 

 

Another way to present this equation consists in using the ionic conductances 

instead: 

 

𝐸𝑚 = ∑ (
𝐺𝑖𝐸𝑖

𝐺𝑖
) 

 

In the same conditions of a biological membrane permeable to K+, Na+, Ca2+ and 

Cl-, we can develop the equation as follows: 

 

  

𝐸𝑚 =
𝐺𝐾+𝐸𝐾+ + 𝐺𝑁𝑎+𝐸𝑁𝑎+ + 𝐺𝐶𝑎2+𝐸𝐶𝑎2+ + 𝐺𝐶𝑙−𝐸𝐶𝑙−

𝐺𝐾+ + 𝐺𝑁𝑎+ + 𝐺𝐶𝑎2+ + 𝐺𝐶𝑙−
 

 

In a cardiomyocyte, at resting state, permeabilities (and therefore conductances) 

for Na+, Ca2+ and Cl- are neglected and we can simplify the equation as follows: 

 

𝐸𝑚 = 𝐺𝐾+ ∙ 𝐸𝐾+ 

 

For this reason, in a resting cardiomyocyte we classically assimilate the resting 

potential to the potassium equilibrium potential (𝐸𝐾+). 
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1.2 Ion channels and ion currents 

1.2.1 Ion currents 

For a single ion channel, the passage of an ion is accompanied with the 

generation of an ionic current following the Ohm’s law. 

 

𝑉 = 𝑅 ∙ 𝐼 

Where V is the voltage, I is the intensity and R the resistance. 

 

𝑖𝑖𝑜𝑛 =  𝛾𝑖𝑜𝑛(𝐸𝑚 − 𝐸𝑖𝑜𝑛) 

 

Where iion and γion are respectively the ionic current and the conductance of the 

channel, and Em-Eion is the driving force (EDF). 

 

At the unitary scale, the relation between ion current and membrane potential is 

linear, and the Ohm’s law directly applies. 

 

By convention, an outward current is signed positively (+), whereas an inward 

current negatively (-). 

 

For this reason, when a membrane potential is more negative than the equilibrium 

potential of the ion, EDF becomes negative, and the resulting current will 

necessarily be an inward current. 

 

Furthermore, during the application of a train of potentials, an ion channel is not 

constantly opened, but it is oscillating between an opened and a closed 

configuration. The probability of opening (Po) for an ion channel can then be 

defined as the opening time over the closed time during a recorded period. Po 

can vary over time (for example, a sodium [Na+] channel has its opening 

probability close to 1 at the beginning of an AP, but close to 0 towards the end), 

or even be artificially modified (for example while using an agonist or an 

antagonist drug for this channel). Finally, some ion channels are dependent on 

external stimuli to trigger their opening. These stimuli can be of extremely various 
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natures (e.g. voltage-dependant ion channels, light-gated ion channels, 

thermoreceptors, chemoreceptors, baroreceptors). 

 

If we are extrapolating the unitary conductance to N channels on a membrane, 

membrane conductance can be calculated as follows: 

 

𝐺𝑖𝑜𝑛 = 𝑁𝑖𝑜𝑛 ∙ 𝛾𝑖𝑜𝑛 ∙ 𝑃0 

 

Where Gion is the membrane conductance for the ion and Nion is the number of 

ion channels present on the membrane.  

It is important to note that unlike γion, Gion does not vary linearly over time with Em, 

because Po depends on voltage and time. 

1.2.2 Structure function 

Membrane conductance can be visualised as a gate whose open widening 

depends on voltage and time, and where the doors of the gate can take an infinity 

of intermediate positions between two extreme states: a completely closed state 

(0) and a completely opened one (1). To be functional, an ion channel must be 

able to navigate between at least two opening states (opened and closed). In 

reality, many ion channels have at least two distinct closed states: closed and 

inactivated. Likewise, it is not rare that ion channels have several inactivated 

and/or closed states cohabiting, and more complex modelling aims to describe 

their interactions more precisely, Markov models for example (Siekmann et al. 

2011; Lampert and Korngreen 2014). For clarity purposes, we will here stick to a 

standard model. 
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From these three states we can define several kinetics: 

- Activation: from closed to opened state; 

- Deactivation: from opened to closed state; 

- Inactivation: from opened to inactivated state; 

- Reactivation: from inactivated to closed state. 

 

Furthermore, an inactivated ion channel can only be activated again if it transits 

by the closed state (reactivation). Transition from the different states is placed 

under the control of the voltage and varies over time. Additionally, the different 

states and their transitions are influenced by numerous factors including 

phosphorylation, temperature, or pharmacological substances. 

 

 

Supplemental figure 1: Schematic representation of ion channel gating 

configurations.  

1.2.3 Structure and function of voltage gated ion channels 

Voltage-gated ion channels are a class of transmembrane proteins activated by 

membrane potential changes. Although many differences exist between the 

different ion channel families (with respect to ion selectivity, kinetics of activation 

and inactivation), structural and functional similarities can be found. Na+ and 
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calcium (Ca2+) channels are very comparable in their structures. Potassium (K+) 

channels have their own structure. 

 

Na+ and Ca2+ channels are formed of only one main subunit called α-subunit 

composed of four homologous domains (named I to IV), each of them constituted 

by six transmembrane segments (named S1-S6). Each segment carries specific 

biophysiological properties. Moreover, the final channel is associated with 

auxiliary proteins (or regulatory subunits) involved in the modulation of the ion 

channel kinetics. The Na+ α-subunit is classically associated with two regulatory 

subunits (called β1 and β2), and the Ca2+ α-subunit with four regulatory subunits 

(called α2, β, γ and δ; Marban et al. 1998; Jiang et al. 2020). 

The voltage sensing ability of the Ca2+ and Na+ channels is located on the S4 

segment (called the voltage sensing domain, VSD), and is permitted thanks to 

the repetition of charged motifs Arg/Lys-X-X. The pore region (called P) is located 

between S5 and S6 segments. It is constituted of two segments (called SS1 and 

SS2), diving in and out of the membrane (Marban et al. 1998; Jiang et al. 2020). 

 

K+ voltage-gated channels are constituted by the assembly of four α-subunits. 

