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Cardiac electrophysiology is a complex system established by a plethora of inward and outward ion currents in cardiomyocytes generating and conducting electrical signals in the heart. However, not only cardiomyocytes but also other cell types can modulate the heart rhythm. Recently, cardiac macrophages were demonstrated as important players in both electrophysiology and arrhythmogenesis. Cardiac macrophages are a heterogeneous group of immune cells including resident macrophages derived from embryonic and fetal precursors and recruited macrophages derived from circulating monocytes from the bone marrow. Recent studies suggest antiarrhythmic as well as proarrhythmic effects of cardiac macrophages. The proposed mechanisms of how cardiac macrophages affect electrophysiology vary and include both direct and indirect interactions with other cardiac cells. In this review, we provide an overview of the different subsets of macrophages in the heart and their possible interactions with cardiomyocytes under both physiologic conditions and heart disease. Furthermore, we elucidate similarities and differences between human, murine and porcine cardiac macrophages, thus providing detailed information for researchers investigating cardiac macrophages in important animal species for electrophysiologic research. Finally, we discuss the pros and cons of mice and pigs to investigate the role of cardiac macrophages in arrhythmogenesis from a translational perspective.
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1 INTRODUCTION
Cardiac arrhythmias affect millions of individuals worldwide and are a major cause of morbidity and mortality, thereby causing a significant medical but also socioeconomic burden (Boriani et al., 2006; Bloch Thomsen et al., 2010; Gorenek et al., 2014). The pathophysiology of arrhythmias is complex and includes alterations of electrical, structural, and contractile properties of the heart as well as changes of autonomic cardiac innervation (Nattel et al., 2020). Cardiac inflammatory responses e.g., in the context of myocardial infarction (MI) or heart failure (HF), are thought to crucially contribute to the proarrhythmic remodeling resulting in the development of vulnerable substrates in the heart (Engelmann and Svendsen, 2005; Francis Stuart et al., 2016). Recently, studies have revealed the various roles played by immune cells, especially macrophages, in the maintenance of cardiac homeostasis (Hulsmans et al., 2017; Sugita et al., 2021; Simon-Chica et al., 2022) and—if disrupted—the development of cardiac arrhythmias (Monnerat et al., 2016; Sun et al., 2016; Yin et al., 2016; Fei et al., 2019; Hu et al., 2019; Liu et al., 2019; Lubos et al., 2020; Lyu et al., 2020; Miyosawa et al., 2020; Zhang et al., 2020; Hiram et al., 2021; Zhang et al., 2021).
Being a key component of the innate immunity, cardiac macrophages reside in the heart from the embryonic stage and unfold significant roles during heart development (Epelman et al., 2014). In these early stages, macrophages from the embryonic yolk-sac or the fetal liver migrate into the heart where they continue to proliferate locally, thus establishing the pool of “resident cardiac macrophages,” which can be identified by a characteristic combination of surface markers such as CD45+CX3CR1+F4/80high (Schulz et al., 2012; Molawi et al., 2014). After birth, bone marrow (BM)-derived monocytes circulate in the blood and—especially under pathologic conditions—migrate into the heart where they develop to macrophages (Epelman et al., 2014; Heidt et al., 2014). Due to their different origin these can be called “recruited cardiac macrophages” and can be identified as CD11bhighF4/80low.
The majority of research focused on these BM-derived “recruited macrophages”, which can be grouped according to their functional phenotype into classic inflammatory and noncanonical reparative macrophages (Mills, 2012; Lavine et al., 2014). The exact identities of these macrophages remain undefined. Pro-inflammatory macrophages release cytokines and chemokines and have been demonstrated to be involved in electrical (Monnerat et al., 2016; Sun et al., 2016; Fei et al., 2019; Liu et al., 2019; Zhang et al., 2020) as well as autonomic remodeling of the heart (Yin et al., 2016; Hu et al., 2019; Lyu et al., 2020; Zhang et al., 2021). Noncanonical reparative (or alternatively-activated) macrophages release anti-inflammatory cytokines, participate in post-inflammatory tissue repair, and contribute to cardiac structural remodeling by promoting cardiac fibrosis (Wynn and Barron, 2010; Dobaczewski et al., 2011; Mills, 2012; Liao et al., 2018; Miyosawa et al., 2020; Watson et al., 2020; Hiram et al., 2021; Revelo et al., 2021). Furthermore, it has been shown that cardiac resident macrophages are functionally connected to cardiomyocytes by gap junctions (Simon-Chica et al., 2022), thereby facilitating the physiologic electrical conduction in the atrioventricular (AV) node (Hulsmans et al., 2017) or preserving electrical conduction in the context of disease (Sugita et al., 2021).
In sum, a growing body of evidence suggests a key role of cardiac macrophage populations in regulating both physiologic electrical conduction in the healthy heart and proarrhythmic remodeling processes in the diseased heart. With this review, we provide a comprehensive overview on cardiac macrophages and their effects on cardiac electrophysiology. We describe different macrophage populations in the heart and we summarize recent findings on how they affect regular electrophysiology and proarrhythmic electrical, structural, and autonomic remodeling. Since translating basic scientific findings into clinical practice is one of the major challenges in modern medicine, we summarize and discuss the current knowledge on cardiac macrophage populations in mice, pigs, and humans to support translational research on cardiac macrophages in the future.
2 CARDIAC MACROPHAGE SUBPOPULATIONS
Macrophages are the most abundant leukocytes in the heart (Pinto et al., 2016; Skelly et al., 2018). They are highly plastic, play significant roles both in cardiovascular homeostasis and pathophysiology (Gomez et al., 2018) and can be identified by certain markers expressed on the cell surface.
Most knowledge about cardiac macrophage subpopulations is derived from studies in mice: during development, macrophages from the embryonic yolk-sac (at embryonic day (E) 7.25) and the fetal liver (at E8.25) migrate into the heart where they persist as “resident cardiac macrophages” by in situ proliferation (Schulz et al., 2012; Hashimoto et al., 2013). In the healthy heart, these resident macrophages are the predominant macrophage population, while in the diseased heart so called “recruited macrophages” derived from infiltrating bone-marrow monocytes (from E17.5 to adulthood) are the dominant population (Ingersoll et al., 2011; Epelman et al., 2014; Dick et al., 2019). Moreover, a recent report indicated the endocardium as an additional source of resident cardiac macrophages, called endocardial-derived macrophages, which emerge at E9.5, exhibit an intensive phagocytic activity, then proliferate in situ, and are indispensable for development and remodeling of extracellular matrix (ECM) and heart valves (Zhang et al., 2018; Shigeta et al., 2019).
In steady-state, resident macrophages are exclusively (CCR2−MHC-IIlow) or partly (CCR2−MHC-IIhigh) replenished through in situ proliferation with negligible monocyte input (Dick et al., 2019). In situ proliferation also contributes to the macrophage proliferation driven by the interleukin (IL)-4 triggered inflammatory response (Jenkins et al., 2011). However, if resident macrophages are depleted (e.g. in transgenic mouse models), monocytes from the bone marrow and splenic reservoirs repopulate the heart and differentiate to macrophages (Heidt et al., 2014). Murine monocytes can be grouped into two major functionally distinct subsets: inflammatory Ly6Chigh (CCR2+CX3CR1lowGr1+) and noninflammatory Ly6Clow (CCR2−CX3CR1highGr1-) monocytes (Geissmann et al., 2003). All these different blood monocyte subsets differentiate into macrophages when stimulated with macrophage colony stimulating factor (M-CSF) in vitro (Sunderkotter et al., 2004), but in response to inflammatory stimuli bone marrow-derived Ly6Chigh monocytes preferentially infiltrate inflammatory sites and differentiate into Ly6ChighF4/80high macrophages as demonstrated in a myocardial infarction (MI) mouse model (Nahrendorf et al., 2007).
Recruited and resident macrophages have different functions in the context of cardiac inflammation (Bajpai et al., 2019). Monocyte-derived macrophage subsets (CCR2+MHC-IIhigh, CCR2+MHC-IIlow and CCR2+Ly6Chigh) are preferentially recruited to sites of injury, where they enhance inflammation by promoting further monocyte and neutrophil recruitment and cause cardiomyocyte hypertrophy, interstitial fibrosis and adverse cardiac remodeling resulting in poor outcome, e.g. after myocardial infarction (Lavine et al., 2014; Li et al., 2016; Lorchner et al., 2018). In contrast, resident macrophage subsets (CCR2−MHC-IIlowLy6Clow and CCR2−MHC-IIhighLy6Clow) demonstrate robust proangiogenic properties, suppress inflammation by inhibiting monocyte recruitment and enhance cardiac repair (Kaikita et al., 2004; Lavine et al., 2014; Bajpai et al., 2019). Profibrotic monocyte-derived MHC-IIhigh macrophages accumulate in mouse hearts exposed to aldosterone, activate fibroblasts by releasing IL-10 and transforming growth factor-β1 (TGF-β1), thereby causing collagen deposition and diastolic dysfunction (Hulsmans et al., 2018). In contrast, MHC-IIlow macrophages favor the clearance of excess collagen by activating in vivo protease sensors and matrix metalloproteinases (MMPs) activity (Hulsmans et al., 2018).
Single-cell RNA sequencing (scRNA-seq) allows precise identification of macrophage subpopulations in the heart. In heart failure mice, two CCR2− populations in the heart showed diverse functions: The MHC-IIhighCD163+Mrc1+ population is associated with antigen processing and shows a repair-mediating identity, while the other MHC-IIlow population mediates phagocytosis and proinflammatory changes. The latter CCR2−MHC-IIlow population can further be subdivided into two subclusters based on the cells’ different expresses level of the repair-associated genes Mmp9 and Arg2 and the neutrophil-associated gene Csf3r. On the other hand, two CCR2+ populations highly express the proinflammatory cytokines oncostatin M (Osm) and IL-1β. Intriguingly, overexpression of Osm was also observed in cardiac patient hearts suggesting a role in heart disease (Gautier et al., 2012; Skelly et al., 2018; Martini et al., 2019). scRNA-seq data indicates that human and murine TLF+ (FOLR2+ and/or TIMD4+ and/or LYVE1+) macrophages originate from both yolk sac and fetal monocyte precursors, and are the most transcriptionally conserved subset (Dick et al., 2022). In the adult human heart, LYVE1+TIMD4− macrophages appear to be related to resident macrophages and are associated with cardiovascular remodeling. LYVE1+FOLR2+ macrophages are monocyte-derived and express the chemoattractant cytokine genes CCL13 and CCL18. Patients with dilated cardiomyopathy showed reduced numbers of LYVE1+ resident macrophages (subsets expressed FOLR2 and HSPH1) and an increased number of inflammatory macrophages (subsets expressed TREM2, CCL3 and KLF2) (Koenig et al., 2022). In contrast, LYVE1−FOLR2−MERTK- macrophages are associated with antigen presentation (Litvinukova et al., 2020).
In addition to the classification based on their origin, macrophages can be categorized depending on their cytokine secretion profile studied in vitro (Murray and Wynn, 2011). Commonly, macrophages producing proinflammatory cytokines such as IL-1β and tumor necrosis factor-α (TNF-α) which mediate pathogen clearance and tissue destruction, are defined as M1 macrophages. In contrast, macrophages releasing anti-inflammatory cytokines such as IL-10 and TGF-β1 contribute to healing and tissue repair and are commonly referred to as M2 macrophages (Chavez-Galan et al., 2015). Of note, the M1/M2 classification, while useful, is an oversimplification and applies to in vitro polarized macrophages, and should therefore be used with caution, especially when discussing in vivo macrophage phenotypes.
Generally, all kinds of inflammation contain a mixture of M1 and M2 responses (Atri et al., 2018). For example, in an infectious myocarditis mouse model, M1 macrophages which are activated by cytokines such as interferon-γ produced by T helper cells (Th1), support polarization of CD4+ T cells to produce IL-12, IL-23 and nitric oxide (NO). In addition, T helper cell (Th2)-produced cytokines such as IL-4 and IL-13, activate M2 macrophages, which control the proliferation of T cells and attenuate the immune response demonstrating that pro- and anti-inflammatory processes of cardiac macrophages happen simultaneously and disrupt homeostasis (Mills et al., 2000; Gutierrez et al., 2014). Furthermore, within this M1/M2 classification, different macrophage phenotypes partly express similar surface markers, and the exact lineage relationship of Ly6Chigh and Ly6Clow monocytes to M1 and M2 macrophages has yet to be determined. In the acute phase of a myocardial infarction, Ly6Chigh monocyte-derived macrophages are activated and generate proinflammatory cytokines, remove debris and apoptotic neutrophils, and contribute to tissue-rebuilding post-MI, a process to which Ly6Clow macrophages also contribute by regulating wound healing, angiogenesis and myofibroblast activation (Nahrendorf et al., 2007; Frantz and Nahrendorf, 2014).
In sum, there are several macrophage subpopulations in the heart that can be grouped by their origin, their functional impact, or the cytokines produced. However, there are significant overlaps between groups and several surface markers are not exclusively expressed by only one specific macrophage subset. In this review, we try to follow an origin-oriented classification of macrophages into embryonic/fetal precursor-derived “resident cardiac macrophages” and bone marrow monocyte-derived “recruited cardiac macrophages” wherever possible.
