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Atrial fibrillation (AF) is the most common cardiac arrhythmia in clinical practice with a large socioeconomic impact due to its associated morbidity, mortality, reduction in quality of life and health care costs. Currently, antiarrhythmic drug therapy is the first line of treatment for most symptomatic AF patients, despite its limited efficacy, the risk of inducing potentially life-threating ventricular tachyarrhythmias as well as other side effects. Alternative, in-hospital treatment modalities consisting of electrical cardioversion and invasive catheter ablation improve patients' symptoms, but often have to be repeated and are still associated with serious complications and only suitable for specific subgroups of AF patients. The development and progression of AF generally results from the interplay of multiple disease pathways and is accompanied by structural and functional (e.g., electrical) tissue remodeling. Rational development of novel treatment modalities for AF, with its many different etiologies, requires a comprehensive insight into the complex pathophysiological mechanisms. Monolayers of atrial cells represent a simplified surrogate of atrial tissue well-suited to investigate atrial arrhythmia mechanisms, since they can easily be used in a standardized, systematic and controllable manner to study the role of specific pathways and processes in the genesis, perpetuation and termination of atrial arrhythmias. In this review, we provide an overview of the currently available two- and three-dimensional multicellular in vitro systems for investigating the initiation, maintenance and termination of atrial arrhythmias and AF. This encompasses cultures of primary (animal-derived) atrial cardiomyocytes (CMs), pluripotent stem cell-derived atrial-like CMs and (conditionally) immortalized atrial CMs. The strengths and weaknesses of each of these model systems for studying atrial arrhythmias will be discussed as well as their implications for future studies.
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INTRODUCTION

Atrial fibrillation (AF) is a rapidly growing global health problem mainly due to aging of the human population and adherence to unhealthy lifestyles. AF is associated with significant morbidity and mortality predominately resulting from embolic stroke and heart failure (1, 2). In 2010, an estimated 33.5 million people were suffering from AF worldwide with tremendous socioeconomic costs. The AF prevalence is likely underestimated as a large proportion of individuals with no or transient symptoms remain undiagnosed. Current AF therapies rely on modulation of the heart's electrical function through drugs, electrical cardioversions and invasive ablation procedures. Antiarrhythmic pharmacotherapy (i.e., pharmacological rhythm control) represents the initial treatment for most symptomatic AF patients, but is associated with side effects including negative inotropy and potentially fatal ventricular proarrhythmia (3, 4). Pharmacological rate control is usually indicated for asymptomatic patients and for older patients (with few co-morbidities) as well as in case of serious adverse effects of antiarrhythmic drugs (5, 6). Alternative treatment modalities consist of electrical cardioversions and invasive catheter ablation procedures, which must be performed in the hospital and often need to be repeated, i.e., the immediate and 1-year success rate of electrical shock therapy is 70 and 42%, respectively (7), and the 1-year AF recurrence rate following catheter ablation is 45–89% depending on the patient characteristics (8, 9). Moreover, ablation procedures inevitably lead to the loss of some contractile tissue and have a 4–5% risk of major complications (9). Nonetheless, AF ablation has been shown to decrease arrhythmia recurrences in patients with paroxysmal AF (pAF). It, however, has been less successful in patients with (longstanding) persistent AF (perAF) (10–12).

The differences in treatment outcome between distinct AF patient populations (pAF versus perAF) is a reflection of the heterogeneous and progressive nature of this disorder due to the involvement and interplay of multiple disease pathways. This is supported by the various cardiac conditions (e.g., congestive heart failure, structural heart disease), genetic variants and other factors (e.g., hypertension, diabetes mellitus, obesity, obstructive sleep apnea and alcohol consumption) that are known (i) to be associated with an increased risk of developing AF and (ii) to contribute to disease progression (13–15). The main pathophysiological processes involved in the development of AF are induced by mechanical and oxidative stress, inflammation and/or aberrant neuroendocrine signaling and consist of tissue fibrosis (structural remodeling) as well as changes in (i) the expression, cellular distribution and activity of ion channels, exchangers and pumps and of gap junctions (electrical remodeling), (ii) ATP production (metabolic remodeling) and (iii) (para)sympathetic signaling (autonomous remodeling) (16–18). This creates a substrate, in which the presence of focal ectopic activity (trigger) may initiate reentrant electrical activity, which comes with the formation of freely rotating and anchored reentrant waves (19–21). In the nineties, the pulmonary veins (PVs) have been shown to be a major source of focal ectopic activity and to play an important role in the genesis of AF (4, 22). Nevertheless, there's an ongoing debate about (i) the precise mechanism(s) involved in the initiation, maintenance and perpetuation of AF and (ii) the role of focal ectopic drivers from the PVs in each of these processes (23, 24). Therefore, a better understanding of the pathophysiological processes and arrhythmia mechanisms underlying AF will help to improve its management (25).

Several experimental models (in silico, in vitro, ex vivo, in vivo) are currently being used to study atrial arrhythmia mechanisms, all of which have their own advantages and limitations (20). To generate relevant models for studying the mechanisms involved in atrial arrhythmias, it's essential to be able to recapitulate the patterns of action potential (AP) propagation occurring in the human heart during both sinus rhythm and arrhythmia. Apart from being able to mimic anatomical and functional reentry as well as high-frequency focal activity, in order to dissect the role of specific disease pathways or arrhythmia mechanisms, it's important for the model to be applicable in a standardized, systemic and controllable manner and to allow pharmaceutical and genetic interventions. In vivo models are most physiological but are necessarily restricted to animals and generally display considerable biological variation, which complicates the interpretation of results. It is, however, a desirable feature in arrhythmia studies focusing on inter-individual differences. Biological and especially technical variation also have to be taken into account working with ex vivo models (whole organs or tissue pieces), which typically permit measurements for only a short period of time due to their gradual deterioration. Moreover, results obtained ex vivo using human atrial appendages should be interpreted with caution as their properties may differ from those of atrial free walls. Additionally, these appendages seem to have a limited role as source of reentry and arrhythmia in the majority of AF patients (26–29). In silico models are most useful for rapid testing of various conditions (in different situations) in a cheap and reproducible manner. However, as present-day mathematical models are far from being able to capture the intricacies and subtleties of complex biological systems like the atria, in silico findings require validation in biological systems. In vitro models consisting of two-dimensional (2D) monolayers or sheets of atrial myocytes (AMs), obtained by seeding of enzymatically derived cell suspensions, form functional syncytia of excitable and contractile cells, which can be readily exposed to drugs and genetically modified (30). This allows evaluation of therapeutic interventions in a controlled environment mimicking many of the features of intact atria. 2D cultures of AMs may also be subjected to other manipulations (e.g., electrical/optical pacing, ischemia-reperfusion injury, oxidative stress, dysglycemia, cyclic stretch) making them highly attractive model systems to bridge the gap between single cells and intact tissue and between computer simulations and ex/in vivo experiments. Due to the limited and fluctuating supply of human atrial tissue and the difficulty to maintain primary AMs of human adults in culture, several alternative 2D multicellular in vitro models have been developed, encompassing primary (newborn) animal-derived AMs, (pluripotent) stem-cell derived atrial(-like) cardiomyocytes (CMs) of animal and human origin as well as (conditionally) immortalized rodent AMs. Although these models lack the three-dimensional (3D) properties and complex architecture of atria with blood vessels and other cell types besides AMs (e.g., cardiac fibroblasts and autonomic neurons), they are highly suited as systems to study mechanisms and processes involved in the initiation, propagation and termination of AF.

In this review, we provide a comprehensive overview of the currently available 2D multicellular in vitro models that can be used to investigate the electrophysiological mechanisms involved in the initiation, continuation and termination of AF as well as the influence of various pathophysiological mechanisms on these processes. We will also briefly discuss recently developed 3D multicellular in vitro models of atrial arrhythmias.



IN VITRO MULTICELLULAR SYSTEMS FOR AF MODELING

In the next sections, the different 2D and 3D multicellular in vitro models that are used to study atrial arrhythmias will be described. Of each model, we will highlight its origin, mention key publications, advantages and limitations and discuss implications for future studies. For a brief summary, see Table 1. Also included is a schematic overview (Figure 1) of the various methods used to generate the models and of their (potential) applications in disease modeling, fundamental research, drug screening and regenerative medicine (e.g., the repair of atrial septal defects).


Table 1. Overview of the different 2D multicellular in vitro models of AF.
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FIGURE 1. Overview of the different 2D multicellular in vitro models of AF. The figure is divided in 4 top panels describing the different techniques to generate 2D multicellular in vitro atrial arrhythmia models and a bottom panel depicting the various applications of these models (i.e., fundamental research, drug screening, disease modeling and regenerative medicine). The 1st panel from the left describes the generation of the HL-1 cell line. This cell line was derived from a transgenic mice in which expression of SV40 Tag is driven by the atrium-specific human NPPA promoter (HsNPPA-Tag). This resulted in mice carrying right atrial tumors, which were isolated and enzymatically dissociated yielding cells that could be kept in culture as the HL-1 cell line. This cell line can proliferate while retaining an immature AM phenotype. The 2nd panel from the left shows how AMs and non-CMs (e.g., fibroblasts) can be derived from atrial tissue samples of animals (e.g., neonatal rats) by enzymatic digestion and cultured in vitro. The resulting mixed atrial cell preparations also served as starting material for the conditional immortalization procedure depicted in the 3rd panel from the left, which led to the generation of iAM cell lines including iAM-1. The conditional immortalization was achieved by transducing primary AMs with a repressor-based lentiviral Tet-on system (represented by the lentiviral particle), in which the muscle-specific promoter MHCK7 drives the expression of a temperature-sensitive mutant of SV40 Tag designated tsA58 (iMHCK7.Tag-tsA58). The addition of doxycycline results in dedifferentiation and proliferation of the cells while its removal causes redifferentiation toward fully functional AMs. The 4th panel from the left describes the use of (i)PSCs, which are generated either by the disruption of embryos (ESCs) or by reprogramming somatic cells (iPSCs) using viral (e.g., Sendai virus) or non-viral vector-based methods. The (i)PSCs can proliferate virtually indefinitely and be differentiated in a mixed population of immature CM-like cells by a multistep procedure recapitulating the different stages of cardiac development and involving the use of specific inducers. After cell sorting/enrichment, these cells as well as the cells generated by the other techniques, can be used for different applications as depicted in the lower panel. The lower right picture merely serves to indicate that AMs/atrial tissue constructs might be applied in the future for reparative purposes (like the repair of atrial septal defects) and does not want to suggest their suitability for the regeneration of ventricular tissue.



Primary (Animal-Derived) AMs

Until now, freshly isolated CMs of animals are the most widely used cell source for the generation of 2D models to study cardiac arrhythmias. Primary CMs are derived from heart tissue of various animal species by enzymatic digestion, resulting in cell suspensions that can be used to generate synchronized 2D cardiac syncytia. Initially, (transgenic) animal-derived primary CMs were mainly used for single-cell patch clamp studies (34–41), due to technical issues related to the accurate measurement of membrane voltage changes in monolayer cultures. The use of CM monolayers in cardiac arrhythmia research strongly increased after the development of (i) chemical and later genetic voltage and Ca2+ probes and (ii) advanced imaging systems for optical voltage and Ca2+ imaging with high spatial and temporal resolution (42). This made it possible to non-invasively study electrical impulse propagation on a microscopic and macroscopic level (43–45). The concept of reentry originated from basic experiments in a jellyfish shortly after the beginning of the previous century, which has matured over recent decades and reentrant conduction has also been shown in explanted cardiac tissue (46–48). Nevertheless, Bub et al. were the first to show in 2D cultures of embryonic chick heart cells the presence of spontaneous reentrant waves by the use of optical Ca2+ imaging, which resembled results obtained in silico (49–54). Afterwards, monolayers derived from neonatal rat ventricular CMs (NRVMs) were established as a model that could be used to induce anatomical and functional reentry. High-resolution optical voltage mapping made it possible to study in detail the mechanisms involved in (i) the initiation of reentry and (ii) the subsequent termination of reentrant tachycardias by rapid pacing and electrical shocks. (44, 55–61) Currently, NVRMs are the most widely used model to study cardiac arrhythmias as evidenced by the large number of research papers, in which these cells are used (62–65). This is exemplified by studies with NRVMs that looked at the effects of ischemia/reperfusion injury, anisotropy, fibrosis, CM-(myo)fibroblasts coupling, hypertrophy as well as changes in the activity of ion channels and gap junctions on cardiac arrhythmias (66–78). Although arrhythmia mechanisms uncovered by investigation of ventricular CMs may also be relevant for understanding the initiation and maintenance of atrial arrhythmias, there are marked differences between ventricular and atrial CMs on a structural and electrophysiological level (79–82), making it crucial to use atrial CMs for the modeling atrial arrhythmias like AF.

