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Editorial on the Research Topic
 Sudden Cardiac Death and Channelopathies



Sudden cardiac death has serious consequences for the patient's relatives and for society. Each year in Europe and the USA, around 350,000 people, or around 0.1% of the general population, have an out-of-hospital cardiac arrest, of which only a small percentage survive with no sequelae.

The etiology of sudden death has been extensively studied at a population level. Ischemic heart disease occupies a prominent position and is responsible for up to 70% of these deaths; other structural heart diseases make up 10%, and primary arrhythmias cause a further 10%.

In young patients (less than 35 years of age), in whom the incidence of sudden death is 100 times lower than in the general population, arrhythmic etiology, mainly from channelopathies, in the absence of structural heart disease is much more common and is the predominant cause of sudden death in patients aged between 14 and 25 years. In older patients channelopathies such as Brugada syndrome are more likely to occur in the fourth decade of life.

The channelopathies responsible for sudden cardiac death are: Long QT syndrome, Short QT syndrome, Brugada syndrome, Catecholaminergic Polymorphic Ventricular Tachycardia syndrome, and Early repolarization Syndrome.

Early identification and risk stratification is of major importance in patients with a channelopathy who remain asymptomatic, for several reasons. First, sudden death may be the first manifestation of the disease, with no previous warning symptoms. In addition, it should be considered that when we diagnose a patient with a hereditary disease, we also diagnose their family. Identification of an individual with this condition must be accompanied by meticulous familial screening. It is true that in these diseases the risk of sudden death decreases with age, but even a diagnosis in an elderly patient is relevant, as it allows identification of the disease in relatives and their appropriate work-up.

The scope of the Research Topic is to collect state-of-the art papers on what we know so far for all types of Long QT syndromes, Brugada Syndrome, Early repolarization Syndrome, Catecholaminergic Polymorphic Ventricular Tachycardia, and Short QT syndrome. Furthermore, our aim is to provide further insight on the current research areas, and which should be the area's future perspectives.

Ezeani explored one of the numerous mechanisms with which the arrhythmias present. Identifying the sources that control Ca2+ is novel in understanding arrhythmogenesis. The TRP channels mediate Ca2+ flux and voltage changes across membranes. Regulation of Ca2+-handling by the TRP channels indicate that they can potentially boost Ca2+ cycling disorders. The plasma membrane sensory and metabotropic TRPM4 subgroup is a drug candidate for Brugada syndrome and familial heart blockers.

Novelli et al. dealt with Pleiotropic Phenotypes Associated with PKP2 Variants. Their review on plakophilin-2 (PKP2) coded by the gene Pkp2, whose pathogenic role has recently been recognized in different inherited cardiac arrhythmias syndromes, ranging from Arrhythmogenic Cardiomyopathy (ACM or ARVC), Brugada Syndrome (BrS), idiopathic ventricular fibrillation, hypertrophic cardiomyopathy (HCM), and dilated cardiomyopathy (DCM). The expansion and increased availability of genetic testing has challenged the concept of “one gene-one disease” and has shown that different phenotypes can be caused by variants on one same gene. The interpretation of these findings in light of human variation data is complex and casts some warning on the clinical application of this information. The evidence of the pleiotropy of a gene suggested by genetic variants and their functional effect in vitro has the important value of discovering different protein functions and suggest arrhythmia mechanisms.

Badone et al. contributed to the field by reviewing the Functional Effects of Calmoduline Mutations and Their Relationship with Clinical Phenotypes. Based on the information reviewed above, mechanism-guided therapeutic approaches to calmodulinopathies should ideally address the interaction of mutant CaM with its targets. Particularly in the case of LQTS-type mutations, this approach is justified by the role of the high target affinity of mutant CaMs in causing negative dominance of the mutation. Tools for this purpose are not available yet, but possibilities exist and are currently explored.

Kotta et al. present in a detailed CaM's sequence, structure and function, the genetic spectrum of CaM mutations and the associated phenotypes, as well as available therapies. They also provide an overview of the underlying disease mechanisms of calmodulinopathy (reviewed in detail in the accompanying article by Badone et al.) and present the thus far used in vitro methods for deciphering these disease mechanisms.

Casado Arroyo et al. provided an overview for the current evidence supporting different theories explaining Early Repolarization Syndrome. Along with future developments in the field directed toward individualized treatment, strategies are also examined. Bourier et al. add significantly to the field of ER syndrome, suggesting a risk stratification approach and therapeutic management.

Baltogiannis et al. presented Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) in this collection, as arrhythmogenesis, therapeutic Management, and Future Perspectives are still challenging. Dutsi et al. provided, in detail, the therapeutic impact of Cardiac Sympathetic Denervation in Cardiac Channelopathies. clinical data from well-conducted multicenter registries largely confirmed the preclinical findings, showing that LCSD is an effective treatment for drug-refractory ventricular arrhythmias in both LQTS and CPVT, and that LCSD is now recommended in recent guidelines. Not surprisingly, considering the mechanism of action, the efficacy and potential indication of LCSD in channelopathies goes far beyond secondary prevention, potentially including many still asymptomatic patients with high-risk features for SCD, despite optimized medical therapy.

Campuzano et al. offered a mini review in Recent Advances in Short QT Syndrome. Nearly 20 years ago, SQTS was reported as a familial arrhythmogenic entity. Nowadays, a low number of families have been reported but with a high lethality. This lack reported families, impedes the establishment of a conclusive risk stratification scale, particularly in asymptomatic cases carrying a genetic alteration. New development of hiPSC-CMs from patients may allow unraveling pathophysiological mechanism, helping to understand or treat the disease. Patients suffering of SQTS are at high risk of syncope and SCD. Implantation of an ICD remains the most effective preventive measure after aborted SCD and malignant ventricular arrhythmia, although pharmacological therapies may be used in certain cases, especially in children. Currently, regardless of advances being made in genetics, almost 70–80% of families remain without a genetic cause identified after a comprehensive analysis. Genotype-phenotype analysis are necessary to improve current guidelines in early identification as well as prevention in families suffering from SQTS. On the other hand, Wilders and Verkerk dealt with Long QT Syndrome and Sinus Bradycardia. Sinus bradycardia has been reported in relation to a large number of LQTS mutations. The occurrence of both QT prolongation and sinus bradycardia on a family basis is almost completely limited to LQT3 and Ankyrin-B syndrome (“LQT4”). However, the mechanisms of the associated ventricular arrhythmias and sudden death are largely different. Cardiac events, including nocturnal sudden death, are provoked by the bradycardia and associated excessive QT prolongation in case of LQT3, whereas disturbed calcium homeostasis leads to dysfunction of the SAN cells in case of the Ankyrin-B syndrome, with sudden death occurring after physical exertion and emotional stress.

Moreau and Chahine have added significant value on the topic by introducing a New Cardiac Channelopathy Associated with Nav1.5 Gating Pores. The potential cardiac cellular effects of gating pores and their blockers are also presented here. The increasing knowledge regarding gating pores and their pathologic implication, potentially highlights novel biophysical defects and consequently novel channelopathies. In the current dynamic toward more precise and personalized medicine, this growing knowledge could in the future orientate clinicians in their day to day practice in the management of cardiac channelopathies. This could also help to develop specifically targeted novel medication to accurately and precisely block gating pores, finally benefitting patients.

Verkerk et al. analyzed all possible disease modifiers of Inherited SCN5A Channelopathy. Genetic modifiers, (common) co-morbidities, environmental influences, and life style factors including diet and exercise may modify disease expressivity and severity, and as such significantly modulate the risk for arrhythmia occurrence and survival in SCN5A channelopathy. Importantly, the impact of modulatory factors may differ between distinct mutations but may also vary with age and gender. Hence, the clinical management of patients with SCN5A mutations should include careful and continuous assessment of co-existing diseases and other modulatory factors, in addition to rigorous treatment of relevant co-morbidities. Identification of disease modifiers will be an essential step in further research related to SCN5A channelopathies and may help to design better risk stratification algorithms and to improve development of novel diagnostic and therapeutic strategies. Tse et al. provided electrocardiographic evidence that higher levels of dispersion in conduction and repolarization are found in type 1 than non-type 1 BrS patients. This may potentially explain the higher incidence of ventricular arrhythmias in the former group. Indices reflecting cumulative conduction and repolarization abnormalities may provide additional value for risk stratification.

Finally, Cheniti et al. dealt with Mapping and Ablation of Idiopathic Ventricular Fibrillation. Insights in pathophysiology of idiopathic VF are presented. Idiopathic VF is diagnosed in around one third of survivors of unexplained SCD aged under 35 years. Genetic testing allows identification of a likely causative mutation in around one quarter of unexplained sudden deaths in children and young adults. Ablation of the PVCs that trigger VF in this setting is associated with high rates of acute success and long-term freedom from VF recurrence. Importantly, almost two thirds of patients have subtle structural abnormalities identified by high density electrogram mapping which are missed by current imaging tools. This localized substrate, which co-locates with regions of VF drivers, provides an explanation for so called unexplained SCD and represents a novel potential target for ablation.
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Congenital long-QT syndrome (LQTS) is an inherited cardiac disorder characterized by the prolongation of ventricular repolarization, susceptibility to Torsades de Pointes (TdP), and a risk for sudden death. Various types of congenital LQTS exist, all due to specific defects in ion channel-related genes. Interestingly, almost all of the ion channels affected by the various types of LQTS gene mutations are also expressed in the human sinoatrial node (SAN). It is therefore not surprising that LQTS is frequently associated with a change in basal heart rate (HR). However, current data on how the LQTS-associated ion channel defects result in impaired human SAN pacemaker activity are limited. In this mini-review, we provide an overview of known LQTS mutations with effects on HR and the underlying changes in expression and kinetics of ion channels. Sinus bradycardia has been reported in relation to a large number of LQTS mutations. However, the occurrence of both QT prolongation and sinus bradycardia on a family basis is almost completely limited to LQTS types 3 and 4 (LQT3 and Ankyrin-B syndrome, respectively). Furthermore, a clear causative role of this sinus bradycardia in cardiac events seems reserved to mutations underlying LQT3.

Keywords: mutations, sinus bradycardia, human, long-QT syndrome, heart rate, sinoatrial node, ion channel, computer simulation


INTRODUCTION

Congenital long-QT syndrome (LQTS) is an inherited cardiac disorder characterized by the prolongation of ventricular repolarization, susceptibility to Torsades de Pointes (TdP), and a risk for sudden death (1). Various types of congenital LQTS exist, but the most common forms of LQTS, accounting for ≈90% of genotype-positive LQTS cases (2), are LQT1, LQT2, and LQT3, caused by mutations in the genes encoding the pore-forming α-subunits of the ion channels carrying the slow delayed rectifier K+ current (IKs), rapid delayed rectifier K+ current (IKr), and fast Na+ current (INa), respectively [for reviews, see (3, 4) and, more recent, (5, 6)]. The incidence and occurrence of phenotype is modulated by a large number of conditional factors (4), including heart rate (HR) (7). For example, LQT1 patients are found to be at greatest risk for cardiac events during conditions of elevated HR, while slower HR provokes cardiac events in LQT2 and LQT3 patients (7). Modulation of HR by exercise may also be a diagnostic criterion in LQTS (8), and treatment/prevention of cardiac events in LQTS is frequently accomplished by HR control (7, 9).

Interestingly, almost all of the ion channels affected by the various types of LQTS gene mutations are also expressed in the human sinoatrial node (SAN) (10). It is therefore not surprising that LQTS is frequently associated with a change in basal HR due to impaired SAN pacemaker activity (11). For example, bradycardia is frequently observed in LQT1 mutation carriers, especially in the fetal-neonatal period (12, 13). It has even been concluded that sinus bradycardia in the cardiotocogram may indicate LQTS in the fetus (14) and that fetal bradycardia is an important predictor of LQTS (15). Also, basal HR was found to be significantly slower in patients with LQT1 compared with non-carriers (16). Maximum HR during exercise may also be reduced in LQTS [see (8, 11), and primary references cited therein]. Thus, LQTS may have a direct impact on HR (17), but this is not a consistent finding (18, 19). One may argue that this is because effects on HR differ between types of LQTS and between specific mutations. However, even within a single mutation different effects on HR are described. For example, the A341V mutation in KCNQ1 may result in sinus bradycardia (13), but may also occur in absence of baseline HR changes compared to non-carriers (19).

Because LQTS-related rhythm disorders can be triggered by slow or high HR and sinus pauses (4, 11), detailed knowledge of the relation between LQTS and SAN function is required. In this mini-review, we provide an overview of known LQTS mutations with effects on HR and the underlying changes in expression and kinetics of mutant channels.



LQTS GENE MUTATIONS AND CHANGES IN BASAL HEART RATE

In Tables S1–S8, which are part of our Supplementary Material, we provide a detailed overview of the various autosomal dominant LQTS mutations known to date that are associated with sinus bradycardia, together with data on the mutation-induced changes in expression and kinetics of the respective ion channels. Below, we provide a brief overview of the various types of congenital LQTS and the extent to which each type is associated with sinus bradycardia. This overview is accompanied by Table 1, which summarizes the data of Tables S1–S8.



Table 1. Mutations observed in patients with both sinus bradycardia and LQTSa.
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LQT1

LQT1 is due to loss-of-function mutations in KCNQ1, the gene encoding the pore-forming α-subunit of the IKs channel (KV7.1). A decrease in IKs will result in a prolongation of the ventricular action potential (AP) and a prolongation of the QT interval on the ECG (20). Of note, four KV7.1 α-subunits assemble in a tetramer to create the pore of an IKs channel. Therefore, a mutation in KCNQ1 may affect a large majority of the IKs channels as wild-type and mutant subunits co-assemble in heterotetramers.

Many KCNQ1 mutations exist and some are associated with sinus bradycardia (Table 1). These bradycardia-associated mutations result in “loss-of-function” by a reduced level of channel expression, expression of non-functional channels, activation at more positive membrane potentials, faster deactivation kinetics, and/or inhibited cAMP-dependent stimulation. For example, the A341V mutation strongly suppresses the increase in IKs in response to cAMP (21), which may also explain the more pronounced phenotype during exercise. Sinus bradycardia in LQT1 patients seems limited to isolated, often neonate cases (Table S1).

It is somewhat difficult to envision how a loss of repolarizing IKs per se would lead to a profound increase in the cycle length of SAN cells, thus generating sinus bradycardia. Such loss would lengthen AP duration (APD), but at the same time shorten the considerably longer (22) diastolic phase by increasing the rate of diastolic depolarization. An increase in repolarizing IKs, on the other hand, as observed in short QT syndrome type 2 (SQT2), will inhibit diastolic depolarization and substantially increase cycle length, despite an accompanying decrease in APD, as observed in simulations by Fabbri et al. (23) using their recently developed comprehensive computer model of a single human SAN pacemaker cell. Clinically, sinus bradycardia is indeed relatively common in SQT2 patients [see, e.g., (24)].



LQT2

LQT2 is due to loss-of-function mutations in KCNH2, the gene encoding the pore-forming α-subunit of the IKr channel (KV11.1). Observation of sinus bradycardia in LQT2 patients seems rare (25, 26) and limited to a few isolated cases and a small family (Table 1). Bradycardia does occur in the fetal-neonatal period, but is due to 2:1 atrioventricular block rather than sinus bradycardia (12). Such cases are not included in Table 1. In contrast, Horigome et al. (13) reported that the incidence of sinus bradycardia was comparable between groups of young (<1 year, mostly fetal-neonatal) LQT1, LQT2, and LQT3 patients. However, whether the LQTS observation is due to the bradycardia or the bradycardia results from the mutations (4, 11) is less clear. Bradycardia-associated mutations in KCNH2, so far characterized, result in a decrease in current density, non-functional channels, a shift in voltage of half-activation, and faster deactivation and inactivation rates (Table S2).

The above consideration regarding the potential association between sinus bradycardia and the increase in repolarizing IKs in case of SQT2 similarly holds for the increase in repolarizing IKr in case of short QT syndrome type 1 (SQT1). Sinus bradycardia is indeed observed in SQT1 patients, although being less common than in SQT2 patients (27).



LQT3

LQT3 is due to gain-of-function mutations in SCN5A, the gene encoding the pore-forming α-subunit of the INa channel (NaV1.5). Unlike LQT1 and LQT2, the occurrence of sinus bradycardia is not limited to isolated cases. Several families, including the large Dutch family with the 1795insD founder mutation (28), show both QT prolongation and sinus bradycardia (Table 1). A common feature is the increased late current, also named persistent or sustained current, underlying the QT prolongation. Another common feature is the decrease in “window current” due to a positive shift in the steady-state activation curve and/or a negative shift in the steady-state inactivation curve (Table S3).

Figures 1A–D illustrate the effects of the 1795insD mutation, based on data from recent computer simulations (29), as set out in the Supplementary Material. The observed increase in cycle length (Figure 1A) is largely due to a decrease in net inward current (Inet) during diastole (Figure 1B), which in turn is due to a striking change in the time course of INa (Figure 1C). Where IKs and IKr channels are tetramers, the pore of the INa channel is formed by a single NaV1.5 protein. As a consequence, “mutant INa” (Figure 1D, dotted red trace) is partly flowing through pure wild-type channels (solid green trace) and partly through pure mutant channels (solid orange trace). There is hardly any current flowing through these mutant channels during diastole due to the decrease in window current. There is, on the other hand, some late current flowing during the AP, albeit with a negligible effect on APD, in contrast to ventricular myocytes, in which the current density of INa is much larger. These effects are more pronounced during vagal activity (Figures 1E–H). The slight decrease in diastolic depolarization rate and increase in cycle length as a result of the inhibition of INa (Figures 1A,E) are in line with experimental observations on isolated rabbit SAN cells (30).


[image: image]

FIGURE 1. Effect of the 1795insD mutation in SCN5A on the electrical activity of the Fabbri–Severi model cell of a human SAN pacemaker cell (A–D) under control conditions (normal autonomic activity) and (E–H) during vagal activity [based on data from recent computer simulations (29)]. (A,E) Membrane potential (Vm) of wild-type and mutant cell (solid blue and dotted red trace, respectively). (B,F) Associated net membrane current (Inet). (C,G) Associated fast Na+ current (INa). (D,H) Contribution of wild-type and mutant channels (solid green and orange trace, respectively) to INa of the mutant cell (dotted red trace).



The increase in late current (“gain-of-function”) is a prerequisite for QT prolongation, but not for sinus bradycardia. A sole decrease in window current (“loss-of-function”), as for example observed in case of the R376C and D1275N mutations in SCN5A (31, 32), is sufficient to cause sinus bradycardia.



LQT4

Ankyrin-B syndrome, originally named LQT4, is due to heterozygous loss-of-function mutations in ANK2, encoding the widely distributed ankyrin-B adaptor protein. Loss of ankyrin-B results in Ca2+ homeostasis dysfunction by reduced Na+-Ca2+ exchange current (INCX), L-type Ca2+ current (ICa,L), Na+-K+-ATPase, and IP3 receptor expression (Table S4). Mutations in ANK2 associated with both QTc prolongation and sinus bradycardia are observed in both large families and single patients (Table 1).



LQT5

LQT5 is due to loss-of-function mutations in KCNE1. The encoded protein, named KCNE1 or minK, is a β-subunit that may affect both IKs and IKr function. Reports of bradycardia in LQT5 patients are scarce (Table 1). The observations made to date show reduced IKs or IKr density or a shift of IKs activation to more positive potentials (Table S5). Interestingly, the A8V mutation affects IKs but not IKr, whereas the R98W mutation affects IKr but not IKs.



LQT6

LQT6 is due to loss-of-function mutations in KCNE2. The encoded protein, named KCNE2 or MirP1, is a β-subunit that may affect various ion currents. Mutations in KCNE2 may result in an accelerated inactivation time course of IKr (33, 34), but also in an increase of ICa,L (35), and a reduction of the hyperpolarization-activated current (If) (36), the latter important for pacemaker activity in human SAN cells (22). Despite its multiple ion current modulations, KCNE2 mutations associated with sinus bradycardia are limited to M54T and V65M. In case of the M54T mutation, both IKr and If are inhibited (Table S6). It is conceivable that the V65M mutation also acts through If, given the well-established effect of KCNE2 on If (37).



LQT7

Andersen-Tawil syndrome (“LQT7”) is a multisystem disorder due to loss-of-function mutations in KCNJ2, the gene encoding the Kir2.1 protein, which assembles in tetramers to build the channels that carry the inward rectifier K+ current (IK1) (38). Given the low expression of Kir2.1 in human SAN (10), it is not surprising that HR seems not affected in Andersen-Tawil syndrome patients (39).



LQT8

Timothy syndrome (TS) is a severe multisystem disorder due to gain-of-function mutations in CACNA1C, encoding the pore-forming α-subunit of the ICa,L channel (CaV1.2), and results in bradycardia in almost all patients known, but caused by 2:1 atrioventricular block rather than sinus bradycardia (see footnote to Table S7). Although TS is also known as LQT8, because of the extreme QT prolongation in TS patients (40, 41), we restricted the LQT8 data in Table S7 to non-TS patients. In isolated cases, these show sinus bradycardia (Table 1). Mutant ICa,L shows an increase in density or slowing of inactivation (Table S7).



LQT9

LQT9 is due to mutations in CAV3, encoding caveolin-3, an important structural component of caveolae membrane in muscle cells (42). CAV3 mutations in heart have been shown to increase the late INa, thus causing QT prolongation as in LQT3 (43, 44). More recently, it has been shown that mutations in CAV3 may affect several other membrane currents (see footnote to Table S8). Sinus bradycardia has been observed in two patients carrying the T78M mutation (Table 1).



LQT10

LQT10 is due to gain-of-function mutations in SCN4B, encoding the NaVβ4 β-subunit of the INa channel. A case report exists for an SCN4B-L179F mutation with impact on SAN function (Table 1). In a 21-month-old girl, profound QT prolongation and bradycardia (<60 bpm) were observed (45). The SCN4B-L179F mutation increases late INa (Table S8) and may thus have effects comparable to LQT3 mutations.



LQT11–LQT16 and Beyond

To the best of our knowledge, no sinus bradycardia has been reported in relation to the rare LQTS types LQT11–LQT13 (see footnote to Table S8). Genetic variation in KCNJ3 and KCNJ5, encoding the pore-forming Kir3.1 and Kir3.4 ion channel subunits of the acetylcholine-sensitive K+ current (IK,ACh), and which the latter may underlie LQT13, seems not involved in pathogenesis of SAN dysfunction (46). However, it is suggested that identification of susceptibility genes for SAN dysfunction requires the construction of a large database of patients and controls whose phenotype should be identified with standard criteria to ensure adequate power for cause-effect studies (47). Thus, the incidence of some LQTS types may be too low to determine clear associations with bradycardia.

Several reports exist of mutations in the CALM1–CALM3 genes, each encoding the ubiquitous Ca2+ sensing protein calmodulin, in relation to LQTS and sinus bradycardia (Table 1 and Table S8). Calmodulin regulates multiple Ca2+-related processes in the cardiomyocyte (48), including, e.g., gating of the IKs channel (49). Mutations in CALM1 and CALM2 may impair Ca2+-dependent inactivation of ICa,L (50, 51), functionally comparable to the slowed inactivation of ICa,L in case of LQT8 (Table S7).

In Table 1 and Table S8, we, like others (52, 53), used LQT14–LQT16 in relation to mutations in CALM1–CALM3. We are, however, well aware that the naming LQT16 has been used in other review articles (54, 55) in relation to mutations in SCN1B (56) and in TRDN (57). Altmann et al. identified autosomal recessive homozygous or compound heterozygous mutations in TRDN, encoding triadin, associated with LQTS, and themselves proposed that “triadin knockout syndrome” or “TRDN-mediated autosomal-recessive LQTS” should be used rather than “LQT17,” because of the atypical phenotype that was observed (57).




DISCUSSION AND CONCLUSION

SAN action potentials are generated from a delicate balance of several inwardly and outwardly directed ionic currents, and “Ca2+ clock” mechanisms [for reviews, see (58–60)]. While LQTS gene mutations may affect HR by changes in SAN action potential repolarization, it is highly likely that they also affect the intrinsic SAN cycle length by changes in the diastolic, phase 4, depolarization rate, as illustrated by the computer simulations of Figure 1.

It is important to realize that a mutation in a single LQTS-related gene may affect several ion currents. This does not only hold for mutations in a Ca2+ sensing protein like calmodulin, but also for mutations in the α-subunit of a specific ion channel. The LQT1-related T587M mutation in KCNQ1 for example does not only reduce IKs, but also fails to increase membrane localization of the KCNH2-encoded KV11.1 protein, as opposed to wild-type KCNQ1, thus also reducing IKr (61). Furthermore, we have to keep in mind that the LQTS-induced changes in rhythm may in turn induce changes in expression of specific ion channels, as demonstrated in studies by Tsuji et al. (62), Yeh et al. (63), and D'Souza et al. (64).

LQT2 and LQT3, but not LQT1, patients have a more pronounced risk for arrhythmias at slower HR (7). LQT2 and LQT3 gene mutations may therefore increase the risk for cardiac events via a direct effect on HR, as indeed clinically was found in a large family with LQT3 (65, 66). In LQT1 patients, on the other hand, cardiac events tend to occur during exercise (7). These differences between LQTS types 1–3 underscore the differences in underlying mechanisms and the potential role of sinus bradycardia in cardiac events.

As shown in Tables S1–S8 and summarized in Table 1, sinus bradycardia has been reported in relation to a large number of LQTS mutations. However, observations are limited to one or a few single patients for most of these mutations (Table 1). The occurrence of both QT prolongation and sinus bradycardia on a family basis is almost completely limited to LQT3 and Ankyrin-B syndrome (“LQT4”). However, the mechanisms of the associated ventricular arrhythmias and sudden death are largely different. Cardiac events, including nocturnal sudden death, are provoked by the bradycardia and associated excessive QT prolongation in case of LQT3 (65, 66), whereas disturbed calcium homeostasis leads to dysfunction of the SAN cells in case of the Ankyrin-B syndrome, with sudden death occurring after physical exertion and emotional stress (67–70).

We conclude that, although sinus bradycardia has been reported in relation to a large number of LQTS mutations, a causative role of this sinus bradycardia in cardiac events is limited to mutations underlying LQTS type 3.
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Idiopathic ventricular fibrillation (IVF) is the main cause of unexplained sudden cardiac death, particularly in young patients under the age of 35. IVF is a diagnosis of exclusion in patients who have survived a VF episode without any identifiable structural or metabolic causes despite extensive diagnostic testing. Genetic testing allows identification of a likely causative mutation in up to 27% of unexplained sudden deaths in children and young adults. In the majority of cases, VF is triggered by PVCs that originate from the Purkinje network. Ablation of VF triggers in this setting is associated with high rates of acute success and long-term freedom from VF recurrence. Recent studies demonstrate that a significant subset of IVF defined by negative comprehensive investigations, demonstrate in fact subclinical structural alterations. These localized myocardial alterations are identified by high density electrogram mapping, are of small size and are mainly located in the epicardium. As reentrant VF drivers are often colocated with regions of abnormal electrograms, this localized substrate can be shown to be mechanistically linked with VF. Such areas may represent an important target for ablation.

Keywords: idiopathic ventricular fibrillation, mapping, ablation, Purkinje, localized substrate


INTRODUCTION

Idiopathic ventricular fibrillation (IVF) is a rare cause of sudden cardiac death (SCD). It is reported in 6.8% of all patients who survive an out-of-hospital cardiac arrest and is more frequent in young adults (1). Indeed up to 35% of cases of sudden death remain unexplained in patients between 18 and 35 years old (2). Current guidelines define IVF as a diagnosis of exclusion in patients who have survived a VF episode without any identifiable structural or metabolic cause (3). An implantable cardioverter defibrillator (ICD) is usually recommended for primary and secondary prevention of SCD in this population (3, 4). However, around one third of patients with IVF, experience VF recurrence in the 5 years following diagnosis (5). VF ablation is recommended to prevent VF recurrence and reduce the number of ICD shocks (3, 4).

We aim to review the mechanisms underlying IVF and the different ablation strategies in this setting.



VF PATHOPHYSIOLOGY


VF Initiation

VF is initiated by premature ventricular complexes (PVCs) or by the transition from a ventricular tachycardia (VT). In patients with IVF, PVCs that trigger the arrhythmia originate from the Purkinje system in up to 93% of the cases (6, 7). More rarely, they originate from the ventricular myocardium including the right ventricular outflow tract (RVOT) (7–11) or the papillary muscle (12, 13). These PVCs may result from abnormal automaticity, triggered activities, or more rarely from reentry, either phase 2 reentry (14) or reentry using the Purkinje system (15). Purkinje cells have distinctive anatomical and electrophysiological properties (16). Abnormal automaticity in the Purkinje fibers likely results from a deficient calcium regulation by the sarcoplasmic reticulum (16, 17). Triggered activities such as early afterdepolarizations (EADs) or delayed afterdepolarizations (DADs) are commonly recorded in the Purkinje cells (18–20) and can result from Ca2+ overload (17). These arrhythmogenic mechanisms become more prevalent in the presence of electrolyte imbalance, exposure to drugs, and in the presence of myocardial ischemia (21).



VF Maintenance

Mechanisms that maintain VF are as yet, incompletely elucidated. Animal studies suggest reentrant activities and multiple wavelets as main mechanisms maintaining early VF (22) and Purkinje system as principal mechanism that maintains long duration VF (23). Structural heterogeneities are critical for the occurrence of reentries by decreasing the conduction velocities and thereby anchoring reentries (24–26). Complex myocardial fiber arrangement at the papillary muscle insertions and at the Purkinje tissue can maintain fibrillatory activities in the absence of additional pathology (27). In a mammalian 3-dimensional model, Berenfeld et al. (28) simulated the evolution of reentrant activity at the Purkinje-muscle junction and demonstrated that Purkinje activity is essential to the reentry at its initial stage and led to intra-myocardial reentries that sustained the arrhythmia. Subsequently, Pak et al. (29) demonstrated the contribution of both Purkinje activities and the ventricular myocardium (left postero-septum and papillary muscles) in maintaining VF. Newton et al.(30) and Tabereaux et al. (31) demonstrated that Purkinje fibers are highly active during the VF, mainly 1 min after the initiation. This activation was associated with an endocardial to epicardial gradient (32) and is explained by the resistance of the Purkinje cells to prolonged ischemia. Additional evidence supporting the role of Purkinje fibers in the initiation and maintenance of VF comes from canine heart studies in which chemical ablation of the Purkinje fibers using Lugol's solution significantly increased the VF induction thresholds (33) and was associated to early VF termination (34).



Genetics of IVF

Several familial cases of IVF have been reported, suggesting that a subset of IVF is hereditary and has a genetic transmission. This has been demonstrated by Alders et al. (35) who performed a genome wide haplotype sharing analysis to identify the responsible gene for IVF in 3 distantly related families from the Netherlands. The authors identified a mutation located on the chromosome7q36 harboring a part of the dipeptidyl peptidase-like protein-6 (DPP6) gene that encodes for a component of the transient outward current (36). The correlation between DPP6 mutation and IVF was confirmed in a larger population of 26 families including 601 family members from the Netherlands (37). The mutation increased levels of the DPP6 mRNA 20 fold compared to controls. Xiao et al. (38) demonstrated that DPP6 overexpression selectively increases the ITO current in the Purkinje fibers leading to abnormal depolarization which may explain a part of the pathogenesis of VF in this group. Other genes have been linked to IVF including CALM1 (39), RYR2 (40), IRX3 (41).

Whole exome sequencing represents the latest approach to genetic testing in patients with IVF, allowing diagnosis of a wide range of sudden death-susceptibility genes (42, 43). Of note however, genetic screening frequently reveals rare variants and variants of uncertain significance that require further classification (20, 44–49).




MAPPING AND ABLATION OF VF TRIGGERS


Clinical Experience

So far, mapping and ablation of the premature ventricular contractions (PVCs) triggering VF remains the gold standard for IVF ablation. Multiple cases of successful ablation of triggering PVCs have been reported and are represented in Table 1. Ashida et al. (50) first reported successful ablation of right ventricular outflow tract (RVOT) triggers in a patient with recurrent VF episodes. PVC morphology was reproduced by pace-mapping at the septal RVOT. Ablation at this site abolished the arrhythmia and the episodes of syncope. Later, Kusano et al. (51) and Takatsuki et al. (52) also reported successful ablation of ectopics triggering VF arising from the RVOT; this was associated with freedom from VF recurrence. Additional sites of PVCs triggering VF have been reported at the infero-lateral RV (53, 54), Purkinje system (55–57, 59–63), moderator band (67), and papillary muscles (12, 13).



Table 1. Case reports of successful ablation of PVCs triggering VF.
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So far, two large studies of IVF ablation have been published. The first study included 27 patients with recurrent episodes VF (7). A Purkinje origin was demonstrated in 23/27 (93%) patients. This was located in the left ventricular septum in 10 patients, in the anterior right ventricle in 9 patients, and in both ventricles in 4 patients. The second study was a multicenter study that included 38 patients (11). The PVC origin was in the Purkinje system in 33/38 (87%) patients. They arose from the left Purkinje fibers in 14 patients, from the right Purkinje fibers in 16 patients and from both chambers in 3 patients. A myocardial origin was identified in 5 patients, the majority being from the RVOT (4/5).

In other studies, Noda et al. (10) explored 101 patients with normal structural hearts who presented with PVCs arising from the RVOT. Among this group, 16 patients presented with spontaneous episodes of VF (5 cases) and syncope (11 cases). Ablation targeting the PVCs from the RVOT eliminated episodes of syncope and VF in all patients during a follow-up period of 54 ± 39 months. Santoro et al. (13) explored 5 patients with IVF using intracardiac echocardiography (ICE). They identified a PVC origin in the left ventricular posteromedial papillary muscle in 4 cases and in the right ventricular posterolateral papillary muscle in 1 case. Sadek et al. (67) mapped PVCs triggering VF in a group of 36 patients with VF using ICE. They identified the PVC origin at the moderator band in 7 patients.



Mapping of VF Triggers

The procedure is best scheduled during or as soon as possible after an electrical storm, a period during which the culprit PVCs tend to be frequent. Thereafter, PVCs become less frequent which reduces the likelihood of success. The PVC morphology on the 12 lead ECG is of particular interest as it guides mapping techniques and allows focus on the area of interest (Figure 1). When originating from the left Purkinje fibers, the PVCs are usually narrow (<120 ms) with a right-bundle-branch block morphology (6, 7, 11). They demonstrate right or left axis deviation when originating from the anterior or the posterior Purkinje fibers respectively. Discrete morphology changes are frequently observed in the left Purkinje PVCs. When originating from the right Purkinje arborization, the PVCs are usually wide and have a left-bundle-branch block morphology (6, 7, 11). More rarely, PVCs can originate from a non-conductive tissue source, particularly from the RVOT. In this case, the PVCs have an inferior axis. The coupling interval is classically variable and VF is usually triggered by short coupled PVCs. Discrete PVC morphology changes are frequently observed before VF initiation, potentially due to different exit sites.
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FIGURE 1. Examples of ECGs in patients with IVF. The origin of premature ventricular complexes triggering VF may be the right ventricular outflow tract (A), the right Purkinje system (B), or the left anterior (C) or posterior (D) Purkinje system.



As described by our group (6, 7, 16), the PVC origin may be mapped endocardially and is located at the earliest electrogram site relative to the onset of the PVC on the 12 lead ECG. The right ventricle is accessed by a venous femoral approach using a long sheath. The left ventricle is accessed either by a transeptal approach or a by a retrograde approach. The transeptal approach is effective in reaching most of the left ventricular myocardium and may provide more stability to map and ablate the anterior Purkinje and the antero-lateral papillary muscle. The retrograde approach is more effective in accessing the left basal septum and the left ventricular outflow tract. The transeptal approach is preferred in patients with aortic atherosclerosis and in the presence of aortic valve stenosis. A decapolar catheter is helpful in mapping the His-Purkinje arborization in both chambers. A lasso catheter can be used to map the RVOT (68). A multispline catheter is also useful for mapping over a wide area of ventricular endocardium with high spatial sampling and resolution.

In sinus rhythm, in the absence of intraventricular conduction abnormalities, distal Purkinje potentials are usually sharp (≤10 ms) and precede the QRS complex by ≤15 ms. Longer intervals indicate a fascicular origin. During a PVC, Purkinje potentials precede the local EGM by variable intervals that are usually greater than 15 ms (Figure 2). Purkinje activation can be blocked and concealed and can be activated retrogradely (Figure 3). Purkinje potentials become concealed within the local EGMs in the presence of intraventricular conduction abnormalities. Therefore, special care should be made during mapping to avoid inadvertent bumping of the left or right bundles. The absence of Purkinje potential at the earliest ventricular activation site during sinus rhythm indicates a myocardial origin. Whenever needed, PVCs can be induced by pacing maneuvers (atrial or ventricular) and/or more rarely by intravenous infusion of Isoproterenol (1–2 mcg/kg/min) or Ajmaline (1 mg/kg).
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FIGURE 2. 12 lead ECG with associated endocardial electrograms of a PVC arising from the posterior Purkinje network. Purkinje fascicular potentials precede QRS onset by 18 ms during sinus rhythm. During the PVC, Purkinje potentials precede QRS onset by 108 ms (blue arrows). Notice the presence of a concealed Purkinje potential (red arrow).
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FIGURE 3. 12 lead ECG (Left) with associated endocardial tracings (Right) showing spontaneous polymorphic PVCs from a patient with idiopathic VF. A wide PVC likely originating from the right ventricle is followed by a concealed retrograde Purkinje potential (red star). Purkinje potentials during sinus rhythm are shown by blue arrows. PVCs originating from the Purkinje fibers are preceded by Purkinje potentials with a different coupling interval (red arrows). Notice the modifications in PVC morphology which result from the complex arborization of the left Purkinje system.



In the absence of spontaneous or inducible PVCs, pace-mapping may give an indication of the area of interest. However, pace-mapping cannot reliably reproduce the morphology of the Purkinje triggered PVCs due to simultaneous capture of the surrounding myocardium. Pace mapping is performed with the lowest pacing output (twice the diastolic threshold, range 2–15 mA) with a pulse width of 2 ms in order to capture the local ventricular myocardium. Different systems allow analysis of the degree of similarity between the recorded PVC and the original one and express it as a percentage. This comparison may also be performed for mechanically induced PVCs.

Electrocardiographic imaging (ECGi) represents an additional tool that may accurately identify the origin of the PVCs triggering VF (69–71). It is of particular interest in patients with rare PVCs (Figure 4).


[image: image]

FIGURE 4. Twelve lead ECG and activation maps of the first and second beats of spontaneously initiated VF in a 30-year-old man. The PVC initiating VF has a similar morphology as the previous PVC with subtle changes in the precordial leads (V2-V3). The PVC initiating VF is located at the antero-apical RV (white star). The subsequent beat is a figure of eight at the same site as the first PVC.






IS THERE A SUBSTRATE IN PATIENTS WITH IVF?

In order to sustain, VF requires a substrate, either anatomical or electrical. However, current diagnostic tools are limited and may miss subtle structural abnormalities. In addition, the lack of mapping resolution during VF in humans, as well as the unknown effects of acute or dynamic phenomena, may explain the lack of data in this group.

In a recent study (20), we evaluated 24 patients who survived IVF. All patients benefited from non-invasive mapping to characterize the drivers maintaining VF during the initial 5 s of VF. In addition, all patients benefited from high density endocardial and epicardial biventricular mapping. A decapolar catheter was used to map the endocardium of the right and left ventricles, while 20-pole catheters with 2 mm inter-electrode spacing (Pentaray, BiosenseWebster, CA; Lasso, BiosenseWebster, CA) were used for biventricular epicardial mapping.

A total of 19 VF episodes were analyzed. VF occurred spontaneously in 3 patients and was induced by electrical stimulation in 16, whereas it was not inducible in 5 patients. A mean of 28 ± 3 VF cycles were recorded during the initial 5 s and the mean VF cycle length was 183 ± 23 ms. A mean of 2.8 ± 0.7 activities (including focal and reentrant activities) were recorded per cycle, being reentrant in 87% and focal in 13%. A ventricle was considered as dominant when hosting more than 50% of the activities during the initial 5 s. This was the case in 9 patients while the rest demonstrated biventricular distribution of the fibrillatory activities. High density mapping during sinus rhythm identified abnormal electrograms [>70 ms duration and more than 3 spikes (72–74)] in 15/24 patients (62.5%) (Figure 5). They were arranged in a confluent (rather than a distributed) pattern and covered a limited surface area (13 ± 6 cm2), representing 5 ± 3% of the total ventricular surface area. The abnormal electrograms were located in the right ventricle in 11, the left ventricle in one and both in three, and were predominantly epicardial. The localized substrate colocated with the driver regions in 76% of cases (p < 0.001). The 9 patients without structural alterations had a high incidence of Purkinje triggers (7/9).
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FIGURE 5. (A) 12 lead ECG of a 37 y.o man with IVF. (B) Anterior view of the heart showing an area of reentrant activity located at the anterior and lateral epicardial RV. Fragmented epicardial electrograms with long duration during sinus rhythm are identified close to the driver sites.





ABLATION STRATEGIES AND PROCEDURAL OUTCOME

The site of earliest ventricular activation during spontaneous PVCs is the target of choice. In patients without clinical PVCs, ablation can target the local Purkinje potentials or the site of best matched morphology by pace-mapping. Ablation may be performed using an irrigated 3.5 mm tip catheter. Power is delivered according to catheter location. PVCs originating from the RVOT or from the Purkinje network are ablated using 30 watts. The power can be increased to 50 watts on the septum when the PVC origin is intramural. Manual titration of the irrigation flow is performed to achieve the required power. In all cases, ablation is extended approximately 1–2 cm2 around the target site. During ablation, it is common to have exacerbation of the arrhythmia (multiple PVCs leading to polymorphic VT and more rarely to VF) before the eradication of premature beats. The occurrence of QRS widening during ablation indicates potential catheter displacement toward the more proximal conduction system and ablation should be stopped (7). Knecht et al. (11) have reported the occurrence of transient left bundle branch block in one patient and nonspecific intraventricular conduction defects in 6 of 38 patients. The procedural endpoint is complete elimination of the culprit PVC and of the local Purkinje potentials. Acute procedural success rate is high. In their initial report, Haissaguerre et al. (7) achieved complete elimination of all the clinical PVCs that were recorded in 24 of 27 patients. Ablation was guided by pace-mapping in the remaining 3 patients. Two patients had early recurrence of PVCs with different morphologies that were successfully eliminated during a second procedure. Knecht et al. reported successful elimination of the culprit PVCs in all patients who presented with spontaneous PVCs.

The localized substrate identified during mapping represents a novel additional target for ablation. In a recent study, we targeted the abnormal substrate in 12 patients with IVF with recurrent episodes. Ablation was associated with VF free outcome with 14-months follow-up (20).

A summary of the diagnostic, mapping and ablation approaches in patients with IVF is provided in Figure 6.
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FIGURE 6. Summary of the current diagnostic, mapping and ablation approaches in patients with IVF.





PROCEDURAL OUTCOMES

Clinical and Holter monitoring is performed in all patients for at least 3 days after the procedure. ICDs are systematically implanted before discharge if not already in situ. Antiarrhythmic drugs are continued for at least 3 months after the procedure. After discharge, patients are followed-up at 1, 3, 6, and 12 months, then every 6 months to 1 year thereafter. Follow-up includes clinical examination, 12-lead ECG, exercise test and ICD interrogation.

Following current guidelines (3, 4), we systematically perform familial screening, including resting ECG, exercise testing and echocardiography in first degree relatives. In selected cases, Holter and signal-averaged ECGs, MRI and provocation testing (including with Class Ic antiarrhythmic drugs and epinephrine) are performed.

To date, the greatest experience with mapping and ablation of IVF was reported in a multicenter trial of 38 patients (11). After a mean follow-up of 63 months, 31 of 38 (82%) patients were free from VF recurrence. VF recurrence occurred in the remaining 7 (18%) patients after a median of 4 months with multiple episodes in 5 of them. The presence of bundle branch block before ablation was the only parameter associated with worse outcome and with VF recurrence (11). There was no difference in outcome between patients with Purkinje triggers and those with muscular triggers.



CONCLUSIONS

Idiopathic VF is diagnosed in around one third of survivors of unexplained SCD aged under 35 years. Genetic testing allows identification of a likely causative mutation in around one quarter of unexplained sudden deaths in children and young adults. Ablation of the PVCs that trigger VF in this setting is associated with high rates of acute success and long-term freedom from VF recurrence. Importantly, almost two thirds of patients have subtle structural abnormalities identified by high density electrogram mapping and missed by current imaging tools. This localized substrate, which colocates with regions of VF drivers, provides an explanation for so called unexplained SCD and represents a novel potential target for ablation.
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To date, a large number of mutations in SCN5A, the gene encoding the pore-forming α-subunit of the primary cardiac Na+ channel (NaV1.5), have been found in patients presenting with a wide range of ECG abnormalities and cardiac syndromes. Although these mutations all affect the same NaV1.5 channel, the associated cardiac syndromes each display distinct phenotypical and biophysical characteristics. Variable disease expressivity has also been reported, where one particular mutation in SCN5A may lead to either one particular symptom, a range of various clinical signs, or no symptoms at all, even within one single family. Additionally, disease severity may vary considerably between patients carrying the same mutation. The exact reasons are unknown, but evidence is increasing that various cardiac and non-cardiac conditions can influence the expressivity and severity of inherited SCN5A channelopathies. In this review, we provide a summary of identified disease entities caused by SCN5A mutations, and give an overview of co-morbidities and other (non)-genetic factors which may modify SCN5A channelopathies. A comprehensive knowledge of these modulatory factors is not only essential for a complete understanding of the diverse clinical phenotypes associated with SCN5A mutations, but also for successful development of effective risk stratification and (alternative) treatment paradigms.
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INTRODUCTION

To date, an increasing number of mutations in SCN5A, the gene encoding the pore-forming α-subunit of the primary cardiac Na+ channel (NaV1.5), is found in patients with a wide range of electrocardiogram (ECG) abnormalities and cardiac syndromes (1–3). Although they are all due to mutations in the same ion channel, these syndromes show a myriad of phenotypes (4). While this may be partly explained by mutation-specific biophysical changes in the current generated by NaV1.5 channels (here named Na+ current, INa), it has now become clear that a single mutation in SCN5A may also result in a large number of disease phenotypes within one and the same family [for review, see (2)]. Also, disease severity often varies significantly among affected individuals, with some SCN5A mutation-positive patients suffering from life-threatening arrhythmias at young age while others do not display any clinical signs (i.e., reduced and incomplete penetrance).