3 CARDIAC ELECTROPHYSIOLOGY AND POTENTIAL ARRHYTHMIA MECHANISMS
Studying the effects of immune cells on arrhythmogenesis requires profound knowledge about normal electrophysiology, especially regarding cardiac ion currents, calcium homeostasis, and cell-to-cell contacts. For an in-depth overview on cardiac ion channels and electrophysiology, the interested reader may be referred to specific reviews (Bosch, 2002; Bartos et al., 2015; Landstrom et al., 2017; Kistamas et al., 2020). For context, we provide a brief overview on fundamental concepts in the following paragraphs.
3.1 Cardiac Ion Channels and Action Potentials
Myocardial electrical activity is generated by sequential opening and closing of ion channels and transporters establishing a transmembrane action potential (AP) in individual cardiomyocytes (Figure 1) (Nerbonne and Kass, 2005). The duration of the action potential (APD) reflects the interplay of inward and outward currents (Grant, 2009). In general, the cardiac action potential is divided into five phases: phase 0 reflects a rapid upstroke, which is generated by the activation of a fast inward Na+ current (INa). Immediately following the AP upstroke, a transient repolarization produced by an outward potassium current (Ito) follows (phase 1). Phase 2 represents a slowly decaying plateau, resulting from an equilibrium of the delayed-rectifier potassium current with slow, rapid, and ultrarapid activation kinetics (IKs, IKr, and IKur, respectively), the Na+-K+-ATPase current (INKA), the late sodium current (INa,Late) and a simultaneous prominent calcium influx (ICa,L, ICa,T). Phase 3 is characterized by a rapid repolarization, resulting from the inactivation of calcium channels and the activation of an inward rectifier potassium current (IK1). The resting state (phase 4), which is also mainly driven by the potassium current IK1 establishes the resting membrane potential (RMP). Under physiologic conditions, the APD determines the effective refractory period (ERP), which is defined as the shortest time interval needed before a new stimulus can depolarize the cell again causing another AP (Nerbonne and Kass, 2005; Grant, 2009; Varro et al., 2021).
[image: Figure 1]FIGURE 1 | Action potentials and the contributing ion currents in different regions of the human heart. (A). Sinoatrial node. (B). Atrioventricular node. (C). Atrial myocardium. (D). Ventricular myocardium.
The electrophysiological properties illustrated by different AP shapes and durations differ between the different regions within the heart (Bartos et al., 2015) and between species (Clauss et al., 2019). In pacemaker cells of the sinoatrial node (SAN) or the atrioventricular node (AVN), the pacemaker current (If) is responsible for the membrane hyperpolarization (Aziz et al., 2018). Inward Ca2+ currents, regulated mainly by the L-type calcium channel (ICa,L, Cav1.2), play a fundamental role in both depolarization of SAN and AVN cells and in counteracting repolarization despite lacking a clear plateau phase (Bers, 2008). Acetylcholine-activated K⁺ channels (IK,Ach current) are most abundantly expressed in SAN and AVN where this current contributes to the diastolic depolarization and in the atria where it hyperpolarizes the cell contributing to the phase 3 repolarization (Nerbonne, 2016). In general, atrial action potentials are shorter than those in ventricles with a less clear plateau phase, mainly because of potassium channels with faster activation kinetics and larger conductance. In phase 4, the ventricular resting membrane potential is more negative because ventricular myocytes have higher inward rectifier currents than atrial myocytes (Ng et al., 2010). The regional differences driven by the diversity of ion channels (Joukar, 2021; Varro et al., 2021) are summarized in Figure 1.
3.2 Arrhythmia Mechanisms
Current paradigms in arrhythmogenesis include electrical ectopy (acting as a trigger) and reentry (acting as substrate) which are reviewed in detail elsewhere (Nattel et al., 2007; Michael et al., 2009; Wakili et al., 2011; Sanchez-Quintana et al., 2012; Clauss et al., 2015). Here, we briefly summarize some of the main aspects to allow a better understanding of macrophage effects on arrhythmogenesis which are provided in section 4.
3.2.1 Ectopy/Arrhythmia Triggers
Any change to the subtle equilibrium of currents underlying cell type-specific action potentials (Figure 1) resulting from altered channel conduction or kinetics (e.g., by mutation, ligand binding or posttranslational modification) can potentially lead to focal ectopic activity which may in turn act as arrhythmia “trigger”. The main mechanisms underlying ectopic impulse generation include early (EADs) and delayed afterdepolarizations (DADs) which are voltage oscillations known to cause cardiac arrhythmias (Song et al., 2015). EADs appear at phase 2 (in the context of APD prolongation due to e.g., activation of L-type Ca2+ channels (ICa,L current)) or phase 3 (in the context of Ca2+ overload and activated Na+/Ca2+ exchange current (NCX) resulting in Na+ influx) (Tse, 2016). DADs usually occur following AP repolarization and are associated with an intracellular Ca2+ accumulation (Pogwizd et al., 2001).
3.2.2 Reentry/Arrhythmia Substrate
Aside from altered impulse formation, abnormal impulse conduction represents another main mechanism of arrhythmogenesis (Nguyen et al., 2017). This can be caused by anatomic changes (such as hypertrophy or fibrosis) indirectly influencing conduction, by altered electrical conduction properties itself (functional reentry, e.g., by modified gap junction expression/function) (Kamjoo et al., 1997) as well as by changes in autonomic tone (Verheule and Schotten, 2021).
The major hallmark of structural remodeling and subsequently maintenance of arrhythmia is cardiac fibrosis, characterized by an imbalance between the generation and degradation of extracellular matrix (ECM) (Merchant and Armoundas, 2012). Under myocardial injury, activated fibroblasts differentiate into myofibroblasts, which release profibrotic factors such as transforming growth factor-β1 (TGF-β1) and stimulate expression of ECM, thereby promoting fibrogenesis (Khalil et al., 2017). Interstitial fibrosis forms electrical barriers between myocardial bundles, causing the electrical impulse to travel a longer distance, resulting in conduction delay and potential asynchronous activation of different areas of the myocardium (de Jong et al., 2011). Such a delayed impulse conduction, which also happens after myocardial infarction where a myocardial scar acts as a central obstacle, allows the myocardium to recover from a previous excitation. The following depolarizing front can continuously encounter excitable myocardium, thereby promoting circular excitation, so-called reentry (Verheule and Schotten, 2021). A murine TGF-β1 overexpression model for example shows that atrial fibrosis itself is sufficient to cause AF (Verheule et al., 2004). In ventricular myocardium, the slow conduction zone formed by fibrosis in post-MI and advanced HF patients creates a substrate for reentry of sustained monomorphic ventricular tachycardia (VT) (St John Sutton et al., 2003; Yokokawa et al., 2009).
The AP propagation depends on gap junctions, transmembrane proteins that mediate cell-to-cell coupling (Kanno and Saffitz, 2001). Gap junctions are composed of connexin (Cx) subunits. Cx43 is the most abundant connexin expressed in both atrial and ventricular cardiomyocytes of mammalian species (Severs et al., 2004). In healthy hearts, gap junctions are predominantly expressed in the intercalated disc regions between cardiomyocytes and facilitate the longitudinal flow of electrical currents (Rohr, 2004). Downregulated expression and lateralization of Cx43 increase arrhythmia susceptibility, as slowed and multidirectional conduction occurs (Kostin et al., 2004). Ischemia induced dephosphorylation and progressive reduction of Cx43 can lead to electrical uncoupling of ventricular myocytes, potentially playing an important role in arrhythmogenesis after MI (Beardslee et al., 2000).
Cardiac electrophysiology is modulated by the autonomic nervous system (ANS) consisting of sympathetic and parasympathetic nerves (Herring et al., 2019). An imbalance of the autonomic innervation may induce an inhomogeneous conduction and distribution of refractoriness promoting susceptibility to arrhythmia (Shen and Zipes, 2014). Autonomic stimulation (bilateral either sympathetic or parasympathetic) of isolated rabbit hearts for example shows spatial dispersion of repolarization (nonuniformity of repolarization) and heterogenous APD, which contributes to arrhythmia vulnerability (Mantravadi et al., 2007). In a diabetic rat model, increased heterogeneity of sympathetic nerves and defected parasympathetic nerves leads to decreased atrial ERP and increased incidence of AF under sympathetic nerve stimulation (Otake et al., 2009).
4 CARDIAC MACROPHAGES MEDIATE ARRHYTHMOGENESIS BY PROMOTING CARDIAC REMODELING
It has been suggested that macrophages play an important role in arrhythmogenesis since they can produce a number of cytokines which have been linked to cardiac remodeling. However, only recently a few studies have been published that clearly demonstrate specific macrophage-dependent mechanisms regulating physiologic conduction (Hulsmans et al., 2017; Sugita et al., 2021; Simon-Chica et al., 2022) as well as electrical, structural, or autonomic remodeling leading to arrhythmias (Monnerat et al., 2016; Sun et al., 2016; Yin et al., 2016; Fei et al., 2019; Hu et al., 2019; Liu et al., 2019; Lubos et al., 2020; Lyu et al., 2020; Miyosawa et al., 2020; Zhang et al., 2020; Hiram et al., 2021; Zhang et al., 2021) (Figure 2).
[image: Figure 2]FIGURE 2 | Cardiac macrophages in electrophysiology and arrhythmogenesis. (A). In the healthy heart, cardiac resident macrophages are functionally linked to cardiomyocytes through gap junctions (Cx43), thereby facilitating electrical conduction in the atrioventricular node (AVN). (B). Macrophages prevent arrhythmias by regulating the phosphorylation of Cx43 via AREG (Amphiregulin). (C). Resident cardiac macrophages express potassium channels (including Kv1.3, Kv1.5, and Kir2.1), Patch clamp experiments show that resident macrophages can depolarize coupled cardiomyocytes, shorten early APD and prolong late APD. (D). Electrical remodeling (left frame). During inflammation, recruited macrophages produce cytokines (IL-1β, TNF-α) which affect ion currents and calcium homeostasis resulting in increased electrical vulnerability to arrhythmias. TNF-α causes abnormal SR Ca2+-ATPase (SERCA2a) function which reduces the SR Ca2+ uptake. IL-1β induces AP prolongation through a decrease in Ito current and an increased diastolic sarcoplasmic reticulum (SR) Ca2+ leak via ryanodine receptors (RyR2). This is promoted through CaMKII oxidation/phosphorylation causing cytosol Ca2+ overload leading to delayed afterdepolarizations (DAD). CaMKII inactivates Ito which contributes to the prolongation of APD and predisposes to early or delayed afterdepolarizations (EAD). IL-1β reduces ICa,L by inhibiting the expression of atrial quaking protein (QKI) facilitating atrial fibrillation. Cytokines (IL-1β, TNF-α, TGF-β, IL-6) lead to APD prolongation by altering potassium current densities (increased IK1 and reduced IKur). Reduced atrial conduction velocity and AERP prolongation, also results in enhanced susceptibility for atrial fibrillation (AF). Within infarct border zones, upregulated potassium channel KCa3.1 in recruited macrophages facilitate Ca2+ influx into the macrophages. Elevated intracellular Ca2+ then flows from recruited macrophages to adjacent cardiomyocytes via Cx43, which causes APD prolongation of cardiomyocytes. Structural remodeling (middle frame). Recruited macrophages cause atrial dilatation and fibrosis probably by releasing cytokines (e.g., TGF-β1) or reactive oxygen species (ROS), but the exact mechanisms have not been fully elucidated. Atrial dilatation and formation of reentry subsequently results in enhanced susceptibility for AF. Autonomic remodeling (right frame). Recruited macrophages induce autonomic nerve sprouting by synthesizing nerve growth factor (NGF). Norepinephrine (NE) from sympathetic nerve endings can in turn activate β-adrenergic receptors on macrophages, which enhances the expression of NGF. Activation of Notch signaling and microRNA-155 expression in recruited macrophages also promotes sympathetic outgrowth.
4.1 Cardiac Macrophages Modulate Cell-To-Cell Coupling via Gap Junctions
Cardiomyocytes are electrically connected via gap junction channels (established by connexins) which is an essential prerequisite for electrical impulse propagation. Modifications of connexins such as phosphorylation or altered distribution of gap junctions result in reduced conduction velocity or altered pathways of conduction and anisotropy leading to a proarrhythmic substrate predisposing to reentry (Jongsma and Wilders, 2000; Dhein and Salameh, 2021).
Recently, Hulsmans et al. (2017) demonstrated that cardiac resident macrophages are enriched in the healthy AV node both in mouse (CD11b+CD64+CX3CR1+F4/80+Ly6Clow) and human (CD68+CD163+) and that they are functionally coupled to cardiomyocytes via Cx43. They revealed that macrophages coupled to cardiomyocytes show spontaneous rhythmic depolarizations whereas cardiomyocytes coupled to AV nodal macrophages show an elevated resting membrane potential and a shortened action potential, which facilitates electrical conduction in the AV node. These findings were further supported by several in vivo models: 1) using an optogenetics approach they were able to specifically depolarize AV nodal macrophages in situ (transgenic expression of the fluorescently activated channel rhodopsin-2 specifically in macrophages, Cx3cr1wt/CreER ChR2wt/fl; focused light on the exposed AV node region) which resulted in enhanced electrical conduction through the AV node illustrated by a higher number of conducted stimuli at the Wenckebach point. 2) In a transgenic mouse model with macrophage-specific knockdown of Cx43 (Cx3cr1wt/CreER Cx43 fl/fl) they demonstrated an increased Wenckebach cycle length and AV node refractory period indicating that disruption of the macrophage-cardiomyocyte interaction results in impaired electrical conduction in the AV node. These findings were further confirmed by 3) a transgenic mouse model that congenitally lacks macrophages (Csf1op). 4) Inducible macrophage depletion in CD11bDTR mice finally showed progressive AV block within 1–2 days. All these findings illustrate that cardiac resident macrophages facilitate electrical conduction in the AV node by electrical coupling to cardiomyocytes via Cx43 (Hulsmans et al., 2017) (Figure 2A).
