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Calcium-activated potassium channels are a heterogeneous family of channels that, despite their different biophysical characteristics, structures, and pharmacological signatures, play a role of transducer between the ubiquitous intracellular calcium signaling and the electric variations of the membrane. Although this family of channels was extensively described in various excitable and non-excitable tissues, an increasing amount of evidences shows their functional role in the heart. This review aims to focus on the physiological role and the contribution of the small and intermediate calcium-activated potassium channels in cardiac pathologies.
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SMALL CONDUCTANCE CALCIUM ACTIVATED POTASSIUM CHANNELS (SK1, SK2, SK3)


Characterization, Structure, and Functional Properties

First evidences of calcium-activated potassium channels were assessed under electrophysiological experiments in nerve cells from mollusks. In 1970, Meech and Strumwasser observed an increase in neuron permeability for potassium when intracellular concentrations of calcium chloride were experimentally raised (Meech and Strumwas, 1970; Adelman, 2016). In various gastropod models, the same team confirmed that increased intracellular Ca2+ concentrations were associated with hyperpolarization of the membrane potential, raising the hypothesis of a direct channel regulation by [Ca2+]i (Meech, 1972). Interestingly, the effects were reduced in the presence of the calcium chelating agent EGTA (Meech, 1974). Similar associations between membrane potential voltages and intracellular [Ca2+] were reported in cat spinal motoneurones (Krnjević and Lisiewicz, 1972) and lately in T-lymphocytes (Tsien et al., 1982).

With the emergence of specific pharmacological tools such as apamin (Lazdunski, 1983) or charybdotoxin (Miller et al., 1985), it became possible to isolate several conductances and to study their electrophysiological properties. Apamin-sensitive current was quickly reported in several cell types such as neuroblastoma cells (Lazdunski, 1983), rat myocytes (Romey and Lazdunski, 1984), bullfrog sympathetic ganglion cells (Pennefather et al., 1985), hippocampal CA1 pyramidal neurons (Lancaster and Nicoll, 1987), or rat chromaffin cells (Neely and Lingle, 1992a, b). However, taking into consideration the differences in the cellular preparations or in the experimental conditions, numerous studies of this decade were heterogeneous in the biophysical parameters reported. Not only the kinetic of activation (Lancaster and Nicoll, 1987; Neely and Lingle, 1992a; Park, 1994; Xia et al., 1998) but also the single conductance experimentally estimated, ranging from 4 to 26 pS with symmetrical solutions (Blatz and Magleby, 1986; Mahaut-Smith and Schlichter, 1989; Lancaster et al., 1991; Grissmer et al., 1992, 1993; Partiseti et al., 1992), varied within the different reports, making it challenging to make a consensus. SK channels have relatively similar steady-state activation curves for Ca2+ (half activation reported around 300–700 nM) (Park, 1994; Kohler et al., 1996; Xia et al., 1998). This low affinity for calcium suggests a physiological activation of those channels mostly when intracellular calcium levels are elevated. In various excitable cells, those conductances were assumed to play a role either in the spike repolarization (Pennefather et al., 1985; Lancaster and Nicoll, 1987) or in the afterhyperpolarization (Blatz and Magleby, 1986).

The real and actual classification came in Kohler et al. (1996) could probe on cDNA hippocampal libraries and then clone and study the three SK-related mammalian members. Globally, those channels exhibit a high sequence homology (60%), especially within their transmembrane domains (80–90%). Pharmacologically, they differ by their drug sensitivity. KCNN1, the gene encoding the human SK1 channel (KCa2.1), is located on chromosome 19. The canonical predicted primary structure of SK1 is a 543 amino acids sequence, although other isoforms have been reported. For instance, C-terminal spliced variants derived channels have a reduced affinity for calmodulin binding, and their expressions seem to be tissue specific (Zhang et al., 2001). SK1 is moderately sensitive to apamin (IC50 1–12 nM) (Wulff et al., 2007).

KCNN2 is located on chromosome 5 and encodes the SK2 (KCa2.2) channel. Two human isoforms of variable sizes have been currently reported (Willis et al., 2017). The shortest spliced variant, SK2 isoform b (SK2-hib), lacks the N-terminal region and the S1–S5 transmembrane domains (Willis et al., 2017). Thus, these channels exhibit the strongest affinity for apamin (IC50 30–200 pM) or tamapin (Wulff et al., 2007).

Finally, the SK3 calcium-activated K+ channel (KCa2.3) is encoded by KCNN3, located on chromosome 1. Although different human sliced variants have been reported (Tomita et al., 2003), including the ones in the mitochondria from ventricular cardiomyocytes (Yang et al., 2017), the longest form (731 amino acids) is considered as being the canonical one. Similarly to SK1, SK3 channels are also moderately sensitive to apamin (IC50 1–20 nM). Apamin sensitivity is dependent on the presence of two residues (aspartate and asparagine), oppositely located inside the deep pore of the channels and interacting with the toxin (Ishii et al., 1997).

Structurally, those channels are, overall, similar to the well-studied K+-voltage-dependent Kv channels. The pore-forming subunit is a tetramer formed by α-subunits. Each monomeric subunit is formed by cytoplasmic amino and carboxyl termini and by six transmembrane segments (S1–S6) (Kohler et al., 1996). The S5-P loop-S6 segments constitute the pore and potassium selectivity filter, and the S4 transmembrane domain contains two positively charged arginine amino acids. Interestingly, the number of positive charges found in the S4 TM is not sufficient to confer to the SK channels voltage dependence, a notable difference with the similar structure found in voltage-gated ion channels (Wulff et al., 2007).

The three clones contain several consensus phosphorylation target sequences, located in their cytosolic amino and carboxyl termini. The C-terminal is constituted by four alpha helices, named “helices A, B, C, and D,” respectively. Although those channels do not bind directly to calcium because of the absence of the EF-hand domain, their activity is exclusively calcium-dependent (Kohler et al., 1996). In fact, SK calcium-activated potassium channels are constitutively binding calmodulin protein (CaM), which plays the role of a Ca2+ sensing β-subunit. Grissmer and his colleagues already raised the hypothesis of the interaction of a single calmodulin per monomer, based on the estimated Hill coefficient of the apamin-sensitive conductance that they isolated from human T-lymphocytes (Grissmer et al., 1992).

In the absence of calcium, SK channels bind CaM through their C-terminal A-D helix, whereas in the presence of calcium, regions B–C and B–D are involved in the interaction (Xia et al., 1998). These conformation changes suggest that the constitutive SK-association to calmodulin is enhanced with calcium. More recently, structural works confirmed that each CaM protein binds the C-terminal calmodulin binding domain (CaMBD) of the channel monomer through its C-lobe domain and linker, involving electrostatic interactions (Keen et al., 1999). The EF domains of the CaM C-lobe do not bind calcium, whereas the two cytoplasmic EF domains of the N-lobe are accessible and available for such interactions. In a described chemo-mechanical gating model, the Ca2+ binding of the CaM would allow a change of conformation of the N-lobe and its interaction to the CaMBD from another monomer. The force created would be transduced to the S6 segment, act as a lever, and drive the SK channel opening (Schumacher et al., 2001). Additionally, the N-terminal EF domains were also shown to stabilize the SK-calmodulin interaction and the channel gating (Li W. et al., 2009). Finally, experiments of targeted mutagenesis on the CaMBD of SK2 decreased the expression of the channel on the membrane of oocytes, suggesting an involvement of calmodulin in surface expression regulation, independently to calcium (Maylie et al., 2004).

Small conductance Ca2+ activated K+ channels can be modulated by additional mechanisms. SK channels contain accessible Serine residues: one in the amino and four in the carboxyl-terminal regions, which can potentially be phosphorylated directly by protein kinase A (PKA) (Ren et al., 2006). Although PKA regulation seems to affect membrane recruitment, the exact consequences are still debated. In a transient expression system, rSK2 phosphorylation by PKA is associated with a reduction of the channel expression at the cell membrane (Ren et al., 2006). This regulation seems C-terminal specific, since SK trafficking is not altered when the three “major” Serine residues are replaced by non-phosphorable amino acids. On the other hand, PKA phosphorylation of the fourth carboxyl Serine is associated with a functional upregulation of SK2 in hypertrophic rat cardiomyocytes (Hamilton et al., 2020). In murine colonic myocytes, the open probability of SK channels is increased after phosphorylation by calmodulin kinase II (Kong et al., 2000).



Expression and Role in the Heart


In the Atrial and the Ventricular Myocardium

The first reports of the existence of SK channels in the heart came recently. Xu et al. (2003) showed that a low concentration of apamin or dequalinium chloride sensibly delayed the late repolarization of the action potentials (AP) recorded in mice and in human isolated atrial cells. An apamin-sensitive current was isolated and showed an inward rectification, similarly to what was described in other tissues, and a single conductance of 3 pS was estimated. Protein expression of SK2 was confirmed across several species (mice, human, cats) and was consistently higher in atrial than in ventricular biopsies.

Two years later, the same group identified SK1 and SK3 in mouse atrial and ventricular cardiomyocytes (Tuteja et al., 2005). Quantification of the mRNA levels by qRT-PCR showed a higher expression of SK1 followed by SK2 transcripts in mouse atrial compared with ventricle cardiomyocytes. The levels of SK3 were similar within the two cell types. In their experiments, the authors confirmed that the action potential recorded from atrial cells was prolonged after pharmacological blockade of SK2 by apamin. However, the effect was amplified when BAPTA-AM, a calcium chelator, was diffused onto the inside of the cytoplasm and blocked the other SK channels expressed, confirming their involvement in the atrial late repolarization (Tuteja et al., 2005). In a mouse model with null mutation of SK2 channels, atrial late repolarization was strongly delayed compared with wild-type (WT) animals (Li N. et al., 2009). Reciprocally, the atrial repolarization and the action potential duration at 90% repolarization (APD90) are shortened compared to WT in mice overexpressing SK3 (Zhang et al., 2014).

In humans, SK1, 2, and 3 are expressed in atrial and ventricular cells (Xu et al., 2003; Skibsbye et al., 2014). In human atrial cells, higher transcript levels of SK2 and SK3 are observed compared with SK1. In a study that investigated the electric properties of “sinus rhythm” atrial cells isolated from the right atrial appendage of patients suffering from coronary artery or valve disorders, SK inhibition delayed the repolarization and elongated the action potential duration (APD) (Skibsbye et al., 2014). In addition, under the pacing of those cells, SK channel blockade leads to a depolarization of the resting membrane potential associated with a decrease in the AP amplitude.

The normal physiological function of the SK channels in ventricular cardiomyocytes is poorly understood and is still discussed. Pharmacological blockade of SK channels in rodents does not modify the ventricular AP and is consistent with the higher calculated IC50 for apamin in those cells than in atrial cells (Xu et al., 2003). Similar experiments and observations were made in canines (Bonilla et al., 2014) and humans, confirming a substantial role of these sarcolemmal conductances under physiological conditions in the ventricle (Skibsbye et al., 2014). In animal models, ventricular late repolarization is not altered in SK2 KO compared with WT mice (Li N. et al., 2009). On the other hand, it was shown that their cellular overexpression by adenovirus can shorten the rat ventricular AP (Terentyev et al., 2014).

Although SK channels were mostly thought to assemble as homotetramers, recent evidences show that SK1, SK2, and SK3 can form heterotetrameric channels through their coil–coil C-terminal domains in expression systems but also in mice or human atrial and ventricular tissues (Tuteja et al., 2010). Like their homotetrameric analogs, SK2–SK3 heterotetrameric proteins are functional channels and do play a role in atrial repolarization. Those channels lose their sensitivity for apamin, but their blockade by UCL1684 increases the “beat to beat variability” and provokes AP triangulation, in addition to the well-described delayed repolarization (Hancock et al., 2015).

SK channels can be activated by several sources of calcium—external or internal. They have been shown to colocalize with voltage-gated calcium channels in specific cellular types, such as mouse chromaffin cells (Vandael et al., 2012). Although those two channels do not physically interact, formation of microdomains, in which extracellular calcium entry activates the SK channels and regulates the firing pattern, occurs. In mouse atrial cells, SK2 colocalizes with L-type Ca2+ channels through α-actinin interactions, and their activation has been shown to occur essentially with external calcium. Extremely reduced SK2 currents and shortened atrial AP are observed in Cav1.3 null mice (Lu et al., 2007). In an additional mechanism, calcium can be released to the cytosol from the SR, in sparks, transients, or waves. In rat ventricular cells overexpressing SK2, enhanced or depleted SR calcium release affected the SK current recorded, independently to external calcium (Terentyev et al., 2014).



In the Conduction System

In addition to the working myocardium, SK channels are expressed in the conduction system. Pharmacological evidences demonstrated the existence of a small apamin-sensitive current in rabbit isolated sinoatrial (SAN) cells (Chen et al., 2013). Action potentials recorded in the presence of the SK blocker show a reversible decrease in the beating rate activity and an elongation of the APD associated with a delayed repolarization (Chen et al., 2013). SK1, SK2, and SK3 are detected at the transcript level, and the channel expressions can be seen by immunostaining in isolated mouse sinoatrial cells (Torrente et al., 2017). In agreement with what was observed in rabbit, the mouse SAN apamin-sensitive current reported in this work is small. However, in addition to what was previously reported, its blockade leads to a shallower pacemaker slope and a partial depolarization of the maximal diastolic potential (MDP) (Torrente et al., 2017).

SK2 channels are also expressed and functional in the atrioventricular node (AVN) (Zhang et al., 2008). ECG recordings from transgenic mice lacking SK2 show an elongation of the PR interval, whereas the opposite is seen when the channel is overexpressed (Zhang et al., 2008). At the cellular level, the spontaneous firing frequency of the AVN cells isolated from the null mutation mice are decreased compared with the same cells from WT or SK2 overexpressed animals. Interestingly, the MDP from the two types of mutant AV node cells remains unchanged.



