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Introduction

Cardiac repolarization abnormalities can be caused by a large number of cardiac specific or nonspecific pharmaceutical compounds, as well as by genetic mutations [START_REF] Schwartz | Long-QT syndrome: from genetics to management[END_REF], pathologies (e.g. heart failure [START_REF] Coronel | Electrophysiological changes in heart failure and their implications for arrhythmogenesis[END_REF]) or dietary interventions [START_REF] Den Ruijter | Dietary fish oil reduces the occurrence of early afterdepolarizations in pig ventricular myocytes[END_REF]. Action potential (AP) prolongation can lead to life-threatening Torsade de Pointes (TdP) ventricular arrhythmia [START_REF] Dessertenne | Ventricular fibrillation and torsades de pointes[END_REF], whereas regional AP prolongation can contribute to the occurrence of unidirectional block and reentrant arrhythmia. Both mechanisms may deteriorate into ventricular fibrillation (VF) which is lethal.

The ability to maintain repolarization despite the inhibition of one or more repolarizing currents has been termed 'repolarization reserve' . This concept of repolarization reserve has been applied to understand the mechanisms that can lead to repolarization failure (RF). According to this concept, impairment of one particular repolarizing current does not necessarily result in RF due to the presence of other repolarizing currents. Drug effects on a specific repolarizing current (such as the rapid delayed rectifier K+ current (I Kr )) can result in arrhythmic AP prolongation abnormalities in hearts, especially when repolarization reserve is already compromised due to pharmacological, pathological, or preexisting congenital conditions (the Long QT Syndromes). However, no metric exists to quantify repolarization reserve.

In this paper, we demonstrate that repolarization is an all-or-none phenomenon which can be used to quantify repolarization reserve. Based on single cell computer simulations of various cell types, we show that repolarization has a clear threshold. We reproduce the phenomenon in several biological cell types, and introduce a novel, simple, fast and unambiguous, quantitative definition of repolarization reserve, called the repolarization reserve current (RRC). Finally, we show the utility of the metric by demonstrating how it identifies torsardegenic risk for several compounds and how it compares to the established but experimentally less easily applicable risk assessment metric qNet.

Methods

Repolarization Reserve Current

We propose a definition of Repolarization Reserve Current (RRC) as the minimum constant current injected into a single cell 4 ms after the upstroke that produced a repolarization abnormality. A repolarization abnormality was defined as one of the two following conditions occurring before the end of the constant current pulse: 1. A failure to complete repolarization (RF), or 2. An early afterdepolarization (EAD). The latter was defined as a polarizing inflection of membrane voltage with subsequent return to the resting membrane potential. RRC is defined in units of pA/pF.

Cell simulations

The Cardiac Arrhythmia Research Package (CARP) was used for all cell simulations [START_REF] Vigmond | Computational tools for modeling electrical activity in cardiac tissue[END_REF] . RRC was measured in several cellular models: rabbit ventricular cell models: Mahajan-Shiferaw (UCLA-RAB) [START_REF] Mahajan | A Rabbit Ventricular Action Potential Model Replicating Cardiac Dynamics at Rapid Heart Rates[END_REF], Shannon-Bers (SHB) [START_REF] Shannon | Potentiation of Fractional Sarcoplasmic Reticulum Calcium Release by Total and Free Intra-Sarcoplasmic Reticulum Calcium Concentration[END_REF]; canine ventricular cell model: Fox-Gilmour (FOX) [START_REF] Fox | Ionic mechanism of electrical alternans[END_REF]; human ventricular cell models: Grandi-Bers (GPB) [START_REF] Grandi | A novel computational model of the human ventricular action potential and Ca transient[END_REF], ten Tusscher-Panfilov (TT1) [START_REF] Ten Tusscher | A model for human ventricular tissue[END_REF], O'Hara-Rudy (ORd) [START_REF] O'hara | Simulation of the Undiseased Human Cardiac Ventricular Action Potential: Model Formulation and Experimental Validation[END_REF]; human atrial cell models: Courtemanche-Nattel (CM) [START_REF] Courtemanche | Ionic mechanisms underlying human atrial action potential properties: insights from a mathematical model[END_REF], Nygren-Wiles (NYG) [START_REF] Nygren | Mathematical model of an adult human atrial cell: the role of K+ currents in repolarization[END_REF]; guinea-pig ventricular cell model: Luo-Rudy (LRD) [START_REF] Luo | A dynamic model of the cardiac ventricular action potential. I. Simulations of ionic currents and concentration changes[END_REF]; and hiPSC-CMs [START_REF] Paci | Computational Models of Ventricular-and Atrial-Like Human Induced Pluripotent Stem Cell Derived Cardiomyocytes[END_REF]. ORd and atrial and ventricular hiPSC-CM models were used for further analysis of the RRC concept. To prevent spontaneous activity in hiPSC-CMs, I K1 conductance was increased 4-fold in atrial and 1.5-fold in ventricular hiPSC-CM cell models. All cell models were paced to steady-state at a fixed cycle length (CL=1000 ms) before analysis. For bradycardia simulations shown in Fig. 1, a CL=2000 ms was used.

