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Péter P. Nánási1*, Esther Pueyo2 and László Virág3
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Editorial on the Research Topic

Perspectives of Antiarrhythmic Drug Therapy: Disappointing Past, Current Efforts, and
Faint Hopes

Present issue is devoted to those areas of cardiac electrophysiology, pathophysiology, and
pharmacology which are critically important to improve the efficacy of antiarrhythmic treatment.
Cardiac arrhythmia is a leading cause of morbidity and mortality, and the history of anti-arrhythmic
drug therapies has been dismal. Development of apparently more and more selective and effective
antiarrhythmic agents has been in the focus of interest of drug research in the past few decades,
however, neither the ideal compound, nor an optimal strategy could be demonstrated so far.
Furthermore, disappointing results have been obtained with several old antiarrhythmic agents, like
many class I/C and class III drugs as documented by the CAST (Investigators of the Cardiac
Arrhythmia Suppression Trial Preliminary report, 1989) and SWORD (Waldo et al., 1995) studies,
respectively. The direct proarrhythmic side-effects of many currently applied antiarrhythmic agents
are evident by now. Some “malpractices” in the past, however, could have been prevented by
studying the actions of conventional antiarrhythmic compounds systematically in a frequency-
dependent manner. One approach may be studying the kinetics of electrical restitution of action
potential duration (APD) as presented by Árpadffy-Lovas et al. in this issue. They studied the
restitution kinetics of APD in many species, including humans, and concluded that in addition to
basic APD, some ion currents, like INa or Ito, may also modify restitution kinetics. Due to the
insufficient therapeutic results in the past we are continuously trying to find new trails, new
antiarrhythmic mechanisms (each of them, of course, will also carry its own pitfalls), such as the
suppression of late Na+ current, application of Na+/Ca2+ exchanger blockers, or selective
manipulation of CaMKII activity. All these ideas are discussed in the present issue in details.

Better understanding of the proarrhythmic mechanismsmayminimize the unwanted side-effects and
yield better therapeutic results. Accordingly, having a deeper insight into the properties of the finely tuned
myocardial Ca2+-handling, its regulatory and modulatory role in the entire cardiac electrogenesis,
including action potential morphology, pacemaker activity, and arrhythmogenesis, may allow the
development of novel antiarrhythmic strategies. The role of pathological Ca2+ handling in development
of cardiac arrhythmias is reviewed in this issue byKistamás et al. Themost important target of intracellular
in.org July 2020 | Volume 11 | Article 111615
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Ca2+ is the calcium-calmodulinkinase II (CaMKII),which is known
to influence several Ca2+ sensitive ion channels. Therefore, it is not
surprising that modification of CaMKII activity is a new and
promising therapeutic strategy as presented by Nassal et al. in this
issue. In addition to activation of CaMKII, changes of intracellular
Ca2+ concentration and transmembraneCa2+ fluxes have emerging
influence on pacemaker activity through the operation of the Na+/
Ca2+ exchanger, as we learn from two articles in this issue—both
from Kohajda et al. These studies focus on interaction between the
“membrane” clock” and “calcium clock”, mechanisms which are
believed to stabilize pacemaker activity of nodal cells (Tsutsui
et al., 2018).

Since cardiac electrogenesis is basedon thewell balancedactivity
of ion channels mediating inward and outward currents,
development of sustained inward currents during the plateau,
seen frequently in the remodeled myopathic hearts, is clearly
proarrhythmic due to the increased incidence of early
afterdepolarizations. Therefore, studies on the late Na+ current,
including its CaMKII-dependent regulation, as presented by
Horváth et al. in this issue, is a new promising area of
antiarrhythmic research. Here is to be mentioned that the
antiarrhythmic efficacy of ranolazine, the well-known inhibitor of
the lateNa+ current, is partially attributable to its inhibitory potency
on TASK1 K+ channels, as reported by Ratte et al. in this issue,
concluding that “this puts forward ranolazine as a prototype drug
for the treatment of atrial arrhythmia because of its combined
efficacy on atrial electrophysiology and lower risk for ventricular
side effects”. Further approach in the treatment of persistent atrial
fibrillation may be the inhibition of other K+ currents, like the
background inward rectifier (IK1) or the acetylcholine-activated
inward rectifier (IK,ACh). Both currents are blocked by the well-
known antimalarial agent, chloroquine (which may probably be
useful against the new COVID pandemy as well). Importantly, the
efficacy against atrial fibrillation correlated with K+ current
inhibiting potencies of the drug, as reported by Tobón et al. in
this issue. In addition to electrophysiological interventions,
supporting the mechanical performance of the heart is also part
ofmodern treatment of atrialfibrillation.According to the report of
Suo et al. in this issue, the angiotensin receptor inhibitor valsartan
displayed beneficial effects in cases of atrial fibrillation and
decreased the level of heart failure.

Cardiac arrhythmias are often consequences of mutations
targeting ion channels of the surface membrane. Thus, expression
and investigation of abnormal (mutant) ion channels, as well as
Frontiers in Pharmacology | www.frontiersin.org 26
determination of the critical molecular segments may help to
develop more effective antiarrhythmic practices, while this track
represents new challenges as well. Since the abnormal ion channels
may be also potential drug targets, their investigation in transgenic
animal models is a promising new field of research as discussed by
Baczko et al. in this issue. In addition to in vivomodeling, in silico
modeling of ion channel gating, arrhythmia incidence, and
antiarrhythmic drug action may further improve our positions in
the antiarrhythmic offensive. Examples for this are provided by
Zhou et al. and Horgmo Jaeger et al.-both studies are presented in
this issue.

Two further reviewarticles in this issuehave tobementioned.The
one by Tosaki gives a general picture vertically from the molecular
mechanisms of cardiac arrhythmias to the new antiarrhythmic
strategies. The other by Szabó et al. does the same from the aspect
of the clinical practice in terms of emergency medicine focusing on
the problem of sudden cardiac death. Both papers give full overview
of the current stage of antiarrhythmic treatment.

Finally, when developing new antiarrhythmic strategies, based
on the suppression or activation of a cardiac ion current, it has to be
born in mind that the evolution had time enough to elaborate the
optimal duration and morphology of the cardiac action potential
(optimal, of course, under physiological conditions only) and their
modification may worsen the arrhythmia incidence. As a
consequence, we can find only better, but not ideal, new drugs
and strategies. Probably the most attractive solution in the future
should be the general introduction of personalized antiarrhythmic
treatment, whichmay improve our chances against life threatening
cardiac arrhythmias.
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Sacubitril/Valsartan Improves Left 
Atrial and Left Atrial Appendage 
Function in Patients With Atrial 
Fibrillation and in Pressure Overload-
Induced Mice
Ya Suo †, Meng Yuan †, Hongmin Li †, Yue Zhang, Ying Li, Huaying Fu, Fei Han, 
Changhui Ma, Yuanyuan Wang, Qiankun Bao * and Guangping Li *

Tianjin Key Laboratory of Ionic-Molecular Function of Cardiovascular Disease, Department of Cardiology, Tianjin Institute of 
Cardiology, the Second Hospital of Tianjin Medical University, Tianjin, China

LCZ696 (sacubitril/valsartan) is an angiotensin receptor-neprilysin inhibitor and has shown 
beneficial effects in patients with heart failure. However, whether LCZ696 protects against 
left atrial (LA) and LA appendage (LAA) dysfunction is still unclear. The present study aimed 
to assess the efficacy of LCZ696 for improving the function of LA and LAA. We performed 
both a retrospective study comparing LCZ696 with angiotensin receptor blockers (ARBs) 
to assess the efficacy of LCZ696 in patients with atrial fibrillation and an animal study 
in a mouse model with pressure overload. LA peak systolic strain, LAA emptying flow 
velocity, and LAA ejection fraction (LAAEF) were significantly increased in patients with 
LCZ696 as compared with ARBs (p = 0.024, p = 0.036, p = 0.026, respectively). Users 
of LCZ696 had a lower incidence of spontaneous echocardiography contrast (p = 0.040). 
Next, patients were divided into two groups (LAAEF ≤ 20% and > 20%). Administration of 
LCZ696 in patients with LAAEF > 20% was more frequent than LAAEF ≤ 20% (p = 0.032). 
Even after controlling for LAA dysfunction-related risk factors (age, atrial fibrillation type, 
old myocardial infarction, hypertension, congestive heart failure, and prior stroke or 
transient ischemic attack), use of LCZ696 remained significantly associated with reduced 
probability of LAAEF ≤ 20% [odds ratio = 0.011; 95% confidence interval (0.000–0.533), 
p = 0.023]. To further confirmed effect of LCZ696 in LA function, we constructed a post-
transverse aortic constriction model in mice. Mice with LCZ696 treatment showed lower 
LA dimension and higher left ventricular ejection fraction and LAA emptying flow velocity 
as compared with mice with vehicle or valsartan treatment. Meanwhile, as compared with 
vehicle or valsartan, LCZ696 significantly decreased LA fibrosis in mice. In summary, we 
provide evidence that LCZ696 may be more effective in improving LA and LAA function 
than ARBs in both humans and mice, which suggests that LCZ696 might be evaluated 
as a direct therapeutic for atrial remodeling and AF.

Keywords: sacubitril/valsartan, atrial fibrillation, left atrial function, left atrial appendage thrombus, atrial fibrosis
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2

InTrODUcTIOn
Patients with cardiogenic embolic stroke have a high prevalence 
of non-valvular atrial fibrillation (AF), which is associated with 
a five-fold increased risk of stroke and a two-fold increased 
risk of both dementia and mortality (Fuster et al., 2006). In 
AF patients, impaired atrial emptying might cause atrial blood 
stasis and enlargement of left atrial (LA), which could further 
offer a suitable terrain for thrombus formation. The left atrial 
appendage (LAA) is an important attachment and reservoir 
of LA, and its effective contraction can prevent blood stasis. 
AF confers an increased risk of stroke owing to the formation 
of atrial thrombus, usually in the LAA (Takada et al., 2001). 
Therefore, it is necessary to preserve the mechanical function 
of LAA to prevent LAA thrombosis and cardiogenic stroke in 
patients with AF (Perez et al., 1997; Verhorst et al., 1997). Several 
parameters measured by transesophageal echocardiography 
(TEE) can reflect LAA dysfunction (Zabalgoitia et al., 1998), 
which can result in LAA thrombus (LAAT) formation. 
Spontaneous echocardiographic contrast (SEC, caused by blood 
stasis or low-velocity blood flow), reduced LAA emptying flow 
velocity (LAAeV), and LAA ejection fraction (LAAEF) can be 
used as effective markers for stratifying thromboembolic risk in 
patients with AF (Kamp et al., 1999).

Activation of the renin-angiotensin-aldosterone system 
(RAAS) in atrial local tissue leads to structural and 
electrophysiological remodeling of the atrium, which further 
increases the susceptibility of atrial arrhythmia and promotes 
the occurrence of AF (Healey et al., 2005). LA and LAA 
function decline with mechanical remodeling of the left atrium, 
and thrombus is more likely to form within the LAA (Sparks 
et al., 1999). With atrial fibrosis, conduction abnormalities 
result in increased AF vulnerability (Jalife, 2014; Jalife and 
Kaur, 2015; Miragoli and Glukhov, 2015; Nattel, 2017). Recent 
studies have implicated that inhibition of RAAS activation can 
moderate atrial remodeling, thereby improving the occurrence 
and development of AF (Jibrini et al., 2008). In previous work, 
we demonstrated that administration of RAAS inhibitors in 
patients with AF might reduce the risk of LAAT by moderating 
atrial remodelling (Suo et al., 2018). In addition, natriuretic 
peptides (NPs) are critical regulators of cardiac structure and 
electrophysiology, modulating ion channel function in the 
heart, including the atrium (Moghtadaei et al., 2016). NPs also 

have anti-fibrotic effects (Rose and Giles, 2008), so they may 
play a protective role against AF development.

LCZ696 (sacubitril/valsartan) is a representative drug 
targeting both the RAAS and NP systems, which blocks the 
angiotensin receptor (AT1), and prevents the degradation of 
NPs via inhibiting neprilysin (Voors et al., 2013). In clinical 
studies, LCZ696 could improve New York Heart Association 
classification and cardio-renal function in patients with different 
types of heart failure, including heart failure with reduced left 
ventricular ejection fraction (HFrEF) and heart failure with 
preserved left ventricular ejection fraction (HFpEF) (Solomon 
et al., 2012; Balmforth et al., 2019). In the PARAMOUNT study, 
patients with LCZ696 showed a significant decrease in LA 
diameter than patients with valsartan (Solomon et al., 2012). 
However, whether the administration of LCZ696 could protect 
against LA and LAA dysfunction has not been elucidated.

Therefore, we undertook this work including both a 
retrospective study comparing LCZ696 with AT1 blockers 
(ARBs) to assess the efficacy of LCZ696 in patients with AF 
and an animal study in a mouse model with pressure overload. 
LCZ696 was more effective than ARBs in preserving LA 
and LAA function. Even when controlling for risk factors 
associated with LAA dysfunction, use of LCZ696 remained 
significantly associated with reduced risk of LAAEF ≤ 20%. 
In addition, we verified that LCZ696 improved LA and LAA 
function and decreased atrial fibrosis in mice with pressure 
overload. Thus, LCZ696 might have potential therapeutic value 
in preventing the incidence of cardiogenic embolic stroke in 
patients with AF.

MATerIALS AnD MeThODS

Study Population
We conducted a retrospective study of all consecutive adult AF 
patients admitted to the Second Hospital of Tianjin Medical 
University from October 1, 2017, to March 31, 2019, and 
underwent both TEE and transthoracic echocardiography (TTE) 
on the same day. The total number of all patients was 468, and 
81 patients were eventually included in the analysis on the basis 
of exclusion criteria (see below). AF and its different types were 
defined according to ESC guidelines for the management of AF 
(Kirchhof et al., 2016) The researchers were unaware of the results 
and recorded the required data, including demographic details, 
LAAT-related risk factors, and LCZ696 or ARB use. Patients who 
used LCZ696 or ARBs for more than 12 weeks were assigned to 
the LCZ696 group and ARB group, respectively. LCZ696 (cat. no. 
H20170362) and valsartan (cat. no. H20040217) were purchased 
from Novartis Pharma Schweiz AG. The CHA2DS2–VASc 
[congestive heart failure, hypertension, age ≥75 years (doubled), 
diabetes mellitus, prior stroke or transient ischemic attack or 
thromboembolism (doubled), vascular disease, age 65 to 74 
years, sex category] point score system was used for stratifying 
ischemic stroke risk among patients with non-valvular AF. 
Other clinical data including vascular disease (peripheral arterial 
disease, carotid disease, venous thromboembolic disease, or 
renal artery stenosis), hyperlipidemia (hypercholesterolemia, 

Abbreviations: AF, atrial fibrillation; ARB, angiotensin receptor blocker; BMI, 
body mass index; CHD, coronary heart diseases; E:e’ ratio, The ratio of the early 
transmitral flow velocity and the early mitral annular velocity; LA, left atrial; LAA, 
left atrial appendage; LAAEF, left atrial appendage ejection fraction; LAAeV, left 
atrial appendage emptying flow velocity; LAAT, left atrial appendage thrombus; 
LAD, left atrial dimension; LAVmax, maximal left atrial volume; LVDd, left 
ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter; 
LVEF, left ventricular ejection fraction; LVPWd, left ventricular posterior wall 
thickness diameter; LVSTd, left ventricular interventricular septum thickness 
diameter; NPs, natriuretic peptides; OMI, old myocardial infarction; RAAS, renin-
angiotensin-aldosterone system; SEC, spontaneous echocardiographic contrast; 
TAC, transverse aortic constriction; TEE, transesophageal echocardiography; 
TGF-β1, transforming growth factor-β1; TIA, transient ischemic attack; TTE, 
transthoracic echocardiography.
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hypertriglyceridemia, mixed hyperlipidemia, and low-/high-
density lipoproteinemia), smoking history (active smoking 
history accumulated over 6 months), drinking history (alcohol 
average >120 g/week), and anti-platelet drug use (aspirin and/or 
clopidogrel for > 12 weeks) were collected.

Patients who did not receive anti-coagulant therapy were 
excluded from this study. Other exclusion criteria were acute 
myocardial infarction, significant valvular disease, congenital 
heart disease, left ventricular (LV) systolic dysfunction [LV ejection 
fraction (LVEF) ≤ 40%], severe respiratory disease, pulmonary 
hypertension, and inadequate quality of echocardiographic 
images. The dysfunction of LA and LAA was the outcome of this 
study. The Local Ethics Committee approved the study protocol, 
with all study subjects providing written informed consent 
(Figure 1).

echocardiography Measurements
Echocardiography examination involved using a commercial 
ultrasonography system (IE33, Philips Healthcare, Inc.). TTE 
involved using a 1–5 MHz phased S5-1 probe, and TEE a 2–7 
MHz 3D matrix array X7-2t probe. All images were analyzed by 
using off-line post-processing with QLAB Software.

The following parameters were evaluated in standard views 
with standard techniques (Lang et al., 2005): LV end-diastolic 
diameter (LVDd), LVEF, LA dimension (LAD), maximal LA 
volume (LAVmax), and ratio of early transmittal flow velocity 
and early mitral annular velocity (E:e’ ratio). Spectral Doppler 
tissue imaging was used to measure tissue Doppler velocity; the 
septal annuli was selected in this study. LA was divided into 13 
segments, and LA peak systolic strain during ventricular systole 
was calculated by the mean of all 13 segments.

An echocardiographer reviewed all TEE images to determine 
whether LAAT, SEC, reduced LAAeV, and LAAEF were present. 
The echocardiographer was blinded to the clinical data and results 
of TTE. LAAT was defined as a uniformly and circumscribed echo-
dense intra-cavitary mass in multiple imaging planes, distinct 
from the pectinate muscles, and LAA endocardium (Aschenberg 
et al., 1986). SEC was defined as dynamic “smoke-like” echoes 
with the characteristic swirling motion during the entire cardiac 
cycle (Fatkin et al., 1994). The LAAeV was obtained at a depth of 
1/3 from the LAA orifice with pulsed Doppler. Then, a 3D-TEE 
study was performed to visualize various LAA structures. LAAEF 
was calculated by using the QLAB 3DQ plug-in. We measured 
LAA volume from the basal short-axis view in the transverse 
scan. LAAEF was calculated as [(maximum volume - minimum 

FIgUre 1 | Study design displaying inclusion/exclusion and patient group assignments. AF, atrial fibrillation; ARB, angiotensin receptor blocker; TTE, transthoracic 
echocardiography; TEE, transesophageal echocardiography; LVEF, left ventricular ejection fraction.
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volume)/maximum volume × 100%] (Figures 2A , B ). The 
researcher carefully measured the parameters and calculated the 
mean values from five cardiac cycles.

Animal Study
Animal procedures were approved and conducted in accordance 
with the Experimental Animal Administration Committee of 
Tianjin Medical University. Male C57BL/6J mice at 8–10 weeks 
of age were randomly assigned to transverse aortic constriction 
(TAC) surgery or sham surgery. All mice were housed in a 
controlled environment (20 ± 2°C, 12-hr/12-hr light/dark 
cycle). TAC surgery was performed as described (Wang et al., 
2016). Briefly, after mice were anesthetized, the transverse 
aorta was ligated with a 27-G needle. Mice in the sham surgery 
group underwent similar surgical procedures without ligation 
of the transverse aorta. At 8 weeks after surgery, TAC mice were 
randomized to treatment with LCZ696 (60 mg/kg body weight 
perorally, n   = 6), valsartan (48 mg/kg body weight perorally, 
n = 6), or no treatment (n = 6) for another 4 weeks. Mice were 
given valsartan or LCZ696 dissolved in corn oil or only corn oil 
every day by oral gavage.

echocardiography Measurements of Mice
TTE was performed on all mice at baseline (8 weeks post-TAC 
surgery) and 4 weeks post-randomization by using a Vevo 2100 
System with an MS400 Linear Array Transducer (VisualSonics, 
ON, Canada) as described (Gao et al., 2011) After mice were 
weighed and anesthetized by inhalation of 1.5% isoflurane, 
they were placed on a heating mat to maintain normothermia 
(35°C). LAD, LV interventricular septum thickness diameter 
(IVSTd), LV posterior wall thickness diameter (LVPWd), 
LVDd, and LVEF were measured. LAAeV was obtained 
on the parasternal short-axis view (Figure 3 A). After final 
echocardiography examination, mice were immediately 
sacrificed for heart tissues.

histology of heart Tissues
Heart tissues were fixed in 10% neutral-buffered formalin 
for 24 h at room temperature and embedded in paraffin, 
then sectioned at 5 μm for staining. Collagen deposition was 
stained with Masson’s trichrome stain (Sigma-Aldrich, MO) 
and Sirius Red stain (Solarbio Life Sciences, Beijing) according 
to the manufacturer’s instructions. Images of the sections 
were captured under an Olympus Inverted Microscope (IX53, 
Tokyo) and fibrotic areas were semi-quantitatively determined 
by using ImageJ v1.52.

Statistical Analyses
All statistical analyses were performed with SPSS v23.0 
(SPSS, Chicago, IL, USA). Results are presented as mean  ± 
standard deviation (SD) or mean±SEM for continuous 
variables and percentage of the total number of patients for 
categorical variables. Student t-test was used to compare 
continuous variables. Chi-square and the Fisher exact test 
were used for nominal variables. Univariate analysis was 
performed with the chi-square test. Variables significant on 

univariate logistic regression analysis (p < 0.05) were entered 
into the multiple regression analysis. Logistic regression 
analysis (with the enter method) was performed to identify 
independent predictors of depressed LAAEF. The risk was 
expressed as odd ratios (OR) with 95% confidence intervals 
(CIs). Statistical analysis involved use of GraphPad Prism 7 
(Version 7.04), by one-way ANOVA. The criterion for 
statistical significance was P < 0.05.

reSULTS

Sacubitril/Valsartan Is More effective 
Than Angiotensin receptor Blockers 
for Improving Left Atrial and Left Atrial 
Appendage Function in Patients With 
Atrial Fibrillation
Initially, we identified 129 patients with AF who used LCZ696 
or ARBs and received TTE and TEE during hospitalization from 
2017 to 2019; 81 were included in the analysis: 22 (27.2%) received 
LCZ696 and 59 (72.8%) received ARBs (Figure 1). The mean age of 
81 patients was 62.76 ± 8.19 years; 55.6% were male (Table 1). The 
baseline clinical characteristics were comparable between the two 
groups (Table 1 ). The two groups did not differ in LVDd, LVEF, 
LAD, LAVmax, or E:e’ ratio (Table 2 ). However, users of LCZ696 
had a lower incidence of SEC and higher LAAeV, LAAEF, and 
LA peak systolic strain as compared with users of ARBs (Table 2 , 
Figure 2). LAAT occurred in 21% of 81 patients, including 22.0% 
users of ARBs and 18.2% users of LCZ696 (p = 0.705) (Table 2).

Next, the 81 patients were divided into two groups according to 
the cutoff for LAAEF defined as 20% (LAAEF ≤ 20% and > 20%) 
(Iwama et al., 2012). Demographic, echocardiographic parameters 
and clinical characteristics of the patients with LAAEF≤ 20% or > 
20% are shown in Table 3. Patients with LAAEF > 20% were younger 
than those with LAAEF ≤ 20% (61.4 ± 8.6 vs. 65.2 ± 6.9 years) (p < 
0.05) (Table 3 ). CHA2DS2-VASc score was significantly higher for 
patients with LAAEF ≤ 20% than > 20% (p< 0.05). As compared 
with patients with LAAEF > 20%, those with LAAEF ≤ 20% had 
a higher prevalence of long-standing persistent AF (continuous AF 
>12 months duration), persistent AF (continuous AF sustained < 
7 days), old myocardial infarction (OMI), prior stroke or transient 
ischemic attack, congestive heart failure, and hypertension. The 
proportion of LCZ696 users was higher for patients with LAAEF > 
20% than ≤ 20% (35.3 vs. 13.3%) (p < 0.05). LAAeV, LVEF, and LA 
peak systolic strain were significantly lower for patients with LAAEF 
≤ 20% than > 20%. Patients with LAAEF ≤ 20% had significantly 
higher E:e’ ratio, LAD, LAVmax, LVDd, and incidence of SEC and 
LAAT than those with LAAEF > 20% (p < 0.01) (Table 3).

Logistic regression analysis was performed to identify 
independent clinical predictors of LAAEF ≤ 20% (Table 4 ). 
Univariate analysis demonstrated prior stroke or transient 
ischemic attack, congestive heart failure, categories of AF 
type, OMI, hypertension, and age as significantly positively 
associated with LAAEF ≤ 20%, except for use of LCZ696, which 
was significantly negatively associated with LAAEF ≤ 20%. 
However, only prior stroke or transient ischemic attack, AF type, 
hypertension, age ≥ 65 years, and use of LCZ696 were associated 
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with LAAEF ≤ 20% after multivariable adjustments (Table 4 ). 
Hypertension was associated with a higher risk of LAAEF≤ 20% 
[OR = 9.797; 95% CI (1.202–79.883); p = 0.033]. Congestive 
heart failure and OMI were not significantly correlated with LAA 

dysfunction. After controlling for factors related to LAAEF, the 
use of LCZ696 remained significantly associated with reduced 
probability of LAAEF ≤ 20% [OR = 0.011; 95% CI (0.000–0.533), 
p = 0.023).

FIgUre 2 | Sacubitril/valsartan is more effective than angiotensin receptor blockers for improving left atrial and left atrial appendage function in patients with atrial 
fibrillation.(A) 3D transesophageal echocardiography (3D-TEE) showing the left atrial appendage (LAA) from the basal short-axis view in the transverse scan. The 
white arrow indicates the LAA, and the red arrow indicates the aorta (AO). (B) QLAB 3DQ plug-in showing LAA. The LAA short axes were aligned by using QLab-
3DQ software, allowing visualization of the LAA orifice in the multiplanar reconstruction mode. (c) Incidence of spontaneous echocardiographic contrast (SEC),  
(D) LA peak systolic strain, (e) LAA ejection fraction (LAAEF), and (F) LAA emptying flow velocity (LAAeV). Data are mean ± SD, *P < 0.05, unpaired two-tail t test.
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FIgUre 3 | Sacubitril/valsartan is more effective than valsartan for protecting left atrial (LA) and left atrial appendage (LAA) function and decreasing LA fibrosis in 
mice after pressure overload.(A) 2D echocardiography showing LA, LAA, aorta (AO), and LAA emptying flow velocity (LAAeV) from the basal short-axis view.  
(B, c) Left atrial dimension (LAD) and LAAeV quantified by echocardiography. (D) Representative images of Masson staining and Sirius Red staining of LA. Scale 
bar, 100 μm. (e) Quantification of the fibrotic area in (D). TAC, transverse aortic constriction; Veh, vehicle; VAL, valsartan; LCZ, LCZ696. Data are mean ± SEM,  
n = 6 mice per group, *P < 0.05, one-way ANOVA.
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Sacubitril/Valsartan Was More effective 
Than Valsartan in Protecting Left Atrial 
and Left Atrial Appendage Function and 
Decreasing LA Fibrosis in Mice With 
Pressure Overload
To detect the efficiency of LCZ696 in protecting LA and 
LAA function, we used the TAC mouse model, a pressure 

overload-induced LA and LAA dysfunction model. TAC surgery 
increased LAD, LVSTd, LVPWd, LVDd, and LVDs as compared 
with sham mice (Table 5). In addition, LAAeV and LVEF were 
significantly decreased after 8 weeks of TAC surgery.

TABLe 1 | Baseline characteristics of sacubitril/valsartan and angiotensin 
receptor blocker users.

Variables LcZ696
n = 22

ArBs
n = 59

P value

Age, years 60.454 ± 8.410 63.627 ± 8.014 0.135
Age ≥ 65 years, % 31.8% 47.5% 0.206
Male sex, % 63.6% 52.5% 0.371
BMI, kg/m2 25.865 ± 3.669 26.189 ± 3.785 0.731
AF type, % 0.933
 Paroxysmal AF 68.2% 71.2%
 Persistent AF 22.7% 22.0%
 Long-standing persistent 9.1% 6.8%
OMI, % 27.3% 16.9% 0.351
Vascular disease, % 4.5% 5.1% 1.000
CHD, % 90.9% 71.2% 0.062
Hyperlipidemia, % 68.2% 66.1% 0.860
Hypertension, % 59.1% 71.2% 0.300
Diabetes mellitus, % 36.4% 23.7% 0.255
Congestive heart failure, % 22.7% 13.6% 0.325
Prior stroke or TIA, % 27.3% 20.3% 0.554
CHA2DS2–VASc Score, 
mean±SD

2.454 ± 1.738 2.644 ± 1.471 0.625

Smoking history, % 45.5% 39.0% 0.598
Drinking history, % 27.3% 22.0% 0.621
Antiplatelet drugs, % 68.2% 55.9% 0.318

BMI, body mass index; OMI, old myocardial infarction; CHD, coronary heart 
diseases; TIA, transient ischemic attack; AF, atrial fibrillation; CHA2DS2–VASc 
Score, congestive heart failure, hypertension, age ≥75 years (doubled), diabetes 
mellitus, prior stroke or transient ischemic attack or thromboembolism (doubled), 
vascular disease, age 65 to 74 years, sex category.

TABLe 2 | Echocardiographic parameters for sacubitril/valsartan and angiotensin 
receptor blocker users.

Variables LcZ696
n = 22

ArB
n = 59

P value

LAD, mm 38.814 ± 2.910 40.244 ± 3.960 0.127
LAVmax, ml 48.713 ± 11.652 52.630 ± 13.926 0.244
LA peak systolic 
strain, %

37.536 ± 11.679 30.727 ± 11.892 0.024

LVDd, mm 50.075 ± 5.460 49.468 ± 5.950 0.677
LVEF, % 53.163 ± 6.456 56.558 ± 7.095 0.053
E:e’ ratio 11.040 ± 4.404 12.420 ± 4.327 0.208
LAAeV, cm/s 46.459 ± 18.250 31.481 ± 16.363 0.036
LAAEF, % 37.050 ± 14.289 29.413 ± 13.215 0.026
SEC, % 40.9% 66.1% 0.040
LAAT, % 18.2% 22.0% 0.705

Data are mean ± SD unless indicated. LAD, left atrial dimension; LAVmax, 
maximal left atrial volume; LVDd, left ventricular end-diastolic diameter; LVEF, 
left ventricular ejection fraction; E,e’ ratio, the ratio of the early transmitral 
flow velocity and the early mitral annular velocity; LAAeV, left atrial appendage 
emptying flow velocity; LAAEF, left atrial appendage ejection fraction; SEC, 
spontaneous echocardiographic contrast; LAAT, left atrial appendage thrombus.

TABLe 3 | Clinical and echocardiography parameters for patients with left atrial 
appendage ejection fraction ≤ 20% or LAAEF > 20%.

Variables LAAeF ≤ 20%
n = 30

LAAeF > 20%
n = 51

P value

Age, years 65.17 ± 6.85 61.35 ± 8.64 0.042
Age≥65 years, % 63.3% 31.4% 0.005
Male sex, % 65.5% 56.3% 0.238
BMI, kg/m2 26.10 ± 3.5 26.1 ± 3.90 0.996
AF type, % 0.000
 Paroxysmal AF 40.0% 88.2%
 Persistent AF 43.3% 9.8%
 Long-standing persistent AF 16.7% 2.0%
OMI, % 33.3% 11.8% 0.019
Vascular disease, % 6.7% 3.9% 0.624
CHD, % 80.0% 74.5% 0.573
Hyperlipidemia, % 70.0% 64.7% 0.625
Hypertension, % 93.3% 52.9% 0.000
Diabetes mellitus, % 20.0% 31.4% 0.266
Congestive heart failure, % 30.0% 7.8% 0.013
Prior stroke or TIA, % 42.3% 9.8% 0.000
CHA2DS2–VASc score 3.57 ± 1.406 2.02 ± 1.32 0.000
Smoking history, % 36.7% 43.1% 0.567
Drinking history, % 20.0% 25.5% 0.573
Antiplatelet drugs, % 66.7% 54.9% 0.298
LCZ696, % 13.3% 35.3% 0.032
LAD, mm 42.55 ± 3.20 38.27 ± 3.08 0.000
LAVmax, ml 59.3 ± 13.8 47.02 ± 10.94 0.000
LA peak systolic strain, % 22.27 ± 8.79 38.64 ± 9.5 0.000
LVDd, mm 51.62 ± 6.67 48.47 ± 4.91 0.017
LVEF, % 52.5 ± 7.5 57.48 ± 6.13 0.002
E:e’ ratio 14.01 ± 4.24 10.89 ± 4.04 0.001
LAAeV, cm/s 24.79 ± 8.83 48.82 ± 14.6 0.000
LAAEF, % 17.18 ± 3.09 39.90 ± 10.32 0.000
SEC, % 100% 35.3% 0.000
LAAT, % 50.0% 3.9% 0.000

Data are mean ± SD unless indicated.
LAAT, left atrial appendage thrombus; BMI, body mass index; OMI, old 
myocardial infarction; CHD, coronary heart diseases; TIA, transient ischemic 
attack; AF, atrial fibrillation; LAD, left atrial dimension; LAVmax, maximal left 
atrial volume; LVDd, left ventricular end-diastolic diameter; LVEF, left ventricular 
ejection fraction; E,e’ ratio, the ratio of the early transmitral flow velocity and 
the early mitral annular velocity; LAAeV, left atrial appendage emptying flow 
velocity; LAAEF, left atrial appendage ejection fraction; SEC, spontaneous 
echocardiographic contrast; LAAT, left atrial appendage thrombus.

TABLe 4 | Factors associated with left atrial appendage emptying flow velocity ≤ 
20% on multiple regression analyses.

Variables Odds ratio 95% cI P value

Age ≥ 65 years 7.675 1.183–49.805 0.033
AF type 0.007
OMI 5.465 0.461–64.757 0.178
Hypertension 9.797 1.202–79.883 0.033
CHF 3.095 0.127–75.434 0.488
Prior stroke or TIA 10.474 1.305–76.018 0.027
LCZ696 0.011 0.000–0.533 0.023

LAAEF, left atrial appendage ejection fraction; OMI, old myocardial infarction; CHF, 
congestive heart failure; TIA, transient ischemic attack; CI, confidence interval.
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Next, mice were treated with LCZ696, valsartan, or vehicle 
for another 4 weeks. LAD was decreased and LAAeV increased 
in mice with LCZ696 as compared with vehicle and valsartan 
(Table 6 and Figures 3B, C), which suggests that LCZ696 is more 
effective than valsartan in protecting LA and LAA function. 
Consistent with a previous report in rabbits (Torrado et al., 
2018), in mice, LVEF was significantly improved with LCZ696 
as compared with valsartan (Table 6). Moreover, Masson and 
Sirius red stain demonstrated that LCZ696 reduced fibrosis in the 
LAA induced by pressure overload as compared with valsartan 
(Figures 3D, E). Together, our data indicate that LCZ696 might 
be more effective in attenuating LA and LAA dysfunction 
induced by pressure overload than valsartan in mice.

DIScUSSIOn
In the present study, we found that the use of LCZ696 was 
associated with improved LA and LAA function in patients 
with AF evaluated by echocardiography. In addition, LCZ696 
was more effective than valsartan at moderating atrial fibrosis 
and protecting LA and LAA function in mice with pressure 
overload. Therefore, our study demonstrated a critical role for 
LCZ696 in protecting against LA/LAA structural remodeling 
and dysfunction.

