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Abstract

:

Late sodium current has long been linked to dysrhythmia and contractile malfunction in the heart. Despite the increasing body of accumulating information on the subject, our understanding of its role in normal or pathologic states is not complete. Even though the role of late sodium current in shaping action potential under physiologic circumstances is debated, it’s unquestioned role in arrhythmogenesis keeps it in the focus of research. Transgenic mouse models and isoform-specific pharmacological tools have proved useful in understanding the mechanism of late sodium current in health and disease. This review will outline the mechanism and function of cardiac late sodium current with special focus on the recent advances of the area.
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1. Introduction


The late component of cardiac sodium current has been the subject of extensive research since firstly described. It is known to modulate the repolarization of the AP [1,2,3,4,5], calcium homeostasis [6,7,8] and mechanical activity [9,10,11,12]. Inherited mutations or pathologic conditions, including myocardial ischemia, pressure overload, and hypertrophy are reported to facilitate late sodium current, resulting in abnormal electric activity of the heart [13,14,15,16,17]. Additionally, specific inhibition of the current was shown to reduce the risk of arrhythmias [18,19,20,21,22]. Hence, late sodium current seemed a promising candidate in the therapy of cardiac arrhythmias and other heart diseases. The growing number of research papers and comprehensive reviews published in the last decade indicates the increasing interest in late sodium current [23,24,25,26,27,28].



One of the major obstacles in the late sodium current research is the tiny magnitude of the current. Accurate recording, especially in the presence of the huge transient phase, is a major challenge with the currently available experimental armory. Another limiting factor for progress is the limited availability of specific late sodium current inhibitors. To circumvent these difficulties, many researchers choose to use anemone toxin II (ATX-II) [29] or transgenic models [30] in order amplify the current magnitude. These models offer increased methodical reliability in electrophysiological measurements but do not necessarily mirror the physiologic conditions. Thus, when interpreting these data, particular caution must be exercised.



The late sodium current is not exclusive to cardiac cells. Its presence has been demonstrated in neurons [31,32], vascular smooth muscle [33], tumors [34], and pancreatic ß-cells [35]. Despite its minute extent, it seems to have a profound impact on the action potential morphology and calcium homeostasis in multiple cell types. In this review we outline our current understanding on the function of cardiac late sodium current in health and disease, with special emphasis on the last year’s development. The aim of this review is to report and discuss the major and most recent works that help to understand the precise function of this current in the heart.




2. A Brief History of Cardiac Late Sodium Current Research


Tracing back the history of cellular electrophysiology we can identify numerous observations pointing toward the existence of a late sodium current in the excitable membrane as early as the 1960s. In 1962 and 1963, Bernard Frankenhaeuser from the Karolinska Institute reported a “small inward current” after “sufficiently long time for the sodium transport mechanism to be inactivated” in the Xenopus Ranvier node. It is important to highlight that the “sufficiently long time” was between 4 and 6 milliseconds in these works. The observed current “was so small it was barely detectable.” Since the potassium ion as a potential charge carrier was excluded by further experiments and austere reasoning, “it was concluded therefore that the membrane showed a secondary small increase of sodium permeability” [36,37,38,39]. Possible physiologic roles or pathologic potential of the newly observed current was not considered in these publications. The concept and the name of late sodium current was introduced by Dubois and Bergman in 1975, reporting a persistent, tetrodotoxin (TTX) sensitive current from a frog Ranvier node. The current was interpreted as a minor subpopulation of voltage gated sodium channels (VGSC) that failed to inactivate [40]. Importantly, the current magnitude was measured 140 ms after the activation.



First reports indicating the presence of late sodium current in cardiac muscle soon followed these early observations. Coraboeuf et al. reported shortening of the canine Purkinje action potential (AP) following the application of a low concentration of TTX without reducing the amplitude of “the normal rapid sodium current” [41]. In the conclusions, authors proposed two critical features for cardiac late sodium current: (a) the presence of this small, persistent sodium current during the whole plateau of cardiac AP and (b) the contribution of non-cardiac voltage dependent sodium channels to cardiac AP. In the same year, Attwell et al. demonstrated that the voltage dependence of the TTX sensitive, non-inactivating sodium current overlaps with the “window region” of steady state inactivation (SSI) and activation curves in sheep Purkinje fibers [42]. The “window theory” for the mechanism behind late sodium current has been established with this observation. Importantly, Attwell et al. used very long (5–10 s) depolarizing pulses in these experiments. Further studies conducted in single channel models revealed that late sodium current is formed by two different activity patterns of VGSCs. Following the rapid, transient phase of sodium current caused by “normal” or “transient mode” opening, VGSCs can reopen, showing either “late scattered mode” or “burst mode” activity. According to these observations, the late activation was present in less than 4% of patches [43]. In addition to the “window theory”, a new mechanism believed to underlie late sodium current was suggested by Clancy et al. in 2003. The concept of “non-equilibrium gating” proposed that the changing voltage during the plateau accelerates the recovery from inactivation in VGSCs [44].



Late sodium current research was tremendously boosted when clinical observations and experimental studies linked this relatively small current to cardiac arrhythmias. Late sodium current was shown to be upregulated by pathologic conditions like hypoxia, free radicals, or ischemic metabolites [45,46,47]. Then, the upregulated plateau current can imbalance the fine equilibrium of ion currents shaping AP, leading to an increased propensity of electric disturbances. Furthermore, selective inhibition of late sodium current was shown to be clinically beneficial in pathologic models. Numerous studies demonstrated that inhibition of late sodium current can suppress arrhythmias, improve angina, and reduce contractile dysfunction [48,49,50,51,52,53]. Recent observations obtained by modern techniques indicate that early observations underestimated the magnitude of late sodium current. New measurements raised the possibility that late sodium current magnitude during the plateau is comparable with that of major potassium currents [1,54].




3. Cardiac Sodium Channels: Structure and Morphology


Although the primary goal of this paper is to discuss the recent development of research on the late sodium current, it is helpful to begin with a brief review on the general properties of cardiac sodium channels. VGSCs are made of a large pore forming an α subunit and one or two ß subunits. The α subunit alone, when properly positioned in the membrane, is able to respond to voltage changes and conduct Na+. The ß subunit, when co-assemble with the pore-forming main unit, modulates the gating and facilitates the gathering of channels at the intercalated disks [55].



3.1. Molecular Identity of Cardiac Sodium Channels


In mammals, nine members (Nav1.1–Nav1.9) of the family of voltage-activated fast sodium channels have been identified [56]. The classification is based on the pore forming (α) subunit, and the different subtypes display substantial differences in kinetic properties and drug sensitivity [57,58]. The dominant sodium channel isoform in the heart is Nav1.5, also known as h1 or skm II. The channel is often referred to as SCN5A, after the encoding gene [56]. Beyond this dominant “cardiac” subtype, several “non-cardiac” isoforms were identified in the myocardium with immunochemistry, or RT-PCR technique. The following non-cardiac isoforms were detected in heart until now: Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6, and Nav1.8 [59,60,61,62,63,64,65,66,67]. The expression level and the contribution of these isoforms to the total sodium current shows substantial variation among species. In mice, the cardiac isoform constitutes 70.3% of the total expressed VGSCs in the sarcolemma. In large mammals, like pigs and humans, the share of cardiac isoform is higher than 95%. Nav1.3 and Nav1.4 were the most abundant non-cardiac forms in all species studied [57,67].