Drug simulations

The effects of 12 CiPA training compounds were simulated using a conductance-block model of drug block. In this model, conductance of the ion channel targeted by drug is reduced as a function of IC 50 value and drug concentration (denoted by [D]).

𝐺 = 𝐺

𝑐𝑜𝑛𝑡𝑟𝑜𝑙 [1 + ( [𝐷] [𝐼𝐶 50 ] ) ℎ ] -1
where, G control is the maximal conductance of the channel. The 12 compounds are: quinidine, bepridil, dofetilide, sotalol (representing high risk TdP drugs), chlorpromazine, cisapride, terfenadine, ondansetron (representing intermediate risk TdP drugs), diltiazem, mexiletine, ranolazine, and verapamil (representing low risk TdP drugs). In simulations, the drug concentrations were varied between 0.5-25 times C max , the maximum effective therapeutic free plasma concentration. The values of IC 50, Hill coefficient h, and C max were taken from Dutta et al [START_REF] Dutta | Optimization of an In silico Cardiac Cell Model for Proarrhythmia Risk Assessment[END_REF].

Recently, a metric called qNet has been shown to be a suitable metric to predict TdP risk over a range of drugs and concentrations in in silico studies [START_REF] Dutta | Optimization of an In silico Cardiac Cell Model for Proarrhythmia Risk Assessment[END_REF]. Using the ORd ionic model [START_REF] O'hara | Simulation of the Undiseased Human Cardiac Ventricular Action Potential: Model Formulation and Experimental Validation[END_REF], qNet is the sum-total of charge over the action potential as carried by six major ionic currents: late Na + (NaL), L-type Ca 2+ (CaL), transient outward (to), rapid delayed rectifier K + (Kr), slow delayed rectifier K + (Ks), and inward rectifier K + (K1). It is calculated as

𝑞𝑁𝑒𝑡 = ∫ (𝐼 𝑁𝑎𝐿 + 𝐼 𝐶𝑎𝐿 + 𝐼 𝑡𝑜 + 𝐼 𝐾𝑟 + 𝐼 𝐾𝑠 + 𝐼 𝐾1 ) 𝐴𝑃 𝑑𝑡

Experiments

The study was approved by the Medical Ethics Committee of the Amsterdam UMC, location AMC, and the University Medical Center Göttingen (Az 21/1/11). Written informed consent was obtained from the adult healthy individual from whom the hiPSC line was generated.