Initially, the multicellular modeling of atrial arrhythmias was based on computer simulations due to the lack of proper in vitro models (83). This changed when animal-derived atrial tissue was separated and used for CM isolation, resulting in studies that could use patch clamp as well as voltage- and Ca2+-sensitive dyes to study the dynamics of specific ion currents in an atrial context (84–86). More recently, Bingen et al. were the first to employ neonatal rat atrial CMs (NRAMs) for the generation of 2D atrial monolayer cultures, which were subsequently used to study electrical propagation by optical voltage mapping (30). Rapid electrical point stimulation of these cultures induced AF-like functional reentry (rotor frequency: 14.1 ± 7.4 Hz, rotor complexity: 6.7 ± 7.7 phase singularities). The authors showed that the rotor frequency and complexity was correlated with AP duration (APD) and that specific inhibition of IKACh−c, an atrial, acetylcholine-activated inward-rectifying K+ current known to be constitutively active in perAF (87, 88), by tertiapin resulted in APD prolongation and a subsequent decrease in rotor frequency and complexity (30). Similar effects were observed by knockdown of the expression of the molecular determinants of IKACh−c, Kir3.1 and Kir3.4 (89), indicating a potential role of these ion channels in AF dynamics. In a follow-up study, the same research group used confluent NRAM monolayers to study how (inhibition of) IKACh−c affects the success rate of electrical cardioversion of AF (90). These studies inspired the generation of mono- and multicellular in silico NRAM models (91). Despite the promising results obtained with these rat models as well as in vivo using canine and ovine models of tachypacing-induced (persistent) AF (92, 93), no improvements in AF burden were seen in pAF patients treated with a potent and selective inhibitor of IKACh−c (94), illustrating that promising in vitro or in vivo results obtained in animal models do not always translate into effective treatments for humans. A different and novel approach used to study the mechanisms involved in the termination of atrial arrhythmias was the optogenetic modification of NRAM monolayers, resulting in the expression in NRAMs of ion channels whose activity can be controlled with high precision in time and space by light (95, 96). The high spatiotemporal control of electrical depolarization allowed Feola et al. to demonstrate that the successful and local targeting of atrial rotors requires a line of conduction block that spans from the rotor core region to at least one unexcitable boundary (97). A combined in vitro and in silico follow-up study showed that optogenetics could also be used to manipulate the dynamical properties of spiral waves, by forcing local, depolarizing photocurrent-induced transitions between functional (freely rotating spiral waves) and anatomical (anchored reentrant waves) reentry through which rotor complexity could be reduced and reentrant conduction could be terminated (98). The findings of these studies help to understand how ablation strategies could result in the termination of atrial arrhythmias and AF. Additionally, these studies could aid in the refinement of rotor-based ablation strategies, thereby improving ablation efficacy and limiting tissue damage caused by this technique.

As presented, primary (animal-derived) AMs are a suitable model to study especially the (basic) electrophysiological mechanisms involved in the initiation, perpetuation and termination of atrial arrhythmias. The resulting insights could potentially lead to the development of new or improved therapies for the benefit of AF patients. Several advantages of the primary AMs cultures are that they represent well-established atrial models (protocols and basic electrophysiological properties available), are relatively easy to implement in a laboratory (cell procurement requires few reagents and no specialized equipment) and can be scaled according to research demands. An interesting recent development is the generation of a 3D model from primary neonatal rat atrial and ventricular cells as presented by Krause et al. (99). The resulting engineered heart tissues (EHTs) provide similar degrees of standardization and reproducibility as 2D systems but more closely resemble the spatial features of atrial and ventricular tissue (100). Comparison of the atrial and ventricular neonatal rat EHTs revealed marked differences in gene expression, contractility, electrophysiology and drug responses (99) providing a strong argument for the use of atrium-specific models to study atrial disease. The authors also found atrial neonatal rat EHTs to exhibit a more mature phenotype than EHTs created with human pluripotent stem cell (PSC)-derived atrial-like CMs. A limitation of using AMs isolated from heart tissue for modeling of atrial arrhythmias is the large effort, time and proficiency it takes to produce cell cultures of high enough quality and purity for arrhythmia research. Additionally shortly after birth the large majority of CMs in the mammalian heart stop dividing. As a consequence, primary mammalian CMs isolated from post-neonatal hearts cannot be amplified in vitro (101, 102). Another disadvantage of using primary CMs of animals as models of human cardiac arrhythmias are the known differences in cardiac electrophysiology, mainly due to differences in the composition, properties and activity of cardiac ion channels, between humans and the animal species commonly used for arrhythmia research (13, 103, 104). This limits the translational value of these models. An additional drawback is that the use of laboratory animals is subject to an ongoing ethical debate and limited within strict boundaries enforced by animal welfare committees (105). CMs derived from human PSCs, as will be discussed in the next paragraph, could be a suitable alternative for cardiac arrhythmia modeling by resolving the ethical and translational issues associated with the use of animal CMs for arrhythmia research.



(Human) PSC-Derived Atrial(-Like) CMs

As mentioned, human PSCs hold great promise as CM source to build in vitro models for studying cardiac arrhythmias, especially since they can proliferate virtually indefinitely and are capable of differentiating into various types of CMs (106). Initially, human embryonic stem cells (hESCs), originating from the inner cell mass of blastocysts, were used as source of CM-like cells (107). After aggregation and exposure to differentiation conditions, hESCs spontaneous form contracting embryonic bodies (EBs), containing (partially) differentiated cells of all three germ layers (i.e., endoderm, mesoderm and ectoderm) including small clusters of phenotypically heterogeneous CM-like cells (108–111). The low yield and phenotypic heterogeneity of EB-derived CM-like cells limited their use in cardiac disease modeling, which initiated the development of novel differentiation protocols consisting of monolayer cultures, inductive co-cultures as well as directed differentiation procedures (112, 113). The latter, mainly driven by knowledge acquired from embryonic and fetal cardio(myo)genesis, resulted in relatively high yields of CM-like cells (up to 50%) (113–117). Further improvements were made by the genetic engineering of different reporter lines (e.g., NKX2-5eGFP/w hESCs), allowing selection of relatively pure populations of (i) committed cardiac progenitor cells for subsequent cardiomyogenic differentiation or (ii) CM-like cells differentiated from hESCs (118, 119). However, the widespread use of hESC-derived CMs is hampered by ethical and political controversies due to the necessity of disrupting a human embryo to obtain hESCs (120). Therefore, the possibility to reprogram adult (human) somatic cells into induced pluripotent stem cells (iPSCs) by the use of four factors (OCT4, SOX2 and either KLF4 and MYC or NANOG and LIN28), revolutionized the use of PSCs. (121–124) Human iPSCs (hiPSCs) showed a similar cardiomyogenic differentiation potential as hESCs. Using optimized cardiomyogenic differentiation conditions it is now possible to derive CMs with efficiencies of ~95% from various hiPSCs and hESCs lines. The resulting CMs are, however, in general, relatively immature (i.e., resembling heart muscle cells at an early fetal stage of cardiac development) (125, 126) and typically consist of a mixture of ventricular (~60%), nodal (~30%) and atrial (~10%) CM-like cells, displaying highly heterogeneous electrical properties (106, 127, 128). Accordingly, to end up with more or less homogeneous populations of PSC-derived CMs various different selections strategies have been developed (129), which include the use reporter lines to select subtype-specific CMs by fluorescence-activated cell sorting (130, 131). More information on the currently available protocols to generate PSC-derived CMs and criteria to distinguish the different subtypes of PSC-derived CMs can be found in some recent reviews (116, 127, 132–134). An alternative strategy to generate CMs from non-CMs is through the direct cardiomyogenic reprogramming of fibroblasts by (cardiomyogenic) transcription factors, miRNAs or small molecules (135, 136). However, thus far, the reprogramming efficiencies are low and the resulting so-called induced CM-like cells (iCMs) are rather immature and comprise a mixture of different CM subtypes, limiting their suitability for cardiac disease modeling. Improvements in the cardiomyogenic differentiation protocols of PSCs and the generation of patient-specific hiPSCs made it possible to use human PSC-derived CMs as platform for disease modeling and drug screenings. (137, 138) Initially, the generated CM-like cells, which mainly possessed a ventricular phenotype, were used for drug screenings as well as to model monogenic arrhythmogenic diseases like channelopathies (138–141). These studies mostly involved the use of single cells or small cell clusters to assess, electrophysiological parameters like AP morphology and duration, the properties of (individual) cardiac ion currents as well as the occurrence of early and delayed afterdepolarizations (EADs and DADs, respectively). (138) There were only a few research groups capable of producing PSC-derived CM-like cells, first mainly with a ventricular-like morphology, in sufficient numbers to generate multicellular CM sheets suitable for studying the initiation and dynamics of cardiac arrhythmias as well as their termination by drugs or electrical shocks (142–147).

The use of PSCs in the modeling of atrial arrhythmias like AF started with the discovery that properly timed retinoic acid (RA) signaling stimulates the directed differentiation of human PSCs toward the atrial cardiac lineage (148–150), resulting in CMs with mainly an AM-like AP including the presence of atrium-specific currents (e.g., IKur and IKACh) that could be targeted with selective ion channel modulators (151–153). Initially, these cells were used to study the hereditary components in lone AF and recently also to investigate the effects of drugs on AF susceptibility (154, 155). The study by Shafaattalab and colleagues showed the Bruton's tyrosine kinase inhibitor Ibrutinib to induce pro-arrhythmic changes (i.e., APD shortening and DAD formation) in atrial-like but not in ventricular-like hESC-derived myocytes, emphasizing again the importance of using subtype-specific CMs for disease modeling (155). Laksman et al. were the first to generate sufficient numbers of atrial-like CMs to produce multicellular sheets that could be used to study mechanisms involved in atrial arrhythmias (33). This was accomplished by EB-based directed differentiation of hESCs (116, 119) with the addition of RA during the mesoderm stage. Subsequent fluorescence-activated cell sorting resulted in CM populations consisting of cells with (~87%) atrial-like, (~7%) ventricular-like and (~7%) nodal-like APs. The generated multicellular sheets showed an AP morphology resembling that of human adult atrial tissue (APD90: 206±73 ms) (156). Electrical propagation in these sheets was slow (5.4±1.3 cm/s), in comparison to adult human atrial myocardium (60-75 cm/s in bulk tissue) (157) and the earlier described NRAM and NRVM models (20–25 cm/s), but similar to the aforementioned ventricular-like CM sheets (142–147). The authors attributed the slow AP propagation to the relatively positive resting membrane potential of the cells. This resulted in a reduced availability of cardiac fast Na+ channels and therefore a low maximum upstroke velocity and small AP amplitude as manifestations of the immaturity of the cells. Nevertheless, rapid pacing of the cultures induced a reentrant wave rotating around an unexcited core with a cycle length (CL) of 312 ± 30 ms mimicking the self-sustaining drivers observed in AF (158). In the same study, the effects of the antiarrhythmic drugs flecainide (class Ic) and dofetilide (class IIIa) on APD, conduction velocity (CV) as well as reentry characteristics (e.g., CL and curvature) were investigated, which yielded results consistent with those obtained in animal studies (159, 160). Only dofetilide was able to sporadically (1 out of 10 cultures) terminate reentry. Notwithstanding their different modes of action and observed pharmacological effects, both drugs resulted in an increased temporal excitability gap (= CV*[CL-APD90]), suggestive of a common mechanisms involved in reentrant wave destabilization and arrhythmia termination. Despite the limited success rate of reentrant wave termination, this study exemplifies how these models could be used to comprehend the essential electrophysiological mechanisms involved in drug-induced arrhythmia termination. This study further highlights the feasibility to use atrial-like human PSC-derived CMs as platform for the discovery and development of atrium-specific antiarrhythmic drugs with a lower risk of ventricular proarrhythmia than existing antiarrhythmic agents. Recently, Tanwar et al. showed that instead of RA also Gremlin 2 could be used to stimulate the differentiation of ESCs into atrial CM-like cells (161).

The veno-atrial junction in the PV antrum is a major source of ectopic arrhythmogenic foci, which is believed to be caused by the extension of myocardial tissue sleeves along the PVs on the adventitial side (22, 162). This anatomy could favor source-sink mismatch causing conduction delays, wavebreaks, functional reentry and AF (162). Nevertheless, as mentioned earlier, there's an ongoing debate about the role of focal ectopic drivers from the PVs during the initiation, maintenance and perpetuation of AF. Therefore there's still an urgent need for relevant PV models to study the role of these drivers in AF (23). Nakanishi et al. used PSCs for the modeling of the veno-atrial junction in the PV antrum (163). Cell sheets were generated by using RA during the monolayer-based directed cardiomyogenic differentiation of hiPSCs, resulting mainly in CMs with an atrial-like phenotype (99.6 ± 0.3% cardiac troponin T+ cells, 96.1 ± 1.0% MLC2a+ and MLC2v− cells). These cells were mixed in different ratios (i.e., 10:0, 7:3, 3:7 and 0:10) with atrial fibroblasts of human adults and applied to a mold consisting of two silicone holes (12 mm Ø) connected with each other by a canal with the same width or a much smaller width (1–2 mm; narrow isthmus model), thereby mimicking PV myocardial tissue. In monolayers containing 100% atrial-like hiPSC-derived CMs, a narrowed isthmus resulted, at higher pacing frequencies (>5 Hz), in conduction delay distal from the isthmus as well as various types of conduction blocks (intermitted regional block, 2:1 block, omnidirectional block). In co-cultures with fibroblasts conduction delay and block occurred already at lower pacing frequencies. However, this did not result in the formation of reentrant waves. This is currently the only study using atrial-like CMs to generate a surrogate model of the veno-atrial junction in the PV antrum. While the authors speculate that paracrine factors released by the cardiac fibroblasts or heterocellular coupling between these cells and the hiPSC-derived AM-like cells may explain the observed effects, this was not further investigated in their study. Moreover, there are marked differences in the ionic currents between the CMs in the PVs and AMs / hiPSC-derived atrial-like CMs (164), thereby limiting the clinical relevance of the model. Thus, there remains a demand for more sophisticated human models that closely mimic the complex structural and electrophysiological properties of the veno-atrial junction in the PV antrum in order to enable researchers to study the exact role of focal ectopic drivers from the PVs during the initiation, maintenance and perpetuation of atrial arrhythmias.