Structural and electrophysiological remodeling of the 
atrial myocardium increases the susceptibility to arrhythmia 
and AF development (Burstein and Nattel, 2008). Fibrosis 
is an important pathophysiological basis of structural and 
electrophysiological remodelling (Burstein and Nattel, 2008). 
Atrial fibrosis leads to mechanical dysfunction of the atria 
and blood stasis in the atria, which leads to thrombosis in the 
LAA (Kamp et al., 1999; Sparks et al., 1999). The activation 
of RAAS results in adverse hemodynamic effects, hypertrophy, 
and especially the stimulation of fibrosis (Burstein and Nattel, 
2008). Therefore, RAAS inhibitors containing angiotensin-
converting enzyme inhibitors or ARBs are involved in the 
upstream treatment of AF. Inhibiting RAAS can reduce 
atrial fibrosis and dilated atrial volume, further delaying AF 
development (Nakashima and Kumagai, 2007). Our previous 
retrospective study demonstrated that the incidence of LAAT 
was reduced and echocardiography indicators related to left 
atrial remodeling were improved in patients with angiotensin-
converting enzyme inhibitor/ARB treatment (Suo et al., 2018).

LCZ696 contains valsartan and the neprilysin inhibitor 
pro-drug sacubitril (AHU-377, which can be converted 
by enzymatic cleavage into the active neprilysin inhibiting 
metabolite LBQ657) in one compound (Gu et al., 2010). 
Neprilysin degrades biologically active NPs, including atrial 
NP, B-type natriuretic peptide, and C-type natriuretic peptide, 

TABLe 5 | Baseline echocardiography parameters for mice under transverse aortic constriction surgery for 8 weeks.

Variables Sham TAc

Vehicle Valsartan LcZ696

LVSTd, mm 0.611 ± 0.038 0.827 ± 0.064* 0.813 ± 0.040* 0.801 ± 0.051*

LVPWd, mm 0.624 ± 0.036 0.818 ± 0.048* 0.856 ± 0.049* 0.800 ± 0.048*
LVDd, mm 3.330 ± 0.187 3.714 ± 0.195* 3.673 ± 0.362* 3.724 ± 0.312*
LVDs, mm 2.156 ± 0.211 2.907 ± 0.120* 2.882 ± 0.311* 2.895 ± 0.196*
LVEF, % 65.739 ± 6.776 44.477 ± 5.286* 44.339 ± 5.850* 45.315 ± 4.888*
LAD, mm 1.900 ± 0.105 2.236 ± 0.345* 2.222 ± 0.241* 2.221 ± 0.266*
LAAeV, mm/s 155.158 ± 17.184 125.858 ± 9.976* 122.349 ± 15.125* 127.932 ± 24.030*

Data are mean ± SEM.
LVSTd, left ventricular interventricular septum thickness diameter; LVPWd, left ventricular posterior wall thickness diameter; LVDd, left ventricular end-diastolic diameter; 
LVDs, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; LAD, left atrial dimension; LAAeV, left atrial appendage emptying flow velocity. *P< 
0.05 versus sham.

TABLe 6 | Echocardiography analysis of pressure overload-induced mice after 4-week treatment.

Variables Sham TAc

Vehicle Valsartan LcZ696

IVSTd, mm 0.632 ± 0.025§ 1.005 ± 0.106*§ 0.911 ± 0.078*# 0.865 ± 0.055*#

LVPWd, mm 0.630 ± 0.062#§ 1.021 ± 0.101*§ 0.961 ± 0.057* 0.887 ± 0.036*#

LVDd, mm 3.462 ± 0.223#§ 4.177 ± 0.213*§ 3.981 ± 0.362* 3.821 ± 0.222*#

LVDs, mm 2.360 ± 0.187#§ 3.356 ± 0.198*§ 3.197 ± 0.282*§ 2.922 ± 0.224*#

LVEF, % 60.526 ± 7.265#§ 40.508 ± 6.427*§ 40.866 ± 3.219*§ 47.759 ± 3.904*#

LAD, mm 1.927 ± 0.137# 2.842 ± 0.524*§ 2.781 ± 0.293*§ 2.318 ± 0.213#

LAAeV, mm/s 140.700 ± 17.257#§ 84.079 ± 13.869*§ 93.286 ± 11.785*§ 112.170 ± 13.688*#

Data are mean ± SEM.
IVSTd, left ventricular interventricular septum thickness diameter; LVPWd, left ventricular posterior wall thickness diameter; LVDd, left ventricular end-diastolic diameter; 
LVDs, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; LAD, left atrial dimension; LAA eV, LAA emptying flow velocity. *P< 0.05 versus Sham. 
#P< 0.05 versus TAC + vehicle. §P< 0.05 versus LCZ696.
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which are critical regulators of atrial electrophysiology 
and structure (Moghtadaei et al., 2016). In contrast to the 
cardiovascular effects of RAAS, the NP system of hormones 
protects cardiac structure and function (Nathisuwan, 2002). 
Atrial deficiency and low levels of atrial natriuretic peptide were 
found associated with atrial fibrosis and AF recurrence (van 
den Berg et al., 2004). The effects of the NP system on cardiac 
remodeling have been implicated as a possible mechanism (van 
den Berg et al., 2004; Nishikimi et al., 2006). Therefore, NPs 
might play a protective role in AF development. Angiotensin 
II, endothelin 1, and transforming growth factor-β1 (TGF-β1) 
promote hypertrophic and fibrotic actions in cardiomyocytes 
and fibroblasts, whereas NPs in vivo and in vitro were shown to 
antagonize angiotensin II, endothelin 1 and TGF-β1 (Tamura 
et al., 2000; Nishikimi et al., 2006). However, neprilysin can 
degrade angiotensin II as well. Thus, a neprilysin inhibitor 
cannot be used to treat AF in monotherapy because activation 
of angiotensin II signaling pathways limits its beneficial effect 
in a feedback increase of NP levels (Richards et al., 1993). 
Simultaneous addition of ARBs and a neprilysin inhibitor to 
culture media of rat fibroblasts and cardiomyocytes was more 
effective than ARBs alone in inhibiting biochemical indicators 
of cardiac fibrosis and hypertrophy (von Lueder et al., 2013). 
Therefore, inhibition of both RAAS and neprilysin might have 
greater potential clinical benefit for neprilysin inhibitors in 
AF treatment.

LA strain assessed by 2D speckle tracking was inversely 
correlated with the burden of LA fibrosis analyzed by MRI 
(Kuppahally et al., 2010). Moreover, LA peak systolic strain can 
independently predict LA reverse mechanical and structural 
remodelling (Machino-Ohtsuka et al., 2013). These results 
suggest that LA peak systolic strain is related to LA function, 
according to the principle of strain, and useful for evaluating 
LA reservoir function (Kokubu et al., 2007). LAA acts as an 
important attachment and reservoir of LA, and its effective 
contraction can prevent blood stasis and LAAT formation 
(Tabata et al., 1998; Al-Saady et al., 1999). Moreover, LAA 
plays an important pathophysiological function when left 
atrial volume and pressure overload (Nakajima et al., 2010). 
LAAEF was an independent determinant of LAAT according 
to previous multivariate logistic regression analysis. And a 
LAAEF of 20% was the optimal cutoff value for predicting 
LAAT (Iwama et al., 2012). Compared with 2D imaging, 
3D TEE imaging shows the clearer stereoscopic anatomical 
structure of LAA and more effective evaluation of the LAA 
function. Lower LAEF and LAAeV in AF patients were 
associated with increased risk of SEC and LAAT formation 
(Petersen et al., 2015).

In this study, patients using LCZ696 showed a lower incidence 
of SEC and greater LA peak systolic strain and LAAeV as 
compared with ARB users. LAAEF in patients receiving LCZ696 
was significantly increased. Multiple regression analysis indicated 
LCZ696 independently associated with increased LAAEF. These 
results suggest that LCZ696 can improve LA and LAA function. 
However, we found no significant differences in incidence of 
LAAT, LAD, and LAVmax between the two groups. Since atrial 
dysfunction may occur before atrial structural changes in AF 

patients, a longer follow-up time is needed to observe atrial 
structural changes.

We also found hypertension as an independent predictor of 
LAAEF ≤ 20% [OR = 9.797; 95% CI (1.202–79.883); p = 0.033]. 
Regression models showed no interaction between hypertension 
and LCZ696 use. This result was consistent to the results of 
PARAMOUNT study, which demonstrated that the benefit of 
LCZ696 for reducing LAD and N-terminal pro-brain natriuretic 
peptide level were independent of the blood pressure-lowering 
effect. Although LCZ696 showed a better anti-hypertensive effect 
than valsartan, the two drugs were similar in tolerability (Ruilope 
et al., 2010; Solomon et al., 2012).

The study contains two limitations. First, we performed a 
hospital-based retrospective study and could not assess the 
dosage-related effects. Thus, larger, prospective studies are 
needed to ascertain the benefit of LCZ696 in AF. Second, 
the underlying molecular mechanism of the beneficial effect 
of LCZ696 is still unknown. In summary, this study showed 
that LCZ696 might be associated with improved LA and LAA 
function and had potential therapeutic value in preventing the 
incidence of cardiogenic embolic stroke in patients with AF.
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Potassium Channels
Antonius Ratte 1,2,3, Felix Wiedmann 1,2,3, Manuel Kraft 1,2,3, Hugo A. Katus 1,2,3  
and Constanze Schmidt 1,2,3*

1 Department of Cardiology, University of Heidelberg, Heidelberg, Germany, 2 DZHK (German Centre for Cardiovascular 
Research), partner site Heidelberg/Mannheim, University of Heidelberg, Heidelberg, Germany, 3 HCR, Heidelberg Centre for 
Heart Rhythm Disorders, University of Heidelberg, Heidelberg, Germany

Background: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia 
and one of the major causes of cardiovascular morbidity and mortality. Despite good 
progress within the past years, safe and effective treatment of AF remains an unmet 
clinical need. The anti-anginal agent ranolazine has been shown to exhibit antiarrhythmic 
properties via mainly late INa and IKr blockade. This results in prolongation of the atrial 
action potential duration (APD) and effective refractory period (ERP) with lower effect on 
ventricular electrophysiology. Furthermore, ranolazine has been shown to be effective 
in the treatment of AF. TASK-1 is a two-pore domain potassium (K2P) channel that 
shows nearly atrial specific expression within the human heart and has been found to be 
upregulated in AF, resulting in shortening the atrial APD in patients suffering from AF. We 
hypothesized that inhibition TASK-1 contributes to the observed electrophysiological and 
clinical effects of ranolazine.

Methods: We used Xenopus laevis oocytes and CHO-cells as heterologous expression 
systems for the study of TASK-1 inhibition by ranolazine and molecular drug docking 
simulations to investigate the ranolazine binding site and binding characteristics.

Results: Ranolazine acts as an inhibitor of TASK-1 potassium channels that inhibits 
TASK-1 currents with an IC50 of 30.6 ± 3.7 µM in mammalian cells and 198.4 ± 1.1 µM in 
X. laevis oocytes. TASK-1 inhibition by ranolazine is not frequency dependent but shows 
voltage dependency with a higher inhibitory potency at more depolarized membrane 
potentials. Ranolazine binds within the central cavity of the TASK-1 inner pore, at the 
bottom of the selectivity filter.

Conclusions: In this study, we show that ranolazine inhibits TASK-1 channels. We 
suggest that inhibition of TASK-1 may contribute to the observed antiarrhythmic effects 
of Ranolazine. This puts forward ranolazine as a prototype drug for the treatment of atrial 
arrhythmia because of its combined efficacy on atrial electrophysiology and lower risk for 
ventricular side effects.

Keywords: atrial fibrillation, ranolazine, antiarrhythmic drugs, TASK-1, K2P3.1, KCNK3
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INTRODUCTION
Atrial fibrillation (AF) is a common cardiac rhythm disorder and 
one of the major causes of stroke, acute heart failure, sudden death, 
and cardiovascular morbidity (January et al., 2014). Despite good 
progress within the last years, safe and effective management 
of patients suffering from AF remains a major health issue, as 
current pharmacological, interventional or surgical therapeutic 
strategies are restricted by insufficient efficacy and often severe 
adverse effects (Kirchhof et al., 2016). Annual recurrence rates of 
AF after pharmacological cardioversion, for instance, range from 
40 to 70% (Guerra et al., 2017). Furthermore, drug treatment 
with antiarrhythmic drugs (AADs) is often discontinued because 
of poor tolerability or adverse effects (Lafuente-Lafuente et al., 
2015). For this reason, the development of safe and effective 
AADs for the treatment of AF is crucial (Dobrev and Nattel 2010).

Ranolazine is a drug originally introduced as an anti-anginal 
agent (Nash and Nash 2008) that has later been shown to exhibit 
antiarrhythmic properties via inhibition of different ion currents, 
especially the late phase of the inward sodium current (late INa) 
and the rapidly activating delayed rectifier potassium current 
(IKr) (Gupta et al., 2015). Because ranolazine predominantly 
prolongs atrial rather than ventricular action potential duration 
(APD) and effective refractory period (ERP) (Burashnikov 
et  al., 2007; Antzelevitch and Burashnikov 2009), it appears 
to be particularly effective in AF (Guerra et al., 2017), thus far 
attributed to an atrial-selective sodium channel block (Sossalla 
et al., 2010; Antzelevitch et al., 2011).

TASK-1 (tandem of P domains in a weak inward rectifying 
K+ channel (TWIK)-related acid sensitive K+ channel 1; K2P3.1) 
is a member of the two-pore-domain potassium channel (K2P) 
family. This heterologous group comprises 15 members that 
share a unique structure of four transmembrane domains and 
two pore-forming loops per subunit which assemble as dimers 
(Goldstein et al., 2001). Regulated by a variety of physiological 
stimuli (extracellular pH, G-protein-mediated pathways, 
polyunsaturated fatty acids, temperature and mechanical stress) 
they provide a background “leak” potassium conductance 
modulating the cell’s resting membrane potential and cellular 
excitability (Feliciangeli et al., 2015). Their role in controlling 
cellular excitability predestines K2P channels as potential players 
in diverse biological functions.

TASK-1 channels are widely expressed in various tissues, 
including the cerebral cortex (Vu et al., 2015), the brainstem 
retrotrapezoid (Mulkey et al., 2007) and pre-Botzinger regions 
(Koizumi et al., 2010), the carotid bodies (Buckler et al., 2000), 
hypoglossal and spinal cord motor neurons (Lazarenko et al., 
2010), pulmonary artery smooth muscle (Olschewski et al., 
2006), and the adrenal cortex (Czirjak and Enyedi 2002). They 
contribute in the regulation of oxygen sensing (Koizumi et al., 
2010), endocrine secretion (Davies et al., 2008), auto-immune 
inflammation (Bittner et al., 2009), apoptosis (Lauritzen et al., 
2003), and pulmonary blood pressure (Olschewski et al., 2006).

In the heart, TASK-1 is reported to modulate cardiac 
conduction, repolarization, and heart rate (Decher et al., 2011; 
Donner et al., 2011). Knockout or pharmacological inhibition 
of TASK-1 results in prolonged atrial APD and atrial ERP 

(Wirth et al., 2003; Putzke et al., 2007; Wirth et al., 2007; Decher 
et al., 2011; Skarsfeldt et al., 2016). Please note that some of the 
mentioned studies used inhibitors that are referred to as KV1.5 
blockers (AVE0118 and AVE1231 (A293), developed by Sanofi, 
Paris, France). These inhibitors, however, later turned out to be 
much more potent TASK-1 blockers (Kiper et al., 2015). Wirth 
et al. (2007) demonstrated that TASK-1 blockade induced a 
prolongation of only atrial but not ventricular refractoriness and 
an associated inhibition of atrial vulnerability to arrhythmia. The 
prolongation of atrial refractoriness was even more pronounced in 
tachypacing induced AF and there were no effects on ECG intervals 
and ventricular repolarization. Within the human heart, TASK-1 
has recently been shown to be predominantly expressed in the 
atrium as well, and TASK-1 inhibition results in prolonged APD 
on isolated human atrial cardiomyocytes (Schmidt et al., 2015). 
Because of enhanced TASK-1 currents under the condition of AF, 
the effect is even more pronounced and thus similar to the results 
obtained from large animal models. APD prolongation via TASK-1 
blockade is expected to suppress AF and the ‘atrial selectivity’ of 
TASK-1 blockade by limiting the mode of action to atrial tissue, 
thereby reducing the risk of pro-arrhythmogenic effects in the 
ventricles, highlights the potential clinical significance of TASK-1 
blockade for the treatment of AF in patients (Schmidt et al., 2017).

We hypothesized that ranolazine inhibits TASK-1 currents 
and that TASK-1 inhibition contributes to the observed 
antiarrhythmic effects of ranolazine. We chose Xenopus laevis 
oocytes and Chinese Hamster Ovary (CHO) cells as heterologous 
expression systems for detailed study of the biophysical 
characteristics of TASK-1 blockade by ranolazine. We further 
used in silico docking simulations and mutagenesis screen to 
explore structural determinants of TASK-1 blockade.

MATeRIAlS AND MeThODS

Molecular Biology
Complementary DNAs encoding human TWIK-1 (KCNK1; 
GenBank accession number NM_002245), TREK-1 (KCNK2; 
EF165334), TASK-1 (KCNK3; NM_002246), and TASK-3 
(KCNK9; NM_016601) were kindly provided by Steve Goldstein 
(Chicago, IL, USA). Human TRESK cDNA (KCNK18; 
NM_181840) was obtained from C. Spencer Yost (San Francisco, 
CA, USA). Amplification of human TRAAK (KCNK4; EU978935), 
TASK-2 (KCNK5; EU978936), TWIK-2 (KCNK6; EU978937), 
TREK-2 (KCNK10; EU978939), THIK-1 (KCNK13; EU978942), 
TALK-1 (KCNK16; EU978943), and TALK-2 (KCNK17; 
EU978944) was previously described (Gierten et al., 2008). 
For in vitro transcription, cDNAs were subcloned into pRAT, a 
dual-purpose expression vector containing a cytomegalovirus 
promotor for mammalian expression and a T7 promotor for 
copy (c)RNA synthesis. All TASK-1 mutants reported in this 
study were generated using the QuikChange II Site-Directed 
Mutagenesis Kit (Agilent, Santa Clara, CA, USA) and synthetic 
mutant oligonucleotide primers. Sequences of all plasmid 
constructs were verified by DNA sequencing (GATC Biotech, 
Konstanz, Germany). After vector linearization with XbaI (New 
England Biolabs, Ipswich, MA, USA), plasmids were transcribed 
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using the T7 mMessage mMachine kit (Thermo Fisher Scientific 
Inc., Waltham, MA, USA). Integrity of cRNA transcripts was 
assessed by agarose gel electrophoresis and cRNA concentrations 
were determined using Nanodrop spectrophotometry (ND-1000, 
peqLab Biotechnology GmbH, Erlangen, Germany).

Cell Culture
Chinese hamster ovary (CHO) cells (CLS Cat# 603479/
p746_CHO, RRID : CVCL_0213) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA) supplemented with 10% fetal bovine serum 
(FBS, Thermo Fisher Scientific Inc., Waltham, MA, USA), 100 
U/ml penicillin G sodium and 100 µg/ml streptomycin sulphate 
in an atmosphere of 95% humidified air and 5% CO2 at 37 °C. 
Cells were passaged regularly and seeded on glass cover slips 
prior to treatment. Transient transfections of CHO cells (passage 
10–20) were performed using FuGENE HD transfection reagent 
(Promega, Madison, WI, USA) according to the manufacturer’s 
instructions. Cells were co-transfected with 2.2 µg pRAT-
hTASK-1 plasmid DNA and 1.1 µg green fluorescent protein 
(GFP) plasmid DNA (pEGFP-N1; Clontech Laboratories, 
Mountain View, CA, USA) per 35 mm petri dish. Patch Clamp 
recordings were performed 24–36 h after transfection only on 
green fluorescent cells.

X. Laevis Oocyte Preparation
This study was carried out in accordance with the directive 
2010/63/EU of the European Parliament, and the current 
version of the German Law on the Protection of Animals. 
Approval for experiments involving X. laevis was granted by 
Regierungspräsidium Karlsruhe (institutional approval numbers 
A-38/11 and G-221/12). For detailed information on oocyte 
preparation please refer to the supplementary methods.

electrophysiology
Two-electrode voltage clamp (TEVC) recordings from X. laevis 
oocytes were performed one to three days after cRNA injection 
using an OC-725C Oocyte Clamp amplifier (Warner Instruments, 
Hamden, CT, USA), a Digidata 1322A Series (Axon Instruments, 
Foster City, CA, USA) and pClamp 10 software (Molecular 
Devices, San José, CA, USA). Current recordings from CHO cells 
were carried out using the whole-cell patch clamp technique with 
an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, 
USA), an Axon Digidata 1550B series (Axon Instruments, Foster 
City, CA, USA), and pClamp 10 software (Molecular Devices, 
San José, CA, USA). For detailed information about solutions 
and test protocols please refer to the supplementary methods.

Molecular Modelling and In Silico  
Drug Docking
Because the crystal structure of the human TASK-1 channel was 
not revealed yet, we built homology models using the SWISS-
MODEL platform (Benkert et al., 2011; Bertoni et al., 2017; 
Waterhouse et al., 2018). Four models were generated based on 
the structures of TWIK-1 (protein data bank (PDB) ID: 3UMK) 

(Miller and Long 2012), TREK-1 (PDB ID: 6CQ6) (Lolicato et al., 
2017), TREK-2 (PDB ID: 4XDL) (Dong et al., 2015) and TRAAK 
(PDB ID: 4RUE) (Lolicato et al., 2014). Quality assessment of the 
newly generated TASK-1 homology models was performed using 
MolProbidity (Davis et al., 2007).

Molecular docking calculations were performed using 
AutoDock Vina (Trott and Olson 2010). Analysis of protein–
ligand interactions was performed using PLIP (Salentin et al., 
2015). Three-dimensional visualizations of in silico simulations 
and dockings were generated with PyMOL 1.8 (PyMOL Molecular 
Graphics System, Schrödinger, LLC, New York, NY, USA).

Data Analysis and Statistics
PCLAMP (Molecular Devices, San José, CA, USA), GraphPad 
Prism 6 (GraphPad Software Inc., La Jolla, CA, USA) and 
Microsoft Excel (Microsoft, Redmond, WA, USA) software was 
used for data acquisition and analysis. The concentration required 
for 50% block of current (half-maximal inhibitory concentration 
(IC50)) was calculated from Hill plots using Prism 6 (GraphPad). 
Data are expressed as the mean ± standard error of the mean 
(SEM) unless stated otherwise. Paired and unpaired t-tests (two-
tailed tests) were applied to compare the statistical significance 
of the results. P < 0.05 was considered statistically significant. 
Multiple comparisons were performed using one-way analysis 
of variance (ANOVA). If the hypothesis of equal means could 
be rejected, post-hoc comparisons of groups were made and the 
probability values were adjusted for multiple comparisons using 
the Bonferroni correction.

Materials
Ranolazine-dihydrochloride was obtained from Selleck 
Chemicals (Munich, Germany) and dissolved in water to a 100 
mM stock solution. Aliquots of the stock solution were stored 
at −20 °C and diluted to the desired concentration with the bath 
solution on the day of experiments. The dilution of Ranolazine 
did not affect the pH of the bath solution.

ReSUlTS

Ranolazine Inhibits human Task-1 Channels
To probe the inhibitory effects of ranolazine on human TASK-1 
channels, TASK-1 was expressed in X. laevis oocytes. After a 
stabilization period with no significant current amplitude changes 
(15 min) ranolazine was administered for 30 min. Application 
of 100 µM ranolazine inhibited TASK-1 currents by 17.4 ± 2% 
(Figure 1A, n = 6, p = 0.018). Inhibitory effects were completely 
reversible. Current levels reached 100 ± 30% (n = 6) after 15 min 
washout period. TASK-1 channels were blocked with an IC50 
of 30.6  ± 3.7  µM in CHO cells, and 198.4 ± 1.1 µM in oocytes, 
analyzed at  +20 mV (Figures 1C , D ). This 6.5-fold difference is 
consistent with previous findings that IC50 values determined in 
oocytes are mostly higher than those determined in mammalian 
cells (Streit et  al., 2011; Schmidt et al., 2013). The maximum 
inhibition of 67.3 ± 4.5% in oocytes and 58.5 ± 6.9% in CHO cells 
was achieved with ranolazine concentrations of 1 mM and 100 µM, 
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respectively. Administration of higher concentrations (3 mM in 
oocytes, 300 µM in CHO cells) led to cell instability and death. We 
used a concentration of 300 µM ranolazine for further experiments 
in X. laevis oocytes in order to achieve 50% current inhibition.

Biophysical Characteristics of TASK-1 
Channel Blockade by Ranolazine
TASK-1 channels show electrophysiologic characteristics that 
are typical for most K2P channels. They exhibit strong outward 
rectification with minimal inward current (0.69 ± 0.07 µA at −140 
mV, n = 10) and a higher open probability at more depolarized 
membrane potentials (Figures 2A , C , D). Figure 2A  illustrates 
representative current recordings of TASK-1 under control 
conditions and after application of 300 µM ranolazine for 30 min. 
Ranolazine (300 µM) inhibited TASK-1 currents by 48.79 ± 3.52% 
(analyzed at the end of the +20 mV test pulse, n = 10, p = 0.0004). 
Ranolazine also altered the resting membrane potential (RMP) 
from −66.57 ± 2.62 mV (control conditions, n = 10) to −63.55 ± 
2.89 mV (300 µM ranolazine, n = 10, p = 0.0012, Figure 2B ).  
Inhibitory effects of ranolazine showed voltage dependency, with 

less inhibition of inward currents (6.57 ± 2.55% to 11.07 ± 4.51% 
inhibition at voltages between −140 and −100 mV, n = 10) as 
compared to outward currents (44.56 ± 3.42% to 55.3 ± 3.87% 
inhibition at voltages between −40 and +60 mV, n = 10, Figure 
2E). This resulted in an altered current-voltage (I-V) relationship 
under ranolazine treatment (Figure 2D).

Macroscopic TASK-1 currents in heterologous expression 
systems activate in two phases. Currents activate quickly to 
approximately 85% of their respective maximum amplitude 
within the first 50 ms, followed by a markedly slower additional 
activation time course. Thus, TASK-1 currents may be divided 
into an instantaneous and a sustained current component. 
Figures  3A, B  illustrate the inhibition of TASK-1 currents by 
ranolazine during a 7.5 s test pulse from −80 mV to +20 mV 
(n = 6). The maximum inhibition of 48.67 ± 4.45% was reached 
after 10 ms and remained unchanged over the 7.5 s test pulse. 
Additionally, TASK-1 inhibition by ranolazine did not show 
frequency dependency (Figure 3C). The slight difference between 
0.1 Hz and 1 Hz may be attributed to higher cell instability at 
higher stimulation frequencies, as this difference was also 
observed under control conditions in absence of ranolazine.

FIgURe 1 | Effect of ranolazine on TASK-1 current. (A) Time course of TASK-1 current reduction during ranolazine application (n = 6); currents are normalized to 
their respective value before ranolazine application after a stabilization period with no significant amplitude changes. (B) Representative TASK-1 current recordings 
evoked by applying a test pulse from −80 mV to +20 mV under control conditions and after 30 min incubation with 300 µM and 1 mM ranolazine. (C) Dose–
response curve of TASK-1 inhibition by ranolazine in X. laevis oocytes. Currents are normalized to their respective values under control conditions (n = 5 – 10).  
(D) Dose–response curve of TASK-1 inhibition by ranolazine in CHO cells. Currents are normalized to their respective values under control conditions (n = 5). Data 
are given as mean ± SEM.
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effects of Ranolazine on Other human Two-
Pore Domain Potassium (K2P) Channels
We further tested inhibitory effects of ranolazine on other channels 
within the K2P channel family using a similar approach as reported 
in Figure 1A . Ranolazine (300 µM) was administered after a 
stabilization period with no significant current amplitude changes 
(15–20 min). Inhibition of ion currents was quantified after 30 min 
of ranolazine administration (Figure 4). Ranolazine showed small 
inhibitory effects on TREK-1 (7.35 ± 1.66%, n = 5, p = 0.026) and 

TRAAK (3.32 ± 1.29%, n = 5, p = 0.045), and more pronounced 
inhibition of TASK-2 (30.02 ± 6.42%, n = 5, p = 0.037), TALK-1 
(23.04 ± 3.06%, n = 5, p = 0.0003), TALK-2 (34.88 ± 2.47%, n = 5, 
p = 0.024) and TASK-3 currents (28.28 ± 2.1%, n = 5, p = 0.028). 
Effects on TREK-2 and TRESK were not significant. Ranolazine 
treatment of THIK-1 lead to slightly enhanced currents (+4.98 
± 0.66%, n = 5, p = 0.002). Taken together, ranolazine favorably 
inhibits K2P channels that are acid sensitive (TASK-1, TASK-2, 
TASK-3) or alkaline sensitive (TALK-1, TALK-2).

FIgURe 2 | (A) Representative TASK-1 current recordings evoked by applying the displayed pulse protocol under control conditions and after 30 min incubation with 
ranolazine (300 µM). (B) Resting membrane potentials (RMP) in X. laevis oocytes before and after 30 min incubation with 300 µM ranolazine (n = 7). Boxes indicate the 
first and third quartile, whiskers indicate the minimum and maximum, and bands inside the boxes indicate the median; ##p < 0.01, paired t-test. (C) Activation curve 
of TASK-1 current; amplitudes are plotted against the respective test potential under control conditions and after 30 min incubation with ranolazine (n = 10); *p < 0.05, 
**p < 0.01, unpaired t-test vs. control conditions. (D) Amplitudes are normalized to the maximum current amplitude at +60 mV (n = 10); *p < 0.05, **p < 0.01, unpaired 
t-test vs. control conditions. (e) Dependency of TASK-1 current inhibition by ranolazine on membrane potential (n = 10). Data are given as mean ± SEM.

FIgURe 3 | Biophysical properties of TASK-1 blockade by ranolazine. (A) The inhibition of TASK-1 current is displayed over a 7.5 s test pulse from −80 mV to +20 
mV (n = 6). (B) Representation of the first 1000 ms of (A) on a logarithmic time scale (n = 6). (C) Frequency dependency of TASK-1 blockade by ranolazine; current 
amplitudes obtained during 30 min stimulation from −80 mV to +20 mV at stimulation rates of 0.1 Hz and 1 Hz are displayed under control conditions and during 
administration of 300 µM Ranolazine (n = 5–6). Currents are normalized to their respective values after a stabilization period. Data are given as mean ± SEM.
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Protein–ligand Interaction Profile of 
Ranolazine in the TASK-1 Inner Pore
TASK-1 potassium channels contain four ion binding positions 
(S1–S4) within the selectivity filter. For in silico docking calculations 
potassium ions were either positioned at S1 and S3 or at S2 and S4 
(Figures 5A, B). Ten ranked docking poses were calculated for each 
configuration. The amount and character of the protein–ligand 
interactions of all docking poses is summarized in Figure 5C and 
displayed separately for the different ion binding configurations. 
Ranolazine is suggested to form hydrogen bonds with the threonine 
residues on position T93 and T199 and additional hydrophobic 
interactions with other pore lining residues. Different ion 
occupations within the selectivity filter only resulted in a slightly 
altered interaction profile with fewer hydrogen bonds formed by 
ranolazine and the threonine residues T93 and T199, and more 
hydrophobic interactions at position L232.

Ranolazine Inhibition Depends on Amino 
Acid Residues located at the Inner Pore 
of TASK-1
We further investigated the binding site of ranolazine within the 
TASK-1 inner pore, by individually mutating amino acids that were 
either predicted to contribute to ranolazine binding in molecular 
docking simulations, or have been identified as binding site for the 
high affinity blockers S20951 (A1899) and AVE1231 (A293) (Streit 
et al., 2011; Wiedmann et al., 2019). Variants T93A, I118A and 
T199A produced very low current amplitudes that did not allow 
reasonable pharmacology testing. Inhibitory effects of ranolazine 
on the functionally active TASK-1 mutants were quantified after 
30 min ranolazine incubation at the end of a 500 ms test pulse from 
−80 mV to +20 mV. Figure 6 A-H indicates representative current 
recordings evoked by a test pulse from -80 mV to +20 mV under 

control conditions and after 30 min incubation with ranolazine. 
Figure 6I summarizes the current inhibition by 300 µM ranolazine 
on the different TASK-1 pore mutants. Inhibition of TASK-1 by 300 
µM ranolazine was significantly reduced in channel variants L122A 
(from 48.79 ± 3.52% in wild type (WT) channels to 8.1 ± 3.94% in the 
mutant variant, n = 5, p < 0.0001), L239A (reduced to 22.69 ± 6.73%, 
n = 5, p = 0.0007), and N240A (reduced to 24.29 ± 1.92%, n = 5, p = 
0.0016). The inhibitory potency of ranolazine remained unchanged 
in channel variants F125A, Q126A, L232A, and I235A. Note that the 
amino acids that were included in our mutagenesis screen all line the 
central cavity of the TASK-1 inner pore (Figure 6 J-N). 

We further performed in silico docking simulations on TASK-1 
alanine mutants at positions T93, L122, F125, T199, L232, and 
I235 that had been identified as the most relevant residues 
for ranolazine binding in the initial WT docking simulation. 
The results (summarized in Figure 7 ) suggest, that in channel 
variants F125A, L232A and I235A, ranolazine was still able to 
bind and form protein–ligand interactions at the altered binding 
site. In channel variant L122A the ability to form protein–ligand 
interactions was impaired; especially the number of relatively 
stable hydrogen bonds was significantly reduced compared to WT. 
More detailed information on the individual interaction profiles of 
ranolazine and the different TASK-1 mutant variants can be found 
in the supplementary material (Supplementary Figure S3).

Figure 8 illustrates the best ranked ranolazine docking pose for 
WT TASK-1 calculated by AutoDock Vina. Ranolazine is suggested 
to build a flat layer that binds within the central cavity of the TASK-1 
inner pore at the bottom of the selectivity filter occluding the lumen. 
Ranolazine is located in close proximity (< 4  Å) to amino acid 
residues L122 and L239 that have also been shown to be relevant 
for drug binding in the mutagenesis screen. However, N240 is not 
predicted to contribute to direct drug binding, although the mutant 
N240A showed reduced ranolazine inhibition.

FIgURe 4 | Effect of ranolazine on different members of the K2P channel family. (A–J) Representative current recordings evoked by a test pulse from −80 mV 
to +20 mV under control conditions and after 30 min incubation ranolazine. (K) Current inhibition by 300 µM ranolazine is displayed for the different K2P channel 
family members. Data are given as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, paired t-test vs. control measurements.
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In the illustrated docking pose ranolazine is also predicted to 
interact with residues F125 and L232, that showed no alteration of 
inhibition in the experimental data. Ranolazine is further predicted 
to form hydrogen bonds with residues T93 and T199. The relevance 
of T93 and T199 could not be validated experimentally due to too 
small current amplitudes of channel variants T93A and T199A.

DISCUSSION
The development of safe and effective AADs for the treatment of 
AF is a major clinical challenge (Dobrev and Nattel 2010). Within 
the past years ranolazine has been identified to deploy potent 
antiarrhythmic properties and to be effective in the treatment of 
AF (Guerra et al., 2017). Here we show that ranolazine acts as an 
inhibitor of the atrial selective TASK-1 potassium channel.