In a mouse model of right ventricular (RV) stress (pulmonary artery banding leading to RV pressure overload), cardiac macrophages protect the heart from arrhythmia and sudden cardiac death (SCD) by maintaining proper electrical conduction through gap junctions (Sugita et al., 2021). Depletion of macrophages in this model resulted in advanced heart block and lethal cardiac arrest indicating that macrophages play an essential role for survival. Further studies identified macrophage-derived amphiregulin (AREG) as key regulator of Cx43 phosphorylation and translocation in cardiomyocytes. AREG knockout mice showed reduced Cx43 phosphorylation and a pronounced Cx43 lateralization leading to arrhythmias and increased mortality after pulmonary artery banding, while bone marrow transplantation (wildtype mice serving as donors) or treatment with recombinant AREG restored Cx43 phosphorylation/localization and prevented SCD (Sugita et al., 2021) (Figure 2B).
A recent study by Simon-Chica and colleagues comprehensively characterized the electrophysiologic properties of murine cardiac resident (Cx3cr1eYFP/+) macrophages and reported a membrane resistance of 2.2 ± 0.1 GΩ, a capacitance of 18.3 ± 0.1 pF, and a resting membrane potential of -39.6 ± 0.3 mV (Simon-Chica et al., 2022) (Figure 2C). They revealed that resident macrophages express potassium channels including Kv1.3, Kv1.5, and Kir2.1 which establish several inward and outward rectifying currents. Furthermore, resident macrophages have been shown to express Cx43. Computer modeling demonstrates that resident macrophages can depolarize coupled cardiomyocytes and shorten APD. Besides a number of novel findings, the authors could independently confirm several observations such as the macrophages’ resting membrane potential, their Cx43 expression and their ability to shorten the APD of coupled cardiomyocytes which have been previously reported by Hulsmans et al. (Hulsmans et al., 2017).
In patients with arrhythmias after myocardial infarction (but not in patients without post-MI arrhythmias) an elevated number of recruited macrophages have been detected in the infarct border zone where they form gap junctions with adjacent cardiomyocytes, a finding that was confirmed in a mouse model of MI (Fei et al., 2019). Recruited macrophages couple to cardiomyocytes via Cx43 in border zones of murine infarcted hearts and show an upregulation of the potassium channel KCa3.1 (Fei et al., 2019). This facilitates Ca2+ influx and causes APD prolongation in connected cardiomyocytes which results from the intracellular Ca2+ flow from macrophages to cardiomyocytes through Cx43, demonstrating that recruited macrophages can be functionally linked to cardiomyocytes modulating cardiac conduction (Fei et al., 2019) (Figure 2D).
In mice with myocardial infarction macrophage-produced proinflammatory cytokine MMP-7 was shown to be able to process Cx43 at a C-terminus cleavage site. The degradation of ventricular Cx43 is linked with decreased conduction velocity and increased incidence of arrhythmia and SCD (Gutstein et al., 2001; Lindsey et al., 2006). IL-1β has also been shown to lead to defective excitation-contraction coupling and arrhythmogenesis by Cx43 degradation in the post-MI heart (De Jesus et al., 2017). In the border zone of a MI, myofibroblasts emerge from fibroblasts under the stimulation of IL-1β, which then further produce more IL-1β, and cause Cx43 downregulation and thereby abnormal conduction of cardiac impulse and formation of arrhythmogenesis substrate (Baum et al., 2012).
Altogether, there is strong evidence that cardiac macrophages can be functionally linked to cardiomyocytes, modulate the cardiomyocytes’ electrophysiologic properties and may thus be key players in arrhythmogenesis.
4.2 Cardiac Macrophages Induce Cardiac Electrical Remodeling
A growing body of evidence suggests that inflammatory processes are key factors in the pathophysiology of atrial fibrillation (AF) with several remodeling mechanisms being regulated by macrophages (Engelmann and Svendsen, 2005; Yamashita et al., 2010; Hu et al., 2015; Mitrofanova et al., 2016; Watson et al., 2020). In patients with AF increased levels of inflammatory markers (e.g., CRP, IL-6, IL-8, TNF-α etc.) and an elevated number of recruited macrophages (identified as CD68+ and CD14++CD16− macrophages) have been described in left and right atria (Patel et al., 2010; Yamashita et al., 2010; He et al., 2016; Sun et al., 2016; Aguiar et al., 2019).
Further mechanistic studies in lipopolysaccharide (LPS)-treated mouse and canine models revealed that recruited macrophages induce electrical remodeling by secreting pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 (Sun et al., 2016) (Figure 2D). In these models, IL-1β has been shown to inhibit the expression of atrial quaking protein (QKI), a RNA-binding protein that regulates RNA splicing and maintains RNA stability and has been shown to reduce CACNA1C (L-type calcium channel subunit) expression and ICa,L in atrial myocytes leading to AF (Tili et al., 2015; Sun et al., 2016).
Liu and colleagues induced myocardial infarction in rats and treated these rats with Fisetin, a flavonoid with proposed anti-inflammatory effects (Liu et al., 2019). After 4 weeks post-MI rats showed significant LA fibrosis, prolonged interatrial conduction time and atrial refractory periods as well as an increased inducibility of AF, accompanied by elevated numbers of recruited CD68+ macrophages and increased expression of IL-1β and TNF-α in LA indicating proarrhythmic structural and electrical remodeling together with an inflammatory response (Figure 2D). In rats treated with Fisetin, macrophage recruitment to the heart, proarrhythmic remodeling and susceptibility for AF was significantly reduced suggesting a causal role for recruited cardiac macrophages in ischemia-related arrhythmogenesis (Liu et al., 2019).
Zhang and colleagues studied arrhythmogenesis in spontaneously hypertensive rats and could demonstrate that mechanisms mediated by recruited macrophages play an important role (Zhang et al., 2020). Hypertensive rats showed electrical and structural remodeling including APD prolongation, altered potassium current densities (increased IK1 and reduced IKur), reduced expression of Cx43 as well as enlarged atria, enhanced atrial fibrosis and increased levels of reactive oxygen species, ultimately leading to an increased susceptibility for AF (Figure 2D). The authors proposed a macrophage-mediated mechanism due to elevated numbers of Mac2+ recruited macrophages in the atria of hypertensive rats and increased levels of common macrophage-derived cytokines such as TGF-β, IL-1β, IL-6, and TNF-α. CXCR2 inhibition blocked recruitment of macrophages, reversed all these effects and could finally prevent AF inducibility suggesting a macrophage-dependent mechanism (Zhang et al., 2020).
Inflammatory and macrophage-mediated arrhythmia mechanisms have also been shown for ventricular arrhythmias. Recent studies revealed that expression of KCNN4 is upregulated in macrophages recruited to the heart after myocardial infarction. KCNN4 encodes the intermediate conductance Ca2+-activated K+ channel KCa3.1, which can preserve the negative membrane potential required for sustained Ca2+ influx (Xu et al., 2017). As already mentioned in section 4.1, in the mouse MI model KCa3.1 activation in recruited macrophages facilitates Ca2+ influx and causes APD prolongation of cardiomyocytes which are connected to these macrophages via gap junctions, ultimately resulting in prolonged QTc duration and enhanced susceptibility to ventricular arrhythmias (Figure 2D) (Fei et al., 2019).
Diabetes mellitus is associated with an increased risk for arrhythmias (Kahn et al., 1987; El-Atat et al., 2004; Renner et al., 2020). For a long time, inflammation was proposed to play an important role in diabetic arrhythmogenesis, but only recently Monnerat and colleagues could demonstrate a specific macrophage-dependent mechanism (Figure 2D) (Monnerat et al., 2016). In a mouse model of diabetes mellitus, they showed that hyperglycemia activates the toll-like receptor 2 (TLR2) and the NLRP3 inflammasome in recruited cardiac MHC-IIhigh macrophages which in turn causes release of IL-1β. Elevated IL-1β leads to ventricular arrhythmias by prolongation of the ventricular action potential, reduction of the potassium current Ito and enhancement of a diastolic SR calcium leak which is mediated by increasing CaMKII oxidation/phosphorylation. Targeting the IL-1β axis by either inhibiting the IL-1β receptor or inhibiting the NLRP3 inflammasome was further shown as potential therapeutic approach protecting against arrhythmias (Monnerat et al., 2016).
4.3 Cardiac Macrophages Mediate Structural Remodeling
Studies on cardiac remodeling after tissue injury (e.g. myocardial infarction) revealed that macrophages play a pivotal role in cardiac remodeling as they may have both profibrotic and antifibrotic functions (Wynn and Barron, 2010; Liao et al., 2018; Revelo et al., 2021; Dobaczewski et al., 2011). CD68+ or CD11c+ macrophages infiltrate the epicardial adipose tissue of AF patients and are associated with atrial fibrotic remodeling leading to a proarrhythmic substrate for AF (Abe et al., 2018). As fibrosis is one of the hallmarks of arrhythmogenesis, it seems obvious that macrophages may play an important role in proarrhythmic structural remodeling, but specific studies are rare (Figure 2D).
The crosstalk between macrophages and cardiac fibroblasts regulates the balance of cardiac fibrosis (Van Linthout et al., 2014). Ly6Chigh macrophages release anti-fibrotic cytokines like Osm to inhibit the conversion of fibroblasts to myofibroblasts. Ly6Clow macrophages in contrast produce profibrotic cytokines such as TGF-β1 and IL-10 to promote fibrosis (Weber et al., 2013; Abe et al., 2019). In turn, cardiac fibroblasts, as a major source of cytokines, can instruct resident macrophages to recruit other immune cells (monocytes, neutrophils) (Van Linthout et al., 2014). The cytokine secretion (IL-6, TGF-β1) of cardiac fibroblasts relies on the presence of macrophages in an in vitro co-culture model (Ma et al., 2012). Alvarez et al. (2011) explored the relationship between macrophages and fibroblasts in association with congenital heart block (CHB). They found that human fetal cardiac fibroblasts secreted TGF-β under the stimulation of macrophage-produced endothelin-1 in an in vitro experiment, and endothelin-1 presented in the septal region in areas of calcification and fibrosis in two fetal hearts of CHB. Furthermore, cardiac fibroblasts can influence cardiac function through direct (through gap junctions or membrane nanotubes) and indirect (paracrine signaling) effects on cardiomyocytes (Camelliti et al., 2004; Miragoli et al., 2006; Quinn et al., 2016).
In AF patients without concomitant heart failure, elevated numbers of macrophages (CD163+) were detected in right atrial appendages which was associated with increased atrial gene expression of procollagen and B-type natriuretic peptide (BNP) and atrial fibrosis (Watson et al., 2020). Although sample size was small (RA tissue from 10 patients with AF and 27 patients without AF) this study indicates a direct link between cardiac macrophages, structural remodeling and AF.
In another small study, elevated numbers of recruited CCR2+ macrophages have been observed in left atrial appendages obtained from AF patients (Miyosawa et al., 2020). Macrophage numbers were higher in patients with left atrial dilatation compared to patients without LA dilatation, indicating an association between increased macrophage numbers and atrial structural remodeling. In a larger cohort (83 patients with AF and normal LA diameter, 78 patients with AF and LA dilatation, 22 patients without AF) the authors further studied circulating monocytes. In AF patients the numbers of monocytes were significantly lower compared to patients without AF but among AF groups total numbers or proportion of monocyte subsets were not different. However, in patients with LA dilatation monocytes expressed higher levels of CCR2 and exhibited an enhanced migratory activity in vitro. Although this study is also purely descriptive, investigated a small number of patients and lacks a comprehensive analysis of structural remodeling (e.g. atrial fibrosis) it is another hint towards a direct role of recruited cardiac macrophages in proarrhythmic structural remodeling (Miyosawa et al., 2020).
In rats, monocrotaline-induced pulmonary hypertension causes proarrhythmic atrial remodeling including reduced atrial conduction velocity, atrial dilatation and fibrosis which subsequently results in enhanced susceptibility for AF (Hiram et al., 2021) (Figure 2D). The authors proposed a macrophage-related mechanism since an elevated number of recruited CD68+ macrophages was observed in the right atrium. Treatment with resolvin-D1 significantly attenuated proarrhythmic remodeling and reduced the inducibility of AF which was accompanied by significant reduction of CD68+ macrophages and an increase of CD206+ macrophages in the heart (Hiram et al., 2021).
Several independent studies performed in rat models provide some more mechanistic data which support a clear link between cardiac macrophages and proarrhythmic remodeling (Figure 2D). As these studies by Yun-Long Zhang et al. (2020), Liang Liu et al. (2019) indicated macrophage-related effects both on structural and electrical remodeling, they are already discussed in section 4.2.
Arrhythmogenic cardiomyopathy is an inherited disease characterized by progressive structural remodeling ultimately leading to arrhythmias and SCD (Elliott et al., 2019). In mice, inflammation has been identified as a major mechanism of macrophage recruitment to the heart (Lubos et al., 2020). Histologic analyses revealed that CD11b+CD206+F4/80+ macrophages accumulate and persist in fibrotic regions/scars over several weeks and that the macrophage populations include both proinflammatory (expressing MMP12) and reparative (expressing osteopontin) macrophages. Although this work illustrates the association of macrophages with fibrotic remodeling, potential conclusions on arrhythmogenesis must be drawn with caution as 1) there was no direct evidence for arrhythmias in these mice, 2) direct macrophage function/effects were not investigated, and 3) a direct causal role for macrophages remains elusive.