At this moment, clinical management of SCN5A mutation-positive patients is hindered by this reduced penetrance as well as by the considerable variation in disease severity and risk of sudden cardiac death (SCD) observed in affected individuals. Cardiac and non-cardiac modulatory factors and co-morbidities are supposed to modify disease severity and expressivity, however, till now they are largely unexplored. A major reason for the lack of detailed information on such disease modifiers in SCN5A-mutation related disorders is the large genetic heterogeneity between individual patients. In addition, different mutations result in different biophysical alterations and thus give rise to further variability between individuals. In this review, we provide an updated summary of presently identified cardiac disease entities secondary to SCN5A mutations, and give an overview of a broad spectrum of concomitant disorders and conditions which may modify disease severity and expressivity of SCN5A channelopathies.



CARDIAC DISORDERS ASSOCIATED WITH SCN5A MUTATIONS

NaV1.5 channels are widely distributed in the mammalian heart, but the number of channels (5–7) and their electrophysiological function (6, 8–10) may differ between various parts of the heart. Consequently, SCN5A mutations can lead to multiple cardiac disease phenotypes, and even considerable overlap may exist, named “overlap syndrome,” between these cardiac clinical entities (2). Aside from the heart, NaV1.5 channels are also expressed in other tissues throughout the body, and SCN5A mutations therefore are also associated with extracardiac phenotypes, including gastrointestinal dysfunction (11) and epilepsy (12). Below, we first provide a brief overview of the NaV1.5 channel and INa properties and subsequently introduce briefly the various SCN5A-related cardiac disorders in relation to the associated biophysical NaV1.5 channel defects.


NaV1.5 Structure and Function

As reviewed in detail elsewhere (13), the NaV1.5 protein is formed by four homologous domains (D1–DIV) each composed of six transmembrane spanning helices (S1–S6) (Figure 1). NaV1.5-based channels are voltage dependent and open upon depolarization, resulting in a rapid activation of INa. In working myocytes, this INa is large and generates the fast action potential (AP) depolarization (6, 14). Typically, NaV1.5 channels also close rapidly due to inactivation. This fast inactivation, together with the reduction in driving force of Na+ ions occurring during the AP upstroke, results in a rapid decrease of INa (Figure 1B). Although most NaV1.5 channels show fast inactivation, some channels may inactivate slower and/or incompletely. Consequently, a small persistent or late INa current is generated (Figure 1C), which may affect AP repolarization (15). Moreover, a small overlap exists between the voltage dependence of activation and inactivation. Therefore, NaV1.5 channels can activate but are not inactivated completely, resulting in a small INa at this range of membrane potentials, named the “window current” (Figure 1D). Such a window current also contributes to the AP repolarization phase. In addition, late and/or window INa may also affect pacemaker activity of sinoatrial nodal (SAN) cells (8, 10) and excitability (16). Upon return to hyperpolarized potentials, i.e., during or following the AP repolarization, NaV1.5 channels can quickly recover from inactivation (14). The speed of recovery from inactivation regulates NaV1.5 channel availability for subsequent APs, and is therefore responsible for the refractory period (17).


[image: image]

FIGURE 1. Schematic drawings of the cardiac sodium channel NaV1.5 encoded by the SCN5A gene (A), and important biophysiological properties and function of the current generated by SCN5A (here named INa), including peak INa (B), late INa (C), window INa (D), and recovery from inactivation (E).





SCN5A-Related Disorders

Brugada syndrome (BrS) is characterized on the ECG by ST-segment elevation in the right-precordial leads V1 to V3. BrS is associated with ventricular arrhythmias and SCD, which occur particularly during rest and sleep in apparently healthy and young (age < 40 years) individuals (18). The characteristic ST-segment elevation of the ECG is often variably present, and can be unmasked by INa blockade or exercise [see (18)]. SCN5A mutations linked to BrS are so called “loss-of-function” mutations, which typically result in a decreased INa (1). This reduction in INa may be due to decreased trafficking and membrane channel expression and/or altered gating properties of the channel resulting in disruption of voltage dependency of (in)activation, accelerated speed of inactivation, or slowed recovery from inactivation.

Long QT syndrome (LQTS) is characterized by a QT-interval prolongation on the ECG accompanied by an enhanced risk for SCD as a result of ventricular tachyarrhythmias. LQTS type 3 (LQT3), the subtype caused by SCN5A mutations, is associated with bradycardia and arrhythmias and/or SCD occurring mostly at slow heart rates such as during rest or sleep (19). SCN5A mutations underlying LQT3 are typically “gain-of-function” mutations inducing various biophysical alterations (such as slower INa inactivation, larger late INa, larger window INa, and/or increased INa density (1), all leading to an enhanced INa function during the AP repolarization phase and consequent AP prolongation.

Atrial fibrillation (AF), a rapid and irregular beating of the atria, is mostly found in elderly patients with structural alterations in the heart. Evidence is increasing that AF in young patients with structurally normal hearts may also be hereditary. In familial forms of AF, both SCN5A loss-of-function and gain-of-function mutations have been identified (20). The gain-of-function can be due to various gating changes including negative shifts in voltage dependence of activation, positive shifts in voltage dependence of inactivation, slower current inactivation, and faster recovery from inactivation [see (16), and primary references cited therein]. Loss-of-function can be the consequence of reduced INa density (21) or of a negative shift in voltage dependence of inactivation (22).

Sick sinus syndrome (SSS) is described as the “intrinsic inadequacy of the SAN to perform its pacemaking function due to a disorder of automaticity and/or inability to transmit its impulse to the rest of the atrium” [see (23)]. A number of SCN5A mutations have been associated with inherited SSS, and interestingly these can be both loss-of-function and gain-of-function mutations. Consequently, the occurrence of SSS has a considerable overlap with BrS (24) and LQT3 (25, 26). Loss-of-function, i.e., a reduction of INa availability, decreases the speed of the diastolic depolarization phase of SAN cells and thereby pacemaker activity (25). The overlap of SSS and gain-of-function mutations associated with LQT3 is more complex. Although an increase in late INa results in faster pacemaker activity (25), the concurrent changes in INa density and the shifts in voltage dependency of activation and inactivation counteract the enhanced late INa, resulting in a slower pacemaker activity (25).

Progressive cardiac conduction defect (PCCD) is characterized by progressive conduction slowing through the His-Purkinje system. PCCD is associated with PQ- and QRS-interval prolongation, complete atrio-ventricular (AV) and right and/or left bundle branch block, syncope and SCD. PCCD is often observed in BrS patients, and similar to BrS, is due to loss-of-function mutations (18).

Multifocal ectopic Purkinje-related premature contraction (MEPPC) is characterized by frequent premature ventricular contractions originating from the Purkinje system, especially at rest (16). The SCN5A mutations underlying MEPPC are typically gain-of-function mutations due to an increased window INa, faster recovery from inactivation and/or increased channel availability of NaV1.5 (see (16), and primary references cited therein).

Sudden infant death syndrome (SIDS) is characterized by the sudden unexplained death of a seemingly healthy infant younger than 1 year. SIDS is a disease with multiple pathophysiological mechanisms (27), and cardiac ion channel gene mutations appear to be involved in approximately 20% of the cases of SIDS, from which more than half of the mutations are related to INa [for review, see (28)]. These may include mutations in SCN5A, but also in the INa-modulatory β-subunits (SCN3B and SCN4B) and other “regulatory genes” (CAV3, SNTA1, and GPD1-L), which could result in either INa loss-of function or gain-of-function mutations [see (28, 29), and primary references cited therein].

Dilated cardiomyopathy (DCM) is a structural heart disease characterized by dilated chambers, pump failure, and arrhythmia. DCM is a multifactorial disorder with several proposed pathophysiological mechanisms (30), including SCN5A mutations (31). Both loss-of-function and gain-of-function are associated with DCM, but the pathophysiological mechanisms of DCM secondary to SCN5A mutations are not exactly known (2, 32). As reviewed by Wilde and co-workers, DCM may be: (i) secondary to SCN5A mutation induced arrhythmias and/or bradycardia; (ii) due to increased late INa and consequent changes in intracellular Na+ and Ca2+; or (iii) secondary to the non-electrical role of NaV1.5 as a potential anchoring protein for structural and cytoskeletal proteins (33).

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited cardiomyopathy characterized by fibrofatty replacement of the right ventricle, ventricular arrhythmias, and SCD (34). Up to 60–70% of the ARVC index cases carry a causal desmosomal [such as plakophilin-2 (PKP2) or desmoglein-2 (DSG2)] gene mutation, but various non-desmosomal genes may also be involved (35, 36), including SCN5A (37). Although the percentage of pathogenic SCN5A mutations in ARVC is very low, PKP2 knockdown and overexpression of Dsg2 mutations both result in a decrease in INa (38, 39), and such a decrease in INa is proposed to be a critical factor in arrhythmogenesis in ARVC (40).




VARIABLE EXPRESSIVITY IN SCN5A CHANNELOPATHY

Patients harboring SCN5A mutations demonstrate a significant variability in disease expression (41). Obviously, such variability in SCN5A-releated diseases can be due to different severities of the INa biophysical defect, with truncating SCN5A loss-of-function mutations resulting in more pronounced conduction slowing than missense SCN5A mutations (42). The range of biophysical alterations induced by a particular genetic defect in SCN5A (1) may also determine the capability of that mutation to cause cardiac rhythm disorders. Importantly, the variability in SCN5A-releated disease severity and expressivity is also present in family members carrying the same mutation, as exemplified in a large Dutch family with the SCN5A-1795insD “overlap syndrome” mutation (43). Some mutation carriers in this family display predominantly loss-of-function phenotypes with BrS and/or conduction disease, while other family members carrying this mutation show mainly a gain-of-function phenotype resulting in QT-prolongation (44). In addition, and apart from family members with a clear phenotype, other family members carrying the same SCN5A-1795insD mutation appear unaffected (43). Thus, independent of the mutation-specific effects, individual-specific factors also appear to contribute importantly to the regulation of disease expressivity and severity in SCN5A channelopathy. Moreover, the variability in NaV1.5 disease expression and severity is not only related to INa defects, but likely also closely related to other cardiac ion channels which contribute to the cardiac AP. Apart from INa, the AP morphology is the consequence of a fine balance between the inwardly directed L-type Ca2+ current (ICa,L; CaV), and various outwardly directed K+ currents (KV) including the transient outward K+ current (Ito), the inward rectifier K+ current (IK1) and the slow and rapid delayed rectifier K+ currents (IKs and IKr, respectively) (Figure 2A). Changes in these CaV and various KV currents may affect the expressivity of SCN5A channelopathies. For example, a decrease in ICa,L and/or increase Ito (Figure 2B, in red) may increase phase-1 repolarization and lower the AP plateau phase which may promote ST-segment elevation and BrS (45), while an increase in ICa,L and/or decrease of KV currents (Figure 2C, in red) will result in longer APs thus promoting LQT3 (46).
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FIGURE 2. (A) Schematic drawing of the cardiac action potential (AP) and its underlying membrane currents. INa, Na+ current; ICa,L, L-type Ca2+ current; Ito, transient outward K+ current; IKs, slow component of the delayed rectifier K+ current; IKr, rapid component of the delayed rectifier K+ current; IK1, inward rectifier K+ current. (B) Schematic drawing of AP plateau suppressing ion channels changes (in red). (C) Schematic drawing of AP prolonging ion channels changes (in red).



Below, we provide an overview of various known genetic and non-genetic disease modifiers of inherited cardiac SCN5A channelopathies, which are summarized in Figure 3.
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FIGURE 3. Schematic drawing of genetic and non-genetic disease modifiers of inherited cardiac SCN5A channelopathies.




Genetic Modifiers of SCN5A Channelopathy

Genetic background and modifiers are considered important determinants of disease expressivity and/or severity in SCN5A channelopathies, especially among patients carrying the same mutation (47–49). This has been clearly demonstrated in experimental studies where the impact on genetic variability on disease severity was evaluated in two distinct strains (129P2 and FVBN/J background) of mice carrying the Scn5a-1798insD/+ mutation, the equivalent to SCN5A-1795insD in humans. A more severe phenotype was present in 129P2 mice as compared to FVBN/J mice (50, 51). In addition, subsequently identified potential modifiers of conduction disease severity were found. Comparison of cardiac gene expression between the 129P2 mice and FVBN/J mice demonstrated that Scn4b (encoding a ß-subunit of sodium channels) is an important modifier of conduction disease severity (52). Furthermore, by performing a system genetics approach on F2 progeny arising from these two mouse strains, we showed that Tnni3k (encoding troponin 1 interacting kinase) is another modulator of AV conduction (53). These genetic studies clearly underline the relevance of genetic background and genetic modifiers in sodium channelopathy.

Single nucleotide polymorphisms, frequently observed in the general population, may further determine disease expressivity and/or severity. For example, H558R is the most commonly found SCN5A polymorphism (with a 9–36% prevalence), and its distribution varies between different ethnic populations (54). Co-existence of this polymorphism and SCN5A mutations may affect the functional consequences of the latter, including plasma-membrane targeting of NaV1.5, INa density and/or INa gating properties (55–60). Moreover, a combination of specific polymorphisms [haplotype (HapB)] within the SCN5A promoter region may affect conduction in BrS patients (61). HapB is frequently present in Asians, and may therefore partly explain the high prevalence of BrS in individual with an Asian background. In addition, polymorphisms in non-SCN5A genes may also contribute to disease expressivity in sodium channelopathy. For example, Groenewegen et al. (62) demonstrated that phenotype severity of SCN5A-D1275N mutation carriers was importantly modulated by 2 closely linked polymorphisms forming a haplotype within the promotor region of the GJA5, the gene underlying the atrial-specific connexin-40 gap junction protein. SCN5A-D1275N mutation carriers homozygous for the GJA5 promoter polymorphisms exhibited atrial standstill, while carriers without or with only a heterozygous GJA5 promoter polymorphism displayed only a mild PR-interval prolongation (62).

Additionally, genetic variation due to the presence and relative expression of two important SCN5A alternatively spliced variants, i.e., SCN5A-Q1077del and SCN5A-Q1077 (63), may further modulate sodium channelopathy severity. The BrS phenotype severity associated with the SCN5A-G1406R mutation was enhanced in combination with the Q1077 variant (64). Q1077del has furthermore been shown to modulate INa density, gating properties, and recovery from inactivation of SCN5A mutations associated with DCM (65).



Non-genetic Modifiers of SCN5A Channelopathy

Gender

Gender is a clear modifier of disease severity in SCN5A channelopathy, exemplified by the preponderance of BrS in males (66), and LQT3 in females especially in the 30–40 year age range (67). In addition, within one family with the G1406R loss-of-function mutation, females were found to have mostly cardiac conduction defects whereas males showed predominantly a BrS phenotype (47). Gender, and particularly sex hormones, has a significant impact on ion channels responsible for repolarization, and is associated with a larger ICa,L and smaller Ito and consequently higher QTc values in females [see (68), and primary references cited therein]. This lower repolarization reserve intrinsic to female hearts is thought to augment the detrimental impact of a mutation-induced late INa. Barajas-Martinez and colleagues reported a higher INa magnitude in male epi- and endocardial myocytes compared to female (69). In addition, they found in females a larger ventricular transmural dispersion of INa density. They suggested that in the setting of decreased INa, epicardial myocytes display more easily all-or-none repolarization leading to BrS in males (with a smaller ICa,L and larger Ito), while females with a smaller INa are more sensitive to loss of conduction velocity.

Age

Age is another determinant of severity and expressivity of SCN5A channelopathies (70–72). For example, carriers of the SCN5A-1795insD mutation show QT-interval prolongation and conduction disorders from birth, while features of BrS mostly develop later in life (72). While peak INa density and INa availability (i.e., AP upstroke velocity) does not appear to change with age (73, 74), aging may result in an acceleration of INa inactivation and an enhanced use-dependent decrease in INa (73). In addition, aging myocytes also show AP prolongation secondary to both an increase in late INa and a reduction in KV currents (74). These ion channel changes, together with a prolonged AP (74) (hence, a shorter time for recovery from inactivation) may promote BrS, conduction delay, and LQT3. Furthermore, fibrosis due to aging is thought to play another major role in modulating conduction and repolarization disorder severity (75–77).

Medication

It is well known that many clinically used antiarrhythmic, psychotropic, and anesthetics drugs may induce type-1 ECG and/or arrhythmias in BrS patients (78, 79). These drugs with potential adverse effects for BrS patients (for overview, see the website www.brugadadrugs.org) are known to block INa and/or CaV currents significantly, thereby increasing the susceptibility for BrS. In addition, many clinically used drugs are also known to result in QT-interval prolongation (71, 80). For an overview of QT-interval prolonging drugs, see the website www.QTdrugs.org. These drugs prolong the QT-interval due to blockade of IKr or IKs, rather than an increase of late INa, and increase the arrhythmia risk in patients with inherited LQTS, including LQT3 (81).

Lifestyle

Evidence is increasing that lifestyle can have a significant impact on SCN5A channelopathies by either a direct modulation of INa properties or indirectly via impacting on KV and CaV channels, making the heart more sensitive to (the consequences of) SCN5A mutations.

Alcohol

Alcohol consumption has been associated with BrS (82). Alcohol intoxication may have pro-arrhythmic actions through INa channel inhibition, thereby mimicking the actions of INa blocking drugs (83, 84). Furthermore, ethanol shortens the AP through multiple effects on CaV and KV channels [see (84), and primary references cited therein]; hence, alcohol could theoretically reduce QT-interval prolongation and arrhythmias in the setting of LQT3. On the other hand, episodic excessive alcohol intake is associated with an increase in QT duration dispersion due to cardiac autonomic imbalance (85), which may in fact promote repolarization abnormalities.

Recreational drug use

Recreational drug use is another well-known factor in BrS, especially cocaine (79). Cocaine has multiple indirect and direct effects on the electrical activity of the heart as demonstrated by increases in PR-, QRS-, and QT-intervals due to inhibition of CaV, KV and NaV currents (86). The decrease in INa appears to be caused by slower recovery from inactivation in combination with a shift in voltage dependency of inactivation (86). The cocaine-induced QT-prolongation is importantly due to a blockade of IKr, and predisposes to the occurrence of EADs and TdP (86).

Tobacco

Tobacco use has many detrimental effects on general health. In addition, nicotine and carbon monoxide (CO), a major component of smoke, also cause changes in cardiac development as well as ion channel remodeling (87, 88). For example, a low plasma concentration of nicotine increased peak INa and late INa, with shifts in both inactivation and activation kinetics resulting also in a larger INa window current (88). In addition, sublethal CO exposure is frequently associated with cardiac arrhythmias, and it has been demonstrated that its effects may be due to NaV1.5 channel modulation, causing an increase in late INa, but a decrease of peak INa (89).

Exercise

Exercise, especially swimming, may trigger most types of LQTS (90), but paradoxically appears to lower arrhythmia risk in LQT3 patients (91). On the other hand, exercise may aggravate the ECG defects observed in BrS patients (92). These acute effects of exercise on BrS and LQT3 may be explained by vagal activity and rapid heart rates, resulting in less recovery from inactivation in combination of a lower driving force of Na+ ions due to intracellular Na+ accumulation (91–93). Regular low intensity exercise and endurance training can also lead to structural and electrical remodeling of the heart [for review, see (92)]. A well-known effect of exercise training is a reduction of resting heart rate, partially via a decrease of the hyperpolarization-activated current, If (94). Theoretically, such a lower resting heart rate may itself increase the susceptibility to both BrS and LQT3. On the other hand, exercise training does not affect the expression of SCN5A mRNA (95), but reduces Ito in epicardial myocytes thereby reducing the transmural gradient of Ito significantly (96). This could potentially suppress BrS, but may increase LQT3 due to AP prolongation (96).

Diet and dietary supplements

Diet may have both beneficial and detrimental effects on SCN5A-related diseases, but underlying mechanisms appear complex. For example, acute application of polyunsaturated fatty acids, in particular those of the n-3 class (PUFAs), inhibits INa (97) and therefore may facilitate BrS. Yagi et al. (98), however, suggested that n-3 PUFAs may prevent ventricular fibrillation in BrS, likely due to additional blockade of various other cardiac ion channels (68), including Ito (99). High cholesterol and fat intake may constitute additional diet-related modulatory factors. Both are associated with a slower recovery from INa inactivation, but with a more negative voltage dependence of INa activation, which may lower the threshold for excitation of NaV1.5 channels (100). To date, the clinical impact of high cholesterol and fat intake on LQT3 and BrS patients are as yet unknown. Interestingly, consuming a large meal, resulting in vagal stimulation, may trigger sudden cardiac arrest in BrS (101, 102). In addition, glucose load (alone and in combination with insulin infusion), as well as Thai high glycemic index (HGI) meals are known to affect ST-segment elevation in BrS patients (see (103), and primary references cited therein). The mechanism behind this effect may be related to glucose-induced insulin secretion. In myocytes, insulin results in activation of the Na/K pump (104), and consequently, in an increased outwardly directed current during the AP thereby theoretically promoting repolarization. On the other hand, insulin in myocytes enhanced the depolarizing ICa,L (105), while it inhibits IKr (106) and IKs (107), thereby prolonging the QTc in humans (108) which may favor LQTS. More studies are required to elucidate the exact role of glucose/insulin on BrS and LQT3, and to explain the so-called diabetic death-in-bed syndrome as mentioned by Skinner et al. (109). Furthermore, high salt and glucose intake can result in hypertension and diabetes, respectively. Both diseases have significant impact on ion channel function, and hence likely also modulate disease expressivity and severity in the setting of SCN5A mutations (see also below).

These days, dietary supplements, natural drugs, and/or traditional Chinese medicines are increasingly used (110). Some ingredients in these preparations shorten the cardiac AP due to INa and ICa,L inhibition [for review, see (110)], thus caution for BrS patients seems appropriate. Other compounds, such as Wenxin Granule [for review, see (111)], may however have a therapeutic effect on BrS. Although Wenxin Granule was shown to reduce INa, it also suppressed the electrocardiographic and arrhythmic manifestations of BrS due to inhibition of Ito (112). It has also been shown to reduce late INa (113, 114), and therefore may also have an impact in LQT3 patients. Resveratrol, a polyphenol compound that is primarily derived from grapes, also inhibits late INa as well as ICa,L (110); hence, LQT3 patients may have some benefit from such natural and readily available supplements. Another example of a traditional Chinese medicine is dimethyl lithospermate B (dmLSB), an extract of Chinese herbal Danshen. dmLSB slows INa inactivation, thereby potentially eliminating the arrhythmogenic substrate responsible for BrS (115). Other ingredients of natural drugs and/or traditional Chinese medicines are known to prolong the AP due to KV blockade which may consequently predispose to arrhythmias in LQT3 patients [for review, see (110)]. Finally, apart from direct action om membrane currents, diet and dietary supplements may lead to electrolyte changes, which may have an indirect impact on ion channel function and thereby modify disease expression. For example, higher K+ levels may shorten the QT-interval in LQT3 patients while hypokalemia is a well-known trigger of QT-interval prolongation and arrhythmias in patients with LQTS (116). Thus, diet and dietary supplements may impact on various SCN5A- related conditions, but randomized clinical trials are required to assess their potential beneficial and/or detrimental effects in SCN5A channelopathy patients.

Environmental conditions

Environmental conditions should also be considered as potential disease modifiers in SCN5A channelopathies. Particulate air pollution, for example, has been associated with increased QTc duration (117), and thus may theoretically increase disease severity in LQT3. In addition, sudden noises are well-known to trigger SCN5A-related arrhythmias (1), but evidence is increasing that more chronic, environmental noise pollution also increased incidence of arrhythmias, especially AF (118). The exact mechanism is yet unknown, but noise is a non-specific stressor that activates the autonomous nervous system and endocrine signaling with multiple effects on human health [for review, see (119)].

Fever

Some SCN5A mutations may induce BrS-associated symptoms especially during fever episodes, with may be due to changes in INa channel gating properties in response to increasing temperature (120, 121). We and others have shown that specific SCN5A mutations promote slow inactivation of INa at higher temperatures (i.e., enhanced slow inactivation), thereby causing reduced peak INa availability (122, 123). To date, specific LQT3-associated SCN5A mutations which display enhanced temperature sensitivities have not been described (121). In general, increased temperature does not affect the ratio between late and peak INa (124), but enhances the transmural repolarization dispersion thus facilitating the occurrence of torsade de pointes (TdP) during LQTS (125). While these observations suggest an increased sensitivity for LQT3 during fever, evidence for this is as yet lacking.

Diabetes

Patients with diabetes are more vulnerable for the development of arrhythmias, independent of other risk factors like hypertension and atherosclerosis (126). QT-interval prolongation is more often observed in diabetic patients as compared to non-diabetic individuals (127). QT prolongation, due to downregulation of KV4 channels, is also observed in rat and mouse models of diabetes (126, 128). Interestingly, diabetic mice also show an enhanced late INa (126). It is therefore plausible that diabetes increases disease severity in LQT3 patients, but evidence for such a modulatory effect is currently lacking. On the other hand, a decrease in NaV1.5 expression and INa has been reported in rabbit and rat models of diabetes (129, 130), which may have important implications for BrS.

Obesity

Obesity, marked by excessive fat accumulation and weight gain, may result in various chronic disorders such as dyslipidemia, insulin resistance, hypertension, hyperglycemia, and type 2 diabetes (131). Thus, it has multiple similarities with a number of other topics discussed in this review. Therefore, it is not unexpected that obesity can lead to various cardiac electrical disorders including AF, (supra)ventricular arrhythmias (128, 132), and LQTS (133). At this moment, it is not known whether obesity impacts on disease expressivity and/or severity in SCN5A-related channelopathies. However, given its QT-prolonging effect through an increase in ICa,L and a decrease of various KV channels (132), it is conceivable that obesity may exacerbate LQT3-associated features. Direct effects of obesity on peak and late INa have only been investigated in limited fashion, with contrasting results (for review, see (132), and primary references cited therein). Nevertheless, since the number of obese individuals is steadily rising, further studies are essential to elucidate potential obesity-related ion channel remodeling and consequences for arrhythmogenesis in the setting of ion channelopathies.

Hypertension

Hypertension may lead to progressive myocardial remodeling, ultimately resulting in the development of cardiac hypertrophy and associated electrical, homeostatic and structural alterations (134). The latter may act synergistically with biophysical alterations secondary to a SCN5A mutation resulting in an enhanced pro-arrhythmogenic substrate (135). Due to its progressive nature, the impact of hypertension-induced pro-arrhythmic remodeling is expected to increase with age. Indeed, we have recently demonstrated that co-existing hypertension increased arrhythmia risk and reduced the efficacy of pacemaker treatment in carriers of the SCN5A-1795insD mutation above the age of 40 years. Enhanced late INa, a known consequence of hypertrophy, was shown to be at least partly involved and may constitute a promising therapeutic strategy by additionally preventing intracellular sodium/calcium dysregulation (51, 136, 137). Other studies have shown a similar interaction between hypertension and disease severity and outcome, for example in hypertrophic cardiomyopathy (138). Hence, careful monitoring of hypertension and hypertrophy in addition to aggressive anti-hypertensive treatment should be considered in SCN5A mutation carriers.

Coronary Artery Disease

Coronary artery disease may enhance the risk for cardiac events in BrS and LQTS patients. Co-existence of BrS and coronary spasm has been observed in Japanese patients (139–142), but not in European patients (143). The relation to SCN5A mutations were not mentioned in these studies, but van Hoorn and colleagues found that the prevalence of coronary artery disease was significantly higher among BrS patients with SCN5A mutations than among BrS patients without SCN5A mutations (144). Interestingly, Kujime and coworkers reported that coronary artery vasospasm could be a risk factor for cardiac events in patients with BrS (145). Coronary artery disease was reported to augment the risk for LQTS-related cardiac events in LQTS patients over age the age of 40 years (146), but no subdivision into the various types of LQTS was performed. The exact reason for such an augmentation is not known, but may be related to longer QTc intervals in patients with coronary artery disease (147, 148). Alternatively, it may be consequent to alterations in the tissue substrate (e.g., ischemia, scar formation, reduced ejection fraction) which may lower the threshold for afterdepolarizations in LQTS, a critical factor in the initiation of torsade de pointes that is thought to be the arrhythmogenic mechanism in LQTS-related cardiac events [see (146)]. Thus, it appears that coronary artery disease may enhance the risk for cardiac events in both BrS and LQTS patients, but further clinical studies are required to substantiate these observations.




CONCLUSIONS

Genetic modifiers, (common) co-morbidities, environmental influences, and life style factors including diet and exercise may modify disease expressivity and severity, and as such significantly modulate the risk for arrhythmia occurrence and survival in SCN5A channelopathy. Importantly, the impact of modulatory factors may differ between distinct mutations, but may also vary with age and gender. Hence, clinical management of patients with SCN5A mutations should include careful and continuous assessment of co-existing diseases and other modulatory factors, in addition to rigorous treatment of relevant co-morbidities. Identification of disease modifiers will be an essential step in further research related to SCN5A channelopathies and may help to design better risk stratification algorithms and to improve development of novel diagnostic and therapeutic strategies.
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Background: Brugada syndrome (BrS) is a cardiac ion channelopathy that predisposes affected individuals to sudden cardiac death (SCD). Type 1 BrS is thought to take a more malignant clinical course than non-type 1 BrS. We hypothesized that the degrees of abnormal repolarization and conduction are greater in type 1 subjects and these differences can be detected by electrocardiography (ECG).

Methods: Electrocardiographic data from spontaneous type 1 and non-type 1 BrS patients were analyzed. ECG parameters were measured from leads V1 to V3. Values were expressed as median [lower quartile-upper quartile] and compared using Kruskal-Wallis ANOVA.

Results: Compared to non-type 1 BrS patients (n = 29), patients with spontaneous type 1 patterns (n = 22) showed similar (P > 0.05) heart rate (73 [64–77] vs. 68 [62–80] bpm), QRS duration (136 [124–161] vs. 127 [117–144] ms), uncorrected QT (418 [393–443] vs. 402 [386–424] ms) and corrected QT intervals (457 [414–474] vs. 430 [417–457] ms), JTpeak intervals (174 [144–183] vs. 174 [150–188] ms), Tpeak− Tend intervals (101 [93–120] vs. 99 [90–105] ms), Tpeak− Tend/QT ratios (0.25 [0.23–0.27] vs. 0.24 [0.22–0.27]), Tpeak− Tend/QRS (0.77 [0.62–0.87] vs. 0.77 [0.69–0.86]), Tpeak− Tend/(QRS × QT) (0.00074 [0.00034–0.00096] vs. 0.00073 [0.00048–0.00012] ms−1), index of Cardiac Electrophysiological Balance (iCEB, QT/QRS, marker of wavelength: 3.14 [2.56–3.35] vs. 3.21 [2.85–3.46]) and corrected iCEB (QTc/QRS: 3.25 [2.91–3.73] vs. 3.49 [2.99–3.78]). Higher QRS dispersion was seen in type 1 subjects (QRSd: 34 [24–66] vs. 24 [12–34] ms) but QT dispersion (QTd: 48 [39–71] vs. 43 [22–94] ms), QTc dispersion (QTcd: 52 [41–79] vs. 46 [23–104] ms), JTpeak dispersion (44 [23–62] vs. 45 [30–62] ms), Tpeak− Tend dispersion (28 [15–34] vs. 29 [22–53] ms) or Tpeak− Tend/QT dispersion (0.06 [0.03–0.08] vs. 0.08 [0.04–0.12]) did not differ between the two groups. Type 1 subjects showed higher (QRSd × Tpeak− Tend)/QRS (25 [19–44] vs. 19 [9–30] ms) but similar iCEB dispersion (0.83 [0.49–1.14] vs. 0.61 [0.34–0.92]) and iCEBc dispersion (0.93 [0.51–1.15] vs. 0.65 [0.39–0.96]).

Conclusion: Higher levels of dispersion in conduction and repolarization are found in type 1 than non-type 1 BrS patients, potentially explaining the higher incidence of ventricular arrhythmias in the former group.

Keywords: electrocardiography, conduction, repolarization, wavelength, Brugada syndrome


INTRODUCTION

Brugada syndrome (BrS) is a cardiac ion channelopathy that predisposes affected individuals to ventricular tachyarrhythmias and sudden cardiac death (SCD). Type 1 BrS is thought to take a more malignant clinical course than non-type 1 BrS (1). Abnormalities in both conduction and repolarization processes contribute to ventricular tachyarrhythmias in BrS (2). For instance, slow and discontinuous conduction of action potentials through working myocardium, due to reduced sodium channel activity, may lead to higher degrees of spatial and temporal dispersion in conduction (3). These could potentially be detected as prolonged QRS intervals (4) and higher QRS dispersion (5). Moreover, heterogeneous time-course in full repolarization between the different myocardial layers, due to regional difference in transient outward potassium channel activity, leads to increased transmural repolarization gradients that can be measured electrographically using QT dispersion (QTd) (6, 7), interval from the peak to the end of the T-wave (8) [Tpeak – Tend, reflecting transmural dispersion of repolarization, TDR (9)], (Tpeak – Tend)/QT ratio (10, 11) and Tpeak – Tend dispersion. However, the present electrocardiographic indices do not incorporate parameters on dispersion and these may play important roles in producing the reentrant substrate for arrhythmogenesis (12). In this study, we hypothesized that the degree of abnormal repolarization and conduction is greater in spontaneous type 1 subjects and these differences can be detected by electrocardiographic indices incorporating spatial dispersion of conduction and repolarization.



METHODS


Study Subjects

This retrospective study received ethics approval from the NTEC-CUHK Clinical Research Ethics Committee. Inclusion criteria include subjects diagnosed with Brugada Syndrome presented to the Prince of Wales Hospital, a tertiary level teaching hospital in Hong Kong, China. Age, sex, type of Brugada pattern (spontaneous type 1 or otherwise), syncopal symptoms and spontaneous VT or VF were recorded.



Electrocardiographic Measurements

The following parameters were obtained from 12-lead electrocardiograms of spontaneous type 1 (Data Sheet 1) and non-type 1 (Data Sheet 2) Brugada subjects. Measurements were made from the right precordial leads (V1–V3) with mean values calculated. They were measured together by GT and CL using Phillips ECGVue (Standard Edition). The first ten measurements were validated by clinical electrophysiologists of our centers (KPL and JC). The end of the T-wave was determined using the return to the baseline method. Dispersion was defined as the difference between the maximum and minimum value detected from V1 to V3.

Repolarization parameters including QT interval (onset of the QRS complex to the end of the T wave at T-P baseline; If U waves are present, the QT interval will be taken to the nadir of the curve between the T and U waves), QTc (correction using Bazett's formula), QT dispersion, Tpeak – Tend (peak of T-wave to end of T-wave), Tpeak – Tend dispersion, Tpeak – Tend/QT ratio, Tpeak – Tend/QT dispersion, and JTpeak (J point to peak of T-wave), and JTpeak dispersion. Conduction parameters include QRS duration (onset of Q-wave to the terminal portion of S-wave) and QRS dispersion. Conduction-repolarization indices include index of Cardiac Electrophysiological Balance (iCEB, QT/QRS, a surrogate marker of excitation wavelength), iCEBc (QTc/QRS), their dispersion parameters, (Tpeak – Tend)/QRS, Tpeak – Tend/(QT × QRS) and QRSd × (Tpeak – Tend)/QRS.



Statistical Analysis

Data were expressed as median [lower quartile to upper quartile]. Categorical data were analyzed by Fisher's exact test. Differences between study groups were tested using Kruskal-Wallis ANOVA. P < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics

This study included a total of 51 Brugada syndrome patients. The baseline demographic and clinical characteristics are shown in Table 1. The mean age was 56 ± 2 years and 90% of the subjects were male. A type 1 pattern was observed in 22 patients (43%) and a non-type 1 pattern was observed in 29 patients (57%). Implantable cardioverter-defibrillators were inserted in 21 (71%) subjects. 25 (49%) subjects had syncope, and spontaneous VT was observed in 7 patients. Compared to non-type 1 subjects, type 1 subjects were more likely to have ICD implanted (68 vs. 21%, P = 0.0005) and suffer from syncope (68 vs. 34%, P = 0.02). However, no difference in age, appropriate ICD shocks or spontaneous VT was observed between the groups (P > 0.05). Resting heart rate was similar between type 1 and non-type 1 subjects (73 [64–77] vs. 68 [62–80] bpm, respectively; P = 0.78). The different electrocardiographic parameters were measured from the precordial leads V1–V3 and mean values were calculated. Dispersion was defined as the difference in the maximum and minimum values observed in leads V1–V3. Example screenshots of the ECG measurement system, a spontaneous Type 1 Brugada pattern and non-Type 1 Brugada pattern are shown in Figures 1A–C, respectively. The positions of the onset of the QRS complex and the end of the T-wave are represented by the vertical lines.



Table 1. Demographic and clinical characteristics of Brugada syndrome patients included in this study (n = 51).
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FIGURE 1. Screenshot of the ECG analysis program (A), a Type 1 Brugada pattern (B), and non-Type 1 Brugada pattern (C). The first and second vertical lines indicate the onset of the QRS complex and end of the T-wave, respectively, for (B,C).





Traditional Conduction or Repolarization Markers: QRS, QT, QTc, and JTPeak Intervals

Compared to non-type 1 BrS subjects, those with type 1 BrS had statistically indistinguishable QRS duration (136 [124–161] vs. 127 [117–144] ms; P = 0.14; Figure 2A), uncorrected QT (418 [393–443] vs. 402 [386–424] ms; P = 0.17; Figure 2B) and corrected QT intervals using Bazett's formula (457 [414–474] vs. 430 [417–457] ms; P = 0.15; Figure 2C). Moreover, JTpeak intervals, which are useful for assessing repolarization duration in the context of slowed ventricular conduction (13), were not significantly different between type 1 and non-type 1 BrS patients (174 [144–183] vs. 174 [150–188] ms; P = 0.52; Figure 2D).
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FIGURE 2. QRS duration (A), uncorrected QT interval (B), corrected QT interval (C), or JTpeak interval (D) in type 1 and non-type 1 Brugada syndrome patients.





Markers of Repolarization or Conduction Dispersion

The conduction dispersion marker, QRS dispersion, was significantly higher in type 1 subjects (QRSd: 34 [24–66] vs. 24 [12–34] ms; P = 0.03; Figure 3A). By contrast, the repolarization dispersion markers, QT dispersion (QTd: 48 [39–71] vs. 43 [22–94] ms; P = 0.98 Figure 3B), QTc dispersion (QTcd: 52 [41–79] vs. 46 [23–104] ms; P = 0.98; Figure 3C), JTpeak dispersion (44 [23–62] vs. 45 [30–62] ms; P = 0.77; Figure 3D) were statistically indistinguishable between both groups.
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FIGURE 3. QRS dispersion (A), uncorrected QT dispersion (B), corrected QT dispersion (C), or JTpeak dispersion (D) in type 1 and non-type 1 Brugada syndrome patients. *Denotes significant difference between the two groups.



Moreover, Tpeak− Tend indices reflecting global or transmural dispersion of repolarization were studied. Tpeak− Tend intervals (101 [93–120] vs. 99 [90–105] ms; P = 0.28; Figure 4A), Tpeak− Tend dispersion (28 [15–34] vs. 29 [22–53] ms; P = 0.18; Figure 4B), Tpeak− Tend/QT ratios (0.25 [0.23–0.27] vs. 0.24 [0.22–0.27]; P = 0.56; Figure 4C), or Tpeak− Tend/QT dispersion (0.06 [0.03–0.08] vs. 0.08 [0.04–0.12]; P = 0.09; Figure 4D) did not differ between both groups.
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FIGURE 4. Tpeak− Tend intervals (A), Tpeak− Tend dispersion (B), Tpeak− Tend/QT ratios (C), or Tpeak− Tend/QT dispersion (D) in type 1 and non-type 1 Brugada syndrome patients.





Markers of Excitation Wavelength and Indices Incorporating Conduction and Repolarization Dispersion

Recently, the index of Cardiac Electrophysiological Balance (iCEB, QT/QRS) was proposed as a marker of excitation wavelength (14, 15). However, iCEB (3.14 [2.56–3.35] vs. 3.21 [2.85–3.46]; P = 0.45; Figure 5A) or iCEB corrected for heart rate (QTc/QRS: 3.25 [2.91–3.73] vs. 3.49 [2.99–3.78]; P = 0.48; Figure 5B) did not significantly differ between type 1 and non-type 1 BrS patients. Moreover, markers incorporating both repolarization and conduction dispersion, such as (Tpeak – Tend)/QRS, Tpeak – Tend/(QT × QRS) and QRSd × (Tpeak – Tend)/QRS were proposed for risk stratification (16, 17). However, type 1 and non-type 1 BrS patients showed similar Tpeak− Tend/QRS (0.77 [0.62–0.87] vs. 0.77 [0.69–0.86]; P = 0.89; Figure 5C) and Tpeak− Tend/(QRS × QT) (0.00074 [0.00034–0.00096] vs. 0.00073 [0.00048–0.00012] ms−1; P = 0.44; Figure 5D).
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FIGURE 5. Index of Cardiac Electrophysiological Balance (iCEB, QT/QRS) (A), iCEB corrected for heart rate (QTc/QRS) (B), Tpeak− Tend/QRS (C), or Tpeak− Tend/(QRS × QT) (D) in type 1 and non-type 1 Brugada syndrome patients.



In this study, we calculated dispersion of iCEB and iCEBc for the first time. This is based on the physiological findings that reentrant tachycardia may be due to higher spatial dispersion of excitation wavelength, which can predispose to unidirectional conduction block and reentry (18). Moreover, we quantified (QRSd × Tpeak− Tend)/QRS for the first time, a parameter combining both dispersion of conduction and of repolarization. The present analysis found that type 1 BrS patients showed statistically indistinguishable iCEB dispersion (0.83 [0.49–1.14] vs. 0.61 [0.34–0.92]; P = 0.09; Figure 6A), iCEBc dispersion (0.93 [0.51–1.15] vs. 0.65 [0.39–0.96]; P = 0.08; Figure 6B) but significantly higher mean (QRSd × Tpeak− Tend)/QRS (25 [19–44] vs. 19 [9–30] ms; P = 0.03; Figure 6C) compared to non-type 1 subjects.
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FIGURE 6. iCEB dispersion (A), iCEBc dispersion (B), or (QRSd × Tpeak− Tend)/QRS (C) in type 1 and non-type 1 Brugada syndrome patients. *Denotes significant difference between the two groups.






DISCUSSION

The most important findings of this study are that parameters that measured the dispersion of conduction, repolarization or both processes across the three precordial leads, V1–V3, can distinguish patients with spontaneous type 1 Brugada from those with non-type 1 Brugada patterns. By contrast, the same parameters measured from a single lead only or their mean values were not significantly different between both groups.

Sudden cardiac death (SCD), frequently due to ventricular tachyarrhythmias, is a significant problem globally (19). Patients with Brugada syndrome (BrS) have an increased risk of developing SCD (20, 21). However, it remains difficult to identify patients at the highest risk for developing these arrhythmias (22). Those with a type 1 pattern are thought to have higher risk of developing such adverse events compared with those with non-type 1 patterns (23–26). However, some investigators have reported that those with non-type 1 patterns, which can be converted to a type 1 pattern using drug challenge, are also at higher risks of ventricular arrhythmias (27).


Depolarization and Repolarization Hypotheses and Their ECG Markers

Generally, the mechanism of arrhythmogenesis in BrS have been broadly divided into the depolarization and repolarization hypotheses (12, 28–31). The depolarization hypothesis posits that delayed propagation of action potentials through the right ventricular outflow tract, can lead to reduction of excitation wavelength to induce reentry. By contrast, the repolarization hypothesis posits that differences in repolarization time-course either locally or across the myocardial wall, can create electrotonic currents during phase 2 of the cardiac action potential, leading to reentry (32, 33). It is likely that both mechanisms co-exist and contribute to arrhythmogenesis in BrS.

These findings provide insights into the different electrocardiographic markers that can be used for risk stratification (34, 35). Traditionally, repolarization markers such as QT interval (corrected, QTc) have been widely used for this purpose. However they have a low sensitivity and specificity (36), given that ventricular arrhythmias can occur in the presence of a normal or even reduced QT interval (37). By contrast, depolarization or conduction markers such as QRS duration can also predict arrhythmic outcomes in BrS (4, 38).



Wavelength and Dispersion-Based Markers: Traditional and Novel Indices

Given the limitations of the above markers, recent interests have focused on the role of dispersion-based indices (18). Other markers include QT dispersion (QTd) (6, 7), interval from the peak to the end of the T wave (8, 39, 40) [Tpeak – Tend, reflecting transmural dispersion of repolarization, TDR (9)], and (Tpeak – Tend)/QT ratio (10). These markers stemmed from pre-clinical findings that higher spatial dispersion of repolarization can predispose to phase 2 reentry (41, 42). Although individual studies have reported the value for risk stratification, a recent study of 448 patients, which is the largest cohort to date, found no difference in this interval between subjects with VF/SCD and those who were asymptomatic (43). By contrast, QRS dispersion reflects spatial dispersion of CVs, increases in which can lead to unidirectional conduction block and reentry (44). Higher QRS dispersion (5) and increased fragmentation of the QRS complex (45, 46), have been associated with pro-arrhythmic outcomes in BrS patients.

Experiments from animal studies have demonstrated the importance of excitation wavelength, λ, given by the product of CV and refractory period, in determining arrhythmogenicity (47, 48). Thus, a decrease in either parameter reduces the length of the excitation wave, meaning that a higher number of re-entrant circuits can be accommodated in a given volume of myocardial tissue. However, λ must be determined by invasively with electrophysiological testing (49). This prompted Lu and colleagues to propose iCEB, the first electrocardiographic marker that serves as a good approximate of λ (14). This was subsequently shown to be decreased in BrS patients (15). Our study extends these findings by demonstrating that iCEB and iCEBc were similar between type 1 and non-type 1 BrS patients.