Guinea-pig ventricular cardiomyocytes and hiPSC-CMs preparations

Guinea-pigs (n=5) were first anesthetized using a lethal intraperitoneal injection of Fatal Plus (Vortech Pharmaceuticals, MI, USA), 1.5 mL/kg. After removal, hearts were retrogradely perfused with Langendorff apparatus and myocytes were isolated from the left ventricle by enzymatic digestion using Liberase TL (Roche, Basel, Switzerland). For electrophysiological measurements, cells were placed on coverslips previously coated with 0.1% poly-L-lysine solution for 15 minutes. Quiescent, rod-shaped cross-striated cells with smooth surface were selected for measurements. Further details are mentioned in [START_REF] Groenendaal | Cell-specific cardiac electrophysiology models[END_REF].

hiPSC-CM Human inducible pluripotent stem cells (hiPSC) [START_REF] Dudek | Cardiolipin deficiency affects respiratory chain function and organization in an induced pluripotent stem cell model of Barth syndrome[END_REF] were differentiated into cardiomyocytes using a small molecule-based protocol in chemically defined medium and serum-free conditions as described previously [START_REF] Lian | Directed cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/$-catenin signaling under fully defined conditions[END_REF]. Enrichment of hiPSC-CMs was accomplished by glucose-depleted culture medium containing 4 mmol/L lactate during day 20-26 of differentiation [START_REF] Tohyama | Distinct Metabolic Flow Enables Large-Scale Purification of Mouse and Human Pluripotent Stem Cell-Derived Cardiomyocytes[END_REF]. For electrophysiological experiments, hiPSC-CM cultures were enzymatically dissociated into single cells and plated at a low density on Matrigel-coated coverslips for 10-12 days [START_REF] Meijer Van Putten | Ion channelopathies in human induced pluripotent stem cell derived cardiomyocytes: a dynamic clamp study with virtual IK1[END_REF]. Previous experiments using these protocols and hiPSC-CM line demonstrated that the vast majority of the cells had a ventricular AP morphology [START_REF] Veerman | hiPSC-derived cardiomyocytes from Brugada Syndrome patients without identified mutations do not exhibit clear cellular electrophysiological abnormalities[END_REF]. To increase the amount of hiPSC-CMs with an atrial AP morphology, 1 µmol/L retinoic acid (Sigma) was added from day 4 to 7 of differentiation. For electrophysiological measurements, we selected spontaneously beating hiPSC-CMs (<1 Hz) which allows overdrive stimulation at a fixed stimulus rate of 1 Hz [START_REF] Verkerk | Patch-Clamp Recording from Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes: Improving Action Potential Characteristics through Dynamic Clamp[END_REF].

Biological Experimental Methods

Electrophysiology

APs were measured at 37°C using the perforated patch-clamp technique with an A-M Systems (Sequim, WA, USA) model 2400 patch-clamp amplifier and an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA) for guinea-pig and hiPSC-CMs, respectively. Data acquisition and amplifier control was accomplished using RTXI (rtxi.org; guinea-pig) or custom software (hiPSC-CMs). Extracellular Both atrial and ventricular hiPSC-CMs are frequently depolarized, often exhibit a decreased (less negative) maximum diastolic potential [START_REF] Verkerk | Patch-Clamp Recording from Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes: Improving Action Potential Characteristics through Dynamic Clamp[END_REF]. We used dynamic clamp (for review, see [START_REF] Ortega | Applications of Dynamic Clamp to Cardiac Arrhythmia Research: Role in Drug Target Discovery and Safety Pharmacology Testing[END_REF]) to inject an in silico 4 A/F I K1 with a K ir 2.1-like current-voltage relationship [START_REF] Meijer Van Putten | Ion channelopathies in human induced pluripotent stem cell derived cardiomyocytes: a dynamic clamp study with virtual IK1[END_REF] [START_REF] Verkerk | Patch-Clamp Recording from Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes: Improving Action Potential Characteristics through Dynamic Clamp[END_REF] to obtain close-to-physiological resting membrane maximum diastolic potentials and to prevent spontaneous activity during the RRC stability test.