The contribution of non-cardiac isoforms to late sodium current is not necessarily proportional to the expression level, especially under pathologic conditions. Biet et al. reported that while the contribution of non-cardiac VGSCs to the transient (peak) sodium current is between 5–10%, in the case of late sodium current the contribution is as high as 44% in dogs [61]. The difference can be explained by the different gating/kinetic properties of the isoforms. Similar observations were made by Yang et al. According to their data, the non-cardiac VGSCs are responsible for the 38% of the late sodium current in mice. They demonstrated the presence of non-cardiac VGSCs is rabbit ventricular cells too, but due to the unusually slow inactivation of the sodium current, the quantitative evaluation is not conclusive [62]. Yang et al. focused on the presence of neuronal isoform Nav1.8 in their study. This isoform differs significantly from Nav1.5 in the voltage dependence of activation and inactivation kinetics because both curves are shifted toward positive voltages [62]. This positive shift results in a similar shift of the window region making Nav1.8 an excellent candidate to generate a powerful plateau current. Interestingly, polymorphism of the Nav1.8 encoding gene SCN10A was linked to modulation of heart rate and myocardial conduction as well as arrhythmias [68,69,70]. Furthermore, the presence of SCN10A variants were associated with late sodium current in human myocardium [71,72,73,74], and Yang et al. demonstrated that the selective inhibition of Nav1.8 could reduce late sodium current [62]. These observations pointed to the direction of Nav1.8, and this non-cardiac sodium channel isoform could be a major component of late sodium current in the heart in both health and disease. Recently, Bengel et al. addressed this problem using a transgenic mouse model and specific Nav1.8 inhibitors [4]. In a set of elegant experiments, they convincingly demonstrated that Nav1.8 contributes significantly to shaping late sodium current and AP in mouse hearts. First, they showed that specific Nav1.8 inhibitors reduce ATX-II stimulated late sodium current in wild-type, but not in SCN10A-/- cardiomyocytes. The have also shown that Nav1.8 inhibitors shorten ATX-II lengthened AP in WT but not in SCN10A-/- cells.



These accumulating observations convincingly demonstrate that the Nav1.5 is unquestionably the dominant isoform in the heart, but non-cardiac VGSCs are also present. Numerous studies reported the presence of Nav1.8 from various regions of both healthy and diseased hearts. Most studies found well-detectable mRNA or protein levels [7,75,76], but there are reports on low expression levels too [75,76]. The contribution of Nav1.8 to late sodium current is well-established with both direct and indirect observations in the human heart. Nav1.8 specific inhibitors were shown to reduce late sodium current in various regions of the human myocardium [7,75,77,78], but Casini et al. reported the absence of Nav1.8 based late sodium current in the human left atrium [76]. In accordance with this, Nav1.8 inhibition was shown to shorten AP [79,80]. The presence of other non-cardiac VGSCs were also reported from human myocardium [75], but their role in the electrophysiology of human myocardium remains to be determined.



Depending on the species or experimental model, non-cardiac VGSCs may contribute to late sodium current in different extent. Consideration of species differences seems critically important when translating experimental data to human. For example, the presence of Nav1.8 has been demonstrated in human myocardium [77], therefore, the mouse model seems to be an advantageous choice to study late sodium current. In contrast, the translation of rabbit late sodium current data to human heart requires caution because rabbit heart lacks Nav1.8 [76]. Furthermore, the upregulation of late sodium current is reported from diverse pathologic conditions, and the increased depolarization drive is suspected to lead to arrhythmias. Experimental observations indicate that different VGSC isoforms upregulate in different degrees in various states. For instance, neuronal isoforms are reported to upregulate in a pressure-overload model [78]. In conclusion, we should see clearly that cardiac late sodium current is a composite current and the proportion of the isoforms may vary.



Six subtypes of ß subunits (ß1, ß1A, ß1B, ß2–ß4) encoded by four genes have been identified until now, but the presence of ß1A is not proven in mammals [81,82,83,84]. The different ß variants co-assemble with various affinities to different α subunits [85]. Nav1.5 is shown to combine with all four subtypes, but Nav1.4 associates only with ß1 [86]. The ß subunits display substantial morphological and functional differences. While ß2 and ß4 bind to the α-subunit via disulfide bond, the ß1 and ß3 associate non-covalently [81]. The ß-subunits are multifunctional proteins. They modulate the gating, voltage dependence, kinetics, expression, and trafficking of the VGSC α-subunit [87]. Co-expression of Nav1.5 with ß1B results in increased sodium current density in the heterologous expression system. Association of ß3 with Nav1.5 shifts the voltage dependence of inactivation and decreases the rate of inactivation in CHO cells. In the ventricular myocytes of ß1, knockout mice transient and persistent sodium currents were found to be increased due to increased Nav1.5 expression [88]. Mutations within ß-subunits are shown to lead to clinical arrhythmias [85]. Recently, Angsutararux et al. published interesting data on ß-subunit mutants causing Brugada syndrome, or atrial fibrillation [89]. They demonstrated that mutations in the same positions of the ß1 and ß3 subunits led to the same disease phenotype despite the differential regulation they exert on the α subunit. Furthermore, they proposed that ß3 subunit exerts its effects via modulating the function of the voltage sensor domain in the pore forming subunit. At the same time, ß1 variants show more subtle effects via channel gating and modulating α subunit or ß1 expression. These data further support the insight that in spite of the molecular homology, various ß subunits exert diverse regulation on the pore forming subunit of VGSC.



The intracellular domain of ß4 subtype is postulated to play a central role in the mechanism of resurgent current in neurons [90]. The presence of resurgent current has not been proved in hearts, but the ß4 subunit has been identified in atrial and ventricular myocytes [85]. Therefore, resurgent current could possibly be present in cardiac muscle too.



Additionally, ß-subunits are known to be involved in multiple, non-VGSC related functions, like regulation of cell adhesion and migration.




3.2. Morphology of VGSCs


Sodium channels are made up of a larger pore-forming α-subunit and one or more smaller auxiliary ß-subunits. The α-subunit is a highly organized structure including four homologous domains between the C and N terminus (DI-DIV). Each domain is composed of six transmembrane segments (S1–S6). The pore is formed by S5–S6 segments with the intramembrane linker between them (P-loop) that functions as a selectivity filter. The S4 segments contain a high number of positively charged amino acids and serve as voltage sensors.



According to our current understanding, the α-subunits of the VGSCs can interact with each other during trafficking in the cytosol and are able to form functional dimers in the cell membrane. The dimerization has been demonstrated with Nav1.1, Nav1.2, Nav1.5, and Nav1.7 isoforms [91,92,93]. These dimers are linked with each other both directly and indirectly via specific proteins. The members of the dimers are not only physically attached, but the interaction results in coupled gating and function. First, co-expression of wild-type channels can help trafficking-deficient mutants to reach the plasma membrane. Second, it has been shown that some mutation can modulate the function of the non-mutated member in the dimer resulting in a dominant negative effect on the healthy channel [91,92]. This raises the possibility that if mutant non-cardiac VGSCs are present in the myocardium, they may negatively affect the function of normal Nav1.5 channels when they co-assemble. The notion of dimer channels is based on experimental data obtained in the expression system. It is essential to extend future studies to isolated cardiomyocytes in order to verify the existence of these phenomena in working cardiac cells.