In the Inner Organelles

On top of their role at the cellular membrane, channels can be additionally expressed at the membrane of inner organelles. In guinea pig ventricular cells, a KCa channel has been found in the mitochondria. The “mKCa” channel was purified from mitochondria membranes with standard biochemical techniques and is observed by immunostaining or by electron microscopy in the inner membrane of the mitochondria (Stowe et al., 2013). The single current recorded from purified mitochondrial channels is calcium-dependent and apamin-sensitive, similarly to the regular KCa2.2. In a model of ischemia reperfusion, Stowe et al. (2013) showed that hearts that were preconditioned with an mKCa pharmacological opener showed better LV pressure or coronary flow and a markedly reduced infarct size compared with untreated hearts. Those benefits are reduced when an O2– dismutator is added together with the SK opener, suggesting a relation between those channels and the transient benefit of pathways related to the synthesis of superoxide radicals. In a longer term, however, the increased K+ flux in the mitochondria is associated with lower mitochondrial Ca2+, to a fine-tuned regulation of the mitochondrial energetic state, and decreased O2– production, suggesting a protective role of those channels against cardiac injury (Stowe et al., 2013). The same group reported the existence of mitochondrial SK3 KCa isoforms in human and guinea pig ventricular cells (Yang et al., 2017). The carboxyl terminal extremity of those channels is crucial for their proper trafficking at the mitochondria membrane. The calcium from the mitochondrial matrix might activate them, resulting in the reduction of a redox state, and subsequently to cardioprotective mechanisms, similarly to other mKCa channels (Yang et al., 2017).




Implication in Cardiopathologies

Beside their normal physiological functions, small conductance potassium channels are actively involved in the mechanism of several heart diseases.


Atrial Fibrillation

Atrial fibrillation (AF), the most common cardiac disorder, is often initiated by an electric dysfunction in pulmonary vein (PV) cells. Isolated PV cells from healthy rabbits do have an intrinsic small apamin-sensitive current, which physiologically plays the role of “repolarization reserve.” In the presence of apamin, the spontaneous electric activity is decreased, and the repolarization is delayed (Chen et al., 2013).

The first evidences of involvement of SK channels in atrial remodeling and AF came from experiments conducted on an isolated burst-paced atrium from rabbits (Özgen et al., 2007). This model, which simulates the pulmonary veins ectopic foci observed in AF, is associated with higher trafficking and expression of SK2 protein at the membrane of those cells and a bigger “apamin-sensitive” current. Consequently, the repolarization of the PV cells is shortened following the remodeling. ECG recorded from genetic modified mice lacking KCa2.2 channels after extrastimulation shows an AF pattern but no ventricular disorders. At the cellular level, action potential recorded from SK2 KO atrial cells shows occurrences of early afterdepolarizations (EADs) compared with WT mice atrial cells (Li N. et al., 2009). In ex vivo or in vivo WT animal models in which the atrium was acutely paced and generated induced paroxysmal AF, the duration of reversion to sinus rhythm was decreased under the infusion of SK2 blockers (Diness et al., 2010). The antiarrhythmic effect of SK blockade was associated with an elongation of the refractory period (aERP) and a termination of reentry phenomena (Diness et al., 2010; Skibsbye et al., 2011) without affecting the QT interval. Those protective effects of SK blockers on the atrium were reversible after washout, since the aERP was reduced and AF episodes were induced de novo. Mechanistically, the reduced SK currents would delay the repolarization of the action potentials in the atrium and the AV node, elongate the refractory period, and prevent reentrant circuits. In a canine chronic induced AFs model, hearts in which the atrium was “tachy-pached” with unipolar electrodes for 1 week underwent pathological remodeling (Qi et al., 2014). Although SK currents are bigger in the pulmonary veins compared with the left atrium in both control and paced animals, the SK open probability calculated from single channel recordings is higher in chronic AF (Qi et al., 2014). SK2 transcripts and protein expression levels were found higher in pulmonary veins but identical in diseased and healthy animals, whereas SK2.1 protein expression is specifically increased after atrial tachy-pacing (AT-P). Action potentials recorded from left atrial or PV cells have shorter duration (APD90) in AF animals. Consistently, the atrial effective refractory period observed in ECG is shortened in those dogs, and the AF episodes are maintained, suggesting a direct involvement of the SK currents in the pathophysiology mechanisms of chronic AF. Finally, SK blockade elongates the AP repolarization at a cellular level and improves the AF episodes by elongating the refractoriness in ECG from AF dogs (Qi et al., 2014).

In human, however, observations are different or debated and may suggest a dynamic and chronologic pathological remodeling controlled by molecular regulations. Li et al. (2011) showed that SK2 current density is bigger in atrial cells from patients diagnosed with persistent AF (at least 6 months) than in non-AF patients. At a molecular level, CAMKII levels are increased in human AF atrial cells, associated with a left shift of the SK calcium dose-response curve and bigger currents (Fan et al., 2018). Oppositely, in atrial biopsies from chronic AF patients (more than 6 months preceding a medical surgery), the SK1, SK2, (Yu et al., 2012) or SK3 (Skibsbye et al., 2014) transcripts and protein levels are reduced compared with atrial biopsies obtained from patients with sinus rhythm. Those observations are in good agreement with the work of Ling et al. (2013), which described a negative regulation of SK3 channels in chronic AF. In fact, this group reported that the micro-RNA miRNA-499, which binds the 3′UTR of KCNN3, is upregulated in human atrial cells isolated from chronic AF patients and decreases SK3 protein expression by nearly half. A GWAS conducted in 1,335 patients showed that a common SNP variant, located in the intron between the first and the second exons of KCNN3, is positively correlated to lone AF (Ellinor et al., 2010). The apamin-sensitive current is decreased in cAF-isolated cells and could explain the attenuation of the AP elongation observed when specific SK blockers are used (Yu et al., 2012; Skibsbye et al., 2014). Taken together, those data suggest a low involvement of the SK channels in chronic AF.



Heart Failure

Since AF and heart failure are closely related and often coexist in patients, an assumption could be that SK channels might be involved in this condition. In a canine model of recent or persistent heart failure with reduced ejection fraction (HFrEF) (1 and 4 months) with or without superimposed AF, Bonilla et al. (2014) extensively pointed out the existence of a dynamic remodeling. In paced untreated cardiomyocytes from healthy and recent heart failure (HF) animals without AF, APs are unmodified whereas those are drastically elongated four months after the HF event. Similarly, although a pharmacological blockade by apamin is ineffective in normal ventricular cells, its effects on the AP duration and the arrhythmogenicity are positively correlated to the duration of the disease (Bonilla et al., 2014).

In chronic HFrEF, the protein level of SK3—but not SK2—is strongly increased in the ventricle, whereas both proteins are overexpressed in the atrial cells. SK current density is bigger in rabbit HF ventricular cells, and an increasing gradient seems to exist between the endocardial, midmyocardial, and epicardial myocytes (Chua et al., 2011; Chang et al., 2013b). Consistently with what is shown in AF only (Qi et al., 2014), the AP of atrial cells is strongly shortened in animals with chronic HFrEF and superimposed AF. In human HFrEF patients, the same group observed an increase in the ventricular levels of SK2 and SK3 in biopsies from explanted end-stage failing hearts compared with non-HF patients (Bonilla et al., 2014). Strong beat-to-beat variability and arrhythmic patterns are visible when the HF isolated ventricular myocytes are exposed to apamin in mice, humans, and rabbits (Chang et al., 2013a; Chang and Chen, 2015). Taken together, those data suggest that SK channels are upregulated in chronic HF and are involved in the maintenance of the ventricular stability (Hsieh et al., 2013; Bonilla et al., 2014; Terentyev et al., 2014; Chang and Chen, 2015).



Cardiac Arrhythmia

Besides their role in AF, SK channels are associated with other pro- or antiarrhythmic phenomena. In telemetry recordings obtained from SK2 KO mice, AVN dysfunctions such as complete AV block with AV dissociation are visible (Zhang et al., 2008). Adenoviral overexpression of SK2 in WT rat ventricular cells is associated with an attenuation of induced afterdepolarizations (DADs) provoked by SR Ca2+ depletion in the presence of caffeine (Terentyev et al., 2014). On the other hand, DADs, severe bradycardia, advanced AV block, and higher incidence of sudden death occur in a murine model overexpressing SK3 (Mahida et al., 2014). In a rabbit failing heart, apamin suppresses the recurrent spontaneous ventricular fibrillation episodes (Chua et al., 2011). Mitochondrial SK channels may also be relevant therapeutic targets in the management of arrhythmia. Cardiac hypertrophy is associated with mitochondrial ROS synthesis, oxidative stress, and abnormal intracellular calcium handling. In addition to the effect on ROS levels and related cardioprotection, mSK activation reduces the frequency of ER spontaneous calcium waves and the occurrences of ventricular arrhythmia (Kim et al., 2017). The exact mechanism is unclear, but the reduced oxidation levels could improve the functional stability of ryanodine receptors (RyRs), thus preventing arrhythmic SR Ca2+ leakage and subsequent DADs.



Myocardial Infarction

Myocardial infarction (MI), such as heart failure, is a condition associated with an electric remodeling. Potassium currents such as the transient outward Ito, the rapid IKr, slow IKs, and a delayed rectifier are reduced (Nattel et al., 2007). In a rabbit model of chronic MI without HF, AP width and intracellular calcium transient duration are shorter in the peri-infarct zone and the remote zone compared with healthy ventricular cells, suggesting progressive remodeling (Lee et al., 2013). Isolated ventricular cells from the peri-infarct zone have a larger “apamin-sensitive” current density than cardiomyocytes from the unaffected zone, which may explain the greater elongation of the AP repolarization under SK blockade in the altered tissue. Recovery from pacing experiments shows a shortening of the AP repolarization in MI ventricle only, which is reverted with apamin. Taken together, those results suggest an extensive compensatory role of SK channels in the repolarization in a MI heart.





INTERMEDIATE CONDUCTANCE CALCIUM ACTIVATED POTASSIUM CHANNELS (SK4)


Characterization, Structure, and Biophysical Properties

The intermediate calcium activated channel SK4 (KCa 3.1) is encoded by the gene KCNN4, located on the q13.2 part of chromosome 19 in humans (Ghanshani et al., 1998). Historically, the hypothesis of a calcium-activated potassium channel was raised by Gardos (1958) when he noticed a correlation between the potassium outflow from erythrocytes and the intracellular EDTA/calcium competition. Four decades later, SK4 has been cloned (Ishii et al., 1997; Joiner et al., 1997), biophysically characterized, and formally identified in the erythrocytes (Hoffman et al., 2003). Although the main channel is a 427 amino acids protein, different mRNA transcripts have been reported (2.1, 2,5, 3.2, and 4.5 kb), suggesting different splice variants. However, no SK4 isoforms have been currently reported. SK4 is strongly expressed in non-excitable cells such as erythrocytes, lymphocytes, placenta cells, lung, prostate, bladder, or smooth muscle cells. Electrically, its single conductance varies from 12 to 42 pS (Hamill, 1981; Grygorczyk et al., 1984; Partiseti et al., 1992; Joiner et al., 1997; von Hahn et al., 2001), and the current exhibits the same inward rectification described in other SK channels. Like other SK channels, the kinetic of the deactivation of the channel is slow and calcium-independent (Berkefeld et al., 2010). However, SK4 differs by its higher affinity for intracellular Ca2+ (half activation at 95 nM free Ca2+) (Joiner et al., 1997), compared with other SK channels (300–700 nM) (Chang and Chen, 2015). Taken together, those biochemical parameters allow SK4 channels to play a functional role at physiological basal [Ca2+]i concentrations (around 100 nM) or lower and at late phases of the action potential. Pharmacologically, SK4 is insensitive to apamin but blocked by different agents such as dequalinium chloride, clotrimazole, or, more recently, TRAM-34 and senicapoc.

Structurally, SK4 is also very close to the canonical voltage-gated potassium channels, even if it presents a low homology (40–50%) with the other SK subfamily (Ishii et al., 1997; Joiner et al., 1997). KCa3.1 is a tetrameric protein of approximately 95 Å; in length and 120 AÅ; in width. Each monomer is formed by six transmembrane domains (S1–S6) and prolonged by cytoplasmic N and C termini (Figure 1). S4, the voltage sensor, contains two positively charged arginines, which is not enough for voltage dependence. The hydrophobic segment (P-loop) between S5 and S6 forms the pore of SK4 and contains the GYG consensus sequence, which confers to those channels a “selectivity filter” for potassium (Joiner et al., 1997). Compared with SK2 channels, the amino and carboxyl extremities are shorter, although conserved features are observed in the C-terminal (Ishii et al., 1997). The proximal part of the C terminal, previously named Ct1, is formed by the alpha helixes HA and HB, while the Ct2 distal part contains the HC helix and a Leucin zipper domain involved in inter-unit interaction (Joiner et al., 2001). Ca2+ binding of SK4 is indirect since no EF hands are reported in the channel (Joiner et al., 1997; Khanna et al., 1999). Instead, and similarly to what was described in SK2 (Schumacher et al., 2001), the first 62 AA of the proximal C terminal are involved in the binding of calmodulin (Fanger et al., 1999; Khanna et al., 1999). HA and HB helixes cross while forming the calmodulin binding domain (CaMBD), a pocket parallel to the cell membrane, which preassociates with the C-Lobe of calmodulin in a calcium-independent manner. Four calmodulins interact with the channel and bind Ca2+ through the EF motif of their N-lobe (Schumacher et al., 2001). Mutations in calmodulin or in the CaMBD strongly decrease the IKCa current in various models, suggesting a role of calmodulin in the gating and trafficking of the channel (Fanger et al., 1999; Joiner et al., 2001). In addition, mutations in the leucin zipper also lead to drastic reduction of the current and membrane protein expression (Khanna et al., 1999), confirming a role of the distal C-terminal in the proper folding and trafficking of SK4 independently to calmodulin. Recently, Lee and MacKinnon (2018) described in depth the structure and mechanism of the human SK4 interaction and CaM using the Cryo-EM technique. The HC helix is pointing toward the cytosol and is associated with similar helixes from the other subunits in a coil-coiled structure, essential for the proper assembly and trafficking of the channel. In the absence of calcium, the CaM N-lobe is free, oriented near the bottom of the S2 subunit, and the valine amino acids from the S6 transmembrane segment of each monomer close the gate responsible for K+ outflow. In the presence of calcium, the N-lobe of the CaM moves toward and binds the S4–S5 linker of an adjacent subunit, pulling it toward the cytosol. This movement leads to conformational changes in the S6 segments, enlargement of the gate, and opening of the channel. Ca2+–CaM interactions induce cooperative conformation changes necessary for the opening of the channel (Fanger et al., 1999).