Modulatory subunits also exist in K+ voltage-gated ion channels and are 

associated in a 1:1 stoichiometry with the α-subunits. A fully assembled 

K+ voltage-gated ion channel is a protein complex formed by four α-subunits and 

four β-modulatory subunits. The voltage sensing domain is also located on the 

S4 segment in voltage-gated K+ channels. However, it is not compulsory for 

voltage sensitivity, as two-domain K+ channels (K2P) do not have one but still 

show voltage sensitive behaviour (Schewe et al. 2016). 

 

Activation and deactivation kinetics depend on the channel’s type and are 

modulated by various factors including phosphorylation state, pH, temperature, 

ionic concentration, but also by the action of the regulatory subunits composing 

the ion channel complex. 
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Supplemental figure 2: Schematic representation of the structure of voltage-gated 

Na+, Ca2+ and K+ channels. From Terlau and Stühmer, Naturwissenschaften, 1998, 

with permission. 
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2 Calcium handling remodelling associated with the 

development of atrial fibrillation 

The term Ca2+ handling recapitulates the molecular mechanisms involved in Ca2+ 

buffering, storage, and utilisation. Many proteins are involved in these 

mechanisms, and alterations of parts of these systems can have consequences 

on the initiation and the maintenance of arrhythmogenic events, but also on the 

contractile function of the cardiac muscle. 

 

Ca2+ handling remodelling in the context of AF is characterised by a series of 

events leading to an impairment of the normal property of the cell to efficiently 

handle the Ca2+ cycling. It is characterised by a chronic increase in intracellular 

Ca2+ concentration, the chronic activation of Ca2+ dependant kinases and 

phosphatases, the apparition of spontaneous Ca2+ releases from the 

sarcoplasmic reticulum (SRet) and the alteration in functioning in Ca2+ channels. 

 

The chronic increase of the intracellular Ca2+ concentration will have direct effects 

on the cell functioning, mainly because of the consequent chronic activation of 

the Ca2+/Calmodulin kinase II δ (CAMKIIδ). The CAMKIIδ is a protein kinase and 

has its activity placed under the control of Ca2+: as the Ca2+ concentration rises, 

Ca2+ binds to the Ca2+ binding site and induces a conformational change, allowing 

the protein to bind to its target (Swulius and Waxham 2008). The targets of the 

CAMKIIδ are multiple, and most of them play a crucial role in Ca2+ handling 

remodelling.  

 

The first targets are proteins involved in Ca2+ reuptake: the ryanodine receptor 2 

(RyR2), phospholamban and sarcolipin.  

The RyR2 is the major sarcoplasmic reticulum Ca2+-release channel involved in 

EC-coupling, and its activity is highly regulated by its regulatory subunits including 

the FKBP12.6 proteins, but also the calmodulin, calsequestrin-2, junctin, triadin 

and junctophilin-2. All its regulatory units are involved in the control of the gating 

of the channel and the control of its opening probability. On the ryanodine 

receptor itself, several phosphorylation sites exist for the CAMKIIδ, and the 

phosphorylation of the RyR2 on the S2808 and/or S2814 site has shown to 
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increase susceptibility to leaks. Such phosphorylation status is observed in the 

context of AF. Interestingly, although Ca2+ leaks and spontaneous Ca2+ events 

are also present in paroxysmal AF, the phosphorylation of these sites is not 

systematic, suggesting the involvement of different molecular pathways (Voigt et 

al. 2014). 

Phospholamban is another protein involved in the CICR and is participating in 

intracellular Ca2+ concentration regulation. The phospholamban activity is 

regulated by its phosphorylation status. In a resting cell, phospholamban is 

dephosphorylated and has an inhibitory role on the SERCA pump activity, 

preventing Ca2+ reuptake. However, activation by phosphorylation (either on 

Ser16 by PKA, or Thr17 by CAMKII) alleviates the inhibitory function and 

promotes Ca2+ reuptake via the SERCA. This phosphorylation mechanism is 

particularly useful in physiological conditions and plays the role of an adaptative 

mechanism to stress or exercise via the activity of the PKA upon β-adrenergic 

stimulation. The mRNA expression levels of phospholamban were shown 

unchanged in AF patients (Lai et al. 1999). However, in the context of AF with an 

already existing phosphorylated RyR2, this adaptative mechanism can act in 

disfavour of the cell, promoting the cycling of the Ca2+ leaking from the RyR2, and 

acting in favour of the development of arrhythmogenic events such as delayed 

afterdepolarisations (DAD; Mattiazzi & Kranias, 2014). 

The role of sarcolipin is not fully understood in the atria. However, it has been 

shown that sarcolipin acts as a regulator of SERCA and has an inhibitory role on 

its functioning. Interestingly, sarcolipin mRNA levels have been shown to be 

significantly reduced in AF patients (Lai et al. 1999; Shanmugam et al. 2011). 

Furthermore, studies on sarcolipin KO-/- mice showed that prolongation of an 

enhanced SERCA activity was associated with atrial remodelling characterised 

by an increased SRet Ca2+ load and occurrence of spontaneous Ca2+ events, but 

also an increased APD90 due to the increased L-type Ca2+ channel and the 

activation of the forward mode of the NCX (Xie et al. 2012). Altogether, these 

observations were in line with a pro-arrhythmogenic role, via the promotion of the 

apparition of DADs (Voigt et al. 2012). 
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Another set of targets of the activation of the CAMKIIδ are ion channels, in 

particular channels involved in AP generation including repolarising currents (Ito, 

IKur, and IK1) but also depolarising currents (ICa,L, INa, but also INCX). 

Regarding the repolarising reserve, studies showed that CAMKII acute and 

chronic activity was responsible for an increase in the Ito,s amplitude and 

expression, and Ito,f in a chronic way (Wagner et al. 2009). The same study 

showed that acute overexpression of CaMKII was also associated in an increase 

of IK1. Finally, CaMKII has been shown to also modulate positively the activity or 

IKur (Tessier et al. 1999). Altogether, CAMKII activation has been shown to 

participate in the abbreviation of the APD via the enhancement of the 

repolarisation reserve. 

On the depolarisation side, it has also been shown that CaMKII plays a 

modulatory role. CAMKII has a positive effect on the ICa,L (Swaminathan et al. 

2012) but also promotes the INa,late (Wagner et al. 2011). Finally, studies have 

shown that CAMKII has enhancing effects on the INCX functioning (Voigt et al. 

2012).  

 

To conclude, besides the phosphorylation activity led by the CaMKII promoted by 

an increased intracellular Ca2+ concentration, long-term effects are also 

promoted, via the activation of the nuclear factor of activated T-cells (NFAT) 

leading to cell hypertrophy (Molkentin et al. 1998; Sussman et al. 1998; Lim et al. 