Overall, the number of studies using human PSC-derived AMs to investigate the mechanisms involved in atrial arrhythmias is still limited (33, 163). This is remarkable with so many researchers working on the development of PSC-derived CMs as platform for drug screenings, disease modeling and personalized medicine. The limited use of PSCs as well-established model in AF research could partially be explained by the fact that the differentiation of PSCs toward atrial CM-like cells is a laborious, time-consuming and costly endeavor and therefore hard to scale up. Moreover, PSC-derived AMs phenotypically resemble fetal AMs. This structural and functional immaturity, limits the use of these cells in adult cardiac disease modeling (80, 125, 165). Therefore, in order to increase the clinical relevance and predictive value of human PSC-based cardiac arrhythmia models, improved cardiomyogenic differentiation protocols that result in more mature and less heterogeneous CM (sub)populations are required. However, as many cardiac disorders including AF are accompanied by (partial) dedifferentiation of CMs and the reactivation of (specific) fetal genes in these cells (166), development of representative arrhythmia models may not always require the use of fully matured PSC-derived CMs. Human PSCs also remain a highly attractive cells source for personalized medicine applications due to the ease with which their genomes can be modified using state-of-the art genome editing technologies (167–169) allowing (i) the introduction of disease-associated genetic variants in PSCs of a healthy individual and (ii) ‘genetic curing’ of patient-derived PSCs (154, 170, 171). Of the various approaches to improve PSC-based arrhythmia models, the engineering of 3D cardiac tissue constructs including heart-on-a-chip devices is of particular interest as this will allow assessment of cardiac electrical activity in a more realistic setting than can be provided by 2D CM monocultures (165, 172–174). This is nicely illustrated by a recent study of Goldfracht et al., who generated ring-shaped atrial and ventricular EHTs from hESCs showing heart chamber-specific differences in gene expression, electrophysiology, contractile properties and pharmacology (175). The authors demonstrated the utility of their atrial EHTs for therapeutic testing by investigating the effects of pharmacological (i.e., flecainide and vernakalant) and electrical cardioversions on the efficacy of arrhythmia termination and the maintenance of normal rhythm. Different drug responses between atrial and ventricular EHTs were also found by Cyganek et al. using hiPSCs as CM source (174). Another way to increase the usefulness of PSC-derived cardiac arrhythmia models is by the modification of PSCs with genetically encoded voltage or Ca2+ indicators to facilitate (high-throughput) drug screenings and to investigate different CM maturation strategies (146, 176–178). In this context, also gene-based organelle probes and fluorescent protein-tagged sarcomeric components will be highly useful as long as they do not interfere with the normal activities/functions of CMs. Similar tools could also be used in combination with the lines of immortalized CMs that will be discussed in the next section.



Immortalized AMs

Cardiac disease modeling would greatly benefit from the ability to amplify (mature) CMs in vitro. Unfortunately, mammalian CMs typically lose proliferation capacity early after birth due to (permanent) cell cycle arrest. (101, 102, 179–181) The cell cycle is tightly regulated by transcription factors, cyclins and cyclin-dependent kinases (CDKs) as well as upstream regulators including the pocket proteins (i.e., pRb/p105, pRb1/p107 and pRb2/p130), CDK inhibitors of the CIP/KIP and INK4 families and the tumor suppressor protein p53 (182–184). The identification and ectopic expression of viral oncogenes made it possible to “immortalize” post-mitotic cells resulting in their cell cycle reentry and subsequent proliferation (185). Especially the simian virus 40 large T antigen (SV40 Tag), due to its ability to suppress the activity of pRb and p53, has been extensively used to generate lines of permanently immortalized parenchymal mammalian cells (e.g., hepatocytes, neurons, skeletal muscle cells and so forth) that could be used as platform for drug screenings and disease modeling (185–188).

The use of immortalized cell lines for the modeling of cardiac diseases started with the establishment of various transgenic mice, each with a different promoter (derived from the human NPPA, mouse PR1, rat Myh6 and mouse Nkx2-5 gene) driving the expression in CMs of SV40 Tag, which resulted in cardiac tumor formation in the atria and ventricles of embryonic and adult mice (189–192). Tumor nodules isolated from the different transgenic mice strains, yielded the transplantable right atrial tumor cell lines AT-1, AT-2 and MCM-1 as well as the 1H and ECL-2 cells (of unspecified anatomical origin) (191–195). Enzymatically released tumor cells could be cultured in vitro but showed signs of dedifferentiation for the 1H, ECL-2, AT-2 and MCM-1 cells (192, 196–200). AT-1 cells, on the other hand, retained some characteristics of adult AMs. However, these cells could not be serially passaged or thawed from a frozen stock, requiring the isolation of a subpopulation, called HL-1, that could be expanded indefinitely under specific culture conditions (201, 202). Proliferating HL-1 cultures contain cells at different stages of cardiomyogenic differentiation including cells with structural and functional properties of CMs (201, 203). Attempts to use other viral oncogenes for the immortalization of CMs were less successful, making SV40 Tag the most widely used tool for the generation of cardiac muscle cell lines (204).

Brundel and co-workers were the first to subject HL-1 cells to prolonged (24 h) electrical tachypacing, which resulted in contractile dysfunction and aspects of the electrical and structural remodeling observed in AF (205, 206). This led to a number of subsequent studies in which tachypaced HL-1 cells were used for the identification of specific proteins and regulatory pathways involved in AF-related atrial remodeling (207–212). These studies also showed that the addition of certain drugs (i.e., calpain inhibitors and endoplasmic reticulum stress inhibitors) could decrease the myocyte remodeling processes. The identification of these pathways and their specific inhibitors could aid in the development of drugs that prevent structural remodeling and disease progression. Hong and co-workers reported the spontaneous occurrence of reentrant conduction in confluent monolayers of HL-1 cells (213). Moreover, first Umapathy et al. and later Tsai et al. demonstrated in HL-1 monolayers the presence of complex fractionated electrograms (214, 215) similar to those recorded in patients with pAF and perAF, where they could be used to guide ablation strategies (216). Unfortunately, several studies including the multi-center STAR-AF II trial showed no additional benefit for complex fractionated electrogram-guided ablation on top of PV isolation in patients with perAF (217–219). HL-1 cultures have also been used to study the effect of certain drugs on the persistence as well as complexity of fibrillatory conduction (220, 221). The aforementioned publications highlight the utility of the HL-1 cell line as model for atrial arrhythmias and for unraveling the molecular pathways involved in these diseases. Despite their merits as atrial disease model, HL-1 cells have a number of important drawbacks. Due to the permanent expression of SV40 Tag (and therefore lack of control over proliferation), individual HL-1 cells reside in different phase of the cell cycle causing large structural and electrophysiological heterogeneity between them. This may also explain the low CV of electrical impulses in HL-1 monolayers (221). Moreover, different laboratories use distinct subclones of HL-1 cells as well as HL-1 cells with a different passage history complicating the interpretation of data and detracting from the robustness and reproducibility of the model (31, 203). Another disadvantage of the HL-1 model is the inability to control the initiation of arrhythmias, which limits its usefulness for studying the electrophysiological mechanisms involved in the initiation, perpetuation and termination of atrial arrhythmias. This limitation could partially be overcome by the use of more homogenous HL-1 subclones showing improved electrophysiological properties. For example, Houston et al. used the HL1-6 cell line, a subclone of HL-1 that propagates APs at a higher speed than the original cell line, in combination with optical voltage- and Ca2+-sensitive dyes to study the characteristics and modulators of reentrant circuits (222). However, the results from this study should be interpreted with caution since the HL1-6 cultures of Houston and colleagues still contained considerable inhomogeneities, which are a predisposing factor for cardiac arrhythmias (223).

As mentioned above, the lack of control over viral oncogene expression and therefore proliferation limits the utility of permanently immortalized CMs as disease models and in studies of cardiac regeneration. In line with these findings, inhibition of DNA synthesis by mitomycin C treatment enhanced the cardiomyogenic differentiation of permanently immortalized ventricular CMs (224). This indicates that CM proliferation and differentiation are competing processes, providing a rationale for the conditional immortalization of cells (225). This resulted in various alternative conditional immortalization strategies, in order to generate differentiation-competent cardiac muscle cell lines (224, 226–234). Nevertheless, none of the conditionally immortalized cell lines yielded functional CMs that were qualified for subsequent use as an atrial arrhythmia model. These disappointing results prompted Liu et al. to test an alternative method for the generation of conditionally immortalized lines of CMs, which gave rise to the so-called iAM-1 cell line. This monoclonal line of conditionally immortalized neonatal rat AMs displays high proliferation capacity and fully preserved cardiomyogenic differentiation ability (32). The iAM-1 cell line was generated by transducing primary cells isolated from 2-day old neonatal rat atria with a repressor-based lentiviral Tet-on system (235) in which the muscle-specific promoter MHCK7 drives the expression of a temperature-sensitive mutant of SV40 Tag designated tsA58. Exposure of the iAM-1 cells to doxycycline induced expression of SV40 Tag-tsA58, resulting in dedifferentiation (as evidenced by loss of excitability and disassembly of sarcomeres) and subsequent proliferation of the cells. Removal of doxycycline abolished SV40 Tag-tsA58 expression, resulting in growth arrest and spontaneous cardiomyogenic differentiation into excitable and contractile cells with well-organized sarcomeres. Confluent monolayers of iAM-1 cells at day 9 of differentiation showed an average CV of 21.5 ± 1.0 cm/s and an average APD90 of 88.7 ± 5.4 ms as determined by optical voltage mapping. Importantly, high-frequency electrical point stimulation of differentiated iAM-1 monolayers induced the formation of rotors with frequency of 18.9 ± 1.3 Hz. Moreover, treatment of differentiated iAM-1 monolayers with tertiapin, resulted in APD prolongation and the inability to induce reentry in the cell layers by electrical burst pacing. These findings underscore the potential of iAM-1 cells as a model to study atrial arrhythmias. Due to the ease with which iAM-1 cells can be transfected, they have been used to investigate the impact of non-coding variants in AF-associated genes on the expression of these genes (236).

Overall, (conditionally) immortalized AMs created by transgenesis or in vitro (onco)gene transfer are a valuable alternative to primary AMs and (i) PSC-derived AM-like cells as model to study mechanisms involved in atrial arrhythmias. This especially holds true for the conditionally immortalized iAM-1 cells, which are superior in terms of structural and electrophysiological maturation as compared to the permanently immortalized HL-1 cells and (i)PSC-derived atrial-like CMs. An additional advantage of the iAM-1 cell line is its monoclonal origin and therefore consistent behavior over multiple cell passages, which makes it a robust and reproducible atrial model. Other advantages of (conditionally) immortalized AMs are their ease-of-use and the relatively lows costs to produce them in large numbers. Differentiation-competent lines of CMs can also help to reduce the use of animals for cardiac research similar to PSC-derived CMs. A disadvantage of the different lines of immortalized CM is the presence in their genomes of a viral oncogene, which (after reactivation) might cause genome instability and malignant transformation. Although this may not directly hinder in vitro studies, it will be a major concern for in vivo applications of the cells (237, 238). Another disadvantage of conditionally immortalized CM is that genome editing to generate “patient-specific” disease models is more challenging than for PSC-derived CMs due to the different possible outcomes of such a genetic intervention. This requires clonal expansion of the genome-edited cells, subsequent identification of cells with the desired genome change(s) and separation of these cells from those that did not become genetically altered or underwent undesired genome alterations. Such clonal selection is easier done with PSCs than with (conditionally) immortalized CMs. An interesting future application of the iAM-1 cell line is in the engineering of (complex) 3D cardiac constructs closely resembling atrial tissue in vivo. To further expand the utility of the iAM-1 cells, they could be equipped with optogenetic sensors and/or effectors as has been done for primary CMs as well as for the HL-1 cell line (96, 239, 240). Finally, capitalizing on the successful generation of fully differentiation-competent lines of rat AMs by conditional immortalization, the same research group is currently applying their inducible lentiviral vector-based SV40 Tag expression system for the establishment of differentiation-competent lines of human AMs.




SUMMARY

Several methods have been used to develop cell culture systems to study AF. Primary animal-derived CMs are still the most widely used model to comprehend the mechanisms involved in the initiation, continuation and termination of atrial (and ventricular) arrhythmias. However, especially due to the differences in cardiac ion channels and AP characteristics between AMs of humans and animals, cultures of animal-derived AMs may not always be representative for what happens in human AF patients. Moreover, there is increasing social pressure to reduce the use of animals for biomedical research. Use of AMs derived from human PSCs should potentially yield more relevant AF models than can be obtained with animal cells and hiPSCs offer the possibility to generate patient-specific AMs, opening up the avenue for personalized disease modeling and drug screening. Unfortunately, until now the immaturity and heterogeneity of hiPSC-derived AMs as well as limits in cost-effectiveness and scalability hamper their broad application as 2D (and 3D) models to study the pathogenesis of arrhythmias in general and, in particular, of AF. Generation of sufficient cells to establish confluent monolayers for AF modeling is possible with immortalized AMs. However, AP spreading in confluent monolayers of HL-1 cells is very slow due to the phenotypic heterogeneity inherent to these permanently immortalized cells. This limitation was overcome by the generation of the iAM-1 cells, which, due to their doxycycline-controlled cardiomyogenic differentiation ability can be used to establish 2D cultures showing fast spreading of APs and fibrillatory activity after burst pacing. Still, each of the models described above has its own strengths and weaknesses. The use of EHTs will further improve the relevance of multicellular in vitro systems for modeling of ventricular and atrial arrhythmias. A general concern that accounts for all described atrial arrhythmia models is the difficulty to mimic perAF, especially since this entity is typically preceded by extensive electrical, metabolic and structural remodeling affecting AP generation and propagation, Ca2+ handling and contractility. Co-culturing AMs with cardiac (myo)fibroblasts as well as modification of the properties of ion channels and gap junctions and the introduction of aspects of aging and (nitro-)oxidative stress by genetic or chemical means could help to improve the clinical relevance of (per)AF models. Also, the currently available 2D multicellular in vitro AF models all focus on anatomical and functional reentry and have not been designed to study the role of high-frequency focal activity on the genesis and dynamics of AF. Future AF models should also include focal AF sources (i.e., the PVs) to cover the full range of AF-related electrophysiological disturbances. Accordingly, the best model for a particular application depends on the specific research question(s) to be answered.

The utility and/or relevance of 2D multicellular in vitro systems for AF research could be further increased by (i) invention of simple and cheap techniques of (local) perfusion, anisotropic cell alignment and biochemical, electrical and mechanical stimulation, (ii) endowing cells with genetically encoded biosensors of e.g., voltage, cytosolic Ca2+ concentration, cyclic nucleotide content and redox state, (iii) development of robust and inexpensive methods for (further) cell maturation, (iv) detailed characterization of the cellular epigenome, transcriptome, proteome, metabolome and signalome, and (iv) inclusion of other (non)-cardiac cell types besides AM in realistic patterns. Given their relative ease-of-use and cost-effectiveness, 2D multicellular in vitro systems are expected to maintain a prominent place in fundamental and applied AF research and will play an important role in the development of novel anti-AF drugs and the identification of new therapeutic targets for AF.