Repolarization reserve current measurement and stability test

Data acquisition and experimental protocols were performed using a customized module for the Real-Time eXperimental Interface (RTXI) [START_REF] Patel | Hard real-time closed-loop electrophysiology with the Real-Time eXperiment Interface (RTXI)[END_REF]. RRC magnitude was measured through a threshold protocol, where a post-stimulus current was injected every third stimulation during 1 Hz pacing. With stepwise increments of 10 and 2 pA for guinea-pig and hiPSC-CMs respectively, the current was increased until a large (> 40%) change in APD was detected when compared to previous post-stimulus injection. The value of the current increment was lower in hiPSC-CMs because C m is approximately 5-6 times smaller in hiPSC-CMs (see below). After RRC measurement, a randomized protocol to test stability of RRC was performed during a 100-beat protocol at 1 Hz pacing. During every third beat of this protocol, there was a 50% chance of application of a post-stimulus current, which would either be sub (10% below RRC) or supra (10% above RRC) RRC. The threshold level of ± 10% was chosen as the minimum percentage change of RRC where clearly different AP morphology would be experimentally observed, i.e., normal versus abnormal repolarization.

Data analysis

MATLAB scripts were used to calculate AP metrics. R scripts were used to construct data plots. Due to less negative resting membrane potential during post-stimulus current injections, APD was calculated as a return to 50% repolarization (APD 50 ). An APD 50 value of CL during current injection was defined as RF.

Statistics

Data are presented as mean ± S.E.M. Two groups were compared with unpaired t-test or repeated measures ANOVA followed by pairwise comparison using the Student-Newman-Keuls test. P<0.05 was considered statistically significant.

Results

Simulation studies

Species differences of Repolarization Reserve Current. Simulations

The protocol for the determination of RRC is shown in Fig 1A . In this example using ORd with a CL of 2000 ms, an inward current greater than 0.7 pA/pF causes an EAD. This current was defined as the repolarization reserve current (RRC) for that particular cell and CL. The normal AP at CL=2000 ms is indicated in green.

To test the generality of the concept of determination of RRC, we applied the technique of measurement of RRC to several ionic cell models. In all these models of different species and heart regions, there was a threshold of injected current that led to repolarization abnormalities. The composite results of these numerical experiments are presented in Fig 1B.

Ionic mechanisms of repolarization abnormalities

The ionic mechanisms underlying the development of repolarization abnormalities during a human [START_REF] O'hara | Simulation of the Undiseased Human Cardiac Ventricular Action Potential: Model Formulation and Experimental Validation[END_REF]. However, in that case, the initial charge carrier for EAD was I CaL as it recovers from inactivation. Here the initial charge carrier is I inj .

Moreover, here the membrane potential reversed polarity at -55.5 mV, a voltage at which I CaL is fully recovered from inactivation. 

RRC calculations

Biological studies

Typical superimposed APs with increasing amount of injected current and eventual repolarization failure are shown in a ventricular (Figure 3A) and an atrial hiPSC-CMs (Figure 3B). A boxplot of RRC of all cells is shown in Figure 3C. The repolarization reserve is significantly higher in atrial-like hiPSC-CMs. On average, RRC is 1.34±0.11 pA/pF in atrial (n=8) and 0.84±0.09 pA/pF in ventricular (n=8) cells. Next, we analyzed the AP repolarization rate (dV/dt) as a function of membrane voltage in ventricular and atrial hiPSC-CMs (Figure 3D). Atrial-like hiPSC-CMs have a significantly higher repolarization rate at -30 mV, more positive potentials, and repolarization rate correlates with RRC (p=0.0002).

We next studied whether the RRC depends on cell size and APD. Figure 4A shows the RRC in pA versus the capacitance of ventricular (left panel) and atrial (right panel) hiPSC-CMs. In both cell types there is a clear correlation (p=0.00004; ventricular, p=0.00006; atrial). Figure 4B shows the RRC (in pA/pF) versus the capacitance and no correlation (p=0.02465; ventricular, p=0.62479; atrial) is observed, indicating that RRC (in pA/pF) is unrelated to cell size. Figure 4C shows that there is no clear relation (p=0.04064;ventricular, p=0.84536; atrial) between the APD 50 vs RRC. In guinea-pig cells, no correlation was found between the RRC (in nA) versus the capacitance (p=0.48872), and the APD 50 vs RRC (p=0.91129) (Figure 4D).