2000). Interestingly, in a mouse model of progressive AF, it has been shown that 

knockout of the NFAT2 gene prevented the evolution of AF (Ni et al. 2021). For 

this reason, NFAT as a possible therapeutic target presents large interests. 

Recently, the utilisation of sacubitril/valsartan, a drug used for heart failure 

therapy, has shown interesting results in a rabbit model of AF, mitigating electrical 

and structural remodelling induced by atrial tachypacing (Li et al. 2020). 



Treatments for atrial fibrillation 

148 | P a g e  
 

3 Treatments for atrial fibrillation 

According to the last ESC guidelines (Hindricks et al. 2021), treatments for AF is 

oriented around 3 problematics: prevent the apparition of stroke, control the 

symptoms of the disease, and detect and manage the cardiovascular risk factors 

and the concomitant disease of atrial fibrillation. 

3.1 Anticoagulation strategy – Stroke prevention 

The first panel is oriented around the establishment of a proper anticoagulation 

strategy for the patient to avoid the development of thrombi whose exit from the 

heart to the systemic or pulmonary circulation could lead to thromboembolic 

incidents, amongst them strokes. 

A stroke is the most dangerous thromboembolic event for the patient’s prognosis, 

and therefore risk assessment scores have been developed and are frequently 

used prior to the treatment decision making and the use of an active anti-

thrombotic therapy. The most commonly used is the CHA2DS2-VASc score. It 

includes several criteria: the presence of heart failure, hypertension, age ≥ 75 or 

from 65 to 74 years old, diabetes mellitus, stroke, vascular disease, and sex 

category. A score from 0 to 9 is then calculated (where the minimum is 0 for male 

and 1 for female patients, and 9 the maximum), and decision making is made 

from this point on. When a patient’s score is 0 for male, and 1 for female, an 

active oral anticoagulation therapy is not considered. However, a higher score is 

always raising the consideration of the use of an active anticoagulation therapy 

(Hindricks et al. 2021). 

3.2 Rate and rhythm control – Symptom management  

The second panel is quite large and englobes all the considerations around the 

management of the symptoms associated with the disease. It includes two major 

points namely rate control (ventricular considerations) and rhythm control 

(supraventricular considerations). 

 

Rate control is an important aspect of the patient’s disease management and 

aims to mitigate the symptoms associated with AF and enable the patient to 
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exercise, improve the haemodynamic profile, and prevent the development of 

heart failure. During an episode of AF, systolic output from the atria is reduced 

(because of faster beat rate and/or uncoordinated contraction) and can be further 

reduced at the exit of the ventricle because of the impaired precharge (also 

because of faster beat rate, but also possibly associated comorbidities such as 

heart failure with non-preserved ejection fraction). For these reasons, the first line 

treatments aim to control the ventricular depolarisation rate, using drugs such as 

β-blockers, non-dihydropyridine Ca2+-channel antagonists or blockers. The 

addition of other inhibitors such as amiodarone to further reduce ventricular rate 

or digoxin when the contractile function also needs to be restored, are considered 

as second line treatments. Finally, if none of the pharmacological approaches 

manages to control the ventricular rate, catheter ablation of the atrioventricular 

node and/or implantation of a pacemaker is considered (van Gelder et al. 2016). 

 

Rhythm control is the second aspect and is focused on the control of the atrial 

depolarisation rate and the restauration of a normal sinus rhythm. Rhythm control 

is usually considered in accordance with the severity of the symptoms, but also 

for the treatment of acute AF episodes. Rhythm control strategies include 

cardioversion, antiarrhythmic medication, and catheter ablation, all of them most 

of the time associated with oral anticoagulation medication. 

Cardioversion can either be electrical or pharmacological. Electrical 

cardioversion is usually preferred for acute intervention when the haemodynamic 

status of the patient is compromised because of its instantaneous results. 

Electrical cardioversion consists in applying a controlled amount of energy 

through the atria to disrupt an episode of AF and restore sinus rhythm. 

Pharmacological cardioversion, however, is indicated in haemodynamically 

stable patients, and consists in intra venous perfusion of anti-arrhythmic drugs 

(for example flecainide, amiodarone or vernakalant depending on the patient’s 

electrophysiological profile).  

Besides the cardioversion, antiarrhythmic drugs can be proposed to help 

maintaining SR in patients. Oral antiarrhythmic treatment aims to treat symptoms 

and increase the patient’s quality of life. Strategies are articulated around 

utilisation of different drugs all aiming to reduce the pacemaker cell’s 

depolarisation rate. Different inhibitors exist and the selection of the appropriate 
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antiarrhythmic drug is carefully guided by the patient’s specific profile to avoid 

toxicity or even worsening the already existing condition.  

Finally, catheter ablation can be proposed to the patient as an alternative to 

antiarrhythmic drug treatment, or when the pharmacological approach failed. 

Catheter ablation is a mini-invasive surgery that consists in the isolation or the 

destruction of arrhythmogenic areas in the atria (e.g. around the pulmonary veins) 

with a catheter brought to the heart via the femoral vein and using high energy 

radiofrequencies or low temperature (cryoablation). Catheter ablation has been 

shown to efficiently reduce symptoms in patients with paroxysmal or persistent 

AF (Andrade et al. 2022; Lo et al. 2022; Mannakkara et al. 2022). 

3.3 Identification and management of concomitant diseases 

The last panel of the treatment proposed by the ESC draws the attention to the 

identification and the management of concomitant diseases, cardiometabolic risk 

factors and the prevention of unhealthy lifestyle factors. 

 

Many lifestyle interventions can be proposed to the patient to involve him/her in 

the disease management. They include actions on nicotine abuse management, 

body weight and weight loss, but also on alcohol and caffeine consumption and 

physical activity. 

 

Finally, several risk factors and comorbidities are associated with the 

development of AF, and their identification/handling must be of concern during 

patient’s disease management. It includes hypertension, heart failure, coronary 

artery disease, diabetes mellitus or even sleep apnoea. 
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4 Other models used for the study of atrial fibrillation 

4.1 Murine models 

The mouse model remains an interesting model to study AF. Although 

physiological parameters in mouse tissue are quite different from the human one 

(heart rhythm for instance). The mouse myocardium has the advantage to 

express most of the currents responsible for the generation of an AP in human 

(Xu et al. 1999; Kovoor et al. 2001). Furthermore, the induction of AF has been 

shown to be possible, and most of the protocols to induce AF in large mammals 

(such as rapid atrial tachypacing or congestive heart failure protocols) are also 

applicable in the mouse model (Murphy et al. 2022).  