3.3. Localization of Sodium Channels in Cardiac Myocytes and Potential Implications


Distribution of sodium channels shows a distinct pattern in the membrane of cardiac myocytes. Individual channels or doublets are arranged in clusters separated by channel-free membrane areas, and these clusters accumulate in the following membrane domains: intercalated disks, T-tubules, costameres, and caveola [55]. Cluster formation of sodium channels is not limited to cardiac myocytes; the phenomenon is reported in several other non-cardiac cell types as well [94,95,96]. It is very likely that channel clustering leads to functional consequences. Hichiri et al. demonstrated that sodium channel clustering facilitated the ephaptic conduction between neighboring cells altering the propagation of electric signals within the myocardium [97]. Bhargava et al. studied the localization of these clusters on the surface of rodent cardiomyocytes. They found that most patches contained 50 or less sodium channels, and channels accumulated on the crests between T-tubules [98]. The precise function of these clusters and the impact of clustering on late sodium current remains to be determined. The channel protein and current density is 3–6 times higher in intercalated disks than in the lateral membrane in rats. Interestingly, when the current is measured at the site of contact between two cells (in the intercalated disks between cell pairs), the current magnitude is larger than in disconnected state [99]. Based on the fine morphology of the perinexal membrane, Salvage et al. hypothesized that the interaction between α- and ß-subunits is different within the intercalated disks and the lateral membrane. They also proposed that the interaction between ß-subunits and cardiac or non-cardiac α-subunits are different. The ß-subunits belong to the cell-adhesion molecule family and serve as bridging units between the neighboring cells. They keep two sodium channels in opposing position within the intercalated disks increasing the probability for ephaptic conduction [100]. Nonetheless, potential interactions between the two pore-forming units have yet to be studied. Data regarding the distribution of cardiac and non-cardiac VGSC subtypes within the cardiac myocytes are somewhat conflicting. Lin et al. reported that non-cardiac VGSC was present in the lateral membrane but not in intercalated disk region in rats [99]. Verkerk et al. found the opposite situation in rabbits: TTX sensitive channels were localized primarily in intercalated disks in this species [101]. Recently, Struckman et al. reported that the neural sodium channel subtype Nav1.6 showed high accumulation in the T-tubule and was associated with Ryanodine receptors [102]. This observation was confirmed by Munger et al. in an independent study [103]. Ryanodine receptors are known to co-localize with L-type calcium channels (LTCC) and the Na+/Ca2+ exchanger (NCX) in cardiac cells [104]. This observation of Struckman et al. places cardinal players of the sodium and calcium homeostasis into the same micro-domain of the cardiomyocyte. Moreover, upregulation of late sodium current was shown in various heart diseases [15,25,26,27], and increased expression of non-cardiac sodium channels was reported in diseased myocardium [78]. The consequences of an altered proportion of cardiac and non-cardiac sodium channels on the sodium and calcium homeostasis of cardiac myocyte remains to be determined.





4. Role of Late Sodium Current in the Homeostasis of Cardiac Cell


The contribution of the late sodium current to the normal cardiac function is an important problem. Is this current a minor member of the set of cardiac ion currents, gaining importance only in pathologic conditions? The magnitude of late sodium current during the plateau is very small compared to the peak of the transient phase. Nonetheless, there are two facts to be considered in order to answer the question. First, following the upstroke of AP, major currents inactivate quickly; therefore, the plateau is maintained by a delicate balance of small currents. This increases the relative weight of the late sodium current. According to the evidence provided by Song et al., late sodium current is an important factor determining the length of the AP [105]. Second, the transient phase is short, undergoing full activation and inactivation within 2-5 ms. Therefore, the time sodium ions can pass through the membrane is limited. In contrast, the magnitude of late sodium current is less than 1% of the peak, but the time while it flows is much longer. In fact, late sodium current is ended only by the terminal repolarization of the AP. Consequently, despite the substantial magnitude differences between the peak and the late sodium current, the amount of the sodium entering into the cytoplasm is comparable [106,107].



4.1. Late Sodium Current and Sodium Homeostasis of Cardiac Cells


As discussed in the previous session, plateau sodium entry adds a substantial amount of sodium to the cytoplasm during electric systole. Increased late sodium current can elevate the cytosolic concentration substantially in diseased hearts. The cytosolic Na+ concentration changes dynamically with the heart function and is maintained by the balance of entry and extrusion [108,109,110]. The main route for sodium removal from the cytoplasm is the Na+/K+-ATPase (NKA) with stoichiometry of 3Na+/2K+ for the price of one ATP. The KD for potassium and ATP are 80–150 µM and 2 mM, respectively; therefore, neither potassium nor ATP concentration are limiting factors for the pump due to their high concentrations [110]. In contrast, the KD for Na+ falls close to the regular cytosolic sodium concentration with its value of 10–20 mM. Thus, NKA activity is highly sensitive to cytosolic sodium concentration. Hence, increasing cytosolic Na+ concentration facilitates NKA, thus catabolism. NKA is a major consumer of the ATP in cardiac cells, responsible for 9% of the total ATP utilization [111]. Considering that late sodium current upregulation occurs often in ischemic/hypoxic conditions, the facilitation of NKA might worsen the metabolic state of the cardiomyocytes, depleting the ATP content. Under these circumstances, NKA might fail to maintain the normal sodium concentration in the cytosol that leads to elevated sodium concentration in the cell [10,112].




4.2. Late Sodium Current and the Cardiac Calcium Homeostasis


The sodium and calcium homeostasis of cardiac cells is linked via NCX. Elevated cytosolic calcium concentration shifts the NCX equilibrium potential inhibiting reverse mode and facilitating forward mode. Thus, a fraction of the sodium is converted to calcium in the cytoplasm [6,111,113,114]. Ca2+ is the central regulator of cardiac cell function known to modulate metabolism, electric activity, contractility, development, and apoptosis [113,114,115,116,117,118,119]. Elevated cytosolic Ca2+ leads to calcium overload in the sarcoplasmic reticulum resulting in contractile dysfunction and arrhythmia. The direct link between altered late sodium current and calcium homeostasis has been demonstrated by several independent teams [49,52,120,121,122,123]. In a recent publication, Bengel et al. showed that Nav1.8 isoform might become a significant contributor to calcium homeostasis when late sodium current is upregulated [4,123]. This observation indicates the importance of non-cardiac sodium channels in the regulation of cardiac function. The significance of the cytosolic sodium concentration in modulating the cardiac cell calcium homeostasis is discussed in a paper by DW Hilgeman [124]. According to the analysis of the author, when free sodium concentration increases from 5 mM to 12 mM in the cytoplasm, the diastolic calcium concentration grows from 20 nM to 300 nM. Considering the steep dependence of contractility on the cytoplasmic calcium concentration (Hill slope is as high as 5 in cardiac myocytes), a few mM changes in sodium concentration must have a substantial impact on the myocardial pump function.



The calcium ion is the central regulator of metabolic enzymes in various cell types including cardiac myocytes. Many mitochondrial enzymes are stimulated by the oscillating calcium concentration during the systole. The altered calcium homeostasis may result in retuning of the complex metabolic machinery of the cardiomyocytes referred as metabolic remodeling [125].





5. Electrophysiology of Late Sodium Current


VGSCs play a key role in the activation of cardiac myocytes and the electric signal propagation within the myocardium. The positive feedback coupling between the membrane potential and sodium channels initiates the transition from closed to open state of the channels within a few milliseconds, followed by rapid inactivation. Hence, 3–5 milliseconds after the upstroke of the AP, 99% of sodium channels are in an inactivated, non-conductive state. This narrow spike of the current is termed the transient phase. Nevertheless, a small fraction of channels fail to inactivate, maintaining a small sustained current during the AP plateau referred to as late sodium current. The particular details of how this small fraction of channels avoids inactivation are not understood, and several mechanisms are proposed in the literature.