For the prevention of post-operative atrial fibrillation (POAF), 
ranolazine has been shown to be even more effective than 
amiodarone (Miles et al., 2011). In this retrospective trial there 
was no difference in the incidence of adverse events. Ranolazine, 
however, is considered to be substantially safer in use than 
amiodarone or other AADs, because it has less proarrhythmic 
effects on the ventricles (Gupta et al., 2015). This seems to be due 
to a differential impact on atrial and ventricular cardiomyocytes 
(Antzelevitch et al., 2011). Burashnikov et al. (2007) noticed that 
ranolazine was able to prolong the atrial APD and ERP in canine 
cardiomyocytes with only little effect on the ventricular action 
potential (AP). They attributed this effect to the inhibition of peak 

INa only in atrial but not ventricular cardiomyocytes and therefore 
proposed atrial-selective sodium channel blockade by ranolazine 
as a strategy for the treatment of atrial fibrillation (Burashnikov 
et al., 2007). The mechanism of the atrial-selective block of Na+ 
channels has been explained primarily by the rapid dissociation 
kinetics of ranolazine, a more negative half-inactivation voltage 
(V0.5) in atrial cells than in ventricular cells and a more 
depolarized RMP in atrial cells. Unblocking of sodium channels is 
commonly associated with the resting state of the sodium channel 
(Carmeliet and Mubagwa 1998). Because of a more negative 
half-inactivation voltage (V0.5) in atrial cells than in ventricular 
cells, a greater fraction of atrial sodium channels would remain 
in the inactivated state. Therefore the proportion of time that 
channels are in the resting state would be reduced and hence 
the dissociation of ranolazine would be slower. Additionally, the 
availability of sodium channels and the number of channels in 
the resting state would be further reduced by a more depolarized 
RMP in atrial cells and the recovery of sodium channels from the 
inactivated to the resting state is reported to be slower in atrial 
cells (Antzelevitch and Burashnikov 2009; Nesterenko et al., 
2011). Literature regarding a different V0.5 in atrial vs. ventricular 
cardiomyocytes, however, is inconsistent (Sakakibara et al., 1992; 
Sakakibara et al., 1993; Hiroe et al., 1997; Li et al., 2002). Caves 
et al. (2017) could recently reproduce atrial selectivity of INa block 
by ranolazine in rabbit, providing further evidence that this might 
be a key element in the atrial-ventricular differences in the action 
of ranolazine (Caves et al., 2017).

FIgURe 5 | Summary of protein–ligand interactions of all calculated docking poses of ranolazine at the inner pore of the wild type (WT) TASK-1 model (T16cq6).  
(A, B) Docking calculations have been performed with potassium ions either at positions S1 and S3, or at positions S2 and S4. (C) Each calculation yielded 10 
ranked docking poses, resulting in a total of 20 poses. Protein–ligand interactions have been analyzed using PLIP (Salentin et al., 2015). The amount and character 
of the interactions is displayed for the individual amino acid residues that interact with ranolazine.
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Another explanation for the differential impact on APD 
prolongation in atrial and ventricular cardiomyocytes lies in the 
differences of AP configuration between the two cell types that have 
direct influence on the net effect of simultaneous late INa and IKr 
blockade. Ventricular APs have a more prominent plateau phase than 
atrial APs. This suggest that there is a smaller late INa in atrial cells 
that may result in a shift towards a greater AP prolonging effect of IKr 
blockade in atrial cells, whereas in ventricular cells the inhibition of a 
larger late INa may offset the IKr blockade (Du et al., 2014).

We propose that inhibition of TASK-1 potassium channels 
may contribute to the observed electrophysiological effects 
of ranolazine. Inhibition of TASK-1 by specific inhibitors has 
been described to prolong atrial APD and ERP before (Wirth et 
al., 2003; Wirth et al., 2007; Decher et al., 2011; Donner et al., 
2011; Skarsfeldt et al., 2016). Furthermore, the nearly atrial 
specific expression of TASK-1 could, at least in part, explain 
the differential behavior of ranolazine between atrial and 
ventricular tissue (Limberg et al., 2011; Schmidt et al., 2015; 
Schmidt et al., 2017). The IC50 of TASK-1 inhibition by 

ranolazine is determined at 30.64 µM in mammalian cells 
which is slightly beyond therapeutic free plasma levels of 
2–13.35 µM (Jerling 2006; Undrovinas et al., 2006; EMA 2009; 
Antzelevitch et al., 2011). Considering that ranolazine has its 
highest antiarrhythmic potency when administered in high 
doses, inhibition of TASK-1 current would still be expected in 
vivo. At plasma levels of 10 µM an inhibition of 20% of TASK-1 
current is expected. It has to be noticed, however, that TASK-1 
blockade by ranolazine is always likely to be less extensive than 
late INa (IC50 5.9–15 µM) (Fredj et al., 2006; Antzelevitch et al., 
2011) or IKr blockade (IC50 8–12 µM) (Rajamani et al., 2008; 
Du et al., 2014). Therefore, the clinical relevance of TASK-1 
blockade by ranolazine remains speculative.

We identified the TASK-1 central cavity of the inner pore as the 
binding site of ranolazine. This binding site overlaps with that of 
other both high and low affinity blockers of TASK-1 (Streit et al., 
2011; Kiper et al., 2015; Schmidt et al., 2018; Wiedmann et  al., 
2019). The binding configuration of ranolazine within the TASK-1 
inner pore is also similar to results published by Du et al. (2014) 

FIgURe 6 | Effect of ranolazine on TASK-1 pore mutants. (A–h) Representative current recordings evoked by a test pulse from −80 mV to +20 mV under control conditions 
and after 30 min incubation with ranolazine. (I) Current inhibition by 300 µM ranolazine on the different TASK-1 pore mutants, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-
way ANOVA and post-hoc Bonferroni’s multiple comparisons test of WT vs. the respective mutant. (J, K) TASK-1 homology model based on TREK-1 illustrating the location 
of amino acid residues included in the mutagenesis screen. (l) Zoom into the inner pore region. (M) Lateral view as in panel (l) but from a different angle [as in panel (K)]. 
(N) View from inside the cell into the central cavity (CC) of the inner pore. Note how the displayed residues line the central cavity (illustrated in green) of the TASK-1 inner pore.
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for the human Ether à go go Related Gene (hERG) channel, the 
recombinant equivalent of IKr. In both TASK-1 and hERG, ranolazine 
lies high within the inner pore in a horizontal orientation below the 
selectivity filter where it may form hydrogen bonds with serine or 
threonine residues (Du et al., 2014). In both channels ranolazine can 
make additional hydrophobic interactions with pore lining residues 
(Figures 5  and 8). The structural basis for the higher inhibitory 
potency of ranolazine in hERG may result from a more optimal 
orientation of the pore lining side chains in hERG, especially in the 
inactivated state (Chen et al., 2002; Du et al., 2014). Evidence for 
this hypothesis comes from the observation that mutations of hERG 
outside the binding site that attenuate channel inactivation and 
influence configuration of the pore lining side chains to non-optimal 

arrangements, largely reduce the inhibitory potency of ranolazine 
without changing the binding site itself (Du et al., 2014).

The binding site is also similar to that in sodium channels, 
where ranolazine has been shown to interact over a larger surface 
area that spans from the inner pore to the side fenestration region 
(Fredj et al., 2006; Nguyen et al., 2019). In sodium channels, access 
to this binding site is most likely through the cytosolic mouth to the 
pore and therefore requires opening of the activation gate (Fredj 
et al., 2006; Wang et al., 2008; Caves et al., 2017). This mechanism 
provides the structural basis of the use-dependent block of sodium 
channels (Catterall 2012). In TASK-1, however, the inner pore 
region is constitutively open and therefore accessible for inhibitors. 
This may explain why we do not observe use-dependent block of 

FIgURe 7 | Comparison of the amount of protein–ligand interactions for the docking poses of WT and mutant channels. (A) Total amount and character of protein–
ligand interactions of all 20 docking poses for the respective channel variant. (B, C) Boxplots indicating the amount of hydrophobic interactions (B) and hydrogen 
bonds (C) per docking pose. Boxes indicate the first and third quartile, whiskers indicate the minimum and maximum, bands inside the boxes indicate the median, 
and + indicates the mean. ##p < 0.01, ####p < 0.0001vs. WT. Note that variant L122A that has been identified as being most relevant for ranolazine binding in the 
experimental data, also forms the fewest interactions in the in silico simulations. More detailed information on the interaction profiles of ranolazine and the individual 
mutant variants can be found in Supplementary Figure S3.
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TASK-1 by ranolazine. Another consequence of the TASK-1 drug 
binding site being constitutively accessible is that drug dissociation 
can occur at all time, whereas in sodium channels it requires the 
channel to be in the resting state (Antzelevitch et al., 2011). This 
may partly explain the higher inhibitory potency of ranolazine in 
sodium channels than in the constitutively open TASK-1 channel.

The side fenestrations mentioned earlier as being part of the 
drug binding site have recently been suggested to play an important 
role in K2P channel pharmacology by providing an “anchor” for 
stable binding of inhibitors (Ramirez et al., 2017). In our T16cq6 
model (where the model template is TREK-2) the side fenestrations 
are closed. Therefore, ranolazine is binding solely within the 
inner pore of TASK-1. When docking ranolazine to the T13ukm 
model (model template TWIK-1), where the side fenestrations are 
open, we observe similar binding modes as in the T16cq6 model 
(Supplementary Figure S4). However, with the side fenestrations 
open, the binding site indeed spans from the inner pore to the 
entrance of the side fenestrations, because the side chains of L122 
and L239 are partly facing towards the fenestrations. Nevertheless, 
the significance of the side fenestrations in TASK-1 remains 
speculative, because the structure of TASK-1 has not been revealed 

yet, and the fenestration state of TASK-1 homology models is 
ultimately depending on the template used for homology modelling 
(open fenestrations in TWIK-1, closed fenestrations in TREK-2).

Single mutants F125A, Q126A, L232A and I235A showed no 
difference in ranolazine blockade, although being predicted to be 
relevant for ranolazine binding in the in silico docking calculations 
or being identified as binding site for the high affinity blockers 
S20951 (A1899) and AVE1231 (A293). The reason could be the 
relatively small size of the ranolazine molecule compared to 
S20951 and AVE1231. Ranolazine appears to be able to fold into 
different conformations and hence bind at different sites within 
the inner pore. The molecular interactions between ranolazine 
and its binding site are mostly hydrophobic interactions. Only 
with residues T93 and T199 it forms more stable hydrogen bonds. 
The ability to form hydrogen bonds appears to be impaired 
in channel variant L122A, possibly explaining the fact that 
inhibition by ranolazine is almost abolished in this single mutant.

Study limitations
Of note, channel variant N240A impedes ranolazine binding 
without being proposed to be part of the binding site in the in silico 

FIgURe 8 | Ranolazine binds to the central cavity of the inner pore. (A) View from inside the cell into the central cavity. Ranolazine binds in close proximity to L122 and 
L239 occluding the lumen of the inner pore. (B) Same view as in (A) but with TASK-1 surface representation illustrating how ranolazine embeds within the inner pore. 
(C) Zoom into the central cavity illustrating the binding mode and the distance to the residues identified as binding site in the mutagenesis screen. Note that ranolazine 
does not directly interact with N240. (D) Similar zoom as in panel (C) but from inside the cell. Note that ranolazine interacts with L122 residues from both monomers.
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simulations. It remains unclear whether this is due to methodological 
limitations of homology modelling and docking simulations or 
results from interferences of the large asparagine side chain with 
structural domain morphology, therefore impeding the accessibility 
to the TASK-1 inner pore for inhibitors. The latter would be 
supported by the observation that movements or alterations of the 
M4 transmembrane domain (where N240 is located) affect channel 
gaiting in other K2P channels (Bagriantsev et al., 2011; Lolicato 
et al., 2014). However, results obtained by homology modelling 
are naturally largely influenced by the template that is chosen for 
modelling. We therefore tried to assess the models quality to our 
best possibilities. To assess possible influences of the fenestration 
state of our model, we performed additional docking simulations on 
the T1ukm model. Of course, deeper insights in this regard would 
require the solvation of the TASK-1 crystal structure.

Another limitation of this study is that a direct effect of the 
TASK-1 mutants on channel gating and therefore possible 
allosteric effects on TASK-1 pharmacology cannot be ruled 
out. Nevertheless, measurements of an inhibitor’s potency on 
different central pore mutants and comparisons with in silico 
docking simulations on homology models has been a widely 
accepted strategy in the field thus far.

CONClUSIONS
This study adds to the action profile of ranolazine. We demonstrate 
that ranolazine is a TASK-1 inhibitor and suggest that TASK-1 
inhibition may contribute to the antiarrhythmic effects of ranolazine. 
We propose that TASK-1 inhibition could, at least in part, explain 
the atrial selectivity of APD-prolongation by ranolazine. Even 
though the efficacy of ranolazine in AF might not yet be optimal, 
our findings put forward ranolazine as a prototype drug for the 
treatment of atrial arrhythmia because of its combined efficacy on 
atrial electrophysiology and lower risk for ventricular side effects.
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In clinical practice, reducing the burden of persistent atrial fibrillation by pharmacological 
means is challenging. We explored if blocking the background and the acetylcholine-
activated inward rectifier potassium currents (IK1 and IKACh) could be antiarrhythmic in 
persistent atrial fibrillation. We thus tested the hypothesis that blocking IK1 and IKACh with 
chloroquine decreases the burden of persistent atrial fibrillation. We used patch clamp to 
determine the IC50 of IK1 and IKACh block by chloroquine and molecular modeling to simulate 
the interaction between chloroquine and Kir2.1 and Kir3.1, the molecular correlates of IK1 
and IKACh. We then tested, as a proof of concept, if oral chloroquine administration to 
a patient with persistent atrial fibrillation can decrease the arrhythmia burden. We also 
simulated the effects of chloroquine in a 3D model of human atria with persistent atrial 
fibrillation. In patch clamp the IC50 of IK1 block by chloroquine was similar to that of IKACh. 
A 14-day regimen of oral chloroquine significantly decreased the burden of persistent 
atrial fibrillation in a patient. Mathematical simulations of persistent atrial fibrillation in a 3D 
model of human atria suggested that chloroquine prolonged the action potential duration, 
leading to failure of reentrant excitation, and the subsequent termination of the arrhythmia. 
The combined block of IK1 and IKACh can be a targeted therapeutic strategy for persistent 
atrial fibrillation.

Keywords: chloroquine, persistent atrial fibrillation, potassium inward rectifiers, IKACh, IK1

INTRODUCTION
Atrial fibrillation (AF) is the most common heart rhythm abnormality and its incidence and 
prevalence are increasingly alarming. In addition to increasing mortality, AF is a known risk factor 
for stroke (Wolf et al., 1991), dementia (Liao et al., 2015; Singh-Manoux et al., 2017), and cardiac 
contractile dysfunction (Schotten et al., 2002). Pharmacological rhythm control therapy for AF 
remains attractive, however, when AF becomes persistent, pharmacotherapy is frequently ineffective 
(Zimetbaum, 2012).

Chloroquine, an antimalarial 4-aminoquinoline, has been suggested to have antiarrhythmic 
properties through unknown mechanisms (Burrell and Martinez, 1958; Harris et al., 1988), and 
was shown to have a safe cardiac electrophysiological profile (Wozniacka et al., 2006; Teixeira et al., 

Frontiers in Pharmacology | www.frontiersin.org November 2019 | Volume 10 | Article 1392

ORIgINAl ReseARCh

doi: 10.3389/fphar.2019.01392
published: 27 November 2019

31

https://creativecommons.org/licenses/by/4.0/
mailto:snoujaim@usf.edu
mailto:snoujaim@health.usf.edu 
https://doi.org/10.3389/fphar.2019.01392
https://www.frontiersin.org/article/10.3389/fphar.2019.01392/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01392/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01392/full
https://loop.frontiersin.org/people/507066
https://loop.frontiersin.org/people/814808
https://loop.frontiersin.org/people/811653
https://loop.frontiersin.org/people/812063
https://loop.frontiersin.org/people/746455
https://loop.frontiersin.org/people/22836
https://loop.frontiersin.org/people/40194
https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2019.01392
https://www.frontiersin.org/journals/pharmacology#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2019.01392&domain=pdf&date_stamp=2019-11-27


Chloroquine and Persistent Atrial FibrillationTobón et al.

2

2014). Our previous work suggested that chloroquine terminates 
different forms of AF in animal models, in part, due to its ability 
to block potassium inward rectifiers (Noujaim et al., 2010; 
Filgueiras-Rama et al., 2012; Takemoto et al., 2018).

In persistent AF, the acetylcholine-activated inward rectifier 
potassium current IKACh (molecular correlates are Kir3.1 and 
Kir3.4) was shown to be constitutively active and the inward 
rectifier potassium current IK1 (molecular correlates Kir2.1 and 
Kir2.3) has been shown to be upregulated (Voigt et al., 2010; 
Dobrev and Nattel, 2011). The constitutively active IKACh could 
be considered as a background inward rectifier, which along with 
the increased IK1 may contribute to the shortening of the action 
potential duration and to create a substrate for the formation of 
stable, high frequency electrical rotors that maintain fibrillation 
(Atienza and Jalife, 2007; Noujaim et al., 2007). Consequently, 
blocking inward rectifiers could potentially be antiarrhythmic in 
the setting of persistent AF.

Recently, we used structural biology approaches to map the 
binding pocket of chloroquine in the intracellular domain of 
Kir3.1 (Takemoto et al., 2018). Chloroquine blocked IKACh by 
binding at a specific site in the Kir3.1 intracellular ion permeation 
pathway (Takemoto et al., 2018). Previous work by us and others 
showed that chloroquine also blocks Ik1 (Rodriguez-Menchaca 
et al., 2008; Noujaim et al., 2010). In this study, we tested in a 
patient with persistent AF whether chloroquine can reduce the 
arrhythmia burden, and we further explored the antiarrhythmic 
effects of chloroquine in a 3D model of the human atria with 
persistent AF.

MeThODs

Patch Clamp
Experiments were performed as described earlier (Noujaim et al., 
2011; Takemoto et al., 2018). HEK293 cells stably co-transfected 
with Kir3.1 and Kir3.4 were generously provided by the Bayliss 
Laboratory (University of Virginia), and HEK293 cells stably 
transfected with Kir2.1 were generously provided by the Jalife 
Laboratory (University of Michigan). Currents were recorded 
using EPC 800 amplifier (HEKA Elektronik, Lambrecht/Pfalz), 
A/D converter (Digidata 1550B plus Hum Silencer, Molecular 
Devices, San Jose, CA), and the pClamp 10.6 PC software 
(Molecular Devices). Analysis was performed with Clampfit 10.6 
(pClamp, Molecular Devices) and OriginPro software packages 
(version 2018, Microcal). The patch pipettes had a resistance of 
2.5–3MΩ. After GΩ seal formation, whole cell recordings were 
performed at room temperature (around 24°C). For IKACh, the 
bath solution contained (in mM) 90 NaCl, 50 KCl, 1 CaCl2, 2 
MgCl2, 10 HEPES, 10 glucose, and the pH adjusted to 7.4. The 
pipette internal solution contained (in mM) 100 K-aspartate, 10 
NaCl, 40 KCl, 5 Mg-ATP, 2 EGTA, 0.1 GTP-Tris, and 10 HEPES 
at pH 7.2. For IK1, the bath solution contained (in mM) 148 
NaCl, 0.4 NaH2PO4, 1 MgCl2, 5.4 KCl, 1.8 CaCl2, 5.5 glucose, 15 
HEPES, pH 7.4, and the pipette internal solution contained (in 
mM), 150 KCl, 1 MgCl2, 5 EGTA, 5 HEPES, 5 phosphocreatine, 
4.4 K2ATP, and pH 7.2. IKACh and IK1 were measured as the 1mM 
BaCl2 sensitive current. Concentration–response curves and IC50 

for currents inhibition at −140mV were determined with Prism 
7 software using the standard variable slope equation Y = 1/(1 + 
10(LogIC50 − X)*Slope).

Molecular Docking of Chloroquine Into 
Kir2.1 and Kir3.1
As we previously described, the intracellular domain of tetrameric 
Kir2.1 (PDB: 1U4F) (Pegan et al., 2005) and Kir3.1 (PDB: 1U4E) 
(Pegan et al., 2005) were used for the docking simulations. The 
SMILES string for chloroquine was obtained from Drugbank 
(Wishart et al., 2008) (Accession Number: DB00608). The Kir2.1 
and Kir3.1 proteins, and chloroquine were prepared using the 
Protein Preparation Wizard and LigPrep in Schrodinger’s Maestro 
(Sastry et al., 2013), respectively. The protonation state of the drug 
was generated at a target pH of 7.0 in Epik (Shelley et al., 2007; 
Greenwood et al., 2010). The ligand was energy minimized with the 
OPLS_2005 force field (Shivakumar et al., 2010). A set of grids was 
created to map the proteins topologies before docking. The grids 
were generated using 60 × 60 × 60 points in the x, y, and z directions 
and centered around the aqueous channel with a spacing of 0.375 
Å. Docking was performed with the Lamarckian genetic algorithm, 
with the population size set to 150, the number of generations set 
to 27,000 and the number of energy evaluations set to 2,500,000. 
Using Autodock 4.2 (Morris et al., 2009), one thousand runs were 
performed. The lowest energy poses from molecular docking were 
analyzed. Hydrogen bond analysis was performed using Visual 
Molecular Dynamics (Humphrey et al., 1996).

estimation of Blocking Ability of Chloroquine
A voxel grid was generated using the atomic coordinates of the 
lowest energy pose from molecular docking of the tetrameric 
Kir2.1 or Kir3.1 bound to chloroquine. In this grid, each voxel was 
a cube of 0.2 × 0.2 × 0.2 Å. The van der Waals radius of each atom 
(Iijima et al., 1987) was used to fill the corresponding number of 
cubes. The use of the discrete grid allowed for a probe to search 
the space in the aqueous ion-permeation pathway. The probes 
were Voxel-approximated spheres with radii ranging from 1.4 Å 
(the ionic radius of a bare K+ ion) to 3.9 Å in 0.1 Å increments.  
Three ångströms is the radius of a solvated K+ ion up to its first 
hydration shell (Mahler and Persson, 2012). Originating from 
the extracellular opening of the channel, the probes were pushed 
longitudinally through the channel towards the intracellular 
side. If, at any point in the pathway, the probe was unable to 
proceed further, the probe’s lateral position was adjusted in order 
to search all possible paths through the channel. The channel 
was considered blocked at a given probe radius if the probe was 
unable to find a path to move past chloroquine.

human study
A 67 year old female with history of tobacco use, persistent AF 
(AF sustained for more than seven days, and less than a year), 
and no other significant past medical history including no known 
coronary artery disease, was enrolled in this study. Institutional 
Review Board approval was obtained at the University of 
South Florida, Tampa, USA, and the study conformed to the 
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principles outlined in the Declaration of Helsinki. Prior workup 
revealed normal blood pressure. Her laboratory values showed 
normal kidney and liver function tests. Echocardiography was 
unremarkable for structural heart disease, with an ejection 
fraction >50%. The patient has been on Apixaban and Metoprolol, 
and continued to be on these medications during the study. The 
patient gave informed consent, was equipped with a Cardionet 
monitor, and received the chloroquine regimen for amebiasis 
treatment, consisting of 600 mg chloroquine base once daily for 2 
days, followed by 300 mg daily for 12 days. She was continuously 
monitored for the duration of chloroquine treatment. A previous 
Holter monitor recording (ZIO XT Patch) for 12 days obtained 
two months prior, was reviewed and showed that the patient had 
been continuously in AF, with a burden of 100%. Additionally, 
12 lead ECG was recorded 3 days before and on the day of 
chloroquine regimen initiation, confirming that the patient was 
in AF in both instances.

Mathematical simulations of Persistent 
Atrial Fibrillation in a 3D Model  
of human Atria
The Courtemanche-Ramirez-Nattel membrane formalism 
(Courtemanche et al., 1998) was implemented to simulate the 
human atrial cell action potential. Cholinergic activity, a factor 
that promotes AF, was included in the model by implementing the 
following IKACh equation developed by Kneller (Kneller et al., 2002):
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where Vm is the membrane potential, ACh is the acetylcholine 
concentration and EK is the potassium equilibrium potential.

Based on experimental data (Workman et al., 2001; Van 
Wagoner, 2003), the cell model was modified in order to 
reproduce electrophysiological conditions of persistent AF: 
the maximum conductance of IK1 was increased by 100%, the 
maximum conductance of transient potassium current (Ito) and 
delayed rectifier potassium current (IKur) were decreased by 50%, 
and the maximum conductance of L-type calcium current (ICaL) 
was decreased by 70% and for the constitutively active IKACh, 5 
nM of acetylcholine was simulated.

A realistic three-dimensional (3D) model of human atria 
including the main anatomical structures: left and right atria, 
twenty pectinate muscles, fossa ovalis, Bachmann’s bundle, crista 
terminalis, left and right appendages, pulmonary veins, caval 
veins, atrioventricular rings and coronary sinus, was previously 
developed (Tobon et al., 2013). The model also includes three 
different pathways for the inter-atrial conduction, specific fiber 
orientations in 42 different atrial regions, heterogeneous tissue 
conductivity, anisotropy ratios and heterogeneous cellular 
properties. The wall of the atrial model is a monolayer surface, 
except the Bachmann’s bundle and the pectinate muscles, which 
are solid structures. The model is composed of 52,906 hexahedral 
elements with a spatial resolution ranging from 300 to 700 μm.

The mathematical atrial cell model coupled with the 3D 
model was used to simulate a persistent AF episode. AF was 

generated with an S1–S2 stimulation protocol. S1 consisted of a 
train of ten stimuli with a basic cycle length of 1,000 ms, applied 
to the sinus node area, simulating sinus rhythm. After the last 
S1 stimulus, 6 ectopic S2 beats at 130 ms cycle length were 
delivered to the right superior pulmonary vein. Action potential 
propagation in the tissue was modeled using the monodomain 
reaction–diffusion equation:
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where, Sv corresponds to the surface-to-volume ratio (range from 
0.0086 to 0.02), D is the conductivity tensor, Cm is the membrane 
capacitance (100 pF), Iion is the total ionic current that crosses the cell 
membrane and Istim is the stimulus current (28 pA/pF). Equations 
were numerically solved using EMOS software (Heidenreich et al., 
2010), which is a parallel code that implements the finite element 
method and operator splitting for solving the monodomain model. 
The time step was fixed to 0.001 ms. Simulation of 2 s of atrial 
activity required 32 h on a computing node with 12 dual core AMD 
Opteron Processors 2,218 clocked at 2.6 GHz.

Pseudo-unipolar atrial electrograms (EGMs) in the 3D model 
at 0.2 mm from the surface were simulated. The extracellular 
potential (Φe) in the endocardial atrial surface was computed 
using the large volume conductor approximation

 
φe mr K V r

r r
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where K (−0.0398) is a constant that includes the ratio of 
intracellular and extracellular conductivities, ∇ʹVm is the spatial 
gradient of transmembrane potential, r is the distance from the 
source point (x, y, z) to the measuring point (x’, y’, z’) and dv is 
the differential volume. EGMs at different points were visually 
inspected in order to analyze their morphologies as single, double 
or fractionated potentials. Double potentials were defined as 
EGMs with two negative or positive deflections and fractionated 
electrograms were defined as those exhibiting multiple (more 
than two) deflections. EGMs were processed with a 40–250 
Hz band-pass filter, rectified and low-pass filtered at 20 Hz. 
Subsequently, spectral analysis of the signals was performed with 
a fast Fourier transform. The dominant frequency (DF) defined 
as the frequency corresponding to the highest peak of the power 
spectrum was calculated.

Modeling the effect of Chloroquine on 
Potassium Currents
To develop a basic model of the effect of chloroquine on the 
major potassium currents that this drug has been shown to block 
(IKACh, IK1, and IKr) (Sanchez-Chapula et al., 2001), we used the 
steady state fraction of block (f), as done previously (Duarte M 
et al., 2013):

 f IC C= +1 1 50/ ( /[ ])  

where C is the chloroquine concentration. The Hill equation 
was used to fit the Concentration–response relationships for 
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chloroquine block. In this model, the channels kinetics were 
considered unchanged in the presence of the chloroquine. The IC50 
for IKACh and IK1 block by chloroquine were used from Figures 1 
and 2 and our earlier work (Noujaim et al., 2010) (0.97 μM for 
IK1 and 1.0 μM for IKACh). For IKr, we used an IC50 of 2.5 μM as 
reported by Traebert et al in HEK293 cells (Traebert et al., 2004). 
The simulated fraction of block curve for IKACh current fit well 
the experimental data shown in Figures 1 and 2, where (1 − f) · 
100% is the remaining current. After 5 s of baseline AF simulation, 
chloroquine was applied at increasing concentrations, from 1.0 μM 
to 8.7 μM, in order to simulate ~50% to ~90% block of IK1 and IKACh, 
and from 1.0 μM to 25 μM, in order to simulate 30% to 90% block 
of IKr. We investigated the effects of chloroquine on AF dynamics 
by blocking either IK1, IKACh or IKr alone, or by blocking both IK1 and 
IKACh, or by blocking the three currents. Action potential duration 
at 90% repolarization (APD90) and the resting membrane potential 
(RMP) in a left atrial single cell were measured. All simulations 
were halted 2 s after chloroquine application.

ResUlTs

Chloroquine Block of IK1 and IKACh 
Our earlier study using modeling, and protein NMR, suggested 
that chloroquine binds the intracellular domain of Kir3.1, at the 

level of amino acids F255 and D260 (Takemoto et al., 2018). Here, 
we conducted similar molecular docking simulations in order 
to compare the binding of chloroquine to Kir2.1 and Kir3.1. For 
each complex, one thousand docking runs were performed. The 
lowest energy poses for ligand–protein interactions were further 
studied. Figures 1A and 2A, left panels, are zoomed in views of the 
tetrameric Kir2.1 (Figure 1A) and Kir3.1 (Figure 2A) channels, 
represented by gray ribbons, with the docked chloroquine depicted 
in cyan. In Kir2.1 (Figure 1A), the tertiary amine of chloroquine 
hydrogen-bonded to residue E224 of subunit B (black circles), 
and the aminoquinoline ring formed a hydrogen bond with the 
carbonyl oxygen of the diametrically opposed E224 of subunit 
D. The binding energy of chloroquine to Kir2.1 was –6.09 Kcal/
mol. In Kir3.1 (Figure 2A ), the tertiary amine of chloroquine 
hydrogen-bonded to residue D260 of subunit B (black circles), 
and the aminoquinoline ring was in proximity to the F255 ring 
of the adjacent subunit A. The binding energy of the ligand to the 
channel was −6.37 Kcal/mol. The Van der Waals representations 
of the Kir2.1 and Kir3.1 in complex with chloroquine are shown 
from the extracellular bird’s eye views (Figures 1A and 2A, bottom 
panels). The ion permeation pathways are in the middle, and the 
white arrows point to chloroquine which is shown in cyan. We then 
used patch clamp to compare the IC50 for chloroquine block of IK1 
(Figure 1B) and IKACh (Figure 2B). Top panels are representative 

FIgURe 1 | IK1 block with chloroquine. (A) Docking of chloroquine in the intracellular domain of Kir2.1. The lowest energy pose is shown. Chloroquine makes hydrogen 
bonds with residue E224 from subunit B and with E224 from subunit D (black circles). Bottom panel: Extracellular bird’s eye views of the van der Waals representation 
of the channel (gray) in complex with chloroquine (cyan). Chloroquine blocks the ion permeation pathway. (B) Barium sensitive IK1 traces in response to −140mV step 
pulses from a holding potential of 0 mV in the presence of 1 μM chloroquine (CQ). Concentration–response curves. IC50 for chloroquine block of IK1: 1.3 μM, Hill Slope = 
−0.42, R2=0.9. (C) Top panel: Longitudinal view of chloroquine bound to Kir2.1. Orange box denotes the voxelated part of the channel shown below. Bottom panel: 
Voxelation of Kir2.1 ion permeation pathway (grey) in complex with chloroquine (cyan). A probe (magenta) of radius 2.1 Å or larger, is blocked by chloroquine.
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current traces in response to voltage steps in the presence of 1 μM 
chloroquine. In the concentration–response curves, the IC50s of 
IK1 and IKACh block by chloroquine at −140 mV were 1.3 μM and 
1.2 μM respectively. Subsequently, we voxelated the models for 
Kir2.1 and Kir3.1 in order to verify that in the docked structures, 
chloroquine is able to block the flow of potassium ions through 
the intracellular ion permeation pathway (Figures 1C  and 2C). 
The intracellular domains of Kir2.1 and 3.1 are shown in the 
longitudinal view, with the front subunit removed, and bound 
chloroquine (cyan sticks) is exposed. In Kir2.1, chloroquine 
binds closer to the G loop area, while in Kir3.1, chloroquine binds 
towards the intracellular mouth of the permeation pathway. The 
orange box denotes the voxelated part of the channels presented 
in the bottom panels of Figures 1C and 2C. It was found that in 
Kir2.1, a probe (magenta sphere) of radius ≥2.1 Å was blocked 
by the drug, while probes with radii <2.1 Å passed through. In 
Kir3.1, a probe of radius ≥2.2 Å was blocked by the drug, while 
probes with radii <2.2 Å passed through. 3.0 Å is the radius of 
a solvated K+ ion up to its first hydration shell. These results are 
in agreement with the patch clamp experiments which showed 
similar IC50 for chloroquine block of Kir2.1 and Kir3.1.

Chloroquine Treatment in a Patient With 
Persistent AF
As proof of concept, we tested in a patient with persistent atrial 
fibrillation, whether chloroquine can modify the AF burden. 
This 67 year old female was non-diabetic, non-hypertensive, a 
previous smoker, with no known structural heart or coronary 
artery disease but with known persistent AF. Figure 3A shows the 
daily AF burden extracted from Holter monitoring. At baseline, 
the patient was in uninterrupted, persistent AF. Figure 3B is a 12 
lead ECG taken on the day of study initiation in order to confirm 
the presence of AF. After initiation of chloroquine treatment, 
AF burden was significantly reduced, with extensive periods of 
normal sinus rhythm, and the first conversion to normal sinus 
rhythm happened on the third day of treatment. Figure 3C shows 
Holter traces at baseline (top), immediately before treatment 
initiation (middle), where the patient was in AF, and during sinus 
rhythm on the third day of the oral chloroquine regimen (bottom). 
The patient did not have premature ventricular contractions 
while on chloroquine. The QT and QTc intervals while in AF, at 
the beginning of the study, were 418 ms and 428 ms respectively, 
and at the end of study, the QT and QTc intervals while in sinus 

FIgURe 2 | IKACh block with chloroquine. (A) Docking of chloroquine in the intracellular domain of Kir3.1. The lowest energy pose is shown. The D260 and F255 residues 
from each of the four Kir3.1 subunits are shown in green and orange sticks respectively. The tertiary amine nitrogen of chloroquine (cyan sticks) forms a hydrogen bond 
(black circle) with the side chain of D260 in the B subunit, while the aminoquinoline ring of chloroquine is in close proximity to the phenylalanine ring of F255 in the A 
subunit. Van der Waals representations of the channel bound to the drugs (cyan) viewed from the extracellular side is shown in the bottom panel. (B) Barium sensitive IKACh 
traces in response to −140mV step pulses from a holding potential of −20 mV in the presence of 1 μM chloroquine (CQ). (B) Concentration–response curves. IC50 for 
chloroquine block of IKACh: 1.2 μM, Hill Slope = −0.48, R2=0.74. (C) Top panel: Longitudinal view of chloroquine bound to Kir3.1. Orange box denotes the voxelated part 
of the channel shown below. Bottom panel: Voxelation of Kir3.1 ion permeation pathway (grey) in complex with chloroquine (cyan). A probe (magenta) of radius 2.2 Å or 
larger, is blocked by chloroquine.
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rhythm were 450 ms and 461 ms. After the chloroquine regimen 
was completed, and upon follow up, the patient was back in atrial 
fibrillation as documented by a 12 lead ECG.

effects of Chloroquine on Persistent AF in 
a 3D Model of human Atria
A model of persistent AF was initiated by ectopic activity in 
the right superior pulmonary vein, and the arrhythmia was 
maintained by two stable rotors located in the posterior wall of 
the left atrium, near the left superior pulmonary vein and in the 
superior vena cava (Figure 4A ). The calculated EGMs at sites 
1, and 3, where the rotors were localized, showed double and 
fractionated potentials with low amplitude (Figure 4B ). This 
occurred when the tip of the rotors pivoted at these locations, 
where the excitable but unexcited core resulted in multiple low 
amplitude deflections in the EGM. EGMs with single and double 
potentials were observed at sites 2 and 4 and were generated 
by wavefronts emanating from rotors and by wavebreaks at 
anatomical structures such as the crista terminalis and pectinate 
muscles. The DF was about 11 Hz (Figure 4B).