 

One of the biggest advantages of using mouse as a model to study AF is that 

mouse has been genetically modified early, and today a diverse collection of 

genetically modified mouse lines is available on the market (Riley et al. 2012; 

Schüttler et al. 2020). Moreover, with the recent progresses in gene targeting and 

gene edition technologies, the generation of a new mouse line is not as laborious 

and expensive as it was before, allowing access to the research teams. For all 

these reasons, the utilisation of the mouse model is precious to unravel molecular 

pathways underlying remodelling mechanisms, and the model remains largely 

used. 

Finally, costs for maintenance are reasonable in comparison with large animal 

models. 

 

On the other hand, some limitations are associated with the utilisation of the 

murine model. The major issue is that the normal physiology of the mice is 

different from human. Mouse heart weights from 0.2 to 0.3 g, and its beating rate 

oscillates between 600 and 800 beats per minute, far from the normal range of 

human. Furthermore, AF does not occur spontaneously in mouse without genetic 

manipulation (Ozcan et al. 2015; Fu et al. 2022), and the episodes are sustained 

only for a few seconds (Wakimoto et al. 2001), whereas fibrillatory events in 

human can last for days. At the AP level, the atrial mouse AP is much shorter 

than human AP (from 40 to 80 ms) and pacing rate adaptation is not very marked.  
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The rat model does not significantly outline the mouse model as it shares many 

of the possibilities and incapacities that the mouse model does. However, some 

specific models have been developed in the context of AF including hypertensive 

rats (Doris 2017), long-term intensive training models (Benito et al. 2011), sleep 

apnoea and obesity models (Iwasaki et al. 2012) or a myocardial infarction model 

(Liu et al. 2019). However, unlike the mouse model, the rat model does not have 

the same genetic modified bibliotheca associated with it and is therefore only 

rarely used for the study of AF. 

 

Advantages Disadvantages 

Genetic intervention (extensive mouse 

KO collection) 
Translationalability 

In vivo experiments  

Maintenance costs  

Supplemental table 1: Advantages and disadvantages of the utilisation of the 

mouse model for the study of atrial fibrillation. 

4.2 Large mammalian models 

4.2.1 Dog models 

The dog model is a common model for the study of AF. Because of its small size, 

a lot of equipment used for human paediatrics can be used, and surgical 

procedures have been shown reliable results with only few complications. 

Although dogs have a higher natural heart rate than humans, the heart mass is 

quite comparable with the human heart, and their electrophysiology is 

comparable. 

Similarly as for other large mammalian models, the use of the pacing method 

became a gold standard for the study of AF in this model and resulted in the 

production of a large amount of scientific knowledge, which is still increasing. 

Dog atrial electrophysiology is comparable with human electrophysiology, and 

the AP shape and duration are comparable. For these reasons, electrical 

remodelling is investigated using dog models, and results are often applicable to 

human (Li et al. 1999; Yue et al. 1999; Sinno et al. 2003; Voigt et al. 2007). 

Besides the rapid pacing protocols, congestive heart failure models (Satoh and 
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Zipes 1996) and mitral regurgitation models (Mitchell et al. 1998) were also 

developed in dogs. Finally, atrial ischemia models have also been established 

(Sinno et al. 2003; Rivard et al. 2007). 

 

However, some limitations are associated with the utilisation of the dog model. 

The first one is ECG differences including shorter P waves, QRS complexes and 

QT intervals (Clauss et al. 2019). Furthermore, the comparability of research 

performed on dogs are sometimes challenging because of the genetic 

background of breeds used for research, and the lack of standardised breeds. 

Finally, the dog is not widely accepted as a model for research, and ethic 

committees in many countries are not always in favour of their utilisation for 

research purposes.  

 

Advantages Disadvantages 

Many models exist No genetic breed 

Translationabilitiy Ethical acceptance 

Long-term protocol feasible  

Utilisation of many already existing 

equipment possible 

 

Supplemental table 2: Advantages and disadvantages of the utilisation of the 

canine model for the study of atrial fibrillation. 

4.2.2 Goat models 

The goat model was one of the first models to be used for the study of AF, and 

many discoveries have been attributed to the use of the goat model, including the 

famous “AF begets AF” from Wijffels et al (1995). 

Many protocols have been initiated using the goat as a study model, including the 

rapid atrial pacing protocol now widely accepted by the scientific community for 

the investigation of the different types of remodelling associated with AF. 

Utilisation of the goat model has many advantages. The first one is that AF and 

pacing protocols can be maintained for a very long time (up to several months), 

allowing long pacing protocols, and both acute (paroxysmal) and long-term 

(persistent) effects of atrial remodelling to be studied. Furthermore, AF episodes 

can last for a very long time (up to two weeks), recapitulating human pathology 
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well. Because of the great resilience of the animal to pacing protocols, structural 

remodelling is also commonly studied in the goat model (Verheule et al. 2003). 

Furthermore, left atrial dilatation (a common risk factor for atrial fibrillation, Power 

et al. 1998), or chronic atrial inflammation models have also been developed 

(Zhang et al. 2015). 

 

However, a couple of difficulties can occur with the use of the goat as a study 

model. First, to date, only one transgenic model of AF exists in goat (Polejaeva 

et al. 2016). Furthermore, goats have a lower respiratory rate in comparison to 

humans. This is associated with a maximum heart rate laying within the lower 

range of humans. Electrophysiologically, the AP is shorter, and only few cellular 

electrophysiological data is available. Furthermore, because goats are ruminants, 

their unique anatomy and physiology can cause a certain amount of risk with the 

anaesthesia and can lead to peri-operative complications. For this reason, it is 

often necessary to plan extra animals. Finally, goat housing and maintenance 

costs can be elevated. 

 

Advantages Disadvantages 

In vivo AF begets Availability 

Solid model for long-term protocols and 

remodelling 

No or only a few genetic models 

available 

Translationalability Perioperative stress needs to carefully 

be managed 

Supplemental table 3: Advantages and disadvantages of the utilisation of the goat 

model for the study of atrial fibrillation. 

4.2.3 Swine models 

The swine model is now a largely accepted model for the study of AF. As swine 

body mass, heart size, metabolism and heart rate are comparable to human, the 

translationalability of the results obtained in the swine model are often applicable 

to human research. 