Given the observations that dispersion-based markers could provide additional value for arrhythmic risk stratification (36, 50), a number of indices incorporating repolarization and conduction dispersion have been proposed, namely Tpeak – Tend/QRS, Tpeak – Tend/(QT × QRS) and QRSd × Tpeak – Tend/QRS (16, 17). Recently, Robyns and colleagues found that Tpeak – Tend/QRS or Tpeak – Tend/(QT × QRS), like iCEB, were significantly different between control, BrS and long QT syndrome patients (51). However, data from Germany found no difference in either index between asymptomatic and symptomatic BrS patients (52). In our study, we found that both parameters did not significantly differ between type 1 and non-type 1 BrS patients. By contrast, we found significantly higher mean QRSd × Tpeak – Tend/QRS but similar iCEB and iCEBc dispersion parameters in type 1 compared to non-type 1 BrS patients. These findings therefore provide the evidence that higher dispersion of repolarization and conduction are found in type 1 BrS patients, which can potentially explain the higher incidence of ventricular arrhythmias and SCD than non-type 1 patients.



Limitations

Several limitations of this study are recognized. Firstly, this included a small cohort from a single center. These findings therefore need to be explored in larger cohorts. Secondly, this was a retrospective study that did not examine hard endpoints such as arrhythmic or mortality outcomes. It should be noted that our work is hypothesis-generating. Future studies can explore whether these novel dispersion-based electrocardiographic markers are useful for risk stratification in terms of arrhythmic or mortality outcomes.




CONCLUSIONS

This study provides electrocardiographic evidence that higher levels of dispersion in conduction and repolarization are found in type 1 than non-type 1 BrS patients. This may potentially explain the higher incidence of ventricular arrhythmias in the former group. Indices reflecting cumulative conduction and repolarization abnormalities may provide additional value for risk stratification.
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Voltage gated sodium channels (NaV) are broadly expressed in the human body. They are responsible for the initiation of action potentials in excitable cells. They also underlie several physiological processes such as cognitive, sensitive, motor, and cardiac functions. The NaV1.5 channel is the main NaV expressed in the heart. A dysfunction of this channel is usually associated with the development of pure electrical disorders such as long QT syndrome, Brugada syndrome, sinus node dysfunction, atrial fibrillation, and cardiac conduction disorders. However, mutations of Nav1.5 have recently been linked to the development of an atypical clinical entity combining complex arrhythmias and dilated cardiomyopathy. Although several Nav1.5 mutations have been linked to dilated cardiomyopathy phenotypes, their pathogenic mechanisms remain to be elucidated. The gating pore may constitute a common biophysical defect for all NaV1.5 mutations located in the channel's VSDs. The creation of such a gating pore may disrupt the ionic homeostasis of cardiomyocytes, affecting electrical signals, cell morphology, and cardiac myocyte function. The main objective of this article is to review the concept of gating pores and their role in structural heart diseases and to discuss potential pharmacological treatments.
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INTRODUCTION

Cardiovascular diseases are the single most common cause of death worldwide, and sudden deaths due to cardiac arrhythmias account for ~50% of these deaths (1). Heart failure (HF) is a major public health problem in industrialized countries, in particular because of its frequency and its consequences in terms of morbidity and mortality (2). The financial costs of heart failure (HF) are substantial and are increasing constantly due to higher healthcare costs, improved therapies that extend life expectancy, and an aging population.

Dilated cardiomyopathy (DCM) is the most common cause of HF in North America. It induces the dilatation of cardiac cavities and impairs contractility and systolic function (3). It accounts for over 90% of all cardiomyopathy cases referred to specialized centers and is collectively the most common reason for heart transplants in the young (4, 5). Familial or genetically related DCM make up 20 to 30% of DCM cases. Most genes associated with DCM encode structural proteins involved in contractile function and the cytoskeletal matrix. Mutations in genes encoding these proteins are believed to diminish the overall structural integrity of cells, leading to myocyte disarray, the development of fibrosis characteristic of DCM, and myocyte death (3, 6). Sodium (SCN5A), and potassium (ABCC9, KATP) channel regulation defects have also been associated with the development of DCM, which argues for an alternative disease mechanism of dilatation-induced remodeling that is mainly driven by a dysfunction in an electrical excitability component rather than a primary structural defect (6, 7).

The development of effective drugs has markedly improved the prognosis of patients with HF. Four therapeutic classes have demonstrated efficacy in the management of HF. These include angiotensin-converting enzyme inhibitors such as enalapril, Angiotensin Receptor blockers such as losartan, aldosterone inhibitors such as spironolactone, and beta-blockers such as carvedilol, metoprolol, and bisoprolol (8). A combination of different pharmacological treatments may help limit the pathological remodeling responsible for the evolution of the disease. In addition to the long-term treatment of HF, diuretics are prescribed to limit the appearance of edema (9).

The purpose of this review is to explore the mechanisms involved in SCN5A mutations linked to DCM, with a focus on their role in generating gating pore currents as a potentially unifying molecular mechanism.



VOLTAGE-GATED Na+ CHANNELS

Voltage-gated Na+ channels are transmembrane proteins that play a critical role in action potential (AP) initiation and propagation in many excitable cells and thus constitute the driving force for generating electrical impulses. The dysfunction of voltage-gated Na+ channels has been reported to affect activity in skeletal muscle, the heart, and the nervous system, causing a variety of diseases such as paralysis, cardiac arrhythmic disorders such as disturbances in cardiac conduction (10), type 3 long QT syndrome (11), Brugada syndrome (BrS) (12), cardiac conduction defect (CCD) (13), pain, and epilepsy (14). Na+ channels are composed one α-subunit (260 kDa) associated with one or more accessory β-subunits (β1-β4) (15). Channel function and kinetics are primarily driven by pore-forming α-subunits and are modulated by β-subunits. All Na+ channel α-subunits comprise four homologous domains (DI-DIV), each of which contains six transmembrane segments (S1-S6). S1-S4 form the voltage sensor domain and S5-S6 form the pore domain, with a hairpin-like P-loop located between S5 and S6 (16, 17). The short linkers connecting S5 and S6 form the outer narrow mouth of the pore and the selectivity filter, while the inner wider pore is formed by the S5 and S6 segments. The S4 segments in each voltage sensor domain contain positively charged amino acid residues that act as gating charges and move across the membrane to trigger channel activation in response to membrane depolarization (18). The short intracellular cytoplasmic loop connecting homologous domains III and IV acts as the inactivation gate, which bends back into the channel and blocks the pore from the intracellular side during sustained depolarization of the membrane. The inactivation gate is located in the center of a three-amino-acid stretch consisting of isoleucine, phenylalanine, and methionine (IFM) (19). Residues of the S6 segments in each domain provide the binding site for local anesthetics and link the internal vestibule (20). The α-subunit is the major component of the channel. In a heterologous expression system, it recapitulates all the wilde type channel's main biophysical properties (16).



CARDIAC MUSCLE Na+ CHANNEL LEGACY

The SCN5A gene encodes the cardiac Na+ channel known as NaV1.5, a member of an evolutionarily highly conserved family of voltage-gated ion channels. The SCN5A gene is located on chromosome 3p21 and was initially called hH1 for human heart Na+ channel 1 (16). Nav1.5 is the main Na+ channel expressed in the heart. It is also present at high levels in the piriform cortex (larger part of the olfactory system) and subcortical limbic nuclei (21). NaV1.5 is much more TTX-resistant than skeletal muscle or central nervous system sodium channels, requiring much higher concentrations of TTX (micromolar concentrations) to be inhibited. This relative resistance is due to the presence of certain amino acid residues, in particular a cysteine instead of an aromatic residue in the P-region of DI (22, 23). On the other hand, Nav1.5 is more sensitive to inhibition by local anesthetics such as lidocaine and antiarrhythmic agents than peripheral nervous system (PNS) channels and has a more negative voltage-dependence of inactivation than PNS channels (16, 24). Mutations in SCN5A have been primarily associated with pure arrhythmic disorders such as long QT syndromes (LQTs), Brugada syndrome (BrS), atrial fibrillation (AFib), progressive cardiac conduction defect (PCCD), and sinus node dysfuction (SND), all of which are inherited cardiac diseases. The most common phenotypes caused by mutations in SCN5A are LQTS type 3 (LQT3) (25) and BrS (26). Both syndromes are diagnosed by irregularities on surface ECGs, with no apparent structural heart abnormalities, and can lead to malignant ventricular arrhythmias or even sudden cardiac death (SCD). The different clinical and ECG phenotypes of LQT3 and BrS arise from opposing specific alterations in the biophysical mechanisms associated with cardiac Na+ channel dysfunction. LQT3 is caused by SCN5A mutations that result in a gain of channel function, a disruption in fast inactivation, and the appearance of a persistent Na+ current. A gain of function consists of a higher quantity of Na+ flowing through the channel during a stimulation. In contrast, BrS is caused by a loss of channel function, and thus a lower amount of Na+ flowing through the channel during a stimulation (27, 28). In addition to BrS and LQT3, SCN5A variants have also been associated with PCCD. Like BrS, PCCD variants result in a loss of function of Na+ channels. PCCD and BrS loss-of-function phenotypes are closely related as shown by the fact that three of the six known PCCD variants are also associated with BrS. Only a few SCN5A mutations are known to cause such mixed phenotypes, which are purely electrical in nature, with no structural abnormalities (29, 30). Bezzina et al. described the first SCN5A mutation (1795insD) that caused both BrS and LQTS in the same affected individuals of a large family (29). The biophysical characterization revealed balanced defects, with mutated channels displaying both gain and loss of function.

However, mutations in SCN5A do not just lead to pure arrhythmic disorders. They can also be associated with structural heart diseases. Distinct cardiac phenotypes caused by SCN5A mutations have also been described, including SND and conduction disorder associated with DCM. It is not well understood how a dysfunction in electrical excitability through altered Na+ channel function may underlie the manifestation of dilatation remodeling and DCM.

The first report linking Na+ channel dysregulation to the etiology of DCM was published in 2004 by McNair and coworkers, while the same mutation was previously published in 2003 but without any cardiac dilatation phenotype (7, 31). A missense mutation in SCN5A (D1275N) was associated with a dilatation phenotype in a pedigree characterized by cardiac arrhythmias and sudden death (7). Echocardiographic data indicated cardiac dilatation in the carriers. Of note, among the 8 affected family members, 3 also demonstrated allelic variations in the promoter region and first exon of the Cx40 gene. In 2003, the electrophysiological characterization of the mutant Na+ channels using the Xenopus oocyte expression system revealed enhanced channel activation (31). In 2005, letters from both teams further hypothesized that the dilation observed could also have been caused by a combination of modifier genes, or environmental or unknown factors acting in conjunction with the primary Na+ ion conduction defect (32). In a more recent study of a cohort of 338 DCM patients, McNair et al. estimated that a dysfunction of Nav1.5 proteins causes 1.7% of familial DCM cases (33). Indeed, the SCN5A gene is ranked as the sixth most common cause of familial DCM (3). To date, 12 SCN5A mutations have been linked to complex arrhythmia disorders and DCM, including the R219H mutation recently reported by our group (34). Interestingly, nine of these mutations involve highly conserved residues on the VSD, mainly on the S3 and S4 transmembrane segments, which play a pivotal role in channel activation (33). VSD mutations have been implicated in generating leak currents known as gating pore currents or omega currents in neuromuscular disorders (35). Intriguingly, it has recently been shown that SCN5A mutations in patients with DCM combined with complex arrhythmias have either gain and/or loss of function biophysical phenotypes when explored in a heterologous expression system (36) (see Figure 1 for a summary of the locations and biophysical properties of these mutants). However, at this juncture, it is unclear which mechanism is involved in the SCN5A-linked pathogenesis of DCM. Gating pore currents are cation currents that selectively flow through the mutated VSDs of Na+ channels and their biophysical properties are directly related to the movement of the voltage sensor. These currents do not reflect pore activity since pore blockers such as tetrodotoxin (TTX) do not affect them. Similar H+ channels can be formed by replacing the most positively charged arginine residue of the Drosophila Shaker voltage-gated K+ channel with a histidine (37). Our central hypothesis is that mutation-induced gating pore currents through the Nav1.5 VSD may underlie the biophysical phenotype in DCM.
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FIGURE 1. (A) Structure of NaV1.5 voltage-gated sodium channel illustrating the four homologous domains of the channel. The VSD formed by the S1-S4 segments of each domain are represented by light gray segments. The dark gray segments represent the pore domain of the channel. Symbols indicate the locations of the NaV1.5 VSD mutations associated with the development of cardiac arrhythmias and DCM. Red symbols mutation reported to cause gain of function, green symbols loss of function and blue symbols no effect or no known effect on the channel. (B) Schematic representation of NaV1.5 sodium channel illustrating the central pore and the presence of a gating pore in one of the VSDs.



To better understand the complex relationship of SCN5A-linked DCM mutations, Watanabe et al. created a humanized mouse model that harbors the D1275N SCN5A mutation. They concluded that the D1275N variant is a pathological mutation that causes conduction slowing, arrhythmias, and DCM phenotypes (38). However, this is not representative of SCN5A-linked DCM mutations that are present on different NaV1.5 domains, and it fails to explain the molecular mechanisms underlying DCM phenotypes.



WHAT IS A GATING PORE?

The very first instance of ions flowing directly through the VSD of a voltage sensitive ion channel was reported in 2004 by Starace and Bezanilla (37). At the time, the authors were focused on describing the structure and function of VSDs (39). They showed that the substitution of the first arginine (R1) of the S4 segment (R1/S4) by a histidine led to an aberrant H+-specific current (37). As this H+ flow was not sensitive to the block of the physiological pore of the protein, the authors concluded that ions did not pass through this structure but rather directly through the VSD (37). This concept was rapidly extended to the substitution of R1/S4 by other amino acids such as alanine (A), cysteine (C), serine (S), and valine (V) (40). The newly created current was not specific to H+ but was cation selective. The location of the permeation pathway was further refined using the combination of the R1C mutation and MTSET. The gating pore current was blocked by the addition of MTSET, which forms disulfide bonds with cysteines, thus confirming the location of the permeation pathway (40). At this point, the newly created permeation pathway was called an omega pore in opposition to the physiological alpha pore of the channel protein. The initial arginines of the S4 segment were thought to naturally obstruct this unusual permeation pathway. Their substitution with “smaller” amino acids would thus leave a gap, allowing the permeation of ions. All these experiments were performed using the Drosophila Shaker voltage-gated K+ channel. In contrast, a gating pore current in a mammalian voltage gated Na+ channel (Nav1.2) was first observed in the setting of a double S4-R1G/R2G substitution in DII (41). Besides the double substitution, the resulting current was of small amplitude. Indeed, due to the monomeric nature of Nav channels, each channel presents only a single gating pore. On the other hand, the tetrameric nature of Kv channels leads to four identical gating pores for each functional channel.

The biophysical properties of gating pores influence the ion flow. Most of the gating pores that have been described are created by the substitution of S4 arginines. Due to their location, the biophysical properties of gating pores are intimately linked to the function of VSDs. As previously mentioned, VSDs are made up of four transmembrane segments (S1-S4) containing two structures: the positively charged S4 segment and the surrounding stabilizing S1-S3 segments (16, 17, 42, 43). Stabilization is notably ensured by the gating charge transfer center (GCTC), a specific arrangement of two negatively charged residues on S2 and S3 and an aromatic amino acid on S2 (43). In voltage gated ion channels, the VSD is the structure responsible for sensing changes in membrane potential. During a depolarization, the S4 segment undergoes a large outward movement in which each S4 arginine sequentially interacts with the GCTC (44–46). This charge movement can be monitored as a function of membrane voltage and gives the Q-V curve, which describes the two main stable states of the VSD: the resting and the activated states. In the resting state (hyperpolarized voltages), the S4 uppermost arginines interact with the GCTC while, in the activated state (depolarized voltages), the S4 innermost arginines preferentially interact with the GCTC (44–46). In WT VSDs, tight interactions between the S4 arginines and the GCTC create hydrophobic septa that isolate water crevices on both sides of the membrane, ensuring a non-permeable VSD (47–49). Gating pores are created by the disruption of interactions between the S4 and the GCTC, leading to the junction of the water crevices (50–52). The recently reported crystal structure of WT and mutated bacterial NavAb channels have provided support for this experimental and molecular dynamic simulation-based hypothesis (49). In their study, after measuring the gating pores created by mutating the second and third S4 arginines, Jiang et al. created and studied the corresponding crystal structures (49). Their study thus provides a strong basis for explaining the atomic mechanism underlying the creation of gating pores. As such, mutations affecting the uppermost S4 arginines disrupt interactions when the VSD is in its resting state, and the permeation pathway allows ions to flow at hyperpolarized voltages (34, 49, 50). On the other hand, mutations affecting the innermost S4 arginines disrupt interactions in the activated state, leading to gating pore currents at depolarized voltages (49, 52, 53). Opening probabilities for gating pores thus depend on the Q-V of the mutated VSD.

Gating pores are permeation pathways located directly inside VSDs, a usually non-conductive structure. Consequently, unlike physiological alpha pores, gating pores do not benefit from dedicated specific selectivity filters. However, two main sub-types of gating pores can be distinguished: (i) cation-selective and (ii) H+-specific gating pores (34, 35, 37, 39–41, 50, 54–61). Cation-selective gating pores are created by the substitution of S4 arginines for amino acids other than histidine. In this setting, based on published selectivity sequences, large cations (below the exclusion size) preferentially flow through the gating pore (35, 40, 52, 60–62). Anions are excluded because of the lack of a positive charge due to the arginine substitution (63, 64). H+-specific gating pore currents can be considered as special cases as they are related to the substitution of S4 arginines by histidines. Histidine is the only natural amino acid with a pKa of 6.5. Consequently, at physiological pH, histidine can link and release H+. Interestingly, in two independent studies, half of the maximal measured gating pore current was observed at pH 6.48 and 6.5, values very close to the pKa of histidine (34, 37). In the specific case of R-to-H substitutions, H+ permeation occurs through a “Grotthus hopping” mechanism where a H+ is linked to histidine while another is released at the opposite side (37).

Lastly, gating pores can display different voltage dependence and ion selectivity depending on the nature of the mutation and its location in the VSD. S1 and S3 mutations such as I141V (S1/DI), D1275N (S3/DIII), V1279I (S3/DIII), and D1595H (S3/DIV) would be expected to open a permeation pathway since creating a gating pore relies on the disruption of interactions between S4 and the GCTC. However, very few gating pores generated by mutations outside the S4 segment have been described (54, 65). Further work on S1-S3 mutations is clearly required to better understand the biophysical properties of potentially novel permeation pathways.



DOWNSTREAM CONSEQUENCES OF GATING PORES

The cardiac consequences of gating pores remain a matter of debate given that no specific studies have explored this issue to date. Cardiac defects potentially caused by an omega current remain hypothetical. Such studies would require a mutation that does not affect the alpha pore properties of the channel in order to properly isolate defects linked solely to the gating pore. Due to the low amplitude of gating pore currents, their pathological nature is often questioned. However, two major observations argue in favor of gating pores being truly deleterious: (i) gating pores in Nav1.4 and Cav1.1 are commonly accepted as the cause of hypokalemic/normokalemic periodic paralysis (35, 55, 58, 59, 66–68), and (ii) despite an amplitude that is comparable to omega currents, persistent currents related to Nav1.5 LQT3 mutations are also commonly recognized as the original cause of LQT3 syndrome (69, 70). In fact, the small amplitude of gating pore currents appears to be compensated by the time during which the aberrant permeation pathway is in a conductive state. Nav1.5/S216L, R219H, and T220I mutations affect the outermost S4 residues and have been associated with the development of arrhythmias and DCM (34, 51, 71, 72). Based on their location (Nav1.5/S216L, T220I) and on experimental results (Nav1.5/ R219H), these mutations open (or are expected to open) a gating pore at hyperpolarized voltages. Na+ or H+ ions (depending on the mutation) would thus flow during diastole as soon as the VSDs are in their resting state (34, 50). On the other hand, Nav1.5 S4 mutations associated with DCM such as Nav1.5/R222Q, R225W, R225P, R225Q, R814Q, and R814W affect the intermediate or innermost S4 residues (52, 53). The resulting gating pore is mainly opened (or expected to be open) under depolarized conditions (52, 53). However, the biophysical properties of gating pores that open at depolarized voltages appear slightly more complex. Indeed, ions flow as soon as the VSDs are in their activated state (during systole) but, due to the relaxation process of the S4 segment after prolonged depolarizations (several hundred of milliseconds), the gating pores remain temporarily conductive at hyperpolarized voltages. This leads to a major K+ outflow at depolarized potentials and a transient Na+ inflow at hyperpolarized voltages (52, 53, 62).

Gating pores in all configurations are thought to induce a global Na+ overload. This process has been observed directly in patients suffering from HypoPP by Na+ magnetic resonance imaging (67). In the case of H+-specific gating pore currents, the Na+ overload relies on the Na+/H+ exchanger working to attenuate the intracellular acidification caused by the increased H+ concentration. The Na+ overload is thought to lead to a Ca2+ overload by way of the Na+/Ca2+ exchanger, suggesting that it has a major impact on cellular ionic homeostasis (73). Such Ca2+ overload could also be pro-arrhythmogenic by it-self. This ionic unbalance is known to block inward rectifier potassium channels (Kir channels). Kir have been described to play a major role in setting the resting membrane potential (VRest) and also affect the duration of APs (74, 75). While the effect of their blockade should be further studied, it could depolarize the VRest and potentially lengthen APs, establishing a highly pro-arrhythmogenic substrate. Furthermore, despite its limited effect, Ca2+ has also been described as modulating the rectification of IK channels thus potentially participating to the AP lengthening (76). Kir blockade most probably resulting in depolarized VRest has also been described in the pathogenic process of HypoPP and has been attributed to a gating pore current (58, 67, 77, 78). Both cellular acidification and a Ca2+ overload impair connexin coupling and thus cell-cell conduction (79–81), further decreasing the conduction velocity. Furthermore, most of Nav1.5 mutations linked to DCM also demonstrate primary biophysical defects (gain or loss of function). Taken together, these primary biophysical defects and gating pores most probably explain the conduction disorders that are often observed in patients carrying Nav1.5 mutations and suffering from complex arrhythmias associated with DCM (33, 34, 82–84). Cellular acidification is strongly suspected in the case of H+-specific gating pore currents. Based on studies performed in different contexts, cytoplasm acidification has been reported to lengthen APs (85). Interestingly, the opposite process (increase in intracellular pH) has recently been reported to induce AP shortening (86). The proposed cardiac consequences likely constitute a highly pro-arrhythmic substrate most probably participating in the development of electrical dysfunctions reported in affected patients. Interestingly, to get further insights in cardiac electrical effect of a gating pore in-silico modeling experiments could reveal to be highly valuable. However, so far, despite the availability of several models of cardiac cellular electrophysiology, further studies are required to develop such insightful adaptations.

In addition to electrical dysfunctions, ionic homeostasis imbalances have been reported to dramatically affect structural protein function. For example, intracellular acidosis decreases the affinity of troponin C for calcium, resulting in excitation-contraction impairment (87). Furthermore, a Ca2+ overload leads to partial cardiomyocyte decrease in force contraction and impaired myofilament function (88, 89). Taken together, the consequences of ionic homeostasis imbalances weaken the heart structure against a background of unchanging blood pressure, progressively leading to heart chamber dilatation. It was initially proposed that dilatation in patients carrying Nav1.5 mutations might rely on deleterious adaptive heart remodeling. However, the report of the Nav1.5/R225W mutation in a 1-year-old child who died from severe arrhythmias and DCM ruled out potential remodeling in this patient (83). In a nutshell, gating pore currents are expected to affect VRest, AP parameters, cellular conduction, and cardiomyocyte structure, all of which might act together to cause multiple arrhythmias associated with cardiac dilatation.

As previously mentioned, Nav1.5 mutations in the VSD that are outside the S4 segment such as Nav1.5/I141V, D1275N, V1279I, and D1595H should be treated with caution. D1275N was the first Nav1.5 mutation associated with the development of arrhythmias and DCM (7). It is also one of the most studied Nav1.5 DCM-linked mutations (7, 38, 71, 90–93). Besides the marked interest in this mutation and the many ensuing experimental models, the molecular mechanism linking the Nav1.5/D1275N mutation and its pathological expression remains unclear. The clinical phenotype is variable, and heart defects include atrial and ventricular arrhythmias and conduction system defects and, most of the time, cardiac dilatation (7, 38, 71, 90–93). Strikingly, Nav1.5/D1275N is also one of the only Nav1.5 mutations that have been linked to cerebro-vascular strokes (7, 90, 93, 94). In heterologous expression systems, only mild defects, mostly shifts in activation/inactivation parameters and current decreases, have been described (91). Further investigations using a humanized mouse model indicated that there is a large reduction in current amplitude (38). The lengthened cardiac conduction time (lengthened PR interval) in transgenic Nav1.5/D1275N zebrafish appear to support this hypothesis. However, in this case, the Nav current was not measured (95). Lastly, a human cardiac cellular model of the cardiomyopathy linked to the Nav1.5/D1275N mutation has been recently proposed based on patient-specific induced pluripotent stem cells (hiPSC) (93). In this study, the authors only report a decrease in the Na+ current amplitude and a mild shift of activation leading to a decrease in the maximal depolarization velocity of APs (93). Unfortunately, they did not study intracellular ionic homeostasis and sarcomeric arrangements. Taken together, these studies identified a biophysical defect that does not provide a complete picture of the clinical expression of this mutation. Interestingly, given the location of the D1275N mutation (S3/DIII), a gating pore could be created and participate in the pathological mechanism. However, this hypothesis has never been extensively explored. Furthermore, as previously mentioned, due to the structure and function of the S1–S3 segments, gating pores created by mutations in these segments are not expected to behave in the same way as gating pores created by mutations in the S4 segment. Characterizing and understanding them will thus require thorough studies.

Finally, a specific gating pore blocker would be expected to be ideal to efficiently treat gating pore pathological consequences. Unfortunately, so far, such universal blocker has never been described. Consequently, the only option available is to alleviate the cardiac dilatation and use anti-arrhythmic or implantable devices to slow down the pathology progress. In a research optic, few studies already proposed potential blockers such as divalent (Mg2+), trivalent (Y3+, Yb3+, Lu3+, Ti3+) and quadrivalent (Hf4+) cations (40, 59). In WT channels, gating pores are naturally obstructed by the arginine side, notably made of guanidine (49, 59). Guanidinium compounds have recently been shown to bind to the VSD in the place of the missing side chain of the original arginine (49). Still supporting this hypothesis, the 1-(2,4-xylyl)guanidine, a guanidinium derivative has been shown to partially block gating pores (59). While obstructing gating pores is an ongoing challenge, other approaches could be valuable. Since gating pores properties intimately depends on the VSD characteristics, VSD modulation through the use of toxins has been demonstrated to modulate the voltage dependence of gating pores (96).

In this review, we describe the history of Nav1.5 associated channelopathies with a clear focus on the history of Nav1.5 mutations more recently associated with the development of multiple arrhythmias and DCM. The biophysical function of the VSDs, the creation of a gating pore and their biophysical properties have been described. Finally, the potential cardiac cellular effects of gating pores and their blockers are also presented here. The increasing knowledge regarding gating pores and their pathologic implication, potentially highlights novel biophysical defects and consequently novel channelopathies. In the current dynamic toward more precise and personalized medicine, this increasing knowledge could in the future orientate clinicians in their day to day practice in the management of cardiac channelopathies. This could also help to develop specifically targeted novel medication to accurately and precisely block gating pores, finally benefitting patients. The increased interest in gating pores highlights VSDs as highly valuable druggable sites with potential impact far beyond field of gating pore currents. So far, most ions channel modulators only target the physiological pore of the channel. Modulating the VSD would thus offer a wide range of benefits and be an approach to consider in most channelopathies.
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Short QT syndrome is a highly malignant inherited cardiac disease characterized by ventricular tachyarrhythmias leading to syncope and sudden cardiac death. It is responsible of lethal episodes in young people, mainly infants. International guidelines establish diagnostic criteria with the presence of a QTc ≤ 340 ms in the electrocardiogram despite clinical diagnostic values remain controversial. In last years, clinical diagnosis, risk stratification as well as preventive therapies have been improved due to identification of pathophysiological mechanisms. The only effective option is implantation of a defibrillator despite Quinidine may be at times an effective option. Currently, a limited number of rare variants have been identified in seven genes, which account for nearly 20–30% of families. However, some of these variants are associated with phenotypes showing a shorter QT interval but no conclusive diagnosis of Short QT syndrome. Therefore, an exhaustive interpretation of each variant and a close genotype-phenotype correlation is necessary before clinical translation. Here, we review the main clinical and genetic hallmarks of this rare entity.

Keywords: sudden cardiac death, arrhythmias, short QT syndrome, genetics, QT interval variability


INTRODUCTION

In 2000, a new cardiac channelopathy was described in one family with history of sudden cardiac death (SCD) (1). All relatives analyzed showed idiopathic persistent short QT interval in the electrocardiogram (ECG); one of them also showed paroxysmal atrial fibrillation (AF). Due to its main feature in the ECG, it was called Short QT Syndrome (SQTS). In 2003, two additional unrelated families were described, with mutiple relatives across several generations showing history of SCD. Several relatives showed the same ECG previously reported 3 years before, complaining from palpitations, and syncope; this fact highlighted the familial nature of this novel disease and the malignant arrhythmogenic events associated (2). Currently, more than 350 publications (PubMed: short QT syndrome) have been reported but a low number of cases (almost 250 cases) and families (nearly 150 families) have been diagnosed worldwide; therefore it is classified as a rare disease. This lethal condition may be underdiagnosed because some affected individuals never experience symptoms. In most cases, highly malignant arrhythmias and a lethal outcome is identified, mainly at young age. Nowadays, a reduced number of genes has been associated with the disease. Hence, a comprehensive genetic testing has a diagnostic yield of nearly 20–30% (3). The short QT interval on the ECG is due to an accelerated cardiac repolarization (and shorter refractory periods) serving as substrate for ventricular arrhythmias leading to syncope and even SCD, sometimes the first manifestation of the disease.



CLINICAL FINDINGS


Prevalence

The limited number of cases wordwide difficult establish the real prevalence in global population. However, recent studies suggest a prevalence between 0.02 and 0.1% in adults while in pediatric population the prevalence is 0.05% (4). Arrhyhtmogenic events associated with SQTS have been recorded in all ages from infants to 80-year-old patients, but the first year of life appears to be the most alarming with a 4% rate of cardiac arrest (5). The probability of a first syncope, even SCD, is nearly 40% by 40 years old. One-third of cases with SCD as their first manifestation, and up to 80% of cases showed a personal or family history of SCD (6). Lethal events may occur in both genders, but a slight male predominance seems to exist, although no conclusive data exist concerning this point. A recent study suggests that male predominance may be due to higher testosterone levels and genes located on the X chromosome could be involved in QTc interval regulation (7).



Clinical Assessment

Clinical manifestations associated with SQTS may range from asymptomatic (up to 40% of cases) to dizziness, AF, ventricular arrhythmias, syncope and even SCD. Clinical manifestations can be particularly severe, especially in children, and may cause SCD in infants (sudden infant death syndrome—SIDS). As abovementioned, it is a familial disease; therefore, diagnostic patients usually have a family history of syncope or SCD in a young first or second-degree relative. Recent studies suggest that there are two high-risk peaks of SCD: in the first year of life and from 20 to 40 years old (8). Consequently, clinical assessment is recommended in all family members. Asymptomatic patients who carry a pathogenic variant associated with the disease are also at high risk because the first manifestation of the disease could be the SCD (9).



Diagnosis

The main problem in clinical diagnosis is the definition of cut off value at the lower end of the QTc. In 2011 (10) and 2013 (11), guidelines/consensus documents defined the SQTS as: “a genetic arrhythmogenic disorder characterized by a short and uniform QT/QTc intervals (<330 ms) on the ECG, with absent or minimal ST segments, with an interval from J point to T wave peak (Jp-Tp) measured in the precordial lead with the T wave of greatest amplitude<120 ms, possible tall T waves with narrow base similar to the T wave of moderate hyperkalemia (“desert tent T waves”), frequent early repolarization pattern, prolongation of T peak-T end interval, and possible presence of prominent U waves in the absence of structural heart disease and others disturbances that cause repolarization abnormalities” (Figures 1, 2). In addition to a short QT interval, Tülümen et al. suggested the PQ segment depression as a novel marker for SQTS (12) despite further studies should be performed in order to clarify this point. Current guidelines (13) suggest the following diagnostic criteria:

(1) QTc ≤ 340 ms (Class IC); or.

(2) QTc ≤ 360 ms; and one or more of the following: (a) A confirmed pathogenic mutation. (b) Family history of SQTS.
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FIGURE 1. Electrocardiogram showing a short QT interval.
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FIGURE 2. Mechanisms of Short QT syndrome. Gain-of-function mutations of potassium and loss of- function mutations of calcium and sodium channels result in an abbreviated repolarisation phase during action potential and shortening of the QT interval.



(c) Family history of sudden death at 40 years of age. (d) Survival from a VT/VF episode in the absence of heart diseases (Class IIaC).

Resting 12-lead ECG should be performed at a heart rate within normal limits when the diagnosis of SQTS is suspected (14). Recent studies suggest that a QT/HR relationship slope under —0.9 ms/beat/min in the exercise test could be a useful tool in order to distinguish affected subjects from healthy individuals (15). Authors showed that the QT/HR slope is significantly flatter in the subgroup of males who carry a pathogenic variant in the KCNH2 gene, which shows the shortest QT intervals, as compared with the subgroup with unknown genotype. In addition, the QT adaptation to standing is reduced, as compared to the values for a normal population. It has been reported that tissue Doppler imaging (TDI) and speckle tracking echocardiography (STE), could be part of the clinical assessment because of systolic function may also be affected and patients presented a dispersion of contraction in myocardium (16). In contrast, invasive electrophysiological study (EPS) with programmed ventricular stimulation is not recommended for SCD risk stratification (13).



Risk Stratification and Treatment

Due to the low number of patients with SQTS, risk stratification represents indeed the main current challenge in clinical characterization. Electrophysiological testing has not been useful in predicting cardiac arrest but patients showing QTc intervals < 340 ms should be considered at highest risk of SCD despite no conclusive results have been published, so far. The only predictor of cardiac arrest in a patient with SQTS found so far has been a previous history of cardiac arrest. Therefore, the optimum strategy for primary prevention of cardiac arrest in these patients is still a matter of argue. Nowadays, current guidelines recommend an implantable cardiac defibrillator (ICD) as the first and more effective therapeutic measure in patients who have experienced sustained VT/VF episodes or survivors of an aborted cardiac arrest (17). Inappropriate shock is a common complication in patients carrying an ICD. In asymptomatic patients showing a SQTS, due to lack of definite studies, the implantation or not of an ICD remains to be clarified (18). Recent reports suggest that an ICD might be considered in SQTS patients with a strong family history of SCD and previous evidence of short QTc. However, an alternative therapy is necessary, especially in small children and in adults in whom ICD cannot be a therapeutical option.

Therefore, an alternative treatment to ICD is the pharmacological approach. In last years, several drugs such as Ibutilide, Flecainide, Sotalol, Disopyramide, Nifekalant, Propafenone, Carvedilol, Metoprolol, and Amiodarone have been used but none have undergone conclusive clinical studies, primarily due to the lack of families as wel as low event rate in SQTS patients. Nowadays, SQTS patients are treated with administration of Sotalol or Quinidine, which prolong cardiac repolarization and consequently QT interval due to inhibition of repolarization (19). Sotalol is ineffective in patients carrying pathogenic variants in the KCNH2 gene (SQTS type 1), the most common gene associated with SQTS. Quinidine, which has similar affinity to the open and inactivated states of IKr, is effective therapy for type 1 SQTS (20). Unfortenatelly, Quinidine has been removed from the market in several countries and often has intolerable side-effects. In a recent study, treatment with Hydroxyquinidine was associated with a lower incidence of arrhythmic events in SQTS patients as it prolongs the QT interval (5). Pharmacological treatment in symptomatic patients is recommended, particularly if ICD is not implanted, and in asymptomatic patients with a family history of SCD.



Genetic Basis

This malignant entity can have a congenital origin or acquired. The first genetic alteration associated with the disease was reported in 2004, located in the KCNH2 gene (21). Currently, more than 30 rare variants have been identified in 8 genes (CACNA1C, CACNA2D1, CACNB2, KCNH2, KCNJ2, KCNQ1, SCN5A, and SLC4A3), and follow an autosomal dominant pattern of inheritance with high phenotype penetrance (Table 1). SQTS is associated with gain-of-function alterations in genes encoding outward K+ channels and loss-of-function mutations in genes encoding different subunits of cardiac L-type Ca2+ channel (22). A reduction in inward repolarizing currents and/or an increase in outward repolarizing currents will favor early repolarization, leading to action potential duration (APD) shortening (reduced QT interval). It predisposes to reentrant mechanisms, which can lead to AF and VF (23).



Table 1. Genes associated with Short QT Syndrome or Shorter than normal QT interval.
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Rare variants identified in genes encoding potassium channels (KCNH2, KCNJ2, KCNQ1) and the SLC4A3 gene, have been associated with SQTS. In contrast, rare variants located in genes encoding calcium (CACNA1C, CACNA2D1, and CACNB2) and the SCN5A gene, have been associated with Brugada syndrome (BrS) concomitant with shortened QT intervals, but without a conclusive diagnosis of SQTS (24). A comprehensive genetic analysis of all known genes identifies a potential damaging variant in nearly 30% of cases. However, this percentage may be misleading due to the low number of reported families (25). Current guidelines recommend a genetic analysis of only five genes (KCNH2, KCNQ1, KCNJ2, CACNA1C, and CACNB2b) in all clinically diagnosed or suspected SQTS cases due to high lethality (13).

The mechanism of arrhythmogenesis in SQTS is not well understood. Several pre-clinical studies focused on unravel the pathofisiological mechanism involved in SQTS have been performed. Most part of these studies are in vitro analysis of potential pathogenic variants. Additionally, in vivo approaches, mainly transgenic animal models, have been also performed focused on selected variants identified in families showing highly malignat phenotypes, even SCD, in most part of relatives. In last years, in silico approaches have been also performed, using algorythms reproducing biological systems similar to SQTS (26). Despite these molecular advances, of nearly 30 potential pathogenic variants associated with SQTS, only a slight number can be classified as definitely pathogenic following recent recommendations of American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) (27). In recent years, it has been developed the induced pluripotent stem cell–derived cardiomyocytes (hiPSC-CMs) which allow a most exhaustive study of cellular mechanism of diseases. In 2018, and for the first time, it has been generated a hiPSC-CMs model from a SQTS patient carrying a pathogenic variant in the KCNH2 gene. Patient-specific hiPSC-CMs are able to recapitulate single-cell phenotype features of SQTS and provide novel opportunities to further elucidate the cellular disease mechanism and test drug effects (28).



Potassium Channels

The main gene is KCNH2 (ID: 3757) which encodes a voltage-activated potassium channel belonging to the ether-a-go-go (EAG) family-potassium voltage-gated channel, subfamily H (EAG-related), member 2 (Kv 11.1 α subunit/hERG). It mediates the rapidly activating component of the delayed rectifying potassium current in heart (IKr) (29). It is the main gene, associated with the so-called SQTS type 1, and responsible of 15% of all cases. Generally, cardiac events are associated with adrenergic in situations such as noise or exercise, but it may also occur at rest. In 2017, Hu et al. performed an exhaustive study of the phenotypic and functional expression of the highly frequent rare variant associated with SQTS worldwide (30). The hotspot variant (p.T618I) causes a major gain of function in IKr, leading to acceleration of repolarization, which underlies the abbreviation of the QT interval. Other seven rare variants have been also reported in SQTS and associated with SQTS with a potential pathogenic role -p.N588K (c.1764C>A), N588K (c.1764C>G), p.I560T, p.E50D, p.W927G, p.R1135H, and p.R164C- despite further studies should be done in order to clarify their definite role in SQTS. This gene is also associated with other cardiac channelopathies, mainly Long QT syndrome (LQTS), and BrS (Figure 3). Therefore, genetic interpretation of variants in KCNH2 should be done with caution despite most part of current reported variants seems to play a deleterious role. The second gene associated with SQTS is KCNQ1 (ID: 3784). It encodes a voltage-gated potassium channel (Kv7.1 α subunit) required for repolarization. This protein can form complexes associated with MinK (the KCNE1 gene) and MiRP2 (the KCNE3 gene), both also potassium channel proteins. When it is associated with KCNE1, forms the (IKs current) cardiac potassium current and induces a rapid activation of potassium-selective outward current. The Kv7.1 protein may be also associated with MiRP2 protein to form the potassium channel (31). It is associated with the so-called SQTS type 2, and responsible of nearly 5% of all cases. Currently, five rare variants has been identified potentially associated with SQTS (p.Phe279Ile, p.Val307Leu, p.Val141Met, p.Ile274Val, and p.Arg259His). This gene is also associated with other cardiac channelopathies, mainly LQTS (Figure 3). The third potassium gene associated with SQTS is KCNJ2 (ID: 37591). This gene encodes an integral membrane protein and inward-rectifier type potassium channel (Kir2.1 α subunit). Inward rectifier potassium channels are characterized by a greater tendency to allow potassium to flow into the cell rather than out of it (IK1 current). It is associated with the so-called SQTS type 3, and responsible of nearly 5% of all cases (32). Currently, four rare variants has been identified potentially associated with SQTS (p.Asp172Asn, p.Glu299Val, p.Met301Lys, and p.Lys346Thr). This gene has been also associated with other channelopathies, mainly Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT; Figure 3).
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FIGURE 3. Overlapping genes in Short QT Syndrome. LQTS, Long QT Syndrome; BrS, Brugada Syndrome; CPVT, Catecholaminergic Polymorphic Ventricular Tachycardia.





Calcium Channels

Concerning calcium channels, the main gene is CACNA1C (ID: 775). This gene encodes an alpha-1 subunit of a voltage-dependent calcium channel (calcium channel, voltage-dependent, L type, alpha 1C subunit) (Cav1.2 α subunit). All variants identified so far decrease inward currents at early phases of cell repolarization (ICa,L), induce transmural and epicardial dispersion of repolarization leading to a combined phenotype of BrS and short QTc interval. It is associated with the so-called SQTS type 4, and responsible of < 1% of all cases (22). Currently, 10 rare variants have been potentially associated with SQTS despite further studies should be done in order to confirm their certain pathogenic role (p.Ala39Val, p.Gly490Arg, p.Asn547Ser, p.Arg632Arg, p.Glu1115Lys, p.Arg1780His, p.E1829_Q1833dup, p.Arg1880Gln, p.Val2014Ile, and p.Asp2130Asn). This gene has been also associated with other channelopathies, mainly LQTS (Figure 3). The second calcium gene is CACNB2 (ID: 783). This gene encodes a subunit of a voltage-dependent calcium channel protein, a member of the voltage-gated calcium channel superfamily (Cav1.2 β subunit). The beta subunit of voltage-dependent calcium channels contributes to the calcium channel function by increasing peak calcium current, shifting the voltage dependencies of activation and inactivation, modulating G protein inhibition and controlling the alpha-1 subunit membrane targeting. Nowadays, only on rare variant has been associated with SQTS (p.Ser481Leu). As also occurs in the CACNA1C gene, variants identified in CACNB2 were associated with BrS and shortened QT interval. It is associated with the so-called SQTS type 5, and responsible of < 1% of all cases (22). This gene has been also associated with other channelopathies, mainly LQTS (Figure 3). The third calcium gene is CACNA2D1 (ID: 781). It encodes a member of the alpha-2/delta subunit family, a protein in the voltage-dependent calcium channel complex (Cav1.2 α2/δ1 subunit). The protein regulates calcium current density and activation/inactivation kinetics of the calcium channel (ICa,L). Only one rare variant has been reported in this gene associated with SQTS (p.Ser755Thr). No conclusive data exist about the association of this gene and SQTS. Therefore, additional studies should be performed in order to clarify a conclusive association. It is associated with the so-called SQTS type 6, and responsible of < 1% of all cases (22). This gene has been also associated with other channelopathies, mainly LQTS (Figure 3).



Sodium Channel

In 2012, it was identified the p.R689H variant in the SCN5A gene (ID:6331) (33). This gene encodes the sodium channel protein type 5-subunit alpha (Nav1.5) which mediates the voltage-dependent sodium ion permeability of myocite membranes. This gene has been also associated with other familial channelopathies, mainly BrS (Figure 3). Concerning SQTS, the reported patient was an asymptomatic 40-year-old male with family history of SD of unknown origin who had a Brugada-like ECG with short QT intervals. This variant has been identified in global databases despite in low frequencies (ExAC: 0.011% and gnomAD: 0.01). Thererfore, no conclusive data exist concerning the association of this variant with SQTS. Despite this fact, it is so-called SQTS type 7, and potentially responsible of < 1% of all cases. At our point of view, genetic translation of SCN5A variants in SQTS patients should be done with caution due to its ambiguous role.



The SLC4A3 Gene

In 2017, the SLC4A3 gene (ID:6508) was associated with SQTS (34). This gene (Solute Carrier Family 4 Member 3) encodes a plasma membrane anion exchange protein 3 (AE3). It mediates a part of the Cl-/HCO3- exchange in cardiac myocytes. To date, only one rare variant (p.R370H) have been identified in the SLC4A3 gene associated with SQTS. It follows an autosomal dominant pattern of inheritance. The pathogenic variant leads to a trafficking defect, decreased Cl,HCO3-exchange over the cell membrane and increased intracellular pH, shortened the APD and it reduces QT interval. This variant has not been identified in global databases, reinforcing its potential deleterious role. However, no conclusive data exist concerning the association of this variant with SQTS. It is associated with the so-called SQTS type 8, and responsible, so far, for < 1% of all cases (Figure 3). At our point of view, genetic translation of variants in this gene should be done with caution due to its ambiguous role in SQTS.