AUTHOR CONTRIBUTIONS

PG, ST, DP, and AV: Writing, reviewing and editing of manuscript.



FUNDING

This publication received financial support from the research programme ‘More Knowledge with Fewer Animals’ (MKMD, project 114022503, to AV), which is (partly) financed by the Netherlands Organisation for Health Research and Development (ZonMw) and the Dutch Society for the Replacement of Animal Testing (dsRAT). Additional support was provided by the Leiden Regenerative Medicine Platform Holding (LRMPH project 8212/41235 to AV).



ACKNOWLEDGMENTS

We thank Ronald P. Slagter, member of the New Zealand Institute of Medical and Biological Illustration, for creating Figure 1. In addition, we like to acknowledge all those researchers that have contributed to the development of 2D and 3D multicellular in vitro models of AF and are not mentioned in this review because of size constraints.



ABBREVIATIONS

AF, Atrial fibrillation; AM(s), Atrial myocyte(s); pAF, Paroxysmal atrial fibrillation; perAF, Persistent atrial fibrillation; AP(D), Action potential (duration); CM(s), Cardiomyocyte(s); iCMs, Induced cardiomyocyte-like cells; CDK(s), Cyclin-dependent kinase(s); CL, Cycle length; CV, Conduction velocity; DADs, Delayed afterdepolarizations; EADs, Early afterdepolarizations; EHTs, Engineered heart tissues; EBs, Embryonic bodies; (h)ESC(s), (Human) embryonic stem cell(s); NRVM(s), Neonatal rat ventricular CM(s); NRAM(s), Neonatal rat atrial CM(s); (h)(i)PSC(s), (Human) (induced) pluripotent stem cell(s); PV(s), Pulmonary vein(s); 2D / 3D, Two-dimensional / Three-dimensional; RA, Retinoic acid; SV40 Tag(-tsA58), Simian virus 40 large T antigen(-tsA58).



REFERENCES

 1. Chugh SS, Havmoeller R, Narayanan K, Singh D, Rienstra M, Benjamin EJ, et al. Worldwide epidemiology of atrial fibrillation: a global burden of disease 2010 study. Circulation. (2014) 129:837–47. doi: 10.1161/CIRCULATIONAHA.113.005119

 2. Morin DP, Bernard ML, Madias C, Rogers PA, Thihalolipavan S, Estes NAM. The state of the art: atrial fibrillation epidemiology, prevention, and treatment. Mayo Clin Proc. (2016) 91:1778–810. doi: 10.1016/j.mayocp.2016.08.022

 3. Prystowsky EN, Padanilam BJ, Fogel RI. Treatment of atrial fibrillation. JAMA. (2015) 314:278. doi: 10.1001/jama.2015.7505

 4. Calkins H, Hindricks G, Cappato R, Kim Y-H, Saad EB, Aguinaga L, et al. 2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement on catheter and surgical ablation of atrial fibrillation. Heart Rhythm. (2017) 14:e275–e444. doi: 10.1016/j.hrthm.2017.05.012

 5. Maan A, Mansour M, N Ruskin J, Heist EK. Current evidence and recommendations for rate control in atrial fibrillation. Arrhythm Electrophysiol Rev. (2013) 2:30–35. doi: 10.15420/aer.2013.2.1.30

 6. Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, Casadei B, et al. 2016 ESC Guidelines for the management of atrial fibrillation developed in collaboration with EACTS. Eur Heart J. (2016) 37:2893–962. doi: 10.1093/eurheartj/ehw210

 7. Van Gelder IC, Crijns HJ, Van Gilst WH, Verwer R, Lie KI. Prediction of uneventful cardioversion and maintenance of sinus rhythm from direct-current electrical cardioversion of chronic atrial fibrillation and flutter. Am J Cardiol. (1991) 68:41–6. doi: 10.1016/0002-9149(91)90707-R

 8. Hakalahti A, Biancari F, Nielsen JC, Raatikainen MJP. Radiofrequency ablation vs. antiarrhythmic drug therapy as first line treatment of symptomatic atrial fibrillation: systematic review and meta-analysis. Europace. (2015) 17:370–8. doi: 10.1093/europace/euu376

 9. Piccini JP, Fauchier L. Rhythm control in atrial fibrillation. Lancet. (2016) 388:829–40. doi: 10.1016/S0140-6736(16)31277-6

 10. Cheng X, Li X, He Y, Liu X, Wang G, Cheng L, et al. Catheter ablation versus anti-arrhythmic drug therapy for the management of atrial fibrillation: a meta-analysis. J Interv Card Electrophysiol. (2014) 41:267–72. doi: 10.1007/s10840-014-9945-4

 11. Mody BP, Raza A, Jacobson J, Iwai S, Frenkel D, Rojas R, et al. Ablation of long-standing persistent atrial fibrillation. Ann Transl Med. (2017) 5:21. doi: 10.21037/atm.2017.05.21

 12. Jarman JWE, Hussain W, Wong T, Markides V, March J, Goldstein L, et al. Resource use and clinical outcomes in patients with atrial fibrillation with ablation versus antiarrhythmic drug treatment. BMC Cardiovasc Dis. (2018) 18:211. doi: 10.1186/s12872-018-0946-6

 13. Schotten U, Verheule S, Kirchhof P, Goette A. Pathophysiological mechanisms of atrial fibrillation: a translational appraisal. Physiol Rev. (2011) 91:265–325. doi: 10.1152/physrev.00031.2009

 14. Staerk L, Sherer JA, Ko D, Benjamin EJ, Helm RH. Atrial fibrillation: epidemiology, pathophysiology, and clinical outcomes. Circ Res. (2017) 120:1501–17. doi: 10.1161/CIRCRESAHA.117.309732

 15. Nielsen JB, Thorolfsdottir RB, Fritsche LG, Zhou W, Skov MW, Graham SE, et al. Biobank-driven genomic discovery yields new insight into atrial fibrillation biology. Nat Gen. (2018) 50:1234. doi: 10.1038/s41588-018-0171-3

 16. Kato T, Iwasaki Y, Nattel S. Connexins and atrial fibrillation. Circulation. (2012) 125:203–206. doi: 10.1161/CIRCULATIONAHA.111.075432

 17. Chen P-S, Chen LS, Fishbein MC, Lin S-F, Nattel S. Role of the autonomic nervous system in atrial fibrillation: pathophysiology and therapy. Circ Res. (2014) 114:1500–15. doi: 10.1161/CIRCRESAHA.114.303772

 18. Liu Y, Bai F, Liu N, Ouyang F, Liu Q. The warburg effect: a new insight into atrial fibrillation. Clin Chim Acta. (2019) 499:4–12. doi: 10.1016/j.cca.2019.08.029

 19. Waks JW, Josephson ME. Mechanisms of atrial fibrillation – reentry, rotors and reality. Arrhythm Electrophysiol Rev. (2014) 3:90–100. doi: 10.15420/aer.2014.3.2.90

 20. Heijman J, Algalarrondo V, Voigt N, Melka J, Wehrens XHT, Dobrev D, et al. The value of basic research insights into atrial fibrillation mechanisms as a guide to therapeutic innovation: a critical analysis. Cardiovasc Res. (2016) 109:467–79. doi: 10.1093/cvr/cvv275

 21. Cheniti G, Vlachos K, Pambrun T, Hooks D, Frontera A, Takigawa M, et al. Atrial fibrillation mechanisms and implications for catheter ablation. Front Physiol. (2018) 9:1458. doi: 10.3389/fphys.2018.01458

 22. Haïssaguerre M, Jaïs P, Shah DC, Takahashi A, Hocini M, Quiniou G, et al. Spontaneous initiation of atrial fibrillation by ectopic beats originating in the pulmonary veins. New Eng J Med. (1998) 339:659–66. doi: 10.1056/NEJM199809033391003

 23. Krummen DE, Hebsur S, Salcedo J, Narayan SM, Lalani GG, Schricker AA. Mechanisms underlying AF: triggers, rotors, other? Curr Treat Options Cardiovasc Med. (2015) 17:371. doi: 10.1007/s11936-015-0371-4

 24. Weiss JN, Qu Z, Shivkumar K. Ablating atrial fibrillation: a translational science perspective for clinicians. Heart Rhythm. (2016) 13:1868–77. doi: 10.1016/j.hrthm.2016.05.026

 25. Heijman J, Voigt N, Dobrev D. New directions in antiarrhythmic drug therapy for atrial fibrillation. Future Cardiol. (2013) 9:71–88. doi: 10.2217/fca.12.78

 26. Di Biase L, Burkhardt JD, Mohanty P, Sanchez J, Mohanty S, Horton R, et al. Left atrial appendage: an underrecognized trigger site of atrial fibrillation. Circulation. (2010) 122:109–18. doi: 10.1161/CIRCULATIONAHA.109.928903

 27. Hocini M, Shah AJ, Nault I, Sanders P, Wright M, Narayan SM, et al. Localized reentry within the left atrial appendage: arrhythmogenic role in patients undergoing ablation of persistent atrial fibrillation. Heart Rhythm. (2011) 8:1853–61. doi: 10.1016/j.hrthm.2011.07.013

 28. Reissmann B, Rillig A, Wissner E, Tilz R, Schlüter M, Sohns C, et al. Durability of wide-area left atrial appendage isolation: results from extensive catheter ablation for treatment of persistent atrial fibrillation. Heart Rhythm. (2017) 14:314–9. doi: 10.1016/j.hrthm.2016.11.009

 29. Yorgun H, Canpolat U, Kocyigit D, Çöteli C, Evranos B, Aytemir K. Left atrial appendage isolation in addition to pulmonary vein isolation in persistent atrial fibrillation: one-year clinical outcome after cryoballoon-based ablation. Europace. (2017) 19:758–68. doi: 10.1093/europace/eux005

 30. Bingen BO, Neshati Z, Askar SFA, Kazbanov IV, Ypey DL, Panfilov AV, et al. Atrium-specific Kir3.1 determines inducibility, dynamics, and termination of fibrillation by regulating restitution-driven alternans. Circulation. (2013) 128:2732–44. doi: 10.1161/CIRCULATIONAHA.113.005019

 31. Dias P, Desplantez T, El-Harasis MA, Chowdhury RA, Ullrich ND, Cabestrero de Diego A, et al. Characterisation of connexin expression and electrophysiological properties in stable clones of the HL-1 myocyte cell line. PLoS ONE. (2014) 9:e90266. doi: 10.1371/journal.pone.0090266

 32. Liu J, Volkers L, Jangsangthong W, Bart CI, Engels MC, Zhou G, et al. Generation and primary characterization of iAM-1, a versatile new line of conditionally immortalized atrial myocytes with preserved cardiomyogenic differentiation capacity. Cardiovasc Res. (2018) 114:1848–59. doi: 10.1093/cvr/cvy134

 33. Laksman Z, Wauchop M, Lin E, Protze S, Lee J, Yang W, et al. Modeling atrial fibrillation using human embryonic stem cell-derived atrial tissue. Sci Rep. (2017) 7:52. doi: 10.1038/s41598-017-05652-y

 34. DeHaan RL, Gottlieb SH. The electrical activity of embryonic chick heart cells isolated in tissue culture singly or in interconnected cell sheets. J Gen Physiol. (1968) 52:643–65.

 35. Iijima T, Irisawa H, Kameyama M. Membrane currents and their modification by acetylcholine in isolated single atrial cells of the guinea-pig. J Physiol. (1985) 359:485–501. doi: 10.1113/jphysiol.1985.sp015598

 36. Simmons MA, Creazzo T, Hartzell HC. A time-dependent and voltage-sensitive K+ current in single cells from frog atrium. J Gen Physiol. (1986) 88:739–55. doi: 10.1085/jgp.88.6.739

 37. Jahnel U, Nawrath H, Carmeliet E, Vereecke J. Depolarization-induced influx of sodium in response to phenylephrine in rat atrial heart muscle. J Physiol. (1991) 432:621–37. doi: 10.1113/jphysiol.1991.sp018404

 38. Sunami A, Sawanobori T, Adaniya H, Hiraoka M. Electrophysiological properties of a new antiarrhythmic agent, bisaramil on guinea-pig, rabbit and canine cardiac preparations. Naunyn Schmiedebergs Arch Pharmacol. (1991) 344:323–30. doi: 10.1007/bf00183007

 39. Vites AM, Pappano AJ. Distinct modes of inhibition by ruthenium red and ryanodine of calcium-induced calcium release in avian atrium. J Pharmacol Exp Ther. (1994) 268:1476–84.

 40. Molina CE, Gesser H, Llach A, Tort L, Hove-Madsen L. Modulation of membrane potential by an acetylcholine-activated potassium current in trout atrial myocytes. Am J Physiol Regul Integr Comp Physiol. (2007) 292:R388–95. doi: 10.1152/ajpregu.00499.2005

 41. Lemoine MD, Duverger JE, Naud P, Chartier D, Qi XY, Comtois P, et al. Arrhythmogenic left atrial cellular electrophysiology in a murine genetic long QT syndrome model. Cardiovasc Res. (2011) 92:67–74. doi: 10.1093/cvr/cvr166

 42. Boukens BJ, Efimov IR. A century of optocardiography. IEEE Rev Biomed Eng. (2014) 7:115–25. doi: 10.1109/RBME.2013.2286296

 43. Fast VG, Kléber AG. Microscopic conduction in cultured strands of neonatal rat heart cells measured with voltage-sensitive dyes. Circ Res. (1993) 73:914–25. doi: 10.1161/01.RES.73.5.914

 44. Entcheva E, Lu SN, Troppman RH, Sharma V, Tung L. Contact fluorescence imaging of reentry in monolayers of cultured neonatal rat ventricular myocytes. J Cardiovasc Electrophysiol. (2000) 11:665–76. doi: 10.1111/j.1540-8167.2000.tb00029.x

 45. Entcheva E, Bien H. Macroscopic optical mapping of excitation in cardiac cell networks with ultra-high spatiotemporal resolution. Progress Biophys Mol Biol. (2006) 92:232–57. doi: 10.1016/j.pbiomolbio.2005.10.003

 46. Mayer AG. Rhythmical Pulsation in Scyphomedusae. Washington, DC: Carnegie Institute Wash. (1906).

 47. Davidenko JM, Pertsov AV, Salomonsz R, Baxter W, Jalife J. Stationary and drifting spiral waves of excitation in isolated cardiac muscle. Nature. (1992) 355:349–51. doi: 10.1038/355349a0

 48. Antzelevitch C, Burashnikov A. CHAPTER 64 - cardiac arrhythmias: reentry triggered activity. In: Sperelakis N, Kurachi Y, Terzic A, Cohen MV, editors. Heart Physiology Pathophysiology, Fourth Edition. San Diego, CA: Academic Press (2001). p. 1153–79. doi: 10.1016/B978-012656975-9/50066-3

 49. Bub G, Glass L, Publicover NG, Shrier A. Bursting calcium rotors in cultured cardiac myocyte monolayers. Proc Natl Acad Sci USA. (1998) 95:10283–7.