All these studies mentioned above demonstrate a potential role for recruited, i.e., monocyte-derived cardiac macrophages in proarrhythmic remodeling. In heart failure induced by aortic constriction in mice (pressure overload TAC model) it has been indicated that cardiac resident (CCR2−) macrophages and recruited monocyte-derived (CCR2+Ly6Chigh) macrophages may have distinct and at least partly antagonistic effects (Liao et al., 2018; Revelo et al., 2021) suggesting that different macrophage populations in the heart may also differentially affect proarrhythmic remodeling.
4.4 Macrophages Mediate Autonomic Nerve Remodeling
The heart is innervated both by sympathetic and parasympathetic nerves and alterations in this innervation—the so-called autonomic remodeling—have been demonstrated to play important roles in arrhythmogenesis (Cao et al., 2000; Stavrakis et al., 2020). Macrophages are able to synthesize nerve growth factor (NGF), an essential protein for promoting sympathetic nerve sprouting (Brown et al., 1991; Wernli et al., 2009) indicating a potential role for macrophages in autonomic remodeling.
This is further supported by the presence of CD68+ macrophages in stellate ganglia from patients with Long QT syndrome (LQTS) or catecholaminergic polymorphic VT (CPVT) where the autonomic innervation has been identified as key factor in arrhythmogenesis (Rizzo et al., 2014). Studies in a rat heart failure model revealed that local depletion of macrophages in stellate ganglia attenuate cardiac sympathetic overactivation and susceptibility to ventricular arrhythmias (Zhang et al., 2021). This is due to reduced levels of proinflammatory cytokines (TNF-α and IL-1β) and reduced N-type Ca2+ currents as well as excitability of cardiac sympathetic neurons (Zhang et al., 2021). Norepinephrine (NE) from sympathetic nerve endings can in turn activate β-adrenergic receptors on macrophages, which enhances the expression of NGF and establishes a vicious circle of sympathetic nerve remodeling, thereby aggravating electrophysiological heterogeneity and increasing the risk for ventricular arrhythmias (Lyu et al., 2020).
Notch signaling is an important pattern receptor for myeloid cell differentiation and macrophage activation (Monsalve et al., 2006). In post-MI rat hearts, the activation of Notch signaling predominantly promotes polarization of recruited macrophages toward the proinflammatory phenotype in the infarcted border zone as well as NGF expression, which then stimulates sympathetic outgrowth (Yin et al., 2016). Inhibition of Notch in contrast induces a phenotype switch from proinflammatory to reparative macrophages and decreases NGF expression, consequently ameliorating sympathetic nerve sprouting (Yin et al., 2016). The macrophage-derived microRNA-155 has been shown to suppress genes related to neural stem cell self-renewal by downregulation of cytokine signaling 1 (Scos1) (Zingale et al., 2021). Inhibition of microRNA-155 expression in recruited macrophages in a MI mouse model displays decreased density of tyrosine hydroxylase and GAP43 (neuromodulin) positive nerve fibers in myocardial tissue, which was associated with reduced ventricular arrhythmias (Hu et al., 2019) (Figure 2D).
In sum, a number of studies indicate that recruited macrophages may play an important role in arrhythmogenesis by regulating autonomic remodeling after myocardial injury.
5 FUTURE CHALLENGES: STUDYING MACROPHAGES IN ARRHYTHMOGENESIS FOLLOWING THE TRANSLATIONAL ROAD FROM RODENTS TO HUMANS
To investigate the complex role of macrophages in electrophysiology and arrhythmogenesis, delicately designed in vivo experiments are required. Model organisms vary in regard to anatomy, physiology, electrophysiological properties, immunology, genetic background, availability, costs, practical, and ethical considerations (Clauss et al., 2019; Schuttler et al., 2020). All species used in research have distinct advantages and disadvantages and every species might be the ideal one for a specific research question. Since mouse models are widely available at different genetic backgrounds with various genetic modifications and manifold options for disease modeling they are highly suitable and widely used for initial investigations both in electrophysiology and immunology research. However, compared to humans mice have notable differences regarding both electrophysiology and immunology, which limits the transferability of findings obtained in mouse models to a clinical setting in humans. Thus, suitable so-called preclinical models in large animals are necessary to validate findings obtained in mouse models prior to clinical application. The most widely used large animal species include sheep, dogs and pigs. In regard to electrophysiology research we have proposed a ”practical trio” including mice, rabbits and pigs as these species are most suitable for the majority of researchers in the field (Clauss et al., 2019). Furthermore, such a “practical trio” establishes a translational concept paving the way from early in vitro studies for screening, over initial in vivo validation in mice and further mechanistic studies in rabbits to confirmation and preclinical testing in close-to-human pig models prior to clinical application in human patients (Clauss et al., 2019). Continuing our proposed concept, we will discuss how cardiac macrophage populations differ between mice, pigs, and humans, by which surface markers they can be identified (Figure 3), and finally demonstrate that the pig is a suitable large animal species to study cardiac macrophages in the context of arrhythmias.
[image: Figure 3]FIGURE 3 | Cardiac macrophage surface markers in mouse, pig and human. List of surface markers for recruited and resident macrophages as well as markers for proinflammatory and anti-inflammatory phenotypes. Surface markers with unknown association to function have been grouped as “other surface markers (undefined phenotypes). F4/80 in mouse is the homolog for EMR in humans.
As described in section 1, murine resident macrophages derived from embryonic/fetal precursors and recruited macrophages derived from bone-marrow monocytes can be distinguished based on their CCR2 and CX3CR1 expression (Pinto et al., 2012; Bajpai et al., 2019). Resident macrophages (CCR2- CX3CR1+) can be further grouped into two numerically dominant Ly6ClowGr1−MHC-IIhigh and Ly6ClowGr1−MHC-IIlow subsets, and the Ly6ChighGr1+ subset. Furthermore, resident macrophages can be identified as F4/80high, whereas recruited macrophages (CCR2+CX3CR1−) are F4/80lowCD11bhigh. Recruited macrophages with a proinflammatory phenotype also express CD11c, whereas those with a reparative phenotype can be identified as CD163+CD206+ (Zhu et al., 2017; Ma et al., 2018). Other classic murine macrophage markers include CD14, CD64, CD68, and MerTK (Gautier et al., 2012).
Though rabbits are a valued model in electrophysiology research, cardiac macrophages in rabbits have been poorly characterized so far. Rabbit macrophages can be polarized into proinflammatory (MHC-IIhigh) and reparative (CD206+) phenotypes using human recombinant GM-CSF and M-CSF, respectively (Yamane and Leung, 2016). Rabbit macrophages do not express the tissue macrophage marker CD68, but express RAM11, a widely used macrophage marker in rabbits (Lis et al., 2010). CD14, CD163, CD200 and Arginase-1 can also be used to further group rabbit macrophages (Sanz et al., 2007; Hoemann et al., 2010; Akkaya et al., 2016; Desando et al., 2019). Rabbits, as they are still easy to house, can be used to fill the gap between rodents and large animals.
Human macrophages are grouped into three major subpopulations depending on the cell surface markers CCR2 and HLA-DR. Since attraction of monocytes into tissue depends on CCR2 signaling, recruited macrophage populations can be identified as CCR2+HLA-DRlow and CCR2+HLA-DRhigh (Svedberg and Guilliams, 2018). Resident cardiac macrophages, however, are CCR2−HLA-DRhigh (Bajpai et al., 2018; Sansonetti et al., 2020). Both CCR2+ and CCR2- macrophages express common markers of monocytes and macrophages including CX3CR1, CD11b, CD11c, CD14, CD32, CD64, CD86, MerTK, and EMR1 (Bajpai et al., 2018). The majority of CD68+ cells represent CCR2- resident macrophages which also express TIMD4 and LYVE1 (Dick et al., 2019). To distinguish functional phenotypes of recruited macrophages many additional markers can be used: human proinflammatory macrophage markers include CD38, CD69, CD80, TLR2, and TLR4, whereas human anti-inflammatory macrophage markers include CD163 and CD206 (Singleton et al., 2016; Yunna et al., 2020; Kim et al., 2021).
Porcine macrophages have not been characterized to the same extent, making it challenging to identify monocyte/macrophage lineage cells based on their surface markers (Piriou-Guzylack and Salmon, 2008; Ezquerra et al., 2009; Mair et al., 2014; Dawson and Lunney, 2018; Nikovics and Favier, 2021). In blood cell maturation, two cell lineages can be distinguished from each other: The lymphoid lineage leads to T-, B- and natural killer (NK) cells. Granulocytes, monocytes, macrophages and polymorphonuclear cells (PMCs) are part of the myeloid cell lineage (Kondo, 2010). Porcine memory helper T cells present as CD4+CD8+cells. B cells can be identified with the marker CD21, T cells can be furthermore distinguished with being CD3e+CD56+. NK cells express the marker CD56 (Piriou-Guzylack and Salmon, 2008). As these markers are not present in the myeloid lineage, spotting and excluding cells of the lymphoid lineage eases identification of macrophages. All cells with origin from the myeloid progenitor line express high levels of the swine workshop cluster SWC3, which makes it an ideal marker for myeloid cells (Summerfield and McCullough, 1997). Porcine PMCs are described as SCW1+SWC3+SWC8+SWC9−CD14lowCD163-. Dendritic cells can be identified as SWC3+WC1+wCD11R1−CD16+CD163- cells (Piriou-Guzylack and Salmon, 2008). CD203a and SWC8 function as potential identification markers for myeloid differentiation: when monocytes develop into macrophages, they express more CD203a. SWC8 can be found on pig PMCs in the blood and on macrophages (Piriou-Guzylack and Salmon, 2008). CD11b is a commonly used marker for human monocytes and macrophages. The anti-human CD11b antibody reacts with the porcine wCD11R1 but in contrast wCD11R1 is not expressed on porcine monocytes or alveolar macrophages. CD14, like in humans, is highly expressed on porcine monocytes, is also present on a low level on tissue macrophages and has a low expression level on porcine granulocytes (Piriou-Guzylack and Salmon, 2008; Ezquerra et al., 2009). CD172a serves as a marker for bone marrow cells, which origin in the myeloid/monocyte/macrophage lineage, and is therefore present on macrophages, neutrophils and dendritic cells. CD16 is expressed on porcine NK cells, monocytes and macrophages (Ezquerra et al., 2009). In sum, porcine monocytes can be described as SWC1+SWC3highCD11ahighwCD11r1low/−CD14highMHC-II+/−SWC8−SWC9−CD163+/−CD49ehighCD49dhigh cells (Piriou-Guzylack and Salmon, 2008). F4/80 encoded by EMR1, which was later renamed to Adgre1, is a commonly used marker for tissue-resident macrophages in mice. Anti-porcine Adgre1 monoclonal antibodies detect monocytes and granulocytes in bone marrow and blood as well as porcine tissue macrophages (Waddell et al., 2018). CD163 has an especially high expression on porcine monocytes and macrophages which makes it an ideal marker for these cells (Mair et al., 2014; Dawson and Lunney, 2018), whereas CD169 is only expressed on tissue macrophages. MHC-II can be used as a marker for porcine recruited macrophages but is more present on B lymphocytes, microglia and dendritic cells. SLA2 is expressed on dendritic cells, B cells, monocytes, macrophages and also on some T cell subpopulations (Dawson and Lunney, 2018). CD80 is an established porcine macrophage marker, but cannot distinguish between classic proinflammatory and alternatively activated anti-inflammatory macrophages as it is expressed on both cell types (Nikovics and Favier, 2021). To further distinguish different porcine macrophage subsets, proinflammatory macrophages can be identified as CD86+CD203a+ (Singleton et al., 2016) whereas anti-inflammatory macrophages can present as MHC-I+CD86+ cells (Carta et al., 2021).
When choosing a suitable model for arrythmia studies, many aspects have to be taken into consideration. There are notable differences between species in regard to electrophysiology, including different expression and distribution of ion channel subunits in the heart, or action potential morphology and duration (Kaese and Verheule, 2012; Kaese et al., 2013; Clauss et al., 2019; Schuttler et al., 2020). Compared to the human AP, the murine AP is characterized by a faster repolarization phase, no prominent plateau phase, and an overall more negative membrane potential (Kaese et al., 2013; Boukens et al., 2014; Clauss et al., 2019; Schuttler et al., 2020). In the mouse, Ito and IKur play important roles in ventricular repolarization, whereas in humans IKr and IKs are the main repolarization currents (Joukar, 2021). Further differences include NCX which contributes only around 7% to Ca2+ clearance (in humans: around 28%–29%) (Edwards and Louch, 2017), the ICa,L current causing the lack of an obvious plateau phase (Kaese and Verheule, 2012), and IK1 which is less important for repolarization in mice (Boukens et al., 2014).
Pigs have been increasingly used in cardiovascular research as they closely resemble the human cardiac anatomy and (electro)physiology (Verma et al., 2011). Furthermore, the porcine immune system is very similar to the human immune system, especially compared to mice (Mair et al., 2014; Pabst, 2020). Clinical routine techniques and equipment used for humans can easily be applied to pigs, a large number of disease models have been established and well characterized (Schuttler et al., 2022), and targeted genetic modification has become feasible with recent technological advances (Park et al., 2015; Langin et al., 2018; Renner et al., 2020; Riedel et al., 2020; Stirm et al., 2021). Moreover, pigs present action potentials and electrophysiological properties similar to humans as they express the same major ion currents (except Ito) (Kaese et al., 2013; Piktel and Wilson, 2019). Major differences exist in regard to the phase 1 notch in ventricular cardiomyocytes resulting from Ito2 (Ca2+-activated Cl−, also called ICa,Cl) current in pigs and from Ito current in humans (Li et al., 2003).