CONCLUSIONS

Nearly 20 years ago, SQTS was reported as a familial arrhyhtmogenic entity. Nowadays, low number of families have been reported but with a high lethality. This lack of families impedes the stablishment of a conclusive risk stratification scale, particulary in asymptomatic cases carrying a genetic alteration. New development of hiPSC-CMs from patients may allow unraveling pathophysiological mechanism, helping to understand or treat the disease. Patients suffering of SQTS are at high risk of syncope and SCD. Implantation of an ICD remains the most effective preventive measure after aborted SCD and malignant ventricular arrhythmia although pharmacological therapies may be used in certain cases, especially in children. Currently, nevertheless improving advances in genetics, almost 70–80% of families remain without a genetic cause identified after a comprehensive analysis. Genotype-phenotype analysis are necessary in order to improve current guidelines in early identification as well as prevention in families suffering of SQTS.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



ACKNOWLEDGMENTS

This work was supported by Obra Social La Caixa, Fondo Investigacion Sanitaria—FIS PI14/01773 and PI17/01690- from the Instituto de Salud Carlos III (ISCIII), and Fundació Daniel Bravo Andreu. The CIBERCV is an initiative of the ISCIII, Spanish Ministry of Economy and Competitiveness (Fondos FEDER).



REFERENCES

 1. Gussak I, Brugada P, Brugada J, Wright RS, Kopecky SL, Chaitman BR, et al. Idiopathic short QT interval: a new clinical syndrome? Cardiology (2000) 94:99–102. doi: 10.1159/000047299

 2. Gaita F, Giustetto C, Bianchi F, Wolpert C, Schimpf R, Riccardi R, et al. Short QT Syndrome: a familial cause of sudden death. Circulation (2003) 108:965–70. doi: 10.1161/01.CIR.0000085071.28695.C4

 3. Mazzanti A, Underwood K, Nevelev D, Kofman S, Priori SG. The new kids on the block of arrhythmogenic disorders: short QT syndrome and early repolarization. J Cardiovasc Electrophysiol. (2017) 28:1226–36. doi: 10.1111/jce.13265

 4. Guerrier K, Kwiatkowski D, Czosek RJ, Spar DS, Anderson JB, Knilans TK. Short QT interval prevalence and clinical outcomes in a pediatric population. Circ Arrhythm Electrophysiol.(2015) 8:1460–4. doi: 10.1161/CIRCEP.115.003256

 5. Mazzanti A, Kanthan A, Monteforte N, Memmi M, Bloise R, Novelli V, et al. Novel insight into the natural history of short QT syndrome. J Am Coll Cardiol. (2014) 63:1300–8. doi: 10.1016/j.jacc.2013.09.078

 6. Ferrero-Miliani L, Holst AG, Pehrson S, Morling N, Bundgaard H. Strategy for clinical evaluation and screening of sudden cardiac death relatives. Fundam Clin Pharmacol. (2010) 24:619–35. doi: 10.1111/j.1472-8206.2010.00864.x

 7. Jørgensen IN, Skakkebaek A, Andersen NH, Pedersen LN, Hougaard DM, Bojesen A, et al. Short QTc interval in males with klinefelter syndrome-influence of CAG repeat length, body composition, and testosterone replacement therapy. Pacing Clin Electrophysiol.(2015) 38:472–82. doi: 10.1111/pace.12580

 8. Brugada J, Gussak I, Brugada P. Short QT syndrome: a predictable story. Cardiology (2014) 128:231–3. doi: 10.1159/000359995

 9. Suzuki H, Hoshina S, Ozawa J, Sato A, Minamino T, Aizawa Y, et al. Short QT syndrome in a boy diagnosed on screening for heart disease. Pediatr Int. (2014) 56:774–6. doi: 10.1111/ped.12308

 10. Gollob MH, Blier L, Brugada R, Champagne J, Chauhan V, Connors S, et al. Recommendations for the use of genetic testing in the clinical evaluation of inherited cardiac arrhythmias associated with sudden cardiac death: canadian cardiovascular society/canadian heart rhythm society joint position paper. Can J Cardiol. (2011) 27:232–45. doi: 10.1016/j.cjca.2010.12.078

 11. Priori SG, Wilde AA, Horie M, Cho Y, Behr ER, Berul C, et al. HRS/EHRA/APHRS expert consensus statement on the diagnosis and management of patients with inherited primary arrhythmia syndromes: document endorsed by HRS, EHRA, and APHRS in May 2013 and by ACCF, AHA, PACES, and AEPC in June 2013. Heart Rhythm (2013) 10:1932–63. doi: 10.1016/j.hrthm.2013.05.014

 12. Tülümen E, Giustetto C, Wolpert C, Maury P, Anttonen O, Probst V, et al. PQ segment depression in patients with short QT syndrome: a novel marker for diagnosing short QT syndrome? Heart Rhythm (2014) 11:1024–30. doi: 10.1016/j.hrthm.2014.02.024

 13. Priori SG, Blomstrom-Lundqvist C. 2015 European Society of Cardiology Guidelines for the management of patients with ventricular arrhythmias and the prevention of sudden cardiac death summarized by co-chairs. Eur Heart J. (2015) 36:2757–9. doi: 10.1093/eurheartj/ehv316

 14. Giustetto C, Di Monte F, Wolpert C, Borggrefe M, Schimpf R, Sbragia P, et al. Short QT syndrome: clinical findings and diagnostic-therapeutic implications. Eur Heart J. (2006) 27:2440–7. doi: 10.1093/eurheartj/ehl185

 15. Giustetto C, Scrocco C, Schimpf R, Maury P, Mazzanti A, Levetto M, et al. Usefulness of exercise test in the diagnosis of short QT syndrome. Europace (2015) 17:628–34. doi: 10.1093/europace/euu351

 16. Frea S, Giustetto C, Capriolo M, Scrocco C, Fornengo C, Benedetto S, et al. New echocardiographic insights in short QT syndrome: more than a channelopathy? Heart Rhythm (2015) 12:2096–105. doi: 10.1016/j.hrthm.2015.05.024

 17. Tristani-Firouzi M. The long and short of it: insights into the short QT syndrome. J Am Coll Cardiol. (2014) 63:1309–10. doi: 10.1016/j.jacc.2013.11.021

 18. Behere SP, Weindling SN. Inherited arrhythmias: the cardiac channelopathies. Ann Pediatr Cardiol. (2015) 8:210–20. doi: 10.4103/0974-2069.164695

 19. Bjerregaard P, Nallapaneni H, Gussak I. Short QT interval in clinical practice. J Electrocardiol. (2010) 43:390–5. doi: 10.1016/j.jelectrocard.2010.06.004

 20. Giustetto C, Schimpf R, Mazzanti A, Scrocco C, Maury P, Anttonen O, et al. Long-term follow-up of patients with short QT syndrome. J Am Coll Cardiol. (2011) 58:587–95. doi: 10.1016/j.jacc.2011.03.038

 21. Brugada R, Hong K, Dumaine R, Cordeiro J, Gaita F, Borggrefe M.Brugada R, et al. Sudden death associated with short-QT syndrome linked to mutations in HERG. Circulation (2004) 109:30–5. doi: 10.1161/01.CIR.0000109482.92774.3A

 22. Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O, Sanguinetti MC, Aizawa Y, et al. Loss-of-function mutations in the cardiac calcium channel underlie a new clinical entity characterized by ST-segment elevation, short QT intervals, and sudden cardiac death. Circulation (2007) 115:442–9. doi: 10.1161/CIRCULATIONAHA.106.668392

 23. Templin C, Ghadri JR, Rougier JS, Baumer A, Kaplan V, Albesa M, et al. Identification of a novel loss-of-function calcium channel gene mutation in short QT syndrome (SQTS6). Eur Heart J. (2011) 32:1077–88. doi: 10.1093/eurheartj/ehr076

 24. Hong K, Hu J, Yu J, Brugada R. Concomitant Brugada-like and short QT electrocardiogram linked to SCN5A mutation. Eur J Hum Genet. (2012) 20:1189–92. doi: 10.1038/ejhg.2012.63

 25. Fernandez-Falgueras A, Sarquella-Brugada G, Brugada J, Brugada R, Campuzano O. Cardiac channelopathies and sudden death: recent clinical and genetic advances. Biology (2017) 6:E7. doi: 10.3390/biology6010007

 26. Cunjin Luo, Kuanquan Wang, Henggui Zhang.Cunjin L, Kuanquan W, Henggui Z. Effects of island-distribution of mid-cardiomyocytes on ventricular electrical excitation associated with the KCNQ1-linked short QT syndrome. Conference proceedings. In: Annual International Conference of the IEEE Engineering in Medicine and Biology Society IEEE Engineering in Medicine and Biology Society Annual Conference 2017. (Seogwipo) (2017). p. 3684–7.

 27. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American college of medical genetics and genomics and the association for molecular pathology. Genet Med. (2015) 17:405–24. doi: 10.1038/gim.2015.30

 28. El-Battrawy I, Lan H, Cyganek L, Zhao Z, Li X, Buljubasic F, et al. Modeling short QT syndrome using human-induced pluripotent stem cell-derived cardiomyocytes. J Am Heart Assoc. (2018) 7. doi: 10.1161/JAHA.117.007394

 29. Schimpf R, Wolpert C, Gaita F, Giustetto C, Borggrefe M. Short QT syndrome. Cardiovasc Res. (2005) 67:357–66. doi: 10.1016/j.cardiores.2005.03.026

 30. Hu D, Li Y, Zhang J, Pfeiffer R, Gollob MH, Healey J, et al. The phenotypic spectrum of a mutation hotspot responsible for the short QT syndrome. JACC Clin Electrophysiol. (2017) 3:727–43. doi: 10.1016/j.jacep.2016.11.013

 31. Bellocq C, van Ginneken AC, Bezzina CR, Alders M, Escande D, Mannens MM, et al. Mutation in the KCNQ1 gene leading to the short QT-interval syndrome. Circulation (2004) 109:2394–7. doi: 10.1161/01.CIR.0000130409.72142.FE

 32. Priori SG, Pandit SV, Rivolta I, Berenfeld O, Ronchetti E, Dhamoon A, et al. A novel form of short QT syndrome (SQT3) is caused by a mutation in the KCNJ2 gene. Circ Res. (2005) 96:800–7. doi: 10.1161/01.RES.0000162101.76263.8c

 33. Refsgaard L, Holst AG, Sadjadieh G, Haunso S, Nielsen JB, Olesen MS. High prevalence of genetic variants previously associated with LQT syndrome in new exome data. Eur J Hum Genet. (2012) 20:905–8. doi: 10.1038/ejhg.2012.23

 34. Thorsen K, Dam VS, Kjaer-Sorensen K, Pedersen LN, Skeberdis VA, Jurevičius J., et al. Loss-of-activity-mutation in the cardiac chloride-bicarbonate exchanger AE3 causes short QT syndrome. Nat Commun. (2017) 8:1696. doi: 10.1038/s41467-017-01630-0

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

Copyright © 2018 Campuzano, Sarquella-Brugada, Cesar, Arbelo, Brugada and Brugada. 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.












	
	REVIEW
published: 06 November 2018
doi: 10.3389/fcvm.2018.00161






[image: image2]

Electrophysiological Basis for Early Repolarization Syndrome


Rubén Casado Arroyo1*, Juan Sieira2, Maciej Kubala3, Decebal Gabriel Latcu4, Shigo Maeda5 and Pedro Brugada2


1Department of Cardiology, Erasme University Hospital, Université Libre de Bruxelles, Brussels, Belgium

2Heart Rhythm Management Centre, Universitair Ziekenhuis Brussel, Vrije Universiteit Brussel, Brussels, Belgium

3Department of Cardiology, Centre Hospitalier Universitaire, Amiens, France

4Department of Cardiology, Centre Hospitalier Princesse Grace, Monaco, Monaco

5Advanced Arrhythmia Research, Tokyo Medical and Dental University, Tokyo, Japan

Edited by:
Mehdi Namdar, Geneva University Hospitals (HUG), Switzerland

Reviewed by:
Lee L. Eckhardt, University of Wisconsin-Madison, United States
 Silvia Magnani, New York University, United States

*Correspondence: Rubén Casado Arroyo, ruben.casado.arroyo@erasme.ulb.ac.be

Specialty section: This article was submitted to Cardiac Rhythmology, a section of the journal Frontiers in Cardiovascular Medicine

Received: 10 August 2018
 Accepted: 19 October 2018
 Published: 06 November 2018

Citation: Casado Arroyo R, Sieira J, Kubala M, Latcu DG, Maeda S and Brugada P (2018) Electrophysiological Basis for Early Repolarization Syndrome. Front. Cardiovasc. Med. 5:161. doi: 10.3389/fcvm.2018.00161



During last centuries, Early Repolarization pattern has been interpreted as an ECG manifestation not linked to serious cardiovascular events. This view has been challenged on the basis of sporadic clinical observations that linked the J-wave with ventricular arrhythmias and sudden cardiac death. The particular role of this characteristic pattern in initiating ventricular fibrillation has been sustained by clinical descriptions of a marked and consistent J-wave elevation preceding the onset of the ventricular arrhythmia. Until now, Early Repolarization syndrome patients have been evaluated using ECG and theorizing different interpretations of the findings. Nonetheless, ECG analysis is not able to reveal all depolarization and repolarization properties and the explanation for this clinical events. Recent studies have characterized the epicardial substrate in these patients on the basis of high-resolution data, in an effort to provide insights into the substrate properties that support arrhythmogenicity in these patients. An overview for the current evidence supporting different theories explaining Early Repolarization Syndrome is provided in this review. Finally, future developments in the field directed toward individualized treatment strategies are examined.
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INTRODUCTION

The concept early repolarization (ER) points out a J-point elevation and terminal QRS abnormalities that might have a relative high prevalence in the population. In the last two decades, it has been proposed that early repolarization pattern (ERP) may be associated with an increased risk of ventricular fibrillation (1–4).

When ERP is associated with ventricular tachycardia or ventricular fibrillation in the absence of organic heart disease, ERP is referred to as early repolarization syndrome (ERS). Some studies evaluated different parameters to distinguish benign ERP from the malignant type (ERS), based on its electrocardiographic appearance (3, 5–10). The evaluation of ERP has been difficult in the past due to the absence of a clear definition. It is because of this problem that a high variability in the incidence of ERP has been described.



EPIDEMIOLOGY

ER pattern is significantly more common in blacks than in Caucasians. ER pattern seems to be more common in Aboriginal Australians than in Caucasian Australians (11). In the general population, the prevalence of an ER pattern in the lateral and/or inferior leads with a J point elevation of ≥ 0.1 mV ranges between 1b and 24%, and between 0b.6 and 6.4% for J point elevation of > 0.2 mV (11–13). These population-based and case control studies have provided some clinical evidence for an increased risk of suffering sudden cardiac death and life-threatening arrhythmic events in this population of patients presenting an ER pattern, particularly in inferior and infero-lateral leads (4, 10, 14).

Several epidemiological studies have tried to evaluate the risk of sudden cardiac death related to ER. A study from Finland evaluated ER in more than 10,000 patients. They described that the inferior ER pattern of 0.1 mV was present in 3.5% and lateral in 2.4% of the study population. J-Point Elevation in inferior or lateral leads was associated with death from cardiac arrhythmias. Interestingly, it was not the case in patients with J-point elevation in both inferior and lateral leads (p = ns) (2). Another study of more than 29000 patients in the USA evaluated resting ambulatory ECG. They found that J waves or other common patterns of ST segment elevation was not associated to cardiovascular death (11). A recent meta-analysis has described a modest increase risk in arrhythmic death 1.70 (95% CI: 1.19–2.42; p = 0.003) and no significative risk in cardiac death or non-cardiac death (13). Rosso et al. have calculated that an ER pattern in a young patient from 35 to 45 years would increase the probability of suffering an episode of VF from 3.4 to 11 in 100,000 patients (15). Other authors have argued that ER would be a marker or vulnerability more than a disease by itself. Some epidemiological studies have proposed that ER would increase the risk of VF in the context of myocardial ischemia (16). Future studies will clarify the clinical implications of ERP in a population without history of cardiac arrhythmias.



ELECTROCARDIOGRAPHIC PATTERN

The presence of J waves in the electrocardiogram (ECG) have previously been reported in cases of healthy individuals, particularly in young males, black individuals and athletes. Prominent J waves have been described in hypercalcemia, hypothermia and ischemia (17–21).

For decades, an early ERP, consisting of a J point elevation, a slur or notch of the terminal part of the QRS with and without an ST segment elevation, was considered as benign (22, 23).

The benign nature of this pattern was challenged in 2001 on the basis of experimental laboratory data (in coronary-perfused wedge preparations) showing that this ECG morphology is linked to the development of polymorphic ventricular tachycardia and ventricular fibrillation (19, 24–26). The clinical validation of this hypothesis was provided less than a decade later (1, 15, 27).

Sometimes, the J wave can be so tall and broad to mimic an ST segment elevation. In humans, the normal J wave often appears as a J point elevation, with part of the J wave hidden inside the QRS. A horizontal/descending ST-segment morphology has been associated with an increased arrhythmic risk in the population with inferolateral ER (3, 28–30).

The evaluation of the ST segment in cases of ER is complex and sometimes suited to different interpretations. Also, there is a lack of consensus regarding whether only the leads with a J wave should be evaluated, or if only the revelation of a compatible morphology in a single lead is enough to make a diagnosis. In this situation, some research projects have started to evaluate the T wave and its relation to the R wave. Recently, a study has evaluated the characteristics of the T wave of 92 malignant inferolateral ER syndrome versus a group of 247 controls (30). The study has revealed that ERS patients present a lower amplitude of T waves, a lower T/R ratio in lead II or V5 and also al prolonged QTc interval. The data revealed that the combination of ERS and a QTc in the upper normal limit had an ominous prognosis.

Before considering the J-wave amplitude as a marker of risk, some limitations should be acknowledge. First, as demonstrated in a population study of more than 10,000 individuals, the prevalence in the general population of a J-point elevation in the inferior leads > 0.2 mV is very low (0.3%) (2). Second, J-point elevation is dynamic. 18.3% of the population with >0.1 mV didn't present this pattern in the follow up (1). Also, it has been shown that J wave increases preceding episodes of ventricular arrhythmias (1).

Some studies have tried to identify other risk factors associated with SCD (14). Pause dependent augmentation of the J wave has been proposed as a possible marker of risk (31). Twenty patients out of forty idiopathic ventricular fibrillation presented a pause dependent augmentation of the J wave. This characteristic had a lower sensitivity (55%) but a high specificity (100%) for ERS (31). New prospective observational data is needed to confirm these findings. Other authors have identified different ST-morphology variations linked with different phenotypes of ER (3). Descending or horizontal ST segment after J-point patients present an increased risk of sudden cardiac death. Also, ascending ST segments is not associated with sudden cardiac death (32).



DIAGNOSIS OF ERS

A great number of discussions regarding the diagnosis and identification relative to ER pattern have taken place in the past. The diagnosis criteria, based on consensus papers on ERP, have gradually changed from the initial focus on ST-segment elevation toward the abnormalities of the terminal QRS (slurring or notching), J wave and the evaluation of the T wave (10, 19, 32–34).

For that reason, an expert consensus report focused on the definition of ER stated that to diagnose an ER pattern, the peak of an end QRS notch and/or the onset of an end QRS slur be designated as Jp. This point should exceed 0.1 mV in ≥2 contiguous inferior and/or lateral leads of a standard 12-lead ECG. The QRS duration should be less than 120 ms measured in leads without a notch or slur (10).

In 2009, a consensus defined the ER ECG pattern as “J-point elevation and rapidly upsloping or normal ST segment” as “a normal variant” (35). Six years later, another consensus defined ERP as a slur or an end-QRS notch on the downslope of a prominent R wave (10). The slur/notch should be above the baseline and the QRS duration should be <120 ms. A peak of the J wave of 0.1 mV in >2 contiguous leads of the 12-lead EC (excluding leads V1–V3).

In 2016 Based on the existence of higher incidence of some specific patterns in the ECG of patients who have suffered idiopathic VF, a statement proposed two criteria that increase the risk of presenting an episode of idiopathic ventricular fibrillation. J waves in II, III, aVF (inferior leads) and a descending/horizontal pattern of ST following the J point (36).

Lastly, in 2017, an international consensus document added some ECG criteria for the diagnosis of ER including a threshold of 0.2 mV for the amplitude of the J wave in two inferior or lateral ECG leads and also the existence of dynamic changes of the J-point (Shanghai ERS Score). In this context, a benign pattern has been identified that is characterized by an upsloping ST segment after the J point (37). The Shanghai ERS diagnosis Score presented in Table 1 is based on literature data and expert opinion. Due to the lack of large scale data or randomized controlled studies, rigorous weighted coefficients are lacking (34). However, the utilization of the scale can be regarded as a tool to orientate the clinician. Future studies will test this scale before using it in clinical practice.



Table 1. Proposed Shanghai Score System for diagnosis of early repolarization syndrome.
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As a resume, ERS is diagnosed in patients who present “ER in the inferior and/or lateral leads presenting with aborted cardiac arrest, documented VF, or polymorphic VT” (15, 32).

ER is identified if all these criteria are met “(a) There is an end-QRS notch or slur on the downslope of a prominent R-wave. If there is a notch, it should lie entirely above the baseline. The onset of a slur must also be above the baseline; (b) the peak of the notch or J wave ≥0.1 mV in ≥2 contiguous leads of the 12-lead ECG, excluding leads V1–V3; and (c) QRS duration <120 ms” (15, 32).

Due to the difficult diagnosis of this syndrome, the differential diagnosis has a major importance. The differential diagnosis of ERP is presented in Table 2.



Table 2. Differential diagnosis of early repolarization pattern.
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DIFFERENCES AND SIMILARITIES BETWEEN BRUGADA SYNDROME AND ERS

Notwithstanding some difficulties to make a diagnosis of ERS, some publications have tried to differentiate both entities (38–41). The region affected of both entities appears to be different, RVOT in BrS vs. inferior or lateral left ventricle in ERS (42). Both entities exhibit different incidence of late potentials in signal-averaged ECGs.

In BrS, 60% of patients present late potentials vs. 7% in the case of ERS (43). The effect of sodium channel blockers is different in both entities, the elevation of the ST segment is higher in BrS than in ERS (44). The incidence of other arrhythmias is higher in BrS than in ERS (45). Lastly, some articles have described diverse structural alterations in BrS that are not present in ERS (46). Table 3 presents some differences between both entities.



Table 3. Differences between ERS and BrS.
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GENETICS

Variants in 7 genes have been associated with both ER pattern and ERS (47–49). Variants in ABCC9 and KCNJ8, responsible for the pore forming and ATP-sensing subunits of the IK-ATP channel, have been reported in patients with ERS (12, 49, 50). These findings are in the same direction of the experimental models showing that IK-ATP activation can generate an ER pattern in canine ventricular wedge preparations. Loss-of-function variations in subunits of the cardiac L-type calcium channel (CACNA1C, CACNB2, and CACNA2D1) and the sodium channel (SCN5A and SCN10A) have been also reported linked to ERS (51–53).

It is important to note that only a fraction of identified variants have been evaluated using functional expression studies to clarify causality and also pathogenesis. A few have been studied in native or induced pluripotent stem cell derived from ERS patients. The limitation of the genetic test interpretation is based mainly in the lack of biological or functional validation (54). Table 4 shows the genes that have been associated with ER patterns and ERS.



Table 4. Gene defects associated with the early repolarization syndrome (ERS).
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PATHOPHYSIOLOGIC EVIDENCE AND ANIMALS MODELS

The pathophysiologic basis of the ER pattern is currently not entirely understood. A predominant theory states that J-point elevation appears in the context of a marked increase phase 1 notch of the epicardial action potential in relation to that of the endocardium. The consequence is an enhancement of ventricular transmural voltage gradient (Figure 1), which is illustrated as J-point elevation (55). Regarding the ionic mechanisms underlying an increased transmural voltage gradient, a marked increase in the epicardial action potential notch has been linked to a higher epicardial potassium current relative to the endocardium (55). Other ionic currents, including sodium, calcium and potassium-ATP dependent channels have also been described as involved in the repolarization variability in ER (26).


[image: image]

FIGURE 1. Proposed electrophysiological mechanisms of J waves. The upper panel shows the possible origin of the voltage gradient. These transmural differences of action potential are supposed to generate the ERP.



ER patients may also present a dynamic J-point variation. It has been described that this elevation is more obvious during period of bradycardia (56). The justification of this finding is that during episodes of increased vagal tone, the potassium currents (IK-ATP and IKACh) are increased and also there is a slow restoration of the Ito current (56). It should be note that in ERS, bradycardia mediated J-point elevation is more pronounced during episodes of high vagal tone than normal human beings.

Regarding the mechanism of ventricular arrhythmias, it seems that the dispersion of repolarization associated with ER enhances susceptibility to phase 2 reentry arrhythmias (55). As a consequence, a premature ventricular complex would interact with an predisposed ventricular substrate to trigger ventricular arrhythmias (57).

Recently, in an experimental model of canine ventricular preparation, an increment in vagal tone increase J-point elevation and induces phase 2 reentry. In addition, the authors showed that the intrinsic potassium current (Ito) was higher in the inferior wall of the left ventricle that could justify an increase sensitivity of this region for ventricular arrhythmias (58).



NON INVASIVE MAPPING IN PATIENTS SUFFERING ER SYNDROME

A recent publication has analyzed the electrophysiological substrate in 29 patients, 17 with the malignant form of ER syndrome and compared to 7 normal individuals (59). Body-surface ECG potentials were obtained simultaneously from 256 electrodes. Later, the patients underwent a CT scan with ECG gating to obtain the epicardial geometry and the electrode positions. The EP mapping data were evaluated for electrogram repolarization (measured by recovery time and activation recovery interval, the epicardial dispersion of repolarization was calculated based on the previous values), conduction (measured by activation time and activation duration) and morphology (J wave on local epicardial electrogram).

Epicardial J-wave was observed in EGMs from all ERS patients and in none of the controls. The study revealed in the ERS population, that the distribution of J waves was not localized to the inferior or lateral wall of the left ventricle, pointing that the substrate might not be limited to a specific region of the heart. The distribution of the epicardial J-wave was heterogeneous. Twenty seven percentage of the patients presented J-wave in the anterior wall, sixty five percentage in the lateral wall and seventy nine percentage in the inferior wall. There was an absence of fractionated electrograms. Also, there was not any data pointing to a delay activation in this group of ERS patients.

The data also showed that action potential duration in areas with J waves was shorter than the control group. In addition, the shortening of action potential duration was heterogeneous within the ventricle. The result was the creation of sharp repolarization gradients in comparison with controls. This characteristic is presented as the pathophysiologic basis of ERS and a differentiation with BrS. In BsS patients, a prolongation in the activation recovery interval has also been described. The latter has been studied also using ECGi (60). In BsS patients, both steep dispersion of repolarization and slow discontinuous conduction were present in the right ventricular outflow tract (60).

As a resume, this study has evaluated a cohort of ERS patients using noninvasive ECGi mapping, the arrhythmogenic abnormal substrate has been characterized by a heterogeneous shortening of the action potential duration and as a result, creation of steep repolarization gradients (59). Both mechanism could provide a substrate for re-entrant arrhythmias. These findings are different to those of BrS, where also a delay in ventricular activation has been described (60).



CLINICAL IMPLICATIONS

Although in the last two decades, a great number of articles have improved our understanding of ERS, there is an important knowledge gap regarding the pathophysiology, the clinical manifestations and management of ERS. ICD implantation is recommended for secondary prevention of SCD. In the field of primary prevention, ICD has been suggested by some authors as an option in case of “high risk” pattern, strong and unequivocal family history of SCD (37). It should be noted that the implantation of an ICD in the primary prevention setting is not free of complications (inappropriate shocks, infections). In this situation, the benefit of an implantation should be balanced against the risk of the complications. A clear definition of the syndrome and the risk of SCD in the primary prevention setting should be clarified before promoting the implantation of an ICD.



FUTURE DIRECTIONS

There are a lot of areas of uncertainty regarding the diagnosis, epidemiology, biological substrate, associations, prognosis and treatment of ERS. First, to avoid confusions regarding the diagnosis of the disease, ERS diagnosis should be based on prevalent and relevant variant patterns. Second, in order to identify the groups at risk and define the triggers, prospective studies should be performed in populations at risk. Third, due to the fact that the biological substrate is not completely understood, and the mechanism of ventricular arrhythmias are not fully elucidated, genetics and research in basic research would help to clarify the factors that promote arrhythmogenesis. Forth, there is still a lack of data to quantify predictive values and the number needed to treat in primary prevention. Fifth, the etiologic fraction of this pattern is probably still low and should be assessed. Sixth, due to the previous statements, an effective cost-effective treatment or preventive therapy are lacking. Large scale registries analyzing different cost-effective approaches will be necessary to deliver the best therapy for the population.



CONCLUSION

ER is a frequent ECG characteristic in the general population. In a very small number of cases, ER is the unique apparent cause of SCD in and individual or family. Also, a complex genetic pattern favors the idea that ER is probably a disease-modifying factor than a standalone disease.

Therefore, proper identification of ER high risk patterns is critical to improve assessment and prevention. More research is needed to better understand the electrophysiological basis and clinical significance, prognosis and prevention of ER. The design of algorithms to integrate the stratification of risk of ER is a key topic for future research in the field of cardiac arrhythmias.
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An early repolarization pattern can be observed in 1% up to 13% of the overall population. Whereas, this pattern was associated with a benign outcome for many years, several more recent studies demonstrated an association between early repolarization and sudden cardiac death, so-called early repolarization syndrome. In early repolarization syndrome patients, current imbalances between epi- and endo-cardial layers result in dispersion of de- and repolarization. As a consequence, J waves or ST segment elevations can be observed on these patients' surface ECGs as manifestations of those current imbalances. Whereas, an early repolarization pattern is relatively frequently found on surface ECGs in the overall population, the majority of individuals presenting with an early repolarization pattern will remain asymptomatic and the isolated presence of an early repolarization pattern does not require further intervention. The mismatch between frequently found early repolarization patterns in the overall population, low incidences of sudden cardiac deaths related to early repolarization syndrome, but fatal, grave consequences in affected patients remains a clinical challenge. More precise tools for risk stratification and identification of this minority of patients, who will experience events, remain a clinical need. This review summarizes the epidemiologic, pathophysiologic and diagnostic background and presents therapeutic options of early repolarization syndrome.
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INTRODUCTION

Up to 10% of all sudden cardiac deaths are caused by primary electrical disorders or ion channel diseases. As consequence, the identification of genetic mutations affecting these ion channels has opened a new area of translational research in cardiac electrophysiology (1, 2). Over the last decades, an early repolarization pattern had been considered as a benign finding, it is frequently observed on surface ECGs, characterized by J-point and ST segment elevation in 2 or more contiguous leads. More recently, the early repolarization pattern has increasingly attracted attention as it has been reported as a risk to idiopathic ventricular fibrillation and sudden cardiac death in case-control studies, characterized as early repolarization syndrome. This review provides a historic, epidemiologic and pathophysiologic background and describes diagnostic and therapeutic approaches in the treatment of early repolarization syndrome.



HISTORIC PERSPECTIVE

In 1936, Shipley and Hallaran firstly described an early ST segment elevation in ECGs which they derived in a population of 200 young, healthy individuals. They observed this phenomenon in 25% of male and in 16% of female study participants (3). Two years later, in 1938, similar findings were observed in the surface ECG of an individual who died from hypothermia (4). In 1951, the term “Early Repolarization” was firstly used by Grant in a study on vector electrocardiography (5). Osborn described the classic J-wave in experimental hypothermia in 1953, presumably resulting from an increased dispersion of repolarization caused by a disproportionate abbreviation of the epicardial action potential compared to the endocardium (6).

Historically, early repolarization was described as a normal variant phenotype. Since the past decade, growing evidence exists about the association between an early repolarization phenotype and the incidence of sudden cardiac death (7). In 2008, Haïssaguerre et al. reported a significantly increased prevalence of early repolarization in patient cohort with history of idiopathic ventricular fibrillation (8).



EPIDEMIOLOGY

Early repolarization can be observed in 1% up to 13% of the overall population, with a higher incidence in the more recent studies and in populations of athletes and adolescents. For a long time, early repolarization was associated with benign outcome (9–13). Recently, an association between early repolarization in the inferolateral leads and sudden cardiac death has been described in several studies. There may be two potential reasons for the observed variation in incidence of early repolarization between single studies: Firstly, the definition and interpretation of early repolarization used in different studies varies. Secondly, there are significant differences in baseline characteristics of studied populations. Studies which showed a correlation of early repolarization and sudden cardiac death included mainly Caucasian and Asian and less African or American individuals. It is noticeable that among all studied patients showing early repolarization, 75% were males (13–15). J point elevation is found more frequently in patients with idiopathic ventricular fibrillation than in healthy individuals (11). In concordance, in sudden cardiac deaths related to early repolarization, male gender is found in 75% (8, 13).

In a case-control study of Haïssaguerre et al. the prevalence of early repolarization was documented in 31% of patients with a history of idiopathic ventricular fibrillation, whereas only in 5% of healthy controls (8). In a meta-analysis, the absolute risk for sudden cardiac death in individuals with early repolarization syndrome is estimated to be 0.07% (16).



PATHOPHYSIOLOGY AND GENETICS

In early repolarization syndrome patients, current imbalances between epi- and endo-cardial layers result in a dispersion of de- and repolarization. These imbalances manifest as J wave or ST segment elevation on the surface ECG. In the epicardium, a larger transient-outward K+ (Ito) and Adenosine triphosphate-sensitive current (IKATP), and a reduced inward sodium (INa) and inward calcium (ICaL) current than in the endocardium result in greater net repolarizing outward current flow during the early phase of the myocardial action potential. In early repolarization patients, a further increase in epicardial net outward current results in an increase of differences of action potential between epi- and endo-cardium. The resulting prominent notch in the action potential of ventricular epicardium but not endocardium induces a transmural voltage gradient during ventricular activation and manifests as J wave on the surface ECG. The electrical heterogeneity results in so-called phase 2 reentries, which produce closely coupled PVCs capable of initiating circus movement reentry and ventricular fibrillation. (Figures 1A,B, 3A,B). The amplitude of the J waves, representing a disequilibrium between epi- and endo-cardial currents, increases during bradycardia phases and vagotonia, short-long sequences are then more likely to trigger ventricular fibrillation.
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FIGURE 1. (A) ECG example of a patient Nr. 1 with early repolarization syndrome. Two frequent clinical PVCs, arising from the septal basal RV, are documented. (B) The clinical PVC of early repolarization syndrome patient Nr. 1 induces an episode of ventricular fibrillation.



Experimental studies showed that testosterone increases outward potassium currents, including the rapidly activating and the slowly activating component of the delayed rectifier potassium current, and decreased the inward L-type calcium current (17, 18). As the maintenance of the action potential dome is determined by a precise balance of currents, any agents that increase outward currents or decrease inward currents may increase the magnitude of the action potential notch, increasing the voltage gradient across the endo- and epi-cardium, thus augmenting ST-segment and J-point elevation.

The previously described male predominance in the prevalence of an early repolarization ECG pattern (13–15) may be attributable to the higher testosterone levels of males, resulting in an increased outward potassium current and an increased J point elevation.

Early repolarization is more frequently found in genetic relatives of patients with a history of arrhythmic sudden cardiac death, what suggests pro-arrhythmic genetic mutations and in several recent studies, early repolarization syndrome has been described as a kind of heritable disease. Population-based studies suggested some degree of inheritance of early repolarization ECG patterns (19–21). However, only a few genes have related to early repolarization syndrome have been identified by now. Mutations of KCNJ8, which encodes a subunit of the ATP-sensitive potassium channel, of the L-type calcium channel genes (CACNA1C, CACNB2B, CACNA2D1) as well as loss-of-function mutations of SCN5A are related to early repolarization and idiopathic VF (22–25). Most of the early repolarization syndrome causing gene mutations were detected in the sporadic cases and the current understanding of the genetic basis of early repolarization syndrome remains limited. It has recently been proposed that early repolarization syndrome may be a near-Mendelian or oligogenic inheritance disease (21).



DIAGNOSIS

An “early repolarization pattern” is diagnosed on the surface ECG as a sharp, positive deflection at the onset of the ST segment, following immediately after a positive QRS complex. Also, as an increased J point level may be hidden in the terminal QRS complex, early repolarization may be indicated by a slurring of the terminal QRS complex. A J point elevation, exceeding 0.1 mV, has to be present in two or more contiguous inferior and/or lateral leads. The onset of the QRS slurring has to be entirely above the ECG baseline level, and the angle between the tangents of the slurring and the initial R downslope has to be >10° (26). An “early repolarization syndrome” can be diagnosed, if the early repolarization pattern is found in a patient with a history of idiopathic ventricular fibrillation or polymorphic ventricular tachycardia. It is important to emphasize that an “early repolarization pattern” on its own is not a cardiac arrhythmic disease. The 2013 Expert Consensus Statement by Heart Rhythm Society (HRS), the European Heart Rhythm Association (EHRA), and the Asia Pacific Heart Rhythm Society (APHRS) summarizes diagnostic criteria: (27)

• Early repolarization syndrome is diagnosed by the presence of J-point elevation ≥1 mm in ≥2 contiguous inferior and/or lateral leads of a standard 12-lead ECG in a patient resuscitated from otherwise unexplained ventricular fibrillation/ polymorphic ventricular tachycardia.

• Early repolarization syndrome can be diagnosed in a SCD victim with a negative autopsy and medical chart review with a previous ECG demonstrating J-point elevation ≥1 mm in ≥2 contiguous inferior and/or lateral leads of a standard 12-lead ECG.

• Early repolarization pattern can be diagnosed by the presence of J-point elevation ≥1 mm in ≥2 contiguous inferior and/or lateral leads of a standard 12-lead ECG.

As an early repolarization pattern can be relatively frequently observed in the overall population, but also growing evidence exists that early repolarization is linked to sudden cardiac death, there is a specific need for risk stratification.

Life-threatening arrhythmias are often the first, unexpected clinical manifestation of early repolarization syndrome. An increase of J wave/ST segment amplitude has been described before the onset of ventricular fibrillation in early repolarization patients. Ventricular fibrillation is often initiated by short-long-short QRS sequences, with a single PVC falling into the T-wave of the preceding QRS complex (28).

ECG examples of early repolarization patients are presented in Figures 1–4.


[image: image]

FIGURE 2. ECG of patient Nr. 2 presenting with early repolarization syndrome. J point elevation is predominantly present in lead v3.
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FIGURE 3. (A) An episode of non-sustained ventricular fibrillation, which occurred during baseline ECG recording of early repolarization syndrome patient Nr. 3. The VF episode was induced by the patient's early clinical PVC. (B) ECG recording of patient Nr. 3. The clinical PVC now induces an episode of sustained ventricular fibrillation.
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FIGURE 4. ECG recording of patient Nr. 4 shows a predominant early repolarization pattern in the inferior leads.





RISK STRATIFICATION

Based on different studies linking early repolarization pattern to the incidence of sudden cardiac death, the majority of patients will remain asymptomatic, while arrhythmic events and sudden cardiac death will only occur in few patients. Thus, more precise tools for risk stratification and the identification of this minority of patients, who will experience events, remain a clinical need and challenge.

Observational studies subcategorized early repolarization ECG patterns to distinguish benign and malignant ECG variations. Tikkanen et al. classified ST segments as either horizontal/descending ( ≤ 0.1 mV within 100 ms after the J point) or upsloping/ascending (>0.1 mV elevation throughout the ST segment). The ascending early repolarization pattern was found to be more frequent (>85%) within the studied population of young athletes. In a large overall population, the horizontal/descending type was strongly associated with sudden cardiac death when compared to patients without early repolarization pattern, whereas the ascending pattern did not show significant association with sudden cardiac death (29, 30).

Roten et al. compared ECGs of healthy, asymptomatic patients with an early repolarization pattern ECG to patients with an early repolarization pattern ECG and history of ventricular fibrillation. The latter group had significantly longer QTc intervals, J waves and higher J wave amplitudes, low-amplitude T waves were found more frequently, and a lower T/R ratio. A low T/R ratio showed the strongest association with a malignant early repolarization variant among all studied parameters (31).

Bastiaenen et al. demonstrated the usefulness of exercise tolerance testing and Ajmaline provocation testing to unmask more malignant variants of early repolarization patterns. They conducted a study on 229 patients with a history of survived sudden cardiac death, ventricular arrhythmias, unexplained syncopes and a positive family history of sudden cardiac death. In 11% of studied patients, an early repolarization pattern was present in the baseline ECG. Exposing these patients with early repolarization pattern to exercise tolerance testing and Ajmaline provocation testing resulted in the disappearance of all ascending early repolarization patterns and patterns in the lateral leads. Sixty percent of horizontal/descending early repolarization patterns disappeared during Ajmaline provocation testing and only 25% disappeared during exercise tolerance testing. Patients with persistent early repolarization pattern showed a significantly higher frequency of arrhythmia related symptoms than patients in which early repolarization pattern had disappeared during testing (32–34).

Studies showed that patients with early repolarization pattern, found in the inferior leads, have a higher risk of mortality and sudden cardiac death. In patients aged older than 50 years, mortality between groups with and without early repolarization pattern additionally separates. Early repolarization may be interpreted to especially increase the risk of sudden cardiac death in the presence of additional triggers, such as acute ischemic events (10, 11, 13).

In asymptomatic patients, an electrophysiology study including programmed ventricular stimulation was not predictive for later ventricular arrhythmia in early repolarization syndrome patients (35). However in near future, advanced invasive and non-invasive electrophysiology technologies may improve risk stratification in patients with early repolarization pattern: Electrocardiographic imaging is a novel, non-invasive imaging technology which is based on a combination of cardiac electrical data recorded on the body surface and cardiac CT imaging. This technique can be used to create epicardial potential maps, and maps of epicardial activation and repolarization. Using this technology, Ghosh et al. recently demonstrated abnormally short activation-recovery intervals in inferior and lateral ventricular regions in patients with early repolarization syndrome, suggesting augmented repolarization and repolarization gradients in these areas that may represent substrates for ventricular arrhythmias. In the future, electrocardiographic imaging could prove to be a valuable tool for differentiating between malignant and benign forms of ER syndrome, thereby enhancing risk stratification (36).

Another novel technology that could potentially enhance risk stratification is a catheter equipped with monophasic action potential (MAP) electrodes. MAP catheters facilitate direct measurements of action potential characteristics and has the potential to characterize transmural repolarization gradients in detail. This may provide a more detailed characterization of the arrhythmogenic substrate in early repolarization syndrome patients. Invasive studies using this technique may be valuable in further investigating early repolarization patients who are at intermediate or high risk of sudden death (37).



THERAPY

As an early repolarization pattern is relatively frequent ECG-finding in the general population and the incidence of idiopathic ventricular fibrillation or polymorphic ventricular tachycardia is relatively low, the majority of individuals presenting an early repolarization pattern ECG will remain asymptomatic and the isolated presence of an early repolarization pattern does not require further intervention.


ICD-implantation

Conversely, in patients with an early repolarization pattern who survived sudden cardiac death (early repolarization syndrome), the implantation of an implantable cardioverter defibrillator is indicated (27). The 2013 HRS/EHRA/APHRS Expert Consensus Statement gives recommendations for therapeutic interventions (Table 1):



Table 1. 2013 HRS/EHRA/APHRS Expert Consensus Statement recommendations for ICD implantation in early repolarization syndrome patients.
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In the setting of survived sudden cardiac death, a familial screening is recommended. In a case of isolated, asymptomatic early repolarization ECG pattern, there is no recommendation for familial screening.



Drug Therapy

The incidence of ventricular fibrillation episodes and electrical storm is relatively common in early repolarization syndrome patients after ICD implantation. Regarding drug therapy in this situation, there is evidence that isoproterenol infusion acutely suppresses recurrent ventricular fibrillation in these patients. The dose can be initiated with 1.0 μg/min and should target a 20% in baseline heart rate or an absolute heart rate > 90 bpm, adapted to hemodynamic conditions and suppression of arrhythmia. The adrenergic activation with isoproterenol is likely effective by augmenting inward currents (particularly L-type Ca2+) which offset the net outward K+ current excess. Also the use of Quinidine or Hydroquinidine has been described to achieve a long-term suppression of ventricular fibrillation and ventricular tachycardia in early repolarization syndrome (38, 39). Quinidine, which inhibits outward currents, mainly Ito, reduces the amplitude of the J wave and ST segment. The targeted range of Hydroquinidine serum levels should be 2–5 μg/ml, therefore a daily dose of 600 mg Hydroquinidine was applied in studies. In addition, Quinidine may reduce the early repolarization pattern or even restore a normal ECG in patients. The administration of Cilostazol, an oral phosphodiesterase III inhibitor which has been shown to be an effective drug therapy in Brugada syndrome, has also been described to successfully terminate ventricular fibrillation episodes, which were refractory to Quinidine therapy in early repolarization syndrome. Cilostazol has been shown to have a significant effect to block Ito and to augment ICa, reducing the occurrence of phase 2 reentry phenomenon (40, 41).