[image: image]

FIGURE 1. Representative cartoon of a SK4 α-subunit in absence of calcium. Each monomer is formed by six transmembrane domains (S1–S6), which are prolonged by cytoplasmic N and C termini. S4 is the voltage sensor, with positively charged amino acids. The segment (P-loop) between S5 and S6 forms the pore of SK4 and includes the GYG “selectivity filter” for potassium. The Calmodulin binding domain (HA and HB helixes), binds Calmodulin on the C-lobes. In low [Ca2+]i conditions, the N-lobes of Calmodulin are free and positioned closely to the S2-S3 intracellular segment. Helix C, toward the cytosol is involved in the assembly of the α-subunits as a functional channel.


Although nucleotides or cyclic nucleotides such as cAMP do not directly bind or modulate the channel activity (Pellegrino and Pellegrini, 1998; Gerlach et al., 2000), KCa3.1 presents potential phosphorylation sites for different kinases (Joiner et al., 1997; Gerlach et al., 2000). In the distal C-terminal part of the channel, phosphorylation consensus sites such as Serine 334 for PKA or four other amino acids for PKC have been reported. Several studies pointed out the positive regulatory role of hydrolyzed ATP on SK4 (Gerlach et al., 2000; von Hahn et al., 2001; Hayashi et al., 2004). However, the downstream mechanisms or effects are debated and seem to be species dependent. In human erythrocytes (Pellegrino and Pellegrini, 1998) and rat acinar cells (Hayashi et al., 2004), cAMP-PKA increases KCa3.1 activity, whereas controverted results have been reported in oocytes (Gerlach et al., 2000; von Hahn et al., 2001). In rat glial cells or transfected cells expressing the human SK4, PKA phosphorylation was specific to the consensus site and associated with a decrease in the current (Wong and Schlichter, 2014). Surprisingly, mutagenesis studies show that ATP-dependent regulation still occurs when consensus phosphorylation sites are altered (Gerlach et al., 2001; von Hahn et al., 2001), raising the hypothesis of alternative phosphorylation sites or other kinases involved.

PKC activators reduce the opening frequency of IKCa but not its single conductance in human erythrocytes (Del Carlo et al., 2003), whereas similar regulations have not been reported in human colon T84 cell line (Devor and Frizzell, 1998). Other kinases such as the nucleoside diphosphate kinase B (NDPK-B) (Srivastava et al., 2006) or the CaMKII (Khanna et al., 1999; Gerlach et al., 2000) regulate IKCa in T-cells and could play a role in cell activation (Srivastava et al., 2006; Wulff et al., 2007). Other factors or regulators can modulate IKCa. For instance, arachidonic acid binds the pore region of the SK4 channel and strongly decreases its current (Devor and Frizzell, 1998; Hamilton et al., 2003). Temperature can affect the open probability of SK4 and the net potassium efflux in human erythroblasts (Hoffman et al., 2003). Finally, beta-blockers can fine-tune KCa3.1 activity. In human erythrocytes, where beta-receptors are absent, submillimolar concentrations of propanolol increase the calcium sensibility of SK4, whereas millimolar concentrations block the conductance (Schwarz et al., 1989).



Expression and Role in the Heart

The first reports that characterized SK4 in several tissues failed to detect a transcript in heart when 3′UTR or other cDNA sequences were used as a probe in Northern Blot experiments (Ishii et al., 1997; Joiner et al., 1997; Hoffman et al., 2003). With the emergence of high-throughput screening techniques, very detailed mapping of ionic channel expressions has been collected in atrial, ventricular working cardiomyocytes or conduction tissues (Marionneau et al., 2005; Gaborit et al., 2007). Surprisingly, while the expression of SK1-3 has been investigated, SK4 was overlooked.

First associations between KCa3.1 and the heart came in embryonic stem cells when Kleger et al. (2010) cultured mice and human (Müller et al., 2011) embryonic stem cells in the presence of the SK4 opener 1-EBIO and observed an enriched differentiation into cardiomyocytes, especially toward a pacemaker-like phenotype. In fact, typical “pacemaker signature genes” such as Tbx3, HCN4, or Cx30 were upregulated, whereas the MLC2V and Cx43 ventricular genes were downregulated. Inversely, cell culture in the presence of clotrimazole—but not apamin—or the elaboration of stable knocked down ES lines with shRNA against SK4 specifically decreased cardiogenesis. Recently, an independent group showed that rat adipocyte stem cells were effectively differentiated into pacemaker-like cells following SK4 adenoviral transduction. When those modified stem cells were injected in the heart, they generated an ectopic pacemaker after differentiation (Yang et al., 2019). An additional study focused on the dynamic gene expression in mouse AVN during development and reported a ninefold increase in SK4 transcripts (Horsthuis et al., 2009).

Taken together, those reports show a molecular involvement of KCa3.1 in cardiac and pacemaker fate through the activation of the ERK1/2 signaling pathway (Kleger et al., 2010; Yang et al., 2019). However, the channel expression itself and its role in the cardiac pacemaker mechanism were not mentioned.

First direct evidences of the protein expression of the SK4 channel in cardiomyocytes and its physiological role were assessed in cardiomyocytes derived from human embryonic stem cells (hESC-CMs) (Weisbrod et al., 2013). Young hESC-CMs beat spontaneously, mimic the features observed in the primitive heart during development, and have been used as a model to better understand the debated mechanisms underlying the pacemaker activity (Lakatta and DiFrancesco, 2009). The diastolic depolarization (DD) or “pacemaker depolarization” results from a small net inward current across the cell membrane and is the key feature of the cardiac automaticity. It occurs during the diastole, at the end of an action potential, and is responsible for triggering the next one. Different models such as the “membrane clock” involving mainly HCN and other ion channels (Brown and Difrancesco, 1980; Hagiwara et al., 1988, 1992; Mangoni et al., 2003; Stieber et al., 2004; Demion et al., 2007; Baruscotti et al., 2010; Mesirca et al., 2014), the “Ca2+ clock” with its spontaneous Ca2+ release from the SR and subsequent NCX-1 activation (Fabiato and Fabiato, 1972; Bassani et al., 1997; Bogdanov et al., 2001; Vinogradova et al., 2004; Maltsev et al., 2006; Maltsev and Lakatta, 2007; Groenke et al., 2013), or the coexistence of both could explain this mechanism (Figure 2) (Gao et al., 2010; Lakatta et al., 2010; Zahanich et al., 2011; Billman, 2012). Blocking the If or INCX inward conductances led to a counterintuitive reversible depolarizing drift of the MDP, suggesting a mechanistic convergence of both models to a previously undescribed blocked outward current (Weisbrod et al., 2013). RT-PCR, Western blots, immunostaining, and electrophysiological characterization of the unitary conductance isolated from membrane patches of hESC-CMs identified for the first time in human-derived cardiac pacemaker cells this current as KCa1.3, the intermediate Ca2+ activated-potassium channel (IKCa/SK4). Under physiological conditions, pharmacological experiments with different IKCa antagonists led to a reduction of the diastolic pacemaker slope, a depolarizing drift of the membrane resting potential, and, ultimately, a cessation of the pacing in young healthy hESC-CMs (Weisbrod et al., 2013). Interestingly, the depolarized MDP but the unaffected AP duration under SK4 blockade suggests an involvement of KCa3.1 in the late repolarization, as an outward current that dynamically balances the inward pacemaker conductances in a [Ca2+]i-dependent manner (Weisbrod et al., 2013, 2016). In a recent study, SK4 and HCN2 ventricular adenoviral overexpressions were sufficient to increase the ex vivo heart frequency recorded in a complete rate heart block rat, and transform those cells into active pacemakers (Zhao et al., 2019). After a prolonged in vitro maturation, hESC-CMs decrease their spontaneous firing rate and lose their intrinsic pacemaker activity, similarly to the working cardiomyocytes of the primitive heart (Satin et al., 2004; Couette et al., 2006; Bakker et al., 2010). Although SK4 is still expressed in those late-stage cells, the decrease in the beating rate associated with IKCa blockade was restricted to cells that exhibited strong pacing, suggesting an important role of SK4 in pacemaker tissue (Weisbrod et al., 2013). In a mouse adult heart, the protein expression of SK4 has been shown in atrial appendages, ventricles, and also in the sinoatrial node (Haron-Khun et al., 2017). In rats, SK4 is strongly expressed in the SAN, AVN, and ventricles, but, in a less extent, in the atria (Zhao et al., 2019). In contrast, the canine protein expression of KCa3.1 is found in the atria only, suggesting interspecies variability (Yang et al., 2020a,b). Finally, the expression of KCa3.1 has been reported in endogenous cardiac progenitor cells (Neco et al., 2012).
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FIGURE 2. General model of the pacemaker currents in SAN and their relation with SK and IK channels. During the late repolarization of the previous action potential, SK4 are still opened and their outward currents (4) act like a MDP driving force (4), which concurrently activates HCN channels (If current). The gradual depolarization recruits other conductances such as Ib, Na, ICaT (3.1 and 3.2), ITRPM4 and ITRPM7, which, altogether in synergy, are responsible for the diastolic depolarization (1). In parallel, diastolic sarcoplasmic spontaneous calcium release through RyR receptors increases the cytoplasmic level of calcium and activates the NCX-1 exchanger in its forward mode (1). The progressive Ca2+ extrusion operated by NCX from early to late DD gradually reduces IKCa and allows inward currents to take over. INCX, together with the other described currents, depolarize the membrane until the threshold of activation for L-type Ca2+ channels (ICa,L) and AP ignition (2). During the early repolarization, high [Ca2+]i open small SK channels (3) which contribute to this phase of the action potential. The progressive cytosolic decrease of calcium (SR reuptake and extrusion) decreases SK currents at the exception of IKCa due to SK4 higher affinity for Ca2+ (4). N.B. BKCa, Kv and other conductances have not been included in this cartoon for readability.


In biopsies from adult human hearts, although SK4 is detected at the mRNA level in right atrial and ventricular tissues, the protein is expressed only in the atrium (Weisbrod et al., 2016). In SAN cells obtained from healthy mice, a TRAM-sensitive current is pharmacologically isolated under voltage clamp configuration. The spontaneous AP frequency and the pacemaker slope are strongly reduced in a reversible manner when single SAN cells are exposed to SK4 blockers alone or together with a β-agonist (Haron-Khun et al., 2017). In vivo telemetric recording experiments performed on WT mice show a reduction of the heartbeats and a PR elongation at rest and during treadmill exercises when SK4 blockers are injected in IP. From a mechanistic point of view, the reduction of the heartbeat and the decrease in the spontaneous firing rate of the cardiac pacemaker cells following IKCa inhibition could be explained by the reduced driving force at the beginning of the diastole. The diminution of the outward IKCa K+ current under SK4 blockade would impair the fine-tuning of the depolarizing currents (especially I-funny), shallow the diastolic slope, delay the time between two action potentials, and subsequently decrease the beating rate. Additionally, the depolarization of the MDP would reduce the depolarizing currents (inactivation of a subpopulation of the INa+ plus diminution of ICa2+) and the upstroke velocity (dV/dt) of the action potentials.

Taking altogether, different data show an important involvement of the intermediate calcium-activated K+ channel in cardiac automaticity.



Implication in Cardiac Disorders and Arrhythmia

Scientific evidences supporting the involvement of an SK4 channel in cardiopathies are still limited, and the mechanisms are poorly understood.

In an acute model of myocardial infarct in rats, Saito and colleagues observed an increased expression of SK4 transcripts following the coronary ligation (Vigneault et al., 2018). Interestingly, the overexpression was higher in the animal group that underwent a reperfusion compared with those animals with permanent occlusion. While the related mechanism is not clear, SK4 channels might be involved in the vascular remodeling following MI since those are known to be associated with cell proliferation (Pena et al., 2000; Saito et al., 2002).

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a stress-induced ventricular arrhythmia associated with cytoplasmic calcium leakage due to mutations in calsequestrin 2 (CASQ2) (Postma et al., 2002; Wang et al., 2005), ryanodine receptor (RyR2) (Laitinen et al., 2001; Eldar et al., 2003), triadin (Priori et al., 2001), or calmodulin (Roux-Buisson et al., 2012). At rest, ECG is normal, although sinus bradycardia has been observed in patients (Wang et al., 2005). Under stress or exercise, the Ca2+i overload activates NCX-1, which generates at the cellular level DADs leading to ventricle potentially fatal disorders such as ventricular premature complexes (VPCs) or non-sustained (NSVT) or sustained ventricular tachycardia (SVT) visible at ECG. In addition, CPVT is associated with SAN dysfunction caused by altered calcium homeostasis under beta-adrenergic stimulation (Makita et al., 2014; Haron-Khun et al., 2017). In cardiomyocytes derived from human induced pluripotent cells (hiPS-CMs) from CPVT2 patients carrying a CASQ2 mutation, Haron-Khun et al. (2017) showed that isoproterenol-induced DADs were neutralized in the presence of TRAM-34. Similar effects were observed in isolated SAN cells from CASQ2 KI mice expressing the same patient mutation, and a TRAM-sensitive current was isolated. Abnormal Ca2+ transients recorded from isolated CPVT KI mice SAN were drastically improved in the presence of the SK4 blocker. Finally, in addition to the heart rate decrease and the PR elongation, ECG arrhythmic features visible at rest and during treadmill exercises were strongly reduced or normalized when SK4 blockers were injected in IP to CPVT mice (Haron-Khun et al., 2017).