5.1. The Window Mechanism


Window theory is usually the first mechanism authors mention to explain the origin of late sodium current in most publication discussing the topic [15,23,24,126]. The window phenomenon is not specific to VGSCs, as it is well known in calcium and potassium channel electrophysiology as well [126,127]. Channels may recover from inactivation then reopen at this voltage range repetitively. The resultant oscillation between conducting and non-conducting states can maintain a steady-state current as long as the membrane potential is held within the window range. This flip-flopping may explain how the relatively fast activation and inactivation kinetics of VGSCs can maintain a persistent current present during the whole AP plateau. Despite its plausibility, the contribution of the window mechanism to late sodium current might be limited by two factors. First, the maximum availability of the channels at the crossing point is less than 5% [87,128,129,130]. Second, the low availability is further reduced by the substantial voltage difference between the AP plateau and the window range. The center of the window range falls to around −60 mV at cardiac isoform (Nav1.5), while the AP plateau is found well above zero mV in most mammalian AP. This difference markedly reduces the probability for opening in most species [128,131]. Experimental data presented by Beyder et al. indicate that mechanical stress shifts the window toward negative voltages causing further reduction in channel availability [132]. Nevertheless, pathologic conditions may modify the configuration of the window to directions that favor the facilitation of late sodium current. Increased cytosolic calcium concentration [133,134], mutations [133,135,136,137,138], or the presence of non-cardiac isoform [4,81,139,140] might shift either the steady-state inactivation or activation curve altering the position or the size of the window, hence increasing its contribution to late sodium current.




5.2. Sodium Channel Gating Modes


Cardiac AP starts with a rapid depolarization, initiating a sequence of conformational changes in VGSCs. Sodium channels open and inactivate within two-four milliseconds, then they may produce up to 10 rapid reopening cycles before finally getting absorbed in the inactivated state [139,140,141]. If the flickering of the channel is terminated within 40 milliseconds, the mode of activity is termed “transient mode.” Transient channel activity is the mayor form of channel activity during the sodium current peak. It results in a quick rise of the ensemble current followed by a rapid decline in the whole cell. The transient mode contributes with less than 1% to the total current 20 milliseconds after the peak. A small fraction of channels fail to inactivate and maintain sustained activity while the membrane is depolarized. The activity pattern of these non-inactivating channels could not be distinguished from the rest of the channels during the transient phase. Their identification is based on the fact that their activity is maintained over 20 milliseconds. Two activity modes were observed in this phase termed as “burst mode” and “late scattered mode.” Channels in burst mode display long-lasting (100–300 ms), rapid flickering between conducting and non-conducting states terminated by inactivation. These non-inactivating bursts have already been reported from both skeletal and cardiac muscle and were referred to as “cloudburst” currents [142,143,144]. The burst activity is a rare event, observed in less than 0.1% of channels, but certain chemicals are reported to increase its occurrence [145]. The contribution of burst mode to the peak current is negligible, but as transient mode activity declines, it can grow as high as 50% of the total current. Burst mode activity then diminishes, and 200–300 ms later it is replaced by “late scattering mode.” This third mode of channel activity is similar to the transient activity, but non-conducting states are longer between two brief openings, and terminal inactivation occurs after 500–1000 milliseconds.



The three different activity modes follow each other in a timed sequence during the AP. The first five milliseconds following the upstroke is dominated by the transient mode, and the relative contribution of the other two operation mode is negligible. This is followed by an intermediate phase (5–40 ms) when all three modes are active with a rapidly declining weight of the transient mode. There is no clear margin line between the transient and late phase of sodium current, but most researcher puts the boundary between 5–20 milliseconds following the AP upstroke. The contribution of burst mode and late scattering mode is similar in this phase, then the monotonic reduction of burst mode leaves the late scattering mode the only type of channel activity after 100–150 milliseconds. Changes in the relative contribution of the different activity modes to the total sodium current are implicated in cardiac dysrhythmias, and the pharmacological modulation of these operation modes is hoped to exert beneficial effects in various heart diseases [12,13,59,78,87,128,146,147,148,149,150,151,152].




5.3. Non-Equilibrium Gating


This interesting mechanism was proposed by Clancy et al. in 2003 [44]. The basic concept is based on the assumption that the transition rate between various states is modulated by the voltage trajectory previously experienced by the channel. According to the proposed mechanism, the channel’s recovery from inactivation is facilitated by repolarizing ramps. This condition is present during the plateau of cardiac AP but not in traditional voltage clamp experiments where rectangular voltage commands are used. The non-equilibrium gating hypothesis was confirmed by several observations. In their article Clancy et al. published the hypothesis and provided convincing experimental and in silico data to support their theory. First and foremost, using an expression system, they demonstrated a hump on the sodium current during hyperpolarizing ramp. The hump occurred more than 100 milliseconds after the transient phase, and the peak was seen at −20 mV, which is outside of the window range. Additional supporting experimental evidence was provided by Magyar et al. who demonstrated that the open probability of sodium channels is higher during ramp command than at constant voltages, and the duration of the sodium current is influenced by the parameter of the ramp [153]. Furthermore, Horvath et al. showed that the late sodium current magnitude is greater during the AP plateau of that seen during square pulse commands [1]. It is interesting to note that late sodium current displayed a hump on their records between 0 and −20 mV, like that reported by Clancy et al. [44]. Recently, two interesting observations were published by An Tuan Ton et al. supporting the non-equilibrium gating mechanism [54]. First, they confirmed the facilitating effect of the downward ramp on late sodium current in primary human ventricular myocytes. Second, the peak of the hump recorded fell between 0 and −20 mV much like those seen by Clancy et al. and Horvath et al.



These observations indicate that non-equilibrium gating is an existing and chief factor in determining the magnitude and the profile of late sodium current. This mechanism does not preclude the contribution of other mechanisms like window theory or different gating modes to late sodium current. These mechanisms might coexist and shape late sodium current in synergism during the AP. Nevertheless, we can assume that different gating modes probably have different drug sensitivities or affinities [52,154,155] and understanding these molecular events can help to develop new antiarrhythmic strategies.




5.4. Resurgent Current


The resurgent current results from a specific way process of channel reopening reported first from cerebellar Purkinje neurons [156]. The proposed mechanism involves an ultra-fast open-channel block mediated by the C-terminus of ß4 subunit during the depolarization and followed by a repolarization induced rapid recovery from inactivation. This recovery gives rise to a tail current during the repolarization step (Figure 1), before the channel is absorbed in the regular inactivated state, resulting via occlusion of the pore by the linking region between DIII and DIV [90,154]. According to the suggested mechanism, the C-terminus of the ß4 subunit and the inactivation particle of the channel competes for the binding site in the pore, and repolarization favors the dissociation of the ß4 subunit reopening the pore. The separation of the resurgent current from late sodium current is easy when rectangular voltage command is used because the late sodium current is seen during the depolarization, while the resurgent current starts with the repolarizing step. However, the two activity modes may coincide during ramps or AP plateau. The presence of resurgent current was demonstrated in Nav1.4, Nav1.5, Nav1.6, and Nav1.7 based sodium channel expression models and neurons, but not in cardiac myocytes [157]. Since mutations of neuronal sodium channels are known to facilitate resurgent current and expression of neuronal VGSCs is demonstrated in cardiac myocytes, the resurgent current may potentially contribute to late sodium current and arrhythmogenesis. Various toxins are reported to facilitate resurgent currents, including ß-pompilidotoxin and ß-scorpion toxin [155,158], raising the possibility that pathologic regulation or pharmacological modulation of VGSCs may increase the contribution of resurgent current to cardiac late sodium current. The contribution of resurgent current to cardiac late sodium current has been left essentially unexplored. Further work is needed to determine whether this mechanism has any relevance in cardiac pathophysiology or not. It is an important question as to whether the mediation of ultra-fast inactivation is exclusive to ß4 subunits or if other subtypes can promote it too. In their review article, DeMarco & Clancy propose that non-equilibrium gating and resurgent current share the same mechanism [159]. Nonetheless, the non-equilibrium hypothesis has been derived from experimental data obtained in an expression model that expressed no ß4 subunit. There is a substantial amount of research work to be done on this area.