CONCLUSION

Whereas, an early repolarization pattern is frequently found in the overall population, the incidence of idiopathic ventricular fibrillation and the risk of early repolarization syndrome is relatively low. Several studies distinguished benign from more malignant early repolarization patterns. However, the mismatch between frequently found early repolarization ECG patterns, low incidences of early repolarization syndrome related sudden cardiac deaths, but fatal, grave consequences in affected patients remains a clinical challenge.
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Sudden cardiac death (SCD) in the young may often be the first manifestation of a genetic arrythmogenic disease that had remained undiagnosed. Despite the significant discoveries of the genetic bases of inherited arrhythmia syndromes, there remains a measurable fraction of cases where in-depth clinical and genetic investigations fail to identify the underlying SCD etiology. A few years ago, 2 cases of infants with recurrent cardiac arrest episodes, due to what appeared to be as a severe form of long QT syndrome (LQTS), came to our attention. These prompted a number of clinical and genetic research investigations that allowed us to identify a novel, closely associated to LQTS but nevertheless distinct, clinical entity that is now known as calmodulinopathy. Calmodulinopathy is a life-threatening arrhythmia syndrome, affecting mostly young individuals, caused by mutations in any of the 3 genes encoding calmodulin (CaM). Calmodulin is a ubiquitously expressed Ca2+ signaling protein that, in the heart, modulates several ion channels and participates in a plethora of cellular processes. We will hereby provide an overview of CaM's structure and function under normal and disease states, highlighting the genetic etiology of calmodulinopathy and the related disease mechanisms. We will also discuss the phenotypic spectrum of patients with calmodulinopathy and present state-of-the art approaches with patient-derived induced pluripotent stem cells that have been thus far adopted in order to accurately model calmodulinopathy in vitro, decipher disease mechanisms and identify novel therapies.
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INTRODUCTION

Sudden cardiac death (SCD) is an unexpected natural death due to cardiac causes that is responsible for up to 25% of all deaths in the Western world (1). While SCD as a term describes a final common clinical outcome, it does not by itself relay information on the pathophysiological mechanisms underlying its occurrence, which are quite distinct, especially when considering the age of the SCD victim. Indeed, in the young (< 35 years), SCD is mainly the adverse outcome of inherited cardiac diseases, such as cardiomyopathies and channelopathies, with ventricular fibrillation (VF) being mostly the culprit arrhythmia (2). Unfortunately, SCD may afflict even those in the perinatal, neonatal and early childhood period. We and others have shown that when post-mortem clinical investigations fail to identify the underlying causes (“mors sine materia” or “normal heart” SD) (3), channelopathies, and the long QT syndrome (LQTS) in particular, may contribute significantly to cases of sudden infant death syndrome (4), as well as intrauterine fetal death and stillbirth (5). In these cases, early-onset and highly malignant arrhythmias caused by penetrant genetic mutations in ion channel genes, or their accessory protein partners, often arising de novo, largely dictate SCD occurrence.

A few years ago, two infants having experienced recurrent VF episodes and suffering from what appeared to be as an unusually severe form of LQTS (QTc > 600 ms, intermittent 2:1 atrioventricular block and T wave alternans) came to our attention. Both were born to healthy parents and genetic testing of the major LQTS genes was negative. In order to identify what we presumed to be a novel underlying genetic cause of these severe arrhythmia manifestations, we performed whole-exome sequencing in both infants (as part of parent-child trios) and identified novel mutations in two of the three genes encoding the Ca2+-signaling protein calmodulin (CALM1-p.D130G and CALM2-p.D96V) that were shown to have arisen de novo, thus explaining the parents' normal phenotype (6). This finding was further validated by expanding our search for calmodulin (CaM) mutations in a pool of unrelated LQTS patients that were genetically negative for mutations in the main LQTS genes. In doing so, we identified the same CALM1-p.D130G mutation as well as the novel CALM1-p.F142L mutation in two other unrelated LQTS cases with severe disease and recurrent cardiac arrest episodes (6). Shortly after, other investigators identified the same p.D130G mutation, albeit in the CALM3 gene, as a novel genetic substrate of severe LQTS (7), thus completing the picture of a “genetic trilogy” for a new clinical entity that has been termed calmodulinopathy (8).

In the past few years our knowledge on calmodulinopathy has expanded and it is now known to be a severe arrhythmogenic condition that can manifest mainly as LQTS (6), catecholaminergic polymorphic ventricular tachycardia (9) or idiopathic VF (IVF) (10) caused by genetic mutations in any of the 3 calmodulin genes (CALM1, CALM2, CALM3). Calmodulin is a ubiquitously expressed protein that participates in a plethora of cellular processes, while acting intracellularly both as a Ca2+ sensor and signal transducer. In the heart, CaM is a major player in the modulation of several ion channels such as the L-type calcium channel (LTCC), the sodium channel, different potassium channels, and the ryanodine receptor (RyR) (11).

In this review, we will provide an overview of currently available knowledge on this severe arrhythmogenic syndrome, termed calmodulinopathy. In particular, we will present in detail CaM's sequence, structure and function, the genetic spectrum of CaM mutations and the associated phenotypes, as well as available therapies. We will also overview the underlying disease mechanisms of calmodulinopathy (reviewed in detail in the accompanying article by Badone et al.) and present the thus far used in vitro methods for deciphering these disease mechanisms.



CALMODULIN GENES AND PROTEIN

The first complementary DNA (cDNA) clone of human CaM was isolated from a human liver cDNA library in 1984 (12). Within a few years, two more human cDNA clones were isolated and characterized (13, 14) with diverse nucleic acid sequence identity but all encoding an identical CaM protein. These results suggested the existence of a multigene CaM family operating under selective pressure to regulate and express a protein with a prominent cellular role.

Calmodulin in humans is indeed encoded by three different genes (CALM1, CALM2 and CALM3; NG_013338.1, NG_042065.1 and NG_051331.1 RefSeqGenes, respectively), located on three different chromosomes (14q32.11, 2p21 and 19q13.32, respectively). Although several splice variants exist, only few transcripts contribute to the full-length CaM protein with the principal ones being NM_006888.4, NM_001743.5 and NM_005184.3, respectively. The three genes have a similar exon-intron structure, with 6 coding exons (14–16). The CaM protein generated from the translation of each of the three main transcripts has a length of 149 amino acids and an identical amino acid sequence. Its evolutionary importance is highlighted not only by the presence of three different genes located on three different chromosomes encoding the same protein, but also by the extent of conservation of its protein sequence that is full across vertebrates and very high across all eukaryotes (17) (Figure 1A).
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FIGURE 1. (A) Multiple species alignment of the CaM protein sequence showing full sequence conservation across vertebrates and an impressive sequence conservation across lower eukaryotes. (B) CaM protein structure in the ApoCaM (left) and Holo- or CaCaM conformation (right). The N-terminal and C-terminal Ca2+ lobes are shown in blue and red, respectively. Ca2+ ions are shown in yellow. PDB structures entries: ApoCaM PDB ID: 1CFD; CaCaM PDB ID: 1CLL. (C) Genotype-phenotype correlation graphic representation of published CaM mutations, with respect to the gene and domain in which the mutations reside. C-terminal Ca2+-binding domains are shown in red and N-terminal Ca2+-binding domains are shown in blue.



Despite CaM's significant conservation, the respective CALM genes share only approximately 80% sequence identity among their coding regions, while they have no significant homology in their non-coding regions (14). This shows that the CALM genes have diverged early during evolution (14) and are not the result of gene duplications as is often the case with multigene families, while operating under a strict evolutionary control that aims to maintain their structural integrity.

Although CaM's genetic redundancy may partly serve its ubiquitous nature and support its pivotal role in several processes essential for cell survival and functioning, little is known about CALM genes' differential expression. Gene expression analyses have shown that in mammalian cells (16) and human hearts at the fetal, infant and adult stages of development (6), significantly higher transcriptional levels of CALM3 than CALM2 and CALM1 are observed, with the latter being the least transcribed. Data from the Expression Atlas (18) and the Human Protein Atlas (19) indicate that all three CaM genes are ubiquitously expressed in the majority of tissues, with high and medium levels of expression found in the brain and heart, respectively. At the protein level, the relative contribution of each transcript is still unclear. Upon the initial identification of different cDNA clones, suggesting the existence of three different genes, it was hypothesized that one gene could be the housekeeping gene, while the other two could be differentially expressed under conditions of particular stimuli (14). This however seems not to be the case and all transcripts contribute toward CaM's overall expression (20), albeit unclear to which extent.



CALMODULIN'S STRUCTURE

Human CaM is a small 149 amino acid protein with a length of 65 Angstroms (Å) that could be pictured in the shape of a dumbbell (21). It is comprised of two Ca2+-binding lobes at its N- and C-terminus which are linked by a flexible helix, each containing two EF-hand (helix-loop-helix) structural motifs with Ca2+-binding properties (Figure 1B). The lobes display cooperative Ca2+-binding properties (22), with faster Ca2+ binding at the N-terminal lobe and higher Ca2+-binding affinity at the C-terminal lobe (23), thus allowing CaM to function either as a rapid or slow Ca2+ sensor (24).

Within the cell, CaM may exist in multiple conformations that can be summarized in a six-state folding model, dependent on intracellular Ca2+ levels (25). Calmodulin folding and regulation have been evolutionally selected as robust key mediators of multiple Ca2+-based intracellular signals to control the activity of downstream targets in response to a broad range of intracellular Ca2+ concentration changes and different states of energetic stability (25). At low intracellular Ca2+ concentrations, the empty, Ca2+-free form (ApoCaM) prevails; increasing Ca2+ concentration leads to a progressive and cooperative occupation of the four Ca2+-binding sites until the saturated form (CaCaM or HoloCaM) is reached. Ca2+ binding and folding properties of each domain do influence both target binding and target regulation and confer to CaM the pliability to sense both local and global Ca2+ levels (24).



CALMODULIN'S INTERACTION NETWORK

Multiple cardiac ion channels and pumps are targeted and regulated by intracellular Ca2+ through Ca2+-sensing proteins, with CaM being the predominant and most widespread. This Ca2+-dependent regulation acts on multiple levels and involves, among others, sarcolemmal ion channels responsible for the L-type Ca2+ current (ICaL, Cav1.2), the peak sodium current (INa, Nav1.5), the slow delayed rectifier potassium current (IKs, Kv7.1), the inward rectifier potassium current (IK1, Kir2.1) and sarcoplasmic reticulum (SR) proteins such as the cardiac ryanodine receptors (RyR2) and phospholamban (PLB) (11). The regulation of these targets by CaM can be primary, through a direct association of CaM to its target, or mediated by the activity of Ca2+-CaM-dependent protein kinase II (CaMKII).

Different CaM pools do exist within the cell and the net result of this somehow unique protein distribution and equilibrium is that the vast majority (~99%) of CaMs appear to be already pre-bound to targets (26, 27), thereby assigning a buffering capacity to the remaining tiny fraction of the total CaM pool. This means that the three different CaM genes encode for identical CaM proteins that will be mostly bound to their targets. This scenario dramatically reduces the competition for target binding and constitutes a vulnerable substrate toward genetic mutations.

Under certain conditions, when the ApoCaM configuration is adopted, the N-terminal lobe has higher stability than the C-terminal lobe (25), which allows the binding/pre-association to important biological targets such as the Nav1.5 or Cav1.2 channels in the ApoCaM form (28, 29). In particular, ApoCaM pre-association to Cav1.2 is required since CaMs from the cytosolic bulk are unable to adequately access the binding site on Cav1.2 during Ca2+ inflow (28); this property confers to the residual CaMs the ability to finely modulate substrate activities in response to local intracellular Ca2+ concentration changes (30, 31) with such a precision and velocity that would not be possible if Ca-CaM would have to be recruited from the cytosolic CaM bulk.

A certain degree of cytosolic CaM–level dependency is nevertheless maintained in the cells as a mechanism of Ca2+ homeostasis tuning other ion channels (32). Furthermore, according to modeling data published by Valeyev and coworkers, specificity and selectivity of CaM target regulation relies on target CaM-specific constants of dissociations and on the number of Ca2+ ions required for CaM-target complex activation (33), with some interactions requiring a preferential Ca2+ binding to the N-terminus (34), C-terminus or both.

Results by multiple groups have converged on deciphering the role of CaM's two main targets that underlie and define the main calmodulinopathy phenotypes, i.e., Cav1.2 and RyR2, encoded by CACNA1C and RYR2, genes with a previously established role in LQTS and CPVT pathogenesis, respectively.



GENETICS OF CALMODULINOPATHY

Twenty three mutations in one of the three CaM genes have been identified so far in thirty index calmodulinopathy patients with different arrhythmic phenotypes (6, 7, 9, 10, 35–43) (Table 1). The mutations thus far described have mainly arisen de novo, as demonstrated by parental genetic screening in 23 families. In only three cases the mutation was inherited (CALM3-p.A103V, CALM1-p.N54I, CALM1-p.F90L (9, 10, 35) and was shown to co-segregate with an arrhythmic phenotype in the respective families.



Table 1. List of published CaM mutations associated with arrhythmic phenotypes.
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All 23 mutations described are single nucleotide substitutions, leading to 18 distinct missense amino acid changes and are prevalently distributed in the CALM1 (n = 8) and CALM2 (n = 10) genes, while a few reside in the CALM3 gene (n = 5). Interestingly, the majority of mutations (18/23, 78%) are localized in CaM's C-terminal Ca2+-binding domains (EF-hands III and IV) (Figure 1C), and especially in the specific residues directly involved in Ca2+ binding (16/23, 70%). Since the C-terminal EF-hands (III and IV) have been demonstrated to have a higher Ca2+-binding affinity than those in the N-terminus (I and II), calmodulinopathy's mutation distribution strongly highlights the importance of Ca2+-binding affinity for proper protein function and indicates specific topological domains that seem to be intolerant to genetic variation.

In support of the latter also come data on CaM genetic variation from the general population (genome aggregation database, gnomAD) (44). Not only thus far described calmodulinopathy-causative variants are absent from the general population, but also, the CALM non-synonymous genetic variants that are present (n = 29) have a different distribution within the CaM protein compared to the calmodulinopathy-causing mutations. In fact, the former are mainly localized outside the Ca2+-binding domains, in the EF-hand linkers and in the N- and C-terminal ends of the protein. In addition, the C-terminal EF-hands III and IV host recurrent calmodulinopathy-causing mutations, such as the p.N98S, p.D130G, and p.F142L, identified thus far in 6, 4 and 4 index cases, respectively, further highlighting the functional importance and intolerance to variation of these topological domains within the CaM protein.



CALMODULINOPATHY DISEASE MECHANISMS

Among all CaM mutations thus far described (45), 11 have been functionally investigated in vitro, mostly by Ca2+-binding assays and/or electrophysiological studies. In our initial description of LQTS-associated calmodulinopathy (6) we provided preliminary evidence that the CaM mutations identified exhibited reduced affinity for Ca2+ and were thereby predicted to interfere with CaM's ability to transduce Ca2+-mediated signals. Diminished Ca2+-binding capacity had also been previously demonstrated by in vitro overexpression of mutant CaM in mammalian cardiomyocytes (CMs), which resulted in severe action potential prolongation, i.e., a cellular recapitulation of LQTS (46). We have further validated this reduced affinity for Ca2+ in the context of other LQTS-related CaM mutations (38, 39). Moreover, we have identified impaired Ca2+-dependent inactivation (CDI) of the L-type Ca2+ channel Cav1.2- with concordant disruption of cellular Ca2+ homeostasis- as the prominent mechanism of LQTS-associated calmodulinopathy (39, 47) (Figure 2A). Our findings have been in accordance with those of other investigators.
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FIGURE 2. (A) LQTS-CaMs induce an increased Ca2+ influx via ICaL by decreasing its Ca2+-dependent inactivation (CDI); this causes an enhanced Ca2+ influx, a consequent action potential duration (APD) prolongation and arrhythmias. LTCC: L-type calcium channels. (B) CPVT-CaMs promote Ca2+-release from the sarcoplasmic reticulum through the cardiac ryanodine receptors (RyR2). This leads to a higher frequency of Ca2+ waves and to a higher arrhythmia susceptibility, especially in the presence of catecholamines.



Calcium-dependent inactivation is the mechanism by which conformational changes in CaM, driven by extracellular Ca2+ inflow through Cav1.2, modulate part of the inactivation of the LTCCs. This mechanism acts as a negative feedback loop to precisely control the amount of Ca2+ entering the cardiomyocyte at each heartbeat and it is deranged in the presence of certain CaM mutations associated with an LQTS phenotype (LQTS-CaM), (Figure 2A). Multiple lines of evidence converge on the fact that LQTS-CaM mutations decrease CaM's affinity for Ca2+ and lead to an impaired CDI, resulting in an increased and uncontrolled Ca2+ inflow, action potential (AP) prolongation, QT interval prolongation and potentially lethal arrhythmogenic events. Conversely, other CaM mutations do not impair CaM's Ca2+-binding properties, but, rather, they strengthen CaM's binding affinity to RyR2, thus promoting the open conformation of RyR2 and interfering with its fine regulation. When dysfunctional interactions between CaM and RyR2 occur, e.g., due to mutations associated to a CPVT phenotype (CPVT-CaM), SR Ca2+ content, along with its feedback mechanism, are dysregulated, leading to premature and spontaneous Ca2+ releases from the SR and arrhythmogenic propensity (48) (Figure 2B).

The polyhedral nature of CaM's interaction network certainly hampers the identification of straightforward links between clinical manifestations of calmodulinopathy and its underlying molecular bases. Although several hypotheses have been formulated, many of which by our group (6, 49), and calmodulinopathy's main molecular mechanisms delineated, a generalized consensus and in-depth understanding of the reasons leading to such severe clinical phenotypes, are still pending. The current hypothesis to explain the malignancy of the disease manifestations mainly relies on two mechanisms which might synergistically concur to shape the disease phenotype (Figure 3). Considering that 99% of CaMs are already pre-bound to their targets, this logically implies that also mutant CaMs will be bound to targets. However, this hypothesis alone, especially in the presence of a plethora of downstream mediators, may not fully explain the funneling of clinical manifestations into two main phenotypes, sometimes even in the presence of identical mutations.
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FIGURE 3. Graphic representation depicting a theory to explain the strong phenotypic effect and allelic dominance of CaM mutants in the setting of heterozygous LQTS-CaM mutations. The lower Ca2+ binding affinity of LQTS-CaMs creates a larger than expected pool of LQTS-ApoCaMs, i.e., the conformation that binds LTCCs, with a consequent higher-than-expected abundance of LQTS-CaM bound to LTCCs. Thus, LTCCs will have a high percentage of dysfunctional CaMs bound, which will significantly disrupt their activity despite the 5:1 WT:MT allelic stoichiometry.



The reason may partly rely also on a second mechanism, which involves the collateral consequences of ApoCaM's molecular interaction with its targets. Given that CaM pre-association to LTCC does not require Ca2+, it is reasonable to speculate that mutations impacting on the Ca2+-binding affinity of CaM should not theoretically alter ApoCaM's substrate-binding ability per se, but, on the contrary, they may indirectly enable it since mutant CaMs have a lower affinity for Ca2+ in their C-terminus lobe and thus are more likely to be found in the ApoCaM form. The data generated by the Yue lab (50) demonstrated, through elegant FRET assays, that LQTS-CaMs have at least an equal affinity for LTCC in the ApoCaM form, with some LQTS-CaM mutations exhibiting even a higher affinity than WT-CaMs. Therefore, targets that require a pre-association of ApoCaM will be preferentially bound to LQTS-CaM mutants, which would explain both the fact that some targets seem unaffected by these mutations, as well as the dominant expression of the pathogenic phenotype despite the wild type-favoring (5:1) allelic balance (Figure 3).



INDUCED PLURIPOTENT STEM CELL-DERIVED CARDIOMYOCYTE PLATFORMS FOR CALMODULINOPATHY MODELING IN VITRO AND TESTING OF THERAPEUTIC APPROACHES

Most of the studies that have aimed to characterize the relative effects of CaM mutations have used heterologous expression systems such as transient expression of CaM mutants in HEK293 (48, 50), tsA201 cells (41, 47), mammalian CMs (35, 41, 48, 50), or human induced pluripotent stem cells (hiPSCs) from healthy donors (39). Although these studies have provided insight into the prominent pathophysiological mechanisms of calmodulinopathy, they have had the major inherent limitation of not being able to faithfully recapitulate the in vivo effects by simply not respecting the native stoichiometry of mutant and wild-type CaM proteins. Having three different genes encoding the same CaM protein implies that in the presence of a mutation in a heterozygous state, there is a 5:1 wild-type:mutant allelic stoichiometry, with the quantitatively underrepresented mutant CaM still being able to confer its devastating effects. The redundancy of the CaM genes hampers also the generation of transgenic animal models, with diverse CaM gene copy numbers among species representing a substantial caveat for in vivo disease modeling.

In order to provide a more profound understanding of the effects conferred by CaM mutations in their native CM environment, multiple groups, including ours, generated hiPSCs from patients with CaM mutations (20, 49, 51). With the confidence of working in a physiologically relevant experimental model, CaM mutation rescue strategies have been recently attempted with multiple approaches. Limpitikul and coworkers used an elegant CRISPRi gene silencing approach to precisely suppress the transcription of the mutant CALM2D130G allele, allowing a complete rescue of the LQTS phenotype (20). Yamamoto and coworkers, instead, followed a gene editing approach to selectively knockout the CALM2N98S allele (51). Although not currently feasible in humans, this procedure demonstrated that the CALM loci can be realistic targets for gene correction approaches. Finally, Rocchetti and coworkers rescued the pathogenic LQTS phenotype caused by a CALM1F142L mutation investigated in detail in hiPSC-CMs from a calmodulinopathy patient (6) by blocking ICaL with verapamil (49). The field potential (FP) duration, measured with MEA, was rescued with acute exposure to verapamil, holding promise for a rapid implementation of this pharmacological approach in the clinical setting. This observation was immediately translated by Webster and coworkers in clinical practice and in a single calmodulinopathy patient (52) verapamil showed some promising results.

Overall, these studies demonstrated the importance and feasibility of modeling calmodulinopathy in the setting of its native environment, provided insight into the pathophysiological mechanism underlying the respective life-threatening arrhythmias and validated calmodulinopathy patient-derived iPSC-CMs as a platform for precision medicine investigations.



CALMODULINOPATHY PHENOTYPES AND CLINICAL FEATURES

The rapid emergence of the genetic discoveries related to calmodulinopathy has eclipsed the ability of the field to ascertain and compare in depth all the individual clinical features among different subjects thus far described in the literature. This has naturally led to the “lumping” of cases under existing clinical “umbrella” terms. Indeed, CaM mutations have been associated with a spectrum of arrhythmic phenotypes, including LQTS, CPVT, IVF, as well as LQTS/CPVT overlap and Sudden Unexplained Death (SUD) (6, 7, 9, 10, 35–43). From the thus far available descriptions, however, it seems to emerge that there is a novel constellation of symptoms, arrhythmia types, ECG features and response to therapy that are characteristic of calmodulinopathy as a clinical entity, closely-related, but nevertheless distinct, from other arrhythmia syndromes.

To this end, we have recently established an international registry of subjects with CaM mutations (ICalmR) (45), currently enrolling patients from overall 15 countries, in order to conduct a thorough ascertainment of the clinical spectrum, genotype-phenotype relationship, and treatment responses of these patients. In order to further aid the enrollment of new cases and facilitate the discussion among experts, ICalmR has become a member of the European Reference Network on rare diseases of the heart (53), while, recently, the registry has been made available to the European Commission for online data submission and patient enrollment, according to EU requirements.

From the descriptions thus far available in the literature, the most prevalent phenotype is LQTS, observed in 73% (22/30) of index cases. All LQTS-associated CaM mutations are localized within CaM's EF-hands III (n = 7) and IV (n = 9) or in the C-terminal region (n = 2). The second most frequent arrhythmic phenotype observed is CPVT, with 4 index cases carrying the CALM1-p.N54I, CALM1-p.N98S, CALM2-p.N98S, or CALM3-p.A103V mutations. Much less represented phenotypes are LQTS/CPVT overlap (1 case, CALM2-p.D132E), IVF (1 case, CALM1-p.F90L), and SUD (2 cases, CALM2-p.F90L, CALM2-p.N98S). Interestingly, particular hotspot mutations, such as the p.N98S mutation, may give rise to diverse arrhythmic phenotypes (LQTS, CPVT, SUD), regardless of the gene in which the nucleotide substitution resides, whilst others, such as the p.D130G and p.F142L, always cause definite LQTS.

Irrespective of the associated phenotypes, a common feature of all CaM mutations identified so far is the extreme severity of disease manifestations and early occurrence with almost half of subjects having a perinatal presentation (28th week of gestation to 28th postnatal day) (12/28, 43%, with the exclusion of 2 SUDs), mainly among those with an LQTS phenotype. The latter often show 2:1 AV block, T wave alternans and QTc values above 550 ms (45).

As in other inherited arrhythmogenic conditions, SCD can be the first manifestation of the disease, but unfortunately SCD can also occur after diagnosis and establishment of antiarrhythmic therapies. Indeed, to provide some examples, in two patients, both carrying the CALM1-p.F142L mutation, the diagnosis of LQTS was made just after birth and beta-blocker therapy was immediately started. Later on, a pacemaker was implanted. Nevertheless, they both later died suddenly, at 2 and 1 years of age (41). Another LQTS subject, carrying the CALM2-p.Q136P mutation, came to medical attention at 8 years of age after an episode of syncope associated with a prolonged period of unconsciousness. At that time, she had a prolonged QTc of 500 ms with ventricular bigeminy, she was put on nadolol, but she died suddenly during a dancing competition at 11 years of age (38).

Unfortunately, half of calmodulinopathy patients will experience SCD (45) and may survive only if, often by chance, appropriate resuscitation will be provided in due time. Among those who will survive, many may end up neurologically compromised. Of note, in our original description of LQTS-associated calmodulinopathy (6), all patients presented with some neurodevelopmental/neurological features. However, it is still unclear whether neurological impairment may be an inherent feature of the disease spectrum, since CaM is also highly expressed in the brain, or such an impairment may be only the secondary result of multiple resuscitated cardiac arrests causing brain injury. By means of studying the disease systemically and by jointly examining a larger number of cases through the ICalmR (45), some light may be shed on whether CaM's non-cardiac expression may also give rise to concomitant non-cardiac phenotypes in the setting of calmodulinopathy.



CALMODULINOPATHY THERAPY

Calmodulinopathy is a severe condition for which effective therapies are currently lacking. From the clinical data and descriptions available thus far in the literature, and from our own clinical experience (45), commonly used anti-arrhythmic therapies and procedures (i.e., left cardiac sympathetic denervation) largely fail to treat these young patients. Indeed, β blocker therapy- the mainstay treatment for LQTS and CPVT- seems to offer minimal benefit at controlling the life-threatening arrhythmias, while other antiarrhythmics, such as sodium channel blockers, have also not produced promising results (6, 52). Ca2+ channel blockade may seem a rational therapeutic option since impaired CDI of the Ca2+ channel Cav1.2 is the prominent underlying mechanism of LQTS related to CaM mutations (20, 49, 51). However, the Ca2+ antagonist verapamil, despite some positive results in one case (52), largely fails to prevent cardiac event recurrences in other clinical cases (6, 45). This may be attributed to the fact that verapamil principally targets peak calcium current rather than modulating channel inactivation (52).

Although implantable cardioverter defibrillators (ICD) would be the treatment of choice for any patient surviving SCD due to VF (54), this type of intervention in these young patients imposes almost impossible clinical dilemmas. On one hand, the risk of complications is higher than in adults, but, on the other hand, these children are at very high risk of dying suddenly or having neurological sequelae due to brain injury secondary to multiple resuscitated cardiac arrests. Unfortunately, we have examples showing a premature death in both scenarios (i.e., death related to ICD complications or death related to VF when the ICD was not implanted).

These real life examples highlight the urgent need to identify appropriate management schemes and therapies for life-threatening calmodulinopathy.



CONCLUSION

Genetic mutations in any of the 3 genes encoding the ubiquitous Ca2+ signaling protein CaM cause calmodulinopathy, a recently identified severe arrhythmogenic entity, affecting very young individuals. Although more arrhythmic phenotypes have been associated to CaM mutations, LQTS is the predominant one, with CDI of the L-type Ca2+ channel Cav1.2 and disruption of cellular Ca2+ homeostasis being the main underlying mechanism. To date, no therapies exist that may effectively treat the life-threatening arrhythmias and prevent SCD occurrence, while ICD implantation in these young patients is frequently associated with complications.

State-of-the-art technologies such as patient-derived iPSC-CMs have been successfully thus far employed for calmodulinopathy modeling, not only providing insight into the mechanistic bases but also showing promising results for future precision medicine investigations, e.g., through gene correction approaches.

Systematic clinical evaluation of a large number of patients and identification of new cases prospectively in combination with the most recent technological advancements in hiPSC-CM technology, pharmacological screenings (55), and tridimensional approaches (56, 57), hold promise in identifying effective therapeutic strategies for this devastating disease.
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In spite of the widespread role of calmodulin (CaM) in cellular signaling, CaM mutations lead specifically to cardiac manifestations, characterized by remarkable electrical instability and a high incidence of sudden death at young age. Penetrance of the mutations is surprisingly high, thus postulating a high degree of functional dominance. According to the clinical patterns, arrhythmogenesis in CaM mutations can be attributed, in the majority of cases, to either prolonged repolarization (as in long-QT syndrome, LQTS phenotype), or to instability of the intracellular Ca2+ store (as in catecholamine-induced tachycardias, CPVT phenotype). This review discusses how mutations affect CaM signaling function and how this may relate to the distinct arrhythmia phenotypes/mechanisms observed in patients; this involves mechanistic interpretation of negative dominance and mutation-specific CaM-target interactions. Knowledge of the mechanisms involved may allow critical approach to clinical manifestations and aid in the development of therapeutic strategies for “calmodulinopathies,” a recently identified nosological entity.
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INTRODUCTION

As other ions, Ca2+ is used as a charge carrier to modulate membrane potential; however, Ca2+ also has a central role as a diffusible signaling molecule and as a trigger of diverse cellular functions. While some of these are clearly complementary in achieving a functional goal (e.g., cAMP signaling in functional upregulation) and can coexist, others are devoted to apparently competing aims (e.g., apoptosis pathway) and need to be separated. This requires mechanisms allowing intracellular Ca2+ to act on its targets with high specificity. Several strategies are employed by the cell to achieve this goal. Ca2+ buffering by intracellular proteins and small molecules, leads to a strictly controlled mobility of the ion. Active Ca2+ compartmentalization within organelles allows to keep “resting” Ca2+ concentration in the general (or “bulk”) cytosolic compartment at very low levels (around 10−7 M), i.e., below the threshold required to activate downstream effectors; at the same time, structural organization (e.g., T-tubules) allows very small Ca2+ fluxes to achieve high Ca2+ concentration in the specific subcellular compartment hosting the target effector (1).

The presence of molecules devoted to detect Ca2+ and transduce its concentration changes into specific actions is a further strategy, pivotal to the integrated operation of Ca2+-dependent processes. Perhaps the most diffuse of such “Ca2+ sensor” molecules is calmodulin (CaM), a protein present in all cell types and highly conserved throughout evolution (1). Most Ca2+-binding proteins are characterized by “EF hand” domains, which constitute the ion binding site. Whereas, in proteins involved in Ca2+ buffering and controlled mobility the EF hand is simply a binding site, in Ca2+ sensors the EF domain changes protein conformation in response to Ca2+ binding, thus triggering a variety of downstream events (2).

Essential to CaM's targeting role, is its property to stably bind to many of its downstream effectors. This corresponds to the presence on the latter of specific CaM-binding sequences, which make CaM an integral component of the target protein. Thus, CaM can exist as a freely diffusible signal (cytosolic pool), or as a sensor intrinsic to a given effector (bound pool), thus affording either diffuse or highly confined signaling. Furthermore, in various cells types, the cytosolic CaM pool can be redistributed to the nuclear compartment upon a rise in Ca2+ levels, thus broadening the targets range (3, 4). Also, except in selected cell types (e.g., mitotic cells), local CaM concentrations may follow Ca2+ oscillations, thus generating spatial and temporal patterns which may play a crucial role in biological processes (5).

In keeping with its central and evolutionarily conserved function, CaM is generated in a highly redundant mode. Indeed, an identical amino acid sequence is encoded by 3 CaM genes (CALM 1, 2, and 3) (5). Such redundancy is in apparent contrast with the high penetrance of heterozygous CaM mutations. While the possible role of transcriptional regulation of these genes is discussed in the accompanying article (6), specific molecular mechanisms may contribute to negative dominance in a mutation's effect.

In cardiac muscle cells, Ca2+ at the same time contributes as a charge carrier to electrical excitation (the “action potential,” AP) and triggers the development of mechanical force; therefore, Ca2+ is crucial to excitation-contraction coupling (ECC) (7). Several processes central to beat-to beat control of intracellular Ca2+ dynamics are CaM-mediated; furthermore, CaM acts a Ca2+ sensor in the control of gene expression, thus playing a role in long-term modulation of cell function and fate (8). This might lead to the expectation that a CaM loss of function should result in general myocyte dysfunction and death. However, this is contradicted by the observation that CaM mutations affect only the function of specific targets, leading to mutation-specific phenotypes with pronounced electrical instability as a common feature (9).

Our objective is to revise the information available on the various aspects of CaM structure/function that we see as potentially relevant to a mechanistic interpretation of CaM mutations phenotypes, with a focus on cardiac ones.


CaM Structure, Ca2+-Sensing and Target Recognition

CaM is composed of 149 amino acid residues to form a 17 kDa protein. The protein is ubiquitous and expressed in all eukaryotic cells, with 100% identity in its amino acid sequence among vertebrates. Three genes (CALM1, CALM2, and CALM3) encode CaM with an identical amino acid sequence, thus resulting in potential redundancy (10).

CaM is formed of two “lobes,” named N and C, respectively, according to their position with respect to protein ends, connected by an α-helix “linker” containing a flexible region (“hinge”) (Figure 1) (12); this allows each lobe to move relative to the other. Each lobe consists of two “EF hand” domains (EF) with one Ca2+ binding site each (2 Ca2+ binding sites per lobe). All EF hand domains can bind Ca2+; however, while the N-lobe (EF I and EF II) has higher affinity for Mg2+, the C-lobe (EF III and EF IV) binds Ca2+ with ten times higher affinity (13). Another functional distinction between the two CaM lobes is the rate of Ca2+ binding and unbinding, faster for the N-lobe than for the C-lobe (14).
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FIGURE 1. Representation of CaM sequence and relative disease-associated mutations. The letters identify amino acids directly involved in Ca2+ binding (within the EF-hands), or in the hinge region. Color-substituted amino acids represent mutations in the EF-hands (circles) or in the linkers (squares); colors correspond to the associated phenotype: catecholaminergic polymorphic ventricular tachycardia (CPVT, light blue), long QT syndrome (LQTS, red), idiopathic ventricular fibrillation (IVF, yellow), other unexplained sudden death (green). LQTS/CPVT overlap mutations are shown in shaded color. Modified from Crotti and Kotta, (11).



Knowledge of CaM's 3D structure has evolved since its first description in 1985 (15), with a major contribution provided, 10 years later, by nuclear magnetic resonance (16). Whereas, this technology revealed detail of the linker helix accounting for its flexibility (17, 18), more recent studies added information about recognition of target proteins and how it can be affected by CaM complexing with Ca2+ (12, 19).

The interplay between structure and function is relevant to the three components of CaM signaling: Ca2+ binding, target binding, and target modulation.

The first aspect of interest is CaM's interaction with Ca2+. In apo-CaM (the Ca2+ unloaded CaM), EF I and EF II (N-lobe) are in a packed conformation, thus with low affinity for Ca2+; EF III and EF IV (C-lobe) are instead in a partially open conformation, more prone to Ca2+ binding. At resting Ca2+ levels (about 10−7 M), all CaM binding sites are typically unoccupied. When Ca2+ rises, its binding to the C-lobe sites triggers a conformational change leading the N-lobe to increase its affinity for Ca2+. In other words, Ca2+ binding to CaM is “cooperative,” i.e., the overall affinity increases when Ca2+ concentration exceeds the threshold for C-lobe occupation. CaM can potentially bind 1–4 Ca2+ ions; activation of downstream targets requires CaM being loaded with 3 Ca2+ ions at least (12), a configuration referred to as “holo-CaM.”

Also of interest are the structural aspects of CaM's interaction with target proteins, which are necessary for modulation of their activity. “Anchor” domains on target proteins are characterized by hydrophobic residue sequences flanked by negatively charged ones; the latter provide electrostatic interaction that may orient CaM binding (12). Many CaM targets (e.g., Cav1.2) are characterized by the presence of a typical basic amino acid sequence called the “IQ motif.” The IQ motif is closely preceded by a “preIQ” region, which is a common site of permanent CaM binding (20). CaM interaction with the IQ motif itself is instead more likely responsible for downstream signaling (8, 14); indeed, specificity of the IQ sequence may dictate whether Ca2+-CaM signaling leads to target activation or inhibition (20). A well-studied instance of preIQ-IQ binding is CaM interaction with the voltage-dependent L-type Ca2+-channel (Cav1.2); the detailed mechanism and Ca2+-dependency of this specific interaction will be described in paragraph Voltage-gated Ca2+ channels (Cav1.2).

As for Ca2+ sensing, CaM domains mainly involved in target binding are the lobes. Both CaM lobes contain nine methionine residues, playing a key role in target recognition, whose high flexibility provides plasticity crucial for this function (21).

The CaM binding interface is highly structured, but it may dynamically accommodate various binding modes in a metastable equilibrium. Ca2+ may stabilize a given interface conformation (12). Ca2+-dependency of CaM binding differs among target proteins. While holo-CaM is strictly required for strong target binding in some cases, in others target interaction occurs preferentially at lower levels of occupancy by Ca2+. This accounts for the finding that CaM may be bound to many targets at resting Ca2+ concentrations (8, 12, 22). At low Ca2+ the N-lobe has higher stability than the C-lobe (23), which favors its binding in the apo form (pre-association) (8). On the other hand, due to its higher Ca2+ affinity, the C-lobe is more often involved in Ca2+-dependent target binding than the N-lobe (12, 24) and both the N- and C-lobes may participate to stabilize the protein-target complex (25).

Ca2+ binding changes CaM conformation to expose hydrophobic (methionine-rich) sites, either at the N-lobe or at the C-lobe, suitable to interact with hydrophobic residues in the anchor (18). The large size and flexibility of CaM interaction landscape is essential to accommodate a variety of “anchor” side-chains, thus providing CaM with its extraordinary pleiotropicity. Nonetheless, the observation that single site mutations may selectively affect CaM binding to a specific target suggests high specificity of the binding interface. Less information exists about the target binding mode of apo-CaM. The main differences with holo-CaM binding may concern the N-lobe and a larger involvement of electrostatic interactions (12).

Consistent with the notion that CaM lobes change their conformation when interacting with the target, the relationship between target and Ca2+ binding by CaM is mutual: binding to the target may increase CaM affinity for Ca2+ (12); this generates cooperativity in Ca2+-dependency of CaM-target interactions. According to modeling data (26), differences among targets in the extent of such cooperativity contribute to specificity of target recognition.

The third aspect of CaM signaling is modulation of target function which, depending on the target, can be either stimulatory or inhibitory. Target modulation can be either enacted by apo-CaM, or require Ca2+ binding and its mechanism differs among targets (see below examples for RyR and Cav1.2 channels). As a general interpretational scheme, CaM binding may stabilize an otherwise short-lived configuration, spontaneously assumed by the target protein and associated with a specific functional state (12).



“Free” and “Pre-Bound” CaM Pools

Many CaM targets have been described so far. These include proteins involved in cell cycle, cell proliferation and autophagy (in healthy cells), tumor progression proteins (in cancerous cells) (5), proteins essential to cell communication and metabolism (27), and a wide number of ion channels (28–30). Most of these targets strictly require CaM pre-association to allow their regulation (31).

To better understand the role of CaM in cells, we need to consider its distribution between the “free” (cytosolic) and “pre-bound” pools. As mentioned previously, such a distribution may vary according to CaM's occupancy by Ca2+ (25).

Total CaM concentration is variable among tissues: it usually ranges between 5 and 40 μM (e.g. ,about 6 μM in intact myocytes) (32), but values up to 100 μM have been described in specific cell types (e.g., in the testis) (33). In cardiomyocytes, even at diastolic Ca2+ concentration, 99% of total intracellular CaM is bound to cellular proteins, leaving about 50-100 nM of free CaM (1%) in the cell (32). Nonetheless, the proportion of CaM in the pre-bound pool is variable among tissue types (e.g., 11% in testis and 63% in spleen), and it may differ between normal and pathological cells and depend on environmental factors, such as cell density in culture (5). The pre-bound CaM pool includes mainly apo-CaM or CaM with incomplete occupancy, depending on the target (32); its functional relevance may be to increase speed of target response to local Ca2+ elevation.

The pre-bound CaM pool localizes to structures in the plasma membrane as well as in intracellular organelles; under resting Ca2+ concentrations (e.g., 100 nM), pre-bound CaM may largely exist as apo-CaM. Pre-bound apo-CaM may even be released to the free CaM pool in response to Ca2+ elevation, thus representing a local diffusible CaM store (22); this is true particularly in growing cells, where CaM is highly expressed.

As Ca2+ occupancy increases, CaM becomes almost completely bound to targets, thus leaving a very small pool of freely diffusible holo-CaM. Competition among targets for this pool may be of significance for their reciprocal regulation (32). Even if the CaM-target interaction is generally facilitated by Ca2+, the pattern is quite complex. Chin and Means (22) identified at least six CaM target groups, according to their CaM recognition sequences and Ca2+-dependency of binding. Some of them are strongly pre-bound to apo-CaM, for others binding is stronger for holo-CaM, while, finally, apo-CaM binding to a class of targets can be released by Ca2+, thus providing a local reservoir for free CaM.




CAM MODULATION OF VOLTAGE-GATED CHANNELS


Voltage-Gated Ca2+ Channels (Cav1.2)

Ca2+ current from Cav1.2 channels (ICaL) is the most abundant type in cardiomyocytes (34). The symbol “L” recapitulates the main features of this channel (as compared to other Ca2+ ones): large conductance, activation at larger depolarizations and long lasting openings. The activation of this channel is driven by the action potential upstroke, with ICaL reaching a peak in 2–7 ms. Thereafter, channels inactivate with time constants in the order of 50–100 ms at plateau potential, due to both Ca2+ and voltage-dependent gating (35). Ca2+ influx through ICaL leads to a rapid increase of cytosolic Ca2+ concentration in the confined space between the sarcolemmal and sarcoplamic reticulum (SR) membranes (also called “dyadic cleft”). This is responsible for the opening of ryanodine receptors (RyRs), Ca2+-activated Ca2+channels clustered in the SR membrane facing Cav1.2 channels.

ICaL is modulated by two feedback signals that, albeit of opposite sign, are both dependent on the rise of Ca2+ concentration close to cytosolic mouth of the channel and involve CaM. Ca2+-dependent inactivation (CDI) is responsible for most of the rapid ICaL decay occurring during sustained depolarization (35). Ca2+-dependent facilitation (CDF), a weaker phenomenon, reflects instead the increase in ICaL peak conductance that may be observed during repetitive activation at high rates (36). Both CDF and CDI depend on Ca2+-CaM complexing (37). Earlier studies (37) reported that, whereas replacement of isoleucine or glutamine to alanine in the IQ motif of the C-terminal region of the Cav1.2 channel α1C subunit abolished CDI but enhanced CDF, replacement of isoleucine to glutamate in the same region abolished both forms of auto-regulation. This led to the conclusion that CDI and CDF had different mechanisms, but that CaM binding to the IQ motif is involved in both cases.

Cav1.2 channels are constitutively associated with apo-CaM. Such pre-association is required since CaMs from the cytosolic bulk are unable to adequately access the binding site on Cav1.2 during Ca2+ inflow (38); pre-association to the C-terminal region of Cav1.2 places CaM within a nanodomain at channel cytosolic mouth. This location confers to the C-lobe of pre-bound CaM the ability to sense Ca2+ changes in temporal relation to channel gating (14).

CDI Mechanism

According to a recent interaction model, apo-CaM is constitutively tethered (pre-bound pool) to a pre-IQ motif present on the C-terminus of the α1C channel subunit. Such “pre-association” involves the N-lobe and occurs at resting Ca2+ concentrations. Signaling activation by Ca2+ elevation (i.e., CDI induction) requires Ca2+ binding to the C-lobe, whose affinity for the target IQ motif is thus increased; C-lobe interaction with the IQ motif stabilizes the channel conformational state associated with CDI (8) (Figure 2). CDI has been further modeled as transitions between different states: apo-CaM release from the pre-association site, formation of the Ca2+-CaM complex, its subsequent binding to the effector site (14). The novel and most relevant feature of this model is that, using the difference in the kinetics of Ca2+ binding and unbinding between the C- and N-lobes (faster for the N-lobe), identifies their respective role in sensing Ca2+ at the channel mouth (local sensing, largely insensitive to intracellular Ca2+ buffering) vs. global cell Ca2+ (sensitive to even weak Ca2+ buffering). Unlike in neuronal channel isoforms, Cav1.2 channels retain robust CDI even in the presence of strong Ca2+ buffering; such form of CDI is entirely triggered by Ca2+ association with the C-lobe (39). Numerical modeling provides the (counterintuitive) conclusion that, if associated with slow CaM-channel interaction kinetics, fast Ca2+ binding/unbinding (typical of the N-lobe) may best support selective sensing of a smaller but sustained Ca2+ signal (14). The latter is typical of CDI in non-cardiac channel isoforms (39).
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FIGURE 2. Model for CaM-dependent modulation of Cav1.2 channels (ICaL). CDI mechanism: in the channel closed state (Rest), the N-lobe of apo-CaM (N) is constitutively bound to a pre-IQ region (A) in the channel C-terminus. When the channel opens (Activation), the CaM C-lobe (C) binds to the entering Ca2+, which increases its affinity for the channel IQ-domain; this moves the channel inactivation particle (I) in the permeation path (Inactivation). CDF mechanism: holo-CaM binding to CaMKII promotes channel phosphorylation, which results in repulsion of the inactivation particle from the permeation pore (Facilitation). Modified from Maier and Bers (8).



CDF Mechanism

As discussed above, earlier studies indicated that CDF requires an intact anchoring region on the channel C-terminus, thus suggesting that pre-bound CaM is involved (37). Nonetheless, there is now general agreement that, unlike CDI, CDF is operated by Ca2+-CaM dependent activation of calmodulin-kinase II (CaMKII), which then phosphorylates the Cav1.2 channel at two serine residues close to the EF-hand motif (40) (Figure 2); mutation of these two serine residues abolished CDF but did significantly affect CDI (40), hence confirming independent mechanisms for these processes. Notably, CaMKII phosphorylation of nearby serine residues also induces Mode2 gating of the channel (41). Thus, at variance with CDI, CDF is the consequence of protein phosphorylation, dependent on CaM, but not directly operated by it.