 50. Bub G, Shrier A, Glass L. Spiral wave generation in heterogeneous excitable media. Phys Rev Lett. (2002) 88:058101. doi: 10.1103/PhysRevLett.88.058101

 51. Bub G, Tateno K, Shrier A, Glass L. Spontaneous initiation and termination of complex rhythms in cardiac cell culture. J Cardiovasc Electrophysiol. (2003) 14:S229–36. doi: 10.1046/j.1540.8167.90315.x

 52. González H, Nagai Y, Bub G, Glass L, Shrier A. Reentrant waves in a ring of embryonic chick ventricular cells imaged with a Ca2+ sensitive dye. Biosystems. (2003) 71:71–80. doi: 10.1016/S0303-2647(03)00111-4

 53. Bub G, Shrier A, Glass L. Global organization of dynamics in cultured cardiac monolayers. Chaos. (2004) 14:S14. doi: 10.1063/1.1821772

 54. Bub G, Shrier A, Glass L. Global organization of dynamics in oscillatory heterogeneous excitable media. Phys Rev Lett. (2005) 94:028105. doi: 10.1103/PhysRevLett.94.028105

 55. Fast Vladimir G., Cheek Eric R. Optical mapping of arrhythmias induced by strong electrical shocks in myocyte cultures. Circ Res. (2002) 90:664–670. doi: 10.1161/01.RES.0000013403.24495.CC

 56. Iravanian S, Nabutovsky Y, Kong C-R, Saha S, Bursac N, Tung L. Functional reentry in cultured monolayers of neonatal rat cardiac cells. Am J Physiol. (2003) 285:H449–H56. doi: 10.1152/ajpheart.00896.2002

 57. Bursac N, Aguel F, Tung L. Multiarm spirals in a two-dimensional cardiac substrate. Proc Natl Acad Sci USA. (2004) 101:15530–34. doi: 10.1073/pnas.0400984101

 58. Bursac N, Tung L. Acceleration of functional reentry by rapid pacing in anisotropic cardiac monolayers: formation of multi-wave functional reentries. Cardiovasc Res. (2006) 69:381–90. doi: 10.1016/j.cardiores.2005.09.014

 59. Agladze K, Kay MW, Krinsky V, Sarvazyan N. Interaction between spiral and paced waves in cardiac tissue. Am J Physiol Heart Circ Physiol. (2007) 293:H503–13. doi: 10.1152/ajpheart.01060.2006

 60. Cysyk J, Tung L. Electric field perturbations of spiral waves attached to millimeter-size obstacles. Biophys J. (2008) 94:1533–41. doi: 10.1529/biophysj.107.116244

 61. Sowell B, Fast VG. Ionic mechanism of shock-induced arrhythmias: role of intracellular calcium. Heart Rhythm. (2012) 9:96–104. doi: 10.1016/j.hrthm.2011.08.024

 62. Bub G, El-Sherif N. Monolayer cell cultures as model systems for studying paroxysmal atrial fibrillation. J Electrocardiol. (2004) 37:44–6. doi: 10.1016/j.jelectrocard.2004.08.014

 63. Tung L, Zhang Y. Optical imaging of arrhythmias in tissue culture. J Electrocardiol. (2006) 39:S2–S6. doi: 10.1016/j.jelectrocard.2006.04.010

 64. Tung L, Cysyk J. Imaging fibrillation/defibrillation in a dish. J Electrocardiol. (2007) 40:S62–S5. doi: 10.1016/j.jelectrocard.2007.06.018

 65. Himel HD, Bub G, Lakireddy P, El-Sherif N. Optical imaging of arrhythmias in the cardiomyocyte monolayer. Heart Rhythm. (2012) 9:2077–82. doi: 10.1016/j.hrthm.2012.08.035

 66. Arutunyan A, Webster DR, Swift LM, Sarvazyan N. Localized injury in cardiomyocyte network: a new experimental model of ischemia-reperfusion arrhythmias. Am J Physiol Heart Circ Physiol. (2001) 280:H1905–15. doi: 10.1152/ajpheart.2001.280.4.H1905

 67. Arutunyan A, Swift LM, Sarvazyan N. Initiation and propagation of ectopic waves: insights from an in vitro model of ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol. (2002) 283:H741–H9. doi: 10.1152/ajpheart.00096.2002

 68. Arutunyan A, Pumir A, Krinsky V, Swift L, Sarvazyan N. Behavior of ectopic surface: effects of β-adrenergic stimulation and uncoupling. Am J Physiol Heart Circ Physiol. (2003) 285:H2531–H42. doi: 10.1152/ajpheart.00381.2003

 69. Abraham MR, Henrikson CA, Tung L, Chang MG, Aon M, Xue T, et al. Antiarrhythmic engineering of skeletal myoblasts for cardiac transplantation. Circ Res. (2005) 97:159–67. doi: 10.1161/01.RES.0000174794.22491.a0

 70. Bian W, Tung L. Structure-related initiation of reentry by rapid pacing in monolayers of cardiac cells. Circ Res. (2006) 98:e29–e38. doi: 10.1161/01.RES.0000209770.72203.01

 71. Chang MG, Tung L, Sekar RB, Chang CY, Cysyk J, Dong P, et al. Proarrhythmic potential of mesenchymal stem cell transplantation revealed in an in vitro coculture model. Circulation. (2006) 113:1832–41. doi: 10.1161/CIRCULATIONAHA.105.593038

 72. Muñoz V, Grzeda KR, Desplantez T, Pandit SV, Mironov S, Taffet SM, et al. Adenoviral expression of IKs contributes to wavebreak and fibrillatory conduction in neonatal rat ventricular cardiomyocyte monolayers. Circ Res. (2007) 101:475–83. doi: 10.1161/CIRCRESAHA.107.149617

 73. Nakagami T, Tanaka H, Dai P, Lin S-F, Tanabe T, Mani H, et al. Generation of reentrant arrhythmias by dominant-negative inhibition of connexin43 in rat cultured myocyte monolayers. Cardiovasc Res. (2008) 79:70–9. doi: 10.1093/cvr/cvn084

 74. Zlochiver S, Muñoz V, Vikstrom KL, Taffet SM, Berenfeld O, Jalife J. Electrotonic myofibroblast-to-myocyte coupling increases propensity to reentrant arrhythmias in two-dimensional cardiac monolayers. Biophys J. (2008) 95:4469–80. doi: 10.1529/biophysj.108.136473

 75. Chang MG, Zhang Y, Chang CY, Xu L, Emokpae R, Tung L, et al. Spiral waves and reentry dynamics in an in vitro model of the healed infarct border-zone. Circ Res. (2009) 105:1062–71. doi: 10.1161/CIRCRESAHA.108.176248

 76. McSpadden LC, Kirkton RD, Bursac N. Electrotonic loading of anisotropic cardiac monolayers by unexcitable cells depends on connexin type and expression level. Am J Physiol Cell Physiol. (2009) 297:C339–C51. doi: 10.1152/ajpcell.00024.2009

 77. de Diego C, Chen F, Xie Y, Pai RK, Slavin L, Parker J, et al. Anisotropic conduction block and reentry in neonatal rat ventricular myocyte monolayers. Am J Physiol Heart Circ Physiol. (2011) 300:H271–8. doi: 10.1152/ajpheart.00758.2009

 78. Askar SFA, Bingen BO, Schalij MJ, Swildens J, Atsma DE, Schutte CI, et al. Similar arrhythmicity in hypertrophic and fibrotic cardiac cultures caused by distinct substrate-specific mechanisms. Cardiovasc Res. (2013) 97:171–81. doi: 10.1093/cvr/cvs290

 79. Klotz C, Dechesne C, Cardinaud R, Leger JJ. Structural differences between atrial and ventricular myosins from normal human hearts. Biochimie. (1983) 65:569–78. doi: 10.1016/s0300-9084(83)80107-2

 80. Liu J, Laksman Z, Backx PH. The electrophysiological development of cardiomyocytes. Adv Drug Delivery Rev. (2016) 96:253–73. doi: 10.1016/j.addr.2015.12.023

 81. Filgueiras-Rama D, Jalife J. Stuctural and functional bases of cardiac fibrillation. Differences and similarities between atria and ventricles. JACC Clin Electrophysiol. (2016) 2:1–3. doi: 10.1016/j.jacep.2015.12.011

 82. Brandenburg S, Arakel EC, Schwappach B, Lehnart SE. The molecular and functional identities of atrial cardiomyocytes in health and disease. Biochim Biophys Acta. (2016) 1863:1882–93. doi: 10.1016/j.bbamcr.2015.11.025

 83. Courtemanche M, Ramirez RJ, Nattel S. Ionic targets for drug therapy and atrial fibrillation-induced electrical remodeling: insights from a mathematical model. Cardiovasc Res. (1999) 42:477–89. doi: 10.1016/s0008-6363(99)00034-6

 84. Boyle WA, Nerbonne JM. A novel type of depolarization-activated K+ current in isolated adult rat atrial myocytes. Am J Physiol. (1991) 260:H1236–47. doi: 10.1152/ajpheart.1991.260.4.H1236

 85. Mackenzie L, Bootman MD, Berridge MJ, Lipp P. Predetermined recruitment of calcium release sites underlies excitation–contraction coupling in rat atrial myocytes. J Physiol. (2001) 530:417–29. doi: 10.1111/j.1469-7793.2001.0417k.x

 86. Woo S-H, Cleemann L, Morad M. Diversity of atrial local Ca2+ signaling: evidence from 2-D confocal imaging in Ca2+-buffered rat atrial myocytes. J Physiol. (2005) 567:905–21. doi: 10.1113/jphysiol.2005.092270

 87. Dobrzynski H, Marples DDR, Musa H, Yamanushi TT, Hendersonxyl Z, Takagishi Y, et al. Distribution of the muscarinic K+ channel proteins Kir3.1 and Kir3.4 in the ventricle, atrium, and sinoatrial node of heart. J Histochem Cytochem. (2001) 49:1221–34. doi: 10.1177/002215540104901004

 88. Dobrev D, Friedrich A, Voigt N, Jost N, Wettwer E, Christ T, et al. The G protein-gated potassium current I(K,ACh) is constitutively active in patients with chronic atrial fibrillation. Circulation. (2005) 112:3697–706. doi: 10.1161/CIRCULATIONAHA.105.575332

 89. Corey S, Krapivinsky G, Krapivinsky L, Clapham DE. Number and stoichiometry of subunits in the native atrial G-protein-gated K+ channel, IKACh. J Biol Chem. (1998) 273:5271–8. doi: 10.1074/jbc.273.9.5271

 90. Bingen BO, Askar SFA, Neshati Z, Feola I, Panfilov AV, de Vries AAF, et al. Constitutively active acetylcholine-dependent potassium current increases atrial defibrillation threshold by favoring post-shock re-initiation. Sci Rep. (2015) 5: 15187. doi: 10.1038/srep15187

 91. Majumder R, Jangsangthong W, Feola I, Ypey DL, Pijnappels DA, Panfilov AV. A mathematical model of neonatal rat atrial monolayers with constitutively active acetylcholine-mediated K+ current. PLoS Comput Biol. (2016) 12:e1004946. doi: 10.1371/journal.pcbi.1004946

 92. Yamamoto W, Hashimoto N, Matsuura J, Machida T, Ogino Y, Kobayashi T, et al. Effects of the selective KACh channel blocker NTC-801 on atrial fibrillation in a canine model of atrial tachypacing: comparison with class Ic and III drugs. J Cardiovasc Pharmacol. (2014) 63:421–7. doi: 10.1097/FJC.0000000000000065

 93. Takemoto Y, Slough DP, Meinke G, Katnik C, Graziano ZA, Chidipi B, et al. Structural basis for the antiarrhythmic blockade of a potassium channel with a small molecule. FASEB J. (2018) 32:1778–93. doi: 10.1096/fj.201700349R

 94. Podd SJ, Freemantle N, Furniss SS, Sulke N. First clinical trial of specific IKACh blocker shows no reduction in atrial fibrillation burden in patients with paroxysmal atrial fibrillation: pacemaker assessment of BMS 914392 in patients with paroxysmal atrial fibrillation. Europace. (2016) 18:340–6. doi: 10.1093/europace/euv263

 95. Bingen BO, Engels MC, Schalij MJ, Jangsangthong W, Neshati Z, Feola I, et al. Light-induced termination of spiral wave arrhythmias by optogenetic engineering of atrial cardiomyocytes. Cardiovasc Res. (2014) 104:194–205. doi: 10.1093/cvr/cvu179

 96. Feola I, Teplenin A, de Vries AAF, Pijnappels DA. Optogenetic engineering of atrial cardiomyocytes. Methods Mol Biol. (2016) 1408:319–31. doi: 10.1007/978-1-4939-3512-3_22

 97. Feola I, Volkers L, Majumder R, Teplenin A, Panfilov AV, de Vries AAF, et al. Localized optogenetic targeting of rotors in atrial cardiomyocyte monolayers. Circulation. (2017) 10:e005591. doi: 10.1161/CIRCEP.117.005591

 98. Majumder R, Feola I, Teplenin AS, de Vries AA, Panfilov AV, Pijnappels DA. Optogenetics enables real-time spatiotemporal control over spiral wave dynamics in an excitable cardiac system. eLife. (2018) 7:e41076. doi: 10.7554/eLife.41076