Chloroquine blocks IK1 and IKACh with a similar IC50 of about 
1 μM (0.97 μM for IK1 and 1.0 μM for IKACh), this is around the 
plasma concentration that is achieved in patients. Additionally, 
chloroquine blocks IKr with an IC50 of 2.5 μM. We thus tested if 
chloroquine block of either IK1, IKACh, IKr alone, or IK1 and IKACh 
together, or the three currents together terminates persistent 
AF. Figure 4C shows single cell left atrial action potentials when 

FIgURe 4 | Computational simulations of persistent AF in a 3D model of 
the human atria. (A) Snapshots of membrane voltage during persistent 
AF maintained by 2 rotors (curved arrows indicate rotation direction) in the 
posterior left atrium and the superior vena cava (SVC). Numbered dots 
indicate the locations of EGM recordings. (B) EGM traces displaying single 
(trace 2), double (traces 1 and 4) and fractionated (trace 3) potentials with 
low amplitude and high frequency of activation (DF of 11 Hz). (C) Single cell 
left atrial action potentials, at baseline AF (red trace), when IKr (blue dotted 
line), IK1 (blue solid line), IKACh (blue dashed line), IK1 and IKACh together (black 
dashed line), or the three currents together (black solid line) were blocked 
by 1 μM of chloroquine. LIPV, and LSPV: left inferior and superior pulmonary 
vein. RIPV, and RSPV: right inferior and superior pulmonary vein. SVC, and 
IVC: superior and inferior vena cava.

FIgURe 3 | Chloroquine effects on persistent AF. (A) Daily AF burden for 14 
days in Holter monitoring at baseline, and for 14 days upon initiation of oral 
chloroquine (amebiasis treatment regimen). (B) 12 lead ECG on the day of 
chloroquine initiation, confirming the presence of AF. (C) Holter ECG strips 
from baseline (top), right before treatment initiation (middle), and on the 3rd 
day of treatment when AF converted to sinus rhythm (bottom).
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chloroquine was applied at 1 μM in order to simulate ~50% block 
of the IK1 and IKACh currents and 30% block of IKr. When IKr was 
blocked by 30% (blue dotted line), APD90 prolonged from 98 ms 
(baseline AF, red line) to 101 ms, without changes in the RMP 
(−84.6 mV). When either IK1 or IKACh were blocked by ~50% (blue 
solid and blue dashed lines), APD90 prolonged to 133 ms and 118 
ms, with RMP values of −83.0 mV and −84.4 mV, respectively. 
When both IK1 and IKACh currents were blocked by ~50% (black 
dashed line), APD90 prolonged to 170 ms and the RMP slightly 
depolarized to −82.3 mV. When IK1, IKACh and IKr currents were 
blocked by 1 μM of chloroquine (black solid line), the RMP slightly 
depolarized to −82.3 mV, but the APD90 prolonged to 179 ms.

When we increased the chloroquine concentration to 2.5 μM 
in order to simulate ~70% block of the IK1 and IKACh currents and 
50% block of the IKr current, APD90 prolonged to 164 ms, 128 
ms and 103 ms, with RMP of −81.2 mV, −84.3 mV and −84.6 
mV, when IK1, or IKACh or IKr was blocked respectively. When 
both IK1 and IKACh were blocked by ~70%, APD90 prolonged to 

259 ms and the RMP depolarized to −78.6 mV. Finally, when the 
three currents were blocked by 2.5 μM of chloroquine, APD90 
prolonged to 291 ms, which corresponds to a 197% increase.

The two rotors maintaining AF at baseline continued to be 
present with up to 80% IK1 or 60% IKACh block. In such scenarios, 
the rotor located in the posterior wall of the left atrium near the left 
pulmonary vein drifted to the inferior wall and the rotor located 
in the superior vena cava migrated to the free wall of the right 
atrium. Up to 90% block of IKr did not change the dynamics of the 
two rotors maintaining AF at baseline. However, when the block 
of IK1 reached 90% (Figure 5A) or IKACh was blocked from 70 to 
90% (Figure 5B), persistent AF converted into a stable reentrant 
tachycardia located at the free wall of the right atrium. In both cases, 
the EGMs presented single potentials generated by the wavefront 
emanating from the reentry and only in the posterior wall of the 
left atrium where the rotor wavefront pivots, some double EGMs 
generated by the passage of the rotor’s core were observed in this 
area (Figures 5A, B). The DF was reduced to values between 8 Hz 

FIgURe 5 | Simulations of IK1, IKACh, or IKr block on persistent AF. (A) Snapshot of the single re-entry maintaining atrial tachycardia when IKACh was blocked by 70%, 
with the EGMs showing a DF of 8 Hz. (B) Snaphots of the single re-entry maintaining atrial tachycardia when IK1 was blocked by 90%, with the EGMs showing a DF 
of 9 Hz. (C) Snaphots of the 2 rotors maintaining AF when IKr was blocked by 90%, with the EGMs showing a DF of 11 Hz.
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and 9 Hz throughout the atria. Figure 5C shows that AF dynamics 
did not change appreciably when IKr was blocked by 90%.

When the effects of chloroquine on both IK1 and IKACh together 
were simulated, termination of persistent AF was achieved 
with ~50% block of IK1 and IKACh (Figure 6A). AF terminated 600 ms 
after the drug application, due to wavefront–wavetail interaction. 
Similarly, when the effects of chloroquine on the three currents 
together were simulated, termination of persistent AF was achieved 
with ~50% block of IK1 and IKACh and 30% block of IKr (Figure 6B). 
AF terminated 380 ms after the drug application. AF terminated 
earlier when higher concentrations of chloroquine were simulated.

DIsCUssION
Our results showed that the aminoquinoline chloroquine blocks IK1 
and IKAChV by binding a pocket in the Kir2.1 and Kir3.1 channels 
intracellular ion permeation pathways. Moreover, chloroquine 
significantly reduced the burden of persistent AF in an otherwise 
healthy female patient. This was likely due to the ability of the drug 
to prolong the action potential duration, leading to a slowing down 
of the arrhythmia’s dominant frequency, and subsequent failure of 
reentrant excitation due to wavefront–wavetail interaction.

Our molecular modeling suggested that chloroquine blocks 
IK1 and IKACh by binding to a pocket in the intracellular water filled 

vestibule of Kir2.1 and Kir3.1. The drug appeared to hydrogen 
bond with electronegative residue D260 in Kir3.1, and E224 in 
Kir2.1, in proximity to residue F255 in Kir3.1 and the equivalent 
Kir2.1 residue F254.

At baseline AF, our simulations showed EGMs with double 
and fractionated potentials with low amplitude and high 
frequency when the tip of the rotors pivoted on the recording 
points (pivot point). Experimental and clinical studies of AF 
have documented intracardiac polymorphic EGMs in high 
frequency areas with fibrillatory conduction (Ryu et al., 2006; 
Kalifa et al., 2006; Narayan and Krummen, 2012; Narayan et al., 
2012a; Narayan et al., 2012b; Narayan et al., 2012c; Narayan 
et al., 2012d) and fractionated EGMs when the rotor core passes 
at the recording point (Zlochiver et al., 2008). When IK1 or 
IKACh were individually blocked with increasing concentrations 
of chloroquine AF organized into reentrant atrial tachycardia 
due to APD prolongation. EGMs with single potentials in the 
atria were observed, characteristic of EGMs recorded during 
atrial tachycardias (Ryu et al., 2006). Double potentials were 
generated by the passage of the reentry core at the recording 
point in the free wall of the right atrium. It has been reported 
that atrial potentials consisting of two or more deflections 
can be recorded during atrial tachycardias in sites of earliest 
activation such as the crista terminalis (De Groot and Schalij, 
2006). When only IKr was blocked, AF dynamics did not change 

FIgURe 6 | Simulations of 1 μM chloroquine terminating AF by dual block of IK1 and IKACh by 50% (A), or by block of IKr by 30% and block of IK1 and IKACh by 50% 
(B). Voltage maps are snapshots of the last rotation of the re-entrant wave, where AF terminates after the wavefront interacts with the wavetail (white parallel lines). 
Curved white arrows: rotation direction. EGMs show arrhythmia termination.
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(Figure 5C) because IKr block had a minimal effect on the APD 
(Figure 4C). While it has been reported that chloroquine is an 
IKr blocker (Sanchez-Chapula et al., 2002; Traebert et al., 2004), 
and can prolong the QT interval (White, 2007; Stas et al., 2008), 
in our simulations IKr block did not contribute substantially to 
the atrial antiarrhythmic properties. This could be in part due 
to the lower expression of hERG channels in the atria compared 
to the ventricles (Pond et al., 2000). When both IK1 and IKACh 
(Figure 6A) or IK1, IKACh and IKr (Figure 6B) were blocked by 1 
μM chloroquine, AF terminated.

The oral chloroquine regimen which we administered to 
a patient with persistent AF consisted of 600 mg chloroquine 
base once daily, for 2 days, followed by 300 mg once daily for 12 
days. Therapeutic doses of chloroquine typically result in plasma 
concentrations around 1 µM (Karunajeewa et al., 2010), within 
the range of IC50 of IKACh and IK1 block by the drug. The cardiac 
safety of chloroquine when used correctly is well documented. 
For instance, from cardiac electrophysiological safety standpoint, 
chloroquine is safe. This was shown in a large cohort of patients 
with systemic lupus erythematosus who have been treated with 
chloroquine for an average of 8 years. Chloroquine was found 
to be not only electrophysiologically safe, but to also have 
antiarrhythmic activity in those patients with autoimmune 
disease (Wozniacka et al., 2006; Teixeira et al., 2014). Chloroquine 
poisoning occurs with ingestion of more than 5 g of chloroquine 
per dose (Riou et al., 1988).

Presently, the treatment of persistent AF remains inadequate 
(Rietbrock et al., 2008; Shukla and Curtis, 2014). Clinical studies 
demonstrated that antiarrhythmics, or ablation strategies do not 
result in complete freedom from AF, thus antiarrhythmic drug 
therapy remains an important line of defense. With currently 
used antiarrhythmics, the rate of conversion to sinus rhythms 
is not optimal (Zimetbaum, 2012). Additionally, toxicities 
including life threatening arrhythmogenesis are a significant 
risk in antiarrhythmic rhythm control pharmacotherapy. 
Nevertheless, pharmacological maintenance of sinus rhythm 
offers secondary end point benefits such as improvement in left 
ventricular function, walking distance, in addition to atrial size 
reduction (Chung et al., 2005; Hagens et al., 2005; Rienstra et al., 
2005). Hence, there is a need to improve the antiarrhythmic 
armamentarium, and to generate novel antiarrhythmics that 
are safe and that can reduce the burden of persistent AF or 
restore sinus rhythm. Based on this study and those of others, 
chloroquine appears to have antiarrhythmic properties in 
patients with AF (Burrell and Martinez, 1958; Harris et al., 
1988). On the other hand, chloroquine’s known side effects 
include QT prolongation (White, 2007; Stas et  al., 2008), and 
retinal and gastrointestinal adverse reactions (Al-Bari, 2015). 
Therefore, using rational design to discover novel inward 
rectifier blockers based on small aminoquinolines such as 
chloroquine, but with an improved safety profile, could offer 
new avenues in the search of new pharmacotherapies for AF.

The combination of 3D virtual models of atrial fibrillation 
with modeling of ion channel block by small molecules opens 
the door for the simulation of antiarrhythmic drug effects, 
leading the way for the development of a more effective and safer 
generation of anti AF agents.

lIMITATIONs
Atrial remodeling in persistent AF is complex, with many 
changes occurring from the transcriptional to post-translational 
levels (Anisimov and Boheler, 2003; Volkova et al., 2005). 
In addition, autonomic, anatomical, sarcolemmal, and 
subsarcolemmal electrophysiological remodeling has been 
described in persistent AF, resulting in slow and discontinuous 
electrical propagation, and aberrant excitation–contraction 
coupling, as well as increased perpetuation of AF (Kumar et al., 
2012). For instance, increased fibrosis (Koura et al., 2002), 
reduced ICaL, increased background inward rectifiers currents 
(IK1 and constitutively active IKACh) in addition to mitochondrial 
(Moslehi et al., 2012), and calcium handling abnormalities (Vest 
et al., 2005) are present in persistent AF. Such changes can play a 
significant role in creating the complex structural and functional 
substrates which promote the initiation and maintenance of 
high speed rotors responsible for atrial fibrillation. Therefore, it 
not unlikely that chloroquine’s effect is not exclusively due to the 
block of IKACh and IK1. At the therapeutic chloroquine plasma 
concentration, which is around 1 µM, the drug blocks about 
14% of the INa current, 7% of the ICaL, and 9% of IKs (Sanchez-
Chapula et al., 2001). It thus becomes conceivable that the multi-
target effect of chloroquine contributed to its antiarrhythmic 
properties in persistent AF.

Although the electrophysiological remodeling conditions 
that we used in our simulations can reproduce the action 
potential phenotype observed in patients with persistent 
AF, as mentioned above, they do not take into account 
the significant structural remodeling that is found in the 
chronically fibrillating atria, which increases the complexity 
of the arrhythmia. Additionally, our numerical results 
were obtained using a specific virtual atria model that lacks 
fibrosis, albeit it includes a great number of anatomical and 
morphological details including electrophysiology, anatomy, 
fiber direction, anisotropy, and heterogeneity. Although 
functional reentries and rotors have been widely reported as 
maintenance mechanisms of AF, future works must include 
structural remodeling in order to address how chloroquine 
may be antiarrhythmic when ionic and structural remodeling 
are the driving mechanisms of persistent AF.

The simulated results may be atrial cell model-dependent. 
For instance, other human atrial models show a more triangular 
action potential and have a flatter restitution curve, however, all 
models introduce ionic remodeling in a similar way, resulting 
in effects on the action potential that are similar to what our 
simulations suggest. These models generally include decreases in 
Ito, ICaL and IKur, and increased IK1. More recently, AF models that 
also account for the remodeling of intracellular Ca2+ handling 
have been developed (Grandi et al., 2011; Skibsbye et al., 2016; 
Colman et al., 2017; Bai et al., 2018). However, the simpler Ito/ ICaL/ 
IKur/ IK1 approach of persistent AF modeling remains commonly 
used, and we do not think that the use of a more complex model 
would substantially change the main results of our work. For 
modeling the effects of IKr block by chloroquine, we did not 
perform a concentration–response curve of the current block by 
the drug. We relied instead on the  literature reported IC50 of 2.5 
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µM (Traebert et al., 2004), and thus, it is possible that variations 
around this value could affect the simulation results.

Two studies have reported that a benzopyrene derivative 
(Podd et al., 2016) and a benzamide related compound 
(Walfridsson et al., 2015) selectively inhibited IKACh. However, 
the drugs failed in patients with paroxysmal AF and atrial 
flutter (Walfridsson et al., 2015; Podd et al., 2016). This could be 
because IKACh is not constitutively active in paroxysmal AF (Voigt 
et al., 2007) and mechanistically, atrial flutter is very different 
from AF (Olshansky, 2004). Consequently, inhibiting IKACh as 
part of an antiarrhythmic pharmaco-strategy should be reserved 
for the patient population in which the current is known to 
play a role. On the other hand, it is possible that chloroquine 
would reduce the burden of paroxysmal AF. It was shown that 
in patients with paroxysmal AF, a left/ right atrial gradient in 
IK1 exists (Voigt et al., 2010). This gradient could contribute to 
the ionic mechanism of paroxysmal AF, and therefore block of 
IK1 by chloroquine might be antiarrhythmic. Chloroquine might 
have limited antiarrhythmic effects in atrial flutter since its 
mechanisms are distinct from those of AF (Olshansky, 2004).

This is a proof of concept study which showed that chloroquine 
reduced persistent AF burden in a single patient. IK1 and IKACh 
block is proposed as a plausible mechanism for this reduction 
as suggested by the numerical simulations. Further studies are 
needed in order to demonstrate a relation between IKACh and IK1 
block and reduction of persistent AF burden.
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Ventricular fibrillation (VF) and sudden cardiac death (SCD) are predominantly caused by
channelopathies and cardiomyopathies in youngsters and coronary heart disease in the
elderly. Temporary factors, e.g., electrolyte imbalance, drug interactions, and substance
abuses may play an additive role in arrhythmogenesis. Ectopic automaticity, triggered
activity, and reentry mechanisms are known as important electrophysiological substrates for
VF determining the antiarrhythmic therapies at the same time. Emergency need for electrical
cardioversion is supported by the fact that every minute without defibrillation decreases
survival rates by approximately 7%–10%. Thus, early defibrillation is an essential part of
antiarrhythmic emergency management. Drug therapy has its relevance rather in the
prevention of sudden cardiac death, where early recognition and treatment of the
underlying disease has significant importance. Cardioprotective and antiarrhythmic effects
of beta blockers in patients predisposed to sudden cardiac death were highlighted in
numerous studies, hence nowadays these drugs are considered to be the cornerstones of
the prevention and treatment of life-threatening ventricular arrhythmias. Nevertheless, other
medical therapies have not been proven to be useful in the prevention of VF. Although
amiodarone has shown positive results occasionally, this was not demonstrated to be
consistent. Furthermore, the potential proarrhythmic effects of drugs may also limit their
applicability. Based on these unfavorable observations we highlight the importance of
arrhythmia prevention, where echocardiography, electrocardiography and laboratory testing
play a significant role even in the emergency setting. In the following we provide a summary
on the latest developments on cardiopulmonary resuscitation, and the evaluation and
preventive treatment possibilities of patients with increased susceptibility to VF and SCD.

Keywords: ventricular fibrillation, sudden cardiac death, cardiopulmonary resuscitation, ventricular
repolarization, electrocardiography
INTRODUCTION

Ventricular fibrillation (VF) is an emergency condition that, without immediate treatment, leads to
death. In the event of this malignant ventricular arrhythmia chaotic, disorganized electrical activity
appears in the ventricular myocardium. In such cases the heart is unable to transport blood
effectively, which leads to circulatory collapse, clinical death, and if left unattended, biological death.
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Sudden cardiac death (SCD) is a leading death cause all over the
world, affecting some 5 million people a year (Berdowski et al.,
2010; Glinge et al., 2016) with a low survival rate of
approximately 10% (Kim et al., 2016). In the United States
300–400 thousand, while in Europe 700 thousand cases of
sudden cardiac death are registered a year. Its incidence is 100/
100000 in the case of 50-year-old men, it is as high as 800/100000
among men 75 years of age. SCD is more frequent among men
than women (6.68/100000 vs. 1.4/100000) (Eckart et al., 2011;
Priori et al., 2015). VF is the arrhythmia to manifest first and
with the highest frequency in relation to registered circulatory
collapses (Rea et al., 2004), which accounts for about 30% of the
cases (Bourque et al., 2007).
PATHOLOGICAL CONDITIONS
UNDERLYING VENTRICULAR
FIBRILLATION

The most common factors that may contribute to the
development of VF are acquired risk factors, e.g., ischemic
heart disease, cardiomyopathies, electrolyte imbalances, certain
drug therapies affecting myocardial repolarization, and less
frequently inherited disorders, e.g., ion channel abnormalities
(channelopathies), congenital valvular diseases, and coronary
artery anomalies. (Table 1) (Garson and McNamara, 1985;
Jouven et al., 1999; Thompson et al., 2000; Frothingham, 2001;
Haddad and Anderson, 2002; Taylor, 2003; Yap and Camm,
2003; Vieweg and Wood, 2004; Owens and Ambrose, 2005;
Haissaguerre et al., 2008; Priori et al., 2015; Aiba, 2019;
Coutinho Cruz et al., 2019).
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Channelopathies listed under inherited primary arrhythmia
syndromes, like long and short QT syndromes and Brugada-
syndrome (BrS), are important pathogenetic factors (Aiba,
2019). In 70% of long QT syndromes (LQTS) the mutation of
the KCNQ1 or the KCNH2 (hERG) genes have been clarified.
These genes encode the potassium channels responsible for the
slow (IKs) and rapid component (IKr) of the delayed rectifier
repolarising potassium current, respectively. Beyond KCNQ1
(LQT1) and KCNH2 (LQT2), SCN5A (LQT3) is the third most
frequently affected gene that plays a role in the genesis of LQTS.
Mutation of the SCNA5 contributes to an increase in the
depolarising sodium inward current leading to the consequent
prolongation of the QT interval (Priori et al., 2013).
Furthermore, the role of mutations of the L-type calcium
channel and other structural proteins was described in the
pathogenesis of LQTS, however the triggering mutation has
not been identified yet in many other cases (Schwartz et al.,
2012). In the case of catecholaminergic polymorphic ventricular
tachycardia (CPVT) the autosomal dominant inherited mutation
of the type-2 cardiac ryanodine receptor has been identified as a
possible cause. Moreover, the mutation of the Kir2.1 inward
rectifier potassium channel encoded by KCNJ2 gene can also lead
to CPVT (Priori et al., 2013). The Brugada syndrome is known as
a familial disease which is inherited in an autosomal dominant
pattern with incomplete penetration, however in 60% of the cases
occurs sporadically (Campuzano et al., 2010). Nearly 400 gene
mutations have been described as a possible underlying factor in
the genesis of this disease, nevertheless, in more than 80% of the
cases the mutation and/or copy number variation of SCN5A gene
encoding the Kv1.5 voltage gated sodium channel have been
found (Kapplinger et al., 2010; Eastaugh et al., 2011). However,
recently a thorough evaluation of the routine genetic testing
panels was made. As a result, mutation of SCNA5 gene was
proven to be the only real, clinically valid disease-causing gene in
case of BrS. Other gene-disease associations appeared to be
debatable (Hosseini et al., 2018). The highest occurence of
ECG alterations and cardiac events were reported in case of
SCNA5 mutation among BrS patients (Yamagata et al., 2017).
Several gene polymorphisms, epigenetic factors and
posttranslational modifications were also revealed as a
pathogenic condition of BrS in the past few years (Kim et al.,
2013; Webster et al., 2013) Arrhythmogenic right ventricular
dysplasia (ARVD) may also have an effect in arrhythmogenesis
and the development of SCD (Marcus et al, 2010). The single
nucleotide polymorphisms (SNPs) located in the 21q21 and
2q24.2 loci also contribute to an increased risk for SCD
(Bezzina et al., 2010; Arking et al., 2011).

THE ELECTROPHYSIOLOGICAL
MECHANISMS UNDERLYING THE
DEVELOPMENT OF VENTRICULAR
FIBRILLATION

The electrical (repolarization) heterogeneity and secondary
anisotropy of the ventricular myocardium play a crucial role in
the genesis of VF. The monophasic action potentials (MAPs)
TABLE 1 | Etiology of ventricular fibrillation.

PATHOLOGICAL FACTORS THAT PLAY A ROLE IN THE DEVELOPMENT
OF VENTRICULAR FIBRILLATION

INHERITED ACQUIRED TEMPORARY CAUSES

long QT syndrome ischemic heart disease sepsis
short QT syndrome chronic kidney disease electrolyte disorders

(especially K+ and Mg++)
Brugada-syndrome hypertension electrocution
catecholaminergic
polymorphic ventricular
tachycardia

cardiomyopathies drug abuse (cocaine,
methamphetamine)

arrhythmogenic right
ventricular dysplasia

acquired aortic
disorders

provocative body posture
in the case of structural
heart disease

single nucleotide
polymorphisms (e.g. on
21q21 and 2q24.2 loci)

prior aborted cardiac
death

drugs affecting QT interval:
antimicrobial agents
antipsychotics
antidepressants
antiarrhythmic drugs:
amiodarone, sotalol,
procainamide, quinidine,
dofetilide, ibutilide

J-point elevation
syndromes

post-valvular surgery,
post-TGA surgery or
other heart surgeries

inherited structural heart
diseases (tetralogy of
Fallot, VSD, mitral
prolapse, aortic disorders)

post-PCI or post-
thrombolysis
(reperfusion damage)
VSD, ventricular septal defect, TGA, transposition of the great arteries, PCI, primary
coronary intervention.
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characterising the electrical feature of a myocardial cell in
the endocardial, mid-myocardial, and epicardial layers differ
from each other, where types and expression levels of
potassium channels responsible for transient outward currents
(Ito) are also different. These dissimilarities can form a
transmural voltage gradient during the activation of the
ventricular myocardium. As a result, increased ventricular
electrical anisotropy and an enhanced ventricular arrhythmia
vulnerability may appear (Antzelevitch et al., 2000). Anisotropy
can also be influenced by the differences in the distribution of
intercellular electrical signal transducer gap junctions (Rohr,
2004). The macroscopic discontinuity of the myocardium
(e.g., presence of septa, trabecula, papillary muscles), and
the accumulation of connective tissue due to hypertrophy or
infarction may also generate ventricular anisotropy (Antzelevitch
et al., 2000). Scars and fibrotic tissues deposited parallel (not
perpendicular) to the myocardial fibers can cease intercellular
connections, consequently electrical conduction may
turn irregular (Spach and Josephson, 1994). In the case of
myocardial hypertrophy and heart failure (HF) the
prolongation of action potential duration (APD) may
consequently form early afterdepolarizations (EADs) (Nabauer
and Kaab, 1998) Heart failure can cause a significant decrease in
the repolarising Ito and delayed rectifier potassium currents (IKr
and IKs currents of K channels encoded by KCNH2 and KCNQ1
genes) that may enhance the effect of proarrhythmic factors (e.g.,
hypokalemia, hypomagnesemia, class III antiarrhythmic drugs)
(Nuss et al., 1996; Anumonwo and Lopatin, 2010). In the case of
LQTS the mutation of potassium channels decreases their
function by at least 50% leading to a prolonged repolarization,
APD and QT interval. Class III antiarrhythmic drugs have a
similar APD prolonging effect, that may contribute to an
increased ventricular proarrhythmic susceptibility (Nuss et al,
1996; Peters et al., 2000). In the cases of heart failure and left
ventricular hypertrophy, the downregulation of potassium
channels, the decrease of transient outward currents (Ito) and
the decrease of rapid and slow components of the delayed
rectifier currents (IKr, IKs) can contribute to the prolongation
of APD. Regarding HF, the overexpression of HCN2 and HCN4
genes can appear resulting in an increased pacemaker current (If)
not only in the SA node, but in the ventricular tissue, too. The
electrical remodeling of the heart can lead to a reduced
ventricular repolarization reserve, increasing the risk of
ventricular arrhythmias based on triggered activity, ectopic
automaticity, and reentry mechanisms (Cerbai et al., 2001;
Stillitano et al., 2008). ATP-sensitive potassium channels (KATP

channels) localized in the sarcolemmal membrane may be
activated by metabolic stress or ischemia causing the
shortening of APD, preventing the heart from calcium
overload and contraction abnormalities. Moreover, myocardial
hypertrophy and ischemia can increase the expression levels of
Kir 6.1 and Kir 6.2 KATP channels, leading to an increased risk
for ventricular dysrhythmias based on heterogeneous shortening
of the AP (Akrouh et al., 2009; Tinker et al., 2018). In 1998
repolarization reserve has been defined by Roden et al. as a
defensive mechanism of the myocardium, which protects the
Frontiers in Pharmacology | www.frontiersin.org 345
heart from the emergence of arrhythmias in particular
circumstances where APD has already been prolonged. For
instance, enhanced inward Na+ currents contributes to an
increase in delayed rectifier outward potassium current
(especially IKr) as a compensatory mechanism in order to
prevent the prolongation of repolarization. Furthermore,
congenital alterations in ion currents of the myocardium, heart
failure, cardiac hypertrophy, bradycardia, increased sympathetic
activation, female gender, recent pharmacological conversion
from atrial fibrillation to sinus rhythm, use of diuretics,
hypokalemia, hypomagnesemia, administration of class IA, IC
or III antiarrhythmic drugs or agents with IKr blocking effect can
decrease repolarization reserve. Co-occurence of certain
conditions which affect more than one type of ion currents
involved in regular repolarization may critically reduce
repolarization reserve and can result in proarrhythmia (Roden,
1998; Varró and Baczkó, 2011).

The underlying electrophysiological mechanisms of ventricular
fibrillation consequently include ectopic automaticity, reentry and
triggered activity (due to early and late afterdepolarizations)
(Figure 1) (Bayes De Luna et al., 1989; Peters et al., 2000).

Ectopic automaticity is the result of spontaneous diastolic
depolarization, where current of injury (local alterations in K+

gradient) due to acute ischemic damage is an important
provoking mechanism (Thygesen and Uretsky, 2004). In the
case of ectopic automaticity it is a ventricular premature beat
caused by inherited or acquired ectopic impulse-generating foci
that most frequently play a role in triggering VF (Van Camp,
1992; Singh and Noheria, 2018). Ventricular premature beats
may arise from any part of the electrical conducting system of the
heart, especially from the Purkinje fibers, and may also originate
from the right or left ventricular outflow tract, or the papillary
muscles. Nevertheless, monomorphic ventricular tachycardia or
atrial fibrillation as part of a preexcitation syndrome may also
contribute to VF (Viskin et al., 2013).

A frequent underlying cause of the unidirectional block
serving as the basis of reentry mechanism may be the
prolongation of the monophasic action potential of the
myocyte and the consequential heterogeneity of ventricular
repolarization. This process may be facilitated by myocardial
ischemia and may trigger an increase in the monophasic AP
duration restitution slope as well as changes in the amplitude of
AP (electrical alternans) (Krummen et al., 2016).

Triggered activity may also appear as a consequence of early
(EAD) or delayed afterdepolarization (DAD). EAD is caused by
the early reactivation of L-type Ca-channels, a consequence of a
decrease in repolarising potassium currents or an increase in the
activity of positive currents toward the intracellular space
(Roden, 2016). Furthermore, oxidative stress, hypokalemia may
also play an additive role in the pathomechanism of EAD
(Antzelevitch et al., 1991; Karagueuzian et al., 2013;
Antzelevitch et al., 2014; Markandeya and Kamp, 2015). In
contrast, DAD develops after the repolarization of the myocyte
membrane due to intracellular calcium excess or an increased
sensitivity of intracellular ryanodine receptors (Priori and Chen,
2011). Delayed after depolarizations often serve as a background
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for ventricular arrhythmias caused by heart failure or digoxin
toxicity and can also play a role in the genesis of CPVT (Priori
and Chen, 2011).
RISK ASSESSMENT OF VENTRICULAR
FIBRILLATION

Several diagnostic tools are available for the risk stratification of
ventricular arrhythmias and sudden cardiac death. Certain
parameters of the 12-lead surface ECG (e.g., QT interval and
dispersion, T wave peak-to-end interval, arrhythmogeneity
index, epsilon wave, delta wave, Brugada sign, J point
elevation, etc.) may be of help in predicting life-threatening
ventricular dysrhythmias and clarifying the underlying
arrhythmia mechanism. Holter ECG may be useful in
arrhythmia risk stratification (by determining T wave
alternans, heart rate variability, QT variability, etc.).
Echocardiography is widely used to determine structural and
functional abnormalities of the heart. Accumulation of
connective tissue in the left ventricle (scar burden) and fatty
tissue in the right ventricle (ARVD) can be examined by MRI.
Coronary CT angiography and coronarography may be of help
to recognize coronary artery disease as a possible underlying
arrhythmogenic factor. Electrophysiological testing is suitable for
the examination of VT/VF inducibility and for the definition of
the arrhythmia foci. Serum level of certain biomarkers may also
Frontiers in Pharmacology | www.frontiersin.org 446
be taken into consideration as part of ventricular arrhythmia risk
assessment (Deyell et al., 2015).

Laboratory Opportunities for Predicting
Ventricular Arrhythmias
Considering laboratory biomarkers, in addition to the now more
widely used NT-proBNP and the high-sensitive troponin T,
osteopontin, galectin-3, and soluble ST2 can also be applied to
determine the arrhythmia vulnerability of the ventricular
myocardium (Pascual-Figal et al., 2009; Patton et al., 2011;
Francia et al., 2014; Xu et al., 2019). NT-proBNP is a
neurohormone produced by the brain, the left atrium, and the
left ventricle, whose serum level significantly rises in the case of
left ventricular dysfunction. Examining the population of the
Cardiovascular Health Study Patton et al. found 289 cases of
sudden cardiac death where the increased NT-proBNP value
involved 4.2 times higher risk of the development of sudden
cardiac death (Patton et al., 2011). Xu et al. examined 104
patients treated with aborted cardiac death where during the
follow-up period a higher hsTnT level was measured in the case
of patients who suffered repeated episodes of ventricular
fibrillation (Xu et al., 2019). Osteopontin and galectin-3 are
primarily ventricular myocardium-specific fibrosis markers
whose increased serum-level implies enhanced myocardial
fibrosis and thereby, due to the increased electrical
heterogeneity, enhanced risk of ventricular arrhythmias
(Francia et al., 2014). Soluble ST2 is a member of the
FIGURE 1 | Pathomechanism of ventricular fibrillation (VF).
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interleukin-1 receptor family, produced by cardiomyocytes.
Pascual-Figal et al. found that increased sST2 values involved
1.39 times higher risk of sudden cardiac death compared to
persons with a regular serum level (Pascual-Figal et al., 2009). In
a cohort study based on the clinical data of 72 patients,
Scheirlynck et al. proved that mitral annulus disjunction
(MAD) was linked to a higher sST2 level in the presence of
ventricular arrhythmias. The focal fibrosis of the mitral
apparatus has been shown to be associated with the electrical
instability and the hypermobility of the mitral valve, which
together can lead to an enhanced ventricular arrhythmia
susceptibility. In contrary to the study of Patton et al., they
found normal NT-proBNP and CRP levels in their population.
In the same study TGFß1 was assumed to be responsible for the
ventricular arrhythmogeneity (Scheirlynck et al., 2019). In the
Physicians’ Health Study a positive correlation was reported
between high serum CRP levels and increased arrhythmia risk
vulnerability, however in the Nurse’s Health Study population
similar connection could not be proven (Balla et al., 2019). In the
Paris study, the increased serum concentration of non-esterified
free fatty acids were described as an independent risk factor for
SCD in middle-aged men (Balla et al., 2019). Furthermore,
increased serum levels of matrix metalloproteinazes (MMPs)
and their inhibitor molecules (TIMPs) - which may take part in
the genesis of cardiac fibrosis - have also been shown to
contribute to an increased risk of ventricular dysrhythmias
(Klappacher et al., 1995). In another investigation by Benito et
al. the elevated serum level of testosterone, and the decreased
serum level of oestrogen were in correlation with an increased
probability of malignant ventricular arrhythmias (Benito
et al., 2008).