Voltage-Gated K+ Channels (Kv7.1)

Kv7.1 is a K+-selective channel which, in association with KCNE subunits, carries the slow component of the delayed-rectifier current (IKs). IKs gating is positively regulated by cytosolic Ca2+ through a CaM-dependent process (42), with an effect similar to that of the membrane constituent phosphatidylinositol-4,5-bisphosphate (PIP2). Indeed, PIP2 and the N-lobe of CaM competitively interact at the same site on the Kv7.1 protein (the helix B on the proximal C terminus). Interpretation of the effect of a helix B Kv7.1 mutant (K526E) and of interference of Ca2+-CaM with Kv7.1 pull-down by PIP2 has led to the following model: at diastolic Ca2+ levels, CaM is bound to a non-activating Kv7.1 site (helix A) by its apo-C-lobe; the N-lobe is displaced from the helix B site. As cytosolic Ca2+ increases, calcification of the C-lobe causes its dissociation from helix A and the N-lobe then interacts with its site on the helix B; this results in stabilization of the channel open state (43). According to an alternative model, at resting Ca2+ levels the C- and N-lobes are permanently bound to the channel (at helices A and B, respectively) and limit its open probability; when Ca2+ increases, N-lobe binding is reinforced and C-lobe is released thereby relieving the inhibitory effect on channel gating (44).

Both models imply that CaM binding to Kv7.1 and positive regulation of IKs are separate processes. Binding occurs in the apo-CaM form (pre-bound pool), IKs enhancement requires Ca2+ elevation. Furthermore, both CaM lobes are involved and a preserved C-lobe Ca2+ affinity is essential for the signaling function.

PIP2 is a membrane phospholipid degraded by phospholipase C (PLC) to produce inositol 3-phosphate (IP3) in response to activation of a number of membrane receptors associated with Gq proteins. Receptor activation may result in PIP2 depletion, which would reduce IKs; however, IP3-induced Ca2+ release from the sarcoplasmic reticulum may compensate PIP2 reduction by activating positive IKs regulation by Ca2+-CaM. This may represent the main physiological role of IKs modulation by Ca2+-CaM, which would therefore be of particular relevance during activation of the PLC-IP3 signaling pathway.

CaM integrity may also be necessary for Kv7.1 channel trafficking; indeed, mutations disrupting N- and C-lobe integrity reduce channel membrane expression (44).

It has been reported that holo-CaM complexing with KCNE4 (channel β-subunit) inhibits IKs (45). While this would provide antagonism to direct holo-CaM modulation of the channel α-subunit, the physiological role of CaM-KCNE4 interaction remains unclear.

CaM-mediated IKs regulation also occurs indirectly by CaMKII-mediated phosphorylation of the channel at serine 484; contrary to direct CaM modulation, phosphorylative modulation is inhibitory and may account for IKs downregulation upon sustained β-adrenergic receptor activation (46).



Voltage-Gated Na+ Channels (Nav1.5)

Among all voltage-gated channels involved in arrhythmogenesis, Nav1.5 channels also interact with CaM. CaM binds to an IQ motif on the C-terminus of this channel in a Ca2+-independent manner. Binding reduces CaM's affinity for Ca2+ and does not induce the conformational changes that have been observed for Cav1.2 channels; therefore, similarities in the binding site may not necessarily translate into similarities of channel modulation. Nonetheless, disruption of the CaM binding site (by mutation of the Nav1.5 IQ motif) leads to the enhancement of persistent Na+ current, thus suggesting a role of CaM in stabilizing the inactivated state (47), possibly by fostering the interaction between the channel C-terminus and the II-IV linker. According to another model, CaM binding to Nav1.5 channels would obstruct their direct modulation by Ca2+; holo-CaM would lose its affinity for the channel, thus unveiling the direct modulatory site (48). In this case, failure of CaM interaction with the channel (as in the case of holo-CaM) causes a “leftward” (negative) shift of the steady-state inactivation curve (48); this would presumably reduce channel availability at diastolic potential as well as the “window” component of INa.

Overall, while CaM interaction with Nav and Cav channels are somewhat similar, the consequences of CaM-dependent modulation on Nav function are less defined and, possibly, quantitatively less important.




RYRS MODULATION BY Ca2+ AND Ca2+-CAM

RyRs are homotetramers of ~2,200 kDa (each subunit is >550 kDa), containing ~5,035 amino acid residues in total, sharing the general structure of the six-transmembrane ion channel superfamily (49). Since RyRs span the SR membrane, they have domains facing both the cytosol and the SR lumen. Of the three isoforms present in nature, RyR2 is the predominant one in cardiac myocytes, where it is organized in large clusters on the SR membrane (50). In T-tubules, RyR2 clusters are separated from sarcolemmal Cav1.2 channels by a 10–15 nm gap; thus, small Ca2+ influx through ICaL exposes them to very high Ca2+ concentrations (50, 51). This structural arrangement is generally referred to as “couplon” (52). The RyR/Cav ratio in couplons is up to 15-fold higher in cardiac than in skeletal muscle and differs between species (53).

RyRs are strongly regulated by Ca2+ in CaM-independent ways. At the same time, they are regulated by CaM in both Ca2+-dependent and -independent ways. This makes investigation of CaM's role in RyRs' regulation very complex.


CaM-Independent RyR Regulation by Ca2+

RyR gating is highly sensitive to Ca2+ on both sides of the SR membrane in a CaM-independent way. Although not the focus of the present review, a brief discussion of such “direct” regulation by Ca2+ is required to understand the potential difficulty in isolating the CaM-dependent one.

Each of the N- and C-terminal domains of RyR2 contains two EF-hand Ca2+ binding motifs (54), similar to those of CaM. These motifs are both on the cytosolic domain of RyR2; they show high (C-terminal) and low (N-terminal) affinity for Ca2+ and induce channel opening and inactivation, respectively (55, 56). Since RyR2 inactivation occurs at Ca2+ concentrations exceeding the physiological range, Ca2+-dependent activation is the dominant phenomenon and the basis for the Ca2+-induced-Ca2+release (CICR) mechanism (7).

SR luminal Ca2+ modulates RyR2 open probability by two CaM-independent mechanisms. The indirect one involves stabilization of the closed state by a macromolecular complex, involving calsequestrin (CASQ) and is disrupted by increases in luminal Ca2+ (57). Sensitivity to luminal Ca2+ is preserved after CASQ knock out. This stands for the presence of a Ca2+-sensing mechanism on the RyR protein itself, located in a luminal domain also involved in control of Ca2+ permeation (58). Direct lumenal Ca2+ sensing may be important for channel activation under conditions of SR overload (59).



CaM-Dependent RyR Regulation

CaM-dependent modulation of RyRs differs between channel isoforms, which have only ~70% of gene homology and contain three divergent regions (60). In general, conductance of all the three RyR isoforms is reduced by CaM when cytosolic Ca2+ is above 1 μM. At lower Ca2+ concentrations, favoring apo-CaM and more relevant to diastole, CaM increases the open probability of RyR1 and RyR3 (61, 62), but it stabilizes the closed conformation of RyR2 (54).

RyR2 channels have high affinity (nanomolar Kd) for both apo-CaM and holo-CaM, thus resulting in a pre-bound CaM pool (54, 63). Apo-CaM may actually be a stronger inhibitor of RyR2 opening than holo-CaM, as indicated by relief of inhibition at Ca2+ concentrations in the μM range (64). Therefore, CaM modulation of RyR2 gating may be largely Ca2+-independent. Increasing Ca2+ up to 100 μM has been reported to increase the number of CaM molecules bound to RyR2 (from 1 to 7.5 per RyR2 tetramer) (54); however, it is difficult to relate responses to such an abnormally high Ca2+ concentration to physiological function.

Given that CaM binding domains are highly homologous between RyR1 and RyR2 (65), what may explain the Ca2+-dependent discrepancy of CaM effects on RyR opening between RyR1 and RyR2 channels?

Mutations in both the N-terminal and central RyR2 regions similarly destabilize the channel closed state; this suggests that the latter may require interaction between these two regions (“zipping” model of RyR gating). This view is confirmed by the effect of peptides (e.g., DPc-10) interfering with such interaction (66). On the other hand, CaM binds to a domain other than those involved in zipping. According to the “inter-domain hypothesis,” CaM binding to RyR2 may induce a protein conformation change that allosterically stabilizes the zipping interaction (and the closed state) (Figure 3). Vice versa, agents interfering with the zipping interaction may reduce CaM binding affinity (66).
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FIGURE 3. CaM-dependent modulation of RyR2 channels. RyR2 closed state is stabilized by the interaction (zipping) between “terminal” and “central” regions of the N-terminal (cytosolic) tail of the protein. If such interaction is removed (unzipping), the channel closed state is destabilized. Apo-CaM binds to a domain distal to the “zipping” one, but the resulting conformation allosterically facilitates the zipping interaction, thus stabilizing RyR2 closed state. CaM and F-DPc10 (a peptide obstructing the zipping interaction) allosterically “compete” for binding to RyR2. Similarly, the unzipped state, promoted by drugs and reactive oxygen species which facilitate RyR2 opening, reduces RyR2 affinity for CaM (67). F-DPc10 is a peptide fragment designed to prevent the interaction between the central and N-terminal protein domains (a tool in testing the unzipping model). From Oda et al. (66).



A different gating model has been proposed for RyR1 channels, in which the channel CaM binding domain is followed, within about 450 residues, by a CaM-like sequence. FRET data indicate that, at high Ca2+, the two channel domains interact with each other in the folded protein; such Ca2+-dependent interaction is required for channel opening. Binding of holo-CaM to the channel may disrupt the activating interdomain interaction, thus explaining CaM-induced RyR1 inhibition at high Ca2+ concentrations (68). However, this model does not explain why low Ca2+ concentrations (favoring apo-CaM) may produce CaM-dependent RyR1 activation, which remains an open question.

Cryo-EM studies in RyR1 indicate that increasing Ca2+ shifts CaM binding to the channel by about 3 nM, corresponding in the 3D structure to two different protein domains. In view of the fact that CaM activates RyR1 at low Ca2+ and inhibits it at high Ca2+, the two domains may be seen as activator and inhibitory sites, respectively. Importantly, these studies indicate that the Ca2+-dependent shift in CaM binding site is a consequence of a rearrangement of the binding surface of CaM, rather than of RyR1 conformation (69) (which is also Ca2+-dependent). The same technique shows that in RyR2 CaM binds to the “inhibitory site” (as identified in RyR1) already at low Ca2+; this might explain why RyR2 is inhibited by CaM in a Ca2+-independent way (69). Apparently at odd with these observations, FRET experiments (in the same study), measuring the position of CaM relative to that of FKBP in RyR1, did not detect Ca2+-dependent shifts in CaM position of a magnitude compatible with the results of cryo-EM data (69). However, Ca2+-induced structural changes in both probe-carrying proteins are possible and might minimize FRET distances even in the presence of real shifts in binding position.

In conclusion, even if the detailed mechanism remains to be resolved, it is now accepted that direct regulation of RyR gating by CaM is Ca2+-dependent (stimulatory to inhibitory) in RyR1 and Ca2+-independent (always inhibitory) in RyR2. Formation of the Ca2+-CaM complex does affect RyR2 gating significantly, but this occurs through an indirect mechanism, involving CaMKII activation.

CaMKII is a cytosolic serine-threonine kinase activated by Ca2+ with a Kd of 20-100 nM, which dramatically decreases (to 60 pM) after enzyme autophosphorylation (8). The Ca2+-CaM complex activates kinase activity by binding to an enzyme regulatory region, located in the central protein domain. Enzyme activation occurs by displacement of an auto-inhibitory segment that occludes access of the substrate to the N-terminal catalytic domain. As for other targets, both N- and C-terminal CaM lobes are involved in activation of kinase activity (25), which is in this case strictly Ca2+-dependent.

CaMKII mediates a number of Ca2+-activated phosphorylations, including that of RyR2 at Ser2814 on the cytosolic surface of the channel (exclusively for CaMKII) and, additional serine residues (49, 70). Most of the evidence converges to show that CaMKII-dependent phosphorylation facilitates opening of RyR2 channels, thus increasing sensitivity of SR Ca2+-release to cytosolic Ca2+. This may be particularly relevant under pathological conditions (70).

CaM binding to RyRs also depends on factors other than Ca2+, such as pH, Mg2+ oxidation state (54, 62). In particular, oxidative modifications compromise the normal activity of RyR2 by influencing their luminal Ca2+ regulation in a manner similar to that observed in heart failure (71).

Stabilization of RyR2 closed state by CaM is crucial in minimizing spontaneous (non-triggered) Ca2+ release from the SR in the form of either “Ca-leak” (random release from individual RyRs) or “Ca2+ spark” (synchronous release from a RyR2 cluster), a function pivotal to both contractile and electrical function of cardiomyocytes (63).




PHENOTYPES IN CAM MUTATIONS AND UNDERLYING MECHANISMS

Mutations in one of the three CALM genes, even in the heterozygous form, have been described in patients with a severe cardiac phenotype, characterized by a high propensity to ventricular arrhythmias, syncopal episodes and sudden death at a young age (72).

Despite sharing strong electrical instability, two distinct phenotypes can be identified in carriers of CaM mutations: the long QT syndrome (LQTS) (9, 73), characterized by prolongation of repolarization, and catecholamine-induced ventricular tachycardia (CPVT), characterized instead by exercise-induced ventricular arrhythmias (74). In general, each specific CALM mutation is associated with one of the two phenotypes; nonetheless, mutations with mixed phenotypes have also been described (72). Such confounding complexity contrasts with an apparently sharp separation of the molecular mechanisms underlying the LQTS and CPVT patterns. A third, less well-defined arrhythmia phenotype, idiopathic ventricular fibrillation (IVF), has also been associated with a CALM mutation (75) and will be addressed here in paragraph Mixed phenotype.

A point of interest in the interpretation of CALM mutations is their extremely high penetrance: 1 mutant allele in 6 encoding for the same amino acid sequence (as in heterozygous mutations) is sufficient to result in marked functional derangements.

Also in view of the multiplicity of functions exerted by CaM in many cell types, all this suggests that, for one reason or another, mutant CaMs must interact with their target with high specificity. In the following paragraphs we will describe the cellular functional derangements associated with the LQTS and CPVT phenotypes and address, as much as current knowledge allows, the mechanisms underlying target specificity of CaM mutations.


LQTS Phenotype

Prolongation of action potential duration (APD), reflected as QT interval prolongation on the ECG, can result from loss of function of outward currents, or gain of function of inward ones; therefore, CaM abnormalities affecting modulation of Kv7.1 (IKs) and Cav1.2 (ICaL) might theoretically be involved in prolongation of repolarization. Enhancement of the “window” (INaW) or “late” (INaL) components of the Na+ current INa (Nav1.5 channel) might represent a further potential mechanism.

Nevertheless, gain of Cav1.2 function (ICaL enhancement) has emerged as the dominant mechanism in CALM gene mutations associated with delayed repolarization.

In 2013, Crotti et al. reported three de novo heterozygous missense CALM gene mutations in LQT-infants with recurrent cardiac arrest (73). In particular, the CALM1-p.D130G and CALM2-p.D96V mutations affect highly conserved aspartic acid residues (C-lobe EF IV and EF III, respectively) involved in Ca2+ binding. The CALM1-p.F142L (next to C-lobe EF IV), albeit outside the EF-hand, is expected to alter the energetics of the conformational change associated to Ca2+ binding (22). The p.D130G mutation, associated with the LQTS phenotype, has also been identified in the CALM3 gene (76), thus reinforcing the concept that mutation effect may be independent of the gene affected. In vitro Ca2+ binding studies revealed that all these three mutations are characterized by a 5- to 50-fold reduction in Ca2+ binding affinity of the C-lobe, without affecting N-lobe affinity (73). Overexpression of these mutations in guinea-pig myocytes or an engineered cell line showed loss of ICaL CDI, leading to action potential prolongation with enhanced intercellular variability. The amplitude of Ca2+ transients and its dispersion were also increased, likely secondary to increased Ca2+ influx; notably, spontaneous Ca2+ release events were not reported (77). Indeed, consistent with the LQTS phenotype, RyR2 function was unaffected. Binding of CaM mutants to Cav1.2 was tested by FRET and found to be enhanced for p.F142L and unaffected by the other mutations. On the other hand, titration of WT vs. mutant expression levels showed that a ratio (WT/mutant) of 7 (compatible with heterozygosity) was enough to impair CDI (77). Therefore, selectivity of mutant CaMs in altering Cav1.2 channel function can be explained by the fact that modulation of this target requires a pre-bound apo-CaM pool (containing mixtures of WT and mutant CaMs) and subsequent Ca2+ binding to this pool (impaired in mutants by loss of Ca2+ affinity). This interpretation would explain sparing of RyR2, whose modulation may not require Ca2+ binding, and of CaMKII, which binds CaM directly in its holo-form (not represented if Ca2+ affinity is reduced). Selective CDI impairment by additional mutations reducing C-lobe Ca2+ affinity (CALM2-p.D132H and CALM1-p.D132V) has also been reported in transfection studies on human induced pluripotent stem cell-derived cardiomyocytes (78).

Other heterozygous LQTS mutations, CALM2-p.D130V and CALM1-p.E141G have been recently identified by Boczek et al. (79). As in p.D130G, the former involves replacement of aspartic acid by a neutral residue; therefore, loss of C-lobe Ca2+ affinity is to be expected. CALM1-p.E141G has a phenotype closely resembling that of CALM1-p.F142L, indicating that residues 141 and 142 are both crucial for C-lobe Ca2+ binding. Notably, when transfected in isolation, CALM1-p.E141G also enhanced INaL, but the effect disappeared when mutant and WT constructs were co-expressed. This is consistent with a role of CaM stabilizing Nav1.5 inactivation (see above) and implies lack of functional dominance of the mutation for this target. However, at least according to a current model of CaM-Nav1.5 interaction (48), reduced affinity of mutant CaM for Ca2+ would not explain INaL enhancement.

CaM mutations resulting in downregulation of K+ currents have not been reported, even if IKs function has been tested in some cases (CALM1-p.F142L) (80). Nonetheless, the Kv7.1 α-subunit mutation p.K526E, accounting for a case of LQT1, impairs interaction of the channel's helix B with CaM's N-lobe. This leads to IKs downregulation and delayed repolarization (43). Considering that the mode of CaM–Kv7.1 interaction involves a pre-bound pool and Ca2+-dependent C-lobe signaling (as for Cav1.2), it is surprising that CaM mutations with loss of C-lobe Ca2+ affinity may not affect IKs. One tentative explanation is compensation of the loss of CaM-dependent regulation by PIP2 signaling; it would be therefore interesting to evaluate the effect of known CaM mutations on IKs under conditions of PIP2 depletion.



CPVT Phenotype

Catecholaminergic polymorphic ventricular tachycardias are malignant arrhythmias with an ECG pattern suggesting multifocal origin (unlike TdP), typically induced by exercise, or other conditions associated with enhanced adrenergic stimulation (81). The prototypical form of this arrhythmia has been associated with mutations of RyR2 channels, or of the proteins associated with them in a macromolecular complex (junction, triadin, calsequestrin, sorcin etc.). The electrical disturbance at the basis of CPVT originates from “Ca2+ waves,” i.e., macroscopic surges of cytosolic Ca2+ resulting from spontaneous RyR opening at a point site, followed by auto-regenerative propagation (by Ca2+-induced Ca2+ release) of the ionic perturbation to the whole cell (82). The mechanism connecting the Ca2+ wave to membrane potential is Ca2+-induced activation of the electrogenic Na+/Ca2+ exchanger (NCX), which results in a depolarizing current, also referred to as “transient inward current” (ITI). While “Ca2+ overload” facilitates Ca2+ waves (by increasing RyRs open probability), it is neither necessary nor sufficient to induce them; indeed some degree of intrinsic RyR2 instability may be involved even in the prototypical case of digitalis toxicity (83).

CaM mutations associated with the CPVT phenotype are generally characterized by a relatively small impairment of C-lobe Ca2+ binding (e.g., CALM1-p.N98S, CALM1-p.N54I, and CALM3-p.A103V) (84, 85), which (as shown for CALM3-p.A103V) (85) corresponds to a minor effect on ICaL CDI. Besides this, the relationship between mutation features and the CPVT phenotype is somewhat elusive. Nyegaard and colleagues tested CALM1-p.N54I and -p.N98S binding to a small RyR2 segment, found a decrease in CALM1-p.N98S affinity only at low Ca2+ levels and explained mutation phenotype with loss of CaM-RyR2 complexing. These findings were later contradicted by studies using the entire RyR2 protein (86), that detected an increase in RyR2 affinity for both these mutations (also accounting for dominance of effects). Nonetheless, increased affinity for RyR2 may not be a prerequisite for channel destabilization; indeed the CPVT mutation CALM3-p.A103V, which strongly increased Ca2+ release events, displayed normal RyR2 affinity (85). Notably, mutations sites N54 and N98, albeit affecting the N- and C-lobes, respectively, are not contained within any known protein-protein interaction sites (84).

In conclusion, the features of CPVT mutations may explain why they are not generally associated with an LQTS phenotype (however see below), but a general mechanism by which they induce RyR2 instability cannot be clearly envisioned. Since CaM interaction with RyR2 is essentially Ca2+-independent, the mechanism must conceivably reside in a change of 3D protein conformations involved in CaM-RyR2 complexing; nonetheless, the nature of this change remains to be clarified.



Mixed Phenotype

Notwithstanding the apparently sharp demarcation of CaM abnormalities affecting Cav1.2 and RyR2 channels, several mutations have been associated with both LQTS and CPVT phenotypes. CaM mutations were found in five subjects with QT prolongation; nonetheless, two of them (CALM2-p.D132E and –p.Q136P) were associated with arrhythmia features strongly suggestive of SR instability and thus were assigned to the CPVT phenotype (72). These mutations affect EF III and EF IV of the C-loop and displayed reduced Ca2+ affinity; thus, even if ICaL CDI was not directly tested in this study, it may be tentatively considered responsible for the observed QT prolongation. Intriguingly, two different reports assign LQTS and CPVT phenotypes to the same mutation (p.N98S) occurring in genes CALM2 (72) and CALM (84), respectively; since the CaM amino acid sequence encoded by the 2 genes is identical, other factors should account for the discrepancy.

The reason for SR instability in all these cases is as elusive as the properties of mutations that favor RyR2 dysfunction (see above). Nonetheless, it should be considered that impairment of ICaL CDI and the resulting APD prolongation are obviously stress conditions for intracellular Ca2+ homeostasis, requiring robust compensatory mechanisms. Thus, albeit not observed in hiPSC-CMs from an LQTS case (80), SR instability secondary to defective CDI might occur in subjects (or conditions) in which such compensation is less efficient. Thus, assignment to an LQTS or CPVT clinical phenotype may not be always accurate in defining the mutation-induced abnormality accounting for arrhythmogenesis.

Marsman et al. have described the CALM1-p.F90L mutation in a patient with IVF, i.e., VF episodes without the features of either LQTS or CPVT (mild QT prolongation only during exercise recovery) (75). The mutation, which resides on the linker between EF III and EF IV, impairs C-lobe Ca2+ affinity conformational stability and CaM-RyR2 interaction (87). In heterologous expression experiments, p.F90L also affects small-conductance Ca2+-activated K+ channels (SK channels) (88); nonetheless, the role of these channels in ventricular electrophysiology is unclear.




EVALUATING CAM MUTATIONS IN PATIENT-DERIVED CARDIOMYOCYTES

Induced pluripotent stem cell-derived cardiomyocytes from mutation carriers (hiPSC-CMs) provide the means to test mutation effects in the context of each patient's genetic background. Recent studies have exploited this cellular model to test the effect of CaM mutations. Yamamoto et al. reported a typical LQTS phenotype for the heterozygous CALM2-p.N98S mutation and obtained reversal of the phenotype by knocking out the mutant allele by gene editing (89), thus supporting a causal relationship between mutation and phenotype. Notably, CALM2-p.N98S affinity for Ca2+ is only mildly reduced, and a CPVT phenotype has also been reported for this mutation (84).

We recently investigated hiPSC-CMs from a patient with LQTS phenotype and heterozygous carrier of the CALM1-p.F142L mutation (80) (Figure 4). CDI of ICaL was severely impaired, thus accounting for APD prolongation (which was reversed by ICaL blockade) and its failure to shorten adequately at high pacing rates. As expected from the increase in Ca2+ influx, the amplitude of V-triggered Ca2+ transients was significantly increased; nonetheless, SR Ca2+ content was normal and no spontaneous Ca2+ release events were observed, thus suggesting preserved homeostatsis of intracellular Ca2+. This argues against SR instability as the arrhythmogenic mechanism in this case and suggests a primary role of prolonged and “stiff” (non-rate-adaptive) repolarization instead (80). Other currents under CaM modulation were also evaluated in this study: IKs was found to be unaffected and a persistent component of INa (likely contributed by INaW) was significantly reduced (80). While this confirms loss of ICaL CDI as the sole mechanism of repolarization abnormality, INaW reduction was unexpected; indeed, loss of CaM affinity for Ca2+ should if anything, increase INaW (48). Notably, CaMKII activity was preserved and even slightly enhanced, probably secondary to the increase in Ca2+ transients amplitude. This supports the view that negative dominance of the mutation only applies to targets, as Cav1.2, binding CaM in its apo form.


[image: image]

FIGURE 4. Arrhythmogenic mechanism of CALM1 F142L from experiments in patient-derived hiPSC-CMs. Electrophysiology: (A) ICaL CDI (hatched area) was reduced; (B) CDI impairment led to APD prolongation and inadequate APD shortening at high pacing rate; (C) APD abnormalities led to loss of 1:1 response to fast pacing in a large % of F142L cells. Calcium handling: (D) Impaired ICaL CDI led to matching increments of Ca2+ influx and of the amplitude of Ca2+ transients (CaT); excitation/release gain (ER-gain) was unchanged, thus suggesting normal RyRs function. (E) In spite of enhanced Ca2+ influx, SR Ca2+ content was unchanged, thus implying compensation by homeostatic mechanisms. (F) The slope of the relationship between Na+/Ca2+ exchanger current (INCX) and Ca2+ concentration was unchanged, to indicate that homeostatic compensation did not involve changes in the expression of the exchanger. Asterisks denote significance of changes. Modified from ref. Rocchetti et al. (80).



Altogether, these findings clearly confirm loss of ICaL CDI as the mechanism underlying the LQTS phenotype in CaM mutations with reduced Ca2+ affinity. To our best knowledge, no hiPSC-CMs studies are thus far available for mutations with a clear-cut CPVT phenotype. It should be considered that, due to immaturity of the structures involved in intracellular Ca2+ handling (e.g., lack of T-tubules) (90), hiPSC-CMs may be less suitable in evaluating CaM mutations leading to SR instability (CPVT phenotype).



CONCLUSIONS AND THERAPEUTIC IMPLICATIONS

CaM functions as a Ca2+ sensor to maintain physiological Ca2+ levels in cells. In addition to this homeostatic role, CaM signal targeting is required to transduce fundamental cell processes, for which Ca2+-CaM complexing is not necessarily involved, but may still have a modulatory effect. This is possible because of the presence of CaM-binding sequences suitable to allow CaM to bind multiple targets even in its “apo” form; this generates a quantitatively prevailing “pre-bound” CaM pool. CaM binding to targets occurs with very high specificity, which is required to explain restriction of CaM mutations phenotype to the myocardium and, within it, to specific subcellular targets.

Whereas mutation-induced loss of Ca2+ sensing function is crucial in impairing CDI of sarcolemmal Ca2+ channels (carrying ICaL), it is not required for mutations associated with RyR2 instability. For the latter, changes in CaM affinity for RyR2 channels are apparently more important; however, the direction and even the need for such changes are still unclear. Possibly, mutations induce complex (3D) modifications in the protein-protein binding interface, of which changes in CaM affinity for the target are just a gross readout. This is a field in which new information is strongly required.

Whereas, “pure” LQTS and CPVT phenotypes suggest abnormal modulation of ICaL and RyR2, respectively, we hypothesize that coexistence of QT prolongation and SR instability (mixed phenotypes) might be accounted for by impaired ICaL CDI, possibly with the complement of (very common) conditions weakening homeostatic control of intracellular Ca2+.

Based on the information reviewed above, mechanism-guided therapeutic approaches to calmodulinopathies should ideally address the interaction of mutant CaM with its targets. Particularly in the case of LQTS-type mutations, this approach is justified by the role of the high target affinity of mutant CaMs in causing negative dominance of the mutation. Tools for this purpose are not available yet, but possibilities exist and are currently explored.

Therapy of CaM mutations with more classical approaches may depend on the phenotype. ICaL blockade seems a logical approach in the case of ICaL gain of function, resulting from loss of CDI (LQTS phenotype); indeed, verapamil did shorten the QT interval in hiPSC-CMs from CALM1-p.F142L carriers (80). Nonetheless, selective inhibition of the sustained ICaL component would be desirable and should be pursued by developing ICaL blockers with such a property; as suggested by availability of selective blockade of INa sustained component (91), this should be seen as an achievable goal. Pharmacological treatment of CPVT-type CaM mutations may require RyR2 stabilization, or at least, blunting membrane electrical response to spontaneous Ca2+ release events. This is a long-pursued goal for which no ideal tool has been thus far identified; while agents as flecainide or carvedilol may provide some protection [for review see Zaza and Rocchetti (82)], the search of clinically usable specific RyR2 blockers is currently ongoing.

Because calmodulinopathies have been recently described, information on the clinical efficacy of therapies is not available yet.



FUTURE CHALLENGES

Calmodulinopathies have undoubtedly attracted high quality, multidisciplinary research; nonetheless, and rather unsurprisingly, many questions have yet to be addressed. The present review highlights a few that, in our view, might deserve particular attention.

The role and mechanism of NaV1.5 dysregulation in CaM mutation-associated phenotypes is elusive. Notably, INaL enhancement, a target for which therapeutic interventions are available, might have a role in both QT prolongation (LQTS phenotype) and SR instability (CPVT phenotype) (91).

The interplay between CaM- and PIP2-dependent modulation of IKs suggests that factors affecting membrane PIP2 levels (e.g., phospholipase-C signaling) potentially influence CaM mutation penetrance. If this were the case, such factors might represent easily accessible therapeutic targets.

The ultimate mechanism of arrhythmia facilitation by loss of ICaL CDI, which seems to diverge from what would be expected, has thus far been only superficially addressed.

Finally, the molecular basis of RyR2 dysfunction in the context of CaM mutations remains largely unresolved, thus preventing identification of mechanism-specific targets.
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Plakophilin-2 (PKP2) is a component of the desmosome complex and known for its role in cell-cell adhesion. Recently, alterations in the Pkp2 gene have been associated with different inherited cardiac conditions including Arrythmogenic Cardiomyopathy (ACM or ARVC), Brugada syndrome (BrS), and idiopathic ventricular fibrillation to name the most relevant. However, the assessment of pathogenicity regarding the genetic variations associated with Pkp2 is still a challenging task: the gene has a positive Residual Variation Intolerance Score and the potential deleterious role of several of its variants has been disputed. Limitations in facilitating interpretation and annotations of these variants are seen in the lack of segregation and clinical data in the control population of reference. In this review, we will provide a summary of all the currently available genetic information related to the Pkp2 gene, including different phenotypes, ClinVar annotations and data from large control database. Our goal is to provide a literature review that could help clinicians and geneticists in interpreting the role of Pkp2 variants in the context of heritable sudden death syndromes. Limitations of current algorithms and data repositories will be discussed.
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INTRODUCTION

The recent expansion of genetic testing in the field of cardiac arrhythmias, due to decreased sequencing costs and increased availability of large comprehensive panels, recently brought up the discoveries that variants in the same genes can be detected in association with different phenotypes. The pleiotropic effect of a gene, i.e., its potential to influence different clinical phenotypes, reflects the new notion that the same protein could exert different and unrelated functions, in addition to the one historically associated with it. On the other hand, the increased number of variants discovered in association with multiple phenotypes and often without robust linkage data raised, in parallel, concerns on the evidence supporting their genotype-phenotype causal relation.

As an example of pleiotropic genes, we are focusing our review on plakophilin-2 (PKP2) coded by the gene Pkp2, whose pathogenic role has been recently recognized in different inherited cardiac arrhythmias syndromes, ranging from Arrhythmogenic Cardiomyopathy (ACM or ARVC), Brugada Syndrome (BrS), idiopathic ventricular fibrillation, hypertrophic cardiomyopathy (HCM), and dilated cardiomyopathy (DCM). Evidence has simultaneously emerged of the positive Residual Variation Intolerant Score (RVIS) (1) of Pkp2 suggesting that its overall variation could be quite tolerated. Along these lines, a study showed that several Pkp2 variants can be found in a high percentage of ostensibly healthy controls, adding to the complexity of interpretation of the genetic variability of this protein (2). We will review the spectrum of phenotypes that have been attributed to Pkp2 variants and discuss clinical and functional evidence, as well as controversial interpretations in light of current data deriving from large statistical analyses and public databases.



INTERPRETATION OF GENETIC VARIANTS: LARGE POPULATION DATABASE

Currently, the adjudication of the clinical significance of genetic variants is among the major limitations of genetic testing (3). The increasing progress in sequencing technology unraveled the complexity of human genetic variability, bringing up the new challenge of distinguishing between variants with a potential deleterious effect and the ones which may only be a bystander.

Several public databases have been created with the goal of facilitating this task. The most cited annotation database is ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) (3). This database is part of the NCBI's Entrez system, and includes information for more than 30,181 genes. This is the first freely available archive of reports from several selected sources which attempts to establish a relation between variants and phenotype. ClinVar accepts direct submissions from genetic laboratories, academic centres, genetic repositories, and scientific societies that are required to share the phenotype details, the methodology used to capture variant calls and finally their clinical interpretation. However, there is a lack of structured determination, since the respective submitter determines the variant adjudication in ClinVar, based on internal criteria and possibly in agreement with the American College of Medical Genetics (ACMG) guidelines. Additional limitations are the lack of a central review process, the scarce if any clinical data provided and the lack of a defined denominator, since the latter is established by each single submitter based on their own screening panel features and on the number of panels and clinical diagnoses encompassing a specific gene. Hence, the integration with additional independent sources is pivotal for an appropriate interpretation of data in ClinVar in the clinical context.

In the past few years, several databases of whole exome data from large populations of ostensibly healthy controls have been made available to the public. The goal of this repositories is to provide information on the expected human variation frequency. But the lack of phenotypical data may create controversial interpretation even when using these sources. The Genome Aggregation database (GnomAD; gnomad.broadinstitute.org) is currently one of the largest available and the most used support for variant interpretation. This freely accessible database includes genetic data from 123,136 exome sequences and 15,496 whole-genome sequences. It is mainly used to discriminate common from rare variants, across eight different ethnic groups. Usually, a Minor Allele Frequency (MAF) >0.001 is considered the threshold to discriminate between common from rare variants, although the value should be adjusted by disease prevalence, which is often a challenge to determine, especially in the case of cardiac channelopathies and cardiomyopathies that show incomplete penetrance and concealed or progressive phenotypes.

A new statistically robust framework to assess disease-specific thresholds has also been recently developed. This support, freely available at http://cardiodb.org/allelefrequencyapp/ (4) allows to calculate the maximum expected allele frequency of a disease-causing variant in the general population in order to classify it according to the phenotype. The algorithm has been created in order to address the arbitrarity of the cutoff determination in mendelian disorders. It combines disease prevalence, genetic and allelic heterogeneity, inheritance mode, penetrance, and sampling variance in reference database to assess the frequency cutoff. In the initial presentation of their algorithm, the authors show a false positive rate < 0.001 when applied to HCM-related variants. The application of this new algorithm to Pkp2 in the future may shed some light of the expected pathogenicity of several unresolved variants at least for the ACM phenotype.

These tools combined together represent a helpful “first-pass” interpretation that should be followed by a detailed analysis from genetic experts taking into account the clinical presentation of the patient and evidence of co-segregation in the family.



PLAKOPHILIN-2: STRUCTURE AND FUNCTIONS

Desmosomes are intercellular junctions of epithelia and cardiac muscle (5), tethering intermediate filaments to the plasma membrane to maintain cell adhesion and tissue integrity. Structurally, they are composed by three major gene families: desmosomal cadherins, armadillos, and plakins (6).

The Pkp2 gene has been characterized for the first time in 1996 (7) and encodes for the PKP2 protein. The main recognized function of PKP2 is mechanical, i.e., providing a lateral stabilizing force with the desmosomal-intermediate filament assembly facilitating cell-to-cell contact. However, in recent years evidence has been provided of the pleiotropic role of this protein with functions ranging from intracellular signaling regulation to electrophysiologic and trafficking regulation, to the control of transcription processes. Studies oriented to discover the relation between defective PKP2 and arrhythmias showed that PKP2 is necessary to maintain gap junction integrity and formation (8–10): indeed, hearts samples from ACM patients presented loss of gap junction plaques (11). Subsequently, it was demonstrated that loss of PKP2 expression disrupts trafficking of the sodium channel at the intercalated disc, thus decreasing cardiac sodium current and facilitating arrhythmias (12, 13). These effects reflect the interplay between defective PKP2 and the molecular complex at the intercalated disc defined “connexome”(14, 15).

More recently, data on a novel cardiac-specific, tamoxifen activated PKP2 knock-out mouse model linked loss of PKP2 to transcriptional disruption of calcium homeostasis (16). In addition to these electrophysiologic effects, it has been proposed that PKP2 deficiency could activate the Hippo and Wnt pathways, facilitating fibro-adiposis in ACM (17, 18). Dubash et al. (19) showed another mechanism by which PKP2 may facilitate fibrosis formation: in their work, lack of PKP2 expression caused increased expression of TGF-beta1 and activation of the p38-MAPK-dependent pro-fibrotic program.

The different functions and protein-protein interactions that have been demonstrated for PKP2 provide interesting insights on the complexity of proteins functions that often overcome the primary role attributed at the time of initial discovery and could justify some of the pleiotropic phenotypical manifestations of its genetic variants.



PKP2 VARIANTS IN ACM

ACM is a familial disease characterized by ventricular arrhythmias, increased risk of sudden cardiac death (SCD) and progressive fibrofatty replacement of the myocardium, usually starting at the right ventricle and subsequently evolving to biventricular dilation and heart failure (20). The symptoms usually manifest starting from early adulthood and the disease has an estimated prevalence of 1:2,000–1:5,000 in the general population, is more common in males (2:1, which also seems to show higher incidence of fatal arrhythmic events (20, 21). However, the disease phenotype is highly variable and characterized by incomplete penetrance. SCD can be its initial manifestation even before an overt cardiomyopathy is evident (20).

Currently, 14 different genetic loci have been reported for ACM, the majority being desmosomal genes such as Pkp2, Dsp, and Dsg2 and Dsc2. In a minority of the cases, alterations in other structural cardiac genes have been also detected (22). Furthermore, compound/digenic heterozygosity has been identified in about 4% of ACM mutation carriers (21). Data on patients with compound/digenic heterozygosity suggest that they might show an earlier onset of symptoms (21). Genetic alterations in Pkp2 are the most frequent, accounting for 40–60% of the genotype positive patients (20, 23, 24). These include single amino acids mutations such as missense, non-sense or frameshift variants, but also large genomic rearrangements of several exons (23, 25).

At present, the ClinVar database (accessed June 2018) would return a total of 521 annotated Pkp2 variants. While the majority (65%) is linked to a cardiac condition, the remaining 35% has been submitted without an associated clinical diagnosis. A search only for “ACM” yielded 290 alterations. Among those, 83 (29%) are classified as pathogenic (P) /likely pathogenic (LP), 66 (24%) are benign (B)/likely benign (LB) and 110 are uncertain significant (VUS) (38%). In addition, about 10% (26) of the total reported variations in ClinVar has a conflicting interpretation based on discordant data among different reports (Table 1).



Table 1. PKP2 variants reported in ClinVar related to different cardiac conditions.
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If one focuses on P/LP variants, only 5 of them (6%) are missense, whereas most are non-sense (25%), frameshift variants (46%), splicing alterations ±1 or ±2 (17%) or large deletions (6%). In contrast with this finding, among the ones classified as variant of unknown significance (VUS) 59% are missense, 12% are intron variants located relatively far from the donor or acceptor sites, 3% are synonymous variants and 25% are nucleotide substitutions in the 3′UTR. This data shows that the majority of Pkp2 variants (~77%) associated with ACM in ClinVar and annotated as P/LP are radical alterations, hence considered at high probability of causing a disruption of the protein and resulting in extensive transcriptional and posttranslational alterations, while single amino acid changes are of more complex interpretation, especially in light of the known “signal-to-noise ratio” (2).

However, according to the ACMG and the Association of Molecular Pathology (27) guidelines, the type of variant is only one among the criteria considered useful to adjudicate pathogenicity. Another relevant criterion, is the analysis of the variant frequency in the general population (4). When analyzing the allele frequency of the ACM-related 83 P/LP mutations from ClinVar, only 19 (23%) of these are also present in GnomAD (June 2018), hence in apparently healthy controls. These are all reported with an allele frequency ranging 0.000004–0.00004 as shown in Table 2. Considering that ACM is a rare autosomal disease, with adult onset and incomplete penetrance, a very low allele frequency is not unexpected, thus their presence in GnomAD does not necessarily rule out a pathogenic role. The remainig 77% of P/LP ACM variants from ClinVar are not reported in GnomAD, in support of their potential causative disease role. In contrast with the data for P/LP mutations, 61% of PKP2 VUS annotated in ClinVar are also present in GnomAD and their allele frequency ranges 0.00003–0.001. This higher allele frequency, which encompasses also synonymous and UTRs variants, far from the flanking regions, adds on the controversial interpretation of their effect.



Table 2. Allele frequency of the ACM-related Pathogenic/Likely Pathogenic variants reported in ClinVar according to GnomAD (both database accessed on June 2018).
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In summary, large population databases support the established relation between Pkp2 and the ACM phenotype and confirm published evidence that radical mutations are often associated with a more severe clinical presentation (2, 27).



PKP2 AND BRUGADA SYNDROME

Genetic variants in Pkp2 have also been recently identified in patients affected by BrS (28). This inherited arrhythmia is characterized by ST- segment elevation in the right precordial leads, and increased risk of ventricular fibrillation, without macroscopic structural disease (29). Over 22 different genes have been so far linked to BrS (30). Mutations on the SCN5A gene, coding for the alpha-subunit of the cardiac sodium channel account for ~25% of cases and all other genes cover altogether only 5–10% of genotyped patients (31). Polygenic inheritance has also been suggested (26). Interestingly, past studies have suggested a possible overlap between the BrS and ACM phenotypes, suggesting that the two diseases could be at the opposite end of a common clinical condition (32). Functionally, SCN5A loss of function variants associated with BrS lead to decreased sodium current, through different mechanisms (29, 31).

Following a gene-candidate approach based on the relation between lack of PKP2 expression and decreased sodium current in vitro, we reported the first cases of patients with a BrS phenotype in the absence of overt structural cardiomyopathy carrying genetic variants in the Pkp2 gene (28). We discovered five different Pkp2 missense variants in five unrelated individuals, and provided genotype/phenotype co-segregation data in one family across two generations. Functional in vitro studies in HL1 cardiac cells and in human ips-derived cardiomyocytes demonstrated that these variants could decrease sodium current, an electrophysiologic effect consistent with the BrS phenotype, thus supporting the potential pro-arrhythmic role of the variants. Based on this initial study, followed by other clinical case reports (33), some commercial genetic panels for BrS now include Pkp2.

Due to its recent inclusion in commercial testing, ClinVar does not yet report any Pkp2 variant under the “BrS” diagnosis. At present there have been only 8 PKP2 non-synonymous variants associated with BrS reported in the literature (28, 33, 34). Three of these are absent in ClinVar, and the remaining 5 are VUS or have a “conflicting interpretation” for the diagnoses “ACM” or “cardiovascular phenotype” (Table 1). GnomAD offers contrasting interpretation in respect from ClinVar for these 8 variants, whose allele frequency ranges from 0.0002382 to 0.000008127, hence supporting a possible pathogenic role.

However, in this perspective it is important to highlight data from a recent large study that challenged the role for “minor” BrS genes, including Pkp2, as causal for BrS (35). The authors used an evidence-based semiquantitative scoring system of genetic and experimental evidence, which showed that only the gene SCN5a could be linked to the disease with a definite evidence.



ADDITIONAL CARDIAC PHENOTYPES LINKED TO PKP2

The availability of large panels and of exome screening has allowed investigators to discover pathogenic variants in genes initially unexpected to be related to the phenotype. In the case of Pkp2, variants have been detected in idiopathic ventricular fibrillation and SCD (36, 37), possible catecholaminergic polymorphic ventricular tachycardia (38), HCM, DCM and left ventricular non-compaction (39–41). The association between Pkp2 mutations and idiopathic SCD is not that surprising, considering that often SCD is the earliest manifestation in ACM athletes before the onset of overt cardiomyopathy. The association between Pkp2 variants and other structural cardiomyopathies aside from ACM remains instead quite controversial, as discussed further. A ClinVar search for PKP2 variants based on following diagnoses: “cardiovascular phenotype,” “cardiomyopathy,” “LVNC,” “Paroxysmal familial ventricular fibrillation,” “DCM,” “HCM,” and “ventricular tachycardia,” returns 41 different changes. However, most of them (76%) appear under the generic definition of “cardiovascular phenotype,” which is not an informative diagnosis. By narrowing the search to DCM and HCM, ClinVar reports 3 variants only (1 DCM and 2 HCM) annotated as “LP” (H679T), “VUS” (M349V) and “conflicting interpretation” (T526A), respectively (Table 1). Among these, the two that are associated with HCM are reported in GnomAD with an allele frequency of 0.00012 and 0.000036, respectively. The relation between non-sarcomeric genes and HCM has been questioned recently in a large statistic-based approach study (42), showing limited evidence that these genes associate with the phenotype. Even if Pkp2 was not included in the study, the data suggest caution in the evaluation of these reported variants.