 99. Krause J, Löser A, Lemoine MD, Christ T, Scherschel K, Meyer C, et al. Rat atrial engineered heart tissue: a new in vitro model to study atrial biology. Basic Res Cardiol. (2018) 113:41. doi: 10.1007/s00395-018-0701-2

 100. Weinberger F, Mannhardt I, Eschenhagen T. Engineering cardiac muscle tissue: a maturating field of research. Circ Res. (2017) 120:1487–1500. doi: 10.1161/CIRCRESAHA.117.310738

 101. Ikenishi A, Okayama H, Iwamoto N, Yoshitome S, Tane S, Nakamura K, et al. Cell cycle regulation in mouse heart during embryonic and postnatal stages. Dev Growth Differ. (2012) 54:731–8. doi: 10.1111/j.1440-169X.2012.01373.x

 102. Velayutham N, Agnew EJ, Yutzey KE. Postnatal cardiac development and regenerative potential in large mammals. Pediatr Cardiol. (2019) 40:1345–58. doi: 10.1007/s00246-019-02163-7

 103. Denayer T, Stöhr T, Van Roy M. Animal models in translational medicine: validation and prediction. N H Trans Med. (2014) 2:5–11. doi: 10.1016/j.nhtm.2014.08.001

 104. Clauss S, Bleyer C, Schüttler D, Tomsits P, Renner S, Klymiuk N, et al. Animal models of arrhythmia: classic electrophysiology to genetically modified large animals. Nat Rev Cardiol. (2019) 16:457–75. doi: 10.1038/s41569-019-0179-0

 105. Ormandy EH, Schuppli CA. Public attitudes toward animal research: a Review. Animals. (2014) 4:391–408. doi: 10.3390/ani4030391

 106. Zhang J, Wilson GF, Soerens AG, Koonce CH, Yu J, Palecek SP, et al. Functional cardiomyocytes derived from human induced pluripotent stem cells. Circ Res. (2009) 104:e30–e41. doi: 10.1161/CIRCRESAHA.108.192237

 107. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et al. Embryonic stem cell lines derived from human blastocysts. Science. (1998) 282:1145–7. doi: 10.1126/science.282.5391.1145

 108. Doetschman TC, Eistetter H, Katz M, Schmidt W, Kemler R. The in vitro development of blastocyst-derived embryonic stem cell lines: formation of visceral yolk sac, blood islands and myocardium. J Embryol Exp Morphol. (1985) 22:27–45.

 109. Itskovitz-Eldor J, Schuldiner M, Karsenti D, Eden A, Yanuka O, Amit M, et al. Differentiation of human embryonic stem cells into embryoid bodies compromising the three embryonic germ layers. Mol Med. (2000) 6:88–95. doi: 10.1007/BF03401776

 110. Kehat I, Kenyagin-Karsenti D, Snir M, Segev H, Amit M, Gepstein A, et al. Human embryonic stem cells can differentiate into myocytes with structural and functional properties of cardiomyocytes. J Clin Invest. (2001) 108:9. doi: 10.1172/JCI12131

 111. He J-Q, Ma Y, Lee Y, Thomson JA, Kamp TJ. Human embryonic stem cells develop into multiple types of cardiac myocytes: action potential characterization. Circ Res. (2003) 93:32–39. doi: 10.1161/01.RES.0000080317.92718.99

 112. Mummery C, Ward-van Oostwaard D, Doevendans P, Spijker R, van den Brink S, Hassink R, et al. Differentiation of human embryonic stem cells to cardiomyocytes. Circulation. (2003) 107:2733–40. doi: 10.1161/01.CIR.0000068356.38592.68

 113. Laflamme MA, Chen KY, Naumova AV, Muskheli V, Fugate JA, Dupras SK, et al. Cardiomyocytes derived from human embryonic stem cells in pro-survival factors enhance function of infarcted rat hearts. Nature Biotechnology. (2007) 25:1015–24. doi: 10.1038/nbt1327

 114. Xu C, Police S, Rao N, Carpenter MK. Characterization and enrichment of cardiomyocytes derived from human embryonic stem cells. Circ Res. (2002) 91:501–8. doi: 10.1161/01.RES.0000035254.80718.91

 115. Yao S, Chen S, Clark J, Hao E, Beattie GM, Hayek A, et al. Long-term self-renewal and directed differentiation of human embryonic stem cells in chemically defined conditions. Proc Natl Acad Sci USA. (2006) 103:6907–12. doi: 10.1073/pnas.0602280103

 116. Ng ES, Davis R, Stanley EG, Elefanty AG. A protocol describing the use of a recombinant protein-based, animal product-free medium (APEL) for human embryonic stem cell differentiation as spin embryoid bodies. Nat Prot. (2008) 3:768–76. doi: 10.1038/nprot.2008.42

 117. Yang L, Soonpaa MH, Adler ED, Roepke TK, Kattman SJ, Kennedy M, et al. Human cardiovascular progenitor cells develop from a KDR+ embryonic-stem-cell-derived population. Nature. (2008) 453:524–8. doi: 10.1038/nature06894

 118. Huber I, Itzhaki I, Caspi O, Arbel G, Tzukerman M, Gepstein A, et al. Identification and selection of cardiomyocytes during human embryonic stem cell differentiation. FASEB J. (2007) 21:2551–63. doi: 10.1096/fj.05-5711com

 119. Elliott DA, Braam SR, Koutsis K, Ng ES, Jenny R, Lagerqvist EL, et al. NKX2-5eGFP/w hESCs for isolation of human cardiac progenitors and cardiomyocytes. Nat Methods. (2011) 8:1037–40. doi: 10.1038/nmeth.1740

 120. Lo B, Parham L. Ethical issues in stem cell research. Endocr Rev. (2009) 30:204–13. doi: 10.1210/er.2008-0031

 121. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell. (2006) 126:663–76. doi: 10.1016/j.cell.2006.07.024

 122. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell. (2007) 131:861–72. doi: 10.1016/j.cell.2007.11.019

 123. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al. Induced pluripotent stem cell lines derived from human somatic cells. Science. (2007) 318:1917–20. doi: 10.1126/science.1151526

 124. Raab S, Klingenstein M, Liebau S, Linta L. A comparative view on human somatic cell sources for iPSC generation. Stem Cells Int. (2014) 2014:768391. doi: 10.1155/2014/768391

 125. Berg CW van den, Okawa S, Lopes SMC de S, Iperen L van, Passier R, Braam SR, et al. Transcriptome of human foetal heart compared with cardiomyocytes from pluripotent stem cells. Development. (2015) 142:3231–3238. doi: 10.1242/dev.123810

 126. DeLaughter DM, Bick AG, Wakimoto H, McKean D, Gorham JM, Kathiriya IS, et al. Single-cell resolution of temporal gene expression during heart development. Dev Cell. (2016) 39:480–90. doi: 10.1016/j.devcel.2016.10.001

 127. Burridge PW, Matsa E, Shukla P, Lin ZC, Churko JM, Ebert AD, et al. Chemically defined and small molecule-based generation of human cardiomyocytes. Nat Methods. (2014) 11:855–60. doi: 10.1038/nmeth.2999

 128. Biendarra-Tiegs SM, Li X, Ye D, Brandt EB, Ackerman MJ, Nelson TJ. Single-Cell RNA-Sequencing and optical electrophysiology of human induced pluripotent stem cell-derived cardiomyocytes reveal discordance between cardiac subtype-associated gene expression patterns and electrophysiological phenotypes. Stem Cells Dev. (2019) 28:659–73. doi: 10.1089/scd.2019.0030

 129. Ban K, Bae S, Yoon Y. Current strategies and challenges for purification of cardiomyocytes derived from human pluripotent stem cells. Theranostics. (2017) 7:2067–77. doi: 10.7150/thno.19427

 130. Zhang JZ, Guo H, Wu JC. Applications of genetically engineered human pluripotent stem cell reporters in cardiac stem cell biology. Curr Opin Biotechnol. (2018) 52:66–73. doi: 10.1016/j.copbio.2018.03.002

 131. Schwach V, Verkerk AO, Mol M, Monshouwer-Kloots JJ, Devalla HD, Orlova VV, et al. A COUP-TFII human embryonic stem cell reporter line to identify and select atrial cardiomyocytes. Stem Cell Reports. (2017) 9:1765–79. doi: 10.1016/j.stemcr.2017.10.024

 132. Mummery CL, Zhang J, Ng ES, Elliott DA, Elefanty AG, Kamp TJ. Differentiation of human ES and iPS cells to cardiomyocytes: a methods overview. Circ Res. (2012) 111:344–58. doi: 10.1161/CIRCRESAHA.110.227512

 133. Hausburg F, Jung JJ, Hoch M, Wolfien M, Yavari A, Rimmbach C, et al. Re-programming of subtype specific cardiomyocytes. Advanced Drug Delivery Rev. (2017) 120:142–67. doi: 10.1016/j.addr.2017.09.005

 134. Kane C, Terracciano CMN. Concise review: criteria for chamber-specific categorization of human cardiac myocytes derived from pluripotent stem cells. Stem Cells. (2017) 35:1881–97. doi: 10.1002/stem.2649

 135. Engel JL, Ardehali R. Direct cardiac reprogramming: progress and promise. Stem Cells Int. (2018) 2018: 1435746. doi: 10.1155/2018/1435746

 136. Werner JH, Rosenberg JH, Um JY, Moulton MJ, Agrawal DK. Molecular discoveries and treatment strategies by direct reprogramming in cardiac regeneration. Transl Res. (2019) 203:73–87. doi: 10.1016/j.trsl.2018.07.012

 137. Sayed N, Liu C, Wu JC. Translation of human-induced pluripotent stem cells. JACC. (2016) 67:2161–76. doi: 10.1016/j.jacc.2016.01.083

 138. Goedel A, My I, Sinnecker D, Moretti A. Perspectives and challenges of pluripotent stem cells in cardiac arrhythmia research. Current Cardiology Reports. (2017) 19:23. doi: 10.1007/s11886-017-0828-z

 139. Savla JJ, Nelson BC, Perry CN, Adler ED. Induced pluripotent stem cells for the study of cardiovascular disease. JACC. (2014) 64:512–9. doi: 10.1016/j.jacc.2014.05.038

 140. Yang C, Al-Aama J, Stojkovic M, Keavney B, Trafford A, Lako M, et al. Concise review: cardiac disease modeling using induced pluripotent stem cells. Stem Cells. (2015) 33:2643–51. doi: 10.1002/stem.2070

 141. Garg P, Garg V, Shrestha R, Sanguinetti MC, Kamp TJ, Wu JC. Human induced pluripotent stem cell-derived cardiomyocytes as models for cardiac channelopathies: a primer for non-electrophysiologists. Circ Res. (2018) 123:224–43. doi: 10.1161/CIRCRESAHA.118.311209

 142. Lee P, Klos M, Bollensdorff C, Hou L, Ewart P, Kamp TJ, et al. Simultaneous voltage and calcium mapping of genetically purified human iPS cell-derived cardiac myocyte monolayers. Circ Res. (2012) 110:1556–63. doi: 10.1161/CIRCRESAHA.111.262535

 143. Zhang J, Klos M, Wilson GF, Herman AM, Lian X, Raval KK, et al. Extracellular matrix promotes highly efficient cardiac differentiation of human pluripotent stem cells: the matrix sandwich method. Circ Res. (2012) 111:1125–36. doi: 10.1161/CIRCRESAHA.112.273144

 144. Kadota S, Minami I, Morone N, Heuser JE, Agladze K, Nakatsuji N. Development of a reentrant arrhythmia model in human pluripotent stem cell-derived cardiac cell sheets. Eur Heart J. (2013) 34:1147–56. doi: 10.1093/eurheartj/ehs418

 145. Herron TJ, Rocha AMD, Campbell K, Ponce-Balbuena D, Willis BC, Guerrero-Serna G, et al. Extracellular matrix mediated maturation of human pluripotent stem cell derived cardiac monolayer structure and electrophysiological function. Circ Arrhythm Electrophysiol. (2016) 9:3638. doi: 10.1161/CIRCEP.113.003638

 146. Shaheen N, Shiti A, Huber I, Shinnawi R, Arbel G, Gepstein A, et al. Human induced pluripotent stem cell-derived cardiac cell sheets expressing genetically encoded voltage indicator for pharmacological and arrhythmia studies. Stem Cell Reports. (2018) 10:1879–94. doi: 10.1016/j.stemcr.2018.04.006

 147. Podgurskaya AD, Tsvelaya VA, Slotvitsky MM, Dementyeva EV, Valetdinova KR, Agladze KI. The use of iPSC-derived cardiomyocytes and optical mapping for erythromycin arrhythmogenicity testing. Cardiovasc Toxicol. (2019) 19:518–28. doi: 10.1007/s12012-019-09532-x

 148. Zhang Q, Jiang J, Han P, Yuan Q, Zhang J, Zhang X, et al. Direct differentiation of atrial and ventricular myocytes from human embryonic stem cells by alternating retinoid signals. Cell Res. (2011) 21:579–87. doi: 10.1038/cr.2010.163

 149. Devalla HD, Schwach V, Ford JW, Milnes JT, El-Haou S, Jackson C, et al. Atrial-like cardiomyocytes from human pluripotent stem cells are a robust preclinical model for assessing atrial-selective pharmacology. EMBO Mol Med. (2015) 7:394–410. doi: 10.15252/emmm.201404757

 150. Lee JH, Protze SI, Laksman Z, Backx PH, Keller GM. Human pluripotent stem cell-derived atrial and ventricular cardiomyocytes develop from distinct mesoderm populations. Cell Stem Cell. (2017) 21:179–94.e4. doi: 10.1016/j.stem.2017.07.003

 151. Schram G, Pourrier M, Melnyk P, Nattel S. Differential distribution of cardiac ion channel expression as a basis for regional specialization in electrical function. Circ Res. (2002) 90:939–50. doi: 10.1161/01.RES.0000018627.89528.6F

 152. Ehrlich JR, Biliczki P, Hohnloser SH, Nattel S. Atrial-selective approaches for the treatment of atrial fibrillation. J Am Coll Cardiol. (2008) 51:787–92. doi: 10.1016/j.jacc.2007.08.067

 153. Ravens U, Poulet C, Wettwer E, Knaut M. Atrial selectivity of antiarrhythmic drugs. J Physiol. (2013) 591:4087–97. doi: 10.1113/jphysiol.2013.256115

 154. Marczenke M, Piccini I, Mengarelli I, Fell J, Röpke A, Seebohm G, et al. Cardiac subtype-specific modeling of Kv1.5 ion channel deficiency using human pluripotent stem cells. Front Physiol. (2017) 8: 469. doi: 10.3389/fphys.2017.00469

 155. Shafaattalab S, Lin E, Christidi E, Huang H, Nartiss Y, Garcia A, et al. Ibrutinib displays atrial-specific toxicity in human stem cell-derived cardiomyocytes. Stem Cell Reports. (2019) 12:996–1006. doi: 10.1016/j.stemcr.2019.03.011

 156. Dawodu AA, Monti F, Iwashiro K, Schiariti M, Chiavarelli R, Puddu PE. The shape of human atrial action potential accounts for different frequency-related changes in vitro. Int J Cardiol. (1996) 54:237–49.