Estimating Arrhythmia Susceptibility With
Imaging Methods
Left ventricular ejection fraction (EF) measured during
echocardiography is suitable for predicting malignant
ventricular arrhythmia and, according to current knowledge,
is the only echocardiographic parameter with predictive value
for an increased risk of sudden cardiac death in the case of
ischemic heart disease and left ventricular dysfunction (Fogel,
2002; Moss et al . , 2002; Alberte and Zipes, 2003).
Echocardiographic examinations may also be of help in the
detection of structural heart diseases (concentric and eccentric
left ventricular hypertrophy, valvulopathies, chamber diameters,
etc.) underlying ventricular arrhythmias (Cheitlin et al., 2003;
Priori et al., 2015).

Another opportunity is to perform a cardiac MR, which
thanks to its high resolution gives a more precise picture of
wall motion disorders, is suitable for performing more refined
volumetric measurements and provides a better approximation
of the left ventricular mass than echocardiography, is at the same
time much more expensive, less accessible, and may requires the
administration of a contrast agent. It is of outstanding value in
the diagnostics of patients with arrhythmogenic right ventricular
dysplasia, in assessing the tissue structure of the ventricular wall
(Priori et al., 2015).
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Electrocardiographic Estimation of the
Risk for Ventricular Arrhythmias
Determining the respective parameters of a 12-lead surface ECG
is an inexpensive, easy to perform and reproducable method,
which can be widely used in the everyday clinical practice for
predicting ventricular arrhythmias.

Short QT interval (QT interval corrected to heart rate <300 ms)
and long QT interval (QT interval corrected to heart rate, for men
≥ 451 ms, for women ≥471 ms) involve a confirmed increased risk
of sudden cardiac death (Malik and Batchvarov, 2000; Boriani
et al., 2006). Zhang et al. showed that the relative risk of SCD
comparing patients with the longest and shortest QT interval was
1.44 (Zhang et al., 2011). Vink et al. proved that manual
measurement of QT interval corrected according to Bazett
formula has a specificity of 86% and a sensitivity of 85%
simultaneously (Vink et al., 2018). QT dispersion is also a
widely used ventricular arrhythmia risk marker; it is the
difference between the longest and shortest QT intervals in the
12-lead electrocardiogram and can be used to estimate the spatial
dispersion of ventricular repolarization. Increased QT dispersion,
showing a repolarization heterogeneity, has been reported in
several pathological conditions; its predictive value for an
arrhytmia risk and SCD has been confirmed in the cases of
amyloidosis, hyperlipidemia, systemic sclerosis, thyroid
dysfunction, diabetes mellitus, and chronic kidney disease
(Sgreccia et al., 1998; Lőrincz et al., 1999; Cardoso et al., 2001;
Szabó et al., 2005; Bakiner et al., 2008; Gilotra et al., 2013; Tse and
Yan, 2017). Interestingly, when compared to hemodiafiltration QT
dispersion has been found to be significantly higher during
hemodialysis (Barta et al., 2014). In the case of patients with
coronary artery disease increased QT dispersion had 92%
sensitivity and 81% specificity in the prediction of SCD (Darbar
et al., 1996).

Short-termbeat-to-beat variability of theQT interval (QTv) can
be determined manually or by means of a computer software.
Generally, 30 consecutive QT intervals in leads II and V5 are
measured (Berger et al., 1997). Increased QTv has been described
in patients with dilated cardiomyopathy (DCM), heart failure,
drug-induced or congenital long QT syndromes, panic disorder,
and even in the cases of young athletes with moderate left
ventricular hypertrophy (Hinterseer et al., 2008; Hinterseer et al.,
2009; Hinterseer et al., 2010; Lengyel et al., 2011; Varkevisser et al.,
2012). Furthermore,QTvwas shown to be useful in the detection of
latent repolarization disorders. QT variability index (QTVI) can be
calculated from the logarithmic ratio of the mean QTc interval and
heart rate and the variability of QT interval and heart rate. Its
increase indicates repolarization heterogeneity. QTVImay increase
in many conditions, e.g., DCM, acute ischemia, HF, LQTS, renal
failure, ventricular arrhythmias, and SCD (Dobson et al., 2013).
However, its predictive and diagnostic value has not been clearly
elucidated yet. Investigators agree that QTVI combined with QTc,
QTv, andheart rate variabilitymay improve the risk stratification of
patients with enhanced arrhythmia susceptibility (Oosterhoff
et al., 2011).

T wave peak-to-end interval (Tpe) and the arrhythmogeneity
index (AIX, derived as the ratio of Tpe and corrected QT
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interval) are also suitable for estimating the danger of ventricular
arrhythmias (Gupta et al., 2008; Kors et al., 2008). The normal
value of Tpe in the case of men is <94 ms and for women <92 ms
(Haarmark et al., 2010). The prolongation of Tpe has been
observed in the case of several clinical conditions, e.g., acute
myocardial infarction, sleep apnea syndrome, hypertrophic
cardiomyopathy, and LQTS (Shimizu et al., 2002; Yamaguchi
et al., 2003; Haarmark et al., 2009; Kilicaslan et al., 2012). In a
population with liver cirrhosis Tpe value has been confirmed to
have a sensitivity of 90% and a specificity of 60% in the
prediction of SCD (Salgado et al., 2016). Another study with
patients who underwent primary coronary intervention (PCI)
showed, that the prolongation of Tpe interval with regard to SCD
had a sensitivity of 90%, and a specificity of 55% with a positive
predictive value of 0.18 and a negative predictive value of 0.98
(Haarmark et al. , 2009). The physiological value of
arrhythmogeneity index is approximately 0.19–0.2 (Zehir et al.,
2015) and has proven to be even more precise than the corrected
QT value in the prediction of torsades de pointes ventricular
tachycardia and sudden cardiac death (Yamaguchi et al., 2003;
Topilski et al., 2007; Wang et al., 2019). In another study the
increase in Tpe and AIX were found to be significantly higher
during hemodialysis compared to hemodiafiltration which
indicates a pronounced risk for ventricular arrhythmia
formation during the conventional renal replacement therapy
(Páll et al., 2017). In a further investigation by Wang et al. in
patients with vasospastic angina pectoris, AIX had a sensitivity of
84% and a specificity of 89.5% in the prediction of malignant
ventricular arrhythmias (Wang et al., 2019).

T wave alternans is yet another electrocardiographic parameter
that represents beat-to-beat changes in T wave morphology. Its
examinationmay be suitable for expressing the spatial heterogeneity
of ventricular repolarization (Narayan, 2006). T wave alterations
measured on electrocardiogram enlarged to a microvolt scale
referred to as microvolt T wave alternans have proven to be useful
not only for estimating the risk of ventricular arrhythmia but for
assessing the necessity of implantable cardioverter defibrillator
(ICD) as well (Bloomfield et al., 2004; Burattini et al., 2009).

The prevalence of the Brugada ECG-pattern and the epsilon
wave characteristic of arrhythmogenic right ventricular dysplasia
both indicate an increased risk for arrhythmias (Issa et al., 2012).
Priori et al. found that out of 176 Brugada-syndrome patients
there were clear diagnostic signs in the resting ECG of only 90
patients (Priori et al., 2002). Therefore, in the case of clinical
suspicion it is recommended to perform a provocation test using
class IA or IC sodium channel blockers intravenously. Flecainide
was one of the drugs that were used for this purpose, however it
turned out to be ineffective in revealing the Brugada sign on the
surface ECG in 30% of the examined Brugada patients (Therasse
et al., 2017). Thus, ajmalin is the preferred drug with higher
efficacy during provocation tests (Berne and Brugada, 2012).
Procainamide can also be suitable for the triggering of not only
type-1, but type-2 and -3 Brugada signs on the surface
electrocardiogram. For the same purpose, disopyramide,
propafenone and pilsicainide may be applied, too (Obeyesekere
et al., 2011; Berne and Brugada, 2012).
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Recently, growing clinical significance has been attributed to
what is referred to as the J -point elevation syndrome which are
the early repolarization syndromes together with Brugada
syndrome (Nademanee et al., 2019). As a characteristic feature
of this J-point elevation of above 0.1 mV can be measured in at
least 2 related ECG leads, which manifests together with concave
ST-segment elevation and peaked prominent T waves. Based on
the leads with J-point alterations, 3 types of early repolarization
patterns can be differentiated (Table 2) (Antzelevitch and
Yan, 2010).
THE TREATMENT OF VENTRICULAR
FIBRILLATION

The most effective therapies for ventricular fibrillation
and pulseless ventricular tachycardia (pVT) are immediate
high-quality chest compression as well as early defibrillation,
which latter plays a key role in terminating these arrhythmias
(Figure 2) (Neumar et al., 2015).

Survival rate by early defibrillation in the case of resuscitation
performed by lay people is 37.4% (Benjamin et al., 2017). The
necessity of earliest possible electrical treatment is underpinned
by the fact that the rate of successful resuscitation falls by 7%–
10% per min from the circulatory collapse (Larsen et al., 1993).
The availability of automated external defibrillators (AED) in
public spaces and broad-scale training for lay persons about the
use of the device may increase the current survival rate of 10%
(Berg et al., 2019). In Scandinavia, there have been experiments
with simulation practices using drones for the speedy delivery of
AEDs with positive results and applying this method in real
situations in future may improve the success rate of life saving as
well (Sanfridsson et al., 2019). During a practice simulating out-
of-hospital circulatory collapse the results of resuscitations
performed by elderly bystanders (average age: 75.5 years) were
compared considering several aspects. The bystanders did not
have any prior training and the primary goal was to find out how
modern telecommunication tools (smartphones, drones, AED)
would affect their performance. Results showed that from the
time of the circulatory collapse AED was placed on the simulated
patients within 10 min and resuscitation started within 2.25 min
(Sanfridsson et al., 2019).

An improvement in the chance of long-term survival and the
least neurological damage were found in the case when the initial
TABLE 2 | Types of early repolarization syndromes (ERS) according to ECG-
alterations and anatomical localization (based on Antzelevitch and Yan, 2010).

EARLY REPOLARIZATION SYNDROME (ERS)

TYPE 1 TYPE 2 TYPE 3

Location of J wave
abnormalities (ECG leads)

I, V4-6 II, III, aVF in all leads

Anatomical localization of
repolarization disorder

the anterolateral part
of the left ventricle

inferior part of
left ventricle

left and right
ventricle
January 202
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rhythm observed on site was ventricular fibrillation (Daya et al.,
2015). Another important element of improving the neurological
outcome is post-resuscitation care started in time, which includes
coronary intervention and targeted temperature management
(TTM) (Link et al., 2015). Based on the examination of 136
patients, the Hypothermia after Cardiac Arrest Study Group
showed that the application of TTM clearly improved
neurological outcome (based on CPC) and reduced mortality
(Hypothermia after Cardiac Arrest Study Group, 2002). Stanger
et al. examined 570 patients resuscitated after out-of-hospital
sudden cardiac death who were administered TTM therapy in
hospital. The patients were put into two groups depending on
howmany minutes after arrival in hospital TTMwas started. The
greatest difference between the early (20–81 min) and the late
(167–319 min) groups was in survival. The early group had 1.59
times higher chance for survival compared to the late group,
while they had only 1.49 times higher chance for a good
neurological outcome, which did not prove clearly significant
(Stanger et al., 2019). The 2015 resuscitation guideline
recommends earliest possible PCI in the case of sudden cardiac
death with acute coronary syndrome as the underlying cause
(Nikolaou et al., 2015). Kahn et al. had found already that early
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PCI performed on patients who had suffered SCD due to STEMI
could help survival with a good neurological outcome (Kahn
et al., 1995). Examining 35 and 190 patients respectively,
Nanjayya et al. and Bro-Jeppesen et al. compared patients who
underwent and others who did not undergo immediate
angiography and PCI in hospital, after out-of-hospital sudden
death. Both studies found that early PCI had no significant
positive effect on mortality (Bro-Jeppesen et al., 2012; Nanjayya
and Nayyar, 2012). In contrast, Strote et al. found by
retrospectively analyzing the data of 270 patients who had
suffered sudden cardiac death that acute PCI (if performed
within 6 h after the emergence of symptoms) ensured
significantly better survival than PCI performed beyond 6 h
(Strote et al., 2012).
CHEST COMPRESSION DEVICES

Research findings in recent years have confirmed that a most
decisive element of successful resuscitation is high-quality chest
compression interrupted for the briefest possible time (Levy et al.,
2015). Due to the decreasing compression depth and the
increasingly frequent interruptions, the manual sustainment of
good-quality chest compression recommended as a target in the
guidelines faces difficulties in the short run already. In view of the
latter mechanical chest compression devices have become
increasingly widespread and available as alternative solutions
both in prehospital and in-hospital emergency care. With the
help of these devices, high-quality compressions can be
maintained even for a long time (Ujvárosy et al., 2018). Although
the findings of the research performed have not yet confirmed
significant differences in the outcome of resuscitations with the use
of these devices, there are certain situations, e.g., continuous CPR
during transport,when their application is clearly recommendedby
international guidelines (Soar et al., 2015).

According to the international resuscitation recommendation
currently in force, the European Resuscitation Council ALS
protocol , the applicat ion of mechanical devices is
recommended if the sustainment of high-quality chest
compressions is required for a longer time, e.g. during
transportation, for a hypothermic patient or in the case of PCI
during ongiong CPR (Soar et al., 2015).

There are currently two major types of mechanical devices
available in trade, LUCAS (Lund University Cardiopulmonary
Assist System) and AutoPulse (Load distributing band CPR).
LUCAS is a system operating based on a piston principle and
also plays a role in the active decompression of the chest; a
silicone ring is to be pressed against the patient’s chest, which
thereafter exercises pressure in a depth of 5–6 cm with a
frequency of 100/min, and helps the relaxation of the chest
wall as well (Koster et al., 2017). In the case of AutoPulse, in
contrast, a wide bandage is placed across the patient’s chest,
which thereafter implements pressure on the chest with a
frequency of 80/min but does not take part in the relaxation of
the chest (Koster et al., 2017). Research findings comparing
resuscitations performed with the respective devices have not
FIGURE 2 | Acute treatment of ventricular fibrillation. VF, ventricular
fibrillation; CPR, cardiopulmonary resuscitation.
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shown any differences as regards the success of resuscitation
(Gates et al., 2015).

One of the greatest doubts arising in relation to the devices
was potential injuries they could cause, but as has been
confirmed by several autopsy findings, mechanical devices have
not caused either other types of, or more serious or frequent
injuries than manual chest compression. The most frequent
injury they caused was similarly rib fracture (Koster et al., 2017).

In another study in relation to resuscitation performed using a
LUCAS-2 mechanical chest compression device has similarly
shown favourable results. The data of altogether 287 patients
were investigated who suffered out-of-hospital non-traumatic
circulatory collapse, out of which resuscitation using a LUCAS-2
device was performed in 55 cases, while manual chest compression
was carried out in the others. Return of spontaneous circulation
(ROSC) happened in 37% of the cases; in a slightly higher rate in
the mechanical group (p = 0.072). Also, in cases of prolonged
resuscitation, success rate was higher in the mechanical group
(p<0.05). The number of traumatic injuries was not higher in the
LUCAS-2 compared to the manual group (Ujvárosy et al., 2018).
CLINICAL FACTORS AFFECTING THE
OUTCOME OF RESUSCITATION

The prognosis and long-term outcome of resuscitated patients
who survived aborted cardiac death are significantly influenced
by comorbidities (ischemic heart disease, hypertension), the
extent of potential left ventricular hypertrophy and the
mechanism of ventricular arrhythmogenesis. Koldobskiy et al.
found that kidney failure, immunosuppression and obesity
negatively influenced the outcome of resuscitation (Koldobskiy
et al., 2014). Herlitz et al. examined the data of 33,453 patients
and concluded that initial rhythm, lay resuscitation and the age
of the patient very strongly influenced the outcome of CPR
(Herlitz et al., 2005) Our own research findings have proven that
the presence of left ventricular hypertrophy involved 5.1 times
higher risk of the failure of resuscitation (p = 0.0009 r = 0.1995).
We have also found that age and hypertension negatively
influence success rate; in the case of hypertension there is a
1.82-time risk of a failed outcome (p = 0.018 r = 0.143) (Ujvárosy
et al., 2018). Often the first and only ‘symptom’ of myocardial
infarction is sudden cardiac death, and SCD was responsible for
the death of almost half of the coronary patients and for nearly
325,000 deaths per year, in the USA (Myerburg et al., 1993; Singh
and Noheria, 2018). Cardiological rehabilitation, favourable
influence for the lipid profile, favourable medication and the
management of comorbidities have nowadays significantly
improved long-term prognosis in the case of SCD with ACS in
the background (Bunch et al., 2005). Refractory VF, which is a
relatively rare morbidity factor, involves expressly poor outcome
(El-Sherif et al., 2017; Nas et al., 2019). Among the factors
influencing long-term prognosis the most important one is
neurological outcome, for characterising which the CPC
(Cerebral Performance Category) scale is the most widely used
method (Table 3) (Ajam et al., 2011).
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In addition to the application of a mechanical device, a new
opportunity for prehospital emergency diagnostics available is to
perform echocardiography. This may help identify some of the
reversible reasons (4H-4T) causing circulatory collapse and
improve the efficiency of chest compression. For the confirmation
of the further roles and efficiency of echocardiography during
resuscitation as well as its effect on the outcome, further studies
are requried (Teran et al., 2019).
DRUG THERAPY DURING
RESUSCITATION

In international recommendations, therapy for VF and pVT
includes the administration of epinephrine and amiodarone
(Neumar et al., 2015). The mechanism of action of epinephrine
in the case of cardiac arrest is the consequence to a-adrenergic
effect, which, by directing systemic blood flow toward the heart
increases myocardial blood supply, thus ensuring the minimum
coronary perfusion pressure (CPP) required for successful
defibrillation (Gough and Nolan, 2018). Proarrhythmic effect
of epinephrine was described in both ex vivo and in vitro
investigations. Epinephrine shortens sinus cycle length,
decreases the effective refractory period of the ventricular
myocardium and may also lead to increased atrial and
ventricular automaticity and conduction abnormalities.
Epinephrine was reported to be able to generate sinus
tachycardia, supraventricular, and ventricular arrhythmias in a
dose-dependent manner (Tisdale et al., 1995). Furthermore, the
epicardial layer of the myocardium is more sensitive to
sympathetic activation, than mid-myocardial, and the
endocardial cells. Consequently, an additional heterogeneity in
the APD and refractory period may appear resulting in an
increased risk for ventricular arrhythmias (Antzelevitch et al.,
1991; Antzelevitch and Yan, 2010). The platelet activator effect of
a-adrenergic stimulation was also shown, hereby rising the
possibility for microcirculatory myocardial damage (Hwang
et al., 2019). Beyond its undoubtedly favorable effect with
relation to cardiac arrest, its detrimental b-adrenergic activity
can also be assumed. By the deterioration of systemic oxygen
demand and the increase in myocardial oxygen consumption it
TABLE 3 | Cerebral performance category.

Cerebral Performance Category (CPC)

CPC
level 1

Normal ability or minimal disability (good cerebral performance,
conscious, alert, able to work, and lead a normal life)

CPC
level 2

Moderate cerebral disability (conscious, sufficient cerebral function for
part-time work in a sheltered environment or independent activities of
daily life. May have hemiplegia, seizures, ataxia, dysarthria, dysphasia,
or permanent memory or mental changes).

CPC
level 3

Severe disability (conscious, dependent on others for daily support
because of impaired brain function).

CPC
level 4

Severe disability (coma, vegetative state, no cognition, verbal or
psychological interactions with the environment).

CPC
level 5

Death (or brain death).
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may further aggravate the lack of balance between oxygen supply
and demand (Gough and Nolan, 2018), that has a special
significance in the case of ventricular fibrillation.

Inhibition of the sympathetic activity contributes to the
antiarrhythmic effect of b-adrenoceptor antagonists which
manifests in the prolongation of AV-nodal refractory period. By
reducing Ca++, Na+ currents, and cAMP-dependent pacemaker
currents (If), and by increasing K+ currents b-adrenoceptor
antagonists cause negative chronotropy. Their classification
is based on their chemical structure, b selectivity and
pharmacokinetic properties. There are two subtypes of both a-
and b-adrenoceptors. They have distinct distribution and density
in different tissues. b1-receptors have a more intense presence in
the heart and b2-receptors have a higher density in the smooth
muscles and in the bronchi, however a1-, b1-, and b2-
adrenoceptors occur on the surface of the cardiomyocytes. b-
adrenoceptor antagonists mainly act on b1-and b2-adrenoceptors
(Brodde, 2007; Schnee et al., 2008). Moreover, some of them have
an intrinsic sympathomimetic activity caused by a partial b-
agonist property, and others have vasodilator effects due to an
associated a-blocker feature (Opie and Yusuf, 2001; Dorian,
2005). First generation b-adrenoceptor antagonists (such as
propranolol, timolol, nadolol) inhibit b1- and b2-adrenoceptors
equally, thus their antiarrhythmic effect is limited. Second
generation of b-adrenoceptor antagonists (e.g., metoprolol,
bisoprolol, atenolol, etc.) has a more pronounced b1-selectivity
especially in low doses. In this group bisoprolol is known as the
most cardioselective agent with explicit antiarrhythmic activity.
Third generation b-adrenoceptor antagonists (e.g., labetalol,
carvedilol, nebivolol) has an additional vasodilating effect, hence
they are usually ordered as antiarrhythmics mainly in hypertensive
patients (do Vale et al., 2019). As effective antiarrhythmics, b-
adrenoceptor antagonists decrease the mortality of patients with
myocardial infarction by more than 30% (Norris et al.,1984; Teo
et al.,1993; Hjalmarson, 1999). In the case of CPR and refractory
VF, b-adrenoceptor antagonists (e.g., esmolol) were also reported
to have moderating effect on the proarrhythmic property of
epinephrine. Although success has been reported in relation to
the administration of esmolol, considering the limited number of
cases there are no straightforward recommendations regarding its
use yet (Lee et al., 2016). In a study published in 2007, Bourque et
al. summarized the results on the application of b-adrenoceptor
antagonists. They presented the findings of experiments
conducted between 1966 and 2006 on dogs and rats primarily,
where the more favorable effects – compared to epinephrine – of
b-adrenoceptor antagonists on myocardial oxygen demand were
found among others (Bourque et al., 2007).

b1-and b2-adrenoceptors are also blocked by sotalol,
however it also inhibits the rapid component of delayed
rectifier potassium currents leading to a prolonged ventricular
repolarization. Due to its combined mode of action, the racemic
sotalol can be classified as a type II + III antiarrhythmic drug. The
two enantiomers of sotalol display different pharmacodynamic
activities and selectivities: D-sotalol blocks dominantly the rapid
component of the delayed rectifier potassium current (IKr), while
L-sotalol inhibits both IKr current and b-adrenoceptors
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(Funck-Brentano, 1993). In the SWORD trial, which had to be
terminated prematurely due to the increased occurrence of
ventricular arrhythmias, administration of D-sotalol was
associated with a higher mortality rate among 3,121 patients with
left ventricular EF ≤40% after myocardial infarction (Waldo et al.,
1996). Therefore,D-sotalol is not used as an antiarrhythmic drug in
the everyday clinical practice. D,L-sotalol (racemic sotalol
containing equimolar amount of D and L enantiomers) inhibits
mainly b-adrenoceptors and is appropriate for the treatment of
malignant ventricular arrhythmias, especially in conditions with
elevated serum catecholamine levels or increased sensitivity for
catecholamines e.g. in the case of acute myocardial infarction,
phaeochromocytoma, mitral prolapse, postoperative arrhythmias,
and thyreotoxicosis. However, sotalol’s torsadogenic effect limits its
applicability (Opie and Yusuf, 2001). Although several animal
experiments have been carried out to investigate the effect of
sotalol on ventricular fibrillation so far, further data are needed to
form recommendations in this indication (Jin et al., 2018). In the
2015 ESC Guideline for ventricular arrhythmias and SCD the
application of sotalol is recommended for patients with coronary
artery disease, but only in the case of implanted ICD due to its
proarrhythmic effect (Priori et al., 2015).

According to our knowledge quinidine can play a life-saving
role in patients with BrS, ERS, and idiopathic ventricular
fibrillation (IVF). Quinidine is a class IA antiarrhythmic drug,
that blocks a-adrenoceptors, muscarinic acetylcholine receptors
and several types of voltage gated K channels beyond Kv1.5 Na
channel. It reduces the frequency of impulse generation by
prolonging spontaneous diastolic depolarization and elevates
the threshold potential of action potentials. Oral quinidine is
recommended for patients with ICD due to BrS, ERS, or IVF,
while it decreases the number of ICD shocks and it also improves
ICD-free survival (Malhi et al., 2019).

Amiodarone is an iodinated benzofuran, which was originally
developed for the treatment of angina pectoris. Amiodarone
prolongs the action potential duration and increases the
refractory period of the atrial and ventricular myocardium, the
AV-node and the Purkinje system (Mason, 1987). Amiodarone, a
type III antiarrhythmic drug, having the qualities of all the four
groups of antiarrhythmic agents-, blocks the activity of sodium and
potassium channels, antagonises the functioning of both a- and b-
adrenergic receptors and as a mild calcium antagonist it also has a
blocking effect on the sinoatrial node, and the AV-nodal tissue
(Lubic et al., 1994; Sampson and Kass, 2011). In the case of VF
recurring after three defibrillations, the administration of 300 mg
and later 150 mg of amiodarone is recommended (Neumar et al.,
2015) It was based on the findings of two major studies, conducted
in 1999 and 2002, that amiodarone replaced the earlier
recommended lidocaine. In 2016, Laina et al. analyzed the
findings of 1,663 studies conducted with amiodarone and found
that amiodarone significantly increased short-term survival rate
(OR = 1.42 p = 0.015). Findings with reference to the long-term
effects of amiodarone affecting the neurological outcome primarily
are not straightforward, although encouraging when compared to
other antiarrhythmic agents (Laina et al., 2016; Karlis and
Afantenou, 2018). In 2018, American Heart Association (AHA)
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recommended the further application of amiodarone or lidocaine
in the case of VF/pVT due to their short-term positive effects
(Panchal et al., 2018). The ROC-ALPS study investigated the short
and long-term effects of captisol-based formulation of amiodarone
and lidocain in the case of out-of hospital cardiac arrests. Both had
a better short-term effect compared to the placebo, however, there
have been no differences shown regarding long-term outcome,
neurological status, and admission from hospital (Kudenchuk
et al., 2016).

A synthetic amiodarone analogue, dronedarone is not
iodinated, as it has been designed for avoiding the side effects of
amiodarone. Dronedarone blocks L-type Ca, K, and Na channels.
In animal studies the antiarrhythmic effect of dronaderone on the
ventricular myocardium has been described (Finance et al., 1995).
Additionally, in three human studies, it significantly decreased
ventricular arrhythmogeneity, and the number of ICD shocks
(Fink et al., 2011). However, in lack of widespread experiences it is
still not applicable for the prevention and treatment of VF.

Taking all the available data into consideration it can be
concluded that currently there is no appropriate antiarrhythmic
agent that can safely prevent VF and would significantly improve
the long-term outcome of patients with life-threatening
ventricular arrhythmias (Panchal et al., 2018).
CONSIDERATIONS FOR THE TREATMENT
OF REFRACTORY VENTRICULAR
FIBRILLATION

In the case of refractory VF (refibrillation), the resuscitation
recommendation suggests administering shocks of growing
intensity up to 360 J (Soar et al., 2015). In case the ALS
protocol fails, some authors recommend dual defibrillation
(dual-sequential defibrillation [DSD]). In the latter case a
second pair of electrodes in addition to the traditional pair is
placed in an anteroposterior position and accordingly shock is
administered with two defibrillators. The vector of the electric
impulse administered changes compared to the original, which
enables the defibrillation of larger parts of the cardiac muscle and
may be more effective in the case of corpulent patients as well. In
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a retrospective study of 4 years, Cortez et al. found, out of 2,428
out-of-hospital circulatory collapses 12 cases of refractory VF
where the application of the ALS protocol failed, the applied
DSD was successful in 3 cases (ROSC and good CPC value)
(Cortez et al., 2016). In order to enhance the chance of success
Frye et al. combined the DSD protocol with administering
lidocaine, as did the authors of other case studies as well (Frye
et al, 2018). Although the ERC recommendation currently in
force advises the administration of lidocaine during resuscitation
only in the case of recurring VF or pregnancy, there are
increasing attempts for using it in the case of refractory VF as
well (Priori et al., 2015). While there is a wider use of devices, it is
a disadvantage of DSD that uniform protocols are not available
and there are no comprehensive large-scale studies on patients
who have undergone DSD (Frye et al., 2018).
LONG-TERM TREATMENT AFTER
ABORTED CARDIAC DEATH

Regarding long-term treatment of malignant ventricular
arrhythmias, the application of implantable cardioverter
defibrillator (ICD) is an important element, which releases an
antitachycardia pacing or an electric shock at the occurrence of
the rhythm disturbance (Figure 3).

In a study with 2,521 patients involved Bardy et al. found that
the implantation of an ICD able to deliver only shocks, combined
with conventional conservative therapy, reduced total mortality rate
by 23% in the case of NYHA II and III heart failure patients with EF
<35% compared to conservatively treated patients (Bardy et al.,
2005). Antitachycardia pacing (ATP) is in fact meant to reduce the
number of superfluous or inappropriate shocks, whereby patients’
quality of life improves, and the lifetime of the device also grows.
Most often the device delivers superfluous shocks due to
supraventricular arrhythmias, which occurred in 8%–40% of the
patients despite appropriate drug therapy. Moreover, ATP is also
successful in stopping slow and fast ventricular tachycardia in
almost 85%–90% of the cases, although it may happen in both
cases if timing or setting are inappropriate that the ATP itself
generates a malignant ventricular arrhythmia (Fisher et al., 1978;
FIGURE 3 | Long-term therapy of ventricular fibrillation. ICD, implantable cardioverter defibrillator; SCD, sudden cardiac death; VF, ventricular fibrillation; CRT-D,
cardiac resynchronization therapy combined with ICD.
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Schuger et al., 2012). In the CASCADE study cardiac dysrhythmias
due to ICD dysfunction have been shown to be significantly
reduced by long-term administration of amiodarone (CASCADE
study, 1991). This favourable effect of amiodarone is more
pronounced compared to class IC antiarrhythmic drugs, e.g.,
quinidine, procainamide, and flecainide (Huang et al., 1991).
However, there are cases reporting the effectiveness of long-term
quinidine therapy administered shortly after intravenous infusion
of b-adrenoceptor agonist isoproterenol in the case of VF storms in
patients with BrS, when amiodarone was ineffective (Jongman et al.,
2007; Dakkak et al., 2015). According to further observations the
number of appropriate and inappropriate ICD shocks can be
reduced by sotalol, nevertheless overall mortality seems not to
improve compared to placebo (Kühlkamp et al., 1999; Bollmann
et al., 2005). Azimilide, another class III antiarrhythmic drug
equally inhibits the rapid and slow components of delayed
rectifier K+ currents. It has the same positive effects as
amiodarone, but it is known to cause less proarrhythmic effect.
Additionally, azimilide has not been proven to reduce left
ventricular systolic function during long-term antiarrhythmic
treatment (Dorian et al., 2004). Positive effects of dronaderone
and dofetilide (blocker of the rapid component of delayed rectifier
K+ current) were also described, but less antiarrhythmic and
mortality reducing effects were verified compared to amiodarone
and sotalol (Bollmann et al., 2005). Recurrent VF episodes were
registered in more than one third of ICD patients treated with
amiodarone alone. Importantly, more favorable results were found
in patients on combined b-adrenoceptor antagonist and
amiodarone management (Connolly et al., 2006).

Newest ICDs are suitable for the purpose of cardiac
resynchronization therapy (CRT) as well. Tang et al. examined
1798 patients, half of whom were grouped, in a randomized way,
into the category ‘only ICD’, while the other half into the
category ICD complemented by CRT. In the course of the 40-
month examination period they found that the relative risk of
cardiovascular death in the CRT group fell by 24% compared to
the ‘only ICD’ group, and the frequency of hospitalization was
also signifcantly lower (Tang et al., 2010).

The European Society of Cardiology has issued
recommendations for subcutaneous ICDs as well. The
malfunctioning of these devices develops rarely, although the
application of ATP or cardiac resynchronization is not available.

The implantation of ICD’s is mainly performed as secondary
prevention combined with b-adrenoceptor antagonist therapy
(e.g. metoprolol 100 mg/die, carvedilol 50 mg/die or bisoprolol
10 mg/die) for patients who suffered malignant ventricular
arrhythmia episodes (Connolly et al., 2006). For the purpose of
primary prevention ICD’s are implanted primarily for patients
with congenital heart diseases, but according to the AHA
protocol currently in force it is to be considered for patients
suffering from heart failure as well (Al-Khatib et al., 2018).
MADIT, MADIT-II, and SCD-HeFT trials proved that
populations suffering from heart failure and ischemic heart
disease, ICD implanation significantly improved overall
mortality without any additional therapies (Moss et al., 1996;
Moss et al., 2002; Mark et al., 2006). Accordingly, ICD
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implantation as a primary prevention is recommended for
NYHA I heart failure patients where left ventricular ejection
fraction is under 30%, for NYHA II and III patients where EF is
under 35% and in the case of ischemic heart disease where EF is
less than 40% (Al-Khatib et al., 2018).

The administration of b-adrenoceptor antagonists has
especially great significance in the case of congenital heart
disease patients and primary ion channel diseases. Both the
short- and long-term survival of inherited long QT syndrome
patients is clearly positively influenced b-adrenoceptor
antagonist therapy unless it is the LQT3 type. The suggested b-
adrenoceptor antagonists are propranolol (2–4 mg/kg/die) or the
long-acting nadolol (1.5 mg/kg/die), while other b-adrenoceptor
antagonists, e.g., metoprolol or atenolol seem to be ineffective in
this particular indication. Regarding LQT3, drugs decreasing the
late sodium current, e.g., flecainide, dofetilide, mexiletine, or
ranolazine can be administered (Schwartz et al., 2012;
Antzelevitch et al., 2014). Wilde et al. examined 118 LQT3-
type LQT syndrome patients who had suffered some cardiac
event (SCD, syncope, aborted cardiac death). They found that
the administration of b-adrenoceptor antagonist reduced the
development of a similar cardiac event among these patients later
on by 83% in the case of women, while no such difference was
found in the case of men (Wilde et al., 2016). The study of
Shimizu et al. also emphasises the difference between the two
sexes. They sequenced the clinical genomes of 1,124 patients
including the pathological mutations causing the long QT
syndrome. The retrospective data and the genetic findings
together highlight the fact that LQT1 and LQT2 mutations
much more frequently involve malignant ventricular
arrhythmias in the case of women, while as regards the other 3
major types of mutation no differences can be detected between
the two sexes (Shimizu et al., 2019). This is one reason why a
widening range of attempts have been made for the genetically
based risk assessment of channelopathies as it may be of use in
the selection of closer observation and specific drug therapy.