Rapid atrial pacing protocols work well on swine, and AF can occur quicky (one 

to seven days) after the beginning of the pacing protocol (Bauer et al. 2004; 
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Lugenbiel et al. 2015). Other methods have also been developed to study AF, 

including during its acute phase (Lee et al. 2016). 

Also, the swine model has the big advantage to show a remarkably similar 

electrophysiological profile as human, when comparing ECG, or AP. This can be 

explained because of swine express most human ion channel except for Ito (Mow 

et al. 2008). 

The swine model also has been used as a model to study sleep apnoea induced 

AF and explore the role of carotid baroreceptors (Linz et al. 2016). Because of 

the similar anatomy and physiology of their heart, swine are also very often used 

in clinics for the development of catheter ablation procedures, or surgical 

approaches. Swine models are also a more accepted large model in modern 

societies (in comparison with dogs). 

 

Amongst the limitations, we can cite the poor availability of genetic breed. The 

small collateralisation of coronaries that can lead to high risks of uncontrolled 

infection or even the development of ventricular fibrillation or coronary occlusion, 

thus being a risk for an increased number of animals (and expenses) for study 

completion. Maintenance costs associated with housekeeping of large mammals 

are also to be considered.  

 

Advantages Disadvantages 

Translationalability Availability 

Good model for long-term pacing 

protocols 
Genetic interventions 

 Risks of high number required 

Supplemental table 4: Advantages and disadvantages of the utilisation of the 

swine model for the study of atrial fibrillation. 

4.3 In sillico models 

In sillico models are remarkably interesting for the study of AF. Briefly, they aim 

to use computer simulations to recapitulate a physiological or electrophysiological 

phenomenon.  
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The greatest advantage associated with the utilisation of in sillico models, is that 

they do not require the utilisation of human or any biological material. Therefore, 

the legal/ethical requirements are less demanding. For these reasons, computer 

simulations can be accessible at any times under the only condition to be able to 

access and execute the programme. Another advantage of the in sillico model is 

that because each parameter enriching the simulation is coded, it is possible to 

individually study the participation of each factor in a biological process. 

 

Adding to the versatility of the model, a wide variety of in sillico has been 

developed since the first computational model proposed by Nobel prize winners 

Hodgkin and Huxley in 1952 (Hodgkin and Huxley 1952), the first modelling of a 

cardiac AP in 1960 by Denis Noble (Noble 1960), and the first model for atrial 

fibrillation in 1964 developed by Gordon Moe (Moe et al. 1964).  

 

Nowadays we have a large variety of possibilities for the modelling of the human 

AP (Courtemanche et al. 1998; Scholz et al. 2013), but also for the modelling of 

other species including swine (Peris-Yagüe et al. 2022), or mouse AP 

(Bondarenko et al. 2004; Asfaw et al. 2020). 

 

Finally, computational modelling has largely evolved since its initial conception, 

compared to how it is now, in the context of AF, not only able to simulate AP 

changes, or 2D propagation, but also to simulate complex phenomena such as 

rotor or spiral waves propagation behaviour (Elliott et al. 2022; Rappel 2022), and 

also with the implementation of complex mathematical systems such as machine 

learning to also help clinicians refining their diagnoses and predict ablation or 

therapeutic outcomes (Roney et al. 2022). 

 

The major disadvantage of the in sillico models are their precisions. Because they 

are “handmade” simulations, the precision of the result will mostly depend on the 

number of parameters that have been included in the programme. 

Electrophysiological behaviour is a phenomenon that requires the integration of 

many interconnected parameters and simplifying them for modelling purposes 

can be contra intuitive with regards to the results obtained and the interpretations 

that can be ended up made. Additionally, data sets used for the modelling are 
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often incomplete, mainly because of the practical possibilities to acquire the data 

in the first place (the human material used to perform electrophysiological 

investigation mainly comes from patients undergoing open heart surgery and is 

mostly originating from the right atrial appendage). Finally, the patient specific 

aspect of the current models remains limited, and personalisation (in terms of 

genetic background and/or environmental risk factors) remains limited as well, 

but also with regards to patient specific anatomical specificities (including 

orientation of the cardiac fibres) is often complicated to assess (Heijman et al. 

2021).  

 

Advantages Disadvantages 

Availability Translationalability depends on the 

precision of the model 

++ development at the moment  

Supplemental table 5: Advantages and disadvantages of the utilisation of in sillico 

models for the study of atrial fibrillation. 

4.4 Small non mammalian models 

The utilisation of non-mammalian models has been associated with the initial 

development of the experimental research in electrophysiology (ringer, frog), and 

has also led to the development of the modern comprehension of 

electrophysiology and their experimental approaches (Hodgkin and Huxley 

1939). 

 

However, they are not commonly used anymore, except for drosophila and fish 

models. 

 

The drosophila model remains an extensively used model for genetic studies not 

only in cardiac research but also in the other research fields. It has the advantage 

to have an exceedingly high offspring number (2000 eggs per female), short life 

cycle (about 10 days at 25°C), conservation of genes and molecular pathways 

and relatively cheap maintenance costs. The drosophila model is largely used for 

studying congenital heart diseases because of the good overview and 

cartography of the model’s genome, as it has been one of the first ones entirely 
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sequenced in March 2000 (Adams et al. 2000). Moreover, the development of 

recent techniques for genome editing allowed an increased precision on gene 

targeting. Interestingly, AF induction methods can be applied to drosophila, the 

most common one being the tachypacing, that can be done electrically (Li et al. 

2022), or thanks to the use of optogenetic tools (Men et al. 2020). 

 

From a physiological point of view, the zebrafish model is remarkably interesting 

as its electrophysiological behaviour is like the one observed in humans. 