6. The Modulation of Late Sodium Current


Adapting the activity of cardiac myocardium to changing conditions requires precise control of ion channels on a moment-to-moment basis. VGSC, due to its pivotal role in excitability, is a target of various signaling pathways in the cardiac myocytes. These modulatory pathways exert their effect simultaneously and in a synergistic manner.



6.1. The Calcium—Calmodulin—Calmodulin Kinase Axis


The calcium—calmodulin (CaM)—calmodulin-dependent kinase (CaMK) axis is probably the most studied part of the VGSC regulation. These elements are shown to regulate VGSC individually and cooperatively [115,160]. Despite the increasing body of experimental data on the subject, we are only beginning to understand the complex regulation exerted by Ca2+-CaM-CaMK system on late sodium current. Although there are substantial differences in the fine details among various experimental models, the activation of the whole Ca2+-CaM-CaMK pathway seems to facilitate late sodium current in most species [115,161].



6.1.1. Direct Regulatory Effect of Ca2+ on VGSC


The calcium ion was demonstrated to bind to a dedicated motif termed “EF hands” located close to the C-terminus and modulate channel function in VGSCs [134]. The “EF hands” motif is consistently present in hundreds of proteins regulated directly by Ca2+. According to our current understanding, this structure binds Ca2+ with high selectivity [162]. Therefore, the presence of this motif within the channel protein strongly supports the hypothesis that Ca2+ exerts a direct control on VGSCs. Wingo et al. provided numerous experimental data supporting this hypothesis [134]. First, the binding of Ca2+ to the “EF hands” has been demonstrated with NMR spectroscopy. Second, the steady state inactivation curve of the VGSCs is shifted toward positive voltages in high cytosolic Ca2+ concentration even in the presence of the CaM inhibitor peptide. Third, mutations within the “EF hands” region were shown to prevent both Ca2+ binding and Ca2+ induced shift of the SSI curve. These experimental observations corroborate the direct controlling theory of Ca2+. Nonetheless, several teams challenged this theory questioning the efficacy of CaM inhibiting peptide used by Wingo et al. Opponents of the direct Ca2+ control theory hold that CaM is essential to mediate the effect of Ca2+ on VGSCs [163,164,165]. The apparent conflict between the two theories could be resolved by the model presented by Shah et al., which attempts to combine the two concepts [133]. According to the proposed hypothesis, the inactivation is modulated by the interaction of two motifs within the channel, namely the “EF hands” and IQ. During diastole, when cytosolic Ca2+ concentration is low, CaM binds to the IQ motif preventing the interaction with “EF hands.” When cytosolic Ca2+ concentration is elevated, CaM binds Ca2+, reducing its affinity to the IQ motif. Then the Ca/CaM complex dissociates from the IQ segment unmasking the binding site and allowing the interaction with the “EF hands.” According to the hypothesis, the interaction between the two segments increases the calcium affinity of the “EF hands.” In this manner, the regulatory role of Ca2+ and CaM are combined. Later, Biswas et al., using truncated mutants, reported that the high Ca2+ could exert its regulatory effect in sodium channels that lack the IQ motif [166].




6.1.2. Calmodulin


CaM mediates calcium effects to target peptides in various cell types including cardiac myocytes [164,165]. CaM is a small protein containing 148 amino acids, with two globular ends (the N- and C-lobes) connected by a flexible linker region. Both N- and C-lobes contains two “EF hands” motifs allowing CaM to bind as many as four Ca2+. CaM forms a bridge between the IQ motif and the DIII-IV linker region of the VGSC [167]. This flexible linker region is known to function as the inactivation gate of the sodium channel [168], and CaM is known to modulate channel gating [167,168,169]. At low cytosolic calcium concentrations, N- and C-lobes lack calcium (apo-CaM) and the C-lobe masks the IQ motif of the channel preventing interaction with the DIII-IV linker region [134,170,171]. At high calcium levels, the calcium-CaM complex is formed (holo-CaM), and the C-lobe dissociates from the IQ motif due to its reducing affinity [133]. Furthermore, the apo-holo transition induces profound conformational change in the CaM, altering its orientation as well. The holo-CaM binds to the IQ motif through the N-lobe allowing C-lobe to interact with the DIII-IV linker region resulting in a shift in SSI curve [167]. CaM is also shown to bind to the N-terminal domain of sodium channels. Wang et al. reported the presence of a CaM binding domain on the N-terminus of VGSCs, similar to that known from voltage gated calcium channels [172]. According to their observations, deleting the amino acids 80–105 abolished the interaction between the N-terminus of the sodium channel and CaM in the expression model. The affinity was reduced by certain mutations in the N-terminus as well. Based on their data, Wang et al. raised the possibility that the interaction between CaM and the N-terminus may control the dimerization of sodium channels. Additionally, CaM is known to activate CaMK that serves as a sovereign signaling pathway modulating VGSC function [173].





6.2. Protein Kinases


There are numerous phosphorylation sites on the α-subunits of the VGSCs. The individual residues are targeted by various kinases, and phosphorylation is known to modulate diverse channel functions [169,170,171,174,175].



6.2.1. Calmodulin Kinase


CaMK is a serine/threonine kinase that plays a pivotal role in the regulation of numerous cell functions in various cell types including cardiac myocytes. Up until now, more than 15 members of the CaMK family have been identified with numerous splice variants. Cardiac cells express two isoforms of the type II CaMK named δB and δC, referred to often as nuclear and cytoplasmic isoforms. Sodium channels are phosphorylated by CaMKIIδC [113,114,115]. Experimental data show that CaMKIIδC targets specific serine (571, 483, 484, 516) and threonine (594) residues leading to changes in gating kinetics and current magnitude [169,176,177]. While considerable species differences are reported on channel gating, it seems that the overall effect of CaMKIIδC is increasing the magnitude of late sodium current in every model. Consistently, the inhibition of the enzyme leads to the reduction of late sodium current. The overexpression of the enzyme was reported to cause a negative shift of the SSI curve in rabbit hearts [178]. Similar observations were made in the expression system by Ashpole et al. and Koval et al. [179,180]. In contrast, a positive shift was reported by Aiba et al., who used freshly isolated guinea pig ventricular cells, and CaMKIIδC was added to the pipette solution [181]. According to numerous reports, the facilitation of CaMKIIδC consistently induced no change in the voltage dependence of activation [169,176,177,182]. Increased peak amplitude for the transient phase was reported by Aiba et al., in the presence of high CaMKIIδC concentration [181], others observed no change in this parameter [178,179,180]. Available data are limited regarding the modulation of the inactivation dynamics of the sodium current. Wagner et al. reported significant deceleration of the decay phase [178], but Aiba et al. detected no change [181]. In contrast to the diverse data regarding the transient phase of sodium current, it is widely accepted that CaMKIIδC facilitates late sodium current via enhancing the fraction of channels undergoing intermediate or slow inactivation. In line with this, CaMKII inhibitors are shown to reduce late sodium current [1]. This experimental observation was confirmed by others in both healthy and diseased models [165,183,184]. Hegyi et al. employed an action potential clamp technique to study the role of CaMK on late sodium current in freshly isolated rabbit ventricular myocytes. According to their observations, late sodium current had a basal level partially dependent on CaMK. CaMKII activation facilitated late sodium current during the late phase of the plateau [2]. To the best of our knowledge, this is the first publication reporting different CaMK sensitivity in different parts of the late sodium current during the action potential.