Risk level stratification of CiPA training compounds

We compared the RRC and the q Net metric over a range of drug doses ranging from 0.5 to 25 times C max , the maximum plasma clinical drug exposure, in a simulation study. ORd model and human iPSC-CMs models (atrial and ventricular [START_REF] Paci | Computational Models of Ventricular-and Atrial-Like Human Induced Pluripotent Stem Cell Derived Cardiomyocytes[END_REF]) were used. Figure 5 shows RRC and q Net as a function of C max for drugs in high (indicated by red), intermediate (indicated by blue) and low (indicated by green) risk categories. The RRC and q Net metrics have very similar capabilities in classifying the 12 drugs tested into low, intermediate and high risk levels, although several misclassifications occurred. For example, chlorpromazine and mexiletine display a different order of repolarization reserve metric in the human ventricular cell model. Importantly, while q Net is limited to computational studies, RRC can be used to test drugs experimentally. In the computational study, RRC and q Net are highly correlated (Figure 6) in each of the models of human ventricular cell (R=0.99), iPSC human atrial cell (R=0.98) and iPSC human ventricular cell (R=0.94). Three drugs in each of the low (Diltiazem), intermediate (Chlorpromazin) and high (Bepridil) TdP risk categories is shown.

Effect of Drugs on RRC

In a final set of experiments, we tested the effects of I CaL and I Kr blockade on the RRC in ventricular like hiPSC-CMs. Pre-incubation with 100 nmol/L nifedipine, to block ~50% I CaL [START_REF] Eroglu | Differential effects on out-of-hospital cardiac arrest of dihydropyridines: real-world data from population-based cohorts across two European countries[END_REF] resulted in a significantly higher RCC, while pre-incubation with 100 nmol/L E-4031, almost complete block of I Kr [START_REF] Gibson | Human stem cellderived cardiomyocytes detect drug-mediated changes in action potentials and ion currents[END_REF], resulted in a significantly lower RRC (Figure 7). In this case, shortening of APD was associated with a higher RRC, while longer APDs were associated with a lower RRC.

Discussion

This study shows that RRC is a stable, fast, simple and reproducible metric that can be obtained from a single cell and that has significant heterogeneity between cells. It is a straightforwardly obtained metric to quantify repolarization reserve, and it can identify drug effects in simulation studies that may lead to TdP (Figure 5). We show that RRC is not necessarily correlated to APD prior to current injection within a cell population. The RRC was also measured in biological models (hiPSC-CM) of ventricular and atrial cells showing a high degree of similarity with the simulations.

We have demonstrated, for the first time, that prolonged repolarization leads to an all-or-none phenomenon for depolarizing current injection. We exploited this property to develop a new measure for quantifying repolarization reserve. To quantify this reserve, we added the critical constant inward current from the beginning of the AP leading to repolarization abnormalities. We then verified the procedure in real myocytes using guinea-pig ventricular myocytes and atrial and ventricular hiPSC-CMs.

Weidmann has shown that applying outward currents during the plateau to induce premature repolarization was an all-or-none phenomenon [START_REF] Weidmann | Effect of current flow on the membrane potential of cardiac muscle[END_REF]. We have applied inward current (of opposite polarity) during the plateau to prevent repolarization. APD prolongation was associated with increased current amplitude up to the point at which either RF or an EAD occurred (Figure 1E). Thus, any arbitrary APD cannot be obtained by adjusting the magnitude of the injected current in steps as small as 0.01 pA/pF. Therefore, for all practical purposes, there exists a point of discontinuity where the current either causes an EAD or RF, and APD increases abruptly, consistent with an all-or-none repolarization.

We then demonstrated that RRC is reproducible and stable. Most cells responded consistently to the application of sub-and supra-RRC currents (Figure 2C). In a small number of cells, however there was a single error event that did not correspond to the expected stimulus response. These single events may be attributed to beat-to-beat variations in the cell or transient environmental factors. If there were more than one error, the errors were always consistent for each cell. This suggests a slower change in the cell state, rather than a beat-to-beat variation, was responsible. These changes could be due to many possible mechanisms, such as the opening of I KATP channels in response to increased ADP or a change in Ca 2+ kinetics leading to reduced inward Ca 2+ currents.