Moreover, most of the genes involved in cardiac ion channels and regulatory 

subunits have an equivalent in the zebrafish genome. Physiologically, the heart 

rate is, with an average beating rate comprised between 120 and 180 bpm 

(Sampurna et al. 2018), in the high range of large mammals. Furthermore, its 

ECG presents similar waves as human, and its AP is also chamber specific 

(Brette et al., 2008; Nemtsas et al., 2010). Regarding the AP, although shorter in 

zebrafish because of faster beating rate, the AP presents the same 

characteristics as described in human, and although a prominent phase one 

cannot be observed, a plateau, and a slow repolarisation phase due to the 

presence of an orthologue of IKr (Nemtsas et al., 2010). The orthologue of IKr is 

already expressed 48 h after fertilisation (Echeazarra et al. 2021). Also, because 

of regenerative properties of the cardiac myocardium of the zebrafish, the model 

is extremely resilient and is also classically used in the context of cardiac 

regeneration and the molecular pathways involved (Milan and MacRae 2008; 

Jopling et al. 2010; Wilkinson et al. 2014; Rolland et al. 2021). From a technical 

point of view, the zebrafish model can also be very convenient: high fecundity, 

small size and easy handling are arguments for the utilisation of this model. 

Furthermore, because of its high fecundity and the fact that whole animals or 

whole organs, but also isolated cell experiments can easily be done, the model 

can fit to a variety of purposes. Finally, the utilisation of genome editing 

techniques is possible, bringing the possibilities to generate “humanised” cell 

lines, expressing human orthologs, and giving the model an interesting position 

in terms of pharmacological investigation and drug testing. 
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Advantages Disadvantages 

In vivo experiments Translationalability 

Genetic interventions  

Owing to its small size, short gestation 

period, rapid maturation 

 

Supplemental table 6: Advantages and disadvantages of the utilisation of non-

mammalian models for the study of atrial fibrillation. 
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5 Other techniques to initiate atrial fibrillation in vivo 

5.1 Congestive heart failure 

Congestive heart failure (HF) is a common cause for AF (Lubitz et al. 2010). From 

a pathophysiological point of view, the development of HF is an adaptative and 

long process that results in the inability of the heart to maintain the contractile 

function of the heart (Malik et al. 2022), hence promoting atrial dilatation and 

apparition of fibrosis, a powerful substrate for the development of AF. 

 

From an experimental point of view, the congestive heart failure model is 

achieved thanks to the implantation of a defibrillating pacemaker in the ventricle, 

followed by high frequency stimulation over a prolonged period (usually several 

weeks). 

 

Results show that four weeks pacing resulted in a dramatic decrease of the 

ejection fraction, the enlargement of left atrial volumes, and the apparition of 

fibrosis (Knackstedt et al. 2008). 

 

Similarly, the work of Li et al. in a dog model showed that five weeks of rapid 

ventricular pacing was associated with an increase of fibrosis, associated with an 

increase in susceptibility to AF induction after burst pacing, but no impairment in 

ERP and conduction velocity and wavelength size (Li et al. 1999). 

 

Interestingly, this model has also allowed, in complement with a computational 

model, to investigate electrical remodelling in fibroblasts subjected to the CHF 

protocol. Patch-clamp investigation showed that CHF induced a downregulation 

of the tetraethylammonium-sensitive voltage-gated fibroblast current (IKv,fb), 

upregulation of the Ba2+-sensitive inward rectifier current (IKir,fb), and a significant 

increase in cell capacitance. The implementation of these results to a 

computational model including cardiomyocyte-fibroblast electrical coupling 

showed that IKir,fib had a profibrillatory effect on the cardiomyocytes, through AP 

shortening and RMP hyperpolarisation. Oppositely, they showed that IKv,fb carried 

an antifibrillatory effect (Aguilar et al. 2014). 
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An increase in cAMP and cytosolic Ca2+ in the myocyte leads to an increased 

myocardial contractility and further prevents myocardial relaxation. 

A decrease in cardiac output also stimulates the renin angiotensin aldosterone 

system that has been shown to increase myocardial cellular hypertrophy and 

interstitial fibrosis (“Effects of Enalapril on Mortality in Severe Congestive Heart 

ikur Failure,” 1987). 

5.2 Mitral regurgitation  

AF is frequently associated with mitral valve regurgitation (Melillo et al. 2020) and 

its presence is associated with an elevated risk of recidivism post-ablation (Qiao 

et al. 2016). 

Therefore, it was thought that it could be used as a model to induce AF in an in 

vivo experimental model. On this base, the experimental model was first 

developed in dogs and rapidly exported to other animals as it had shown great 

results in developing an AF substrate (Spratt et al., 1983).  

 

The mitral valve regurgitation model consists in surgically impairing the mitral 

valve function to cause blood reflux in the atria leading to atrial dilatation to 

generate a substrate for the inducibility of AF (Rankin et al. 1975). 

 

This model was able to recapitulate a certain amount of remodelling associated 

with AF. 

Regarding the structural remodelling, Verheule et al. showed that in dogs, six 

weeks of mitral valve regurgitation was associated with atrial dilatation with no 

impairment of the fractional shortening in right atria. Furthermore, chronic 

inflammation signs were observed in left atria, characterised by the infiltration of 

inflammatory cells while it was absent in right atria (Verheule et al. 2003). 

Interestingly, in another dog model, Bouwmeester et al. showed that mitral valve 

regurgitation was associated with a progressive atrial strain decrease after four 

weeks, and decompensated after 20 weeks, as the atrial dilatation progressed 

(Bouwmeester et al. 2022).  

Interestingly, Sun et al. also showed that mitral valve regurgitation was 

associated with a decrease in connexin 40 and connexin 43, and the apparition 

of interstitial fibrosis in the pulmonary veins (Sun et al. 2008). 
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For the electrical remodelling, it was shown that the mitral valve regurgitation 

model in dogs, was associated with an increased susceptibility of AF induction of 

sustained episodes (<1 hour), and a prolongation of ERP in both atria at 300 ms 

cycle length (Verheule et al., 2003). 
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6 Investigation of the cardiac electrophysiology 

6.1 In vivo approaches 

6.1.1 Electrocardiogram 

Initially named Einthoven’s galvanometer, the electrocardiogram (ECG) was first 

introduced to the clinical world in 1901 by Nobel prize winner Willem Einthoven 

and first used by physicians MacNalty, Oxon and Lewis in 1908 for diagnostic 

purposes. Since then, the technique has been improved to make it more 

sensitive, and easier to install (it was originally weighting over 300 kg), thus 

leading to its rapid spread and worldwide use, however, the principle remains the 

same. 

 

ECG is a technique used to measure the electrical potential of the heart during a 

systole-diastole cycle, thanks to the utilisation of surface electrodes placed on the 

skin. The resulting traces are called ECG and are composed of five different 

waves and complexes, all referring to specific cardiac events: the P wave 

corresponding in the depolarisation of the atria, followed by the QRS complex 

representing the depolarisation of the ventricles and the repolarisation of the atria, 

and finally, the T wave for the repolarisation of the ventricles. Originally, three 

electrodes were used to measure the ECG, but due to the evolution of the 

technique and the better understanding of the cardiac electrophysiology, 

12 electrodes ECG is now the classic in clinical diagnostics as standard measure. 