6.2.2. Protein Kinase A (PKA)


This enzyme is a downstream effector of the ß-adrenergic receptor—G protein—cAMP pathway regulating multiple functions in cardiac cells. Due to the broad scale of its intracellular targets, the overall effect on late sodium current is debated [181,185]. Further complication arises from the fact that ß-adrenergic receptor activation ignites other signaling pathways in the cell, including CaMK, NOS, and ROS [186]. PKA is shown to facilitate sodium channel trafficking, hence increasing the channel density in the sarcolemma, hence, the peak current [176,177]. According to Tateyama et al., late sodium current is insensitive to PKA when measured in wild-type sodium channels expressing HEK cells. On the contrary, PKA increased the sustained component of sodium current in D1790G mutant channels [187]. Hegyi et al. studied the regulatory effect of PKA on late sodium current during AP in isolated rabbit ventricular cells. They showed that PKA had no contribution to the basal level of late sodium current. However, when PKA was stimulated in these freshly isolated cells, the current increased significantly during the early plateau [2]. Recently Fouda & Ruben addressed the problem and demonstrated that PKA activator CPT-cAMP exerted a strong stimulatory effect on late sodium current, increasing the amplitude to more than twice the control value in cultured cells. The specific stimulatory effect was verified by using PKA inhibitor H-89 [182].




6.2.3. Protein Kinase C (PKC)


At least seven PKC family members are identified in mammalian hearts, but the expression level of the various isoforms show big interspecies differences [183]. Most isoforms are activated by Ca2+, making PCK a parallel signaling pathway for CaM and CaMK [184]. The serine residue phosphorylated by the enzyme is found in positions 1503 and 1505 in human and rodent VGSCs, respectively. The phosphorylation of the channel protein at this position shifts the SSI curve and alters the inactivation [171,185]. The direction and magnitude of the SSI shift is different in various models. Ma et al. reported the facilitation of late sodium current following PKC activation in rabbit hearts [188]. Contrarily, Qu et al. observed voltage dependent reduction of the peak amplitude with negative SSI shifts in the Xenopus oocyte expression model [189]. Single channel data showed reduced early (t < 5 ms) and late (t > 10 ms) opening probabilities following PKC activation. The conflicting data could be explained by the different experimental model. In the Xenopus oocytes used by Qu et al., ß-subunits were not expressed. Nonetheless, Ma et al. used freshly isolated cardiomyocytes with intact channels. Based on these conflicting observations and their experimental data, Ashpole et al. proposed an interesting working model. According to their hypothesis, the regulatory effects of sodium channel phosphorylation cannot manifest without the presence of regulatory proteins, like ß-subunit [179]. Recently, Fouda & Ruben reported that PKC activation doubled late sodium current magnitude in expression system [182].




6.2.4. Serum—And Glucocorticoid-Inducible Kinases (SGKs)


Three isoforms (SGK1, SGK2, and SGK3) of the enzyme were identified from various tissues including heart and tumor cells [190,191,192]. The dominant isoforms in heart are SGK1 and SGK3. SGK2 is expressed in a lower amount [193]. The enzyme is activated by circulating hormones (insulin, insulin-like growth factor, and glucocorticoids) and oxidative or metabolic stress [190,193]. Increased SGK activity was reported from various diseases, including heart failure, cardiac fibrosis, liver cirrhosis, or nephropathy [194,195,196]. Upregulation of SGKs was shown to facilitate hypertrophic response and suppress apoptosis in cultured cells [190]. SGKs were shown to stimulate sodium current in various ways [197,198]. Increased window current caused by leftward shift of activation and rightward shift of inactivation curves was observed in the Xenopus expression model [198]. These results were partly confirmed in mice, where both inactivation and activation curves (and the crossing point) were shifted toward negative voltages following SGK stimulation [197]. SGK was found to increase channel availability and current density in these reports [197,198]. The postulated mechanism involves reduced binding of ubiquitin ligase Nedd4-2 to PY motif of VGSC. These observations point to the direction that SGKs could play a central role in the modulation of sodium channels in the heart. Further experimental data seem to corroborate this hypothesis. First, cortisol was demonstrated to modulate VGSC expression in fetal sheep myocardium [199]. Second, according to the observations of Das et al., late sodium current was increased markedly in transgenic mice with constitutively active SGK1. This increased late sodium current coincided with prolonged AP and increased propensity to ventricular arrhythmias. Importantly, ranolazine, the selective late sodium current inhibitor, was demonstrated to alleviate both AP lengthening and pro-arrhythmic effects of increased SGK1 activity [197].





6.3. Metabolic Control


Cardiac force generation and metabolic activity adapts on a moment-to-moment basis according to the fluctuating demand on the heart caused by changing peripheral resistance, physical activity, and emotional state. The metabolic state of the cardiac myocyte is known to modulate the electric activity of the sarcolemma via numerous feedback mechanisms altering ion channel and pump functions. VGSCs are shown to be sensitive to cytosolic pH and metabolites. The pH of the cytosol in myocardial cells may decrease as low as 6.0 during hypoxia [200], which is known to have robust impact on the channel function [194,195,196,201,202]. Acidosis was reported to shift the voltage dependency of both inactivation and activation curves in a positive direction and slow down the inactivation of the transient phase [196,201,202]. Jones et al. reported increased window current in the Xenopus model and predicted a lengthening of AP using computer simulation [201]. These observations were partly confirmed in freshly isolated canine cells by Murphy et al. [194,195]. They found a depolarizing shift in the voltage dependency of activation but not in the steady state inactivation curve. They successfully demonstrated the AP lengthening predicted by Jones et al., but the late sodium current was found to be reduced in both endocardial and epicardial myocytes [194].



Cardiac myocardium is very sensitive to reduced oxygen supply, and hypoxia has been linked to electric disturbances and arrhythmia in the heart. There is a consensus on the notion that hypoxia facilitates late sodium current contributing to arrhythmogenesis [45,203,204,205,206,207]. Wang et al. studied the mechanism of hypoxia-induced late sodium current facilitation and observed increased burst activity in a single channel model after 15 min in a hypoxic milieu [207]. This increased burst activity may explain the increased late sodium current. Interestingly, they found a reduced peak and leftward shift in the voltage dependence of the SSI curve. According to our current understanding, the leftward shift of the SSI curve should have attenuated the facilitation of late sodium current due to the reduced window current. These data may raise the possibility that the contribution of window current to late sodium current is limited. Furthermore, Wang et al. reported a shortening of cardiac AP under hypoxic conditions, which may indicate that other hypoxia sensitive ion channels are present in the myocardium. Recently, Plant et al. demonstrated that hypoxia increases the SUMOylation of the sodium channels in human pluripotent cells. This SUMOylation is necessary and sufficient for hypoxic facilitation of late sodium current [208].



Hydrogen peroxide and free radicals are demonstrated to facilitate late sodium current [10,209,210,211]. In accordance with this, TTX or specific late sodium current inhibitor ranolazine is shown to attenuate the AP lengthening effect of H2O2 [211]. Since CaMK is known to be directly activated by free radicals [196], to understand the fine details of the complex redox control of late sodium current, further exploration is needed.