Prediction of drug-induced Torsade de Pointes

In multicellular models, electrotonic loading may cause portions of the tissue to act as current sinks, therefore decreasing the total amount of current available for repolarization. If current received by a sink is greater than the RRC, RF/EAD may occur that can lead to the formation of TdP. This has been demonstrated in simulations where reduced repolarization reserve by 50% I Kr block led to the formation of microreentry circuits between intramural endocardial-epicardial layers [START_REF] Dutta | Early afterdepolarizations promote transmural reentry in ischemic human ventricles with reduced repolarization reserve[END_REF]. Therefore, a tissue substrate with higher repolarization reserve may prevent electrotonically-triggered EADs. The RRC metric is a measure for the arrhythmogenic propensity of the underlying tissue substrate.

The prediction of drug-induced TdP is an unresolved issue in drug development. The current TdP surrogate markers, i.e., I Kr block and QT prolongation are nonspecific and prevent the development of efficacious, nontorsadegenic drugs [START_REF] Turner | Drug-induced Proarrhythmia and Torsade de Pointes: A Primer for Students and Practitioners of Medicine and Pharmacy[END_REF]. Therefore, the comprehensive in-vitro proarrhyhmia assay (CiPA) was proposed as a paradigm to assess drug TdP risk. The paradigm combines drug effects on multiple ion channels in vitro with in-silico modeling of drug effects on the human ventricular myocyte model, ORd [START_REF] Sager | Rechanneling the cardiac proarrhythmia safety paradigm: A meeting report from the Cardiac Safety Research Consortium[END_REF].

Recently, it was shown that a simulated net charge based metric (q Net ) enables good classification of 12 CiPA training compounds into their known risk categories over a range of drug concentrations [START_REF] Dutta | Optimization of an In silico Cardiac Cell Model for Proarrhythmia Risk Assessment[END_REF]. This metric relies on summing the charge provided by six major currents over a cycle length. Given that a cell that returns to its resting level undergoes a net voltage change of zero, the total amount of charge that is introduced into the cell over the cycle length must be zero. Therefore, q Net can also be viewed as the negative of the amount of charge not carried by the six major currents, and its applicability is less clear. Moreover, q Net is expected to be model-dependent and a function of cell type. This was evident in our simulations which showed near zero values of q Net in ORd but an order of magnitude higher in human hiPSC-CM models. This difference could be due to the presence of significant amount of hyperpolarization-activated funny current (I f ) in hiPSC-CMs but not in human ventricular cells.

On the other hand, RRC was of same order of magnitude across different cell types (Figure 1B, Figure 5).

Experimentally, it would be extremely difficult to measure q Net as it would require applying six highly specific channel blockers. Furthermore, the RRC takes whole-cell dynamics into account rather than only a selected group of ion currents. Although this is more straightforward and takes the net current into account our approach has the disadvantage that potential novel critical repolarizing currents are overlooked and the risk of TdP is underestimated. However, this is also the case by applying the q Net technique. Our simulations indicate that RRC metric is at least as good as q Net in classifying the risk levels of known drugs that carry risk for TdP. Importantly, while q Net is limited to computational studies, RRC can be used to test drugs experimentally and is simple to measure.

Recently, Varshneya et al [START_REF] Varshneya | Slow Delayed Rectifier Current Protects Ventricular Myocytes From Arrhythmic Dynamics Across Multiple Species: A Computational Study[END_REF] examined how I Ks and I Kr changed the arrhythmia dynamics across several species. They considered several different ionic models and used I CaL perturbations, which they acknowledged to be problematic since the baseline differed between models. RRC could have been used, and has the advantage that it does not need to be normalized between models. Also, changes in RRC reflect changes in developing arrhythmias.