Although more research on specific porcine macrophage subsets is warranted to allow a more precise classification, pigs have several obvious advantages over other species especially regarding the resemblance to human electrophysiology and immunology, which make them an ideal choice as large animal species for studying cardiac macrophages in arrhythmogenesis.
6 CONCLUSION
Inflammation is thought to crucially contribute to the development of an arrhythmogenic substrate. Emerging data underlines vital roles of distinct cardiac macrophage subsets for regulating proarrhythmic electrical, structural, or autonomic remodeling. Given their remarkable plasticity, multiple origins and phenotypes, further analysis of the functionality of macrophage subsets in arrhythmogenesis is clearly necessary. A better understanding of arrhythmia mechanisms will reveal new potential therapeutic targets allowing the development of innovative therapeutic strategies for patients suffering from arrhythmias. To achieve this goal, initial findings on macrophage-mediated arrhythmia mechanisms obtained in rodent models need to be validated in preclinical close-to-human large animal models prior to clinical application. As they share close similarities with humans regarding cardiovascular anatomy, electrophysiology and immunology we propose pigs as suitable large animal species for translational research on cardiac macrophages and their role in arrhythmias.
AUTHOR CONTRIBUTIONS
RX and PT performed literature research and provided a manuscript draft and drafted illustrations. SL and ZZ performed literature research and provided parts of a manuscript draft. VP corrected academic writing and reviewed the manuscript. DS reviewed, edited, and finalized the manuscript and illustrations for publication. SC conceptualized the manuscript’s aim, scope and content, reviewed, edited, and finalized the manuscript and illustrations for publication. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) grant number 413635475 and the Munich Clinician Scientist Program (MCSP) of the LMU Munich to DS and PT, the German Centre for Cardiovascular Research (DZHK; 81X2600255 to SC), the Corona Foundation (S199/10,079/2019 to SC), the ERA-NET on Cardiovascular Diseases (ERA-CVD; 01KL1910 to SC) and the Heinrich-and-Lotte-Mühlfenzl Stiftung (to SC) and the China Scholarship Council (CSC, to RX, ZZ). The funders had no role in manuscript preparation.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abe H., Takeda N., Isagawa T., Semba H., Nishimura S. Morioka M. S., et al. (2019). Macrophage Hypoxia Signaling Regulates Cardiac Fibrosis via Oncostatin M. Nat. Commun. 10 (1), 2824. doi:10.1038/s41467-019-10859-w
 Abe I., Teshima Y., Kondo H., Kaku H., Kira S. Ikebe Y., et al. (2018). Association of Fibrotic Remodeling and Cytokines/chemokines Content in Epicardial Adipose Tissue with Atrial Myocardial Fibrosis in Patients with Atrial Fibrillation. Heart rhythm.. 15 (11), 1717–1727. doi:10.1016/j.hrthm.2018.06.025
 Aguiar C. M., Gawdat K., Legere S., Marshall J., Hassan A. Kienesberger P. C., et al. (2019). Fibrosis Independent Atrial Fibrillation in Older Patients Is Driven by Substrate Leukocyte Infiltration: Diagnostic and Prognostic Implications to Patients Undergoing Cardiac Surgery. J. Transl. Med. 17 (1), 413. doi:10.1186/s12967-019-02162-5
 Akkaya M., Kwong L.-S., Akkaya E., Hatherley D., Barclay A. N. (2016). Rabbit CD200R Binds Host CD200 but Not CD200-like Proteins from Poxviruses. Virology 488, 1–8. doi:10.1016/j.virol.2015.10.026
 Alvarez D., Briassouli P., Clancy R. M., Zavadil J., Reed J. H. Abellar R. G., et al. (2011). A Novel Role of Endothelin-1 in Linking Toll-like Receptor 7-mediated Inflammation to Fibrosis in Congenital Heart Block. J. Biol. Chem. 286 (35), 30444–30454. doi:10.1074/jbc.M111.263657
 Atri C., Guerfali F., Laouini D. (2018). Role of Human Macrophage Polarization in Inflammation during Infectious Diseases. Ijms 19 (6), 1801. doi:10.3390/ijms19061801
 Aziz Q., Li Y., Tinker A. (2018). Potassium Channels in the Sinoatrial Node and Their Role in Heart Rate Control. Channels 12 (1), 356–366. doi:10.1080/19336950.2018.1532255
 Bajpai G., Bredemeyer A., Li W., Zaitsev K., Koenig A. L. Lokshina I., et al. (2019). Tissue Resident CCR2− and CCR2+ Cardiac Macrophages Differentially Orchestrate Monocyte Recruitment and Fate Specification Following Myocardial Injury. Circ. Res. 124 (2), 263–278. doi:10.1161/CIRCRESAHA.118.314028
 Bajpai G., Schneider C., Wong N., Bredemeyer A., Hulsmans M. Nahrendorf M., et al. (2018). The Human Heart Contains Distinct Macrophage Subsets with Divergent Origins and Functions. Nat. Med. 24 (8), 1234–1245. doi:10.1038/s41591-018-0059-x
 Bartos D. C., Grandi E., Ripplinger C. M. (2015). Ion Channels in the Heart. Compr. Physiol. 5 (3), 1423–1464. doi:10.1002/cphy.c140069
 Baum J. R., Long B., Cabo C., Duffy H. S. (2012). Myofibroblasts Cause Heterogeneous Cx43 Reduction and Are Unlikely to Be Coupled to Myocytes in the Healing Canine Infarct. Am. J. Physiology-Heart Circulatory Physiology 302 (3), H790–H800. doi:10.1152/ajpheart.00498.2011
 Beardslee M. A., Lerner D. L., Tadros P. N., Laing J. G., Beyer E. C. Yamada K. A., et al. (2000). Dephosphorylation and Intracellular Redistribution of Ventricular Connexin43 during Electrical Uncoupling Induced by Ischemia. Circulation Res. 87 (8), 656–662. doi:10.1161/01.res.87.8.656
 Bers D. M. (2008). Calcium Cycling and Signaling in Cardiac Myocytes. Annu. Rev. Physiol. 70, 23–49. doi:10.1146/annurev.physiol.70.113006.100455
 Bloch Thomsen P. E., Jons C., Raatikainen M. J. P., Moerch Joergensen R., Hartikainen J. Virtanen V., et al. (2010). Long-Term Recording of Cardiac Arrhythmias with an Implantable Cardiac Monitor in Patients with Reduced Ejection Fraction after Acute Myocardial Infarction. Circulation 122 (13), 1258–1264. doi:10.1161/CIRCULATIONAHA.109.902148
 Boriani G., Diemberger I., Martignani C., Biffi M., Branzi A. (2006). The Epidemiological Burden of Atrial Fibrillation: a Challenge for Clinicians and Health Care systemsThe Opinions Expressed in This Article Are Not Necessarily Those of the Editors of the European Heart Journal or of the European Society of Cardiology. Eur. Heart J. 27 (8), 893–894. doi:10.1093/eurheartj/ehi651
 Bosch R. (2002). Cellular Electrophysiology of Atrial Fibrillation. Cardiovasc. Res. 54 (2), 259–269. doi:10.1016/s0008-6363(01)00529-6
 Boukens B. J., Rivaud M. R., Rentschler S., Coronel R. (2014). Misinterpretation of the Mouse ECG: 'musing the Waves ofMus Musculus'. J. Physiol. 592 (21), 4613–4626. doi:10.1113/jphysiol.2014.279380
 Brown M. C., Hugh Perry V., Ruth Lunn E., Gordon S., Heumann R. (1991). Macrophage Dependence of Peripheral Sensory Nerve Regeneration: Possible Involvement of Nerve Growth Factor. Neuron 6 (3), 359–370. doi:10.1016/0896-6273(91)90245-u
 Cao J.-M., Fishbein M. C., Han J. B., Lai W. W., Lai A. C. Wu T.-J., et al. (2000). Relationship between Regional Cardiac Hyperinnervation and Ventricular Arrhythmia. Circulation 101 (16), 1960–1969. doi:10.1161/01.cir.101.16.1960
 Camelliti P., Green C. R., LeGrice I., Kohl P. (2004). Fibroblast Network in Rabbit Sinoatrial Node: Structural and Functional Identification of Homogeneous and Heterogeneous Cell Coupling. Circ. Res. 94 (6), 828–835. doi:10.1161/01.RES.0000122382.19400.14
 Carta T., Razzuoli E., Fruscione F., Zinellu S., Meloni D. Anfossi A., et al. (2021). Comparative Phenotypic and Functional Analyses of the Effects of IL-10 or TGF-β on Porcine Macrophages. Animals 11 (4), 1098. doi:10.3390/ani11041098)
 ChÃ¡vez-GalÃ¡n L., Olleros M. L., Vesin D., Garcia I. (2015). Much More Than M1 and M2 Macrophages, There Are Also CD169+ and TCR+ Macrophages. Front. Immunol. 6, 263. doi:10.3389/fimmu.2015.00263
 Clauss S., Bleyer C., Schüttler D., Tomsits P., Renner S. Klymiuk N., et al. (2019). Animal Models of Arrhythmia: Classic Electrophysiology to Genetically Modified Large Animals. Nat. Rev. Cardiol. 16 (8), 457–475. doi:10.1038/s41569-019-0179-0
 Clauss S., Sinner M. F., Kääb S., Wakili R. (2015). The Role of MicroRNAs in Antiarrhythmic Therapy for Atrial Fibrillation. Arrhythm. Electrophysiol. Rev. 4 (3), 146–155. doi:10.15420/aer.2015.4.3.146
 Dawson H. D., Lunney J. K. (2018). Porcine Cluster of Differentiation (CD) Markers 2018 Update. Res. Veterinary Sci. 118, 199–246. doi:10.1016/j.rvsc.2018.02.007
 De Jesus N. M., Wang L., Lai J., Rigor R. R., Francis Stuart S. D. Bers D. M., et al. (2017). Antiarrhythmic Effects of Interleukin 1 Inhibition after Myocardial Infarction. Heart rhythm.. 14 (5), 727–736. doi:10.1016/j.hrthm.2017.01.027
 de Jong S., van Veen T. A. B., van Rijen H. V. M., de Bakker J. M. T. (2011). Fibrosis and Cardiac Arrhythmias. J. Cardiovasc. Pharmacol. 57 (6), 630–638. doi:10.1097/FJC.0b013e318207a35f
 Desando G., Bartolotti I., Martini L., Giavaresi G., Nicoli Aldini N. Fini M., et al. (2019). Regenerative Features of Adipose Tissue for Osteoarthritis Treatment in a Rabbit Model: Enzymatic Digestion versus Mechanical Disruption. Ijms 20 (11), 2636. doi:10.3390/ijms20112636
 Dhein S., Salameh A. (2021). Remodeling of Cardiac Gap Junctional Cell-Cell Coupling. Cells 10 (9), 2422. doi:10.3390/cells10092422
 Dick S. A., Macklin J. A., Nejat S., Momen A., Clemente-Casares X. Althagafi M. G., et al. (2019). Self-renewing Resident Cardiac Macrophages Limit Adverse Remodeling Following Myocardial Infarction. Nat. Immunol. 20 (1), 29–39. doi:10.1038/s41590-018-0272-2
 Dick S. A., Wong A., Hamidzada H., Nejat S., Nechanitzky R. Vohra S., et al. (2022). Three Tissue Resident Macrophage Subsets Coexist across Organs with Conserved Origins and Life Cycles. Sci. Immunol. 7 (67), eabf7777. doi:10.1126/sciimmunol.abf7777
 Dobaczewski M., Chen W., Frangogiannis N. G. (2011). Transforming Growth Factor (TGF)-β Signaling in Cardiac Remodeling. J. Mol. Cell. Cardiol. 51 (4), 600–606. doi:10.1016/j.yjmcc.2010.10.033
 Edwards A. G., Louch W. E. (2017). Species-Dependent Mechanisms of Cardiac Arrhythmia: A Cellular Focus. Clin. Med. Insights Cardiol. 11, 117954681668606. doi:10.1177/1179546816686061
 El-Atat F. A., McFarlane S. I., Sowers J. R., Bigger J. T. (2004). Sudden Cardiac Death in Patients with Diabetes. Curr. Diab Rep. 4 (3), 187–193. doi:10.1007/s11892-004-0022-8
 Elliott P. M., Anastasakis A., Asimaki A., Basso C., Bauce B. Brooke M. A., et al. (2019). Definition and Treatment of Arrhythmogenic Cardiomyopathy: an Updated Expert Panel Report. Eur. J. Heart Fail 21 (8), 955–964. doi:10.1002/ejhf.1534