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a rare but severe cardiac condition frequently associated with mutations of proteins involved in desmosomes (Marcus et al., 2013) (Plakophilin-2, Desmoplakin, Desmoglein-2, and Desmocollin-2), structures involved in the cell–cell interactions. Ventricular cardiomyocytes progressively detach and are replaced by a fibrotic and fat tissue upon an inflammatory remodeling, leading subsequently to ventricular tachyarrhythmia and sudden death (Corrado et al., 2019). In hiPS-CMs derived from an ARVC patient carrying a mutation in the DSG2 gene coding the desmoglein-2 protein, Buljubasic et al. (2020) recently showed that protein expression of SK4 is strongly increased compared with hiPSC-CMs obtained from healthy donors. Interestingly, the transcript levels and protein expression of NDPK-B, kinase known to upregulate the IKCa current, are also increased in the lysate from ARVC cells. Consistently with this observation, the pharmacologically isolated calcium-dependent IKCa current was stronger in ARVC hiPSC cells. Quantified arrhythmic features and spontaneous pacing were higher in AP from ARVC cells compared with healthy donors (Buljubasic et al., 2020). However, intracellular addition of recombinant NDPK-D increased the IKCa current, the spontaneous beating rate, and also the frequency of arrhythmic events in the AP recorded from both healthy and ARVC cells. The reversible nature of those phenomena by exposure to protein histidine phosphatase 1 (PHP-1) points a dual regulation of SK4 in this disease. TRAM-34 perfused in ARVC hiPSC decreased the number of DADs and other arrhythmic features before depolarizing the MDP until a rapid AP cessation. Taken together, those data strengthen the pro-arrhythmic role of the SK4 upregulation through a NDPK-D-dependent mechanism and a potential approach to treat ARVC.

In addition to ventricular arrhythmia, new evidences pointed the involvement of SK4 in AF and its blockade as a potential new therapeutic strategy. In dogs, which were subjected to rapid atrial pacing for 7 h to induce AF, protein expression of SK4 expression from right and left atriums was increased compared with non-paced dogs, confirming the consistent reported proarrhythmic potential role of SK4 (Haron-Khun et al., 2017; Buljubasic et al., 2020). Infusion with 10 mg/kg TRAM-34 suppressed the AF induction in the treated group (Yang et al., 2020b). The same group confirmed the involvement of SK4 in AF and the benefit of its blockade in dogs that developed AF after acute stroke (Yang et al., 2020a). In a canine model of chronic HF, TRAM-sensitive current, SK4 transcripts, and protein expression levels are reduced compared with healthy animals (Neco et al., 2012), suggesting a pathological downregulation. The lower IKCa current density was associated with a depolarization of the cell membrane resting potential, in consistency with data observed after pharmacological blockade in previous reports (Weisbrod et al., 2013, 2016).




DISCUSSION

Since almost four decades, a better understanding of general pathophysiological mechanisms, an intensive management of patient lifestyle, and the development of new class of molecules led to a successful worldwide decline in mortality from major CV diseases such as coronary arterial diseases, stroke, MI, and ischemic cardiopathies (Mensah et al., 2017; Cheng et al., 2018). However, despite the major advances in cardiovascular pharmacology, disease registries show that the management of cardiac arrhythmia and HF did not benefit from this mortality reduction (Cheng et al., 2018).

With the aging of the worldwide population, the increased prevalence and costs related to those diseases, and the longer period of medical care, it is fundamental to improve the quality of treatment by providing alternative or additional therapeutic strategies.

Within the last 20 years, a growing number of evidences point out not only the physiological role of calcium-activated potassium channels in the heart but also their involvement in various cardiac disorders.

SK channels and IK channel (SK4) have been found in the atrial, ventricle myocardium and in conducting tissue from different species, including humans. Because of their low Ca2+ affinity (half activation at 300–700 nM), small-conductance Ca2+-activated K+ channels are likely to be involved in repolarization phases, where the cytosolic calcium is still elevated. This is well illustrated by the APD elongation reported especially in atrial cells when those are exposed to apamin. In the ventricle, on the other hand, small calcium-activated channels are less involved in the repolarization itself. They can enhance the cell stability by playing the function of “repolarizing reserve,” especially in diseases leading to an electric remodeling such as HF or MI. In contrast, intermediate-conductance Ca2+-activated K+ channels, with their higher affinity for calcium, open at physiological [Ca2+]i concentrations and are involved in the late repolarization (MDP). The fact that SK4 blockade does not elongate the APD, leads to a reduction of the diastolic slope (DD Slope) and most importantly, to a depolarization of the MDP in cardiac cells with spontaneous electric activity, strengthen its role of “fine tuner” of the well-established “pacemaker inward currents” (Weisbrod et al., 2013, 2016).

In SAN cells, SKCa and IKCa blockade leads to a reduction of the pacing. Effects on the pacemaker diastolic slope or the MDP are consistent with the SK4 blockade but seem species-dependent in the case of SK1–3.

Slowing down the heartbeat is a gold-standard approach used in modern cardiology as primary therapy and as a secondary prevention. Beta-blockers are the corner stone of this strategy in the management of acute MI, HF, AF, and other arrhythmia, since those pathologies are interconnected. After treatment initiation, up-titration to optimal dosage should occur within a short time frame (“start low, aim high”) for sustainable benefits. However, in addition to the late dosage escalation or underdosing of those molecules compared with theoretical optimal treatment, the “adrenergic-escape phenomenon,” in which abnormally high concentrations of catecholaminergic hormones are produced, despite the stable β-blocker treatment, drastically worsens patient survival prognostics (Coumel et al., 1984; Frankenstein et al., 2009). Although the phenomenon has been described in very few scientific papers, its prevalence, estimated in one third of chronic HF patients, is associated with a 60% increase in mortality at 3 years compared with patients without this condition (Frankenstein et al., 2009). Other bradycardic agents such as ivabradine, which selectively blocks the I-funny (If) current, have been developed and are used currently in the management of HF and chronic stable angina (Koruth et al., 2017). However, ivabradine, similarly to β-blockers, requires dosing adjustments and has limited benefits mainly due to its specific effect on the PP interval elongation. A recent study based on an animal model of CASQ2 CPVT has shown that the decrease in the sinus rhythm provoked by ivabradine was not sufficient to improve the arrhythmic features observable with telemetric ECG recordings (Bueno-Levy et al., 2020). However, the same publication showed that SK4 blockade attenuates arrhythmic features, probably due to the AVN blockade and subsequent PR segment elongation in addition to the effect on the SAN and the PP interval. Similarly, SK2 blockade is also associated with a decrease in the heart rate and a PR segment elongation (Torrente et al., 2017).

Slowing down the heart rate and increasing the refractive period are mechanistic strategies used to prevent the reentry phenomenon and arrhythmia in the atria and the ventricle.

AF is the most common diagnosed cardiac arrhythmia, with an estimated actual prevalence of 37.5 million cases worldwide and a projected increase by 60% until 2050 (Lippi et al., 2020). The task force for the management of AF in Europe estimates that 25% of middle-age adults in Europe and the United States will develop AF during their lifetime (Kirchhof et al., 2016). AF management alone represents around 2% of the healthcare expenditures in European countries. Current pharmacological management is based on oral anticoagulation therapies, β-blockers, calcium channel blockers, cardiac glycosides, and Amiodarone, if patients do not reach the optimal heart rate control (Kirchhof et al., 2016). Although there is a broad therapeutic arsenal available, control of AF is not always optimal, and recurrent episodes with new ectopic foci can develop. Catheter ablation, a second-line therapy, is considered to be more effective than a pharmacological approach for persistent AF (ATTEST Trial). However, this technique requests several surgical interventions and can be associated in some cases with severe adverse events such as atrioesophageal fistulas. AF is associated with a dynamic remodeling of the small Ca2+-activated K+ currents. Initially, those currents are increased in human atrial or acute animal models and are responsible for a shortening of the APD. Pharmacological blockade of SK channels slows down the AVN conduction, increases the refractory period, decreases the reentry, and improves the reversion time from AF episodes to sinus rhythm (Diness et al., 2010; Skibsbye et al., 2011). In human chronic AF, however, downregulation of the channels prevents such an approach. Taken together, those data point to the benefits of small KCa blockade as a potential therapeutic strategy in early AF (Figure 3). Although the involvement and regulation of SK4 in AF have not been studied in depth yet, a full suppression of arrhythmic features in a canine model of acute AF has been reported after IV infusion of the SK4 channel blocker (Yang et al., 2020a,b). Further studies on models or samples from AF patients could help investigate the viability of this theory, especially in cAF.
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FIGURE 3. Involvement of IK and SK in cardiovascular diseases and potential therapeutic strategies. For each condition (early stage Atrial Fibrillation, Ventricular arrhythmia, Myocardial Infarction and Heart Failure), a healthy action potential is shown (black cartoon) in comparison with the altered one (red cartoon). The different positive (green) or negative (red) effects based on ISKCa and IKCa modulations are summarized. PPi, P wave Interval; aERP, atrial effective refractory period; PRi, P-R segment; H.R, heart rate; DADs, delayed after depolarization; VPC, ventricular premature contraction; NSVT, non-sustained ventricular tachycardia; LVESV, left ventricular end-systolic volume; CRT, cardiac resynchronization therapy; IKr, rapid activating delayed rectifier potassium current; IKs, slow activating delayed rectifier potassium current; Ito, voltage-gated transient outward potassium current; INCX, sodium-calcium exchanger current.


Management of ventricular arrhythmia is complex since the modulation of a specific channel can have antiarrhythmic or proarrhythmic consequences. Genetic ablation of SK2 channels leads to an extensive PR elongation, AVN dysfunction, and AV dissociation (Zhang et al., 2008). On the other hand, similar features and severe bradycardia have been described when SK3 is overexpressed (Mahida, 2014; Mahida et al., 2014). At the cellular level, pharmacological blockade of SK4 channels has been reported to improve arrhythmic features in CPVT and ARVC, two distinct ventricular disorders. In vivo, IP injection of the SK4 blocker reduced the occurrence of SVT, NSVT, or VPC visible at ECG in CPVT mice in addition to a negative chronotropic effect and an elongation of the PRi (Haron-Khun et al., 2017). Thus, a subtle PR segment elongation based on a mild pharmacological AVN blockade could be beneficial in the management of cardiac arrhythmia.

Heart failure management remains the last big challenge in modern cardiology since this syndrome, based on clinical manifestations, can result from extremely various pathophysiological mechanisms. HFrEF, frequently described as a “systolic HF” in older classification, is often associated with an inflammatory state, a ventricular myocardium loss (LV dilatation), and subsequent reduction of the cardiac output and ejection fraction (EF). Inversely, HFpEF or “diastolic HF” affects the ventricular stiffness and arterial compliance, and increases the LV wall thickness and filling pressure. Recently, a “mid-range” HF (HFmrEF) has been added to the actual classification for patients with mild systolic dysfunction and diastolic dysfunction (Ponikowski et al., 2016). HF, also called the “cardiovascular cancer,” remains as malignant as prostate or breast cancers, with an estimated survival rate of 40–50% in 5 years following diagnosis (Mamas et al., 2017). The condition is progressive, associated with episodes of cardiac decompensation (acute exacerbations), which irreversibly worsens the myocardial function and patients’ quality of life. Initial pharmacological treatment is usually based on a therapeutic triad (β-blockers, ACEi or ARBi, MRA, and diuretic for decongestion), but other molecules such as ivabradine (Swedberg et al., 2010), ARNi (McMurray et al., 2014), and very recently SGLT2i (McMurray et al., 2019) have been added to the armamentarium. Most of those molecules are used in all types of HF, although they did not constantly show a benefit besides HFrEF (Koruth et al., 2017; Solomon et al., 2019), which opens the door to additional approaches.

At a cellular level, HF is associated with an electric remodeling. Na+ currents are increased, while Ito, IKs, and other rectifier potassium currents are reduced (Näbauer and Kääb, 1998; Nattel et al., 2007). The increased RyR Ca2+-leakage, reduced SERCA activity, and INCX upregulation contribute to the altered EC coupling and reduction of the contractile function (Reuter et al., 2004; Roos et al., 2007; Ottolia et al., 2013). The gain of function of SK channels, a consequence of the higher protein expression and cytosolic Ca2+ leakage, could possibly be a compensatory mechanism for the loss of repolarizing currents in chronic HF. Beat to beat variability and arrhythmic features such as torsades de pointe or VPC have been described in human end-stage HFrEF and animal models when SK are blocked. In congestive HF, abnormal elongation of the human PR segment (>200 ms) is associated with higher LV end-diastolic, end-systolic volumes and higher recurrences of events (McManus et al., 2009; Husby et al., 2015) and is commonly used as a marker to evaluate the impaired exercise ability of patients (Stępniewski et al., 2017). In contrast, in end-stage HF, PRi elongation is associated with better survival prognosis in patients who underwent cardiac resynchronization therapy (Kutyifa et al., 2014). Mechanistically, a delayed conduction in the AVN could have a positively influence on ventricle filling. Overall, although modulations of calcium-activated K+ channels could have potential positive outcomes on pacing stability or PR duration, further investigations are necessary to specify HF patient subpopulations who could positively benefit from those effects. Similarly to the remodeling seen in HF, membrane SK, mitoSK, and IK channels are upregulated in MI, especially after reperfusion. Although the mechanisms need to be elucidated, membrane IK and SK channels seem to play a role in pacing stability by counterbalancing the downregulation of other potassium currents (Lee et al., 2013). Furthermore, positive pharmacological modulation of mitochondrial SK activation decreases ROS synthesis, which improves RyR stability and reduces Ca2+ SR leakage and associated ventricular arrhythmia in hypertrophic hearts (Stowe et al., 2013; Kim et al., 2017; Yang et al., 2017). Finally, a preventive treatment of mSKCa reduces the infarct size in the model of ischemic perfusion (Stowe et al., 2013). Based on those cardioprotective properties, development of openers could prevent arrhythmia associated with MI.