Tissue Level Arrhythmogenesis

In multicellular models, electrotonic loading may cause portions of the tissue to act as current sinks, therefore decreasing the total amount of current available for repolarization in the source region. For example, if a region has a lower plateau potential than that of an adjacent region, it will act as an intracellular current sink. If current received by the sink is greater than its RRC, RF/EAD may occur that can lead to the formation of TdP. This has been demonstrated in simulations where reduced repolarization reserve by 50% I Kr block led to the formation of microreentry circuits between intramural endocardial-epicardial layers [START_REF] Varshneya | Slow Delayed Rectifier Current Protects Ventricular Myocytes From Arrhythmic Dynamics Across Multiple Species: A Computational Study[END_REF]. Therefore, a tissue substrate with higher repolarization reserve may prevent electrotonically-triggered EADs. The RRC metric is a measure for the arrhythmogenic propensity of the underlying tissue substrate.

Future studies may help characterize the relationship between RRC and propensity for conduction block.

With some basic tissue measurements and RRC, it may be possible to formulate a more precise metric for ease of inducing reentrant arrhythmia.

Advantages

RRC can give a quantitative measure of the importance of a channel for repolarization for cells which are not fully characterized, as well as give as indication of how susceptible a tissue is to repolarization-induced arrhythmia. Because RRC is a simple functional metric, it can be measured in cardiac cells with a straightforward protocol without the need to apply channel blockers. Because it does not rely on any particular channel currents, it can be calculated for any species or for any genetic mutation. The latter is important given that mutant channels may behave quite differently and their contribution to repolarization may not be straightforward to determine. RRC is determined by a global, functional behavior, and can be followed by specific characterization of individual channels contributing to reduced repolarization reserve. By using hiPSC atrial and ventricular cardiomyocytes, we showed that the screening method works for personalized therapies using cells derived from the patient.

Relation with APD

It has been suggested that a reduced repolarization reserve is equivalent to prolonged repolarization [START_REF] Roden | Taking the "idio" out of "idiosyncratic": predicting torsades de pointes[END_REF]. We show that RRC is not always correlated to APD prior to current injection. Second, it implies that indeed between patients with the same QT interval, different arrhythmia risks may exist, and that patients with highly different QT intervals may not be at different risks of arrhythmias [START_REF] Milberg | Divergent Proarrhythmic Potential of Macrolide Antibiotics Despite Similar QT Prolongation: Fast Phase 3 Repolarization Prevents Early Afterdepolarizations and Torsade de Pointes[END_REF]. From a mechanistic point of view this observation implies that two sections of the heart can be prone to EADs and arrhythmogenesis while their APD is not the same, or that two cardiac regions have the same APD but a different risk of EADs.

Conclusion

Repolarization is an all-or-none phenomenon. RRC constitutes a straightforward and easy to implement method to quantify repolarization reserve. The method can be used in high throughput applications. 

Figure captions

Highlights

 Repolarization is an all-or-none phenomenon  The threshold current preventing repolarization (RRC) defines its reserve  RRC was measured in many types of simulated and biological cells  RRC can be used to screen drugs for arrhythmogenicity  RRC has no requirement of prior knowledge of underlying ionic currents 

  solution containing (in mmol/L): 137 NaCl, 5.4 KCl, 2 CaCl 2 , 1 MgSO 4 , 10 HEPES, and 10 glucose, with pH 7.35 (NaOH). Patch pipettes (borosilicate glass; 2-3 MΏ) were filled with solution containing (in mmol/L): 136 KCl, 10 NaCl, 10 CaCl 2 , 5.5 glucose, 0.5 MgCl 2 , 11 KOH, 10 HEPES, 0.52 Amphotericin B, with pH 7.1 (HCl) and osmolality 295 mmol/kg. Total membrane capacitance (C m ) was measured by integrating the area under the capacitance current transients during the average of 500 voltage pulses (10 mV/20 ms) at -80 mV for guinea-pig or by dividing the time constant of the decay of the capacitive transient in response to 5 mV hyperpolarizing voltage clamp steps from -40 mV by the series resistance for hiPSC-CMs. Adequate access for current clamp experiments was defined by a resistance below 50 MΏ. RRC was measured in 29 guinea-pig cardiomyocytes and 16 hiPSC-CMs. Accuracy of C m is reliant on low access resistance, thus guinea-pig cells with an access resistance above 20 MΏ (6/29) were not included in metrics dependent on C m . Prior to any experimental protocol, cardiomyocytes were paced for a minimum of 200 beats at 1 Hz stimulation with 3 ms, 1.2X threshold current pulses through the patch pipette to minimize transient behavior.