 Engelmann M. D. M., Svendsen J. H. (2005). Inflammation in the Genesis and Perpetuation of Atrial Fibrillation. Eur. Heart J. 26 (20), 2083–2092. doi:10.1093/eurheartj/ehi350
 Epelman S., Lavine K. J., Beaudin A. E., Sojka D. K., Carrero J. A. Calderon B., et al. (2014). Embryonic and Adult-Derived Resident Cardiac Macrophages Are Maintained through Distinct Mechanisms at Steady State and during Inflammation. Immunity 40 (1), 91–104. doi:10.1016/j.immuni.2013.11.019
 Ezquerra A., Revilla C., Alvarez B., Pérez C., Alonso F., Domínguez J. (2009). Porcine Myelomonocytic Markers and Cell Populations. Dev. Comp. Immunol. 33 (3), 284–298. doi:10.1016/j.dci.2008.06.002
 Fei Y.-D., Wang Q., Hou J.-W., Li W., Cai X.-X. Yang Y.-L., et al. (2019). Macrophages Facilitate Post Myocardial Infarction Arrhythmias: Roles of Gap Junction and KCa3.1. Theranostics 9 (22), 6396–6411. doi:10.7150/thno.34801
 Francis Stuart S. D., De Jesus N. M., Lindsey M. L., Ripplinger C. M. (2016). The Crossroads of Inflammation, Fibrosis, and Arrhythmia Following Myocardial Infarction. J. Mol. Cell. Cardiol. 91, 114–122. doi:10.1016/j.yjmcc.2015.12.024
 Frantz S., Nahrendorf M. (2014). Cardiac Macrophages and Their Role in Ischaemic Heart Disease. Cardiovasc Res. 102 (2), 240–248. doi:10.1093/cvr/cvu025
 Gautier E. L., Shay T., Shay T., Miller J., Greter M. Jakubzick C., et al. (2012). Gene-expression Profiles and Transcriptional Regulatory Pathways that Underlie the Identity and Diversity of Mouse Tissue Macrophages. Nat. Immunol. 13 (11), 1118–1128. doi:10.1038/ni.2419
 Geissmann F., Jung S., Littman D. R. (2003). Blood Monocytes Consist of Two Principal Subsets with Distinct Migratory Properties. Immunity 19 (1), 71–82. doi:10.1016/s1074-7613(03)00174-2
 Gomez I., Duval V., Silvestre J.-S. (2018). Cardiomyocytes and Macrophages Discourse on the Method to Govern Cardiac Repair. Front. Cardiovasc. Med. 5, 134. doi:10.3389/fcvm.2018.00134
 Gorenek B., Blomström Lundqvist C., Brugada Terradellas J., Camm A. J., Hindricks G. Huber K., et al. (2014). Cardiac Arrhythmias in Acute Coronary Syndromes: Position Paper from the Joint EHRA, ACCA, and EAPCI Task Force. Europace 16 (11), 1655–1673. doi:10.1093/europace/euu208
 Grant A. O. (2009). Cardiac Ion Channels. Circ Arrhythmia Electrophysiol. 2 (2), 185–194. doi:10.1161/CIRCEP.108.789081
 Gutierrez F. R., Sesti-Costa R., Silva G. K., Trujillo M. L., Guedes P. M., Silva J. S. (2014). Regulation of the Immune Response during Infectious Myocarditis. Expert Rev. Cardiovasc. Ther. 12 (2), 187–200. doi:10.1586/14779072.2014.879824
 Gutstein D. E., Morley G. E., Tamaddon H., Vaidya D., Schneider M. D. Chen J., et al. (2001). Conduction Slowing and Sudden Arrhythmic Death in Mice with Cardiac-Restricted Inactivation of Connexin43. Circulation Res. 88 (3), 333–339. doi:10.1161/01.res.88.3.333
 Hashimoto D., Chow A., Noizat C., Teo P., Beasley M. B. Leboeuf M., et al. (2013). Tissue-resident Macrophages Self-Maintain Locally throughout Adult Life with Minimal Contribution from Circulating Monocytes. Immunity 38 (4), 792–804. doi:10.1016/j.immuni.2013.04.004
 He G., Tan W., Wang B., Chen J., Li G. Zhu S., et al. (2016). Increased M1 Macrophages Infiltration Is Associated with Thrombogenesis in Rheumatic Mitral Stenosis Patients with Atrial Fibrillation. PLoS One 11 (3), e0149910. doi:10.1371/journal.pone.0149910
 Heidt T., Courties G., Dutta P., Sager H. B., Sebas M. Iwamoto Y., et al. (2014). Differential Contribution of Monocytes to Heart Macrophages in Steady-State and after Myocardial Infarction. Circ. Res. 115 (2), 284–295. doi:10.1161/CIRCRESAHA.115.303567
 Herring N., Kalla M., Paterson D. J. (2019). The Autonomic Nervous System and Cardiac Arrhythmias: Current Concepts and Emerging Therapies. Nat. Rev. Cardiol. 16 (12), 707–726. doi:10.1038/s41569-019-0221-2
 Hiram R., Xiong F., Naud P., Xiao J., Sirois M. Tanguay J.-F., et al. (2021). The Inflammation-Resolution Promoting Molecule Resolvin-D1 Prevents Atrial Proarrhythmic Remodelling in Experimental Right Heart Disease. Cardiovasc Res. 117 (7), 1776–1789. doi:10.1093/cvr/cvaa186
 Hoemann C. D., Chen G., Marchand C., Tran-Khanh N., Thibault M. Chevrier A., et al. (2010). Scaffold-Guided Subchondral Bone Repair. Am. J. Sports Med. 38 (9), 1845–1856. doi:10.1177/0363546510369547
 Hu J., Huang C.-X., Rao P.-P., Zhou J.-P., Wang X. Tang L., et al. (2019). Inhibition of microRNA-155 Attenuates Sympathetic Neural Remodeling Following Myocardial Infarction via Reducing M1 Macrophage Polarization and Inflammatory Responses in Mice. Eur. J. Pharmacol. 851, 122–132. doi:10.1016/j.ejphar.2019.02.001
 Hu Y.-F., Chen Y.-J., Lin Y.-J., Chen S.-A. (2015). Inflammation and the Pathogenesis of Atrial Fibrillation. Nat. Rev. Cardiol. 12 (4), 230–243. doi:10.1038/nrcardio.2015.2
 Hulsmans M., Clauss S., Xiao L., Aguirre A. D., King K. R. Hanley A., et al. (2017). Macrophages Facilitate Electrical Conduction in the Heart. Cell 169 (3), 510–522 e520. doi:10.1016/j.cell.2017.03.050
 Hulsmans M., Sager H. B., Roh J. D., Valero-Muñoz M., Houstis N. E. Iwamoto Y., et al. (2018). Cardiac Macrophages Promote Diastolic Dysfunction. J. Exp. Med. 215 (2), 423–440. doi:10.1084/jem.20171274
 Ingersoll M. A., Platt A. M., Potteaux S., Randolph G. J. (2011). Monocyte Trafficking in Acute and Chronic Inflammation. Trends Immunol. 32 (10), 470–477. doi:10.1016/j.it.2011.05.001
 Jenkins S. J., Ruckerl D., Cook P. C., Jones L. H., Finkelman F. D. van Rooijen N., et al. (2011). Local Macrophage Proliferation, rather Than Recruitment from the Blood, Is a Signature of T H 2 Inflammation. Science 332 (6035), 1284–1288. doi:10.1126/science.1204351
 Jongsma H. J., Wilders R. (2000). Gap Junctions in Cardiovascular Disease. Circulation Res. 86 (12), 1193–1197. doi:10.1161/01.res.86.12.1193
 Joukar S. (2021). A Comparative Review on Heart Ion Channels, Action Potentials and Electrocardiogram in Rodents and Human: Extrapolation of Experimental Insights to Clinic. Lab. Anim. Res. 37 (1), 25. doi:10.1186/s42826-021-00102-3
 Kaese S., Frommeyer G., Verheule S., van Loon G., Gehrmann J. Breithardt G., et al. (2013). The ECG in Cardiovascular-Relevant Animal Models of Electrophysiology. Herzschr Elektrophys 24 (2), 84–91. doi:10.1007/s00399-013-0260-z
 Kaese S., Verheule S. (2012). Cardiac Electrophysiology in Mice: a Matter of Size. Front. Physio. 3, 345. doi:10.3389/fphys.2012.00345
 Kahn J. K., Sisson J. C., Vinik A. I. (1987). QT Interval Prolongation and Sudden Cardiac Death in Diabetic Autonomic Neuropathy*. J. Clin. Endocrinol. Metabolism 64 (4), 751–754. doi:10.1210/jcem-64-4-751
 Kaikita K., Hayasaki T., Okuma T., Kuziel W. A., Ogawa H., Takeya M. (2004). Targeted Deletion of CC Chemokine Receptor 2 Attenuates Left Ventricular Remodeling after Experimental Myocardial Infarction. Am. J. Pathology 165 (2), 439–447. doi:10.1016/s0002-9440(10)63309-3
 Kamjoo K., Uchida T., Ikeda T., Fishbein M. C., Garfinkel A. Weiss J. N., et al. (1997). Importance of Location and Timing of Electrical Stimuli in Terminating Sustained Functional Reentry in Isolated Swine Ventricular Tissues. Circulation 96 (6), 2048–2060. doi:10.1161/01.cir.96.6.2048
 Kanno S., Saffitz J. E. (2001). The Role of Myocardial Gap Junctions in Electrical Conduction and Arrhythmogenesis. Cardiovasc. Pathol. 10 (4), 169–177. doi:10.1016/s1054-8807(01)00078-3
 Khalil H., Kanisicak O., Prasad V., Correll R. N., Fu X. Schips T., et al. (2017). Fibroblast-specific TGF-β-Smad2/3 Signaling Underlies Cardiac Fibrosis. J. Clin. Invest. 127 (10), 3770–3783. doi:10.1172/JCI94753
 Kim Y., Nurakhayev S., Nurkesh A., Zharkinbekov Z., Saparov A. (2021). Macrophage Polarization in Cardiac Tissue Repair Following Myocardial Infarction. Ijms 22 (5), 2715. doi:10.3390/ijms22052715
 Kistamás K., Veress R., Horváth B., Bányász T., Nánási P. P., Eisner D. A. (2020). Calcium Handling Defects and Cardiac Arrhythmia Syndromes. Front. Pharmacol. 11, 72. doi:10.3389/fphar.2020.00072
 Koenig A. L., Shchukina I., Amrute J., Andhey P. S., Zaitsev K. Lai L., et al. (2022). Single-cell Transcriptomics Reveals Cell-type-specific Diversification in Human Heart Failure. Nat. Cardiovasc Res. 1 (3), 263–280. doi:10.1038/s44161-022-00028-6
 Kondo M. (2010). Lymphoid and Myeloid Lineage Commitment in Multipotent Hematopoietic Progenitors. Immunol. Rev. 238 (1), 37–46. doi:10.1111/j.1600-065X.2010.00963.x
 Kostin S., Dammer S., Hein S., Klovekorn W. P., Bauer E. P., Schaper J. (2004). Connexin 43 Expression and Distribution in Compensated and Decompensated Cardiac Hypertrophy in Patients with Aortic Stenosis. Cardiovasc. Res. 62 (2), 426–436. doi:10.1016/j.cardiores.2003.12.010
 Landstrom A. P., Dobrev D., Wehrens X. H. T. (2017). Calcium Signaling and Cardiac Arrhythmias. Circ. Res. 120 (12), 1969–1993. doi:10.1161/CIRCRESAHA.117.310083
 Längin M., Mayr T., Reichart B., Michel S., Buchholz S. Guethoff S., et al. (2018). Consistent Success in Life-Supporting Porcine Cardiac Xenotransplantation. Nature 564 (7736), 430–433. doi:10.1038/s41586-018-0765-z
 Lavine K. J., Epelman S., Uchida K., Weber K. J., Nichols C. G. Schilling J. D., et al. (2014). Distinct Macrophage Lineages Contribute to Disparate Patterns of Cardiac Recovery and Remodeling in the Neonatal and Adult Heart. Proc. Natl. Acad. Sci. U.S.A. 111 (45), 16029–16034. doi:10.1073/pnas.1406508111
 Li G., Du X., Siow Y., O K., Tse H., Lau C. (2003). Calcium-activated Transient Outward Chloride Current and Phase 1 Repolarization of Swine Ventricular Action Potential. Cardiovasc. Res. 58 (1), 89–98. doi:10.1016/s0008-6363(02)00859-3
 Li W., Hsiao H.-M., Higashikubo R., Saunders B. T., Bharat A. Goldstein D. R., et al. (2016). Heart-resident CCR2+ Macrophages Promote Neutrophil Extravasation through TLR9/MyD88/CXCL5 Signaling. JCI Insight 1 (12), e87315. doi:10.1172/jci.insight.87315
 Liao X., Shen Y., Zhang R., Sugi K., Vasudevan N. T. Alaiti M. A., et al. (2018). Distinct Roles of Resident and Nonresident Macrophages in Nonischemic Cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 115 (20), E4661–E4669. doi:10.1073/pnas.1720065115
 Lindsey M. L., Escobar G. P., Mukherjee R., Goshorn D. K., Sheats N. J. Bruce J. A., et al. (2006). Matrix Metalloproteinase-7 Affects Connexin-43 Levels, Electrical Conduction, and Survival after Myocardial Infarction. Circulation 113 (25), 2919–2928. doi:10.1161/CIRCULATIONAHA.106.612960