A broad scale of second messengers and metabolites are known to modulate late sodium current. Docosahexaenoic, eicosapentaenoic, and other poly-unsaturated fatty acids were shown to reduce both peak and late sodium current due to leftward shift of SSI and activation curve reducing window current [212]. Lysophosphatidylcholine is an ischemic metabolite was also found to reduce the magnitude of the transient phase [46,213]. Regrettably, late sodium current was not studied in these studies. Nitric oxide was found to facilitate late sodium current by Ahem et al. They proposed that nitrosylation can modify the gating of sodium channels [214]. Later, this hypothesis was confirmed by Cheng et al., who also demonstrated that caveolin-3 mediated the channel nitrosylation [215]. Because cardiac CaMK, the pivotal regulator of sodium channels, is also known to be modulated by nitrosylation, these interactions could be complicated with several parallel mechanisms [216].



Recently, Matasic et al. reported that NAD+ precursor, nicotinamide riboside, increases the peak but reduces late sodium current [217]. According to their report, nicotinamide riboside exerts its different effects via multiple mechanisms including inhibition of deacetylation of Nav1.5 and PKC activation.




6.4. Mechanical Stress


Myocardial wall tension changes on a moment-to-moment basis during the cardiac cycle and all proteins in the sarcolemma, including ion channels, are subjected to varying mechanical stress. There is a consensus that VGSCs, like other ion channels, respond to mechanical stress with altered kinetics [132,218]. Beyder et al. reported a negative shift of both SSI and activation curves and slower inactivation of the sodium current during mechanical stress in cultured cells [132]. At the same time, the availability of the channel was increased, resulting in increased current magnitude. Later these findings were confirmed in freshly isolated mouse ventricular cells [219]. The authors also reported that ranolazine reduced the mechanosensitivity of cardiac sodium channels (Nav1.5) in a dose dependent manner. This observation was confirmed by the same team in cultured cells [220]. Ranolazine is an antiarrhythmic drug inhibiting late sodium current with high selectivity over the transient phase [20,51,52,154,221]. Considering that myocardial wall stretch has been linked to clinical arrhythmias for a long time [222,223,224], these data may help to develop new therapeutic strategies in the antiarrhythmic pharmacology. Currently, myocardial wall stress is reduced in clinical practice by reducing central venous pressure with diuretics. Reducing the mechanical sensitivity of the electric machinery of the sarcolemma could prove to be useful as supporting therapy in certain types of arrhythmias.




6.5. Accessory Proteins


Several proteins have been shown to interact with the pore-forming subunit of VGSC, including the ß-subunits [225,226,227], small G-proteins [228], Ankyrin G [221], SAP97 [229], and ubiquitin [230]. Accessory proteins fulfill various functions during the life cycle of sodium channels being partners in posttranslational trafficking, supporting the anchoring at the target position, modulating gating properties, and controlling channel internalization/degradation. Some of these proteins, such as ß-subunits or ubiquitin, have been the subjects of intensive research for a long time, but others, like small G-proteins and Ankyrin G, have only recently attracted attention. Mutations in some of these accessory proteins have already been linked to various cardiac diseases [85], and we can assume that further harmful mutations are to be uncovered. Recently, there was a boom in this field, resulting in numerous publications. Due to volume limit, we refer to excellent reviews published recently [221,231].





7. Pathologic Aspects of Late Sodium Current Function


Upregulation of late sodium current has been linked to pathologic cardiac function including arrhythmia, contractile dysfunction, and structural heart diseases for a long time [12,16,62,232,233,234]. Numerous pathologic conditions such as mutations, hypoxia, toxins, and the upregulation of CaMK are known to facilitate late sodium current leading to cardiac dysfunction [16]. There are two possible ways to upregulate late sodium current in the heart. First, increasing the expression of cardiac and/or non-cardiac isoforms, and second, altering channel gating. The increased expression of cardiac and non-cardiac isoforms were reported from remodeled myocardium. Remodeling can be induced by structural heart disease, pressure/volume overload, or myocardial infarction [78,113,235,236,237]. Altered channel gating was identified in various clinical conditions and disease models [45,148,188,205,207,238]. There are cases when late sodium current facilitation results from the combination of multiple pathologic factors. Late sodium current upregulation caused by remodeling induced increased expression and hypoxia-induced altered gating often combines in various heart diseases [113,114]. Oddly, increased late sodium current magnitude coinciding with reduced expression of Nav1.5 is also reported in the literature [14].



Acquired or inherited increase of late sodium current is associated with an enhanced risk for cardiac arrhythmia, and inhibition of late sodium current was demonstrated to exert beneficial effects [15,16,20,23,49,62,123,153,239].



7.1. Arrhythmias


Arrhythmic activity may develop via multiple mechanism when late sodium current is upregulated.



First, upregulation of late sodium current was shown to lengthen AP, increasing the risk for early afterdepolarization (EAD). EADs are slow membrane potential oscillations caused by the reactivation of depolarizing currents during phase two or three of the AP. They are implicated in triggered arrhythmias [239,240]. The possible candidates for reactivating currents are late sodium current, ICa,L and INCX. Calcium overload was documented to promote EADs, but the mechanism is not completely understood [241,242]. It has been proposed that spontaneous calcium release from the sarcoplasmic reticulum may contribute to EADs via facilitation of NCX [243,244,245]. Horvath et al. addressed the contribution of late sodium current to EADs in an interesting study [1]. They showed that facilitation of late sodium current with ATX II prolonged AP duration and induced EADs coinciding with cytosolic Ca2+ oscillations. When Ca2+ oscillations were suspended with BAPTA, the AP remained long but EADs were terminated. Based on these observations the authors proposed that increased late sodium current may contribute to the Ca2+ overload of the sarcoplasmic reticulum, but EADs arise from spontaneous calcium release from intracellular stores.



Second, increased late sodium current was associated with Delayed Afterdepolarizations (DADs) too. DADs arise from resting membrane potential during electric diastole and are explained by facilitation of NCX by spontaneous calcium release from the sarcoplasmic reticulum [149,246]. The mechanism is similar to that of EADs; late sodium current provides no depolarizing power, and its role is limited to induce calcium overload [16,247,248,249,250].



Third, upregulation of late sodium current is associated with increased beat-to-beat variability and regional inhomogeneity of AP duration [41,217,251,252,253]. Increased beat-to-beat variability results from reduced repolarization reserve. It lengthens AP duration increasing the risks for EADs and triggered activity [254]. Regional and transmural differences in AP duration are generally attributed to an asymmetrical distribution of various ionic channels [243,244,245,251,255,256,257]. Increase in both beat-to-beat variability and transmural heterogeneity may serve as a substrate for arrhythmic activity due to the increased AP dispersion under pathologic conditions [258,259].



Fourth, increased late sodium current but not peak amplitude is reported from atrial fibrillation (AF) in humans [14]. AF is the most prevalent form of cardiac arrhythmias [260,261], and is known to cause electric remodeling of the myocardium that leads to downregulation of calcium and potassium currents and shortening of AP duration [252,253].



Fifth, various mutations of VGSCs are associated with different forms of Brugada syndrome and Long QT syndrome [138,262,263,264,265,266]. These pathologic states are characterized by altered heart rhythm, impulse conduction, and repolarization. The clinical diagnosis is based on ECG findings. Both disorders are subject of intensive research; the popularity arose in part from the fact that the multilevel connection between the genetic defect and the clinical symptoms is exceptionally well established in these two cardiac diseases.