ACE-inhibitors and aldosterone antagonists (eplerenone),
which protect from ventricular arrhythmias associated to
ischemic heart disease primarily, reduce the heterogeneity of
APD and left ventricular reverse remodelling and lower the risk
of sudden cardiac death (Alberte and Zipes, 2003; Pitt et al.,
2003). It was confirmed in the CONSENSUS study already that
in the period examined the administration of enalapril in the case
of 253 patients suffering fromNYHA IV heart failure reduced the
development of SCD by 27% (CONSENSUS Trial Study Group,
1987). In the SOLVD study examining 2569 patients Lam et al.
found that the administration of 20 mg enalapril per day reduced
overall mortality by 12% and cardiovascular mortality by 4% in
the case of heart failure patients (Lam et al., 2018). In the SAVE
trial on 2,231 patients the administration of 3x25 mg captopril
daily reduced overall cardiovascular mortality by a few percent
compared to the placebo group but it did not meaningfully affect
the risk of sudden cardiac death (Pfeffer et al., 1992). In the
HOPE study 9,297 patients with preserved left ventricular
function, but high cardiovascular risk were examined. Patients
taking 10 mg of ramipril daily had a relative risk of 0.62 for SCD
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compared to placebo group (The Heart Outcomes Prevention
Evaluation Study (HOPE) Investigators, 2000). Based on
PROGRESS, EUROPA and ASCOT-BLPA trials the
administration of 4–10 mg perindopril daily (individual dose is
required based on kidney function and other taken drugs)
significantly reduced cardiovascular mortality and the
occurence of sudden cardiac death (Campbell, 2006). On the
contrary, in the IMAGINE study 2,553 patients with left
ventricular ejection fraction ≥40% were examined who
underwent CABG, where 40 mg quinapril were given daily
early after the operation. Compared to the placebo group there
were no significant positive effects on cardiovascular mortality
and on the occurrence of ventricular arrhythmias up to 3 years
after surgery. However, ACE-I treatment increased the incidence
of adverse events, mainly early after CABG (Rouleau et al, 2008).

The angiotensin-receptor blocker candesartan was proven,
based on the CHARM low LVEF study published in 2004, to
signifcantly reduce overall mortality as well as cardiovascular
mortality when added to the base therapy of chronic heart
failure patients with left ventricular EF of lower than 40%
(Young et al., 2004). The same was confirmed by the favorable
findings of the RESOLVD study where candesartan was added to
the ACE-inhibitor (enalapril) and b-adrenoceptor antagonist
(metoprolol) and the triple combination produced more
favorable prognosis (McKelvie et al., 2003). Based on the data of
ONTARGET, PROFESS and TRANSCEND studies the positive
effects of angiotensin receptor blocker telmisartan at the daily dose
of 80 mg on cardiovascular mortality and on the occurence of
ventricular arrhythmias were confirmed. At the same time the
superior effects of ACE-Is (e.g., ramipril, perindopril) compared to
telmisartan were also noted (DiNicolantonio and O’Keefe, 2014).

Statins are inhibitors of the hydroximethylglutaryl coenzyme
A reductase, i.e., they reduce the serum cholesterole level, in
addition to which, thanks also to their pleiotropic effect, they
reduce the likelihood of malignant ventricular arrhythmias. The
DEFINITE study examined 229 non-ischemic heart disease
patients undergoing ICD therapy where the administration of
statins significantly reduced ventricular arrhythmogenesis and
sudden cardiac death compared to patients without statin
administration (Goldberger et al., 2006).

Furthermore, in the case of arrhythmias triggered by EADs,
inhibitors of the L-type Ca++ currents may be administered as
part of the long-term therapy. Morita et al. found that the late
type Na channel blocker ranolazine reduced repolarization
heterogeneity, and increased the threshold potential value
required for the development of VF. In addition, its non-
selective blocking property on L-type Ca channels and IKr, IKs
currents was detected, too. Ranolazine is also effective in the case
of VF with underlying reentry mechanism (Morita et al., 2011)
and has been furthermore proven to signifcantly reduce the
delivery of inappropriate ICD shocks (Bunch et al., 2011; Zareba
et al., 2018). However, further data are needed to clearly evaluate
the exact role of ranolazine in the prevention of SCD. According
to the latest ESC guideline, ranolazine is recommended only in
the case of LQTS3 patients as a preventive treatment of
ventricular fibrillation (Priori et al., 2015).
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The cyclin-dependent kinase inhibitor roscovitine, originally
developed as a chemotherapeutic agent, accelerated the
inactivation of L-type Ca channels in the course of model
experiments, thereby reducing the likelihood of the development
of ventricular arrhythmias (Krummen et al., 2016). Further
research is however needed with reference to these agents.
ABLATION OF VF TRIGGERS AND
SUBSTRATES

In the cases of recurrent or refractory VF and ICD storms
secondary to repeated VF episodes, ablation of VF triggers and
substrates have to be taken into consideration. In these
circumstances electrophysiological testing, and intracardiac
mapping are performed (Cheniti et al., 2017). In order to
clearly localize the ablation site, beyond classical pace
mapping, entrainment and phase mapping, lately, activation,
or substrate mapping have been accomplished (deBakker, 2019).
Radiofrequency ablations of both VF triggers and subtrates have
to be achieved. Endocardial data can be completed with
epicardial maps served by electrocardiographic imaging (ECGI)
method. During ECGI process a special vest with 252 surface
electrodes is worn by the patients. Data of ECGI combined with
computer tomography raise the opportunity of a more exact
localization of arrhythmia foci. During ECGI procedure together
with intracardiac mapping, both endo- and epicardial maps can
be gained by the investigator (Singh and Noheria, 2018).

In VF patients with ischemic heart disease, non-ischemic
cardiomyopathies, valvulopathies, amyloidosis, long QT
syndromes and IVF, short-coupling triggering ventricular
premature beats originating from the Purkinje system were
identified and ablated (Cheniti et al., 2018; Singh and Noheria,
2018). In 2011, successful epicardial ablations of premature beats
of the right ventricular outflow tract (RVOT) were published in
patients with BrS. In 2019, another study provided data on the
VF ablation of 52 ERS patients. These interventions were carried
out in the right ventricle, RVOT and Purkinje fibres. In both
studies, during a 3-year follow-up period, 90% of patients were
reported to be free of recurrent VF episodes (Nademanee et al.,
2011; Nademanee et al., 2019).
SUMMARY

Sudden cardiac death is a leading death cause in developed
countries, its fast and effective treatment as well as prevention are
therefore high priority tasks. There are several non-invasive
diagnostic opportunities serving the timely detection of
diseases increasing susceptibility to inherited and acquired
ventricular arrhythmia, and earliest possible detection is
followed, as part of a long-term therapeutic strategy, by the
assessment and application of drug and device therapy on an
individual basis. In the case of cardiopulmonary resuscitation
early defibrillation in addition to minimally interrupted chest
compression has been proven to improve the outcome of
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patients. Radiofrequency ablation of VF triggers and substrates is
also a feasible and emerging therapeutical opportunity.
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Background and Purpose: The exact mechanism of spontaneous pacemaking is not
fully understood. Recent results suggest tight cooperation between intracellular Ca2+

handling and sarcolemmal ion channels. An important player of this crosstalk is the Na+/
Ca2+ exchanger (NCX), however, direct pharmacological evidence was unavailable so far
because of the lack of a selective inhibitor. We investigated the role of the NCX current in
pacemaking and analyzed the functional consequences of the If-NCX coupling by
applying the novel selective NCX inhibitor ORM-10962 on the sinus node (SAN).

Experimental Approach: Currents were measured by patch-clamp, Ca2+-transients
were monitored by fluorescent optical method in rabbit SAN cells. Action potentials (AP)
were recorded from rabbit SAN tissue preparations. Mechanistic computational data were
obtained using the Yaniv et al. SAN model.

Key Results: ORM-10962 (ORM) marginally reduced the SAN pacemaking cycle length
with a marked increase in the diastolic Ca2+ level as well as the transient amplitude. The
bradycardic effect of NCX inhibition was augmented when the funny-current (If) was
previously inhibited and vice versa, the effect of If was augmented when the Ca2+ handling
was suppressed.

Conclusion and Implications:We confirmed the contribution of the NCX current to cardiac
pacemaking using a novel NCX inhibitor. Our experimental and modeling data support a
close cooperation between If and NCX providing an important functional consequence: these
currents together establish a strong depolarization capacity providing important safety factor
for stable pacemaking. Thus, after individual inhibition of If or NCX, excessive bradycardia or
instability cannot be expected because each of these currents may compensate for the
reduction of the other providing safe and rhythmic SAN pacemaking.

Keywords: Na+/Ca2+ exchanger, funny-current, ORM-10962, pacemaking, sinus-node
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INTRODUCTION

Computational modeling as well as experimental results
established previously that the normal pacemaker function is
not only regulated by the hyperpolarization-activated funny
current (If) (DiFrancesco, 1981) but is also regulated by the
intracellular Ca2+ handling (Lakatta and DiFrancesco, 2009;
Yaniv et al., 2013a; Yaniv et al., 2015; Sirenko et al., 2016).
Lakatta and co-workers suggested that the sinus node (SAN)
cells operate by a rhythmic clock-like oscillator system where
the sarcoplasmic reticulum serves as a Ca2+-clock, which
rhythmically discharges diastolic local Ca2+ releases (LCRs),
and activates the forward (inward) Na+/Ca2+ exchanger (NCX)
current to accelerate the diastolic depolarization and facilitates
the membrane-clock (M-clock) (Yaniv et al., 2015). Recent
experimental results further suggest that these clocks work
tightly coupled since the M-clock regulates the Ca2+ influx and
efflux while the NCX also regulates the diastolic depolarization
forming a coupled-clock system. Therefore, NCX may have
crucial importance in the clock-like oscillator system since
the NCX-mediated inward current is directly translated to
membrane potential changes via the operation of forward
mode of the exchanger. This hypothesis was repeatedly
challenged and the pivotal role of Ca2+ clock was questioned
by other authors (Noble et al., 2010; Himeno et al., 2011;
DiFrancesco and Noble, 2012).

As early as 1983, Irishawa and Morad showed in elegant
experiments that full inhibition of If current by caesium did not
significantly influence SAN spontaneous activity arguing for
mechanisms other than If (Noma et al., 1983). On the other
hand, other studies suggest a fundamental role of the exchanger
in normal automaticity. A low-sodium bath solution inhibited
spontaneous action potentials (AP) firing in guinea-pig SAN
cells via suppressing normal function of NCX (Sanders et al.,
2006). Other studies reported that depletion of SR store by
application of ryanodine markedly disturbed the normal
pacemaker activity in rabbit SAN cells (Bogdanov et al., 2001).
Mouse genetic models revealed that partial atrial NCX1 knock
out (≈90%) caused severe bradycardia and other rhythm
disorders (Herrmann et al., 2013), while complete atrial NCX
knock-out completely suppressed the atrial depolarization
exerting ventricular escape rhythm on the ECG (Groenke
et al., 2013). The application of KB-R7943, a non-selective
NCX inhibitor, also suppressed spontaneous beating in guinea-
pig SAN cells (Sanders et al., 2006) however it has also marked
effect on the Ca2+-currents. The supposed crucial role of NCX in
the normal pacemaker function of SAN could not be directly
investigated experimentally so far due to the lack of a selective
NCX inhibitor. Recently, two novel NCX inhibitors were
synthesized: ORM-10103 and ORM-10962, both showing
improved selectivity without influencing ICaL function (Jost
et al., 2013; Kohajda et al., 2016; Oravecz et al., 2017).
Abbreviations: AP, action potential; APD, action potential duration; CL, cycle
length; CLV, cycle length variability; DD, diastolic depolarization; DI, diastolic
interval; DOF, dofetilide; NCX, sodium-calcium exchanger; If, funny-current;
IVA, ivabradine; ORM, ORM-10962; RYA, ryanodine; SAN, sinoatrial-node.
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In this study we confirmed the contributing role of NCX to
spontaneous pacemaking by its direct pharmacological
inhibition via the novel, selective inhibitor ORM-10962. Our
data suggest that a strong crosstalk between If and NCX also
exists in multicellular level, which was described and discussed
by the Lakatta group earlier in single cell level (Yaniv et al., 2015).
In addition, however, extending these earlier findings, we show
that the effect of individual If and NCX inhibition is minimal
whereas a combined inhibition acts synergistically, providing an
important safety margin for secure spontaneous activity of
the SAN.
MATERIALS AND METHODS

Ethical Statement
All experiments were conducted in compliance with the Guide for
the Care and Use of Laboratory Animals (USA NIH publication
No 85-23, revised 1996) and conformed to Directive 2010/63/EU
of the European Parliament. The protocols were approved by the
Review Board of the Department of Animal Health and Food
Control of the Ministry of Agriculture and Rural Development,
Hungary (XIII./1211/2012).

Animals
The measurements were performed in right atrial tissue obtained
from young New-Zealand white rabbits from both genders
weighing 2.0–2.5 kg.

Voltage-Clamp Measurements
Cell Preparations
For measuring If pacemaker current, we isolated single cells from
the SAN region of rabbit heart by enzymatic dissociation. The
animals were sacrificed by concussion after receiving 400 IU/kg
heparin intravenously. The chest was opened and the heart was
quickly removed and placed into cold (4°C) solution with the
following composition (mM): NaCl 135, KCl 4.7, KH2PO4 1.2,
MgSO4 1.2, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) 10, NaHCO3 4.4, glucose 10, CaCl2 1.8, (pH 7.2 with
NaOH). The heart was mounted on a modified, 60 cm high
Langendorff column and perfused with oxygenated and
prewarmed (37°C) solution mentioned above. After washing
out of blood (3–5 min) the heart was perfused with nominally
Ca-free solution until the heart stopped beating (approx. 3–
4 min). The digestion was performed by perfusion with the same
solution supplemented with 1.8 mg/ml (260 U/ml) collagenase
(type II, Worthington). After 10–12 min, the heart was removed
from the cannula. The right atrium was cut and the crista
terminalis and SAN region were excised and cut into small
strips. Strips were placed into enzyme free solution containing
1 mM CaCl2 and equilibrated at 37°C for 10 min. After 10 min
with gentle agitation, the cells were separated by filtering through
a nylon mesh. Sedimentation was used for harvesting cells. The
supernatant was removed and replaced by HEPES-buffered
Tyrode’s solution. The cells were stored at room temperature
in the Tyrode’s solution.
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Measurement of Pacemaker Current (Funny Current)
For the measurement of the If current, the method of Verkerk
et al. (2009) was adapted and applied. The current was recorded
in HEPES-buffered Tyrode’s solution while the composition of
the pipette solution was the following (in mM): KOH 110, KCl
40, K2ATP 5, MgCl2 5, EGTA 5, HEPES 10, and GTP 0.1 (pH
was adjusted to 7.2 by aspartic acid). The current was activated
by hyperpolarizing voltage pulses to −120 mV from a holding
potential of −30 mV. The pacemaker current was identified as
ivabradine (IVA) sensitive current. The experiments were
performed at 37°C.

Fluorescent Optical Measurements
Isolated, spontaneously beating SAN cells were used for
measurements. Ca2+ transients were measured by Fluo-4 AM
fluorescent dye. Isolated cells were loaded with 5 µM dye
for 20 min in room temperature in dark. Loaded cells were
mounted in a low volume imaging chamber (RC47FSLP, Warner
Instruments) and continuously superfused with normal Tyrode
solution. Fluorescence measurements were performed on the
stage of an Olympus IX 71 inverted fluorescence microscope.
The dye was excited at 480 nm and the emitted fluorescence was
detected at 535 nm. Optical signals were sampled at 1 kHz and
recorded by a photon counting photomultiplier module
(Hamamatsu, model H7828). Amplitudes of the Ca2+ transients
were calculated as differences between systolic and diastolic
values. To measure Ca2+ changes the cells were damaged by a
patch pipette at the end of the experiment to obtain maximal
fluorescence (Fmax). Ca

2+ was calibrated using the following
formula: Kd(F−Fmin)/(Fmax−F). Kd of the Fluo-4 AMwas 335 nM.

Action Potential Measurements With
Standard Microelectrode Technique
We have chosen multicellular preparations for action potential
measurements for three reasons: 1) all of the ion channels
remained intact (current density, kinetics) because of the lack
of enzymatic dissociation, thus providing more precise estimates
of the ratio between the currents, 2) since the SAN cells are
surrounded with atrial cells having a more negative resting
membrane potential, the electrotonic coupling may intimately
influence the SAN cells. It may have great importance since the If
current markedly increases as the membrane potential drops to
more negative values (Morad and Zhang, 2017), (3) the action
potential frequency was very stable with a cycle-length variability
lower than 5 ms.

SAN regions obtained from right atria were mounted in a
tissue chamber superfused with oxygenated Locke’s solution at
37°C. A conventional microelectrode technique was performed
as previously described (Kormos et al., 2014; Kohajda et al., 2016;
Oravecz et al., 2017). In the case of SAN, the action potentials
were empirically found in the right atrium. SAN action potentials
were verified by the maximum upstroke speed, which had to be
lower than 15 V/s, the resting membrane potential (>−60 mV),
and a clear diastolic depolarization (DD). Efforts were made to
maintain the same impalement throughout each experiment. If
impalement became dislodged, however, electrode adjustment
was attempted and, if the action potential characteristics of the
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re-established impalement deviated by less than 5% from those
of the previous measurement, the experiment was continued.
When this 5% limit was exceeded, the experiment was
terminated and all data were excluded from the analyses.

Action potential durations were measured at 90, 50, and 25%
of repolarization. The maximal diastolic potential was defined as
the most negative potential reached during the repolarization.
The take off potential is the most negative point of the AP
upstroke. DD was defined as the interval between the maximal
diastolic potential and take off potential. The DD slope was
calculated as DVm/Dt between these points. The cycle length was
calculated as the peak-to-peak interval between two consecutive
APs. The phase 0 depolarization velocity was defined as the
maximum of the first derivative of the AP during the upstroke.

Modeling
To complement the experiments, we performed mechanistic
computational modeling using the Yaniv et al. model of rabbit
SAN cells (Yaniv et al., 2013b). The differential equations of the
model were solved using a forward Euler scheme. Simulation
results were analyzed when the system had converged to a cyclic
steady-state.

Statistical Analysis
All data are expressed as mean ± standard error (SEM).
Statistical analysis was performed with Student’s t-test and
ANOVA with Bonferroni post-hoc test. The results were
considered statistically significant when p was < 0.05. In the
case of action potential experiments, all recordings were obtained
from different hearts.

Materials
With the exception of ORM-10962 (ORM) (from Orion Pharma,
Espoo, Finland), and Fluo-4 AM (Thermo Fisher Scientific,
Waltham, MA, USA), all chemicals were purchased from
Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). ORM
was dissolved in dimethyl-sulfoxide (DMSO) to obtain a 1 mM
stock solution. This stock solution was diluted to reach
the desired final concentration (DMSO concentration not
exceeding 0.1%) in the bath.
RESULTS

ORM-10962 Has No Effect on Funny
Current
Figure 1 shows the measurement of If in isolated SAN cells by
applying the whole cell configuration of the patch clamp method.
The selectivity of ORM on Na+-, Ca2+-, and major K+ currents
was tested in a previous study from our laboratory (Kohajda
et al., 2016). However, its potential effect on the If current was not
investigated in that previous study. As Figures 1A, C show a
slowly developed current at negative hyperpolarizing membrane
potential (from −30 to −120 mV), which was not altered by
application of 1 µM ORM (Figure 1B). In contrast, it was
markedly inhibited by 10 µM IVA (69.3 ± 3.4%), a well known
inhibitor of If.
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Na+/Ca2+ Exchanger Inhibition Exerted
Moderate Bradycardic Effect on Sinus
Node Tissue
Figure 2 summarizes the effect of selective NCX inhibition by
ORM on the spontaneous automaticity in SAN. Following
application of 1 µM ORM a moderate but significant
lengthening effect on the CL was observed (455.6 ± 32 ms vs.
493.0 ± 38 ms; D = 8.1 ± 1.8% p < 0.05, n = 16/16 hearts; Figures
2A–C) without any influence on the action potential duration
(APD) (94.3 ± 6.7 ms vs. 96.7 ± 5.9 ms; Figure 2D). The slope of
the diastolic depolarization phase was significantly reduced after
ORM application (15.7 ± 3.1 mV/s vs. 10.9 ± 2.8 mV/s; n = 14/14;
p < 0.05 Figure 2E) while the CL variability remained unchanged
(7.6 ± 1.2 ms vs. 8.1 ± 1.3 ms; Figure 2F). The slope of phase 0 AP
depolarization was identical during control and ORM experiments
(11.2 ± 2.7 V/s vs. 12.5 ± 2.3 V/s). The preparations maintained
the stable frequency in the time control experiments when DMSO
was applied (440 ± 36.1 ms vs. 445 ± 37.6; n = 4). In the
computational SAN action potential model (Yaniv et al., 2013b),
we identified the degree of NCX current suppression required to
obtain a similar CL increase as was experimentally measured.
Forty-one percent of NCX inhibition was required to obtain 8%
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CL increase which was equal with the CL change observed
experimentally (Figure 2G).

Na+/Ca2+ Exchanger Inhibition Slightly
Increased the Diastolic Ca2+ Level in
Isolated Sinus Node Cells
The diastolic Ca2+ level increased in isolated SAN cells after
ORM treatment (70 ± 11 nM vs. 130 ± 24 nM; p < 0.05, n = 10;
Figures 3A, B), the effect was similar than was predicted by the
Yaniv et al. SAN model (Figure 3D). In contrast to the model
prediction, we found considerable increase in the transient
amplitude (312 ± 37 nM vs. 568 ± 85 nM; p < 0.05, n = 10
Figure 3C), which was nearly doubled (82.1 ± 22%) in response
to ORM application compared to the control value.

The Concomitant Application of Ivabradine
and ORM-10962 Revealed Coupled
Frequency Control Between Funny Current
and Na+/Ca2+ Exchanger Measured in
Sinus Node Tissue
In the next set of experiments, IVA and ORM were subsequently
applied to study a possible coupling between If and NCX.
FIGURE 1 | Investigation of the possible effect of ORM-10962 (ORM) on funny current (If) in isolated sinus node (SAN) cells. The hyperpolarization activated If was
elicited by 5,000 ms long rectangle pulse potentials to −120 mV from a holding potential of −30 mV. As representative current traces indicate, the current amplitude
after ORM application (gray circle) was identical with the control (open circle). The considerable effect of 10 µM ivabradine (IVA) verified that the elicited current was
indeed If (A, B). Original traces in panel (C) represent the absence of ORM effects on current-voltage relationship of If by applying hyperpolarization pulses from
−120 mV to −30 mV with 10 mV increments.
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The effect of 1 µM ORM was substantially larger when If
was previously inhibited (Figures 4A, B). Ca2+ transient
measurements from spontaneously contracting SAN cells
showed identical amplitudes (327 ± 23 nM vs. 337 ± 42 nM;
n = 12) as well as diastolic Ca2+ levels (89 ± 22 nM vs. 85 ± 13 nM;
n = 12) between control and 3 µM IVA (Figure 4C). A clear,
gradual increase of ORM effect on the CL was observed with
combined increasing concentration of IVA (1 µM ORM effect in
the presence of 0 µM IVA: 8.1 ± 1.88%; in the presence of 0.5 µM
IVA: 9.6 ± 2.3%; in the presence of 3 µM IVA: 17.1 ± 2.5%;
Figure 4D). The ORM effect in the presence of 0.5 µM IVA did
not differ significantly from the control, where 0 µM IVA was
applied (8.1 ± 1.88% versus 9.6 ± 2.3%). In contrast, ORM effect
was significantly larger on the CL in the presence of 3 µM IVA,
compared with the control where IVA was not applied (8.1 ±
1.88% versus 17.1 ± 2.5%; p < 0.05, ANOVA, Bonferroni post hoc
test). IVA significantly increased the CL both in 0.5 and in 3 µM
concentrations (p < 0.05, ANOVA, Bonferroni post hoc test).
In Figure 4E, we compare modeling and experimental results.
In the Yaniv et al. model, based on a previous study (Bois
et al., 1996), If inhibition was varied between 0%/20%/60% block
(corresponding to 0, 0.5, and 3 µM IVA). Larger, 85% inhibition
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was only set in the model, since experimental application of 10 µM
IVA is not feasible because of the marked IKr inhibition which can
also reduce automaticity. The NCX inhibition was 41% in all cases.
As Figure 4E shows, the modeling results do not match the
experiments quantitatively, however they show a similar tendency
(when If block increases, the same NCX inhibition causes larger
CL prolongation) with markedly steeper correlation.

Figure 4F shows original modeling traces in the presence of
20% (left panel), 60% (middle panel), and 85% (right panel) If
inhibition when NCX inhibition was 41% in all cases. The action
potential modeling demonstrates an increased CL prolongation
effect of NCX inhibition as If suppression becomes stronger,
however, in contrast to the model prediction the steepness of
NCX inhibition-induced CL increase was considerable flatter
during experiments.

IKr Inhibition-Induced Bradycardia Did Not
Facilitate the Effect of Selective Na+/Ca2+

Exchanger Inhibition on Cycle Length in
Sinus Node Tissue
We investigated how bradycardia induced by a mechanism
which does not directly involve the inward depolarizing
FIGURE 2 | Estimation of the effect of selective Na+/Ca2+ exchanger (NCX) inhibition on sinus node (SAN) tissue. As representative action potential traces (A) as
well as individual experiments (B) and bar graphs (C) indicate, application of 1 µM ORM-10962 (ORM) exerted a slight but statistically significant bradycardic effect
on SAN tissue. The action potential duration (APD) did not change during the experiment (D), however the slope of the spontaneous depolarization was considerably
decreased (E). 30 consecutive cycles were analyzed to estimate the pacing rate variability. Poincaré-plot and bar graphs depict that ORM did not alter the short-
term cycle length (CL) variability (F). The Yaniv SAN cell model predicts 41% NCX inhibition to meet with the observed bradycardic effect of 1 µM ORM. The inset
illustrates the reduced slope during late diastolic depolarization (DD) when 41% NCX inhibition was applied (red curve) (G).
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currents (If and NCX) would influence the effect of NCX
inhibition. Full IKr block induced by 100 nM dofetilide (DOF)
markedly increased the CL of SAN AP (control: 489.3 ± 31 ms!
100 nM dofetilide: 649.1 ± 40.2 ms). This degree of increase
of CL was due to the lengthening of APD without changing the
DI. The subsequent application of 1 µM ORM exerted a similar
effect (1 µM ORM-10962: 679.6 ± 52.6 ms; n = 7/7 hearts;
Figures 5A, B), compared with results obtained after individual
administration presented in Figure 2 (7.2 ± 1.8% vs. 8.1 ± 1.8%,
Figure 5F). It is important that the effect of DOF on CL was
nearly similar to 3 µM IVA (32.9 ± 6.7% vs. 20.9 ± 4.1%).
However, the major difference was that the DOF-mediated
increase in CL was practically entirely an APD increase-
induced effect (APD90: 94.4 ± 3 ms vs. 187 ± 7.1 ms; p < 0.05,
n = 7; diastolic interval (DI): 338.3 ± 39 ms vs. 352.7 ± 44.6 ms,
n = 7) while the IVA influenced only the DI without affecting the
APD90 (Figures 5C–E). In contrast, both NCX inhibition by
ORM and If inhibition by IVA increased the CL due to
lengthening of the time of the DI by decreasing its slope.
When ORM was applied in combination with DOF the
increase of the CL was not additive.
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Suppression of Ca2+ Increases the Effect
of If Inhibition on Cycle Length in Sinus
Node Tissue
In the next set of experiments, we investigated the potential
effect of suppression of SR Ca2+ release on the effect of IVA
(Figure 6A). The aim was to minimize the depolarizing activity
of the Ca2+ release-induced augmentation of the forward
NCX by application of 5 µM ryanodine (RYA) after the
control recording. This caused a significant CL prolongation
(437.8 ± 20.3 ms vs. 499.8 ± 10.4 ms; p < 0.05, n = 6/6). The
subsequently applied 1 µM ORM-10962 marginally but
statistically significantly increased the CL (499.8 ± 10.4 ms vs.
520.8 ± 29.9 ms; p < 0.05; n = 6/6). However, further 3 µM IVA
markedly and significantly augmented the CL of the SAN
preparations (520.8 ± 29.9 ms vs. 726.6 ± 39.8 ms; p < 0.05,
n = 6/6; Figure 6B). In the Figure 6C we compared the IVA
effects under normal condition (i.e., in the absence of any other
inhibitors—20.9 ± 4.1%) and in the presence of RYA+ORM.
As bar graphs in Figure 6C show, the IVA exerted markedly
larger CL prolongation in the presence of RYA+ORM (42.4 ±
5.7%, p < 0.05, Student’s T-test).
FIGURE 3 | (A) Representative Ca2+ transient traces from spontaneously contracting isolated sinus node (SAN) cells under control conditions (black trace)
and after 1 mM ORM-10962 (ORM) application (red trace). As original fluorescent data as well as bar graphs indicate, a slight but significant increase of the
diastolic Ca2+ level (B) with increased transient amplitude (C) was observed. In line with experimental data, the Yaniv SAN cell model predicted similar
diastolic Ca2+ gain after 41% Na+/Ca2+ exchanger (NCX) inhibition (D), however the increase of transient amplitude is much more pronounced during the
experimental results.
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Decrease of [Ca2+]O Increases the Effect
of Funny Current Inhibition on Cycle
Length in Sinus Node Tissue
We further tested the coupling between Ca2+ handling and If on
CL control. Reduced [Ca2+]o (0.9 mM) external solution was
selected to achieve this goal since in this concentration, the CL
was only slightly reduced (10.3 ± 3.7%). We found that the
reduced extracellular Ca2+ slightly increased the CL which was
further increased after application of 3 µM IVA (control: 469 ±
39.5 ms! 0.9 mM [Ca2+]o: 515.8 ± 40.8 ms! 3 µM IVA: 777 ±
58.7 ms; p < 0.05, n = 6/6 hearts, Figures 7A, B). We compared
again the effects of IVA on the CL under normal condition (i.e.,
1.8 [Ca2+]o) and in the presence of low external Ca2+ (0.9 mM
[Ca2+]o). As bar graphs in Figure 7C demonstrates the IVA
has markedly improved effect when extracellular Ca2+ is low
compared with normal Ca2+ settings (51.1 ± 5.1% versus 20.99 ±
4.1%, p < 0.05; Student’s t-test). Figure 7D represents Ca2+
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transient measurements from spontaneously contracting isolated
cells. We can observe that the application of 0.9 mM [Ca2+]o
significantly decreased the transient amplitude (295 ± 52 nM vs.
185 ± 32 nM; p < 0.05, n = 8) which may reflect decreased Ca2+

influx, SR Ca2+ release which may decrease the NCX current and
thus attenuate the compensating capacity of NCX. The diastolic
Ca2+ also significantly decreased (127 ± 33 vs. 64 ± 10 nM; p <
0.05, n = 8). We addressed this question by using mechanistic
modeling (Yaniv et al., 2013b). Left column of Figure 7E
represents action potentials (upper traces), NCX and If current
kinetics (middle traces), and global Ca2+ transients (lower traces)
under normal condition. Upon application of 0.9 mM [Ca2+]o
(right column) the CL slightly reduced, the integral of NCX
current under the late phase of DD decreased while the
magnitude of If current did not changed. The amplitude of the
global transient decreased in similar extent as was obtained from
SAN cell experiments.
FIGURE 4 | Combined inhibition of Na+/Ca2+ exchanger (NCX) and If in sinus node (SAN). As original SAN action potentials and bar graphs report (A, B), 1 mM
ORM-10962 (ORM) (red trace) exerted an increased effect after 0.3 mM ivabradine (IVA) pretreatment (blue trace). Panel (C) represent Ca2+ transients measured from
isolated SAN cells under control condition (black trace) and in the presence of 3 mM IVA (blue trace). We found identical Ca2+ levels as a result of IVA treatment. In
panel (D), the dose dependent effect of IVA (abscissa) on SAN cycle length (CL) was plotted against the effect of consecutive application of 1 mM ORM on CL
(ordinate). As was previously described in Figures 2A–C, 1 mM ORM has ≈8% effect without IVA. In the presence of 0.5 and 3 mM IVA, the ORM-induced reduction
of pacing rate was gradually increased. The numbers in parentheses indicate the corresponding n. The experimental results (red) are compared with the Yaniv SAN
cell model (blue) in panel (E). Based on a previous study, 0.5 and 3 µM IVA were represented by 20 and 60% funny current (If) inhibition in the presence of constant
41% NCX inhibition. Panel (F) represents the modeling results of combined If-NCX block. In the three panels, If was inhibited by varying degrees (straight lines) and
combined with 41% NCX inhibition (dotted lines) yielding an increasing NCX inhibition effect on CL as If inhibition increases.
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Concomitant Inhibition of Na+/Ca2+

Exchanger and Funny Current Increases
the Cycle Length Variability in Sinus Node
Tissue
The short term CL variability (CLV) was calculated by the
analysis of CLs of N = 30 consecutive action potentials by
applying the following formula:

STV = S CL; i + 1 − CL; ið Þ= nbeatsx
ffiffiffi
2

p� �
:

One micrometer of ORM-10962 and 3 µM IVA individually
prolong the CL without considerable influence on the CL
variability (see the area covered in Figures 8A, B). The
subsequent application of 5 µM RYA (Figure 8C, green line)
and 5 µM RYA + 1 µM ORM-10962 (Figure 8C, red line)
showed a tendency to increase the CL variability, however it
proved not to be statistically significant. In contrast, additionally
adding 3 µM IVA markedly and statistically significantly
enhanced the variability parallel with the CL increase, when
the Ca2+ release and NCX activity were suppressed (Figure 8C,
blue line). As Figures 8D, E show, the CL variability exerts
similar results as the CL measurements: individual inhibition of
NCX (2.53 ± 0.8 ms vs. 2.71 ± 0.9 ms; n = 16/16; red line) and If
(3.6 ± 0.9 ms vs. 5.19 ± 0.7 ms; n = 5/5; blue line) or Ca2+
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handling suppression (3.03 ± 0.87 ms vs. 7.0 ± 2.73 ms, n = 7/7;
green line) do not alter significantly the CLV while the variability
was largely increased if IVA was administrated in the presence of
reduced Ca2+ cycling activity (7.0 ± 2.73 ms vs. 15.29 ± 5.6 ms;
orange line).
DISCUSSION

The aim of this study was to verify and estimate the possible
contribution of NCX function in SAN automaticity by direct
selective pharmacological inhibition. Furthermore, we evaluated
the functional consequences of the previously mentioned (Yaniv
et al., 2015) If-NCX coupling in multicellular tissue level. In this
study, we provided evidence for the first time regarding the
essential role of NCX in spontaneous automaticity of the SAN by
selective pharmacological inhibition. In addition, we described
its functional interaction with If. This interaction between the
DD currents is based on the following experimental results:
i) 3 µM IVA has moderate effects on CL (~21%) and CLV
(D ~ 2 ms), ii) 1 µM ORM has marginal effects on CL (~8%) and
no change on CLV, iii) Ca2+ cycling suppression by 1 µMORM +
5 µM RYA has moderate effects on CL (~19%) and CLV
(D ~ 4 ms), iv) increasing If inhibition augments the effect of a
FIGURE 5 | Sinus node (SAN) frequency was decreased by complete IKr inhibition by 100 nM dofetilide administration. The control cycle length (CL) (black trace)
largely increased after dofetilide (green trace). However, the effect of 1 µM ORM-10962 (ORM) did not change compared with the individual effect (red trace,
panels A, B, F). The main difference between ivabradine (IVA) and dofetilide (DOF)-induced bradycardia is that 0.5 and 3 µM IVA markedly increased the diastolic
interval (C, D), which remained unchanged in the case of IKr inhibition by DOF (E).
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fixed ORM dose (1 µM) on CL (~ 8 to 17%), v) the effect of 3 uM
IVA is enhanced when Ca2+ cycling was previously suppressed
(from ~ 20 to 42%).