The growing number of evidences supporting the involvement of calcium-activated potassium channels in heart diseases confirms that those players should clearly gain more consideration as potential therapeutic targets. The dual effect on the heart rhythm and the PRi associated with the blockade of KCa conductances can be beneficial in atrial or ventricular arrhythmia but could worsen other conditions such as HF or MI. Further investigations are required to better understand mechanisms and the realism of those modulations in daily care since those pathologies are interconnected and often codiagnosed in patients.
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GLOSSARY

ACEi, inhibitors of the angiotensin converting enzyme (ACE), which prevent the formation of angiotensin II and associated vasoconstriction; AF, atrial fibrillation; AP, action potential. This is the unit pattern of the cellular electric activity; APD, action potential duration (in milliseconds). Time interval between the beginning (threshold) of an action potential and its end (hyperpolarization); APD50, action potential duration at 50% of the repolarization (in milliseconds); APD90, action potential duration at 90% of the repolarization (in milliseconds); ARBi, inhibitors of the angiotensin II receptors. Medications used as an additional approach to prevent the vasoconstriction induced by angiotensin II; ARNi, medications used in HF, based on a combination between an angiotensin receptor inhibitor and a neprilysin inhibitor; ARVC, arrhythmogenic right ventricular cardiomyopathy; AVN (or AV node), atrioventricular node. Secondary heart pacemaker structure, responsible for a delay of the electric conduction between the SAN and the ventricles and a better blood filling; CaM, calmodulin or calcium-modulated protein. It binds Ca2+ and modulates ion channels properties; CaMBD, calmodulin binding domain. Structure of the ion channels that binds CaM; CAMKII, Ca2+-calmodulin-dependent protein kinase II; cAMP, cyclic adenosine monophosphate; CPVT, catecholaminergic polymorphic ventricular tachycardia; DD slope (pacemaker slope), diastolic depolarization slope. Initial portion of the AP caused by the involvement of several ion channels and transporters. Those proteins lead a depolarization of the membrane (slope), until the threshold for the action potential ignition; hESC-CMs, human embryonic stem-cells derived cardiomyocytes. Cardiomyocytes differentiated from human embryonic stem cells; PP interval (PPi), interval between two successive P-waves, measured in ECG (in milliseconds). P-waves reflect the SAN activity and the PPi is used to evaluate the heart rate; PKA, cAMP-dependent protein kinase; PRi (or PR segment), interval between the P-wave and the R-wave of the QRS complex, measured in ECG (in milliseconds). It evaluates the delay of propagation of the electric activity between the SAN and the ventricular myocardium; HF, heart failure; HFpEF, heart failure with preserved ejection fraction. Mostly associated with a hypertrophic heart and a reduction of its stiffness; HFrEF, heart failure with reduced ejection fraction. Mostly associated with a reduction of the ventricular myocardium mass; If or “I-funny”, depolarizing current induced by the HCN channels. Also called “pacemaker current,” it plays an important role in the SAN and the AVN during the diastolic slope of the action potential; Ivabradine, selective blocker of the HCN channel; MDP, maximum diastolic potential. Value of the membrane potential at the most hyperpolarized part of the action potential (in millivolts); MI, myocardial infarction; mSKCa, mitochondrial isoform of the SKCa channel; NCX-1, sodium–calcium exchanger-1. Electrogenic antiporter (3 sodium ions for 1 calcium) strongly involved in ventricular excitation–contraction coupling and in the pacemaker mechanism; NSVT, non-sustained ventricular tachycardia. Transient VT episodes; SAN (or SA node), sinoatrial node. Structure located in the right atrium, primary cardiac pacemaker. SERCA, sarco/endoplasmic reticulum Ca2+-ATPase. Pump responsible for the Ca2+ reuptake from the cytosol to the endoplasmic reticulum; SGLT2i, inhibitors of the sodium-glucose co-transporter-2; SR (or ER), sarcoplasmic (endoplasmic) reticulum. Organelle, which stores the cellular Ca2+; ROS, reactive oxygen species; RyR, ryanodine receptors. Receptors on the SR, responsible for the intracellular Ca2+ release; TM, transmembrane domain; TRAM-34, 1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole. SK4 blocker; VPC, ventricular premature complexes. Arrhythmia usually ectopically induced by the Purkinje fibers; VT, ventricular tachycardia.



REFERENCES

Adelman, J. P. (2016). SK channels and calmodulin. Channels (Austin) 10, 1–6. doi: 10.1080/19336950.2015.1029688

Bakker, M. L., Christoffels, V. M., and Moorman, A. F. M. (2010). The cardiac pacemaker and conduction system develops from embryonic myocardium that retains its primitive phenotype. J. Cardiovasc. Pharmacol. 56, 6–15. doi: 10.1097/fjc.0b013e3181e775d3

Baruscotti, M., Barbuti, A., and Bucchi, A. (2010). The cardiac pacemaker current. J. Mol. Cell. Cardiol. 48, 55–64.

Bassani, R. A., Bassani, J. W., Lipsius, S. L., and Bers, D. M. (1997). Diastolic SR Ca efflux in atrial pacemaker cells and Ca-overloaded myocytes. Am. J. Physiol. 273, H886–H892.

Berkefeld, H., Fakler, B., and Schulte, U. (2010). Ca2+-activated K+ channels: from protein complexes to function. Physiol. Rev. 90, 1437–1459. doi: 10.1152/physrev.00049.2009

Billman, G. E. (2012). Does the ‘coupled clock’ make the heart tick? Cardiovasc. Res. 96, 343–344. doi: 10.1093/cvr/cvs300

Blatz, A. L., and Magleby, K. L. (1986). Single apamin-blocked Ca-activated K+ channels of small conductance in cultured rat skeletal muscle. Nature 323, 718–720. doi: 10.1038/323718a0

Bogdanov, K. Y., Vinogradova, T. M., and Lakatta, E. G. (2001). Sinoatrial nodal cell ryanodine receptor and Na+-Ca2+ exchanger: molecular partners in pacemaker regulation. Circ. Res. 88, 1254–1258. doi: 10.1161/hh1201.092095

Bonilla, I. M., Long, V. P. III, Vargas-Pinto, P., Wright, P., Belevych, A., Lou, Q., et al. (2014). Calcium-activated potassium current modulates ventricular repolarization in chronic heart failure. PLoS One 9:e108824. doi: 10.1371/journal.pone.0108824

Brown, H., and Difrancesco, D. (1980). Voltage-clamp investigations of membrane currents underlying pace-maker activity in rabbit sino-atrial node. J. Physiol. 308, 331–351. doi: 10.1113/jphysiol.1980.sp013474

Bueno-Levy, H., Weisbrod, D., Yadin, D., Haron-Khun, S., Peretz, A., Hochhauser, E., et al. (2020). The hyperpolarization-activated cyclic-nucleotide-gated channel blocker ivabradine does not prevent arrhythmias in catecholaminergic polymorphic ventricular tachycardia. Front. Pharmacol. 10:1566.

Buljubasic, F., El-Battrawy, I., Lan, H., Lomada, S. K., Chatterjee, A., Zhao, Z., et al. (2020). Nucleoside diphosphate kinase b contributes to arrhythmogenesis in human-induced pluripotent stem cell-derived cardiomyocytes from a patient with arrhythmogenic right ventricular cardiomyopathy. J. Clin. Med. 9:24564.

Chang, P.-C., and Chen, P.-S. (2015). SK channels and ventricular arrhythmias in heart failure. Trends Cardiovasc. Med. 25, 508–514. doi: 10.1016/j.tcm.2015.01.010

Chang, P.-C., Hsieh, Y.-C., Hsueh, C.-H., Weiss, J. N., Lin, S.-F., Chen, P.-S., et al. (2013a). Apamin induces early afterdepolarizations and torsades de pointes ventricular arrhythmia from failing rabbit ventricles exhibiting secondary rises in intracellular calcium. Hear. Rhythm 10, 1516–1524. doi: 10.1016/j.hrthm.2013.07.003

Chang, P.-C, Turker, I., Lopshire, J. C., Masroor, S., Nguyen, B.-L. L., Tao, W., et al. (2013b). Heterogeneous upregulation of apamin-sensitive potassium currents in failing human ventricles. J. Am. Heart Assoc. 2, 1–9.

Chen, W.-T., Chen, Y.-C., Lu, Y.-Y., Kao, Y.-H., Huang, J.-H., Lin, Y.-K., et al. (2013). Apamin modulates electrophysiological characteristics of the pulmonary vein and the Sinoatrial Node. Eur. J. Clin. Invest. 43, 957–963. doi: 10.1111/eci.12125

Cheng, Y. J., Imperatore, G., Geiss, L. S., Saydah, S. H., Albright, A. L., Ali, M. K., et al. (2018). Trends and disparities in cardiovascular mortality among U.S. Adults with and without self-reported diabetes, 1988-2015. Diabetes Care 41, 2306–2315. doi: 10.2337/dc18-0831

Chua, S.-K., Chang, P.-C., Maruyama, M., Turker, I., Shinohara, T., Shen, M. J., et al. (2011). Small-conductance calcium-activated potassium channel and recurrent ventricular fibrillation in failing rabbit ventricles. Circ. Res. 108, 971–979. doi: 10.1161/circresaha.110.238386

Corrado, D., van Tintelen, P. J., McKenna, W. J., Hauer, R. N. W., Anastastakis, A., Asimaki, A., et al. (2019). Arrhythmogenic right ventricular cardiomyopathy: evaluation of the current diagnostic criteria and differential diagnosis. Eur. Heart J. 41, 1414–1429.

Couette, B., Marger, L., Nargeot, J., and Mangoni, M. E. (2006). Physiological and pharmacological insights into the role of ionic channels in cardiac pacemaker activity. Cardiovasc. Hematol. Disord. Drug Targets 6, 169–190. doi: 10.2174/187152906778249572

Coumel, P., Escoubet, B., and Attuel, P. (1984). Beta-blocking therapy in atrial and ventricular tachyarrhythmias: experience with nadolol. Am. Heart J. 108, 1098–1108. doi: 10.1016/0002-8703(84)90589-1

Del Carlo, B., Pellegrini, M., and Pellegrino, M. (2003). Modulation of Ca2+-activated K+ channels of human erythrocytes by endogenous protein kinase C. Biochim. Biophys. Acta 1612, 107–116. doi: 10.1016/s0005-2736(03)00111-1

Demion, M., Bois, P., Launay, P., and Guinamard, R. (2007). TRPM4, a Ca2+-activated nonselective cation channel in mouse sino-atrial node cells. Cardiovasc. Res. 73, 531–538. doi: 10.1016/j.cardiores.2006.11.023

Devor, D. C., and Frizzell, R. A. (1998). Modulation of K+ channels by arachidonic acid in T84 cells. I. Inhibition of the Ca2+-dependent K+ channel. Am. J. Physiol. Physiol. 274, C138–C148.

Diness, J. G., Sorensen, U. S., Nissen, J. D., Al-Shahib, B., Jespersen, T., Grunnet, M., et al. (2010). Inhibition of Small-Conductance Ca2+-activated K+ channels terminates and protects against atrial fibrillation. Circ. Arrhythmia Electrophysiol. 3, 380–390. doi: 10.1161/circep.110.957407

Eldar, M., Pras, E., and Lahat, H. A. (2003). missense mutation in the CASQ2 gene is associated with autosomal-recessive catecholamine-induced polymorphic ventricular tachycardia. Trends Cardiovasc. Med. 13, 148–151. doi: 10.1016/s1050-1738(03)00025-2

Ellinor, P. T., Lunetta, K. L., Glazer, N. L., Pfeufer, A., Alonso, A., Chung, M. K., et al. (2010). Common variants in KCNN3 are associated with lone atrial fibrillation. Nat. Genet. 42, 240–244.