  AP in the ORd model, are investigated next. During the unperturbed AP (AP in Fig 1A, green), the major repolarizing currents are I to during phase 1, I Kr in phase 2 and I K1 in phase 3 (Fig 1C). The largest depolarizing currents are I CaL and I NaL . Other currents are also shown (Na + -K + pump current (I NaK ), Na + -Ca 2+ exchanger current (I NaCa ) and I Ks ). During the repolarization reserve protocol, the human AP is significantly prolonged (Fig 1A; red). With an injected current of 0.7 pA/pF, at t=882 ms, the inward injected current (I inj ) is larger than the net ionic current (sum total of all depolarizing and repolarizing currents; I Net ; indicated by dashed line) excluding I inj (Fig 1D). The I net (=0.698 pA/pF) at this time is primarily due to outward I Kr and I K1 with minor contributions from outward I NaK and inward I NaCa . The AP reverses direction at -55.5 mV (Fig 1A), with I inj providing inward current for depolarization. Upon depolarization to -40 mV, I CaL begins to reactivate and provides the upstroke of the EAD. Thus, the initial charge carrier for the EAD was I inj and I CaL reactivation occurred secondary to it. In this case, the repolarization abnormality (in the form of EAD) occurred because the I inj current exceeded I Net determined by I Kr and I K1 (with minor contribution from I NaK ) at -55.5 mV. Note that the magnitude of I inj (-0.7 pA/pF) is large and dominates all the major plateau phase currents. APD is a threshold function of injected current (Fig 1E). Thus, once the injected current exceeds the RRC (0.7 A/F), APD increases significantly from 942 ms (at I inj =0.69 pA/pF) to 2018 (at I inj =0.71 pA/pF) ms. Reactivation of I CaL was also shown to cause EADs when blocking I Kr

Fig

  Fig 2A shows the protocol for measurement of RRC. The injected current is first increased until repolarization abnormalities (either RF or EAD) occur to determine RRC. Then, a stability test is performed,

Figure 1 .

 1 Figure 1. Quantification of repolarization reserve (RR). (A) Protocol to define RR. Constant current is

Figure 2 .

 2 Figure 2. RR iin guinea-pig ventricular myocytes. (A) Typical example of RRC measurement in a biological guinea-pig cardiomyocyte with APs (top) and injected currents (bottom). Every third beat, the cell is injected

Figure 3 .

 3 Figure 3. RR in human-induced pluripotent stem cell cardiomyocytes (hiPSC-CMs). Typical APs in a ventricular (A) and an atrial hiPSC-CM (B) with injected constant current of increasing magnitude until RF

Figure 4 .

 4 Figure 4. Heterogeneity of RRC in guinea-pig ventricular myocytes and human iPSC cells. (A) RRC (in pA) and membrane capacitance (C m ) show positive correlations in ventricular (p=0.00004) and atrial iPSC cells (p=0.00006). (B) When RRC is expressed in pA/pF, there is no correlation (p=0.02465) with C m . (C) APD 50 has a weak correlation (p=0.04064) with RRC in ventricular and no correlation (p=0.84536) in atrial iPSC cells with RRC. (D) RRC (pA) vs membrane capacitance in guinea pig shows no correlation

Figure 5 .

 5 Figure 5. RRC and q Net for the 12 CiPA training compounds for a range of doses (0.5-25x C max ) at 2000 ms cycle length (CL) in human ventricular (A), human iPSC atrial (B) and human iPSC ventricular (C) cell
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 6 Figure 6. RRC and q Net is highly correlated in (A) human ventricular cell model (R=0.99) (B) human iPSC atrial cell model (R=0.98) and (C ) human iPSC ventricular cell model (R=0.94). One drug from each of the
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 7 Figure 7. Effect of drugs on action potential duration (APD) and repolarization reserve current (RRC) in
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