 157. Harrild D, Henriquez C. A computer model of normal conduction in the human atria. Circ Res. (2000) 87:e25–e36. doi: 10.1161/01.RES.87.7.e25

 158. Hansen BJ, Zhao J, Csepe TA, Moore BT, Li N, Jayne LA, et al. Atrial fibrillation driven by micro-anatomic intramural re-entry revealed by simultaneous sub-epicardial and sub-endocardial optical mapping in explanted human hearts. Eur Heart J. (2015) 36:2390–401. doi: 10.1093/eurheartj/ehv233

 159. Allessie MA, Wijffels MC, Dorland R. Mechanisms of pharmacologic cardioversion of atrial fibrillation by class I drugs. J Cardiovasc Electrophysiol. (1998) 9:S69–77.

 160. Wijffels MC, Dorland R, Mast F, Allessie MA. Widening of the excitable gap during pharmacological cardioversion of atrial fibrillation in the goat. Circulation. (2000) 102:260–7. doi: 10.1161/01.CIR.102.2.260

 161. Tanwar V, Bylund JB, Hu J, Yan J, Walthall JM, Mukherjee A, et al. Gremlin 2 promotes differentiation of embryonic stem cells to atrial fate by activation of the JNK signaling pathway. Stem Cells. (2014) 32:1774–88. doi: 10.1002/stem.1703

 162. Klos M, Calvo D, Zlochiver S, Cabrera J-A, Sanchez-Quintana D, Jalife J, Berenfeld O, Kalifa J, Berenfeld Omer, Kalifa Jérôme. Atrial septopulmonary bundle of the posterior left atrium provides a substrate for atrial fibrillation initiation in a model of vagally mediated pulmonary vein tachycardia of the structurally normal heart. Circulation. (2008) 1:175–83. doi: 10.1161/CIRCEP.107.760447

 163. Nakanishi H, Lee J-K, Miwa K, Masuyama K, Yasutake H, Li J, et al. Geometrical patterning and constituent cell heterogeneity facilitate electrical conduction disturbances in a human induced pluripotent stem cell-based platform: an in vitro disease model of atrial arrhythmias. Front Physiol. (2019) 10:818. doi: 10.3389/fphys.2019.00818

 164. Cha T-J, Ehrlich JR, Zhang L, Chartier D, Leung TK, Nattel S. Atrial tachycardia remodeling of pulmonary vein cardiomyocytes: comparison with left atrium and potential relation to arrhythmogenesis. Circulation. (2005) 111:728–35. doi: 10.1161/01.CIR.0000155240.05251.D0

 165. Yang X, Pabon L, Murry CE. Engineering adolescence: maturation of human pluripotent stem cell-derived cardiomyocytes. Circ Res. (2014) 114:511–23. doi: 10.1161/CIRCRESAHA.114.300558

 166. Brundel BJJM, Li J, Zhang D. Role of HDACs in cardiac electropathology: therapeutic implications for atrial fibrillation. Biochim Biophys Acta Mol Cell Res. (2020) 1867:118459. doi: 10.1016/j.bbamcr.2019.03.006

 167. Adli M. The CRISPR tool kit for genome editing and beyond. Nat Commun. (2018) 9:2. doi: 10.1038/s41467-018-04252-2

 168. Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy JM, et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature. (2019) 576:149–57. doi: 10.1038/s41586-019-1711-4

 169. Khan SH. Genome-editing technologies: concept, pros, and cons of various genome-editing techniques and bioethical concerns for clinical application. Mol Ther Nucleic Acids. (2019) 16:326–34. doi: 10.1016/j.omtn.2019.02.027

 170. Bellin M, Casini S, Davis RP, D'Aniello C, Haas J, Ward-van Oostwaard D, et al. Isogenic human pluripotent stem cell pairs reveal the role of a KCNH2 mutation in long-QT syndrome. EMBO J. (2013) 32:3161–75. doi: 10.1038/emboj.2013.240

 171. Tucker NR, Dolmatova EV, Lin H, Cooper RR, Ye J, Hucker WJ, et al. Diminished PRRX1 expression is associated with increased risk of atrial fibrillation and shortening of the cardiac action potential. Circ Cardiovasc Genet. (2017) 10:1902. doi: 10.1161/CIRCGENETICS.117.001902

 172. Lemme M, Ulmer BM, Lemoine MD, Zech ATL, Flenner F, Ravens U, et al. Atrial-like engineered heart tissue: an in vitro model of the human atrium. Stem Cell Reports. (2018) 11:1378–90. doi: 10.1016/j.stemcr.2018.10.008

 173. Schroer A, Pardon G, Castillo E, Blair C, Pruitt B. Engineering hiPSC cardiomyocyte in vitro model systems for functional and structural assessment. Prog Biophys Mol Biol. (2019) 144:3–15. doi: 10.1016/j.pbiomolbio.2018.12.001

 174. Cyganek L, Tiburcy M, Sekeres K, Gerstenberg K, Bohnenberger H, Lenz C, et al. Deep phenotyping of human induced pluripotent stem cell-derived atrial and ventricular cardiomyocytes. JCI Insight. (2018) 3:99941. doi: 10.1172/jci.insight.99941

 175. Goldfracht I, Protze S, Shiti A, Setter N, Gruber A, Shaheen N, et al. Generating ring-shaped engineered heart tissues from ventricular and atrial human pluripotent stem cell-derived cardiomyocytes. Nat Commun. (2020) 11:75. doi: 10.1038/s41467-019-13868-x

 176. Shinnawi R, Huber I, Maizels L, Shaheen N, Gepstein A, Arbel G, et al. Monitoring human-induced pluripotent stem cell-derived cardiomyocytes with genetically encoded calcium and voltage fluorescent reporters. Stem Cell Reports. (2015) 5:582–96. doi: 10.1016/j.stemcr.2015.08.009

 177. Song L, Awari DW, Han EY, Uche-Anya E, Park S-HE, Yabe YA, et al. Dual optical recordings for action potentials and calcium handling in induced pluripotent stem cell models of cardiac arrhythmias using genetically encoded fluorescent indicators. Stem Cells Transl Med. (2015) 4:468–75. doi: 10.5966/sctm.2014-0245

 178. Chen Z, Xian W, Bellin M, Dorn T, Tian Q, Goedel A, et al. Subtype-specific promoter-driven action potential imaging for precise disease modeling and drug testing in hiPSC-derived cardiomyocytes. Eur Heart J. (2017) 38:292–301. doi: 10.1093/eurheartj/ehw189

 179. Soonpaa MH, Kim KK, Pajak L, Franklin M, Field LJ. Cardiomyocyte DNA synthesis and binucleation during murine development. Am J Physiol. (1996) 271:H2183–H9. doi: 10.1152/ajpheart.1996.271.5.H2183

 180. Bergmann O, Zdunek S, Felker A, Salehpour M, Alkass K, Bernard S, et al. Dynamics of cell generation and turnover in the human heart. Cell. (2015) 161:1566–75. doi: 10.1016/j.cell.2015.05.026

 181. Gan P, Patterson M, Sucov HM. Cardiomyocyte polyploidy and implications for heart regeneration. Annu Rev Physiol. (2020) 82:4618. doi: 10.1146/annurev-physiol-021119-034618

 182. MacLellan WR, Garcia A, Oh H, Frenkel P, Jordan MC, Roos KP, et al. Overlapping roles of pocket proteins in the myocardium are unmasked by germ line deletion of p130 plus heart-Specific deletion of Rb. Molecular Cell Biol. (2005) 25:2486–97. doi: 10.1128/MCB.25.6.2486-2497.2005

 183. Mak TW, Hauck L, Grothe D, Billia F. p53 regulates the cardiac transcriptome. Proc Natl Acad Sci U S A. (2017) 114:2331–6. doi: 10.1073/pnas.1621436114

 184. Ponnusamy M, Li P-F, Wang K. Understanding cardiomyocyte proliferation: an insight into cell cycle activity. Cell Mol Life Sci. (2017) 74:1019–34. doi: 10.1007/s00018-016-2375-y

 185. Schafer KA. The cell cycle: a Review. Vet Pathol. (1998) 35:461–78. doi: 10.1177/030098589803500601

 186. Obinata M. The immortalized cell lines with differentiation potentials: their establishment and possible application. Cancer Science. (2007) 98:275–83. doi: 10.1111/j.1349-7006.2007.00399.x

 187. Carter M, Shieh J. Cell culture techniques. In: Farra N, editor. Guide to Research Techniques in Neuroscience. London: Elsevier (2015). p. 295–310. doi: 10.1016/B978-0-12-800511-8.00014-9

 188. Ramboer E, Vanhaecke T, Rogiers V, Vinken M. Immortalized human hepatic cell lines for in vitro testing and research purposes. Methods Mol Biol. (2015) 1250:53–76. doi: 10.1007/978-1-4939-2074-7_4

 189. Behringer RR, Peschon JJ, Messing A, Gartside CL, Hauschka SD, Palmiter RD, et al. Heart and bone tumors in transgenic mice. Proc Natl Acad Sci USA. (1988) 85:2648–52.

 190. Field L. Atrial natriuretic factor-SV40 T antigen transgenes produce tumors and cardiac arrhythmias in mice. Science. (1988) 239:1029–33. doi: 10.1126/science.2964082

 191. Katz EB, Steinhelper ME, Delcarpio JB, Daud AI, Claycomb WC, Field LJ. Cardiomyocyte proliferation in mice expressing alpha-cardiac myosin heavy chain-SV40 T-antigen transgenes. Am J Physiol. (1992) 262:H1867–H76. doi: 10.1152/ajpheart.1992.262.6.H1867

 192. Brunskill EW, Witte DP, Yutzey KE, Potter SS. Novel cell lines promote the discovery of genes involved in early heart development. Dev Biol. (2001) 235:507–20. doi: 10.1006/dbio.2001.0313

 193. Steinhelper ME, Lanson NA, Dresdner KP, Delcarpio JB, Wit AL, Claycomb WC, et al. Proliferation in vivo and in culture of differentiated adult atrial cardiomyocytes from transgenic mice. Am J Physiol. (1990) 259:H1826–H34. doi: 10.1152/ajpheart.1990.259.6.H1826

 194. Gartside CL, Hauschka SD. Development of a permanent mouse cardiac muscle cell line. In: Oberpriller JO, Oberpriller JC, Mauro A, editors. The Development and Regenerative Potential of Cardiac Muscle. London: Harwood (1991) p. 385–97.

 195. Daud AI, Lanson NA, Claycomb WC, Field LJ. Identification of SV40 large T–antigen-associated proteins in cardiomyocytes from transgenic mice. Am J Physiol. (1993) 264:H1693–H700. doi: 10.1152/ajpheart.1993.264.5.H1693

 196. Delcarpio JB, Lanson NA, Field LJ, Claycomb WC. Morphological characterization of cardiomyocytes isolated from a transplantable cardiac tumor derived from transgenic mouse atria (AT-1 cells). Circ Res. (1991) 69:1591–600. doi: 10.1161/01.RES.69.6.1591

 197. Lanson NA, Glembotski CC, Steinhelper ME, Field LJ, Claycomb WC. Gene expression and atrial natriuretic factor processing and secretion in cultured AT-1 cardiac myocytes. Circulation. (1992) 85:1835–41. doi: 10.1161/01.CIR.85.5.1835

 198. Sculptoreanu A, Morton M, Gartside CL, Hauschka SD, Catterall WA, Scheuer T. Tetrodotoxin-insensitive sodium channels in a cardiac cell line from a transgenic mouse. Am J Physio Cell Physio. (1992) 262:C724–C30. doi: 10.1152/ajpcell.1992.262.3.C724

 199. Morton ME, Brumwell C, Gartside CL, Hauschka SD, Nathanson NM. Characterization of muscarinic acetylcholine receptors expressed by an atrial cell line derived from a transgenic mouse tumor. Circ Res. (1994) 74:752–6. doi: 10.1161/01.RES.74.4.752

 200. Borisov AB, Claycomb WC. Proliferative potential and differentiated characteristics of cultured cardiac muscle cells expressing the SV40 T oncogene. Ann N Y Acad Sci. (1995) 752:80–91. doi: 10.1111/j.1749-6632.1995.tb17408.x

 201. Claycomb WC, Lanson NA, Stallworth BS, Egeland DB, Delcarpio JB, Bahinski A, et al. HL-1 cells: a cardiac muscle cell line that contracts and retains phenotypic characteristics of the adult cardiomyocyte. Proc Natl Acad Sci USA. (1998) 95:2979–84.