ORM-10962 Does Not Inhibit the Funny
Current
The effectiveness and selectivity of ORM-10962, a novel, potent
NCX inhibitor was investigated in detail in our previous studies
(Kohajda et al., 2016; Oravecz et al., 2017). In these studies, it was
shown that ORM inhibited both forward and reverse mode NCX
with an IC50 values of 55 and 67 nM without changing the ICa,
INa, IK1, IKr, IKs, Ito, and INa/K pump currents even at high (1 mM)
concentrations. However, the If current was not investigated. The
present study demonstrates that 1 µM ORM did not influence If
(Figure 1) in the presence of high Ca2+ buffering, which means
that ORM is a suitable tool for the evaluation of NCX in SAN
automaticity, however the indirect effects related with ORM-
induced Ca2+ elevation (without Ca2+ buffering) may influence
the If indirectly (Mattick et al., 2007).

Na+/Ca2+ Exchanger Inhibition Slightly
Decreases Sinus Node Firing Rate
We found slight, but statistically significant reduction in the
spontaneous firing rate in SAN tissue which is the consequence
of the reduced rate of the DD (Figure 2). This result is a direct
evidence and verification for the contribution of the inward NCX
Frontiers in Pharmacology | www.frontiersin.org 969
in rhythm generation. Previous studies (Yaniv et al., 2013a;
Yaniv et al., 2015) reported that not only the increase of CL,
but the parallel increase of pacing variability reports the
uncoupling of the If-NCX and the destabilization of the
DD. Since in our experiments the CL slightly increased while
the pacing rate variability did not change, we conclude that
the individual NCX inhibition did not cause considerable
uncoupling of If-NCX.

The rate of forward NCX inhibition by using 1 µM ORM was
estimated to ≈90% by applying conventional ramp protocol in
the presence of ≈160 nM [Ca2+]i in canine ventricular myocytes
in our previous study (Kohajda et al., 2016). The actual ratio of
inhibited NCX which corresponds with the observed CL changes
was calculated to 41% by using the Yaniv SAN cell model (Yaniv
et al., 2013b). It is important to note, that in our previous study
(Oravecz et al., 2017) we have demonstrated that the extent of
NCX inhibition (via ORM-10962) is decreased when the
intracellular Ca2+ is intact (i.e., in the presence of Ca2+

transient). The underlying mechanism could be asymmetrical
block between two modes, autoregulation of the Ca2+i or by
preserved inducibility of forward NCX by elevated Ca2+i.

Na+/Ca2+ Exchanger Inhibition Markedly
Increases the Ca2+I Level
The selective NCX inhibition caused similar diastolic Ca2+

changes compared to the Yaniv model predicted, however, in
FIGURE 6 | The potential influence of Ca2+ handling suppression by 5 µM ryanodine (RYA) (green line) and 1 µM ORM-10962 (red line) on the effect of funny current
(If) reduction was investigated. As representative curves panel (A) and diagram panel (B) report, both drugs increased the cycle length (CL) of the action potential.
Statistical analysis was achieved by ANOVA. * means RYA compared to control, $ means ORM-10962 (ORM) compared to RYA, and # means ivabradine (IVA)
compared to ORM. Comparison of the effect of 3 µM IVA on the CL under normal condition (i.e., without any other inhibitors) and after 5 µM RYA + 1µM ORM
shows that the same dose of IVA has markedly increased effect when the contribution of Na+/Ca2+ exchanger (NCX) is reduced by concomitant application of RYA
and ORM panel (C).
January 2020 | Volume 10 | Article 1632

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Kohajda et al. If-NCX Coupling in SAN Pacemaking
contrast with modeling, we found markedly increased Ca2+

transient amplitude which is generally expected after decreased
rate of Ca2+ extrusion (Figure 3). The observed quantitative
discrepancy between experiments and modeling may indicate
that the extent of NCX inhibition in the experiments could be
larger than 41%.

We can speculate that the increasing intracellular Ca2+ is
known to facilitate the inactivation of the L-type Ca2+ current as
a part of the autoregulation (Eisner et al., 1998; Eisner et al.,
2000). The gain of the [Ca2+]i may indirectly shortens the CL
which means two parallel, counteracting effect of selective NCX
inhibition: the inhibition of the inward NCX current may
reduce the actual frequency by suppressing its contribution in
the DD, however it is partially compensated for the CL
abbreviating effect of increased [Ca2+]i. Furthermore, the If
may also contribute in the limitation of the ORM effect: i) a
theoretical possibility exists that ORM-induced Ca2+ elevation
may increase the If, however this was ruled out by a previous
Frontiers in Pharmacology | www.frontiersin.org 1070
work (Zaza et al., 1991). ii) It was reported that SAN myocytes
express Ca2+-activated adenylate cyclase isoform, which might
raise cAMP (and If) in response to NCX blockade (Mattick
et al., 2007).

The Moderate Bradycardic Effect of Na+/
Ca2+ Exchanger Inhibition May Be
Explained by Funny Current-Na+/Ca2+

Exchanger Coupling
However, one may speculate after considering the crucial role of
NCX in the coupled-clock theory, why the NCX inhibition-
induced “bradycardia” exerted a relatively low influence. Using
genetic mouse models Gao et al. claimed that partial ablation of
NCX (≈70–80%) using an aMHC-inducible “Cre” transgenic
line, has also a slight effect on the baseline spontaneous AP firing
frequency (Gao et al., 2013). In line with this, it was found that
even a small NCX fraction is able to generate sufficient inward
current to provide appropriate depolarization current which is
FIGURE 7 | Decreased extracellular Ca2+ solution (0.9 mM) was used to suppress the intracellular Ca2+ cycling and therefore Na+/Ca2+ exchanger (NCX). The
effect of hypocalcemic solution on the cycle length (CL) was marginal (A, B, brown trace) however the subsequently applied 3 µM ivabradine (IVA) (blue trace) caused
considerable prolongation in the CL. Comparison of the IVA effect in the presence of normal (1.8 mM—white column) versus low (0.9 mM—gray column) CaCl2 on
panel (C) demonstrates nearly doubled effect of IVA on the CL in response of Ca2+ reduction (C). * means 0.9 mM [Ca2+]o compared to control, # means IVA versus
0.9 mM [Ca2+]o. Original traces measured from isolated sinus node (SAN) cells in panel (D) demonstrate that 0.9 mM [Ca2+]o (brown trace) significantly decreased
the transient amplitude without significant action on diastolic Ca2+ levels. (E) Modeling simulation of action potentials (upper traces), NCX currents (middle traces,
solid lines), If currents (middle traces, dashed lines), and global Ca2+ transients (lower traces) in the present of normal (1.8 mM), external Ca2+ (left column), and
0.9 mM [Ca2+]o (right column). The results indicate decreased transient amplitude coupled with smaller NCX current in the late diastolic depolarization (DD) with
maintained If current magnitude in the presence of 0.9 mM [Ca2+]o.
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able to maintain normal SAN cell activity (Groenke et al., 2013).
Our and these previous results highlight the possibility that a
functional coupling between If and NCX represents a potency to
compensate for the NCX inhibition-induced reduction of the
pacing frequency.

In accordance with this theory our and previous results
indicate a relatively moderate effect of IVA on the CL when it
is administrated at 3 µM (Figure 4A) or at 10 µM (Yaniv et al.,
2012). At the same time, caesium was unable to stop SAN beating
even though it has a large effect on If (Noma et al., 1983). These
inconsistent results can be explained by the voltage-dependent
block of IVA or caesium (DiFrancesco, 1995), or by proposing an
insulator function of the If to protect the SAN cells from the
strong negative electrical sink of the connected atrial tissue
(Morad and Zhang, 2017). However, a functional coupling
between If and NCX (Bois et al., 1996; Lakatta et al., 2010;
Yaniv et al., 2013a) providing redundant pacemaking systems
could also explain—or at least contribute to—the observed
results. This phenomenon, which could be very similar to the
repolarization reserve (Biliczki et al., 2002; Herrmann et al., 2007;
Lengyel et al., 2007; Nagy et al., 2009), may be also able to reduce
the effects of the individual inhibition of NCX or If explaining the
relatively small extent of IVA or NCX effects.
Frontiers in Pharmacology | www.frontiersin.org 1171
Indeed, we found that the effect of 1 µM ORM gradually
increased as the rate of If block was enhanced (Figure 4). In line
with this, the Yaniv model provided similar but steeper
tendency, when we represented the 0.5, 1, and 3 µM IVA
doses by 20, 60, and 80% If block based on previous results
(Bois et al., 1996). While 10 µM IVA was not used
experimentally due to selectivity problems, 85% If inhibition
could be computed in the Yaniv model. The detailed modeling
results are depicted in Figures 4E, F. Consistent with
experimental results, the effect of 41% NCX inhibition on CL
is increased as If inhibition becomes stronger. However, the
modeling predicts a much steeper increase in the CL in the
presence of enhancing If block. The underlying mechanism of
this discrepancy could be the markedly higher Ca2+ increase
measured during experiments which could limit the bradycardic
effect of NCX inhibition. A previous study reported a decreased
SR Ca2+ content after If inhibition by IVA (Yaniv et al., 2013a)
demonstrating an indirect suppression of NCX during If
inhibition. Our Ca2+ measurements (Figure 4C) indicate
unchanged Ca2+ release after application of IVA, which may
indicate that the underlying mechanism of increased ORM effect
may be rather related with the increased sensitivity of DD when
it is already inhibited by the If block.
FIGURE 8 | The effect of suppression of diastolic depolarization (DD) currents [Na+/Ca2+ exchanger (NCX) and If] on short time cycle length (CL) variability. When
1 µM ORM-10962 panel (A) or 3 µM ivabradine (IVA) panel (B) were applied, the variability did not change significantly. Instead, the CL was prolonged. Comparison
of the effect of 1 µM ORM-10962 (ORM) (red line), 5 µM ryanodine (RYA) (blue line), and 5 µM RYA + 1 µM ORM (green line) on the CL variability shows that these
compound do not change the variability significantly panel (D). In contrast IVA administration after the application of RYA+ORM caused considerably increased
variability panel (E) as the Poincaré-plot (panel C, blue line) shows.
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IKr Inhibition Mediated Bradycardia Does
Not Alter the Effect of Na+/Ca2+ Exchanger
Inhibition
It is possible to decelerate spontaneous frequency without major
direct influence on If or NCX. The SAN rate was reduced by 100%
IKr block (Figure 5) in which the developed decrease in the firing
rate was mainly achieved by APD prolongation without or minimal
change in diastolic interval—instead of If block, which markedly
increases the diastolic interval without effect on APD. This also
means that despite the bradycardia, If is intact during these
experiments. In line with this, NCX inhibition provided a similar
effect to the one which was experienced when NCX was inhibited
individually in Figure 2. This observation could be explained by an
If dependent compensation of NCX reduction. At the same time it
also means that the mechanism of the bradycardia is important
regarding the effect of NCX inhibition. It seems possible that If
mediated bradycardia and concomitant increase in diastolic
interval may be important in the If-NCX interaction.

Suppression of Ca2+i Augments the Effect
of Funny Current Inhibition
Assuming that a mutual interaction between If and NCX exists,
this crosstalk should work in the opposite direction as well, i.e., a
disturbance in the Ca2+ cycling should affect If. The suppression of
the Ca2+ handling by the subsequent application of ryanodine and
ORM together caused ≈20% increase in the CL in line with
previous results (Bucchi et al., 2003). Under this condition, the
effect of 3 µM IVA was considerably larger compared with normal
settings (≈45% vs. 20%, see Figure 6C). In line with this, we found
similar augmentation of IVA effect (21% vs. 51%) when Ca2+

handling was suppressed by low extracellular Ca2+ (Figure 7).
Experimental as well as modeling simulations suppose that the
Ca2+ handling and thus the NCX current suppression decreases
the flux of the depolarizing NCX current, increases the length of
DD, thus, the suppressed net current underlying the DD provides
improved effect for If inhibition.

Funny Current-Na+/Ca2+ Exchanger
Coupling Controls Cycle Length Variability
Previous studies (Yaniv et al., 2013a; Yaniv et al., 2015) reported
that the If-NCX coupling not only controls the current CL but it
may have a crucial role in maintaining the normal rhythm of the
SAN. Therefore, the increase of the CL variability could be a
further indicator of the integrity of If-NCX axis appearing after a
considerable CL increase reporting significant If-NCX
uncoupling. Our results support this assumption indicating
that after individual inhibition of If or NCX, not only the
excessive CL increase is restricted but the SAN rhythm is also
maintained. However, when both of If and NCX are suppressed,
besides the marked CL increase, a perturbation in the rhythm
also appeared indicating the exhausted capacity of the If-NCX
to depolarize the membrane during the DD (Figure 8). Since
we could not reach complete inhibition of If and NCX in
our experiments, we cannot estimate precisely the relative
importance of these currents in the normal SAN rhythm.
However, it seems possible that these currents contribute in
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the “depolarization reserve” (Herrmann et al., 2007) not only
to the control of the current CL but also to the maintenance of
the normal pacing rhythm as a consequence of the strong
depolarizing of the If-NCX crosstalk.

Proposed Mechanism
We suggest that the observed NCX-If interplay is the
consequence of the increased susceptibility of DD to any
intervention when the DD was previously inhibited by another
compound (Rocchetti et al., 2000; Zaza and Lombardi, 2001;
Monfredi et al., 2014). This means that the bradycardic effect of
NCX inhibition is larger when If was previously inhibited
(independently from the Ca2+ handling). Vice versa, when the
NCX was previously suppressed (as a consequence of reduced
Ca2+ release) the decreased DD current density is more sensitive
to changes, which increases the bradycardic effect of IVA.
CONCLUSION

In the present study, we provide direct pharmacological evidence
regarding the role of NCX in pacemaker mechanism by its
selective inhibition with the novel, highly selective compound
ORM-10962. We found that individual inhibitions of NCX or If
cause only moderate bradycardia and rhythm disturbance.
However, combined suppression of these currents acted
synergistically and supports the hypothesis of mutual crosstalk
between NCX and If in SAN even in multicellular tissue having
important functional consequences. This means that individual
inhibition of DD currents may have moderated effect on CL and
variability under normal conditions because the underlying
currents may be able to compensate each other. This
important crosstalk may provide a considerable safety margin
for SAN pacemaking.
STUDY LIMITATIONS

Our study has three important limitations. 1) The action
potentials measured in our experiments do not represent the
characteristics of the core SAN cells. These cells are much more
“follower” cells, having AP waveforms largely influenced by the
cell-to-cell coupling. 2) The applied inhibitors (IVA, ORM,
RYA) are not able to cause complete block of ion channels in
the applied concentrations. Therefore, the described phenomena
indicate only partial effects and not able to estimate the absolute
contribution of NCX during the DD. 3) Since our aim was to
explore ion current cooperation, our results represent ion
channel function independent from the autonomic nervous
system. The activation of the sympathetic or parasympathetic
nervous system—or modulation of the b1/M2 receptors—
intimately changes the cAMP, PKA, CaMKII levels which have
effects on the DD currents, therefore the discussed If-NCX
coupling cannot be directly extrapolated to in vivo systems.
The ion current crosstalk characterization during intact
autonomic control requires further experiments.
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Torsades de Pointes (TdP) is a type of ventricular arrhythmia which could be observed as
an unwanted drug-induced cardiac side effect, and it is associated with repolarization
abnormalities in single cells. The pharmacological evaluations of TdP risk in previous years
mainly focused on the hERG channel due to its vital role in the repolarization of
cardiomyocytes. However, only considering drug effects on hERG led to false positive
predictions since the drug action on other ion channels can also have crucial regulatory
effects on repolarization. To address the limitation of only evaluating hERG, the
Comprehensive in Vitro Proarrhythmia Assay initiative has proposed to systematically
integrate drug effects on multiple ion channels into in silico drug trial to improve TdP risk
assessment. It is not clear how many ion channels are sufficient for reliable TdP risk
predictions, and whether differences in IC50 and Hill coefficient values from independent
sources can lead to divergent in silico prediction outcomes. The rationale of this work is to
investigate the above two questions using a computationally efficient population of human
ventricular cells optimized to favor repolarization abnormality. Our blinded results based
on two independent data sources confirm that simulations with the optimized population
of human ventricular cell models enable efficient in silico drug screening, and also provide
direct observation and mechanistic analysis of repolarization abnormality. Our results
show that 1) the minimum set of ion channels required for reliable TdP risk predictions are
Nav1.5 (peak), Cav1.2, and hERG; 2) for drugs with multiple ion channel blockage effects,
moderate IC50 variations combined with variable Hill coefficients can affect the accuracy of
in silico predictions.

Keywords: Torsades de Pointes, drug cardiotoxicity, ion channels, in silico drug trials, human ventricular
action potential
in.org January 2020 | Volume 10 | Article 1643175

https://www.frontiersin.org/article/10.3389/fphar.2019.01643/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01643/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01643/full
https://www.frontiersin.org/article/10.3389/fphar.2019.01643/full
https://loop.frontiersin.org/people/575232
https://loop.frontiersin.org/people/473253
https://loop.frontiersin.org/people/456278
https://loop.frontiersin.org/people/348888
https://loop.frontiersin.org/people/817132
https://loop.frontiersin.org/people/456396
https://loop.frontiersin.org/people/399789
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:xin.zhou@cs.ox.ac.uk
mailto:blanca.rodriguez@cs.ox.ac.uk
https://doi.org/10.3389/fphar.2019.01643
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2019.01643
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2019.01643&domain=pdf&date_stamp=2020-01-30


Zhou et al. A Blinded In-Silico Drug Trial
INTRODUCTION

Cardiotoxicity is a major cause of drug withdrawal from the
pharmaceutical market, and its earlier detection and assessment
could largely speed up the evaluation of target compounds in the
drug development process. For instance, drug-induced Torsades de
Pointes (TdP) is a type of ventricular arrhythmia linked to sudden
cardiac death. It is generally accepted that early afterdepolarizations
(EADs) occurring during the repolarization phase of action
potentials (APs) can trigger premature events, and then give rise
to TdP (Vandersickel et al., 2014: Vandersickel et al., 2015). Drugs
that block the hERG current (IKr) can inhibit the repolarization
process, leading to AP duration (APD) prolongation, and
facilitating EAD generation (Jurkiewicz and Sanguinetti, 1993;
Guo et al., 2011; Pueyo et al., 2011; Dutta et al., 2016). Therefore,
prolongation of APD (reflected in the electrocardiogram as QTc
interval prolongation) is often used as a surrogate to assess TdP
risk. IKr inhibition and QTc prolongation are sensitive but not very
specific for predicting ventricular pro-arrhythmia risk. Inhibition of
other cardiac ion channels, especially sodium and calcium
channels, may mitigate the effects of hERG blockage and reduce
pro-arrhythmic risk and EAD generation (Bril et al., 1996; Martin
et al., 2004; Sager et al., 2014; Britton et al., 2017).

Since hERG assays alone can lead to false positives in
predicting TdP risk and repolarization abnormalities, Kramer
et al. measured concentration-response relationships of hERG,
Nav1.5 peak (the fast sodium current, INa), and Cav1.2 (the L-
type calcium current, ICaL) currents for 32 torsadogenic and 23
non-torsadogenic drugs from multiple pharmacological classes
(Kramer et al., 2013). A logistic regression analysis showed that
risk prediction based on the three channels improved accuracy
with respect to using solely hERG block (Kramer et al., 2013).

To overcome the limitation of hERG inhibition as the main
evaluation criteria, the Comprehensive in Vitro Proarrhythmia
Assay (CiPA) initiative, sponsored by the Food and Drug
Administration (FDA) among others, has proposed a new
paradigm to integrate drug effects on multiple ion channels
into in silico modeling to evaluate the propensity for EADs
and repolarization instabilities (Sager et al., 2014; Colatsky et al.,
2016). Driven by the scheme of CiPA, recent experimental
studies have comprehensively analyzed the effects of clinical
drugs on up to seven ionic currents (Crumb et al., 2016).
Abbreviations: AP, action potential; APD, action potential duration; CiPA,
Comprehensive in Vitro Proarrhythmia Assay initiative; EAD, early
afterdepolarization; EFTPCmax, maximal effective free therapeutic concentration;
FDA, Food and Drug Administration; IC50, the concentration for 50% ion channel
inhibition; ICaL, the L-type calcium current; INa, the fast sodium current; INaCa, the
sodium-calcium exchanger current; INaK, the sodium potassium pump current;
INaL, the late sodium current; IK1, the inward rectifier potassium current; IKr, the
hERG current, also known as the rapid delayed rectifier potassium current; IKs, the
slow delayed rectifier potassium current; Ito, the transient outward potassium
current; ORd model, O’Hara-Rudy dynamic human ventricular action potential
model; QTc, Q-T interval on electrocardiogram corrected with heart rate; RA,
repolarization abnormality; RF, repolarization failure; TdP, Torsades de Pointes;
TP, true positive; TN, true negative; FP, false positive; FN, false negative; PPV,
positive predictive value; NPV, negative predictive value.
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Building on in vitro ion channel data, in silico TdP risk
prediction has shown promising results using several
approaches. One strategy for in silico TdP risk stratification is
to utilize machine learning algorithms to derive TdP risk metrics.
Strong performance was achieved using principal component
analysis, support vector machine classifications, and logistic
regression classifiers, based on ion channel blockage data and
features of simulated AP and intracellular calcium transients
(Lancaster and Sobie, 2016; Parikh et al., 2017). Another strategy
is to use simple classification models to analyze the balance
between depolarization and repolarization blockages (Mistry
et al., 2015). However, statistical analysis and machine learning
classifications do not enable direct observations of pro-
arrhythmic repolarization abnormalities (RAs), and make
mechanistic interpretations difficult. Alternatively, using RAs
as the main metric, simulations using a population of over
1,000 human ventricular cell models with random ionic
current variations yielded 89% accuracy in TdP predictions
(Passini et al., 2017). The accuracy was higher using RAs in
the virtual human cell population than using a single model or
APD prolongation, and also higher compared to experimental
animal models. The simulation results also revealed mechanistic
ion channel properties underlying RAs: for example, weaker INaK
(the sodium potassium pump current) favored RA, which was
related to proarrhythmic clinical conditions such as acute
myocardial ischemia (Passini et al., 2017).

Normal repolarization involves complex interactions and
contributions of multiple ionic currents, which include some
redundancy for the robustness of this critical part of the cardiac
cycle, namely the so-called repolarization reserve (Roden, 1998;
Roden Dan, 2008; Roden and Abraham, 2011). The subclinical
change in some currents may not directly lead to RA but the
lower repolarization reserve in these scenarios provides
vulnerable conditions for RA generation when ion channel
blockers are superimposed (Roden, 1998; Roden Dan., 2008;
Roden and Abraham, 2011). Inspired by the mechanistic ion
channel properties revealed in a previous study (Passini et al.,
2017), a population of human ventricular cell models was
designed to favor RA by introducing lower repolarization
reserve as weaker repolarization currents and stronger
depolarization currents (Passini et al., 2019).

In this study, we performed blinded in silico drug trials for 85
reference compounds using the optimized virtual human cell
population by (Passini et al., 2019), to investigate the following
questions: 1) what is the minimum set of ion channels needed for
good TdP risk predictions; 2) how different are in silico
prediction outcomes using IC50 and Hill coefficient values from
two independent and highly cited sources?

The significance of blinding in this study is twofold: 1) no
iterations of model calibration were done to improve predictions,
and this enabled a clear and independent validation of the
simulations for the use of drug induced TdP risk prediction; 2)
blinding also mimicked the preclinical stage of drug development
when the side effects were unknown before large clinical trials,
and no additional information such as the effects of metabolites
can be taken into account, therefore the blinded simulations
January 2020 | Volume 10 | Article 1643
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reflected better the new compound evaluation process. The
accuracy of the blinded prediction and its low computational
cost demonstrated the potential applicability of this in silico
approach in cost and animal use reduction for drug development
in pharmaceutical industry.
MATERIALS AND METHODS

Optimization of the Population of Human
Ventricular Models
The baseline model used in this study is the O’Hara-Rudy
dynamic (ORd) human endocardial ventricular AP model
(O’Hara et al., 2011), developed using data from over 100
human hearts, with modifications to the fast sodium channel
(Passini et al., 2016). It includes detailed representation of the
potassium, sodium and calcium sarcolemmal currents, as well as
intracellular calcium handling (including SERCA pump and
ca l c ium- induced ca l c ium re l ea s e mechan i sm) . A
computationally efficient population of 107 human ventricular
AP models constructed in (Passini et al., 2019) was used for the
assessment of RAs, as a surrogate for pro-arrhythmic
mechanisms under drug action. Based on established
knowledge of ionic profiles more likely to develop drug
induced RA (Passini et al., 2017), the population of models
was constructed by varying nine key ionic conductances to
represent electrophysiological variability, then constrained and
calibrated using the human data (Britton et al., 2017).
Conductances were varied unevenly to allow weaker IKr, IKs
(the slow delayed rectifier potassium current) and INaK, and
stronger INaL (the late sodium current), ICaL, and INaCa (the
sodium-calcium exchanger current) (Supplementary Material
Table S1) (Passini et al., 2019). The low repolarization reserve
introduced in the population is also representative of different
pathological conditions, such as long QT syndrome (Schwartz
Peter. et al., 2012), hypertrophic cardiomyopathy (Coppini et al.,
2013), and heart failure (Shamraj et al., 1993; Ambrosi et al.,
2013). The full list of parameters for the optimized population is
provided in the Supplementary Material Table S5.

Datasets
The sources and the names of all the compounds were blinded
during the in silico test. In silico drug trials were performed for
two groups of reference compounds at multiple concentrations.
Drug/ionic current interactions were simulated using a simple
pore-block drug model (Brennan et al., 2009). For each drug,
IC50 and Hill coefficient were the input parameters used to
describe each ionic current block as in previous studies
(Mirams et al., 2011; Passini et al., 2017).

Dataset I consisted of 30 compounds, for which IC50 and Hill
coefficients were available for seven ionic currents: INa, INaL, Ito
(the transient outward potassium current), IKr, IKs, IK1 (the
inward rectifier potassium current), and ICaL (Crumb et al.,
2016). Dataset II had 55 compounds, with IC50 and Hill
coefficients available for only three ion channels: INa, IKr, and
ICaL (Kramer et al., 2013). The full lists of IC50 and Hill coefficient
Frontiers in Pharmacology | www.frontiersin.org 377
values for both datesets are provided in the Supplementary
Material Table S6. For each compound, five concentrations were
tested: 1, 3, 10, 30, and 100 folds of their maximal effective free
therapeutic concentration (EFTPCmax).

Simulation Environment
Virtual Assay (v.2.4.800 © 2014 Oxford University Innovation
Ltd. Oxford, UK), a user-friendly C++ based software package
was previously developed for the simulation of drug effects on
virtual cardiac AP populations. Virtual Assay uses the ordinary
differential equation solver CVODE to implement backward
differentiation formula with adaptive time steps (Hindmarsh
et al., 2005; Serban and Hindmarsh, 2008), and relative and
absolute tolerances equal to 1e-5 and 1e-7, respectively. As
shown previously in (Passini et al., 2017), similar simulations
of virtual AP traces can be achieved using MATLAB (Mathworks
Inc. Natwick, MA, USA) or any other software to solve ordinary
differential equations. The effect of a drug at a testing
concentration was simulated as conductance reductions which
were based on the IC50 values and Hill coefficients from the
blinded datasets. For each concentration of each compound, the
drug assay was conducted on the population of models at a
pacing frequency of 1Hz for 150 beats, and the AP traces of the
last beat were used for analysis as in (Passini et al., 2017). The
choice of the pacing frequency was based on clinical reports that
pacing rates slower than 70 beats per minute were more relevant
to TdP occurrence while faster pacing can suppress TdP (Viskin
et al., 2000; Pinski et al., 2002; Kurisu et al., 2008). For all the
simulated traces, APD was calculated as APD90 (AP duration at
90% of repolarization), and TdP risk prediction was conducted
by analyzing the morphology of simulated AP traces to detect
RAs, as described below.

In silico TdP Risk Analysis
TdP risk prediction was calculated based on the occurrence of
two types of RAs in the population of human models,
encompassing EADs and repolarization failure (RF). The two
types of RAs were defined when positive derivatives were found
in the membrane voltage (Vm) after 150 ms following the AP
peak (for EADs), or the membrane voltage failed to reach resting
membrane voltage (Vm >-40 mV) at the end of the last beat (for
RF). In order to ensure the accuracy of automated RA detection,
simulation traces were also visually examined to check for
potential misclassifications caused by the algorithm.

Aggregated results at the population level are presented using
a scoring system (TdP risk score) as introduced in (Passini et al.,
2017) according to the following formula (where nRAc is the
number of models showing RA at a tested concentration c, Wc =
EFTPCmax / c is the weight inversely related to the tested
concentration c, and N is the total number of models in
the population).

TdP   risk   score =oc Wc*nRAcð Þ
N*ocWc

The analysis of TdP scores was also performed blindly. The
TdP risk score integrated RA occurrence at multiple
concentrations, and was computed in MATLAB. Logarithmic
January 2020 | Volume 10 | Article 1643

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Zhou et al. A Blinded In-Silico Drug Trial
scale was considered to maximize the visual separation of TdP
score between safe and risky drugs. Zero risk was approximated
for visualization with machine precision (10−16). For special
cases where access to individual ionic currents and ion channel
gating variables was needed, the same drug trials were repeated
in MATLAB to obtain more detailed information.

Evaluations of the In Silico Prediction
Results
After the blinded in silico prediction, the TdP risk of each
compound was compared against the current clinical reports in
the literature. Multiple sources were referenced for classification
as in (Kramer et al., 2013), including CredibleMeds® (Woosley
et al, 2019), available on www.crediblemeds.org, (Redfern et al.,
2003), publications on QT studies, and FDA-generated package
inserts. Considering the risk classifications of some drugs are
debatable, we also evaluated the prediction accuracy by only
applying the CredibleMeds® classification. For this, compounds
with any type of TdP risk (known, possible or conditional) were
considered to be risky even if the risk may only occur under
specific conditions such as overdose or interactions with other
drugs (Supplementary Material Figures S1–S4, Tables S2–S4).

Prediction results were classified as true positive (TP, both
clinical reports and in silico predictions were risky), true negative
(TN, both clinical reports and in silico predictions were safe),
false positive (FP, no clinical risk reports but in silico predictions
were risky), and false negative (FN, in silico predicted to be safe
but clinically reported to be risky). Sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV)
were computed separately for Dataset I and II based on the
number of TP, TN, FP, and FN predictions. Accuracy was
defined as the sum of TPs and TNs divided by the total
number of drugs. Each drug is referred to with the name and a
roman number to differentiate the two datasets.

Statistical Analysis
The formula for TdP score calculation is a deterministic
algorithm using the same models for all drugs, and therefore
no statistical algorithm was used for calculating TdP risk for
individual drugs. Pairwise linear correlation was performed
between TdP scores and drug induced APD prolongations
using MATLAB.
RESULTS

In Silico Prediction of TdP Risk
Considering All Available Ion Channel Data
and All Assessed Concentrations
The TdP risk scores were computed for both groups of
compounds, and in both cases risky and safe compounds were
identified. In Dataset I, unblinding the compounds revealed a
sensitivity of 85% and a specificity of 80% (Table 1), and the
overall accuracy was 83%, with 3 FN predictions and 2 FP
predictions. As illustrated in Figure 1A for Dataset I,
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simulations with 11 out of 30 compounds yielded no RAs and
thus no TdP risk, whereas 19 compounds induced RA in the
population of 107 human ventricular cell models. Among the
Dataset I compounds that produced RAs, Quinidine I
demonstrated the highest risk, with a TdP score of 0.78, while
Azithromycin I showed a mild risk with a TdP score of 10-3.

In Dataset II, 23 out of 55 compounds did not induce RAs,
while the remaining 22 compounds produced RAs according to
the automated RA detection algorithm (Figure 1B). Ibutilide II
had the highest TdP score of 1, and Solifenacin II had a very mild
TdP score of 6·10-5. Unblinding the compounds revealed a
sensitivity of 78% and a specificity of 70% (Table 1), with 7
FN predictions and 7 FP predictions from the automated
RA detection.

Further visual examination of the raw AP traces revealed that 3 of
the risky compounds detected by the automated algorithm
(highlighted in black squares in Figure 1B) did not induce RAs,
and the misclassification was caused by delayed AP peaks
(Supplementary Material, Figures S5A–C). The misclassifications
only happened for traces produced under 100×EFTPCmax. Fixing the
misclassification caused by the automated RA detection algorithm
revealed simulations had a true sensitivity of 78%, a specificity of 83%,
and an overall accuracy of 80% (Table 1, highlighted in bold).

The overall prediction accuracy against the CredibleMeds®

drug classifications was similar (Supplementary Material Figure
S1, Table S2). There were however some differences. Our
classifications of Saquinavir, Ranolazine, Dasatinib, Donepezil,
Metronidazole, Piperacillin were non-risky based on multiple
sources such as CredibleMeds®, publications on QT studies, and
package labels, but the latest CredibleMeds® database (accessed
2018-11-28) classify them as risky. The simulation results
showed Ranolazine, Metronidazole, and Piperacillin induced
RA, while Saquinavir, Dasatinib, and Donepezil did not
induce RA.

After unblinding the compounds, we explored whether
different pacing rates can affect the predictive accuracy of the
simulations by applying a faster pacing rate of 2Hz and a slower
pacing rate of 0.5 Hz at 10x EFTPCmax for the compounds in
Dataset I. The simulation results showed that slower pacing
tended to induce more EADs (Supplementary Figure S7), but
TABLE 1 | Accuracy of the in silico Torsades de Pointes (TdP) risk predictions
using the population of 107 human ventricular cell models with maximum testing
concentrations of 100×EFTPCmax.

Dataset I Dataset II

Clinical TdP (+) Clinical TdP (-) Clinical TdP (+) Clinical TdP
(-)

In silico (+) 17 2 25 7 4
In silico (-) 3 8 7 16 19
Sensitivity 85% 78% 78%
Specificity 80% 70% 83%
PPV 89% 78% 86%
NPV 73% 70% 73%
Accuracy 83% 75% 80%
January 2
020 | Volume 10
 | Article
For Dataset II, bold scores indicate the true accuracy of the model predictions after
fixing the misclassifications of the automated repolarization abnormality (RA) detection
algorithm.
1643

http://www.crediblemeds.org
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Zhou et al. A Blinded In-Silico Drug Trial
no qualitative differences were observed for the FN (Amiodarone
I, Amitriptyline I and Toremifene I) and FP compounds in terms
of RA generation (Cibenzoline I and Ranolazine I)
(Supplementary Figures S8 and S9).