 Lis G. J., Jasek E., Litwin J. A., Gajda M., Zarzecka J., Cichocki T. (2010). Expression of Basal Cell Marker Revealed by RAM11 Antibody during Epithelial Regeneration in Rabbits. Folia Histochem Cytobiol. 48 (1), 89–92. doi:10.2478/v10042-008-0087-3
 Litviňuková M., Talavera-López C., Maatz H., Reichart D., Worth C. L. Lindberg E. L., et al. (2020). Cells of the Adult Human Heart. Nature 588 (7838), 466–472. doi:10.1038/s41586-020-2797-4
 Liu L., Gan S., Li B., Ge X., Yu H., Zhou H. (2019). Fisetin Alleviates Atrial Inflammation, Remodeling, and Vulnerability to Atrial Fibrillation after Myocardial Infarction. Int. Heart J. 60 (6), 1398–1406. doi:10.1536/ihj.19-131
 Lörchner H., Hou Y., Adrian-Segarra J. M., Kulhei J., Detzer J. Günther S., et al. (2018). Reg Proteins Direct Accumulation of Functionally Distinct Macrophage Subsets after Myocardial Infarction. Cardiovasc Res. 114 (12), 1667–1679. doi:10.1093/cvr/cvy126
 Lubos N., van der Gaag S., Gerçek M., Kant S., Leube R. E., Krusche C. A. (2020). Inflammation Shapes Pathogenesis of Murine Arrhythmogenic Cardiomyopathy. Basic Res. Cardiol. 115 (4), 42. doi:10.1007/s00395-020-0803-5
 Lyu J., Wang M., Kang X., Xu H., Cao Z. Yu T., et al. (2020). Macrophage-mediated Regulation of Catecholamines in Sympathetic Neural Remodeling after Myocardial Infarction. Basic Res. Cardiol. 115 (5), 56. doi:10.1007/s00395-020-0813-3
 Ma F., Li Y., Jia L., Han Y., Cheng J. Li H., et al. (2012). Macrophage-Stimulated Cardiac Fibroblast Production of IL-6 Is Essential for TGF β/Smad Activation and Cardiac Fibrosis Induced by Angiotensin II. PLoS One 7 (5), e35144. doi:10.1371/journal.pone.0035144
 Ma Y., Mouton A. J., Lindsey M. L. (2018). Cardiac Macrophage Biology in the Steady-State Heart, the Aging Heart, and Following Myocardial Infarction. Transl. Res. 191, 15–28. doi:10.1016/j.trsl.2017.10.001
 Mair K. H., Sedlak C., Käser T., Pasternak A., Levast B. Gerner W., et al. (2014). The Porcine Innate Immune System: an Update. Dev. Comp. Immunol. 45 (2), 321–343. doi:10.1016/j.dci.2014.03.022
 Mantravadi R., Gabris B., Liu T., Choi B.-R., de Groat W. C. Ng G. A., et al. (2007). Autonomic Nerve Stimulation Reverses Ventricular Repolarization Sequence in Rabbit Hearts. Circulation Res. 100 (7), e72–80. doi:10.1161/01.RES.0000264101.06417.33
 Martini E., Kunderfranco P., Peano C., Carullo P., Cremonesi M. Schorn T., et al. (2019). Single-Cell Sequencing of Mouse Heart Immune Infiltrate in Pressure Overload-Driven Heart Failure Reveals Extent of Immune Activation. Circulation 140 (25), 2089–2107. doi:10.1161/CIRCULATIONAHA.119.041694
 Merchant F. M., Armoundas A. A. (2012). Role of Substrate and Triggers in the Genesis of Cardiac Alternans, from the Myocyte to the Whole Heart. Circulation 125 (3), 539–549. doi:10.1161/CIRCULATIONAHA.111.033563
 Michael G., Xiao L., Qi X.-Y., Dobrev D., Nattel S. (2009). Remodelling of Cardiac Repolarization: How Homeostatic Responses Can Lead to Arrhythmogenesis. Cardiovasc. Res. 81 (3), 491–499. doi:10.1093/cvr/cvn266
 Mills C. D., Kincaid K., Alt J. M., Heilman M. J., Hill A. M. (2000). M-1/M-2 Macrophages and the Th1/Th2 Paradigm. J. Immunol. 164 (12), 6166–6173. doi:10.4049/jimmunol.164.12.6166
 Mills C. (2012). M1 and M2 Macrophages: Oracles of Health and Disease. Crit. Rev. Immunol. 32 (6), 463–488. doi:10.1615/critrevimmunol.v32.i6.10
 Miragoli M., Gaudesius G., Rohr S. (2006). Electrotonic Modulation of Cardiac Impulse Conduction by Myofibroblasts. Circ. Res. 98 (6), 801–810. doi:10.1161/01.RES.0000214537.44195.a3
 Mitrofanova L. B., Orshanskaya V., Ho S. Y., Platonov P. G. (2016). Histological Evidence of Inflammatory Reaction Associated with Fibrosis in the Atrial and Ventricular Walls in a Case-Control Study of Patients with History of Atrial Fibrillation. Europace 18 (Suppl. 4), iv156–iv162. doi:10.1093/europace/euw361
 Miyosawa K., Iwata H., Minami-Takano A., Hayashi H., Tabuchi H. Sekita G., et al. (2020). Enhanced Monocyte Migratory Activity in the Pathogenesis of Structural Remodeling in Atrial Fibrillation. PLoS One 15 (10), e0240540. doi:10.1371/journal.pone.0240540
 Molawi K., Wolf Y., Kandalla P. K., Favret J., Hagemeyer N. Frenzel K., et al. (2014). Progressive Replacement of Embryo-Derived Cardiac Macrophages with Age. J. Exp. Med. 211 (11), 2151–2158. doi:10.1084/jem.20140639
 Monnerat G., Alarcón M. L., Vasconcellos L. R., Hochman-Mendez C., Brasil G. Bassani R. A., et al. (2016). Macrophage-dependent IL-1β Production Induces Cardiac Arrhythmias in Diabetic Mice. Nat. Commun. 7, 13344. doi:10.1038/ncomms13344
 Monsalve E., Pérez M. A., Rubio A., Ruiz-Hidalgo M. J., Baladrón V. García-Ramírez J. J., et al. (2006). Notch-1 Up-Regulation and Signaling Following Macrophage Activation Modulates Gene Expression Patterns Known to Affect Antigen-Presenting Capacity and Cytotoxic Activity. J. Immunol. 176 (9), 5362–5373. doi:10.4049/jimmunol.176.9.5362
 Murray P. J., Wynn T. A. (2011). Protective and Pathogenic Functions of Macrophage Subsets. Nat. Rev. Immunol. 11 (11), 723–737. doi:10.1038/nri3073
 Nahrendorf M., Swirski F. K., Aikawa E., Stangenberg L., Wurdinger T. Figueiredo J.-L., et al. (2007). The Healing Myocardium Sequentially Mobilizes Two Monocyte Subsets with Divergent and Complementary Functions. J. Exp. Med. 204 (12), 3037–3047. doi:10.1084/jem.20070885
 Nattel S., Heijman J., Zhou L., Dobrev D. (2020). Molecular Basis of Atrial Fibrillation Pathophysiology and Therapy. Circ. Res. 127 (1), 51–72. doi:10.1161/CIRCRESAHA.120.316363
 Nattel S., Maguy A., Le Bouter S., Yeh Y.-H. (2007). Arrhythmogenic Ion-Channel Remodeling in the Heart: Heart Failure, Myocardial Infarction, and Atrial Fibrillation. Physiol. Rev. 87 (2), 425–456. doi:10.1152/physrev.00014.2006
 Nerbonne J. M., Kass R. S. (2005). Molecular Physiology of Cardiac Repolarization. Physiol. Rev. 85 (4), 1205–1253. doi:10.1152/physrev.00002.2005
 Nerbonne J. M. (2016). Molecular Basis of Functional Myocardial Potassium Channel Diversity. Card. Electrophysiol. Clin. 8 (2), 257–273. doi:10.1016/j.ccep.2016.01.001
 Ng S. Y., Wong C. K., Tsang S. Y. (2010). Differential Gene Expressions in Atrial and Ventricular Myocytes: Insights into the Road of Applying Embryonic Stem Cell-Derived Cardiomyocytes for Future Therapies. Am. J. Physiology-Cell Physiology 299 (6), C1234–C1249. doi:10.1152/ajpcell.00402.2009
 Nguyen M. N., Kiriazis H., Gao X. M., Du X. J. (2017). Cardiac Fibrosis and Arrhythmogenesis. Compr. Physiol. 7 (3), 1009–1049. doi:10.1002/cphy.c160046
 Nikovics K., Favier A.-L. (2021). Macrophage Identification In Situ. Biomedicines 9 (10), 1393. doi:10.3390/biomedicines9101393
 Otake H., Suzuki H., Honda T., Maruyama Y. (2009). Influences of Autonomic Nervous System on Atrial Arrhythmogenic Substrates and the Incidence of Atrial Fibrillation in Diabetic Heart. Int. Heart J. 50 (5), 627–641. doi:10.1536/ihj.50.627
 Pabst R. (2020). The Pig as a Model for Immunology Research. Cell Tissue Res. 380 (2), 287–304. doi:10.1007/s00441-020-03206-9
 Park D. S., Cerrone M., Morley G., Vasquez C., Fowler S. Liu N., et al. (2015). Genetically Engineered SCN5A Mutant Pig Hearts Exhibit Conduction Defects and Arrhythmias. J. Clin. Invest.. 125 (1), 403–412. doi:10.1172/JCI76919
 Patel P., Dokainish H., Tsai P., Lakkis N. (2010). Update on the Association of Inflammation and Atrial Fibrillation. J. Cardiovasc Electrophysiol. 21 (9), 1064–1070. doi:10.1111/j.1540-8167.2010.01774.x
 Piktel J. S., Wilson L. D. (2019). Translational Models of Arrhythmia Mechanisms and Susceptibility: Success and Challenges of Modeling Human Disease. Front. Cardiovasc. Med. 6, 135. doi:10.3389/fcvm.2019.00135
 Pinto A. R., Ilinykh A., Ivey M. J., Kuwabara J. T., D’Antoni M. L. Debuque R., et al. (2016). Revisiting Cardiac Cellular Composition. Circ. Res. 118 (3), 400–409. doi:10.1161/CIRCRESAHA.115.307778
 Pinto A. R., Paolicelli R., Salimova E., Gospocic J., Slonimsky E. Bilbao-Cortes D., et al. (2012). An Abundant Tissue Macrophage Population in the Adult Murine Heart with a Distinct Alternatively-Activated Macrophage Profile. PLoS One 7 (5), e36814. doi:10.1371/journal.pone.0036814
 Piriou-Guzylack L., Salmon H. (2008). Membrane Markers of the Immune Cells in Swine: an Update. Vet. Res. 39 (6), 54. doi:10.1051/vetres:2008030
 Pogwizd S. M., Schlotthauer K., Li L., Yuan W., Bers D. M. (2001). Arrhythmogenesis and Contractile Dysfunction in Heart Failure. Circulation Res. 88 (11), 1159–1167. doi:10.1161/hh1101.091193
 Quinn T. A., Camelliti P., Rog-Zielinska E. A., Siedlecka U., Poggioli T. O’Toole E. T., et al. (2016). Electrotonic Coupling of Excitable and Nonexcitable Cells in the Heart Revealed by Otogenetics. Proc. Natl. Acad. Sci. 113 (51), 14852–14857. doi:10.1073/pnas.1611184114
 Renner S., Blutke A., Clauss S., Deeg C. A., Kemter E. Merkus D., et al. (2020). Porcine Models for Studying Complications and Organ Crosstalk in Diabetes Mellitus. Cell Tissue Res. 380 (2), 341–378. doi:10.1007/s00441-019-03158-9
 Revelo X. S., Parthiban P., Chen C., Barrow F., Fredrickson G. Wang H., et al. (2021). Cardiac Resident Macrophages Prevent Fibrosis and Stimulate Angiogenesis. Circ. Res. 129 (12), 1086–1101. doi:10.1161/CIRCRESAHA.121.319737
 Riedel E. O., Hinrichs A., Kemter E., Dahlhoff M., Backman M. Rathkolb B., et al. (2020). Functional Changes of the Liver in the Absence of Growth Hormone (GH) Action - Proteomic and Metabolomic Insights from a GH Receptor Deficient Pig Model. Mol. Metab. 36, 100978. doi:10.1016/j.molmet.2020.100978
 Rizzo S., Basso C., Troost D., Aronica E., Frigo A. C. Driessen A. H. G., et al. (2014). T-cell-mediated Inflammatory Activity in the Stellate Ganglia of Patients with Ion-Channel Disease and Severe Ventricular Arrhythmias. Circ Arrhythmia Electrophysiol. 7 (2), 224–229. doi:10.1161/CIRCEP.113.001184
 Rohr S. (2004). Role of Gap Junctions in the Propagation of the Cardiac Action Potential. Cardiovasc. Res. 62 (2), 309–322. doi:10.1016/j.cardiores.2003.11.035
 Sanchez-Quintana D., Ramon Lopez-Mínguez J., Pizarro G., Murillo M., Angel Cabrera J. (2012). Triggers and Anatomical Substrates in the Genesis and Perpetuation of Atrial Fibrillation. Ccr 8 (4), 310–326. doi:10.2174/157340312803760721
 Sansonetti M., Waleczek F. J. G., Jung M., Thum T., Perbellini F. (2020). Resident Cardiac Macrophages: Crucial Modulators of Cardiac (Patho)physiology. Basic Res. Cardiol. 115 (6), 77. doi:10.1007/s00395-020-00836-6
 Sanz G., Pérez E., Jiménez-Marín A., Mompart F., Morera L. Barbancho M., et al. (2007). Molecular Cloning, Chromosomal Location, and Expression Analysis of Porcine CD14. Dev. Comp. Immunol. 31 (7), 738–747. doi:10.1016/j.dci.2006.10.006