Fabiato, A., and Fabiato, F. (1972). Excitation-contraction coupling of isolated cardiac fibers with disrupted or closed sarcolemmas calcium-dependent cyclic and tonic contractions. Circ. Res. 31, 293–307. doi: 10.1161/01.res.31.3.293

Fan, X., Yu, Y., Lan, H., Ou, X., Yang, L., Li, T., et al. (2018). Ca2+/calmodulin-dependent protein kinase II (CaMKII) increases small-conductance Ca2+-activated K+ current in patients with chronic atrial fibrillation. Med. Sci. Monit. 24, 3011–3750. doi: 10.12659/msm.909684

Fanger, C. M., Ghanshani, S., Logsdon, N. J., Rauer, H., Kalman, K., Zhou, J., et al. (1999). Calmodulin mediates calcium-dependent activation of the intermediate conductance KCa channel, IKCa1. J. Biol. Chem. 274, 5746–5754. doi: 10.1074/jbc.274.9.5746

Frankenstein, L., Zugck, C., Schellberg, D., Nelles, M., Froehlich, H., Katus, H., et al. (2009). Prevalence and prognostic significance of adrenergic escape during chronic beta-blocker therapy in chronic heart failure. Eur. J. Heart Fail. 11, 178–184. doi: 10.1093/eurjhf/hfn028

Gaborit, N., Le Bouter, S., Szuts, V., Varro, A., Escande, D., Nattel, S., et al. (2007). Regional and tissue specific transcript signatures of ion channel genes in the non-diseased human heart. J. Physiol. 582, 675–693. doi: 10.1113/jphysiol.2006.126714

Gao, Z., Chen, B., Joiner, M.-L. A., Wu, Y., Guan, X., Koval, O. M., et al. (2010). If and SR Ca2+ release both contribute to pacemaker activity in canine sinoatrial node cells. J. Mol. Cell. Cardiol. 49, 33–40. doi: 10.1016/j.yjmcc.2010.03.019

Gardos, G. (1958). The role of calcium in the potassium permeability of human erythrocytes. Acta Physiol. Hung. 30, 653–654. doi: 10.1016/0006-3002(58)90124-0

Gerlach, A. C., Gangopadhyay, N. N., and Devor, D. C. (2000). Kinase-dependent regulation of the intermediate conductance, calcium-dependent potassium channel, hIK1. J. Biol. Chem. 275, 585–598. doi: 10.1074/jbc.275.1.585

Gerlach, A. C., Syme, C. A., Giltinan, L. A., Adelman, J. P., and Devor, D. C. (2001). ATP-dependent Activation of the Intermediate Conductance, Ca2+-activated K+ Channel, hIK1, is Conferred by a C-terminal Domain. J. Biol. Chem. 276, 10963–10970. doi: 10.1074/jbc.m007716200

Ghanshani, S., Coleman, M., Gustavsson, P., Wu, A. C. L., Gargus, J. J., et al. (1998). Human calcium-activated potassium channel gene KCNN4 maps to chromosome 19q13.2 in the Region deleted in Diamond-Blackfan anemia. Genomics 51, 160–161. doi: 10.1006/geno.1998.5333

Grissmer, S., Lewis, R. S., and Cahalan, M. D. (1992). Ca2+-activated K+ channels in human leukemic T cells. J. Gen. Physiol. 99, 63–84. doi: 10.1085/jgp.99.1.63

Grissmer, S., Nguyen, A. N., and Cahalan, M. D. (1993). Calcium-activated potassium channels in resting and activated human T lymphocytes. Expression levels, calcium dependence, ion selectivity, and pharmacology. J. Gen. Physiol. 102, 601–630. doi: 10.1085/jgp.102.4.601

Groenke, S., Larson, E. D., Alber, S., Zhang, R., Lamp, S. T., Ren, X., et al. (2013). Complete atrial-specific knockout of sodium-calcium exchange eliminates sinoatrial node pacemaker activity. PLoS One 8:e81633–e81633.

Grygorczyk, R., Schwarz, W., and Passow, H. (1984). Ca2+-activated K+ channels in human red cells. Comparison of single-channel currents with ion fluxes. Biophys. J. 45, 693–698. doi: 10.1016/s0006-3495(84)84211-3

Hagiwara, N., Irisawa, H., and Kameyama, M. (1988). Contribution of two types of calcium currents to the pacemaker potentials of rabbit sino-atrial node cells. J. Physiol. 395, 233–253. doi: 10.1113/jphysiol.1988.sp016916

Hagiwara, N., Irisawa, H., Kasanuki, H., and Hosoda, S. (1992). Background current in sino-atrial node cells of the rabbit heart. J. Physiol. 448, 53–72. doi: 10.1113/jphysiol.1992.sp019029

Hamill, O. P. (1981). Potassium channel currents in human red blood cells. J. Physiol. L. 97–98.

Hamilton, K. L., Syme, C. A., and Devor, D. C. (2003). Molecular localization of the inhibitory arachidonic acid binding site to the pore of hIK1. J. Biol. Chem. 278, 16690–16697. doi: 10.1074/jbc.m212959200

Hamilton, S., Polina, I., Terentyeva, R., Bronk, P., Kim, T. Y., Roder, K., et al. (2020). PKA phosphorylation underlies functional recruitment of sarcolemmal SK2 channels in ventricular myocytes from hypertrophic hearts. J. Physiol. 598, 2847–2873. doi: 10.1113/jp277618

Hancock, J. M., Weatherall, K. L., Choisy, S. C., James, A. F., Hancox, J. C., and Marrion, N. V. (2015). Selective activation of heteromeric SK channels contributes to action potential repolarization in mouse atrial myocytes. Hear. Rhythm 12, 1003–1015. doi: 10.1016/j.hrthm.2015.01.027

Haron-Khun, S., Weisbrod, D., Bueno, H., Yadin, D., Behar, J., Peretz, A., et al. (2017). SK4 K+ channels are therapeutic targets for the treatment of cardiac arrhythmias. EMBO Mol. Med. 9, 415–429. doi: 10.15252/emmm.201606937

Hayashi, M., Kunii, C., Takahata, T., and Ishikawa, T. (2004). ATP-dependent regulation of SK4/IK1-like currents in rat submandibular acinar cells: possible role of cAMP-dependent protein kinase. Am. J. Physiol. Cell Physiol. 286, C635–C646.

Hoffman, J. F., Joiner, W., Nehrke, K., Potapova, O., Foye, K., and Wickrema, A. (2003). The hSK4 (KCNN4) isoform is the Ca2+-activated K+ channel (Gardos channel) in human red blood cells. Proc. Natl. Acad. Sci. U.S.A. 100, 7366–7371. doi: 10.1073/pnas.1232342100

Horsthuis, T., Buermans, H. P. J., Brons, J. F., Verkerk, A. O., Bakker, M. L., Wakker, V., et al. (2009). Gene expression profiling of the forming atrioventricular node using a novel tbx3-based node-specific transgenic reporter. Circ. Res. 105, 61–69. doi: 10.1161/circresaha.108.192443

Hsieh, Y.-C., Chang, P.-C., Hsueh, C.-H., Lee, Y. S., Shen, C., Weiss, J. N., et al. (2013). Apamin-sensitive potassium current modulates action potential duration restitution and arrhythmogenesis of failing rabbit ventricles. Circ. Arrhythm. Electrophysiol. 6, 410–418. doi: 10.1161/circep.111.000152

Husby, M. P., Soliman, E. Z., Goldberger, J. J., Liu, K., Lloyd-Jones, D., Durazo-Arvizu, R., et al. (2015). The association between the PR interval and left ventricular measurements in the multiethnic study of atherosclerosis. Cardiol. Res. Pract. 2015:193698.

Ishii, T. M., Silvia, C., Hirschberg, B., Bond, C. T., Adelman, J. P., and Maylie, J. (1997). A human intermediate conductance calcium-activated potassium channel. Proc. Natl. Acad. Sci. U.S.A. 94, 11651L–11656L.

Joiner, W. J., Khanna, R., Schlichter, L. C., and Kaczmarek, L. K. (2001). Calmodulin regulates assembly and trafficking of SK4/IK1 Ca2+-activated K+ channels. J. Biol. Chem. 276, 37980–37985.

Joiner, W. J., Wang, L. U. Y., Tang, M. D., and Kaczmarek, L. K. (1997). hSK4, a member of a novel subfamily of calcium-activated potassium channels. Proc. Natl. Acad. Sci. U.S.A. 94, 11013–11018. doi: 10.1073/pnas.94.20.11013

Keen, J. E., Khawaled, R., Farrens, D. L., Neelands, T., Rivard, A., Bond, C. T., et al. (1999). Domains responsible for constitutive and Ca2+-dependent interactions between calmodulin and small conductance Ca2+-activated potassium channels. J. Neurosci. 19, 8830–8838. doi: 10.1523/jneurosci.19-20-08830.1999

Khanna, R., Change, M. C., Joiner, W. J., Kaczmarek, L. K., and Schlichter, L. C. (1999). hSK4/hIK1, a calmodulin-binding K(Ca) channel in human T lymphocytes. Roles in proliferation and volume regulation. J. Biol. Chem. 274, 14838–14849. doi: 10.1074/jbc.274.21.14838

Kim, T. Y., Terentyeva, R., Roder, K. H. F., Li, W., Liu, M., Greener, I., et al. (2017). SK channel enhancers attenuate Ca2+-dependent arrhythmia in hypertrophic hearts by regulating mito-ROS-dependent oxidation and activity of RyR. Cardiovasc. Res. 113, 343–353.

Kirchhof, P., Benussi, S., Kotecha, D., Ahlsson, A., Atar, D., Casadei, B., et al. (2016). 2016 ESC Guidelines for the management of atrial fibrillation developed in collaboration with EACTS. Eur. Heart J. 37, 2893–2962.

Kleger, A., Seufferlein, T., Malan, D., Tischendorf, M., Storch, A., Wolheim, A., et al. (2010). Modulation of calcium-activated potassium channels induces cardiogenesis of pluripotent stem cells and enrichment of pacemaker-like cells. Circulation 122, 1823–1836. doi: 10.1161/circulationaha.110.971721

Kohler, M., Hirschberg, B., Bond, C. T., Kinzie, J. M., Marrion, N. V., Maylie, J., et al. (1996). Small-conductance, calcium-activated potassium channels from mammalian brain. Science 273, 1709–1714. doi: 10.1126/science.273.5282.1709

Kong, I. D., Koh, S. D., Bayguinov, O., and Sanders, K. M. (2000). Small conductance Ca2+-activated K+ channels are regulated by Ca2+-calmodulin-dependent protein kinase II in murine colonic myocytes. J. Physiol. 524(Pt 2), 331–337. doi: 10.1111/j.1469-7793.2000.t01-1-00331.x

Koruth, J. S., Lala, A., Pinney, S., Reddy, V. Y., and Dukkipati, S. R. (2017). The clinical use of ivabradine. J. Am. Coll. Cardiol. 70, 1777L–1784L.

Krnjević, K., and Lisiewicz, A. (1972). Injections of calcium ions into spinal motoneurones. J. Physiol. 225, 363–390. doi: 10.1113/jphysiol.1972.sp009945

Kutyifa, V., Stockburger, M., Daubert, J. P., Holmqvist, F., Olshansky, B., Schuger, C., et al. (2014). PR interval identifies clinical response in patients with non-left bundle branch block: a multicenter automatic defibrillator implantation trial-cardiac resynchronization therapy substudy. Circ. Arrhythm. Electrophysiol. 7, 645–651. doi: 10.1161/circep.113.001299

Laitinen, P. J., Brown, K. M., Piippo, K., Swan, H., Devaney, J. M., Brahmbhatt, B., et al. (2001). Mutations of the cardiac ryanodine receptor (RyR2) gene in familial polymorphic ventricular tachycardia. Circulation 103, 485–490. doi: 10.1161/01.cir.103.4.485

Lakatta, E. G., and DiFrancesco, D. (2009). What keeps us ticking: a funny current, a calcium clock, or both? J. Mol. Cell. Cardiol. 47, 157–170. doi: 10.1016/j.yjmcc.2009.03.022

Lakatta, E. G., Maltsev, V. A., and Vinogradova, T. M. (2010). A coupled SYSTEM of intracellular Ca2+ clocks and surface membrane voltage clocks controls the timekeeping mechanism of the heart’s pacemaker. Circ. Res. 106, 659–673. doi: 10.1161/circresaha.109.206078

Lancaster, B., and Nicoll, R. A. (1987). Properties of two calcium-activated hyperpolarizations in rat hippocampal neurones. J. Physiol. 389, 187–203. doi: 10.1113/jphysiol.1987.sp016653

Lancaster, B., Nicoll, R. A., and Perkel, D. J. (1991). Calcium activates two types of potassium channels in rat hippocampal neurons in culture. J. Neurosci. 11, 23–30. doi: 10.1523/jneurosci.11-01-00023.1991

Lazdunski, M. (1983). Apamin, a neurotoxin specific for one class of Ca2+-dependent K+ channels. Cell Calcium 4, 421–428. doi: 10.1016/0143-4160(83)90018-0

Lee, C.-H., and MacKinnon, R. (2018). Activation mechanism of a human SK-calmodulin channel complex elucidated by cryo-EM structures. Science 360, 508–513. doi: 10.1126/science.aas9466

Lee, Y. S., Chang, P.-C., Hsueh, C.-H., Maruyama, M., Park, H. W., et al. (2013). Apamin-sensitive calcium-activated potassium currents in rabbit ventricles with chronic myocardial infarction. J. Cardiovasc. Electrophysiol. 24, 1144–1153.

Li, M., Li, T., Lei, M., Tan, X., Yang, Y., Liu, T., et al. (2011). [Increased small conductance calcium-activated potassium channel (SK2 channel) current in atrial myocytes of patients with persistent atrial fibrillation]. Zhonghua Xin Xue Guan Bing Za Zhi 39, 147–151.