No data regarding the variant associated with DCM is reported in GnomAD, supporting its low prevalence. However, if this is a variant linked to a clinical phenotype that initially manifested as ACM and then evolved into DCM is yet to be assessed. Considering that clinically cardiomyopathies are diseases with a progressive course, one cannot exclude that DCM cases carrying Pkp2 variants could be cases of advanced ACM which were missed in the initial disease phases.

The 2 PKP2 VUS linked to “Ventricular Tachycardia” (Q59L and G327V) have a low allele frequency in GnomAD (0.00002 and 0.00009, respectively). The splice site alteration (c.1974A>G) for the ClinVar diagnosis of “paroxysmal ventricular fibrillation” (conflicting interpretation) is not present in GnomAD.



CONCLUSIONS

The expansion and increased availability of genetic testing has challenged the concept of “one gene-one disease” and has shown that different phenotypes can be caused by variants on one same gene. The interpretation of these findings in light of human variation data is complex and casts some warning on the clinical application of this information. The evidence of the pleiotropy of a gene suggested by genetic variants and their functional effect in vitro has the important value of discovering different protein functions and suggest arrhythmia mechanisms. The use of all this data for clinical diagnosis and risk assessment may not yet be ready for prime time, as shown by recent large statistical studies. Current database and in silico tools have known limitations, but the combination of this evidence with increasing collaborative efforts pooling clinical and genetic information together could in the future shed new light on how to interpret these data in lights of patients' care.
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Left cardiac sympathetic denervation (LCSD) is a surgical antiadrenergic intervention with a strong antiarrhythmic effect, supported by preclinical as well as clinical data. The mechanism of action of LCSD in structurally normal hearts with increased arrhythmic susceptibility (such as those of patients with channelopathies) is not limited to the antagonism of acute catecholamines release in the heart. LCSD also conveys a strong anti-fibrillatory action that was first demonstrated over 40 years ago and provides the rationale for its use in almost any cardiac condition at increased risk of ventricular fibrillation. The molecular mechanisms involved in the final antiarrhythmic effect of LCSD turned out to be much broader than anticipated. Beside the vagotonic effect at different levels of the neuraxis, other new mechanisms have been recently proposed, such as the antagonism of neuronal remodeling, the antagonism of neuropeptide Y effects, and the correction of neuronal nitric oxide synthase (nNOS) imbalance. The beneficial effects of LCSD have never been associated with a detectable deterioration of cardiac performance. Finally, patients express a high degree of satisfaction with the procedure. In this review, we focus on the rationale, results and our personal approach to LCSD in patients with channelopathies such as long QT syndrome and catecholaminergic polymorphic ventricular tachycardia.
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INTRODUCTION

The management of patients at risk of life-threatening arrhythmias is challenging, more now than ever. On one hand, our capability to identify the subjects at higher risk of sudden cardiac death (SCD) is still limited (1). On the other, the widespread availability of implantable cardioverter defibrillators (ICDs) is a double edge sword. Not only because of the risk of side effects but also because in peculiar settings ICDs may even become pro-arrhythmic. Additionally, recurrent ICD shocks have a dramatic impact on the quality of life. These drawbacks are particularly evident in young patients with inherited arrhythmogenic disorders. The management of these subjects is further complicated by the unlikely feasibility of randomized clinical trials in this setting, which may give the wrong perception of lack of strong evidence for a specific treatment. Left cardiac sympathetic denervation (LCSD) is an extremely effective but still underutilized anti-adrenergic therapy. LCSD has a strong physiological rationale, combined with consistent preclinical results, and clinical data from well-conducted multicenter registries.

In this review we will first summarize the history and the antiarrhythmic rationale for LCSD, including well-established antiarrhythmic mechanisms as well as potential new mechanisms. Then, we will present the clinical results of LCSD in Long QT Syndrome (LQTS) and Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT), including both secondary and primary prevention. Finally, we will provide our approach for LCSD use in LQTS and CPVT.



ORGANIZATION OF CARDIAC SYMPATHETIC NERVOUS SYSTEM IN HUMANS

The two opposite branches of cardiac autonomic nervous system (ANS), namely the sympathetic and the parasympathetic nervous system, share a common embryological origin from the neuronal crest (2). The sympathetic cardiac ANS follows typical patterns in most people, although variants are seen (3, 4). It is constituted by the mediastinal cardiac plexus, the paravertebral sympathetic ganglia, the dorsal root ganglia (DRG), the spinal cord, and the brain stem. Cardiac sympathetic afferent fibers provide beat-to-beat information centrally as their sensory endings are mechanoreceptors (5). The extracardiac afferent stations, containing pseudounipolar nerve cells, are the DRG from C7 to T4 spinal cord level. Of note, cardiac sympathetic afferent fibers travel across the paravertebral sympathetic ganglia (without having synapsis) before reaching the DRG. Efferent sympathetic preganglionic neurons have their soma in the intermediolateral column of spinal cord and synapses on postganglionic neurons located in the lower cervical and upper thoracic paravertebral ganglia. The lowest cervical ganglion (C8) and the highest thoracic ganglion (T1) are generally fused bilaterally to constitute the left and the right stellate ganglia (also referred to as cervicothoracic ganglia). In <3% of human sympathetic chains, the second thoracic ganglion (T2) is fused as well, constituting a trilobal (C8-T1-T2) stellate ganglion (3). The stellate ganglia convey a consistent amount of cardiac sympathetic postganglionic fibers. The remaining is provided by T2–4 paravertebral ganglia. Figure 1 summarizes cardiac nervous system organization in humans.
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FIGURE 1. Cardiac nervous system organization in humans. Blue: afferent nervous system with its ganglia: nodose ganglia and C7-T4 dorsal root ganglia (DRG). Green: parasympathetic efferent nervous system. Red: sympathetic efferent nervous system. All the afferent and efferent structures outside the central nervous systems are bilateral, although mostly represented as unilateral for simplicity. Cardiac afferent fibers traveling across the paravertebral sympathetic ganglia (usually referred to as cardiac sympathetic afferent fibers) directly reach the DRG without having synapsis before. These fibers mediate cardio-cardiac sympathoexcitatory spinal reflexes that significantly increase the sympathetic output to the heart. Left cardiac sympathetic denervation (LCSD) consists in the removal of the left thoracic sympathetic chain and paravertebral ganglia from T1 to T4. Since ipsilateral DRG are spared by LCSD, a left afferent reinnervation from the DRG to the heart is theoretically possible with time. On the other hand, the left efferent sympathetic system from T1 to T4 is interrupted at a preganglionic level; therefore, no ipsilateral efferent sympathetic reinnervation is possible after LCSD.





HISTORICAL PROSPECTIVE

In 1899, (6) Francois-Frank was the first to suggest that the removal of cervicothoracic sympathetic nervous system could prevent angina pectoris episodes. The first intervention was performed in 1916 by Jonnesco (7). He removed the left stellate ganglion (LSG) in a patient suffering incapacitating angina associated with cardiac arrhythmias, with effective and long-lasting suppression of both conditions. This pioneering intervention was strongly criticized due to the potential detrimental effects of depriving patients of the warning signal represented by pain. Moreover, the consequences of left stellectomy on coronary flow were still unclear. In 1929, Leriche and Fontaine (8) demonstrated that the sympathetic nerves exert a vasoconstrictive effect on the coronary arteries and not a vasodilator one, as previously thought. Subsequently, several clinical studies were performed in both Europe and the USA, confirming that left stellectomy was able to prevent anginal attacks (9), and to improve exercise tolerance (10). Concerning the optimal extension of the procedure, cervico-thoracic denervation (removal of the stellate ganglion and T2–T4 thoracic ganglia) proved to be the most effective. Finally, in the 60s, despite its clear efficacy, left cardiac sympathetic denervation (LCSD) was progressively abandoned for the treatment of angina due to the widespread usage of surgical coronary artery bypass graft and β-adrenergic-receptor blockers (11).

Except for some case reports (12, 13) the antiarrhythmic potential of cardiac sympathetic denervation in humans remained largely unexplored until the 70s. In 1971, Moss and McDonald (14) were the first to report LCSD in a LQTS patient with recurrent syncopal episodes. The rationale was based on a canine study (15) showing a consistent QT interval prolongation after either right stellate ganglionectomy or LSG stimulation. The patient underwent removal of the sympathetic ganglia from C7 to T2, including the entire LSG. Besides the suppression of arrhythmias, a persistent QT interval reduction was noticed. Subsequently, other groups tried to reproduce the beneficial effects on QT interval through the reversible percutaneous block of the LSG, with inconsistent results (16). Of note, at that time the appearance of Horner syndrome was considered as a good marker of the effective blockade of cardiac nerves. On the contrary, as pointed out already in 1975 (17), the Horner syndrome simply indicates an effective blockade of the sympathetic fibers traveling in the upper part of the stellate ganglion and innervating the eye. It does not necessarily indicate the block of the sympathetic fibers reaching the heart. Moreover, unlike in dogs and cats, in humans cardiac sympathetic innervation is not entirely provided by the stellate ganglia.

A better understanding of the rationale for LCSD in LQTS originated from the work by Schwartz and associates. Schwartz started from the observation in his first LQTS patient that sympathetic activation was triggering macroscopic T wave alternans, and he then reproduced in cats both QT prolongation and T-wave alternans by electrical stimulation of the LSG (18). On this basis, the young patient was treated with LCSD (remaining asymptomatic more than 40 years after) and sympathetic imbalance with left-sided dominance was proposed as the pathophysiological mechanisms of LQTS (17, 19). This concept prompted a large series of experimental studies investigating the consequences of unilateral (right or left) cardiac sympathetic denervation (20–22).



ANTIARRHYTHMIC RATIONALE AND MECHANISMS OF ACTION OF CARDIAC SYMPATHETIC DENERVATION


Antiadrenergic Effects

In 1976, Schwartz et al. showed in anesthetized dogs (20) that ischemia-related arrhythmias were increased by right stellate ganglion block and decreased by LSG block. In a conscious canine model (21), still considered as the most-clinically relevant experimental model of SCD (dogs with a healed myocardial infarction (MI) exposed to a brief coronary artery occlusion while exercising on a treadmill) left stellectomy confirmed its protective effect. The antagonism of ischemia-induced sympathetic activation (23) as well as the quantitative dominance of the left sided sympathetic nerves over the right (22) were the first antiarrhythmic mechanisms proposed for the protection associated with LSG block or removal. Next came the demonstration that VF threshold, a reliable and quantitative marker of cardiac electrical stability, was lower after unilateral right stellectomy and much higher after left stellectomy (24). These animal data provide a solid rationale for LCSD which goes far beyond LQTS and ischemia-related arrhythmias and could extend to every cardiac condition characterized by an increased susceptibility to VF. A major mechanism contributing to the protection is the net decrease in norepinephrine (NE) released in the left ventricle during sympathetic neural activation. Of note, the neural release of NE is an extremely inhomogeneous phenomenon (25–27). Indeed, sympathetic nerve stimulation rather than circulating norepinephrine, modulates T-peak to T-end interval (an ECG marker of dispersion of repolarization) by increasing global dispersion of repolarization (25, 28). In turn, a spatially inhomogeneous ventricular repolarization is a very well-defined pro-arrhythmic marker, both for scar related arrhythmias (29) and for functional reentrant arrhythmias such as polymorphic ventricular tachycardia and VF (30). The temporal dispersion of ventricular repolarization is important as well and, together with spatial dispersion, may lead to T wave alternans, an ECG marker of high electrical instability, both in case of macro- (18) and of microvolt alternans (31). Besides acting on the arrhythmic substrate, NE, like epinephrine, also modulates the trigger. Not only does it enhance automaticity in pacemaker cells in both the atria and the ventricles (32), but it also increases triggered activity including both early (EAD) (33) and delayed (DAD) afterdepolarizations (34, 35). Finally, LCSD has α-adrenergic-receptor blocking properties. Indeed, similarly to the effect of α-adrenergic-receptor blockade, and opposite to that of β-Blockade, LCSD increases myocardial reactive hyperemia, an index of the capability of the coronary bed to dilate (36). In addition to providing the basis for the antianginal effect, this could contribute to the antiarrhythmic efficacy (37).



Vagotonic Effect

Animal studies clearly showed that LCSD is accompanied by a reflex increase in cardiac parasympathetic (vagal) efferent activity (38). In fact, LCSD interrupts the majority of centrally projecting cardiac sympathetic afferents, which have an inhibitory effect on the vagal outflow directed to the heart. In turn, experimental (39, 40) and clinical data (41, 42) showed that blunted vagal tone and reflexes can favor life-threatening arrhythmias; conversely, these arrhythmias can be counteracted in animals by direct vagal stimulation (43) or pharmacological activation (44). So far, the experience with direct vagal stimulation in humans is limited to heart failure patients (45–48). Accordingly, the vagotonic effect of LCSD is particularly relevant from an anti-arrhythmic point of view in conditions characterized by a chronic and progressive increase in sympathetic tone and a parallel decrease in central parasympathetic drive, such as myocardial infarction (MI) and heart failure (49). Some of these concepts are at the basis of an ongoing clinical trial which examines the potential benefit associated with LCSD in patients with advanced heart failure (50).



Other Antiarrhythmic Mechanisms

Antagonism of Neuronal Remodeling

In 2000, Cao et al. (51) demonstrated in dogs that an increased intra-cardiac sympathetic nerve regeneration (nerve sprouting), obtained by infusing nerve growth factor to the LSG, was associated with a greater susceptibility to spontaneous ventricular arrhythmias. Of note, an intracardiac neuronal remodeling including both denervation and nerve sprouting (52) may occur after any kind of myocardial injury (53). Several animal studies consistently showed the high arrhythmic susceptibility of the denervated myocardium (54, 55). Similarly, in patients with cardiomyopathy and an ejection fraction ≤35%, the degree of cardiac sympathetic denervation quantified either by cardiac iodine-123 metaiodobenzylguanidine (123I- MIBG) imaging (56) or by positron emission tomography with 11 C-meta-hydroxyephedrine (11C-HED PET) (57) was significantly associated with ventricular arrhythmic risk. The process of neuronal remodeling is not limited to the heart, involving also extracardiac structures such as the sympathetic thoracic ganglia and the DRG (58). Myocardial infarction in animal models, independently of the site, is associated with an increase in nerve density, neuronal size, and neuropeptide Y expression in both the left and right stellate ganglia (59, 60). The same remodeling was described in humans. In 2012, Ajijola et al. (61) reported a significant neuronal enlargement and an increased synaptic density in the LSG of patients with refractory ventricular arrhythmias and structural heart disease undergoing LCSD. A few years later the same group further enriched the description of the sympathetic ganglia in patients with cardiomyopathy and refractory ventricular arrhythmias undergoing cardiac sympathetic denervation (62) showing the presence of a remarkable inflammatory cells infiltration (CD3+ T cells and neutrophils), combined with neurochemical remodeling, oxidative stress, and satellite glial cell activation. Of note, among the 16 patients studied (mean 45 ± 15 years), 5 had no macroscopically clear myocardial scar at pre-operatory multimodal imaging. Almost no signs of local inflammation or neuronal remodeling were observed in the stellate ganglia used as controls, obtained from 8 organ donors (mean 28 ± 8 years) with normal hearts deceased either for traumatic reasons or by natural causes.

These findings raise the intriguing question about the potential primary role of sympathetic ganglia inflammation in triggering adrenergic related ventricular arrhythmias in structurally normal hearts. Rizzo et al. (63) found mild but distinct inflammatory infiltrates composed of CD3+ and CD8+ T cells and macrophages in the LSG of 12 LQTS/ CPVT patients (mean 23 ± 17 years). They were all heavily symptomatic patients who received LCSD in secondary prevention. The authors specifically searched for neurotropic viruses as a potential trigger for the immune cell infiltration, with negative findings. They proposed that T-cell–mediated cytotoxicity toward ganglion cells may prompt an increase in sympathetic efferent activity toward the heart, therefore acting as a trigger and/or an enhancer of electrical instability in patients already predisposed to arrhythmias, as it occurs in LQTS and CPVT patients. Of note, as pointed out by Moss et al. (64) in the editorial comments of the paper, all patients had either recurrent syncopal episodes or many ICD shocks before the ganglionectomy, although the time frame between the last events and LCSD was not provided by the authors. Syncopal events are associated with transient generalized hypoperfusion, while ICD shocks can damage the myocardium and the neuronal fibers (65). Therefore, the mild auto immune mediated ganglionic remodeling observed by Rizzo et al. could be the consequence rather than the cause of the arrhythmic episodes. Moreover, the stellate ganglia used as controls, obtained from 10 accidently deceased patients (mean 35 ± 18 years), showed signs of inflammatory activity with the same immunohistological pattern, albeit to a lesser extent. Finally, no specific data supporting an increased sympathetic neuronal activity, such as increased neuronal size, increased synaptic density or a neurochemical shift in adrenergic phenotype were provided, as opposed to the neuronal hypertrophy and adrenergic shift demonstrated by Ajijola et al. (61, 62) in the stellate ganglia of patients with cardiomyopathy (even without overt scar) and intractable ventricular arrhythmias.

When interpreting these results, it's important to remember that cardiac sympathetic ganglia are not routinely evaluated by pathologist in the postmortem examination. Therefore, histological findings from these tissues among sudden arrhythmic death victims are lacking. On the other hand, a direct and non-invasive anatomopathological assessment of cardiac sympathetic ganglia in living patients is challenging both with labeled positron emission tomography tracers and with magnetic resonance. Indirect information about ongoing extracardiac neuronal remodeling processes can be obtained through cardiac 123I-MIBG or 11C-HED PET images, which are by the way unable to distinguish between anatomical (related to a reduced fiber density) rather than purely functional neuronal fibers abnormalities. As a matter of fact, an abnormal 123I-MIBG cardiac scintigraphy as compared with healthy controls was reported in LQTS (66, 67) patients as well as in patients with idiopathic ventricular tachycardia and fibrillation (68).

Overall, the intriguing question about the potential pro arrhythmic role of sympathetic ganglia inflammatory processes in channelopathies is still largely unsolved and should be properly assessed by larger studies. Nevertheless, cardiac 123I-MIBG data seem to support the presence of primary sympathetic nervous system abnormalities in these patients.

Antagonism of Neuropeptide Y

Neurotramitters other than NE released by sympathetic efferent fibers are an area of intense research. Co-release mainly occurs during high-level neuronal stimulation (69). The most studied sympathetic co-transmitter is neuropeptide Y (NPY) that has a long biological half-life and can be measured in peripheral blood (70). NYP was shown to inhibit acetylcholine (ACh) release from cardiac vagal postganglionic nerves (71–74) through Y2 receptors activation (75). NPY may also act on Y1 receptors on ventricular cardiomyocytes, affecting their electrophysiological properties. Optical mapping experiments in rats showed that NPY steepens the action potential duration restitution curve (76). Moreover, in Langendorff-perfused rat hearts with intact innervation only the combination of Y1 receptor antagonist with metoprolol was able to fully prevent the fall in VF threshold produced by prolonged high-frequency stellate stimulation (76). Finally, NPY is also a potent vasoconstrictor (77). In man, several studies already reported that plasmatic NPY levels rise following acute coronary syndromes (78) and in heart failure, showing a positive correlation with severity of heart failure and 1 year mortality (79, 80).

Correction of nNOS Imbalance

An additional neurotransmitter, which has recently gained attention, is neuronal nitric oxide (nNO). Neuronal nitric oxide synthase (nNOS), together with its adaptor protein (CAPON, codified by the gene NOS1AP, nitric oxide synthase 1 adaptor protein), is located in both intrinsic cardiac vagal neurons and postganglionic sympathetic neurons of the stellate ganglia. It acts locally as an intrinsic neuromodulator i.e., it is not released in the synaptic space but it acts in the synaptic cleft via stimulation of soluble guanylate cyclase, to generate cGMP. In turn, this prompts opposite effects in parasympathetic and sympathetic neurons. In parasympathetic neurons it leads to an increased release of Ach (81, 82), while in sympathetic neurons it causes a reduction in NE release (83, 84). Animal studies using viral vectors showed that an increase in nNOS may reverse impaired vagal (85) and exaggerated sympathetic drive (86, 87) in the spontaneously hypertensive rat. Moreover, in guinea pig overexpression of nNOS increased acetylcholine release and was associated with a trend of improved survival following MI (88). Interestingly, genetic studies not only consistently correlated genetic variation in NOS1AP with QT-interval duration in the general population (89–92), but also demonstrated their association with the risk for sudden death in general population (93) and the risk of drug-induced QT prolongation and ventricular arrhythmia (94). Additionally, NOS1AP was proved to be a genetic modifier in LQTS, both in a founder LQT1 population (95) and in a non-selected LQTS population including different genotypes (96). Of note, NOS1AP gene is also expressed at the cardiac level, and CAPON overexpression in isolated guinea pig myocytes causes attenuation of L-type calcium current, a slight increase in rapid delayed rectifier current (IKr), and a shortening of action potential (97). So far, an increase in L-type calcium current (which is also enhanced by sympathetic activation) due to CAPON under expression has been advocated as the main mechanism responsible for NOS1AP genetic variant impact on QT interval duration and arrhythmias susceptibility. Nevertheless, it is intriguing to speculate that in LQTS patients (as well as in the general population), even in absence of overt inflammatory changes within the stellate ganglia, CAPON under expression (on genetic bases) may lead to an increased NE release during sympathetic activation and therefore an increased arrhythmic risk. Of note, the disruption in CAPON expression in LQTS could also be the functional result of a mild ganglionitis rather than the cause of it, potentially contributing to explain the pro arrhythmic impact of the mild auto immune mediated ganglionitis described by Rizzo et al. (63).




ADDITIONAL EFFECTS OF CARDIAC SYMPATHETIC DENERVATION ON THE HEART

Catecholamines, besides the arrhythmogenic potential, physiologically modulate nearly all cardiac functions, including inotropy, chronotropy, dromotropy, and lusitropy. Therefore, before systematically proposing LCSD in man, several experimental studies were performed in order to exclude any potential detrimental effect on the heart. In conscious dogs with a healed MI performing a submaximal exercise stress test, left ventricular contractility (assessed by dP/dt max) was not affected by left stellectomy (36). Moreover, LCSD did not reduce resting heart rate (HR) or chronotropic competence during effort. On the contrary, HR increase during exercise was slightly (6%) greater after LCSD. This apparently paradoxical effect was thought to be related to a controlateral reflex increase in right stellate ganglion activity. In fact, due to the asymmetric distributions of sympathetic cardiac nerves, the sinus node is under a predominant right-sided sympathetic control (98). In the same animal model (36) the maximal increase in HR during exercise was, respectively, 19 and 26% lower as compared to baseline (intact innervation) after bilateral and right only stellectomy. Finally, albeit no specific data about AV conduction were provided, the mean maximal HR reached (around 250 bpm) during effort after left stellectomy strongly argues against a significant impact of left stellectomy on dromotropy during sinus rhythm and in physiological conditions of sympathetic activation. This finding was in agreement with previous studies which showed that sympathetic innervation to the atria and the AV node is provided by both right and left sympathetic chain (99). Accordingly, recent data from patients with paroxysmal atrial fibrillation (AF) show equivalent electrophysiological effects of right and left stellate ganglion block (SGB) on both atria: unilateral temporary SGB with lidocaine slightly prolongs atrial effective refractory period and consistently reduces AF inducibility and AF episodes duration (100).

Finally, a last concern was that LCSD could lead to post-denervation supersensitivity, a pro-arrhythmic condition characterized by increased sensitivity of the left ventricle to catecholamines after complete denervation. From a theoretical point of view this possibility appeared unlikely, because right-sided sympathetic nerves (preserved after LCSD) are known to contribute to left ventricular innervation (101, 102). Animal studies confirmed that catecholamine stores in the myocardium were not completely depleted after LCSD (103, 104). Moreover, unilateral left stellectomy did not increase either dP/dt max or the incidence of ventricular arrhythmias in response to intravenous norepinephrine (105). Of note, LCSD is a preganglionic denervation; therefore no ipsilateral sympathetic efferent reinnervation is possible.



LCSD IN CHANNELOPATHIES


LCSD in Long QT Syndrome: Reported Results

The first large-scale evaluation of LCSD efficacy in LQTS was published in 1991 (106). Among the 85 reported patients, 99% were symptomatic before surgery, including 60% who suffered at least one aborted cardiac arrest (ACA). After LCSD, symptomatic patients decreased from 99 to 45% (P < 0.0001), and the mean number of cardiac events/patient dropped from 22 to 1. Of note, there were no ICDs. Therefore, this report truly reflects the impact of LCSD on SCD: it occurred in 8% of this high-risk group during 6 years of mean follow-up. The largest series of LQTS patients undergoing LCSD was reported in 2004 (107). As in the previous study, 99% of the patients were symptomatic before surgery, including 48% with a previous ACA and 75% with recurrent syncope despite maximum-dose β-Blockers. The majority were female (69%), the median age at surgery was 17 years and the mean QTc was 543 ± 65 ms. The average follow-up periods pre and post-LCSD were 5 and 8 years, respectively. After LCSD, 46% of the patients remained asymptomatic, syncope occurred in 31%, ACA in 16%, and SCD in 7%. Mean yearly number of cardiac events/patient dropped by 91% (P < 0.001). Among the 5 patients with a preoperative ICD the median number shocks/patient decreased from 25 to 0. Of note, 51 patients (35%) were genotyped, including 18 LQT1, 15 LQT2, 8 LQT3 and 9 patients with Jervell and Lange-Nielsen syndrome (JLN). As expected, LCSD appeared to be more effective in LQT1 than in LQT2. Despite the very limited numbers, patients with LQT3 and JLN did not seem to have a worse outcome compared with LQT1 patients. Finally, after LCSD a clinically significant mean reduction of QTc interval (39 ms) was noticed. Neither a preoperative QTc value ≥500 ms nor a change <40 ms were associated with a higher risk of recurrences. On the other hand, the persistence of a QTc ≥ 500 ms within 6 months from surgery appeared to carry a significantly higher risk of future events.

Subsequently, a large program of LCSD in LQTS was started by Ackerman at the Mayo Clinic, with equally positive results (108). In 2013, he reported a specific analysis on predictors of recurrences after LCSD in LQTS (109). They studied 52 consecutive LQTS patients undergoing LCSD between 2005 and 2010 at Mayo Clinic (23 LQT1, 9 LTQ2, 4 LQT3, 9 carrying multiple mutations, 3 JLN, and 4 genotype negative). All the procedures were performed using the minimally invasive, video-assisted thoracoscopic technique (VATS), and the sympathetic chain was removed from T1 to T4. Mean age at surgery was 10 years, 54% were female and mean QTc pre LCSD was 528 ± 74 ms. Most of them (61%) had LCSD as primary prevention because of either high-risk conditions or β-Blocker intolerance. This is a significant difference with the two previously reported populations and reflects the growing confidence in the benefit of the procedure. Overall, 12 subjects suffered cardiac events after LCSD (mean follow-up 3.6 years). Among them, only 5 (10%) had no discernible reduction of the arrhythmic episodes (true non-responders). These 5 high risk patients, all heavily symptomatic before LCSD, included 3 LQT3 patients and 2 LQT1 patients with multiple mutations. All of them had a very early onset of the disease (4 at birth, one in the first year of life) with QTc values above 600 ms. On the contrary, none of the 12 patients who received LCSD for β-Blocker intolerance experienced events during follow up.

In the following years, other centers all over the word started to perform LCSD and to report their results, overall confirming the positive post-procedural outcomes (110–112). The majority were small case series, yet in 2015 Waddell-Smith et al. (113) reported about 40 LQTS patients treated with thoracoscopic LCSD in New Zealand. LCSD related side effects and the quality of life after LCSD were the main topics analyzed. Most patients were female (70%) and LQT1 (57%), 11 were LQT2, 1 LQT3 and 5 had a negative genetic test. Half of the patients were completely asymptomatic before the procedure, and only 2 (5%) had surgery because of recurrences on β- Blockers. The two main indications for LCSD were β-Blocker intolerance or contraindication (35% of the patients) and β-Blocker non-adherence (25%). Interestingly, 10% of the patients specifically requested the procedure to their cardiologists either to increase their sense of protection or because of their desire to perform high level sports. These data confirm the diffusion and the increase in confidence in the procedure. During a median follow up of 2.5 years only 2 patients (5%), including 1 JLN, had arrhythmic events (syncopal episodes). All patients reported high levels of postoperative satisfaction. Table 1 summarizes indications and results of the largest case series reported of LCSD in LQTS with at least 1 year of follow up.



Table 1. Largest case series reported of LCSD in LQTS (at least 10 patients with at least 1 year of follow up).
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LCSD in Long QT Syndrome: Our Approach

LCSD is now a mainstay in the management of LQTS patients (117, 118). Most experts agree that whenever ICD shocks occur in LQTS patients on optimized medical therapy, LCSD should be offered. We believe that, considering the high impact of LCSD on quality of life in this setting, the procedure should be undertaken without delay after the first breakthrough ICD intervention. ICD recurrences can be very detrimental and may lead to depression and even to suicidal attempts, particularly in these adolescents already predisposed to both anxiety and depression because of the underlying disease (119, 120). Moreover, the acute proarrhythmic potential of ICD shocks due to pain perception, fear and subsequent increase in the sympathetic drive on the heart should never be neglected, as will be discussed in detail for CPVT patients. The management of subjects with a first syncopal episode occurring despite maximum tolerated dose β-Blocker therapy is more challenging. As a referral group with a long-standing experience in the treatment of LQTS patients, we advise caution before directly implanting an ICD in these cases. Instead, a careful clinical evaluation is needed. Due to its high efficacy and optimal tolerability, we believe that LCSD should be offered first, clearly explaining to the patients and their families that the procedure is not an alternative to ICD implantation (that may always be considered in a later stage) and that the overall risk of life-threatening events after LCSD is low, unless the patient shows characteristics of high risk. At the same time, the life-spanning risk of complications and psychological consequences related to ICD implantation in these young patients is high (121) and should be properly acknowledged during patient and family counseling. Overall, a proper patient-physician communication in this setting requires to offer LCSD as therapeutic option even if the center is not performing the procedure as an inside facility. Ignorance and/or omission may carry medicolegal implications for the physician (122). On the other hand, in the case of markers of high risk such as onset of the symptoms in the first year of life and/or the persistence of QTc values exceeding 550 ms after LCSD, an ICD could be considered immediately after LCSD. Another difficult issue is the management of patients who never suffered arrhythmic episodes on therapy (and even before) but with either high risk LQTS phenotype or β-blocker intolerance, which represents the so-called primary prevention. In these cases LCSD should be offered before ICD implantation, with the clear intention to serve as bridge to an ICD in the most severe cases. Of course, additional pharmacological strategies such as mexiletine, already proposed in 1995 (123) and now widely used (124–126) should be offered as well, according to the genotype and the specific mutation. Finally, an additional indication for LCSD in LQTS is β-Blocker non-compliance. Generally, patients and their families managed in referral centers are well-instructed about the importance of strictly adhering to the prescribed medical therapy. Nevertheless, young subjects, particularly adolescents, are challenging to manage and may refuse therapy. Since β-Blocker non-compliance is a very well-defined risk factor for arrhythmic events in LQTS (127), if suspected and not modifiable, this condition should prompt to consider LCSD as additional protective measure. Concerning the indication to right cardiac sympathetic denervation (RCSD) in LQTS, we reserve it for patients not responding to LCSD. We discourage RCSD or a direct bilateral cardiac sympathetic denervation (BCSD) in patients not carrying an ICD (or pacemaker) due to the potential pro-arrhythmic effect of the induced (and largely unpredictable) bradycardia, particularly in LQT2 and LQT3 patients.



LCSD in Catecholaminergic Polymorphic Ventricular Tachycardia

The efficacy of LCSD in CPVT is not surprising from a pathophysiological point of view. Indeed, the disease is characterized by an intrinsic increase in the sensitivity of the heart to catecholamines due to mutations affecting the diastolic release of calcium from the sarcoplasmic reticulum. The first case series (3 patients) describing the long-lasting efficacy of LCSD in high risk CVPT was published in 2008 (128). We subsequently reported in 2015 the largest case series of LCSD in CPVT (129). It was a multicentric, international study involving 63 CPVT patients (71% RyR2 positive, 8% CASQ2 positive) who underwent LCSD between 1988 and 2014 at 11 centers worldwide. The majority (n = 54, 86%) had the procedure in secondary prevention, 97% were on β-Blockers, 24% on flecainide. The median post-LCSD follow-up was 37 months. In the 9 asymptomatic patients there were no cardiac events during follow-up. Among the 54 patients with prior major cardiac events either on (n = 38) or off (n = 16) optimal medical therapy, 13 (24%) had at least 1 recurrence, but only 1 patient died suddenly (after having been switched from nadolol to metoprolol). Specifically, the percentage of patients with cardiac events despite optimal medical therapy (n = 38) was reduced from 100 to 32% (P < 0.001) after LCSD, and among 29 patients with a pre-surgical ICD, the rate of shocks dropped by 93% from 3.6 to 0.6 per person per year (P < 0.001). Among the 13 patients with cardiac events after LCSD, only 5 (8%) had no reduction in the number of events as compared to before LCSD (true non-responders). Importantly, the only predictor of response was the extension of LCSD: 71% of the 7 patients with incomplete LCSD had recurrences as compared to 17% of those with a complete LCSD (P < 0.01). Among the 38 most severe patients, 100% of those with incomplete LCSD had recurrences (Figure 2). The most common reason for not performing a complete denervation was to reduce the risk of Horner syndrome. This is not justified since the incidence of permanent Horner syndrome when removing only the lower part of the stellate ganglion (T1) is extremely low (<2%). On the other hand, the antiarrhythmic protection when T1 is spared seems to be significantly lower, in agreement with pre-clinical data (130). In a subsequent exploratory sub analysis of the same population we focused on the 38 patients with an ICD (131). Our preliminary data suggest a reduction in supraventricular arrhythmias (SVA) leading to inappropriate ICD shocks after LCSD. Of course, this observation needs to be confirmed in a larger group of CPVT patients, but it seems very plausible from a pathophysiological point of view. Atrial arrhythmias (both atrial tachycardia and AF) in CPVT are typically triggered by catecholamines in the setting of structurally normal atria. Moreover, experimental animal models suggest that LCSD may increase the threshold for atrial arrhythmias onset and maintenance and reduce ventricular rate during atrial fibrillation (132–134).
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FIGURE 2. Percentages of recurrences after left cardiac sympathetic denervation (LCSD) in 38 CPVT patients who had previously suffered major cardiac events despite optimal medical therapy. The majority received a complete LCSD (n = 33), the remaining (n = 5) an incomplete LCSD. Modified from De Ferrari et al. (129) with permission.



Subsequently, a multicentric pediatric registry including 18 CPVT patients undergoing LCSD confirmed our results, showing no recurrences of ventricular arrhythmias in 89% of the subjects (135).



LCSD in Catecholaminergic Polymorphic Ventricular Tachycardia: our Approach

LCSD is now an established therapy also for CPVT (117, 118). Our recommendations for LCSD in CPVT are similar to those already discussed for LQTS (first ICD shock or syncope on optimized medical therapy, β-Blockers intolerance or non-compliance), bearing in mind that the decision to implant an ICD in CPVT patients must be considered even more carefully than in LQTS. Indeed, due to the exquisite sensitiveness to catecholamine of their hearts, combined with a generally good hemodynamic tolerability of both rapid polymorphic VT and bidirectional tachycardia (which usually precede VF), CPVT patients are at high risk of electrical storms. This happens because the pain and the fear of the first ICD shock, which generally occurs in a condition of preserved consciousness, elicit a massive neural release of catecholamines, starting a vicious circle. As a matter of fact, in our registry of LCSD in CPVT (and therefore in an already selected subgroup of high-risk patients) we found that 36% of the patients who received an ICD before LCSD suffered at least one electrical storm or end of treatment condition (136). On the contrary, among the 26 pts with no ICD before LCSD, excluding two who had an electrical storm as first manifestation of the disease, none had such episodes on medical therapy. In agreement with this concept, sporadic cases of death in CPVT patients because of ongoing ventricular arrhythmias and exhaustion of ICD shocks have been reported for over 10 years (137–139). Very recently, the largest CPVT meta-analysis ever published (140) including 503 patients with an ICD (median age 15 years) reported a 1.4% mortality rate during follow-up, driven by 4 deaths due to electrical storms. The high incidence of both electrical storms (19.6%) and inappropriate shocks (20.8%) in trans venous ICD recipients is in full agreement with our data (129), as well as the disquieting rate of ICD-related complications (32.4%). Only 3 ICD patients had a subcutaneous ICD (S-ICD); 2 of them received inappropriate shocks due T-wave oversensing. Of note, the mortality rate among the 412 patients treated without ICD was similar to those with an ICD (2%).

Finally, beyond being potentially pro-arrhythmic and often not necessary, ICD shocks in CPVT patients may also be ineffective. Indeed, rapid polymorphic VT or bidirectional VT episodes may be not only self-limiting with the interruption of the stressor (such as physical activity) without the need for shock, but could also be less susceptible to cardioversion compared to VF episodes. Miyake et al. (141) demonstrated that among 10 CPVT patients who received a total of 75 appropriate shocks, only 57% of the shocks were successful in primary termination of the arrhythmias. The underlying rhythm in all successful ICD shocks at first attempt was VF, while no episode of polymorphic VT or bidirectional VT was successfully treated at the first attempt. Subsequently, Roses-Noguer F et al. (142) found an even lower success rate of the first appropriate ICD shock in CPVT (32%), confirming the ineffectiveness on triggered arrhythmias as compared to VF. Moreover, also antitachycardia pacing therapies (ATPs), as expected, proved to be ineffective in CPVT.

For all the above mentioned reasons, the management of high risk CPVT patients is particularly challenging. An optimized antiadrenergic therapy based on the clinical phenotype should always be the main therapeutic goal, whether or not the patient is implanted with an ICD (or is a candidate to). Indeed, in complete agreement with the pathophysiology of the disease, β-Blockers (143) and LCSD (129) are the only therapeutic interventions with a proven efficacy on SCD, aborted cardiac arrest and ICD shocks. Flecainide, despite promising in vitro (144) and in vivo (135, 144–147) data mainly showing its efficacy on effort induced arrhythmias, still lacks a validation on hard clinical end points. Nevertheless, a first pharmacological attempt with flecainide in association to β-adrenergic blockade seems reasonable in β-Blocker non-responders, particularly if the patient has already been implanted with an ICD. Finally, as for LQTS patients, a careful ICD programming with a single VF zone, long detection times and no ATPs, is crucial in CPVT patients.




CONCLUSIONS

LCSD was proposed over one century ago for the treatment of angina pectoris. The antiarrhythmic potential of the technique, albeit evident since the first procedure by Jonnesco in 1916, took long to be fully appreciated (148). For many years the studies on LCSD were considered with skepticism, especially because there seemed to be just one group to support it. Finally, clinical data from well-conducted multicenter registries largely confirmed the preclinical findings, showing that LCSD is an effective treatment for drug-refractory ventricular arrhythmias in both LQTS and CPVT and LCSD is now recommended in recent guidelines (117, 118). Not surprisingly, considered the mechanism of action, the efficacy and potential indication of LCSD in channelopathies goes far beyond secondary prevention, potentially including many still asymptomatic patients with high-risk features for SCD despite optimized medical therapy. Regardless of this consistent body of evidence, LCSD is still an underutilized resource, as opposed to the often abused use of ICD in the same group of patients. From the technical point of view, the advantages of the thoracoscopic approach are such that it is difficult to see much room for different surgical approaches that might carry greater risks (149). LCSD can not only improve quality of life but also prevent fatal events that may still occur in patients with ICD due to the vicious circle of catecholamine-induced and maintained electrical storms.
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Ion channel biology offers great opportunity in identifying and learning about cardiac pathophysiology mechanisms. The discovery of transient receptor potential (TRP) channels is an add-on to the opportunity. Interacting with numerous signaling pathways, being activated multimodally, and having prescribed signatures underlining acute hemodynamic control and cardiac remodeling, TRP channels regulate cardiac pathophysiology. Impaired Ca2+-handling cause contractile abnormality. Modulation of intracellular Ca2+ concentration ([Ca2+]i) is a major part of Ca2+-handling processes in cardiac pathophysiology. TRP channels including TRPM4 regulate [Ca2+]i, Ca2+-handling and cardiac contractility. The channels modulate flux of divalent cations, such as Ca2+ during Ca2+-handling and cardiac contractility. Seminal works implicate TRPM4 and TRPC families in intracellular Ca2+ homeostasis. Defective Ca2+-homeostasis through TRP channels interaction with Ca2+-dependent regulatory proteins such as sodium calcium exchanger (NCX) results in abnormal Ca2+ handling, contractile dysfunction and in spontaneous ectopy. This review provides insight into TRP channels mediated pathological Ca2+-handling and spontaneous ectopy.
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INTRODUCTION

Ca2+ flux at organellar levels govern excitation and contraction coupling. The ionic movement is important. During action potential propagation, cell membranes depolarize, and Ca2+ enters into the cells. L-type calcium channel passes the Ca2+ influx as inward Ca2+ current (ICa,L), which contributes to the shape of action potential plateau. The Ca2+ entry initiates Ca2+ release from the sarcoplasmic reticulum (SR) by activation of ryanodine receptors (RyRs), thereby elevating [Ca2+]i in the so-called Ca2+-activated Ca2+ release. The raise in the [Ca2+]i, activated by a variety of ways, is a known mechanism of cell signaling. It enables Ca2+ to bind to contractile machineries such as myofilament protein and troponin C, and initiate contraction. The raise in the [Ca2+]i contrarily declines in relaxation. Intracellular Ca2+ is pumped from the SR by sarcoplasmic reticulum calcium pump (SERCA), and sarcolemmal efflux through sodium calcium exchanger (NCX), with little contribution by the SERCA during relaxation (1). This results in a decline of [Ca2+]i, allowing Ca2+ to dissociate from troponin for relaxation to occur at diastole. While decline in [Ca2+]i through Ca2+ efflux leads to relaxation, elevation in [Ca2+]i through Ca2+ influx leads to contraction. The movement of monovalent and divalent cations through the channels is crucial to cardiac excitation and contraction coupling, and in this review, considerations are given to TRPC and TRPM channels in this process.

The process is impaired in contractile abnormality (2) and in general in heart diseases. Abnormal cardiac performance, which characterizes heart failure, cardiomyopathy, and arrhythmia, occurs through impaired Ca2+-homeostasis. Compared with non-failing cardiomyocytes, failing cardiomyocytes SR Ca2+ re-uptake was reduced with no significant changes in the rate of Ca2+ efflux by NCX (3). Frequency-dependent increases in SR Ca2+ load, that was associated with a decline in contractile tone at high heart rates, was absent in failing myocardium (4). In addition, it has been demonstrated at single cell levels that alteration in Ca2+-handling occurred through abnormal Ca2+-homeostasis and increase in [Ca2+]i in familial hypertrophic cardiomyopathy disease (5). The impaired Ca2+-homeostasis may be due to translational and transcriptional changes at the level of expression of the Ca2+-regulatory proteins. Chronic heart failure patients had abnormal changes in the levels of Ca2+-regulatory proteins, such as the SR Ca2+-ATPase (6). Together, impaired Ca2+-homeostasis and altered Ca2+-regulatory proteins orchestrate abnormal Ca2+-handling. The mechanisms responsible for this are not completely elucidated.

Tremendous efforts at understanding the process is ongoing, but it is hampered by the complicated nature of changes in [Ca2+]i. Subcellular Ca2+ concentration is compartmentalized, and [Ca2+]i varies tremendously. Furthermore, intracellular Ca2+ homeostasis can be regulated by local signaling processes within restricted space, rather than by just changes in the global cytosolic [Ca2+]i. With the complexities, it is difficult to completely define distinct Ca2+ homeostasis together with their [Ca2+]i biological networks, and their roles. This may have implied that sources that control subcellular Ca2+ are just too numerous and are yet to be defined completely. This review discusses some transient receptor potential (TRP) channels seminal works in pathologic Ca2+-handling and spontaneous ectopy.



REGULATION OF [CA2+]i AND CA2+-HANDLING

Regulation of [CA2+]i, that is part of CA2+ homeostasis, and governs Ca2+-handling in excitation and contraction coupling is an important process of cardiac contractile performance. Cardiac contractility is the intrinsic ability of the myocardium to contract. Readily occurrence of contraction depends on incremental degrees of binding between myosin (thick) and actin (thin) filaments, when the [Ca2+]i is elevated. Factors that promote Ca2+-handling and contractility do so by inducing increases in the [Ca2+]i. The heart is unable to contract in too little Ca2+ concentration (small Ca2+ transient amplitude) and unable to relax in too much Ca2+ concentration (large Ca2+ transient amplitude), indicating negative and positive inotropy, respectively. TRP channels as cell membrane ion channel fall into a category and were first identified in impaired Drosophila visual adaption, where photoreceptors carrying TRP gene mutations showed a transient voltage response to continuous light (7, 8). Twenty eight mammalian TRP genes have been identified to date and have fallen into six related protein families. Most of them appear to be multimodally gated and interact with multiple signaling pathways and show pertinent trait to cardiac remodeling. While some are voltage dependent others are not, and they regulate a variety of cell functions such as, apoptosis, thermo regulation, cell viability and proliferation, and renal Ca2+ absorption. TRP channels are relatively non-selective permeable cation channels. As such, TRP channels permeate Na+, Ca2+, and Mg2+, and thus regulate intracellular ionic concentrations, including [Ca2+]i. Seminal works (9–13) implicate some TRPM4 and TRPC channels in [Ca2+]i variability. The channels, therefore, modulate Ca2+ transients, inotropy, and action potential wave form (Figure 1).
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FIGURE 1. TRP channel regulation of intracellular Ca2+ homeostasis. TRPM4 mediates membrane depolarization dependent Ca2+ entry while TRPC mediates permeability dependent Ca 2+ entry. The Ca2+ influx directly and/or indirectly contributes to Ca2+ transient to regulate Ca2+-handling, action potential wave form and contractility. Since TRPC are Na+/Ca2+ permeable they can directly contribute Ca2+ entry while the Ca2+ non permeable TRPM4 regulates Ca2+entry by modification of the membrane potential and thus driving force.