7.2. Late sodium Current and Dilated Cardiomyopathy


Dilated cardiomyopathy (DCM) is a progressive structural heart disease characterized by dilated chambers and reduced myocardial force generation. The first observations that linked SCN5A mutation to DCM were published in 2004 and 2005 by two independent research team [267,268]. The proposed hypothesis that the mutation of a channel gene and the resultant channel dysfunction may induce structural heart disease raised doubts in the scientific community. The hypothesis was challenged by Groenewegen & Wilde who suggested another gene responsible for DCM phenotype [269]. Continued research identified new, previously unknown mutations in the SCN5A gene of DCM patients providing further evidence for the idea that morphological heart disease may develop on the base of sodium channelopathy [270,271]. Despite the growing body of supporting evidence, the mechanism of how a mutant channel can cause structural heart disease was not clarified. The explanation came from Gosselin-Badaroudine and his co-workers in 2012. They have shown that the mutation made the sodium channel permeable for protons through an alternative pore not identical to the sodium path [272]. According to their proposed model, the persistent inflow of protons resulted in the acidification of the cardiomyocyte’s cytoplasm, leading to the DCM phenotype of these patients. The association between the SCN5A mutation and DCM has been confirmed by numerous publications, subsequently [273,274,275,276,277].





8. Pharmacology of Late Sodium Current


This topic has been addressed by several articles lately, and the list of drugs is available in a number of reviews [25,26,27]. Thus, we limited ourselves to a review of some of the most recent developments.



8.1. Eleutheroside B, a New Late Sodium Current Inhibitor


This drug is the main constituent of the Chinese herb, Acanthopanax senticosus, known as Siberian ginseng. The drug has been used in traditional Chinese medicine to treat various diseases including inflammation, tumors, and diabetes. Clinical observations reporting potential cardioprotective effects motivated researchers to test the drug on rabbit atrial myocytes [278]. The authors reported dose-dependent inhibition of late sodium current following the application of the drug in both control and ATX II stimulated cells with IC50 = 167 µM. The drug reduced peak current at higher concentrations as well. Calcium and potassium currents were found insensitive to the drug. The drug prevented the ATX II induced elevation of both systolic and diastolic calcium concentration in the cytoplasm. The authors presented further supporting data obtained in Langendorff heart.




8.2. Old Drugs with New Therapeutic Effects


Empagliflozin, dapagliflozin, and canagliflozin [122] are type two sodium/glucose cotransporter inhibitors used in the therapy of diabetes are known to exert significant cardioprotective effects. Philippaert et al. hypothesized that the cardioprotective effect might be in part caused by a direct cardiac effect. The drugs tested exerted a robust inhibitory effect on late sodium current without altering the peak in various experimental conditions, including pressure overloaded cardiomyopathy, LQT3 mutant, and the following H2O2 stimulation. Empagliflozin was found to improve the calcium handling of isolated cardiomyocytes in veratridine induced arrhythmia. This interesting study may open a new direction to identify new late sodium current inhibitors.



Riluzole [103,279], a neural sodium channel blocker has effectively been used to manage amyotrophic lateral sclerosis in clinics. Munger et al. postulated that inhibition of the neuronal sodium channels may prevent atrial fibrillation. They addressed the problem in both animal experiments and post hoc clinical data analysis. Using pathologic mouse and canine models they demonstrated that riluzole effectively inhibits late sodium current, suppresses aberrant calcium oscillations, and exerts beneficial effects in arrhythmia. Clinical data revealed that the arrhythmia risk of riluzole-treated patients were lower than that of the control group. They concluded that riluzole has the potential to be repurposed as a therapeutic tool for preventing atrial fibrillation.




8.3. ATX-II. New Observations with an Old Tool: Friend or Foe?


ATX-II is a popular pharmacologic tool to amplify late sodium current in both cardiac and non-cardiac cells [10,280,281,282]. The magnitude of this tiny current barely exceeds the peak-to-peak value of noise in most cell types including, neurons or isolated cardiac myocytes. Researchers often employ ATX-II to amplify the current. The toxin augments late sodium current significantly, thus improving the signal-to-noise ratio and increasing the reliability of measurements substantially. Potential late sodium current inhibitors or other drugs are often tested against this toxin [8,10,152]. A comprehensive study on the mechanism of electrophysiological effects of ATX-II on sodium channels has never been published, but sparse data are available. ATX-II was shown to shift the voltage dependence of the steady-state inactivation and activation curves [281,283] and alter recovery from inactivation [8]. Recently Ton et al. reported interesting observations on the ATX-II effects on sodium current in the human heart [54]. According to their data, ATX-II resulted in a significant negative shift in the voltage-current relationship. Similar observations reporting moderate shifts were published earlier in neurons [284]. These reports indicate that ATX-II not only boosts the current magnitude but alters the voltage dependency of several parameters. Consequently, caution must be exercised when experimental data obtained in ATX-II treated cells are interpreted.





9. Summary and Perspectives


Late sodium current has been the focus of research for a long time. Since the first reports on the persistent sodium current, significant progress has been achieved, especially in the last two decades. The knowledge we have accumulated has helped us to understand various aspects of the physiologic and pathologic role of late sodium current better, and new therapeutic paradigms were established resulting in new antiarrhythmic drugs. Still, our understanding is far from complete. There is a consensus that increased late sodium current deteriorates the normal electric activity and sodium/calcium homeostasis of the heart. The scientific society is in agreement that reducing the pathologically enlarged late sodium current is beneficial for the diseased heart. However, the particular details of the contribution of late sodium current to cardiac AP and sodium homeostasis have not been explored.



One of the greatest limiting factors in late sodium current research currently is the lack of specific inhibitors for the different isoforms and gating modes. The absence of these specific pharmacologic tools hampers the unfolding of the complex interplay among the different types of sodium channels. Another limiting factor is the enormous complexity of regulatory pathways controlling sodium channel function. In most cases, research focuses on one or a few particular signaling pathways exploring the individual steps between a given stimulus and the target protein, in our case, the sodium channel. This is the way to explore things, dissecting the network, meticulously identifying and characterizing the individual pieces, then reconstructing the complex system. We believe this is the point where cardiac research is behind the possibilities. Continuing the current research strategy may result in new biological signaling pathways and signaling molecules, but it is time to start putting the pieces of the puzzle together. It is time to start making steps toward understanding how the presently known signaling pathways interact and crosstalk in controlling the cardiac sodium channel and, specifically, the late sodium current. We need new, cross-disciplinary research strategies to combine our descriptive data with the concepts of integrative/system biology and computer modeling. We believe that with joined efforts, we can step to a new level of understanding the function of cardiac late sodium current in health and disease.
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Abbreviations




	AP
	Action Potential



	AF
	Atrial fibrillation



	ATX-II
	Anemone toxin II



	CaM
	Calmodulin



	CaMK
	Calmodulin Kinase



	DAD
	Delayed Afterdepolarization



	DCM
	Dilated Cardiomyopathy



	EAD
	Early Afterdepolarization



	NCX
	Na+/Ca2+ exchanger



	NKA
	Na+/K+-ATPase



	SGK
	Serum- and Glucocorticoid-Inducible Kinase



	SSI
	Steady State Inactivation



	TTX
	Tetrodotoxin



	VGSC
	Voltage Gated Sodium Channel
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Figure 1. Schematic representation of the transient, late, and resurgent phases of sodium current during a rectangular command pulse. The transient phase is activated by brief depolarization, reaches the peak within a few milliseconds, and decays rapidly. The late phase follows the transient phase and terminated by the repolarizing step. The repolarization step activates the resurgent current. 
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