Li, N., Timofeyev, V., Tuteja, D., Xu, D., Lu, L., Zhang, Q., et al. (2009). Ablation of a Ca2+-activated K+ channel (SK2 channel) results in action potential prolongation in atrial myocytes and atrial fibrillation. J. Physiol. 587, 1087–1100. doi: 10.1113/jphysiol.2008.167718

Li, W., Halling, D. B., Hall, A. W., and Aldrich, R. W. (2009). EF hands at the N-lobe of calmodulin are required for both SK channel gating and stable SK-calmodulin interaction. J. Gen. Physiol. 134, 281–293. doi: 10.1085/jgp.200910295

Ling, T.-Y. Y., Wang, X.-L. L., Chai, Q., Lau, T.-W. W., Koestler, C. M., Park, S. J., et al. (2013). Regulation of the SK3 channel by microRNA-499 - Potential role in atrial fibrillation. Hear. Rhythm 10, 1001–1009. doi: 10.1016/j.hrthm.2013.03.005

Lippi, G., Sanchis-Gomar, F., and Cervellin, G. (2020). Global epidemiology of atrial fibrillation: an increasing epidemic and public health challenge. Int. J. Stroke Off. J. Int. Stroke Soc. 2:1747493019897870. doi: 10.1177/1747493019897870

Lu, L., Zhang, Q., Timofeyev, V., Zhang, Z., Young, J. N., Shin, H.-S., et al. (2007). Molecular coupling of a Ca2+-activated K+ channel to L-type Ca2+ channels via alpha-actinin2. Circ. Res. 100, 112–120. doi: 10.1161/01.res.0000253095.44186.72

Mahaut-Smith, M. P., and Schlichter, L. C. (1989). Ca2+-activated K+ channels in human B lymphocytes and rat thymocytes. J. Physiol. 415, 69–83. doi: 10.1113/jphysiol.1989.sp017712

Mahida, S. (2014). Expanding role of SK channels in cardiac electrophysiology. Hear. Rhythm 11, 1233–1238. doi: 10.1016/j.hrthm.2014.03.045

Mahida, S., Mills, R. W., Tucker, N. R., Simonson, B., Macri, V., Lemoine, M. D., et al. (2014). Overexpression of KCNN3 results in sudden cardiac death. Cardiovasc. Res. 101, 326–334. doi: 10.1093/cvr/cvt269

Makita, N., Yagihara, N., Crotti, L., Johnson, C. N., Beckmann, B.-M., Roh, M. S., et al. (2014). Novel calmodulin mutations associated with congenital arrhythmia susceptibility. Circ. Cardiovasc. Genet. 7, 466–474. doi: 10.1161/circgenetics.113.000459

Maltsev, V. A., and Lakatta, E. G. (2007). Normal heart rhythm is initiated and regulated by an intracellular calcium clock within pacemaker cells. Heart. Lung Circ. 16, 335–348. doi: 10.1016/j.hlc.2007.07.005

Maltsev, V. A., Vinogradova, T. M., and Lakatta, E. G. (2006). The emergence of a general theory of the initiation and strength of the heartbeat. J. Pharmacol. Sci. 100, 338–369. doi: 10.1254/jphs.cr0060018

Mamas, M. A., Sperrin, M., Watson, M. C., Coutts, A., Wilde, K., Burton, C., et al. (2017). Do patients have worse outcomes in heart failure than in cancer? A primary care-based cohort study with 10-year follow-up in Scotland. Eur. J. Heart Fail. 19, 1095–1104. doi: 10.1002/ejhf.822

Mangoni, M. E., Couette, B., Bourinet, E., Platzer, J., Reimer, D., Striessnig, J., et al. (2003). Functional role of L-type Cav1.3 Ca2+ channels in cardiac pacemaker activity. Proc. Natl. Acad. Sci. U.S.A. 100, 5543–5548.

Marcus, F. I., Edson, S., and Towbin, J. A. (2013). Genetics of arrhythmogenic right ventricular cardiomyopathy: a practical guide for physicians. J. Am. Coll. Cardiol. 61, 1945–1948.

Marionneau, C., Couette, B., Liu, J., Li, H., Mangoni, M. E., Nargeot, J., et al. (2005). Specific pattern of ionic channel gene expression associated with pacemaker activity in the mouse heart. J. Physiol. 562, 223–234. doi: 10.1113/jphysiol.2004.074047

Maylie, J., Bond, C. T., Herson, P. S., Lee, W. S., and Adelman, J. P. (2004). Small conductance Ca2+-activated K+ channels and calmodulin. J. Physiol. 554, 255–261. doi: 10.1113/jphysiol.2003.049072

McManus, D. D., Shah, S. J., Fabi, M. R., Rosen, A., Whooley, M. A., and Schiller, N. B. (2009). Prognostic value of left ventricular end-systolic volume index as a predictor of heart failure hospitalization in stable coronary artery disease: data from the Heart and Soul Study. J. Am. Soc. Echocardiogr. Off. Publ. Am. Soc. Echocardiogr. 22, 190–197. doi: 10.1016/j.echo.2008.11.005

McMurray, J. J. V., Packer, M., Desai, A. S., Gong, J., Lefkowitz, M. P., Rizkala, A. R., et al. (2014). Angiotensin–neprilysin inhibition versus enalapril in heart failure. N. Engl. J. Med. 371, 993–1004.

McMurray, J. J. V., Solomon, S., Inzucchi, S. E., Køber, L., Kosiborod, M. N., Martinez, F. A., et al. (2019). Dapagliflozin in patients with heart failure and reduced ejection fraction. N. Engl. J. Med. 381, 1995–2008.

Meech, R. W. (1972). Intracellular calcium injection causes increased potassium conductance in Aplysia nerve cells. Comp. Biochem. Physiol. A. Comp. Physiol. 42, 493–499. doi: 10.1016/0300-9629(72)90128-4

Meech, R. W. (1974). The sensitivity of Helix aspersa neurones to injected calcium ions. J. Physiol. 237, 259–277.

Meech, R. W., and Strumwas, F. (1970). Intracellular calcium injection activates potassium conductance in Aplysia nerve cells. Federat. Proc. 29:A834.

Mensah, G. A., Wei, G. S., Sorlie, P. D., Fine, L. J., Rosenberg, Y., Kaufmann, P. G., et al. (2017). Decline in cardiovascular mortality: possible causes and implications. Circ. Res. 120, 366–380. doi: 10.1161/circresaha.116.309115

Mesirca, P., Torrente, A. G., and Mangoni, M. E. (2014). T-type channels in the sino-atrial and atrioventricular pacemaker mechanism. Pflugers Arch. 466, 791–799. doi: 10.1007/s00424-014-1482-6

Miller, C., Moczydlowski, E., Latorre, R., and Phillips, M. (1985). Charybdotoxin, a protein inhibitor of single Ca2+-activated K+ channels from mammalian skeletal muscle. Nature 313, 316–318. doi: 10.1038/313316a0

Müller, M., Stockmann, M., Malan, D., Wolheim, A., Tischendorf, M., Linta, L., et al. (2011). Ca2+ activated K channels-new tools to induce cardiac commitment from pluripotent stem cells in mice and men. Stem Cell Rev. Rep. 8, 720–740. doi: 10.1007/s12015-011-9324-9

Näbauer, M., and Kääb, S. (1998). Potassium channel down-regulation in heart failure. Cardiovasc. Res. 37, 324–334. doi: 10.1016/s0008-6363(97)00274-5

Nattel, S., Maguy, A., Le Bouter, S., and Yeh, Y.-H. (2007). Arrhythmogenic ion-channel remodeling in the heart: heart failure, myocardial infarction, and atrial fibrillation. Physiol. Rev. 87, 425–456. doi: 10.1152/physrev.00014.2006

Neco, P., Torrente, A. G., Mesirca, P., Zorio, E., Liu, N., Priori, S. G., et al. (2012). Paradoxical effect of increased diastolic Ca2+ release and decreased sinoatrial node activity in a mouse model of catecholaminergic polymorphic ventricular tachycardia. Circulation 126, 392–401. doi: 10.1161/circulationaha.111.075382

Neely, A., and Lingle, C. J. (1992a). Effects of muscarine on single rat adrenal chromaffin cells. J. Physiol. 453, 133–166. doi: 10.1113/jphysiol.1992.sp019221

Neely, A., and Lingle, C. J. (1992b). Two components of calcium-activated potassium current in rat adrenal chromaffin cells. J. Physiol. 453, 97–131. doi: 10.1113/jphysiol.1992.sp019220

Ottolia, M., Torres, N., Bridge, J. H. B., Philipson, K. D., and Goldhaber, J. I. (2013). Na/Ca exchange and contraction of the heart. J. Mol. Cell. Cardiol. 61, 28–33. doi: 10.1016/j.yjmcc.2013.06.001

Özgen, N., Dun, W., Sosunov, E. A., Anyukhovsky, E. P., Hirose, M., Duffy, H. S., et al. (2007). Early electrical remodeling in rabbit pulmonary vein results from trafficking of intracellular SK2 channels to membrane sites. Cardiovasc. Res. 75, 758–769. doi: 10.1016/j.cardiores.2007.05.008

Park, Y. B. (1994). Ion selectivity and gating of small conductance Ca2+-activated K+ channels in cultured rat adrenal chromaffin cells. J. Physiol. 481, 555–570. doi: 10.1113/jphysiol.1994.sp020463

Partiseti, M., Choquet, D., Diu, A., and Korn, H. (1992). Differential regulation of voltage- and calcium-activated potassium channels in human B lymphocytes. J. Immunol. 148, 3361–3368.

Pellegrino, M., and Pellegrini, M. (1998). Modulation of Ca2+-activated K+ channels of human erythrocytes by endogenous cAMP-dependent protein kinase. Pflugers Arch. 436, 749–756. doi: 10.1007/s004240050698

Pena, T. L., Chen, S. H., Konieczny, S. F., and Rane, S. G. (2000). Ras/MEK/ERK Up-regulation of the fibroblast KCa channel FIK is a common mechanism for basic fibroblast growth factor and transforming growth factor-beta suppression of myogenesis. J. Biol. Chem. 275, 13677–13682. doi: 10.1074/jbc.275.18.13677

Pennefather, P., Lancaster, B., Adams, P. R., and Nicoll, R. A. (1985). Two distinct Ca-dependent K currents in bullfrog sympathetic ganglion cells. Proc. Natl. Acad. Sci. U.S.A. 82, 3040–3044. doi: 10.1073/pnas.82.9.3040

Ponikowski, P., Voors, A. A., Anker, S. D., Bueno, H., Cleland, J. G. F., Coats, A. J. S., et al. (2016). 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) Developed with the special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 37, 2129–2200. doi: 10.1093/eurheartj/ehw128

Postma, A. V., Denjoy, I., Hoorntje, T. M., Lupoglazoff, J.-M., Da Costa, A., Sebillon, P., et al. (2002). Absence of calsequestrin 2 causes severe forms of catecholaminergic polymorphic ventricular tachycardia. Circ. Res. 91, e21–e26.

Priori, S. G., Napolitano, C., Tiso, N., Memmi, M., Vignati, G., Bloise, R., et al. (2001). Mutations in the cardiac ryanodine receptor gene (hRyR2) underlie catecholaminergic polymorphic ventricular tachycardia. Circulation 103, 196–200. doi: 10.1161/01.cir.103.2.196

Qi, X.-Y., Diness, J. G., Brundel, B. J. J. M., Zhou, X.-B., Naud, P., Wu, C.-T., et al. (2014). Role of small-conductance calcium-activated potassium channels in atrial electrophysiology and fibrillation in the dog. Circulation 129, 430–440. doi: 10.1161/circulationaha.113.003019

Ren, Y., Barnwell, L. F., Alexander, J. C., Lubin, F. D., Adelman, J. P., Pfaffinger, P. J., et al. (2006). Regulation of surface localization of the small conductance Ca2+-activated potassium channel Sk2, through direct phosphorylation by cAMP-dependent protein kinase. J. Biol. Chem. 281, 11769–11779. doi: 10.1074/jbc.m513125200

Reuter, H., Han, T., Motter, C., Philipson, K. D., and Goldhaber, J. I. (2004). Mice overexpressing the cardiac sodium-calcium exchanger: defects in excitation-contraction coupling. J. Physiol. 554, 779–789. doi: 10.1113/jphysiol.2003.055046

Romey, G., and Lazdunski, M. (1984). The coexistence in rat muscle cells of two distinct classes of Ca2+-dependent K+ channels with different pharmacological properties and different physiological functions. Biochem. Biophys. Res. Commun. 118, 669–674. doi: 10.1016/0006-291x(84)91355-x

Roos, K. P., Jordan, M. C., Fishbein, M. C., Ritter, M. R., Friedlander, M., Chang, H. C., et al. (2007). Hypertrophy and heart failure in mice overexpressing the cardiac sodium-calcium exchanger. J. Card. Fail. 13, 318–329. doi: 10.1016/j.cardfail.2007.01.004

Roux-Buisson, N., Cacheux, M., Fourest-Lieuvin, A., Fauconnier, J., Brocard, J., Denjoy, I., et al. (2012). Absence of triadin, a protein of the calcium release complex, is responsible for cardiac arrhythmia with sudden death in human. Hum. Mol. Genet. 21, 2759–2767. doi: 10.1093/hmg/dds104

Saito, T., Fujiwara, Y., Fujiwara, R., Hasegawa, H., Kibira, S., Miura, H., et al. (2002). Role of augmented expression of intermediate-conductance Ca2+-activated K+ channels in postischaemic heart. Clin. Exp. Pharmacol. Physiol. 29, 324–329. doi: 10.1046/j.1440-1681.2002.03652.x

Satin, J., Kehat, I., Caspi, O., Huber, I., Arbel, G., Itzhaki, I., et al. (2004). Mechanism of spontaneous excitability in human embryonic stem cell derived cardiomyocytes. J. Physiol. 559, 479–496. doi: 10.1113/jphysiol.2004.068213

Schumacher, M. A., Rivard, A. F., Bächinger, H. P., and Adelman, J. P. (2001). Structure of the gating domain of a Ca2+-activated K+ channel complexed with Ca2+/calmodulin. Nature 410, 1120–1124. doi: 10.1038/35074145

Schwarz, W., Keim, H., Fehlau, R., and Fuhrmann, G. F. (1989). Modulation of the Ca2+- or Pb2+-activated K+-selective channels in human red cells. I. Effects of propranolol. Biochim. Biophys. Acta 978, 32–36. doi: 10.1016/0005-2736(89)90494-x

Skibsbye, L., Diness, J. G., Sorensen, U. S., Hansen, R. S., and Grunnet, M. (2011). The duration of pacing-induced atrial fibrillation is reduced in vivo by inhibition of small conductance Ca(2+)-activated K(+) channels. J. Cardiovasc. Pharmacol. 57, 672–681. doi: 10.1097/fjc.0b013e318217943d

Skibsbye, L., Poulet, C., Diness, J. G., Bentzen, B. H., Yuan, L., Kappert, U., et al. (2014). Small-conductance calcium-activated potassium (SK) channels contribute to action potential repolarization in human atria. Cardiovasc. Res. 103, 156–167. doi: 10.1093/cvr/cvu121

Solomon, S. D., McMurray, J. J. V., Anand, I. S., Ge, J., Lam, C. S. P., Maggioni, A. P., et al. (2019). Angiotensin–neprilysin inhibition in heart failure with preserved ejection fraction. N. Engl. J. Med. 381, 1609–1620.