Transient receptor potential melastatin (TRPM) is a family of TRP ion channels, that consists of eight different subfamilies (TRPM1-TRPM8). TRPM4 subfamily while permeable to Na+ is activated by [Ca2+]i, in Ca2+-induced Ca2+ release process and modulates inotropic β-adrenergic effects on ventricular heart muscle by increasing Ca2+ transients amplitude (11). The activation process is important because it contributes to Ca2+ transients. Ca2+-handling, excitation-contraction coupling and action potential wave forms depend on Ca2+ transients, proofing that the [Ca2+]i activation and inotropic β-adrenergic effects of TRPM4 are both important in contractility. TRPM4 inhibition altered action potential wave form and reduced action potential duration (13). More so, it has been proposed that TRPM4 channel activity might couple to ICa,L functional activity in elevating [Ca2+]i. Trpm4−/− ventricular myocytes had fast repolarization as a result of enhanced driving force of ICa,L for Ca2+ entry (11). Therefore, it appears TRPM4 regulates action potential adaptation and duration, and underpins voltage-gated Ca2+ channel Ca2+ influx that couples its activity and that of ICa,L in the so called Ca2+-induce Ca2+ release that promote contractility.

In addition to TRPM4, TRP canonical (TRPC) is another family of TRP channels. It consists of seven subfamilies (TRPC1-TRPC7). TRPCs are also permeable to but activated by Ca2+, and may be important in Ca2+-handling. TRPC6 promoter gene had two conserved nuclear factor of activated T-cell transcriptional factor (NFAT) consensus sites (14) and NFAT is calcium-dependent regulatory transcriptional factor. Therefore, TRPC6 is an intracellular Ca2+ signaling effector. Increased TRPC1/TRPC4 expression underscores elevated SR Ca2+ content in right ventricular hypertrophied cardiomyocytes during monocrotaline exposure (14). Transgenic mice with inhibition of TRPC3/6/7 and TRPC1/4/5 subfamilies had membrane Ca2+ leak in pathological hypertrophy following either activation of neuroendocrine (phenylephrine and angiotensin II (Ang II) infusion) or pressure overload induction (15). TRPC channels as cation-selective channels can produce pathological cardiac growth of adult myocytes through Ca2+ influx and calcineurin activation, that alter Ca2+-handling and Ca2+-dependent signaling.

Although it is possible that TRPC/Ca2+/calcineurin/NFAT signaling loop might regulate Ca2+-handling in diseases, how the signaling loop couples to [Ca2+]i and L-type Ca2+ channel activity is completely unknown. It appears in smooth muscle that entry of cations through a receptor operated TRPC6 caused membrane depolarization and consequent functional activity of L-type Ca2+ channels, Ca2+ influx, and smooth muscle contraction. However, whether this role is associated with ryanodine and NFAT is not known. Given that TRPC6 can operate as receptor-activated cation channels, which increases [Ca2+]i by Ca2+ entry across plasma membrane and/or by release of Ca2+ from intracellular stores such as the endoplasmic reticulum, TRPC6 contributes to Ca2+-handling and [Ca2+]i. The contribution can also be deduced on store-operation molecular standpoint. This is since store-operated and receptor-operated channels can come from the same proteins of the same family of TRP channels.

Nonetheless, TRP channels store operated and receptor operated calcium entry (SOCE) and (ROCE) are less clear. Discovery has it that stromal interaction molecule 1 (STIM1) and Orai 1 are mediators of SOCE. Fast Ca2+-dependent inactivation kinetics of STIM1 current is known to be critically dependent on cytosolic Ca2+ levels, which also regulates native SOCE and ROCE currents, through changes in the [Ca2+]i, similarly to that of TRP channel currents. Whether TRP channels kinetics are associated to SOCE and ROCE, is not elucidated. Native store-operated and receptor-operated complexes stoichiometry, if distinct from hetero/homo multimer variants Orai or TRP is also not known. Regardless, STIM1 indirectly activates TRPC3/6, but not TRPC7 (16), and TRPC1/4/5 directly bind with STIM1 to activate SOCE (17), and in lipid raft domains, TRPC channels co-localize with STIM1 and Orai (18). There may be a better understanding of TRP channels SOCE attribute arguably in micro-domains (19). In fact, it is known that the Ca2+-activated signaling effectors are either in direct proximity or attached to Ca2+ entry channels in compartmentalized micro-domains (20). Dissociation of TRPC1 from Cav1, following Ca2+-store depletion is an important process in the activation of TRPC1-SOCE (20). Expression of TRPC channels and Ca2+ influx through TRPC within micro-domains affects contractility reserve and contributes to cardiac Ca2+ cycling. Taken together: (1) direct effects of TRP channels and receptor operated calcium entry mechanisms on [Ca2+]i and Ca2+-handling may be questioned. (2) It is more likely that TRP channels regulate the process through effects on micro-domains or through direct interaction with Ca2+-dependent regulatory proteins. (3) It is noted that STIM1 is a Ca2+ sensor that relays Ca2+ load of the endoplasmic reticulum to store operated channels and may navigate some of the TRP channels into micro-domains to govern their roles in cardiovascular diseases through calcium signaling effectors.

In addition to the myocardial TRPC channels, atrial endocardial TRPC-6 channel has been identified to be crucial in TRPC-6-dependent paracrine factors that regulate the amplitude of myocardial Ca2+ transients through mechanotransduction. Mechanical stretch is a determinant of atrial function such as contractility and TRPC-6 is a stretch responsive cation channel that governs mechanotransduction. To understand the roles of stretched-atrial endocardium, associated with physiological conditions and arrhythmogenesis Nikolova-Krstevski et al., tested the consequences of stretch-induced endocardial TRPC-6 activation on myocardial function and hypothesized that endocardial TRPC-6 is required for mechanical stretch responses in the atrium (21). Findings from this investigation, demonstrate that, in acute stretch, Ca2+-mediating function of TRPC-6 was consequentially enhanced via [Ca2+]i, and endocardial TRPC-6 regulatory feedback protects against this stretch-induced myocardial Ca2+ overload process, whereas in chronic stretch, reduced protein expression of endocardial TRPC-6 and irregular Ca2+ transient cyclic events may lead to enhanced susceptibility to arrhythmia. To understand the Ca2+ transient mechano feedback response, atrial endocardial-myocardial (cell-cell) communication/signaling was investigated in cultured human-induced pluripotent stem cell-derived cardiomyocytes before and after the addition of media collected from non-stretched and stretched atrial endocardial cells from porcine. The investigation revealed alteration of Ca2+ transient in human-induced pluripotent stem cell-derived cardiomyocytes with non-stretched but not with stretched atrial endocardial cells (21). The finding suggests that TRPC-6 dependent stretch-induced mechanotransduction can induce changes in global [Ca2+]I that modulate intrinsic atrial endocardial function, such as contractility, as well as affecting myocardial function, through endothelium secreting factors such as endothelin-1, nitric oxide, prostacyclin, and angiotensin II (21).



MECHANISMS OF REGULATION OF [CA2+]i AND CA2+-HANDLING

The question now remains how does the channels regulate [Ca2+]i, and thus control Ca2+-handling and contractile tone? The mechanisms of TRP channel mediated Ca2+ handling remain largely unknown. Ca2+-dependent regulatory proteins such as NCX and SERCA regulate Ca2+-handling and cardiac contractility, and the TRP channels interact directly with NCX and SERCA. Functional and physical interaction of TRPC channels with NCX proteins is a novel principle behind TRPC-mediated increase in intracellular Ca2+ signaling. To assess for the existence of a native TRPC3/NCX1 signaling complex in rat cardiac myocytes, previously identified in HEK 293 cells, the Eder et al conducted reciprocal co-immunoprecipitation to detect TRPC3 and NCX1 interaction by immunoprecipiting solubilized proteins of crude adult rat cardiomyocyte membrane fractions with either anti-TRPC3 or anti-NCX (22). This demonstrated significant TRPC3 and NCX1 co-localization. Glutathione S-transferase pulldown experiment consistently replicated the native TRPC3/NCX1 signaling complex within the cardiomyocyte. To understand the functional consequences of this interaction, phpspholipase C (PLC) was first stimulated in the myocytes, and because TRPC3 is a key component of PLC-dependent Ca2+ signaling, the cardiomyocytes were then transiently transfected with TRPC3 N-terminal fragment to exert dominant negative effects on TRPC3. The activation of PLC promoted reverse mode NCX1-mediated Ca2+ entry, as identified, through [Ca2+]i measurement, that was regulated by TRPC3-mediated Na+ loading in the myocytes through angiotensin-induced activation of the G protein Gq-PLC pathway (22). Measurement of this NCX-mediated cellular Ca2+ signals in the cells expressing dominant negative TRPC3 revealed significant reduction in Ca2+ signals, illustrating the idea of TRPC3-dependent Na+ loading, as part of cardiac NCX operation (22).

PLC dependently recruited TRPC3-NCX1 complex into the plasma membrane and regulated Ca2+ homeostasis in rat cardiomyocytes (19, 22). TRPC3 channel may be a major component of PLC-dependent activation of the Ca2+ calcineurin-NFAT signaling pathway, a pathological cardiac hypertrophy pathway, in which NCX1 can mediate Ca2+ influx by reverse mode and contribute to Ca2+ transients and action potential wave forms. Together, TRPC3 may be an important component of NCX regulation of Ca2+-handling. Furthermore, SERCA is an ATP-dependent Ca2+ pump located in the SR membrane. It appears silencing SR Ca2+-ATPase (SERCA)2 with small interfering RNA (siRNA) increases TRPC levels (23), as a compensatory mechanism for SERCA Ca2+ pump. While colocalizing on the skin of Darier's disease patient on immunostaining, TRPC1 had increased immunoreactivity whereas, SERCA2 had reduced immunoreactivity, suggesting reciprocal activity of TRPC1 and SERCA2 (23). Western blots performed on the skin from the DD patient and immunolocalization performed on skin samples from SERCA2+/+ and SERCA2+/− mice showed consistent reciprocal expression of TRPC1 and SERCA2 (23). The DD patients as well as SERCA2+/− mice have only one normal copy of the gene encoding SERCA2. To understand the association of the reciprocal expression, a human keratinocyte (HaCaT) cell line was employed. The keratinocytes from DD patients have also one normal copy of SERCA2. Single copy of the gene is known to be inadequate, to appropriately account for proper amount of SERCA2, leading to changes in Ca2+ signaling in the cells. To examine this SERCA2 reduction in function, HaCaT cells were treated with adenovirus encoding either SERCA2-siRNA or control-siRNA and Ca2+ imaging was performed on the cells upon stimulation with thapsigargin, to deplete endoplasmic reticulum Ca2+ (23). Addition of thapsigargin in HaCaT cells Ca2+-containing media, caused an increase in global [Ca2+]i. Whereas this increase was high in HaCaT cells expressing SERCA2-siRNA, no increase in control-siRNA was documented (23). Consistent with the reciprocal expression of TRPC1 and SERCA2, release of Ca2+ from the internal stores upon the thapsigargin addition was low in cells overexpressing SERCA2-siRNA, whereas no changes were seen in TRPC1-overexpressing cells (23).

Accordingly, SERCA2 silencing was followed by increased transcription of NCX, TRPC4, and TRPC5 in cardiac myocytes (24). Neonatal rat and chicken embryo cardiac myocytes expressing SERCA2-siRNA endogenously had reduced expression of SERCA2 as demonstrated by immunostaining, western blotting, real-time RT-PCR, and microscopy (24). The functional effects of the reduced SERCA2 expression was tested on Ca2+ signaling in rat myocytes by measuring Ca2+ transients, and ICa,L in neonatal rat myocytes under voltage clamp protocol. Whereas, there was reduced Ca2+ transient amplitude (i.e., reduced sarcoplasmic reticulum Ca2+ load) in the myocytes subjected to SERCA2-siRNA, there was no differences in ICa,L under the voltage clamp protocol tested. However, the myocytes were shown to have the ability to initiate transient elevations in cytosolic Ca2+ upon membrane stimulation, in compensatory mechanisms. To understand this process, the presence or absence of Na+ to examine the role of NCX to cytosolic Ca2+ removal under voltage-clamp depolarizations, and Ba2+ influx measurement in fura-2-loaded myocytes treated with thapsigargin to block SERCA pump activity to examine the role of TRPC channels, in another experiment, were together, employed to access the impact of SERCA2-siRNA on NCX, TRPC channels and Ca2+ signaling. This investigation revealed that reduced SERCA2 expression was associated with an elevation in TRPC expression and activity, as well as increased NCX expression and activity, that together may boost and normalize for reduced sarcoplasmic reticulum Ca2+ signaling following SERCA2 depletion (24). This mechanism was attributed to NCX and TRPC transcription, as well as, the upregulation of other transcriptional factors such as stimulating protein 1, myocyte enhancer factor 2, and nuclear factor activated T-cell, cytoplasmic 4 (24). In application of this finding, SR releases 70–80% of the Ca2+ needed for contraction into the cytosol. SERCA, NCX, and ATP-dependent Ca2+pumps remove Ca2+ from the cytosol. If reduction in expression of SERCA2, which can directly affect SERCA/Ca2+ pump, inversely increases NCX and TRPC levels, then TRPC and NCX govern [Ca2+]i, excitation- contraction coupling and inotropy, because TRPC and NCX operated Ca2+ homeostasis will compensate for SERCA Ca2+ pump. Figure 2 illustrates the organellar TRP channels and Ca2+-dependent regulatory proteins regulation of Ca2+-handling.
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FIGURE 2. Oganellar Mechanisms of TRP channels mediated pathologic Ca2+ handling. Reduced levels of [Ca2+]i means that the heart cannot contract and pump blood while high levels of [Ca2+]i means that the heart cannot relax. TRPM4 and TRPC interact with Ca2+-dependent regulatory proteins (SERCA2a and NCX). How this interaction occurs either reduces or boosts excitation and contraction coupling (EC) by either reducing or increasing [Ca2+]i. EC is initiated by excitation of the cell membrane which activates Navl.5 leading to the opening of VLTCC. VLTCC opening allows passage of inward Ca2+ current that triggers opening of ryanodine receptor 2 (RyR2) channels by a Ca2+- induced Ca2+ release process. The Ca2+-induced Ca2+ release leads to coordinated release of sarcoplasmic reticulum (SR) Ca2+ caused by PLB phosphorylation. Intracellular free Ca2+ concentration become high, activating the myofilaments after binding with troponin C. TRPM4 and TRPC mediated Ca2+ entry can couple to this process of elevation in [Ca2+]i to cause contraction. This process is part of pathologic Ca2+-handling.



Further support is delineated from the study of Oslon's group in 2006. It appears from the study that TRPC6-calcineurin-NFAT pathway, inversely, regulates the expression of SERCA2 (14), suggesting reciprocal relationship between the channel and the protein/gene. What is not known is whether downregulation of TRPC4/5 would upregulate SERCA2 expression in reverse. Understanding the precision of this relationship is pertinent and vital. It is pertinent, since the Seth et al., Eder et al., and the Pani et al. studies highlight novel association between TRP channels and Ca2+-dependent regulatory proteins that governs [Ca2+]i. It is vital since Ca2+-dependent regulatory proteins that associate with the TRP channels are potential therapeutic targets for Ca2+ -mishandling (25), and Ca2+-dependent regulatory gene therapy approaches are being understood to increase myocardial SERCA2a in heart failure contractile abnormality (26). This in part emphasis the importance of this review in development of therapeutic agents that can benefit the heart in contractile dysfunction beyond short-term.

For instance, it is known that Trpm4−/− mice and their control littermate had no differences in cardiac contractile parameters under basal conditions, but infusion of ≤300 ng/kg·min isoprenaline resulted in robust increases (11). This is an observation of incremental physiological contractile activity, which may be rather beneficial in heart failure, cardiomyopathy and arrhythmias, characterized by diminished contractile tone. Thus, genetic downregulation of TRPM4 proteins might be a novel therapeutic approach. Trpm4−/− mice with ischaemic heart failure had improved survival rate and enhanced β-adrenergic cardiac response, indicating better contractile performance (27). Together, TRP channels have pleiotropic roles in the heart (28), and are part of excellent potential targets in gene therapy approach being appreciated to increase myocardial SERCA2a expression in heart failure contractile abnormality.

Given that SERCA2a regulates Ca2+ homeostasis, it has impact on systolic and diastolic functions. An elegant approach to improve left ventricular systolic function can be through activation of cardiac myosin, as well. Besides conventional inotropic agents that modulate Ca2+ homeostasis in the myocardium, molecular motor (myosin) and sarcomeric scaffolding, and energetic agents referred to as cardiac myotropes and mitotropes, respectively, have been proposed as pharmacological agents that improve myocardial performance (29). The framework of this proposal is to better understand the clinical approaches of agents that ameliorate worse myocardial performance and accelerate appropriate testing of therapeutic agents that can improve cardiac contractility and contraction.



SPONTANEOUS ECTOPY

TRP channels regulate Ca2+-handling through interaction with Ca2+-dependent regulatory proteins. This interaction can lead to spontaneous ectopy, but how this may occur is not known. Spontaneous ectopy may be regarded as uncontrolled variability in heart rhythm during repolarization, which may or may not be pathological. Cycles of Ca2+ fluxes during normal heart beat characterize excitation- contraction coupling and permit homogenous action of cardiac sarcomeres. Increased Ca2+ influx, Ca2+ leaks, spontaneous oscillatory of Ca2+ and Ca2+ overload disturb systole and diastole and cause arrhythmias (30). As stated in previous sections, this implicates the regulation and mechanisms of Ca2+-handling. These processes are schematically summarized in Figure 2, organellar mechanisms of TRP channel mediated pathological Ca2+-handling. TRPM4 and TRPC channels trigger Ca2+ entry, through membrane depolarization and permeability, respectively, consequently leading to Ca2+ overload. Ca2+ overload promote alteration in action potential wave form, Ca2+-mishandling, inotropy, and sustain electrical remodeling, through Ca2+ transients. Ca2+ overload and large Ca2+ transients increase repolarization (31). Prolonged action potential duration leads to early afterdepolarizations (EAD) and delayed afterdepolarizations (DAD) ectopic firing. EADs and DADs are classes of ectopy (32).

EADs are abnormally secondary cell membrane depolarizations during repolarization phases of action potential. Prolongation of APD is the principle factor that causes EAD, because reduced repolarization enables ICa,L to recover from inactivation, which leads to depolarizing inward movement of Ca2+ ions along the plateau phase of action potential to produce Ca2+ inward current. EAD is also caused by increases in NCX current. DADs are also abnormally secondary cell membrane depolarizations during the repolarization phases but are known to be caused by abnormally diastolic Ca2+ release from sarcoplasmic reticulum Ca2+ stores, which NCX also contributes to. In response to transmembrane Ca2+ entry, a specialized Ca2+-dependent regulatory apparatus, SR Ca2+ channels known as RyRs release Ca2+. RyRs are closed in diastolic condition but are open if functionally defective or if the SR Ca2+ is above physiological arrange (33). Under physiological conditions and in healthy hearts, exercise-induced activation of sympathetic nervous system increases catecholamines produced from the chromaffin cells, which bind to and stimulate the G protein-coupled β-adrenergic receptors. This activation, in turn, stimulates adenylate cyclase to activate the cAMP-dependent protein kinase A (PKA). PKA phosphorylates major Ca2+-handling proteins, such PLB, RYR2, and L-type Ca2+ channel. Increased RyR2 Ca2+ release in the SR and enhanced Ca2+ by SERCA2a, enhances [Ca2+]i and contractility. PKA hyperphosphorylation of RyR2 reduces the binding affinity of the RYR2-stabilizing subunit, calstabin2, producing robust activity of the RYR2 channel to Ca2+-dependent activation (34). PKA hyperphosphorylation of RyR2 produces a diastolic SR Ca2+ leak in cardiomyocytes leading to persistently diminished SR Ca2+ content and contractility (34). RYR2 channel diastolic calcium leak contributes to abnormal contractility in arrhythmogenesis and sudden cardiac death (35). Furthermore, SERCA2a diminished Ca2+ loading and enhanced Ca2+ exflux through NCX also results in SR reduced Ca2+ loading and reduced cardiac contractility. 1 Ca2+ release during the diastole is exchanged for 3 extracellular Na+ by NCX. The result of this is a net depolarizing inward positive-ion movement called transient inward current (Iti) that underlies the DADs, and contractile dysfunction (36).

EADs and DADs appear to be mediated by TRPM4 protein. TRPM mediated Ca2+ signaling can modulate action potential wave form and cause EADs. TRPM can also modulate diastolic Ca2+ release from sarcoplasmic reticulum Ca2+ stores and cause DADs. 9-Phenanthrol, an inhibitor of TRPM4 channel abolished hypoxia and re-oxygenation-induced EADs in a mouse model (37). TRPM4-induced ectopy can be drawn on ion channel determinant of cell membrane depolarization and action potential morphology. TRPM4b a calcium activated non-selective (CAN) channel regulates cell membrane depolarization (38). TRPM4 activation is a process that contributes to the controls of the magnitude of Ca2+ influx by regulating membrane potential, and intracellular Ca2+ increased through ICa,L upon TRPM4 protein depletion (11).

CAN channel activity had been suggested to contribute to Iti initiated by Ca2+ waves that underline DAD. Iti has been described in Purkinje fibers, atrial and ventricular cardiomyocytes, and in sinoatrial node cells (39). In sinoatrial node (SAN), cardiac automaticity resulted from a CAN current that is attributed in part to TRPM4 (40), which slowed diastolic depolarizations lope due to the nature of “funny” current, and NCX activity (39). The molecular identity of Iti is controversial, but it appears to reflect 3 Ca2+- dependent components: NCX, Ca2+-activated chloride current and current mediated by CAN channels such as TRPM4 (40). Put together, these studies support the hypothesis that Iti is mediated by TRPM4. However, that Iti is mediated by TRPM4 may be questioned by the fact that the single channel conductance of the Iti-mediating channel was 120 Ps (41), which is much larger than the ~25 pS of TRPM4 (38).


Significance

The past few decades have witnessed tremendous evolution in characterization of the molecular and genetic mechanisms of acquired and inherited arrhythmias. The mechanisms are as numerous as the phenotypes with which the arrhythmias present. Identifying the sources that control Ca2+ is novel in understanding arrhythmogenesis. The TRP channels mediate Ca2+ flux and voltage changes across membranes. Regulation of Ca2+-handling by the TRP channels indicate they can potentially boost Ca2+ cycling disorders. Plasma membrane sensory and metabotropic TRPM4 subgroup is a drug candidate for Brugada syndrome and familial heart blocker (42). Better understanding of the TRP channels, Ca2+-handling and contractility is crucial.




CONCLUSION

Essentially, studies illustrating the roles of TRP channels in pathological Ca2+-handling and spontaneous ectopy are lacking. This study reflects on TRPM and TRPC seminal works, based on their biophysical properties, to state mechanistically their potential implications in Ca2+ signaling dynamics. Intracellular Ca2+ homeostasis show tremendous changes during cardiac cycle. Intracellular Ca2+ homeostasis is regulated by spatial signaling processes within restricted regions, rather than by changes in global cytosolic [Ca2+]i. [Ca2+]i is mediated by Ca2+ release from intracellular organelles, Ca2+ entry across plasma membrane through receptor agonists, receptor-activated Ca2+ channels, voltage-gated Ca2+ channels, and by ligand-gated cation channels. It appears that while overexpression of the TRPCs increase [Ca2+]i, TRPM4 depletion increases [Ca2+]i, through Ca2+ influx. This can be explained by the biophysical properties of the channels. Mechanization of [Ca2+]i, is defective in heart failure, failing hearts, cardiomyopathy, arrhythmia and sudden cardiac deaths. Defective intracellular Ca2+ homeostasis is responsible for pathological Ca2+-handling and contractile dysfunction. Hearts in these conditions show abnormal contractility, characterized by decreased SR Ca2+ sequestration, diminished intracellular Ca2+ transients, and enhanced diastolic SR Ca2+ leak activity. Sources that regulate these processes are unknown completely, and may include TRP channels and TRP channels SOCE associated mechanisms. Highlighting a potential therapeutic opportunity of the channels, this work discussed TRP channels mediated pathologic Ca2+-handling in spontaneous ectopy, and stated further scopes for TRP channels functions in cardiac pathophysiology.
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Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a primary electrical disease characterized by a normal resting electrocardiogram and induction of malignant arrhythmias during adrenergic stress leading to syncope or sudden cardiac death (SCD). CPVT is caused by mutations in the cardiac ryanodine receptor (RyR2) or in the sarcoplasmic reticulum protein calsequestrin 2 genes (CASQ2). The RyR2 mutations are responsible for the autosomal dominant form of CPVT, while CASQ2 mutations are rare and account for the recessive form. These mutations cause a substantial inballance in the homeostasis of intracellular calcium resulting in polymorphic ventricular tachycardia through triggered activity. Beta blockers were for years the cornerstone of therapy in these patients. Sodium channel blockers, especially flecainide, have an additive role in those not responding in beta blockade. Implantation of defibrillators needs a meticulous evaluation since inappropriate shocks may lead to electrical storm. Finally, cardiac sympathetic denervation might also be an alternative therapeutic option. Early identification and risk stratification is of major importance in patients with CPVT. The aim of the present review is to present the arrhythmogenic mechanisms of the disease, the current therapies applied and potential future perspectives.
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INTRODUCTION

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a primary electrical disease characterized by a normal resting electrocardiogram and induction of malignant arrhythmias during adrenergic stress leading to syncope or sudden cardiac death (SCD) (1). CPVT phenotype is a result of mutations of Ryanodine receptor (RyR2) and calsequetrin 2. The RyR2 mutations account for the commonest phenotype and they are inherited through an autosomal dominant manner. CASQ2 mutations represent the recessive form (2, 3).

CPVT is responsible for SCD especially among children and young adults. According to previous reports, the incidence of arrhythmias in CPVT patients was 32% over 8 years (2), but the true frequency of the disease is unknown. This is due to the fact that unlike other inherited channelopathies such as long QT syndrome, it is present not only with a structurally normal heart, but also without resting ECG abnormalities (2).

Beta blockade is the main therapeutic option. Sodium channel blockers, such as flecainide, have an additive role to those not responding to beta blockers, along with left cardiac stellate sympathectomy. Implantable cardiac defribrillators (ICDs) are life -saving therapy for the majority of patients with cardiac channelopathies, however CPVT patients need to be carefully selected, since inappropriate shocks may lead to adrenergic stimulation and electrical storm, despite optimal programming.



CPVT AND ARRHYTHMOGENESIS

Arrhythmogenesis in CPVT patients is attributed to mutations in different proteins resulting in bidirectional ventricular tachycardia through different arrhythmogenic mechanisms. Arrhythmias produced by gain-of-function mutations in RyR2 are postulated to result from destabilization of the channel with increased diastolic SR Ca2+ leak in ventricular myocytes, leading to delayed afterdepolarizations and triggered activity via the Na+/Ca2+ exchanger current. Yet, new evidence has shown that the cardiac Purkinje network appears to be involved in the initiation of bidirectional VT and polymorphic ventricular tachycardia in this disease (4). It is estimated that over 160 mutations causes CPVT 1. Most of them cause a gain of function of the RyR2 channels (1–3), whereas others, such as CASC2 gene, regulate RYR receptor through other proteins (junctin and triadin) resulting to a leakage of Ca in diastole.

According to previous published data (5), gene mutations responsible for CPVT lead to ventricular arrhythmia through the alteration of the Ca2+ homeostasis. Specifically, mutations in the RyR2 and CASQ2 genes lead to a leakage of Ca2+ from the SR in diastole, particularly under adrenergic stress (exercise, emotional stress), resulting in delayed after-depolarizations and therefore vulnerable to ventricular arrhythmias. Other less prevalent gene mutations like KCNJ2, triadin (TRDN), junctin (JCN), calmodulin (CALM1 and CALM2), and NKYRIN-B (6) may predispose to CPVT as well as in the future, other not yet identified genes might be found responsible for the disease.



CLINICAL PRESENTATION-DIAGNOSTIC EVALUATION

Nevertheless, irrespective of the responsible mutation, CPVT is characterized by polymorphic ventricular tachycardia under adrenergic stress. Apart from syncope less specific signs and symptoms, such as dizziness or palpitations might be exerted (7). The first manifestation of the disease occurs during childhood and the majority of patients have experienced syncope episode or cardiac arrest by their adulthood (7). The study of Hayashi et al. (2) depicted that the earliest a CPVT is diagnosed the worse the prognosis is. This can be attributed, at least in part, to the fact that children performing strenuous physical activities are more sensitive to external stimulations (children have more opportunities to engage in strenuous activities), (1) patients with more severe forms of CPVT will be diagnosed earlier, and (2) beta-blockers are frequently underdosed in children if based on weight given increased hepatic clearance. Sudden cardiac death or syncope in first degree family members is detected in one third of CPVT patients (8). Despite its life threatening nature, CPVT remains often unnoticed. This is due to normal baseline electrocardiograms on top of incomplete penetrance (8, 9) and thus variable expressivity. Some authors have reported bradycardia, and others have observed U waves in electrocardiograms (10). CPVT is unmasked by a treadmill stress test (11). When patients start exercising ventricular ectopy develops, increasing in complexity as the heart rate increases. Specifically, dynamic exercise during a BRUCE protocol induces premature ventricular complexes that may degenerate to more complex ventricular tachyarrhythmias or even sustained VT (12, 13).



THERAPEUTIC MANAGEMENT


Beta Blockers

Therapeutic management for patients with CPVT includes beta blockers without intrinsic sympathomimetic activity. Nadolol is the beta-blocker of choice in a high dosage, 1–2 mg/kg. The incidence of arrhythmic events in CPVT patients on beta-blockers is still high. Other non-selective beta-blockers are equally effective especially propranolol. Clinical follow up with holter monitoring and treadmill stress test should be performed so that the optimal therapy is adjusted (14).

In the study of Priori et al. (14), there is significantly lower incidence of SCD in patients on beta-blockers. Hence, the event rates in the patients on therapy were not negligible. This could be attributed to poor therapy compliance. Priori et al. suggest that taking different beta bockers than nadolol could be associated with higher incidence rates. Furthermore, data from treadmill stress tests reveal that it is not the ultimate tool during follow up, despite the fact that it is widely used as a diagnostic tool, due to low sensitivity and specificity (14).

Chatzidou et al. (15) suggested that patients presenting with electrical storm independently of the underlying mechanism should be treated with oral propranolol as the preferred beta-blocker agent.



Flecainide

The study of van de Weerf et al. (16) supports the use of flecainide on top of beta blockers as it reduces ventricular arrhythmias during exercise. This is of major importance, since several studies have demonstrated a significant event rate despite conventional therapy (2, 9, 17–23). Therefore, adding flecainide in combination with β-blocker therapy should be considered.

In CPVT the rise of intracellular Ca2+ activates the electrogenic Na+/Ca2+ exchanger (NCX), which produces a transient inward current (ITi). ITi generates delayed afterdepolarizations, which can lead to triggered activity, and the initiation of ventricular arrhythmias (24). Flecainide directly targets the molecular defect in CPVT by inhibiting RyR2 channels and preventing arrhythmogenic Ca2+ waves. Flecainide's Na+ channel blockade further reduces the rate of triggered beats (5, 25, 26). This dual action could explain why flecainide is so effective in severe CPVT and provides a rationale for combination therapy with β-blockers. The rationale for flecainide use for treatment of CPVT is supported by in vitro studies demonstrating that flecainide blocks RyR2 in lipid bilayers (27) suppresses calcium waves in CASQ2-knockout myocytes, abolishes delayed afterdepolarization–mediated triggered activity, and reduces exercise induced ventricular arrhythmias inCASQ2 and RYR2 mouse models. The efficacy of flecainide in human patients with CPVT has been demonstrated in the 3 retrospective cohorts. Kannankeril et al. (25) supported that a median dosage of 300 mg/d was required to achieve target trough drug levels. One could speculate that chronotropic incompetence from combination therapy with β-blocker plus flecainide would result in lower levels of exertion during exercise and thus a lower arrhythmia score. However, maximal workload achieved during each exercise test did not differ significantly, suggesting similar levels of effort across the three exercise tests.

Liu et al. support that the antiarrhythmic effect of flecainide is that it reduces the availability of sodium channels, thus preventing the development of triggered APs (28).

Radwanski et al. suggested that flecainide may exert its antiarrhythmic action by antagonizing catecholamine-dependent augmentation of Na+ influx via sodium channel isoforms, and Nav1.6 in particular (29).



Left Cardiac Sympathetic Denervation

In patients who are refractory to maximal pharmacologic treatment, left cardiac sympathetic denervation (LCSD) could be an alternative, with significant reduction in arrhythmic events, as noted by De Ferrari et al. (30). However, the procedure is not widely available and is associated with complications such as pneumothorax and Horner syndrome (30).



Implantable Cardioverter Defibrillator

An ICD, usually the ultimate solution for primary or secondary prevention of SCD for other channelopathies should be used in CPVT patients who, despite optimal medical management or/and other therapies such as left cardiac sympathectomy continue to be in danger. Patients who have experienced an aborted cardiac arrest before the initiation of therapy, should be on medical therapy together with an ICD implantation (31). Hence, implantation of an ICD is a technical challenge in a pediatric population and problems such as inappropriate shocks, proarrhythmic effects of the ICD, and the need for a lifetime protection requiring multiple reinterventions should be addressed when the decision is taken (32).

Current knowledge suggests an ICD implantation to survivors of cardiac arrest, or when syncope or sustained VT persists despite maximal tolerable beta blockade (14). Nevertheless, ICDs should be used with caution since they can trigger electrical storms via a vicious circle of adrenergic stimulation by the delivered shocks in CPVT patients (31).




FUTURE PERSPECTIVES

Arrhythmic events among probands and family members are still challenging. To the best of our knowledge a reliable risk stratification tool lacks in patients with CPVT. Cardiac events may happen in previously asymptomatic mutations carriers, even with negative treadmill tests. Consequently, there is an emerging need to better clarify the individuals at risk for future events. Apart from meticulous family screening mutations carriers identified should be treated with beta-blockers even after a negative exercise test, which can change with time (14).

All CPVT patients should have a genetic diagnosis, that might further assist to an individualized treatment. Moreover, in concordnace with other cardiac channelopathies a risk stratification model should be developed in order to identify patients at higher risk. Novel therapeutic strategies are also needed, especially for non-responders to current therapeutic options. An interesting perspective for the future is gene-therapy, which entails a therapy targeted at correcting the genetic mutation responsible for the disease (33, 34).



CONCLUSION

Current evidence suggests that risk stratification in mutation carriers is mandatory along with new therapies, especially for young patients, who survived aborted cardiac arrest or those with poor beta-blocker efficacy.

Beta-blockers is still the cornerstone in treating CPVT patients. ICDs should be considered only as a last resort taking into account their potentially harmful effect in CPVT patients, especially in children.
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Patient history

18 y.0 female
Syncope

65 y.ofemale
Syncope
62y.0 male
41 yo female

27 yo male
Coupling interval 260-300ms
3 patients,

mean age 62 y.o

VF during fever episodes

21 yofemale

Electrical storm

24y0male

Syncope

17 yo male
Aborted sudden cardiac death
due to IVF

25 y0 female

syncope

150 ICD therapies in 9 years
10y.0 male

syncope

Atrial fibrilation

30 ICD shocks in 2 months

5 patients, mean age 30 & 12
years

Multiple ICD shocks and
electrical storm

29y.0 female

Multiple ICD shocks for VF
episodes.

Male
Electrical storm

39y.0 male
Multiple syncopes

2 patients = 40 and 24 y.o
females

syncope and cardiac arrest
respectively

44y.0 male

Electrical storm

32y male
Syncope

Mapping and ablation
Septal RVOT
RVOT

Postero-septal RVOT
PVC coupling interval = 240ms

Duration 140 ms

Inferolateral border of the right ventricle

Late sharp potential recorded in sinus rhythm and preceding
the PVCs

Free wall of the RVOT

Sharp potential 80ms before PVC onset

Coupling intervals = 240 and 320ms

Purkinje potential preceding the PVC

(anterior RV)

Purkinje from the right bundle preceding the PVC initiation VF
by 72ms

Coupling interval = 280-320ms.

2 PVC morphologies = RVOT + RV apex

Few PVCs recorded during the procedure

Ablation based on pacemapping and targeting Purkinje
potential in the RV apex

Coupling interval = 360ms

Ablation at the anterolateral wall of the RVOT based on the
earliest activation site and pacemapping

PVCs originating from the Purkinje network

4 PVG morphologies:

2 short coupled (268+/110ms) with a large QRS (161
7ms)

2longer coupled PVCs (422 25 ms) and narrower QRS
(118 9ms)

Mapping performed using a basket catheter

PVGs arising from the left ventricular posteromediial papillary
muscle in 4 cases and from the right ventricular postero
lateral papillary muscle in 1 case.

PVC with different morphologies
Ablation targeting earliest anterior and posterior Purkinje
potentials

2 PVCs initiating VF
The first arising from the right Purkinje preceding the PVC by
28ms. The second arising from the RVOT.

PVGs arising from the right Purkinje preceding the PVC by
15ms.

PVCs arising from the posterior fascicle in the first case and
from the RVOT in the second case

PVCs arising from the moderator band mapped using the
Pentaray catheter

Purkinje potentials preceding the PVC by 103 ms

Ablation targeted Purkinje potentials at the moderator band
PVC arising from the posterior fascicle

Purkinje potentials preceding the PVC by 34ms

Ablation based on pacemapping and the site of earliest
activation

Outcome
No VF recurrence after 3 years
No VF recurrence after 18 months.

No VF recurrence after 20 months
No VF recurrence after 6 months

No VF recurrence after 11 months of
follow-up

No VF recurrence after 9, 18 and 22
months.

No VF recurrence after 12 months

VF recurrence after @ months due to
PVCs of similar morphology

Redbo ablation was associated with
VF Freedom after 1 year-follow-up

Acute success with no VF/PVT
recurrence during the 2 weeks after
the procedure

No VF recurrence after 2 years

No VF recurrence after 21 months.
using quinidine

No VF recurrence after 58 + 11
months.

Recurrence of 3 VFF episodes after 96
months

No VF recurrence after administration
of atenolol and disopyramide

2 early recurrences of VF episodes
initiated by PVC s from the RV with
different morphologies.

No VF recurrence after 3 years

No VF recurrence after 17 and 42
months respectively

No VF recurrence after ablation

Recurrence of 1 VF episode after 2
year follow-up

ICD, implentable cardioverter defibrillator; PVC, premature ventricular contraction; PVT, polymorphic ventricular tachycardia; RV, right ventricle; RVOT, right ventricular outflow tract; VF;

ventricular fibrillation.
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Class |

Class lla

Class llb

Class lll

1. ICD implantation is recommended in patients with a diagnosis
of early repolarization syndrome who have survived a cardiac
arrest.

2. Isoproterenol infusion can be useful in suppressing electrical
storms in patients with a diagnosis of early repolarization
syndrome.

3. Quinidine in addition to an ICD can be useful for secondary
prevention of VF in patients with a diagnosis of early repolarization
syndrome.

4.1CD implantation may be considered in symptomatic family
members of early repolarization syndrome patients with a history
of syncope in the presence of ST segment elevation >1mm in 2 or
more inferior or lateral leads.

5.1CD implantation may be considered in asymptomatic
indivicuals who demonstrate a high-risk early repolarization ECG
pattern (high J-wave amplitude, horizontal/descending
ST-segment) in the presence of a strong family history of juvenile
unexplained sudden death with or without a pathogenic mutation.
6. 1CD implantation is not recommended in asymptomatic
patients with an isolated early repolarization ECG pattern
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Condition P/LP vus B/LB Conflicting interpretation

ACM 83 110 66 31
OV phenotype 6 19 4 2
Cardiomyopathy 2 1

HCM 1 1
DCM 1

VF 1
VT 2

LVNC 1

P, Pathogenic; LR, Likely Pathogenic; VUS, Variant with uncertain significance; B, Benign;
LB, Likely Benign; ACM, Arrhythmogenic Cardiomyopathy; GV, Cardiovascular; HCM,
Hypertrophic Cardiomyopathy; DCM, Dilated Cardiomyopathy; VF, Ventricular Fibrilation;
VT, Ventricular Tachycardia; LYNC, Left Ventricular Non Compaction.





OPS/images/fcvm-05-00184/fcvm-05-00184-t002.jpg
Variants

©.2489+1G>A
p.Ag735Ter
©.2146-1G>C
P.GIUBETTer
p.AIgB5 1Ter
p.GIn638Ter
.1683+1G>A
p.TipS38Ter
¢.1378+1G>C
pArg413Ter
p.AIg388Trp
p.GIn378Ter
poyr221Ter
pTip123Ter
p.Leu771ProfsTer2
p.Arg79Ter
p.His318TrpfsTer 0
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#rs

rs111517471
15121434421
rs193922674
rs3975170156
rs751288871
rs397517012
rs397517003
rs193922672
rs397516994
rs372827156
rs766209297
rs397516986
rs767987619
1s774663443
rs121434420

NA

NA
rs745882420
15772220644

Allele count

Allele frequency

2,17E-05
4,08E-06
3,61E-05
4,08E-06
7,22E-08
7,22E-06
4,07E-06
1,22E-05
4,07E-06
1,44E-05
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7,22E-06
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Characteristics Type 1BrS Non-type 1BrS  P-value

(n=22) (n=29)
Male sex 20(91%) 26 (92%) 06298
Age (years)¥ 585(515-67.0)  57.0(36.0-700) 06343
CD insertion 15 (68%) 621%) 0.0005
Appropriate ICD shocks 3(14%) 1(3%) 02966
Syncope 15 (68%) 10 (34%) 0.0245
Spontaneous VT 5(23%) 2(17%) 02163

Data were presented as number (%), ¥ median (lower quartile to upper quartile). P-value
were obtained from Fisher's exact test (for frequency data) or Kruskal-Wallis ANOVA (for
continuous data).
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* Metabolic disorders: Hypothermia, hyperthermia, hypocalcernia,
hyperpotassemia

* Hypertensive heart disease

* Athlete’s heart

* Myocardial ischemia (e.g., anteroseptal acute myocardial
infarction)

o Thymoma

* Aottic dissection

o Arrhythmogenic right ventricular cardiomyopathy

* Takotsubo cardiomyopathy

Intracerebral bleeding, acute cerebrovascular accident

Pericardial disease, Myocardial tumor, and Myocarditis

Chagas disease

Cocaine intoxication
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Region most involved
Leads affected

Global Incidence

Incidence of late potential in
signal- averaged ECG
Prevalence of atrial
fiorillation

Effect of sodium channel
blockers on surface ECG
Structural changes,
including mild fibrosis and
reduced expression of Cx43
in RVOT

Brs

RVOT
V4-Vg, V5, V6, I,
1ll, aVF (inferior and
lateral
repolarization
cases)

Asia BS > ERS

Higher
Higher
Increased J-wave

Higher in severe
forms of the
syndrome

ERS
Inferior LV wall

11 1, aVF, Vg, Vs,
Ve; aVL

Europe BS = ERS
(not confirmed)
Lower

Unknown

Reduced J-wave

Unknown





OPS/images/fcvm-05-00161/fcvm-05-00161-t004.jpg
Locus Gene lon channel Percent of

probands
ERS1 1201123 KONUB 1 lk_ATP <1%
ERS2 12133 CACNAIC Llca 4.1%
ERS3  10p1233  CACNB2b Vica 83%
ERS4 72141 CACNA2D1 Llca 4.1%
ERS5  12p12.1 ABCCY Hc_arp <1%
ERS6 3021 SCNSA ™ <1%

ERS7 3p22.2 SCN10A 1 INa <1%
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Gene
CACNA2D1

CACNATC
CACNB2

KCNQ1

KCNH2

KCNJ2

SLC4A3
SCNSA

Protein

Calcium Voltage-Gated Channel Auxiliary Subunit a2/31
Caloium Voltage-Gated Channel Subunit Aiphat G (Cav1.2)
Calcium Voltage-Gated Channel Auxiliary Suburit Beta 2 (CavB2)

Potassium Voltage-Gated Channel Subfamily Q Member 1 (Kv7.1
orkv1.9)

Potassium Voltage-Gated Channel Subfamily H Member 2 (\ERG
orkvit.1)

Potassium Voltage-Gated Channel Subfamily J Member 2 (Kv2.1
orkKir2.1)

Solute Carrier Family 4 Member 3
Sodium channel, voltage gated, type V « subunit (Nav1.5)

BrS, Brugada Syndrome; SQTS, Short QT Syndrome.

Phenotype
BrS + Short QT interval

BrS + Short QT interval
BrS + Short QT interval

sqTs
sQTs

sQTs

sQTs
BrS + Short QT interval

Prevalence
<1%

<1%
<1%

<5%

15%

<56%

<1%
<1%
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1. Clinical History

* Unexplained cardiac arrest, documented ventricular
fibrilation or polymorphic ventricular tachycardia

+ Suspected arhythmic syncope

* Syncope of unclear mechanism/unclear etiology

II. Twelve-Lead ECG

* Pattern A: ER > 0.2mV in > 2 inferior and/or lateral
ECG leads with horizontal/ descending ST segment

« Patten B: Dynamic changes in J-point elevation
(20.1mV) in > 2 inferior and/or lateral ECG leads.

« Patten C: > 0.1 mV J-point elevation in at least 2
inferior anc/or lateral ECG leads.

Ill. Ambulatory ECG Monitoring

+ Short-coupled premature ventricular contractions with
R on ascending limb or peak of T wave

IV. Family History

* Relative with definite ERS

* 2 first-degree relatives with a ILA. ECG pattern

* First-degree relative with a Il A, ECG pattern

* Unexplained sudden cardiac death ,45 years in a first-
or second-degree relative

V. Genetic Test Result

« Probable pathogenic ERS susceptibity mutation

Score (requires at least 1 ECG finding)

* 2 5 points: Probable/ definite early repolarization
syndrome

 3-4.5 points: Possible early repolarization syndrome

* < 3 points: Nondiagnostic

Points

BRISENY

05
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