 Schulz C., Perdiguero E. G., Chorro L., Szabo-Rogers H., Cagnard N. Kierdorf K., et al. (2012). A Lineage of Myeloid Cells Independent of Myb and Hematopoietic Stem Cells. Science 336 (6077), 86–90. doi:10.1126/science.1219179
 Schüttler D., Bapat A., Kääb S., Lee K., Tomsits P. Clauss S., et al. (2020). Animal Models of Atrial Fibrillation. Circ. Res. 127 (1), 91–110. doi:10.1161/CIRCRESAHA.120.316366
 Schüttler D., Tomsits P., Bleyer C., Vlcek J., Pauly V. Hesse N., et al. (2022). A Practical Guide to Setting up Pig Models for Cardiovascular Catheterization, Electrophysiological Assessment and Heart Disease Research. Lab. Anim. 51 (2), 46–67. doi:10.1038/s41684-021-00909-6
 Severs N. J., Dupont E., Coppen S. R., Halliday D., Inett E. Baylis D., et al. (2004). Remodelling of Gap Junctions and Connexin Expression in Heart Disease. Biochimica Biophysica Acta (BBA) - Biomembr. 1662 (1-2), 138–148. doi:10.1016/j.bbamem.2003.10.019
 Shen M. J., Zipes D. P. (2014). Role of the Autonomic Nervous System in Modulating Cardiac Arrhythmias. Circ. Res. 114 (6), 1004–1021. doi:10.1161/CIRCRESAHA.113.302549
 Shigeta A., Huang V., Zuo J., Besada R., Nakashima Y. Lu Y., et al. (2019). Endocardially Derived Macrophages Are Essential for Valvular Remodeling. Dev. Cell 48 (5), 617–630 e3. doi:10.1016/j.devcel.2019.01.021
 Simon-Chica A., Fernández M. C., Wülfers E. M., Lother A., Hilgendorf I. Seemann G., et al. (2022). Novel Insights into the Electrophysiology of Murine Cardiac Macrophages: Relevance of Voltage-Gated Potassium Channels. Cardiovasc Res. 118 (3), 798–813. doi:10.1093/cvr/cvab126
 Singleton H., Graham S. P., Bodman-Smith K. B., Frossard J.-P., Steinbach F. (2016). Establishing Porcine Monocyte-Derived Macrophage and Dendritic Cell Systems for Studying the Interaction with PRRSV-1. Front. Microbiol. 7, 832. doi:10.3389/fmicb.2016.00832
 Skelly D. A., Squiers G. T., McLellan M. A., Bolisetty M. T., Robson P. Rosenthal N. A., et al. (2018). Single-Cell Transcriptional Profiling Reveals Cellular Diversity and Intercommunication in the Mouse Heart. Cell Rep. 22 (3), 600–610. doi:10.1016/j.celrep.2017.12.072
 Song Z., Ko C. Y., Nivala M., Weiss J. N., Qu Z. (2015). Calcium-voltage Coupling in the Genesis of Early and Delayed Afterdepolarizations in Cardiac Myocytes. Biophysical J. 108 (8), 1908–1921. doi:10.1016/j.bpj.2015.03.011
 St John Sutton M., Lee D., Rouleau J. L., Goldman S., Plappert T. Braunwald E., et al. (2003). Left Ventricular Remodeling and Ventricular Arrhythmias after Myocardial Infarction. Circulation 107 (20), 2577–2582. doi:10.1161/01.CIR.0000070420.51787.A8
 Stavrakis S., Kulkarni K., Singh J. P., Katritsis D. G., Armoundas A. A. (2020). Autonomic Modulation of Cardiac Arrhythmias. JACC Clin. Electrophysiol. 6 (5), 467–483. doi:10.1016/j.jacep.2020.02.014
 Stirm M., Fonteyne L. M., Shashikadze B., Lindner M., Chirivi M. Lange A., et al. (2021). A Scalable, Clinically Severe Pig Model for Duchenne Muscular Dystrophy. Dis. Model Mech. 14 (12), dmm049285. doi:10.1242/dmm.049285
 Sugita J., Fujiu K., Nakayama Y., Matsubara T., Matsuda J. Oshima T., et al. (2021). Cardiac Macrophages Prevent Sudden Death during Heart Stress. Nat. Commun. 12 (1), 1910. doi:10.1038/s41467-021-22178-0
 Summerfield A., McCullough K. C. (1997). Porcine Bone Marrow Myeloid Cells: Phenotype and Adhesion Molecule Expression. J. Leukoc. Biol. 62 (2), 176–185. doi:10.1002/jlb.62.2.176
 Sun Z., Zhou D., Xie X., Wang S., Wang Z. Zhao W., et al. (2016). Cross-talk between Macrophages and Atrial Myocytes in Atrial Fibrillation. Basic Res. Cardiol. 111 (6), 63. doi:10.1007/s00395-016-0584-z
 Sunderkötter C., Nikolic T., Dillon M. J., Van Rooijen N., Stehling M. Drevets D. A., et al. (2004). Subpopulations of Mouse Blood Monocytes Differ in Maturation Stage and Inflammatory Response. J. Immunol. 172 (7), 4410–4417. doi:10.4049/jimmunol.172.7.4410
 Svedberg F. R., Guilliams M. (2018). Cellular Origin of Human Cardiac Macrophage Populations. Nat. Med. 24 (8), 1091–1092. doi:10.1038/s41591-018-0143-2
 Tili E., Chiabai M., Palmieri D., Brown M., Cui R. Fernandes C., et al. (2015). Quaking andmiR-155interactions in Inflammation and Leukemogenesis. Oncotarget 6 (28), 24599–24610. doi:10.18632/oncotarget.5248
 Tse G. (2016). Mechanisms of Cardiac Arrhythmias. J. Arrhythmia 32 (2), 75–81. doi:10.1016/j.joa.2015.11.003
 Van Linthout S., Miteva K., Tschope C. (2014). Crosstalk between Fibroblasts and Inflammatory Cells. Cardiovasc. Res. 102 (2), 258–269. doi:10.1093/cvr/cvu062
 Varró A., Tomek J., Nagy N., Virág L., Passini E. Rodriguez B., et al. (2021). Cardiac Transmembrane Ion Channels and Action Potentials: Cellular Physiology and Arrhythmogenic Behavior. Physiol. Rev. 101 (3), 1083–1176. doi:10.1152/physrev.00024.2019
 Verheule S., Sato T., Everett T., Engle S. K., Otten D. Rubart-von der Lohe M., et al. (2004). Increased Vulnerability to Atrial Fibrillation in Transgenic Mice with Selective Atrial Fibrosis Caused by Overexpression of TGF-Β1. Circulation Res. 94 (11), 1458–1465. doi:10.1161/01.RES.0000129579.59664.9d
 Verheule S., Schotten U. (2021). Electrophysiological Consequences of Cardiac Fibrosis. Cells 10 (11), 3220. doi:10.3390/cells10113220
 Verma N., Rettenmeier A. W., Schmitz-Spanke S. (2011). Recent Advances in the Use of Sus scrofa (Pig) as a Model System for Proteomic Studies. Proteomics 11 (4), 776–793. doi:10.1002/pmic.201000320
 Waddell L. A., Lefevre L., Bush S. J., Raper A., Young R. Lisowski Z. M., et al. (2018). ADGRE1 (EMR1, F4/80) Is a Rapidly-Evolving Gene Expressed in Mammalian Monocyte-Macrophages. Front. Immunol. 9, 2246. doi:10.3389/fimmu.2018.02246
 Wakili R., Voigt N., Kääb S., Dobrev D., Nattel S. (2011). Recent Advances in the Molecular Pathophysiology of Atrial Fibrillation. J. Clin. Invest.. 121 (8), 2955–2968. doi:10.1172/JCI46315
 Watson C. J., Glezeva N., Horgan S., Gallagher J., Phelan D. McDonald K., et al. (2020). Atrial Tissue Pro‐Fibrotic M2 Macrophage Marker CD163+, Gene Expression of Procollagen and B‐Type Natriuretic Peptide. Jaha 9 (11), e013416. doi:10.1161/JAHA.119.013416
 Weber K. T., Sun Y., Bhattacharya S. K., Ahokas R. A., Gerling I. C. (2013). Myofibroblast-mediated Mechanisms of Pathological Remodelling of the Heart. Nat. Rev. Cardiol. 10 (1), 15–26. doi:10.1038/nrcardio.2012.158
 Wernli G., Hasan W., Bhattacherjee A., Rooijen N., Smith P. G. (2009). Macrophage Depletion Suppresses Sympathetic Hyperinnervation Following Myocardial Infarction. Basic Res. Cardiol. 104 (6), 681–693. doi:10.1007/s00395-009-0033-3
 Wynn T., Barron L. (2010). Macrophages: Master Regulators of Inflammation and Fibrosis. Semin. Liver Dis. 30 (3), 245–257. doi:10.1055/s-0030-1255354
 Xu R., Li C., Wu Y., Shen L., Ma J. Qian J., et al. (2017). Role of KCa3.1 Channels in Macrophage Polarization and its Relevance in Atherosclerotic Plaque Instability. Atvb 37 (2), 226–236. doi:10.1161/ATVBAHA.116.308461
 Yamane K., Leung K. P. (2016). Rabbit M1 and M2 Macrophages Can Be Induced by Human Recombinant GM ‐ CSF and M‐ CSF. FEBS Open Bio 6 (9), 945–953. doi:10.1002/2211-5463.12101
 Yamashita T., Sekiguchi A., Iwasaki Y.-k., Date T., Sagara K. Tanabe H., et al. (2010). Recruitment of Immune Cells across Atrial Endocardium in Human Atrial Fibrillation. Circ. J. 74 (2), 262–270. doi:10.1253/circj.CJ-09-0644
 Yin J., Hu H., Li X., Xue M., Cheng W. Wang Y., et al. (2016). Inhibition of Notch Signaling Pathway Attenuates Sympathetic Hyperinnervation Together with the Augmentation of M2 Macrophages in Rats Post-myocardial Infarction. Am. J. Physiology-Cell Physiology 310 (1), C41–C53. doi:10.1152/ajpcell.00163.2015
 Yokokawa M., Tada H., Koyama K., Ino T., Hiramatsu S. Kaseno K., et al. (2009). The Characteristics and Distribution of the Scar Tissue Predict Ventricular Tachycardia in Patients with Advanced Heart Failure. Pacing Clin. Electrophysiol. 32 (3), 314–322. doi:10.1111/j.1540-8159.2008.02238.x
 Yunna C., Mengru H., Lei W., Weidong C. (2020). Macrophage M1/M2 Polarization. Eur. J. Pharmacol. 877, 173090. doi:10.1016/j.ejphar.2020.173090
 Zhang D., Hu W., Tu H., Hackfort B. T., Duan B. Xiong W., et al. (2021). Macrophage Depletion in Stellate Ganglia Alleviates Cardiac Sympathetic Overactivation and Ventricular Arrhythmogenesis by Attenuating Neuroinflammation in Heart Failure. Basic Res. Cardiol. 116 (1), 28. doi:10.1007/s00395-021-00871-x
 Zhang H., Lui K. O., Zhou B. (2018). Endocardial Cell Plasticity in Cardiac Development, Diseases and Regeneration. Circ. Res. 122 (5), 774–789. doi:10.1161/CIRCRESAHA.117.312136
 Zhang Y. L., Teng F., Han X., Li P. B., Yan X. Guo S. B., et al. (2020). Selective Blocking of CXCR2 Prevents and Reverses Atrial Fibrillation in Spontaneously Hypertensive Rats. J. Cell. Mol. Med. 24 (19), 11272–11282. doi:10.1111/jcmm.15694
 Zhu Y., Zhang L., Lu Q., Gao Y., Cai Y. Sui A., et al. (2017). Identification of Different Macrophage Subpopulations with Distinct Activities in a Mouse Model of Oxygen-Induced Retinopathy. Int. J. Mol. Med. 40 (2), 281–292. doi:10.3892/ijmm.2017.3022
 Zingale V. D., Gugliandolo A., Mazzon E. (2021). MiR-155: An Important Regulator of Neuroinflammation. Ijms 23 (1), 90. doi:10.3390/ijms23010090
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 © 2022 Xia, Tomsits, Loy, Zhang, Pauly, Schüttler and Clauss. 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/images/fphys-13-900094-g003.gif
[—

vty e
o W ey o |
| &
' Rondont Macrophagen. i
LT s K
’. Recruited Macrophages M T e——
s et
e e LD
P e =
e o v






OPS/xhtml/nav.xhtml
Contents

		Cover

		Cardiac Macrophages and Their Effects on Arrhythmogenesis		1 Introduction

		2 Cardiac Macrophage Subpopulations

		3 Cardiac Electrophysiology and Potential Arrhythmia Mechanisms		3.1 Cardiac Ion Channels and Action Potentials

		3.2 Arrhythmia Mechanisms





		4 Cardiac Macrophages Mediate Arrhythmogenesis by Promoting Cardiac Remodeling		4.1 Cardiac Macrophages Modulate Cell-To-Cell Coupling via Gap Junctions

		4.2 Cardiac Macrophages Induce Cardiac Electrical Remodeling

		4.3 Cardiac Macrophages Mediate Structural Remodeling

		4.4 Macrophages Mediate Autonomic Nerve Remodeling





		5 Future Challenges: Studying Macrophages in Arrhythmogenesis Following the Translational Road From Rodents to Humans

		6 Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-900094-g001.gif





OPS/images/fphys-13-900094-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