Srivastava, S., Li, Z., Ko, K., Choudhury, P., Albaqumi, M., Johnson, A. K., et al. (2006). Histidine phosphorylation of the potassium channel KCa3.1 by nucleoside diphosphate kinase B is required for activation of KCa3.1 and CD4 T cells. Mol. Cell 24, 665–675. doi: 10.1016/j.molcel.2006.11.012

Stępniewski, J., Kopeć, G., Magoñ, W., and Podolec, P. (2017). Atrioventricular conduction delay predicts impaired exercise capacity in patients with heart failure with reduced ejection fraction. Med. Sci. Monit. 23, 3989–3995. doi: 10.12659/msm.902908

Stieber, J., Hofmann, F., and Ludwig, A. (2004). Pacemaker channels and sinus node arrhythmia. Trends Cardiovasc. Med. 14, 23–28. doi: 10.1016/j.tcm.2003.09.006

Stowe, D. F., Gadicherla, A. K., Zhou, Y., Aldakkak, M., Cheng, Q., Kwok, W. M., et al. (2013). Protection against cardiac injury by small Ca2+-sensitive K+ channels identified in guinea pig cardiac inner mitochondrial membrane. Biochim. Biophys. Acta Biomembr. 1828, 427–442. doi: 10.1016/j.bbamem.2012.08.031

Swedberg, K., Komajda, M., Böhm, M., Borer, J. S., Ford, I., Dubost-Brama, A., et al. (2010). Ivabradine and outcomes in chronic heart failure (SHIFT): a randomised placebo-controlled study. Lancet (Lond. Engl.) 376, 875–885. doi: 10.1016/s0140-6736(10)61198-1

Terentyev, D., Rochira, J., Terentyeva, R., Roder, K., Koren, G., and Li, W. (2014). Sarcoplasmic reticulum Ca2+ release is both necessary and sufficient for SK channel activation in ventricular myocytes. Am. J. Physiol. Hear. Circ. Physiol. 306, 738–746.

Tomita, H., Shakkottai, V. G., Gutman, G. A., Sun, G., Bunney, W. E., Cahalan, M. D., et al. (2003). Novel truncated isoform of SK3 potassium channel is a potent dominant-negative regulator of SK currents: implications in schizophrenia. Mol. Psychiatry 8, 524–535. doi: 10.1038/sj.mp.4001271

Torrente, A. G., Zhang, R., Wang, H., Zaini, A., Kim, B., Yue, X., et al. (2017). Contribution of small conductance K+ channels to sinoatrial node pacemaker activity: insights from atrial-specific Na+/Ca2+ exchange knockout mice. J. Physiol. 595, 3847–3865. doi: 10.1113/jp274249

Tsien, R. Y., Pozzan, T., and Rink, T. J. (1982). T-cell mitogens cause early changes in cytoplasmic free Ca2+ and membrane potential in lymphocytes. Nature 295, 68–71. doi: 10.1038/295068a0

Tuteja, D., Rafizadeh, S., Timofeyev, V., Wang, S., Zhang, Z., Li, N., et al. (2010). Cardiac small conductance Ca2+-activated K+ channel subunits form heteromultimers via the coiled-coil domains in the C termini of the channels. Circ. Res. 107, 851–859. doi: 10.1161/circresaha.109.215269

Tuteja, D., Xu, D., Timofeyev, V., Lu, L., Sharma, D., Zhang, Z., et al. (2005). Differential expression of small-conductance Ca2+-activated K+ channels SK1, SK2, and SK3 in mouse atrial and ventricular myocytes. Am. J. Physiol. Hear. Circ. Physiol. 289, 2714–2723.

Vandael, D. H. F., Zuccotti, A., Striessnig, J., and Carbone, E. (2012). Cav1.3-driven SK channel activation regulates pacemaking and spike frequency adaptation in mouse chromaffin cells. J. Neurosci. 32, 16345L–16359L.

Vigneault, P., Naud, P., Qi, X., Xiao, J., Villeneuve, L., Davis, D. R., et al. (2018). Calcium-dependent potassium channels control proliferation of cardiac progenitor cells and bone marrow-derived mesenchymal stem cells. J. Physiol. 596, 2359–2379. doi: 10.1113/jp275388

Vinogradova, T. M., Zhou, Y.-Y., Maltsev, V., Lyashkov, A., Stern, M., and Lakatta, E. G. (2004). Rhythmic ryanodine receptor Ca2+ releases during diastolic depolarization of sinoatrial pacemaker cells do not require membrane depolarization. Circ. Res. 94, 802–809. doi: 10.1161/01.res.0000122045.55331.0f

von Hahn, T., Thiele, I., Zingaro, L., Hamm, K., Garcia-Alzamora, M., Kottgen, M., et al. (2001). Characterisation of the Rat SK4/IK1 K+ Channel. Cell. Physiol. Biochem. 11, 219–230. doi: 10.1159/000051936

Wang, K., Xue, T., Tsang, S.-Y., Van Huizen, R., Wong, C. W., Lai, K. W., et al. (2005). Electrophysiological properties of pluripotent human and mouse embryonic stem cells. Stem Cells 23, 1526–1534. doi: 10.1634/stemcells.2004-0299

Weisbrod, D., Khun, S. H., Bueno, H., Peretz, A., and Attali, B. (2016). Mechanisms underlying the cardiac pacemaker: The role of SK4 calcium-activated potassium channels. Acta Pharmacol. Sin. 37, 82–97. doi: 10.1038/aps.2015.135

Weisbrod, D., Peretz, A., Ziskind, A., Menaker, N., Oz, S., Barad, L., et al. (2013). SK4 Ca2+ activated K+ channel is a critical player in cardiac pacemaker derived from human embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A. 110:783.

Willis, M., Trieb, M., Leitner, I., Wietzorrek, G., Marksteiner, J., and Knaus, H.-G. (2017). Small-conductance calcium-activated potassium type 2 channels (SK2. KCa2.2) in human brain. Brain Struct. Funct. 222, 973–979. doi: 10.1007/s00429-016-1258-1

Wong, R., and Schlichter, L. C. (2014). PKA reduces the rat and human KCa3.1 current, CaM binding, and Ca2+ signaling, which requires Ser332/334 in the CaM-binding C terminus. J. Neurosci. 34, 13371L–13383L.

Wulff, H., Kolski-Andreaco, A., Sankaranarayanan, A., Sabatier, J.-M., and Shakkottai, V. (2007). Modulators of small- and intermediate-conductance calcium-activated potassium channels and their therapeutic indications. Curr. Med. Chem. 14, 1437–1457. doi: 10.2174/092986707780831186

Xia, X.-M., Fakler, B., Rivard, A., Wayman, G., Johnson-Pais, T., Keen, J. E., et al. (1998). Mechanism of calcium gating in small-conductance calcium-activated potassium channels. Nature 395, 503–507. doi: 10.1038/26758

Xu, Y., Tuteja, D., Zhang, Z., Xu, D., Zhang, Y., Rodriguez, J., et al. (2003). Molecular identification and functional roles of a Ca2+ -activated K+ channel in human and mouse hearts. J. Biol. Chem. 278, 49085–49094. doi: 10.1074/jbc.m307508200

Yang, M., Wang, Y., Xiong, X., Xie, B., Liu, J., Yin, J., et al. (2020a). SK4 calcium-activated potassium channels activated by sympathetic nerves enhances atrial fibrillation vulnerability in a canine model of acute stroke. Heliyon 6:e03928. doi: 10.1016/j.heliyon.2020.e03928

Yang, M., Wang, Y., Zhao, H., Yin, J., Zi, L., Wang, X., et al. (2020b). Role of intermediate-conductance calcium-activated potassium channels in atrial fibrillation in canines with rapid atrial pacing. J. Interv. Card. Electrophysiol. 20, 736. doi: 10.1007/s10840-020-00736-8

Yang, M., Zhao, Q., Zhao, H., Yang, A., Wang, F., Wang, X., et al. (2019). Adipose-derived stem cells overexpressing SK4 calcium-activated potassium channel generate biological pacemakers. Int. J. Mol. Med. 44, 2103–2112.

Yang, M. Y., Camara, A. K. S., Aldakkak, M., Kwok, W. M., and Stowe, D. F. (2017). Identity and function of a cardiac mitochondrial small conductance Ca2+-activated K+ channel splice variant. Biochim. Biophys. Acta Bioenerg. 1858, 442–458. doi: 10.1016/j.bbabio.2017.03.005

Yu, T., Deng, C., Wu, R., Guo, H., Zheng, S., Yu, X., et al. (2012). Decreased expression of small-conductance Ca2+- activated K+ channels SK1 and SK2 in human chronic atrial fibrillation. Life Sci. 90, 219–227. doi: 10.1016/j.lfs.2011.11.008

Zahanich, I., Sirenko, S. G., Maltseva, L. A., Tarasova, Y. S., Spurgeon, H. A., Boheler, K. R., et al. (2011). Rhythmic beating of stem cell-derived cardiac cells requires dynamic coupling of electrophysiology and Ca cycling. J. Mol. Cell. Cardiol. 50, 66–76. doi: 10.1016/j.yjmcc.2010.09.018

Zhang, B. M., Kohli, V., Adachi, R., López, J. A., Udden, M. M., and Sullivan, R. (2001). Calmodulin binding to the C-terminus of the small-conductance Ca2+-activated K+ channel hSK1 is affected by alternative splicing. Biochemistry 40, 3189–3195. doi: 10.1021/bi001675h

Zhang, Q., Timofeyev, V., Lu, L., Li, N., Singapuri, A., Long, M. K., et al. (2008). Functional roles of a Ca2+ -activated K+ channel in atrioventricular nodes. Circ. Res. 102, 465–471. doi: 10.1161/circresaha.107.161778

Zhang, X. D., Timofeyev, V., Li, N., Myers, R. E., Zhang, D. M., Singapuri, A., et al. (2014). Critical roles of a small conductance Ca2+ -activated K+ channel (SK3) in the repolarization process of atrial myocytes. Cardiovasc. Res. 101, 317–325. doi: 10.1093/cvr/cvt262

Zhao, H., Yang, M., Wang, F., Yang, A., Zhao, Q., Wang, X., et al. (2019). Overexpression of the medium conductance calcium activated potassium channel (SK4) and the HCN2 channel to generate a biological pacemaker. Mol. Med. Rep. 20, 3406–3414.


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

Copyright © 2020 Weisbrod. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Small and Intermediate Calcium Activated Potassium Channels in the Heart: Role and Strategies in the Treatment of Cardiovascular Diseases



		SMALL CONDUCTANCE CALCIUM ACTIVATED POTASSIUM CHANNELS (SK1, SK2, SK3)



		Characterization, Structure, and Functional Properties



		Expression and Role in the Heart



		In the Atrial and the Ventricular Myocardium



		In the Conduction System



		In the Inner Organelles







		Implication in Cardiopathologies



		Atrial Fibrillation



		Heart Failure



		Cardiac Arrhythmia



		Myocardial Infarction











		INTERMEDIATE CONDUCTANCE CALCIUM ACTIVATED POTASSIUM CHANNELS (SK4)



		Characterization, Structure, and Biophysical Properties



		Expression and Role in the Heart



		Implication in Cardiac Disorders and Arrhythmia







		DISCUSSION



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		GLOSSARY



		REFERENCES

















OPS/images/fphys-11-590534-g001.jpg





OPS/images/fphys-11-590534-g002.jpg





OPS/images/fphys-11-590534-g003.jpg
Atrial Fibrillation

SK/IK
Blocker

4 SK(IK?) 4 PPi (VYH.R)
¥ aERP 4 PRI
4 Ppi 4 aERP

Ventricular Arrhythmia

RN

Bl 4 PPi (YHR)
4 PRI
¥ DADs
Mpyocardial Infarction ¥ Reentry
SK, mSK
opener
¥ IKr, IKs, Ito 4 Cell stability (0, production)
4 Cytosolic Ca?* leakage ¥ Infarct size
4 SK/IK (compensation?) ¥ Beat to beat variability

¥ Ventricular arrhythmia

Heart Failure

4 Arrhythmia (VPC, NSVT)
e@ 4 PRI (4LVESV)
5@\0 4 PRi (4 Prognosis in CRT)
4 Ventricular filling ?
Ry
<i?\/f%@
\ﬂ/;@f

¥ Ky, Ito, Ito, SERCA, SK4? = 4 Ventricular stability

4 INCX and Ca?* leakage ¥ PRi (indicator of survival)
4 Arrhythmogenicity + Beat to beat variability ¥ Beat to beat variability
¥ EC- Coupling ¥ Ventricular arrhythmia

4 SK (compensation in ventricle ?)





OPS/images/cover.jpg
, frontiers
in Physiology










OPS/images/logo.jpg
, frontiers
in Physiology