Each trace taken from each derivation gives a very precise time and spatial 

overview of the heart electrical situation. 

 

The utilisation of the ECG in clinic and research remains one of the gold 

standards in cardiac electrophysiology as it is now extremely easy to install and 

very versatile in the range of information it can allow to measure in a short amount 

of time. Furthermore, the development of the technology now allows portable 

devices to install on the patient’s chest for long time recording.  
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6.1.2 Electrographic imaging techniques 

Following decades of research on the optimisation of the ECG, a new 

non-invasive technique has been developed, the electrographic imaging 

techniques (ECGI). The torso is part of this group and consists in the utilisation 

of a vest with 252 unipolar surface electrodes connected to a non-invasive 

imaging system (computer tomography) that aims to reconstruct a structural and 

electrophysiological 3D map of the heart. ECGI techniques give extremely 

precise information thanks to the possibility of generating activation map, voltage 

map, isopotential maps or phase maps (Intini et al. 2005; Cluitmans et al. 2018; 

Pereira et al. 2020). 

These techniques are extremely useful in the context of AF, as they can give 

unprecedent insight and whole tissue representation of complex mechanisms (for 

example the initiation and the maintenance of rotor or re-entry processes), so far 

only observable in explanted heart conditions. 

They are also widely used in clinics together with the catheter ablation procedures 

to guide and orientate the movements and ensure the complete ablation of 

arrhythmogenic areas.  

6.2 In vitro and ex vivo approaches 

6.2.1 Tissular  

At the tissular level, two major techniques are used for ex vivo investigations: the 

optical mapping technique and the sharp-microelectrode technique. 

The optical mapping is a method that consists in the measurement of voltage and 

Ca2+ cellular changes in a tissue over time. Optical mapping techniques utilise 

properties of Ca2+ and voltage sensitive dyes in order to visualise and quantify 

their changes over time. 

Using the same principle, voltage dyes were created for cellular or multicellular 

measurements (Kulkarni & Miller, 2017). 

Since its first development by Hodgkin and Huxley and their experiments on giant 

squid axons, the sharp-microelectrode technique rapidly became inevitable for 

cardiac and neuronal electrophysiology research because of its versatility and its 

precision that constantly improved as the electronics and the amplifier 
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components quality improved over the last decades. The sharp-microelectrode 

technique allows the measurement of membrane potentials or currents in a cell 

using a high resistance glass microelectrode to access the inner side of the cell 

membrane. The principal advantage of this technique precisely resides in the 

utilisation of a high resistance pipette with very sharp and thin opening that allows 

measurement in living/beating organs or cells, without the need to break open the 

membrane to get electrical access. For this reason, it is also widely used for the 

measurement of currents and potentials in expression systems (especially 

oocytes). 

6.2.2 Multi-cellular  

The multi electrode array (or MEA) technique is a method used for the 

measurement of field potentials in multi-cellular preparations. Thanks to the 

spatial arrangement of the electrodes around the recording plate, and fixed 

distances separating the recording electrodes, this technique also allows the 

measurement of integrated parameters such as conduction velocity or the 

identification of depolarisation waves. 

Furthermore, because the recording plates are detachable from the recording 

hardware, cell culture (and co-cultures) directly on the recording plates are also 

possible. 

6.2.3 Cellular 

The patch-clamp technique and its different configurations is the gold standard of 

examining cellular electrophysiology. Developed by Bert Sakmann and Erwin 

Neher in the middle of the years 1980 (Sakmann and Neher 1984), the patch-

clamp is a technique used to measure membrane potentials or transmembrane 

currents in a single cell using a glass pipette. The recording is achieved by 

forming a close - high resistance - contact with the cell with the recording pipette 

(the pipette is “attached”, “patched” to the cell). Direct consequence of the Ohm’s 

Law, the measurement of either voltage or current must be associated with the 

control of the other parameter that is said “clamped”. 

 

The classical patch-clamp experiment is decomposed in several steps: first, a 

glass recording pipette is approached to the vicinity of the cell, and a gentle 
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negative pressure is applied to the cell to form a close contact (so called 

giga-seal) between the cell and the recording pipette: this is the cell attached 

configuration. When breaking up the membrane while applying a stronger 

negative pressure, an opening to the inside of the cell is made, this is the whole-

cell configuration. From the whole cell configuration, the experimenter can reach 

the outside-out configuration while pulling on the cell. Another configuration can 

be reached from the cell-attached configuration while pulling the cell membrane 

out: this is the inside-out configuration. Finally, it can be decided that the cell 

opening will not be done using physical approach but using chemical reagents 

such as antifungal (typically amphotericin). In this condition, electrical access is 

gained gradually through the generation of small permeability pores connecting 

the inside of the cell and the pipette solution: this is the perforated patch-clamp 

configuration. Perforated patch-clamp is made from the cell-attached 

configuration (Linley 2013). 

 

After reaching any of these configurations, the experimenter chooses whether 

voltage or current is investigated. Measuring the voltage and clamping 

(controlling) the current defines the current-clamp mode. Clamping the voltage 

and measuring the current defines the voltage-clamp mode of the patch-clamp. 

 

Planar patch-clamp also exists and is the base of some automated patch-clamp 

technologies. The principle resides in replacing the recording pipette with a 

perforated platform, from where the cell attaches (Vanoye et al. 2021).  
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Supplemental figure 3: The different patch-clamp configurations. From, 

Brueggemann et. al., Springer Nature books, 2009, with permissions.  
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7 Adeno-associated-virus-2 genome sequence 

CTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTC

GGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGA

GGGAGTGGCCAACTCCATCACTAGGGGTTCCTTGTAGTTAATGATTAACCC

GCCATGCTACTTATCTACGTAGCCATGCTCTAGGAAGAGTACCATTGACGT

CAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGAC

GTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAG

TGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGC

CCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGC

AGTACATCTACGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCCA

CGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGT

ATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGGGGCGGGGGGGGGGG

GGGGGCGCGCGCCAGGCGGGGCGGGGCGGGGCGAGGGGCGGGGCGG

GGCGAGGCGGAGAGGTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCG

AAAGTTTCCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAAAAGC

GAAGCGCGCGGCGGGCGGGAGTCGCTGCGCGCTGCCTTCGCCCCGTGC

CCCGCTCCGCCGCCGCCTCGCGCCGCCCGCCCCGGCTCTGACTGACCG

CGTTACTCCCACAGGTGAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTG

TAATTAGCGCTTGGTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGCGTGA

AAGCCTTGAGGGGCTCCGGGAGGGCCCTTTGTGCGGGGGGAGCGGCTC

GGGGCTGTCCGCGGGGGGACGGCTGCCTTCGGGGGGGACGGGGCAGG

GCGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGCTA

ACCATGTTCATGCCTTCTTCTTTTTCCTACAGCTCCTGGGCAACGTGCTGG

TTATTGTGCTGTCTCATCATTTTGGCAAAGAATTGGATCGGGATCCACTAG

TCCAGTGTGGTGGAATTGCCCTTGCTGCCACCATGGACTATGGCGGCGCT

TTGTCTGCCGTCGGACGCGAACTTTTGTTCGTTACTAATCCTGTGGTGGTG

AACGGGTCCGTCCTGGTCCCTGAGGATCAATGTTACTGTGCCGGATGGAT

TGAATCTCGCGGCACGAACGGCGCTCAGACCGCGTCAAATGTCCTGCAGT

GGCTTGCAGCAGGATTCAGCATTTTGCTGCTGATGTTCTATGCCTACCAAA

CCTGGAAATCTACATGCGGCTGGGAGGAGATCTATGTGTGCGCCATTGAA

ATGGTTAAGGTGATTCTCGAGTTCTTTTTTGAGTTTAAGAATCCCTCTATGC

TCTACCTTGCCACAGGACACCGGGTGCAGTGGCTGCGCTATGCAGAGTG

GCTGCTCACTTGTCCTGTCATCCTTATCCGCCTGAGCAACCTCACCGGCCT
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GAGCAACGACTACAGCAGGAGAACCATGGGACTCCTTGTCTCAGACATCG

GGACTATCGTGTGGGGGGCTACCAGCGCCATGGCAACCGGCTATGTTAAA

GTCATCTTCTTTTGTCTTGGATTGTGCTATGGCGCGAACACATTTTTTCACG

CCGCCAAAGCATATATCGAGGGTTATCATACTGTGCCAAAGGGTCGGTGC

CGCCAGGTCGTGACCGGCATGGCATGGCTGTTTTTCGTGAGCTGGGGTAT

GTTCCCAATTCTCTTCATTTTGGGGCCCGAAGGTTTTGGCGTCCTGAGCGT

CTATGGCTCCACCGTAGGTCACACGATTATTGATCTGATGAGTAAAAATTG

TTGGGGGTTGTTGGGACACTACCTGCGCGTCCTGATCCACGAGCACATAT

TGATTCACGGAGATATCCGCAAAACCACCAAACTGAACATCGGCGGAACG

GAGATCGAGGTCGAGACTCTCGTCGAAGACGAAGCCGAGGCCGGAGCCG

TGCCAGCGGCCGCCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCAT

CAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGC

CACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGC

ACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCG

CCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTG

AAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGG

CTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACC

GTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAA

GCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAG

ACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCG

CCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCA

CTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAG

CTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAA

CGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCAC

TCCACCGGCGGCATGGACGAGCTGTACAAGTAAAGCGGCCCCGGACTCG

AGGCCGCAGGTAAGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATA

GAAACTGGGCTTGTCGAGACAGAGAAGACTCTTGCGTTTCTGATAGGCAC

CTATTGGTCTTACTGACATCCACTTTGCCTTTCTCTCCACAGGTGTCGAGT

GGAGCTCGCGACTAGTCGATTCGAATTCGATATCAAGCTTATCGATAATCA

ACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTT

GCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTA

TTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCT

GTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGT

GCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACC
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TGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCG

GAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGT

TGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTT

GGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGC

TACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCT

GCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTC

GGATCTCCCTTTGGGCCGCCTCCCCGCATCGATACCGTCGACCCGGGCG

GCCGCTTCGAGCAGACATGATAAGATACATTGATGAGTTTGGACAAACCAC

AACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATT

GCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATT

GCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGGAGGTTTTTTAAA

GCAAGTAAAACCTCTACAAATGTGGTAAAATCGATAAGGATCTTCCTAGAG

CATGGCTACGTAGATAAGTAGCATGGCGGGTTAATCATTAACTACAAGGAA

CCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCAC

TGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGC

GGCCTCAGTGAGCGAGCGAGCGCGCAGCCTTAATTAACCTAATTCACTGG

CCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTA

ATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAG

GCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATG

GGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACG

CGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCG

CTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTC

TAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCG

ACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCC

TGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGT

GGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCT

TGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATT

TAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTT

TCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAAT

GCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTC

GCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAG

AAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTG

GGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGC

CCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGC
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GCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCAT

ACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCA

TCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCAT

GAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGA

AGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTG

ATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGAC

ACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGG

CGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGC

GGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGT

TTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATT

GCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACAC

GACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGA

TAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCAT

ATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTG

AAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGT

TCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATC

CTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTAC

CAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGG

TAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGC

CGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCG

CTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGT

CTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTC

GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACC

TACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCT

TCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGA

ACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTT

ATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGAT

GCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTT

TTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGC

GTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGA

TACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAG

GAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGC

CGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGC

AGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCA
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GGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGG

ATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAGATTTAAT

TAAGGGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTAC

GCCAG 
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8 Engineered human myocardium generated with 

induced pluripotent stem cells transfected with an 

adeno-associated virus-2 carrying a 

channelrhodopsin-2 

 

 

Supplemental figure 4: Pictures of atrial engineered human myocardium 

generated with induced pluripotent stem cells transfected with an adeno-

associated virus-2 carrying a channelrhodopsin-2, 30 days after the tissue 

preparation. 
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9 Long-term optical tachypacing experimental set-up 

 

Supplemental figure 5: Pictures of the experimental set-up used for the optical 

tachypacing of the chrimson-engineered human myocardium. A, Picture of a 

chrimson EHM mounted on the force recording set-up to measure its contraction during 

the 7 day optical tachypacing protocol and B, picture of the cultivation chamber 

containing an EHM. C, Picture of the experimental set-up placed in the incubator for 

temperature and oxygen control. 
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