 202. White SM, Constantin PE, Claycomb WC. Cardiac physiology at the cellular level: use of cultured HL-1 cardiomyocytes for studies of cardiac muscle cell structure and function. Am J Physiol. (2004) 286:H823–H9. doi: 10.1152/ajpheart.00986.2003

 203. Sartiani L, Bochet P, Cerbai E, Mugelli A, Fischmeister R. Functional expression of the hyperpolarization-activated, non-selective cation current If in immortalized HL-1 cardiomyocytes. J Physiol. (2002) 545:81–92. doi: 10.1113/jphysiol.2002.021535

 204. Engelmann GL, Birchenall-Roberts MC, Ruscetti FW, Samarel AM. Formation of fetal rat cardiac cell clones by retroviral transformation: retention of select myocyte characteristics. J Mol Cell Cardiol. (1993) 25:197–213. doi: 10.1006/jmcc.1993.1022

 205. Brundel BJJM, Kampinga HH, Henning RH. Calpain inhibition prevents pacing-induced cellular remodeling in a HL-1 myocyte model for atrial fibrillation. Cardiovasc Res. (2004) 62:521–8. doi: 10.1016/j.cardiores.2004.02.007

 206. Yang Z, Shen W, Rottman J, Wikswo J, Murray K. Rapid stimulation causes electrical remodeling in cultured atrial myocytes. J Mol Cell Cardiol. (2005) 38:299–308. doi: 10.1016/j.yjmcc.2004.11.015

 207. Brundel BJ., Shiroshita-Takeshita A, Qi XY, Yeh YH, Chartier D, van Gelder IC., et al. Induction of heat shock response protects the heart against atrial fibrillation. Circ Res. (2006) 99:1394–402. doi: 10.1161/01.RES.0000252323.83137.fe

 208. Ke L, Qi XY, Dijkhuis A-J, Chartier D, Nattel S, Henning RH, et al. Calpain mediates cardiac troponin degradation and contractile dysfunction in atrial fibrillation. J Mol Cell Cardiol. (2008) 45:685–93. doi: 10.1016/j.yjmcc.2008.08.012

 209. Mace LC, Yermalitskaya LV, Yi Y, Yang Z, Morgan AM, Murray KT. Transcriptional remodeling of rapidly stimulated HL-1 atrial myocytes exhibits concordance with human atrial fibrillation. J Mol Cell Cardiol. (2009) 47:485–92. doi: 10.1016/j.yjmcc.2009.07.006

 210. Tsai C-T, Chiang F-T, Tseng C-D, Yu C-C, Wang Y-C, Lai L-P, et al. Mechanical stretch of atrial myocyte monolayer decreases sarcoplasmic reticulum calcium adenosine triphosphatase expression and increases susceptibility to repolarization alternans. J Am Coll Cardiol. (2011) 58:2106–15. doi: 10.1016/j.jacc.2011.07.039

 211. Wiersma M, Meijering RAM, Qi X, Zhang D, Liu T, Hoogstra-Berends F, et al. Endoplasmic reticulum stress is associated with autophagy and cardiomyocyte remodeling in experimental and human atrial fibrillation. J Am Heart Assoc. (2017) 6:6458. doi: 10.1161/JAHA.117.006458

 212. Zhang D, Hu X, Li J, Hoogstra-Berends F, Zhuang Q, Esteban MA, et al. Converse role of class I and class IIa HDACs in the progression of atrial fibrillation. J Mol Cell Cardiol. (2018) 125:39–49. doi: 10.1016/j.yjmcc.2018.09.010

 213. Hong JH, Choi JH, Kim TY, Lee KJ. Spiral reentry waves in confluent layer of HL-1 cardiomyocyte cell lines. Biochem Biophys Res Commun. (2008) 377:1269–73. doi: 10.1016/j.bbrc.2008.10.168

 214. Umapathy K, Masse S, Kolodziejska K, Veenhuyzen GD, Chauhan VS, Husain M, et al. Electrogram fractionation in murine HL-1 atrial monolayer model. Heart Rhythm. (2008) 5:1029–35. doi: 10.1016/j.hrthm.2008.03.022

 215. Tsai C, Chiang F, Chen W, Hwang J, Tseng CD, Wu C, et al. Angiotensin II induces complex fractionated electrogram in a cultured atrial myocyte monolayer mediated by calcium and sodium-calcium exchanger. Cell Calcium. (2011) 49:1–1. doi: 10.1016/j.ceca.2010.10.005

 216. Nademanee K, McKenzie J, Kosar E, Schwab M, Sunsaneewitayakul B, Vasavakul T, et al. A new approach for catheter ablation of atrial fibrillation: mapping of the electrophysiologic substrate. JACC. (2004) 43:2044–53. doi: 10.1016/j.jacc.2003.12.054

 217. Verma A, Jiang C, Betts TR, Chen J, Deisenhofer I, Mantovan R, et al. Approaches to catheter ablation for persistent atrial fibrillation. N Engl J Med. (2015) 372:1812–22. doi: 10.1056/NEJMoa1408288

 218. Vogler J, Willems S, Sultan A, Schreiber D, Lüker J, Servatius H, et al. Pulmonary vein isolation versus defragmentation: the CHASE-AF clinical trial. J Am Coll Cardiol. (2015) 66:2743–52. doi: 10.1016/j.jacc.2015.09.088

 219. Clarnette JA, Brooks AG, Mahajan R, Elliott AD, Twomey DJ, Pathak RK, et al. Outcomes of persistent and long-standing persistent atrial fibrillation ablation: a systematic review and meta-analysis. Europace. (2018) 20:f366–f76. doi: 10.1093/europace/eux297

 220. Yan J, Kong W, Zhang Q, Beyer EC, Walcott G, Fast VG, et al. c-Jun n-terminal kinase activation contributes to reduced connexin43 and development of atrial arrhythmias. Cardiovasc Res. (2013) 97:589–97. doi: 10.1093/cvr/cvs366

 221. Climent AM, Guillem MS, Fuentes L, Lee P, Bollensdorff C, Fernández-Santos ME, et al. Role of atrial tissue remodeling on rotor dynamics: an in vitro study. Am J Physiol. (2015) 309:H1964–H73. doi: 10.1152/ajpheart.00055.2015

 222. Houston C, Tzortzis KN, Roney C, Saglietto A, Pitcher DS, Cantwell CD, et al. Characterisation of re-entrant circuit (or rotational activity) in vitro using the HL 1-6 myocyte cell line. J Mol Cell Cardiol. (2018) 119:155–64. doi: 10.1016/j.yjmcc.2018.05.002

 223. Boutjdir M, Le Heuzey JY, Lavergne T, Chauvaud S, Guize L, Carpentier A, et al. Inhomogeneity of cellular refractoriness in human atrium: factor of arrhythmia? Pacing Clin Electrophysiol. (1986) 9:1095–100. doi: 10.1111/j.1540-8159.1986.tb06676.x

 224. Rybkin II, Markham DW, Yan Z, Bassel-Duby R, Williams RS, Olson EN. Conditional expression of SV40 T-antigen in mouse cardiomyocytes facilitates an inducible switch from proliferation to differentiation. J Biol Chem. (2003) 278:15927–34. doi: 10.1074/jbc.M213102200

 225. Wall IB, Toledo GS, Jat PS. Recent advances in conditional cell immortalization technology. Cell and Gene Therapy Insights. (2016) 2:339–55. doi: 10.18609/cgti.2016.044

 226. Jat PS, Noble MD, Ataliotis P, Tanaka Y, Yannoutsos N, Larsen L, et al. Direct derivation of conditionally immortal cell lines from an h-2Kb-tsA58 transgenic mouse. Proc Natl Acad Sci USA. (1991) 88:5096–100.

 227. Leon JRD, Federoff HJ, Fishman GI. Cardiac and skeletal myopathy in beta myosin heavy-chain simian virus 40 tsA58 transgenic mice. Proc Natl Acad Sci USA. (1994) 91:519–23.

 228. Miller C, Rulfs J, Jaspers SR, Buckholt M, Miller TB. Transformation of adult ventricular myocytes with the temperature sensitive A58 (tsA58) mutant of the SV40 large T antigen. Mol Cell Biochem. (1994) 136:29–34. doi: 10.1007/BF00931601

 229. Jahn L, Sadoshima J, Greene A, Parker C, Morgan KG, Izumo S. Conditional differentiation of heart- and smooth muscle-derived cells transformed by a temperature-sensitive mutant of SV40 T antigen. J Cell Sci. (1996) 11:397–407.

 230. Goldman BI, Amin KM, Kubo H, Singhal A, Wurzel J. Human myocardial cell lines generated with SV40 temperature-sensitive mutant tsA58. In Vitro Cell Dev Biol Anim. (2006) 42:324–31. doi: 10.1290/0605032.1

 231. Salmon P, Oberholzer J, Occhiodoro T, Morel P, Lou J, Trono D. Reversible immortalization of human primary cells by lentivector-mediated transfer of specific genes. Mol Ther. (2000) 2:404–14. doi: 10.1006/mthe.2000.0141

 232. Zhang Y, Nuglozeh E, Touré F, Schmidt AM, Vunjak-Novakovic G. Controllable expansion of primary cardiomyocytes by reversible immortalization. Hum Gene Ther. (2009) 20:1687–96. doi: 10.1089/hum.2009.057

 233. Li M, Chen Y, Bi Y, Jiang W, Luo Q, He Y, et al. Establishment and characterization of the reversibly immortalized mouse fetal heart progenitors. Int J Med Sci. (2013) 10:1035–46. doi: 10.7150/ijms.6639

 234. Davidson MM, Nesti C, Palenzuela L, Walker WF, Hernandez E, Protas L, et al. Novel cell lines derived from adult human ventricular cardiomyocytes. J Mol Cell Cardiol. (2005) 39:133–47. doi: 10.1016/j.yjmcc.2005.03.003

 235. Szulc J, Wiznerowicz M, Sauvain M-O, Trono D, Aebischer P. A versatile tool for conditional gene expression and knockdown. Nat Methods. (2006) 3:109–16. doi: 10.1038/nmeth846

 236. van Ouwerkerk AF, Bosada FM, van Duijvenboden K, Hill MC, Montefiori LE, Scholman KT, et al. Identification of atrial fibrillation associated genes and functional non-coding variants. Nat Commun. (2019) 10:4755. doi: 10.1038/s41467-019-12721-5

 237. Brown KW, Gallimore PH. Malignant progression of an SV40-transformed human epidermal keratinocyte cell line. Br J Cancer. (1987) 56:545–554.

 238. Cotsiki M, Lock RL, Cheng Y, Williams GL, Zhao J, Perera D, et al. Simian virus 40 large T antigen targets the spindle assembly checkpoint protein Bub1. Proc Natl Acad Sci USA. (2004) 101:947–52. doi: 10.1073/pnas.0308006100

 239. Hofmann B, Maybeck V, Eick S, Meffert S, Ingebrandt S, Wood P, et al. Light induced stimulation and delay of cardiac activity. Lab Chip. (2010) 10:2588–96. doi: 10.1039/C003091K

 240. Yakushenko A, Gong Z, Maybeck V, Hofmann B, Gu E, Dawson M, et al. On-chip optical stimulation and electrical recording from cells. J Biomed Opt. (2013) 18:111402. doi: 10.1117/1.JBO.18.11.111402

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 van Gorp, Trines, Pijnappels and de Vries. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Multicellular In vitro Models of Cardiac Arrhythmias: Focus on Atrial Fibrillation



		Introduction



		In vitro Multicellular Systems for AF Modeling



		Primary (Animal-Derived) AMs



		(Human) PSC-Derived Atrial(-Like) CMs



		Immortalized AMs







		Summary



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Multicellular In vitro Models of
Cardiac Arrhythmias: Focus
on Atrial Fibrillation





OPS/images/fcvm-07-00043-g001.gif





OPS/images/fcvm-07-00043-t001.jpg
Invitro 2D Key publication

model
Permanently  Dias et al. (31).
immortalized  /HL-1/2014
AMs

Primary Bingen et al. (30).

(animal)-derived/ NRAMs / 2013
AMs

Conditionally  Liu et al. (32)

immortalized  /iAM-1/2018
AMs

(induced) Laksman et al. (33).
Pluripotent  /hESCs /2017
stem cells

Origin Advantages

Enzymatic digest of right - Affordable

atrial tumor of HsSNPPA.Tag - Scalable to demand
Well-characterized cells
- Reduces laboratory

transgenic mice

animal use
Enzymatic digest of - Affordable
neonatal rat atria - Scalable to demand

Easy to establish

NRAMs conditionally - Affordable
immortalized with
IMHCK? .Tag-tsAS8

animal use
- Functionally

resembling NRAMs
Phenotypic homogeneity

hESC line HES3
(Nkx2-595'/w)

Well-suited for

animal use

Fully functional CMs

Scalable to demand
Control over proliferation
- Reduces laboratory

personalized disease
modeling (hiPSCs)
Reduces laboratory

Limitations

Non-human AP
Immature &
heterogeneous
phenotype

Lack of
prolferation control
Spontaneous
reentrant waves
Non-hurman AP
Ethical concerns
Mixed population of
non-CMs and CMs
Non-hurman AP
Less suitable for
personalized
disease modeling

Time-consurming
Immature &
heterogeneous
phenotype
Costly
Scalabiity issues.

Derived CM
population

High structural
heterogeneity
(Actn2 staining)

83% AMs (Actn2
staining; 100 %
Myl7+) and 17%
non-CMs

Low structural
heterogeneity
(Actn2 & Myl7.
staining)

85% CMs (87%
atrial- like, 7%
nodal-like, 7%
ventricle-like AP)

EP characteristics

OV: 0.5-4 omvs
APDg: 400-550ms.
Depends on HL-1
subclone

ov.
224+19cm/s
APDgy:
540£28ms
ov.

216+ 100m/s
APDg):

543+ 16ms

ov:
5.4+ 13cm/s
APDyo:

206 % 73ms

Reentrant circuits

Spontaneous presence of reentrant circuit
Activation frequency: 2.83 # 1.43-3.02 &
056Hz

Arthythmia complexity: 0.43  0.19-1.12
% 0.14 reentrant circuits/cm?

Activation frequency: 14.1 + 7.4 Hz
Arthythria complexity: 6.7 7.7 reentrant
circuits per culture

Activation frequency: 18.9 + 1.3Hz
Arthythrmia complexity: 1.9 0.6 reentrant
circuits per culture

Activation frequency: 312 = 30ms (ie..
~3Hz)
Arthythmia complexity: Not described
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