Action Potential Prolongation and
TdP Risk
Since many compounds can block hERG and cause prolongation
of APD, and excessive APD prolongation can also be a TdP risk
factor, the relationship between TdP risk and APD prolongation
at low doses was also evaluated. A good linear correlation was
found between the overall TdP risk score and the APD
prolongation at 1 × EFTPCmax (r2 = 0.96) (Figure 2, upper
panel). Ibutilide II, which had the biggest TdP score of 1 and
Frontiers in Pharmacology | www.frontiersin.org 579
yielded the biggest APD prolongation, induced RFs in the
population even at the lowest tested dose. Quinidine I (TdP
score = 0.78), Quinidine II (TdP score = 0.70), Terodiline II (TdP
score = 0.67), Dofetilide I (TdP score = 0.43), and Thioridazine II
(TdP score = 0.36) induced significant APD prolongation and
EADs at the lowest testing dose (Figure 3). Flecainide I (TdP
score = 0.22), Nilotinib I (TdP score = 0.17), Quinine I (TdP
score = 0.09), Terfenadine I (TdP score = 0.05), and Flecainide II
(TdP score = 0.10) did not induce RAs at 1×EFTPCmax.
However, they can lead to APD prolongation of more than
100 ms, and four of these compounds led to EADs when the
testing concentration was increased to 3×EFTPCmax (Figure 4).

Although a good linear correlation was found between very
high risk TdP scores and APD prolongation at 1×EFTPCmax,
FIGURE 1 | Torsades de Pointes (TdP) risk assessment based on all the available ion channel inputs and up to 100×EFTPCmax. (A) Dataset I TdP risk assessment
based on all data from 7 ion channels (Crumb et al., 2016). (B) Dataset II TdP risk assessment based on all information from 3 ion channels (Kramer et al., 2013).
Classifications inconsistent with current clinical reports are labeled with black “+” and “–”: “+” implies the true classification should be risky, while “–” means the true
classification should be safe. Black squares in panel (B) highlight the compounds whose TdP risk was generated by the misclassification of the automated algorithm,
and visual examinations of the simulated AP traces revealed they did not produce repolarization abnormalities (RAs).
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APD prolongation was less well correlated with low TdP risk
scores. As shown in the lower panel of Figure 2, with similar low
TdP scores close to 0, some compounds showed APD
prolongations of up to 70 ms, while others showed very small
APD prolongations of less than 20 ms.

Reducing Maximum Testing Concentration
Does Not Improve the RA-Based TdP Risk
Stratification
In the clinical situation, the maximally-achieved plasma exposure
is determined by drug absorption, distribution, metabolism and
excretion in an individual whose genetic background and physical
condition have significant effects on pharmacokinetics (Tamargo
et al., 2017). Therefore, we considered high concentrations of up
Frontiers in Pharmacology | www.frontiersin.org 680
to 100×EFTPCmax in the formerly discussed evaluation of TdP
risk. Some compounds with intermediate TdP risk scores elicited
RAs only at the highest tested concentration. In order to assess the
effects of maximum tested concentrations, we also compared the
TdP score calculated with maximum concentrations up to
30×EFTPCmax. As shown in Figure 5A (Dataset I) and Figure
5B (Dataset II), predictions were not significantly affected for
drugs with either the highest or lowest TdP scores. However, in a
few cases, the risk classification can be qualitatively different. For
Dataset I, decreasing the maximum testing concentration to
30×EFTPCmax led to 2 extra FNs: Azithromycin and
Chlorpromazine . Even when class ified as r isky at
100×EFTPCmax, these two compounds had the lowest TdP
scores among the risky category. For Dataset II, decreasing
maximum concentration converted several FPs predictions to
TNs but also generated 5 extra FNs.

For both groups, FN predictions cannot be improved under
lower concentrations. Therefore decreasing the maximum
testing concentrations reduced the sensitivity in the predictions
for both datasets, while the specificity was not affected for
Dataset I but was improved for Dataset II. Similar results were
obtained using the latest CredibleMeds® TdP risk classifications
Supplementary Material (Supplementary Material Figure S2,
Table S3). Therefore, based on the overall accuracy, changing
maximum testing concentration to 30×EFTPCmax does not
improve the quality of predictions (Table 2).
Using Only hERG Decreases the
Specificity of Predictions
For Dataset I compounds, IC50/Hill coefficient values are
available for seven ion channels, while for Dataset II the
information is available for three ion channels. In order to
understand how many ion channels are necessary to achieve
sufficient prediction accuracy, we also compared the effect of
varying the number of affected ion channels. Figure 6A
compares prediction results for 7, 4 (INa+INaL+IKr+ICaL), 3
(INa+IKr+ICaL), and 1 (IKr) channel only for Dataset I. For
these compounds, there was no qualitative difference between
the predictions based on information from 7, 4, and 3 channels
(1 exception for Saquinavir I). However, if only hERG block (IKr)
was considered, TdP scores were frequently higher, and five safe
compounds were misclassified to FP, leading to a significant loss
of specificity and overall lower accuracy (Table 3).

For Dataset II, the results from 3 channels and only hERG
were also compared. Similarly, only considering IKr block
increased the TdP scores in a number of cases (altering the
magnitude of predicted TdP risks), and the classification of seven
compounds was changed to risky (4 FP and 3 TPs, Figure 6B). It
was noted that the three compounds misclassified by the
automated algorithm when using 3 channels (Ceftriazone II,
Linezolid II and Phenytoin II) did induce RAs when only
considering hERG block (Supplementary Material, Figures
S5D–F). Therefore, the specificity for Dataset II was also
compromised as in Dataset I by using hERG only, leading to
lower overall accuracy. Similar effects were observed using
CredibleMeds® classifications (Supplementary Material Figure S3,
FIGURE 2 | Correlation between action potential duration (APD) prolongation
and Torsades de Pointes (TdP) risk score at 1×EFTPCmax for all 85
compounds. DAPD=APDdrug-APDcontrol. Blue labels indicate true positive
predictions, and yellow labels indicate false positive results. If CredibleMeds®
classification was used, Ranolazine I and Piperacillin II would be true positive
(blue) instead of false positive.
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Table S4). Overall, considering hERG alone decreases the
specificity of the predictions for both datasets (Table 3).

The higher RA inducibility when considering hERG alone
was mainly due to ICaL re-activation under lower repolarization
reserve. For example, when only hERG block was applied to
Linezolid II, RFs were observed at 100×EFTPCmax, with re-
opening of the ICaL activation gate (gate d in the ORd model)
leading to oscillations in ICaL and membrane potential (Figure 7,
red traces). When hERG block alone was applied but the re-
activation of ICaL was inhibited (post upstroke inhibition of gate
d), RFs were successfully suppressed (Figure 7, black traces).
Since Linezolid II has a strong blockage effect on the L-type
calcium channel, the consideration of all three channels yielded a
much lower AP plateau. This further inhibited ICaL, preventing
Frontiers in Pharmacology | www.frontiersin.org 781
the occurrence of a positive feedback loop of ICaL re-activation to
trigger RAs (Figure 7, blue traces).
Moderate Changes in IC50s Combined
With Variable Hill Coefficients Are
Relevant to Divergent Prediction
Outcomes
The ion channel information for Datasets I and II used in this
in silico study came from different experimental groups, but
they both contain information for the 16 compounds listed in
Figure 8. In Figure 8, we listed the IC50 and Hill coefficient
values of the three common ion channels between both datasets:
hERG, Cav1.2 and Nav1.5-peak. For most compounds, the
FIGURE 3 | Representative compounds that induce repolarization abnormalities at 1×EFTPCmax. Grey, control condition; red, drug action.
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FIGURE 4 | Representative compounds that prolong action potential duration (APD) at 1×EFTPCmax and induce repolarization abnormalities at 3×EFTPCmax. Grey,
control condition; red, drug action.
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differences in ion channel IC50 datasets were moderate (<3-fold),
while variations of Hill coefficient values were more significant
between the two datasets. Despite the differences in IC50s, Hill
coefficients and the number of affected ion channels, for 14 out of
the 16 compounds, in silico predictions based on the two
independent datasets are consistent: almost all correct, except
for Amiodarone (Figure 8).

For Sotalol and Verapamil, in silico predictions based on the
seven currents from Dataset I produced the correct outcome,
while the predictions based on Dataset II lead to FP for
Verapamil and FN for Sotalol. Applying only the blockages of
hERG, Cav1.2 and Nav1.5-peak in Dataset I for Sotalol and
Verapamil still produced correct classification results for both
FIGURE 5 | Comparison of Torsades de Pointes (TdP) risk between up to 30×EFTPCmax and 100×EFTPCmax for Dataset I (A) and Dataset II (B). Red “+” and “–”

show the classification changes caused by lower testing concentrations: “+” implies the true classification should be risky, while “–” means the true classification
should be safe. The three Dataset II compounds whose TdP risk was misclassified by the automated algorithm were corrected in this figure.
TABLE 2 | Comparisons of the in silico Torsades de Pointes (TdP) risk
predictions between maximum testing concentrations of 30× and
100×EFTPCmax.

Dataset I Dataset II

100×EFTPCmax 30×EFTPCmax 100×EFTPCmax 30×EFTPCmax

Sensitivity 85% 75% 78% 78% 63%
Specificity 80% 80% 70% 83% 91%
PPV 89% 88% 78% 86% 91%
NPV 73% 62% 70% 73% 64%
Accuracy 83% 77% 75% 80% 75%
For Dataset II, bold scores indicate the true accuracy of the model predictions after fixing the
misclassifications of the automated repolarization abnormality (RA) detection algorithm.
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compounds (Figure 6A). This evidenced that it was not the
number of ion channels but the different input values between
the two datasets what led to the divergent prediction outcomes
for these two drugs.

For Sotalol, the Cav1.2 IC50 value was much smaller with a
steeper concentration-response curve (bigger Hill coefficient) in
Dataset II. This corresponded to a more potent calcium channel
blockage (100% blockage in Dataset II versus 20% blockage in
Dataset I at 100x EFTPCmax), providing the explanation for the
FN prediction of Sotalol II. Verapamil II displayed very slow
repolarization under 100×EFTPCmax, with several models failing
to reach resting membrane potential at the end of the simulation
time (Supplementary Figure S6A). The difference in the
prediction outcome of Verapamil between the two groups was
FIGURE 6 | Comparison of Torsades de Pointes (TdP) risk for different subsets of ion channel information for Dataset I (A) and Dataset II (B). Red “+” and “–” show
the classification changes caused by different ion channel profiles: “+” implies the true classification should be risky, while “–” means the true classification should be
safe. The three Dataset II compounds whose TdP risk was misclassified by the automated algorithm were corrected in this figure, and they did induce repolarization
abnormalities (RAs) under hERG only simulations.
Frontiers in Pharmacology | www.frontiersin.org 1084
TABLE 3 | Comparisons of the in silico Torsades de Pointes (TdP) risk
predictions between different sets of ion channel profiles.

Dataset I Dataset II

7
channels

4
channels

3
channels

1
channel
(hERG)

3
channels

1
channel
(hERG)

Sensitivity 85% 85% 85% 85% 78% 78% 88%
Specificity 80% 80% 70% 30% 70% 83% 65%
PPV 89% 89% 85% 71% 78% 86% 78%
NPV 73% 73% 70% 50% 70% 73% 79%
Accuracy 83% 83% 80% 67% 75% 80% 78%
January 2020 | Vo
lume 10 | Art
For Dataset II, bold scores indicate the true accuracy of the model predictions of 3
channels after fixing the misclassifications of the automated repolarization abnormality (RA)
detection algorithm.
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due to the distinct input values in the two datasets: in Dataset II,
Verapamil’s IC50 for hERG was about half the value that in
Dataset I. In addition, the EFTPCmax concentration in Dataset II
was almost doubled (Figure 8).

If the lower EFTPCmax in Dataset I (0.045 mM) was applied to
the ionic profile of Verapamil II, RFs still occurred at
100×EFTPCmax (Supplementary Figure S6B), which proved
the role of IC50s and Hill coefficients underlying the
FP prediction. Therefore, for drugs with a multi-channel effect,
moderate IC50 variations (<3-fold) combined with variable Hill
coefficients can affect the accuracy of prediction outcomes.
DISCUSSION

In this study, we blindly performed 85 in silico drug trials for a
total of 69 compounds based on two independent ion channel
datasets with 16 overlapping drugs, using a computationally
efficient population of human ventricular cell models. The
main findings are the following:

1) For both datasets, the overall performance of the prediction
was strong, with respective maximum accuracies of 83% and 80%
for Dataset I and Dataset II.

2) When considering RAs for TdP prediction, decreasing the
maximum testing concentration led to lower sensitivity without
significant improvement of specificity, resulting in an optimal
testing concentration of 100×EFTPCmax.

3) ICaL re-activation under reduced repolarization reserve
caused by hERG block was the key mechanism underlying RAs.
Calcium channel block decreased the propensity to RA. Therefore,
only using hERG data decreased the specificity of predictions, and
the optimal number of ion channels to achieve sufficient prediction
accuracy was three: Nav1.5 (peak only), Cav1.2, and hERG.
Frontiers in Pharmacology | www.frontiersin.org 1185
4) For compounds with multiple ion channel potencies,
moderate variations (<3-fold) in IC50 input values combined
with variable Hill coefficients can lead to divergent
prediction results.

An Optimized Population of Human ORd-
Based Models as an Efficient Tool for
In Silico Risk Prediction and Mechanism
Analysis
In this study, we used an optimized population of 107 models for
blinded in silico drug trials, and we achieved accuracies of 83%
for Dataset I and 80% for Dataset II if visual examination of the
AP traces was performed. We showed that by using a small
population of models that is more susceptible for RAs with
uneven variations of the ionic currents, similar prediction
accuracy can be achieved as a large population with even ionic
current variations. Our results showed that this optimized
population of models achieved a slightly lower accuracy than
the previous population of 1,213 human ventricular models
(Passini et al., 2017), but the computing efficiency was
improved by 90% due to much smaller population size.
Therefore, designing the optimized population of models is
proved to be an efficient strategy to perform TdP risk
prediction and physiological analysis (Passini et al., 2019).

We used the simple pore block model in this study, because it
only required conventional measurements such as IC50 values
and Hill coefficients. Other modeling studies have used more
complex representations of ion channel kinetics under drug
actions, such as Markov representations of the sodium
(Morotti et al., 2014; Yang et al., 2016) or the hERG channels
(Romero et al., 2015; Li et al., 2017) to incorporate the drug
binding states. However, in order to gain sufficient experimental
data to achieve accurate representations for these more detailed
FIGURE 7 | The lack of inhibition to ICaL re-activation by only considering hERG block leads to higher inducibility of repolarization abnormalities for 100×EFTPCmax

Linezolid II. Gate d is the activation gate of ICaL.
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drug binding models, more specialized experimental protocols
and settings are normally needed, which can be a speed limiting
step for efficient screening of new compounds. The simple pore
block model, on the other hand, enables a more efficient
experimental data collection and potentially a faster
application in new drug screening.

Another advantage of using populations of models with
electrophysiological variability is that it enables direct
observations of RAs after applying drug actions, which can be
used to provide physiological insights. Although logistic
regression models or machine learning algorithms can also
achieve good performances in TdP risk classifications based on
the ratios of IC50 and EFTPC (Kramer et al., 2013), or features
of AP and intracellular calcium transients (Lancaster and
Sobie, 2016), some of these algorithms do not enable direct
observations of RAs, which compromises the mechanistic
explorations for TdP risk. Combining machine learning
algorithms and modeling could also be a useful new strategy
(Parikh et al., 2017).

Factors Affecting the Accuracy of Blinded
In Silico TdP Risk Predictions
Although this blinded drug analysis using a small population of
models achieved good accuracy for both groups of compounds,
examination of some wrong predictions showed that additional
Frontiers in Pharmacology | www.frontiersin.org 1286
information can be crucial for prediction outcome. For example,
the predictions for Amiodarone were FN for both datasets in this
study. However, if considering the possible lower plasma protein
binding reported in literature (Lalloz et al., 1984; Latini et al.,
1984), then testing at higher concentrations led to RAs
occurrence with Amiodarone (Passini et al., 2017). Similarly,
when taking into account the effect of Paliperidone, which is the
major active metabolite of Risperidone, Passini et al. produced
correct TdP risk classifications for Risperidone (Passini et al.,
2017), since Paliperidone plays a more important role in QT
prolongation (Suzuki et al., 2012). The information on drug
metabolism was not optimized in this study because all
compounds were blinded during the simulation process. A
recent analysis by (Leishman, 2019) highlights the critical
need to address contributions from clinically relevant
metabolites in the qualification process to assure that the
predictive performance of a new in silico model can address
the pro-arrhythmic risk of exposure to both the parent drug
and metabolites.

Another factor that affected the prediction accuracy was the
definition of RAs. Based on our current definition, three
compounds in Dataset II (Ceftriazone II, Linezolid II and
Phenytoin II) were misclassified as RAs by the automated
algorithm due to their very weak upstrokes and late peaks at the
highest testing concentration (Supplementary Material Figure S5).
FIGURE 8 | Comparison of the input ion channel IC50 values (mM), Hill coefficients, EFTPCmax (mM), and in silico prediction results for the 16 common compounds
between the two datasets. * indicate the cases where IC50s were estimated based on the percentage of ion channel blockage at the maximum tested concentration,
with h equal to 1.
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Correcting such misclassifications led to a higher accuracy of
80% for Dataset II. This change in prediction revealed that, on
one hand, standardized criteria should be proposed for the
definition of RAs, especially if models are to be used for high-
throughput drug screening; on the other hand, there are
exceptional AP morphologies produced by high dose drugs
that may require manual inspections and alternative explanations.

In addition, the accurate classifications of TdP-positive or
TdP-negative drugs are benchmarks that are crucial in
assessing the performance of in-silico modeling. Due to the
controversial classification of TdP risk for some drugs, the
performance of in-silico modeling would be affected. Finally,
the inputs, i.e., ion channel potencies determined experimentally,
and EFTPCmax obtained clinically, determine the accuracy of
TdP prediction.

TdP Scores Computed Up to 30 Folds of
EFTPCmax Are Not Sufficient for the In
Silico Predictions of Conditional TdP Risk
In order to incorporate the effects of inter-subject variability in
drug binding and metabolism rates, as well as the uneven intra-
subject drug distributions in the body, drug overdose is often
used in both in vitro animal experimental tests and in silico
simulations. In rabbit isolated Langendorff hearts, 30×EFTPCmax

was shown to be sufficient without incurring TdP risk of
potentially beneficial drugs (Lawrence et al., 2006). In this
study, we also explored the effect of maximum testing
concentration on the accuracy of predictions. We found that
decreasing the testing concentration to 30×EFTPCmax can only
improve specificity of predictions for Dataset II, but at the same
time, the lower maximum testing concentration led to more FN
predictions. For both datasets, the overall accuracy was lower
under 30×EFTPCmax. Similarly, the previous study using 1213
models also showed that the optimal maximum testing
concentration is 100×EFTPCmax for the best accuracy (Passini
et al., 2017).

We also noted that some FN predictions in this study
(Clozapine II, Paroxetine II, Voriconazole II, and also
Saquinavir II, Dasatinib II if considering CredibleMeds®

classifications), were also FN in the previous 1,213 population
of models. Interestingly, although classified as risky, these FN
compounds were considered to have possible or conditional TdP
risk under the latest classification of CredibleMeds®. Cilostazol II
(and Donepezil II by CredibleMeds® classification) only induced
EAD in one model under 100×EFTPCmax in the previous
population, corresponding to the lowest TdP scores in the
risky category (Passini et al., 2017). Therefore, for compounds
with possible or conditional TdP risk, more detailed
investigations need to be performed to take into account other
factors in addition to the overdose, such as existing disease
conditions, drug interaction, and metabolites. In our recently
published paper, we reported the electromechanical window as a
sensitive biomarker to improve the prediction of TdP risk for 40
reference compounds under lower tested concentrations (Passini
et al., 2019), and future studies can test the prediction accuracy of
Frontiers in Pharmacology | www.frontiersin.org 1387
combining electromechanical window for compounds with
conditional TdP risk.

In Silico Drug Trials Based on Nav1.5,
Cav1.2, and hERG Generate Robust
Prediction Results Without Compromising
Efficiency
Previous experiments conducted in isolated ventricular myocytes
or Langendorff-perfused animal hearts showed compounds with
sodium or calcium blockage effects such as Lidocaine,
Ranolazine, Nifedipine and Verapamil, can suppress EAD and
prevent hERG blocker-induced TdP (Abrahamsson et al., 1996;
Milberg et al., 2005; Yamada et al., 2008; Farkas et al., 2009;
Milberg et al., 2012; Parikh et al., 2012). Therefore, it is essential
to extend the TdP risk prediction from hERG-based analysis to a
multiple-channel assay, which is the principle underlying this
study and the CiPA initiative (Sager et al., 2014; Colatsky et al.,
2016). In this study, we compared the effects of simulating only
hERG blockage against simulating multiple ion channel
blockages. For Dataset I, where the analysis was based on
seven ion channel data from (Crumb et al., 2016), peak
Nav1.5, Cav1.2, and hERG were the minimum set of ion
channels with best efficiency for predictions, while for specific
drugs, which have strong potency on other ion channels,
predictions could improve by including these additional effects
in simulations. As for the Dataset II prediction, based on data
from (Kramer et al., 2013), only considering hERG significantly
decreased specificity, and although sensitivity was slightly
improved, the overall accuracy was also compromised. This
is consistent with the previous hypothesis underlying CiPA,
i.e., that simulating multiple channel blockages achieve
more accurate predictions than only considering hERG
(Gintant, 2011).

By using human ventricular cell models of electrophysiology,
we were able to provide mechanistic explanations of the
increased inducibility of RAs under hERG block. Our results
showed that ICaL re-activation was the key mechanism of RAs
under hERG block, which was consistent with the mechanism
revealed by sheep Purkinje fiber experiments (January et al.,
1988; January and Riddle, 1989) and previous modeling
investigations (Zeng and Rudy, 1995; Passini et al., 2016).
Therefore, if calcium block effect is not considered, the TdP
risk of a compound may be overestimated.

Moderate Variations in IC50s Combined
With Variable Hill Coefficients Affect In
Silico Prediction Accuracy
IC50s as well as the steepness of the concentration-response curve
of a same drug can vary across experiments and datasets (Kirsch
et al., 2004; Yao et al., 2005; Milnes et al., 2010; Fermini et al.,
2016; Passini et al., 2017). In this study, we also aimed to explore
the effect of IC50 and Hill coefficient inputs on the stability of
in silico predictions. By comparing the simulation results of 16
common drugs, 14 drugs showed consistent results across
datasets. Considering the same ion channels (Nav1.5-peak,
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Cav1.2, and hERG), the overall accuracy for the 16 common
drugs was slightly higher using the Crumb’s input values (14
correct) than the Kramer’s values (13 correct). This difference
could originate from the experimental measurements: 1) the patch
clamp experiments in the Crumb’s dataset was performed manually
and mostly at physiological temperature, while in Kramer’s dataset,
the experiments were conducted using automated patch clamp at
ambient temperature; 2) for hERG and Cav1.2, Crumb’s dataset
used AP waveform voltage protocols, while Kramer’s data were
generated using step protocols (Kramer et al., 2013; Crumb et al.,
2016). These differences in experimental settings may have
contributed to the variability in IC50 and Hill coefficient
measurements, and some variations in key ionic currents may
lead to divergent simulation outcomes. For instance, the low IC50

value and steep concentration-response curve of Cav1.2 explained
the FN prediction of Sotalol II.

From EADs to Clinical TdP Risk
In clinical settings, patients with structural heart disease and
electrophysiological remodeling are at highest risk for drug
induced arrhythmia. Experimental work showed that
cardiomyocytes isolated from structural heart disease patients
with a history of ventricular tachycardia were significantly more
prone to the development of EADs (Coppini et al., 2013), and
EADs were frequently observed in whole heart experimental
recordings of aged or diseased animals, as well as in human
whole ventricle simulations (Morita et al., 2009; Milberg et al.,
2012; Dutta et al., 2016; Van Nieuwenhuyse et al., 2017). In this
study we considered an optimized population of models with low
repolarization reserve, including weak IKr, IKs, and INaK, together
with strong INaL, ICaL, and INaCa, which are observed in multiple
diseases, such as long QT syndrome (Schwartz Peter et al., 2012),
hypertrophic cardiomyopathy (Coppini et al., 2013), and heart
failure (Shamraj et al., 1993; Ambrosi et al., 2013). Therefore, the
optimized population of models was designed to favor the
generation of EAD and RF, but also to include possible
electrophysiological remodeling occurring in patients at higher
risk of developing drug-induced arrhythmias.

EADs have been frequently observed in single cells as well as
in whole-heart and tissue experimental recordings and
simulations in human and animal hearts (Sato et al., 1993;
Morita et al., 2009; Sato et al., 2009; Milberg et al., 2012; Coppini
et al., 2013; Dutta et al., 2016; Van Nieuwenhuyse et al., 2017).
Additional pro-arrhythmic mechanisms such as increased
dispersion of repolarization can also provide the substrate for
the development of reentrant arrhythmia, and drugs with hERG
blockage effects can amplify the intrinsic spatial dispersion of
repolarization (Antzelevitch, 2005; Dutta et al., 2016). For
instance, low therapeutic concentrations of quinidine
preferentially prolonged APD in the midmyocardial cells
(Antzelevitch et al., 1999), creating a vulnerable condition
across the ventricular wall. In addition, cellular coupling has
important roles in modulating EAD generations at tissue level
(Pueyo et al., 2011). Although electrotonic coupling can smooth
the chaotic EAD behavior (Weiss et al., 2010), regional EADs
can propagate into the heterogeneous substrates, resulting in
Frontiers in Pharmacology | www.frontiersin.org 1488
reentry and TdP patterns (Dutta et al., 2016; Vandersickel
et al., 2016).

One effective approach to include the tissue effects in TdP risk
predictions is whole ventricle simulations (Sato et al., 2009;
Moreno et al., 2011; Trayanova, 2011; Dutta et al., 2016;
Vandersickel et al., 2016; Martinez-Navarro et al., 2019),
however they are computationally much more expensive than
the current cell model population which has already shown
strong performance. In this study we did not aim to equate
EADs and TdP, but rather to use EADs as a pro-arrhythmic risk
marker that is mechanistically linked to TdP. Given that the
predictive accuracy of populations of models is high,
computationally expensive simulations are not necessary.
However, whole-ventricular simulations are very valuable for
investigating mechanisms of arrhythmia as shown by (Sato et al.,
2009; Moreno et al., 2011; Trayanova, 2011; Dutta et al., 2016;
Vandersickel et al., 2016; Martinez-Navarro et al., 2019). Whole
heart electrophysiology is also complicated by heart rate changes,
which are regulated by the autonomic nervous system and
hormones. For example Isoproterenol, a b-adrenergic receptor
agonist, was used to terminate TdP by increasing heart rate and
decreasing the dispersion of repolarization (Surawicz, 1989).
Future studies could be performed by evaluating an agent’s
TdP risk under b-adrenergic stimulations (Heijman et al.,
2011; Tomek et al., 2017; Tomek et al., 2019).
CONCLUSION

Through this blinded in silico drug trial, we demonstrated that
computer simulations utilizing optimized population of human
ventricular cell models are useful tools for high-throughput TdP
risk predictions, and the minimum set of ion channels required
for reliable predictions with highest computational efficiency are
Nav1.5 (peak), Cav1.2, and hERG. For drugs with a multi-
channel effect, moderate IC50 variations (<3-fold) combined
with variable Hill coefficients could affect the accuracy of
in silico predictions.
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Heart failure remains a major health burden around the world. Despite great progress in
delineation of molecular mechanisms underlying development of disease, standard
therapy has not advanced at the same pace. The multifunctional signaling molecule
Ca2+/calmodulin-dependent protein kinase II (CaMKII) has received considerable attention
over recent years for its central role in maladaptive remodeling and arrhythmias in the
setting of chronic disease. However, these basic science discoveries have yet to translate
into new therapies for human patients. This review addresses both the promise and
barriers to developing translational therapies that target CaMKII signaling to abrogate
pathologic remodeling in the setting of chronic disease. Efforts in small molecule design
are discussed, as well as alternative targeting approaches that exploit novel avenues for
compound delivery and/or genetic approaches to affect cardiac CaMKII signaling. These
alternative strategies provide hope for overcoming some of the challenges that have
limited the development of new therapies.

Keywords: calmodulin kinase II, arrhythmias, heart failure, cardiovascular pharmacology, cardiac remodeling
INTRODUCTION

For the past 50 years, therapy based on antagonism of beta adrenergic receptors, angiotensin converting
enzyme (ACE), and/or AT2 receptors has been the staple for heart failure (HF) treatment (Bers, 2005).
However, the incidence of HF and associated mortality rates continue to grow at an alarming pace,
highlighting the need for novel therapies to target pathways that drive HF progression. While the field
has shown tremendous strides in understanding mechanisms associated with pathologic remodeling
leading to HF, translation of this information into new and effective therapies has been less successful.
This review discusses the multifunctional signaling molecule Ca2+/calmodulin-dependent protein kinase
II (CaMKII) as an example of both the promise and challenges of developing translational therapies
based on our evolving understanding of pathologic remodeling in the setting of chronic disease. Despite
the wealth of basic research supporting CaMKII as a master regulator of pathways important for cardiac
remodeling and arrhythmia, the field has yet to witness translation of these findings to the clinic. The gap
between advances at the bench and new treatments in human patients has not gone unnoticed, and
efforts are underway that will hopefully fix the pipeline for development of effective therapy. In this
review, we address a brief history of progress in small molecule drug design, followed by consideration of
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alternative approaches that take advantage of recent advances in
novel delivery mechanisms as well as genetic approaches for
manipulating CaMKII signaling in the heart. These alternative
strategies address the ability to circumvent the challenges and
limitations of small molecule drug design while highlighting next-
generation therapeutic paradigms.
CAMKII EXPRESSION, STRUCTURE, AND
FUNCTION IN HEART

CaMKII is a serine/threonine kinase important for translating
changes in the levels of intracellular Ca2+/calmodulin (and other
critical secondmessengers) into adaptations in cell function through
direct phosphorylation of a large number of target proteins
(Swaminathan et al., 2012; Westenbrink et al., 2013). Diversity in
metazoan CaMKII expression arises from existence of four isoforms,
a, b, g, and d, each encoded by a distinct gene. While a and b
isoforms are primarily expressed in the brain where they regulate
indispensable mechanisms of long-term potentiation/depression
necessary for learning and memory (Silva et al., 1992a; Silva et al.,
1992b; Stevens et al., 1994; Coultrap et al., 2014), the d and g
isoforms are broadly expressed in multiple tissues, including the
heart (Bennett et al., 1983; Tobimatsu and Fujisawa, 1989). Notably,
CaMKIId, the predominant cardiac isoform, undergoes alternative
splicing to give rise to CaMKIIdb and CaMKIIdc variants (Edman
and Schulman, 1994). This splicing event confers CaMKIIdb with a
nuclear localization signal not expressed in CaMKIIdc leading to
differential subcellular distribution (Srinivasan et al., 1994; Ramirez
et al., 1997). Despite important differences, there is high degree of
homology across CaMKII isoforms, posing significant challenges for
therapy around CaMKII inhibition. Given the ubiquitous nature of
CaMKII with expression throughout the body, it is no small task to
effectively target isoforms/splice variants involved in cardiac
pathophysiology while avoiding those important for normal
physiology in heart and other organ systems (e.g., brain) (Little
et al., 2009; Peng et al., 2010; Lu et al., 2011b; Beckendorf
et al., 2018).

Before considering strategies for targeting CaMKII, it is
important to briefly discuss the kinase structure/function
relationship. A single molecule of CaMKII is composed of three
domains: (1) the N-terminal catalytic domain responsible for ATP
binding and kinase function; (2) the regulatory domain responsible
for binding Ca2+/calmodulin and subsequent kinase activation; and
(3) the C-terminal association domain responsible for the
oligomerization of individual CaMKII molecules to create a
mature dodecameric-holoenzyme (Figure 1A). As will be
discussed, the N-terminal catalytic domain has received the most
attention for translatable drug design. Inactive CaMKII is folded in a
closed conformation where the regulatory domain of each CaMKII
monomer acts as a substrate binding the catalytic domain.
Additionally, adjacent regulatory domains within the dodecameric
structure block the binding of target substrates and ATP,
maintaining a self-inhibited state. Activation of CaMKII occurs
when Ca2+/calmodulin binds to a defined region in the regulatory
domain resulting in a conformation shift that releases the catalytic
Frontiers in Pharmacology | www.frontiersin.org 293
domain, exposing the kinase substrate and ATP binding sites.
Importantly, the regulatory domains of neighboring CaMKII
monomers within the holoenzyme are themselves substrates for
active CaMKII kinase activity, specifically at Thr287.
Phosphorylation of this residue dramatically increases affinity for
Ca2+/calmodulin and also prevents reassociation of the regulatory
and catalytic domains, creating sustained CaMKII activity through
beat-to-beat fluctuations in Ca2+ cycling.

In addition to the autophosphorylation at Thr287
maintaining the active conformation, other posttranslational
modifications have been identified on the regulatory domain,
which maintain an active state and have been associated with
cardiac disease states. These include the oxidation of Met281/282
in response to elevated reactive oxygen species (Erickson et al.,
2008; He et al., 2011; Purohit et al., 2013; Anderson, 2015), O-
linked N-acetylglucosamine (GlcNAcylation) targeting Ser279 as
a result of elevated glucose levels (Erickson et al., 2008; Erickson
et al., 2013), and reports of S-nitrosylation predicted on Cys290
as a result of increased NO production upon b-AR stimulation
(Gutierrez et al., 2013; Erickson et al., 2015). Together, these
posttranslational modifications establish a diverse set of
pathways that contribute to sustained activation of CaMKII,
reinforcing the strong association between CaMKII activity and
the development of cardiac disease.

The physiologic targets and consequences of cardiac CaMKII
signaling have been thoroughly addressed in previous review
articles (Anderson et al., 2011; Westenbrink et al., 2013;
Mattiazzi et al., 2015; Mustroph et al., 2017). Therefore, we
will only briefly discuss CaMKII targets in the context of cardiac
remodeling and disease to lay the foundation for more detailed
treatment of efforts to inhibit CaMKII. Ample experimental
evidence causally links chronic CaMKII activity to
development of cardiac disease and arrhythmias (Maier and
Bers, 2002; Swaminathan et al., 2012; Westenbrink et al.,
2013). Animal models have shown proof-of-concept studies
that transgenic overexpression of CaMKII is sufficient to
induce structural and electrical remodeling in the heart,
leading to compromised contractility and increased risk for
sudden cardiac death (Zhang et al., 2002; Zhang et al., 2003;
Wagner et al., 2011). Likewise, genetic and chemical inhibition of
CaMKII has been shown to confer protection from the
development of dilated cardiomyopathy and sustained
contractile performance, following both pressure overload and
ischemic stress (Zhang et al., 2005; Backs et al., 2009; Ling et al.,
2009). Important when considering translation, human HF has
also been associated with an increased expression/activity of
CaMKII (Hoch et al., 1999; Kirchhefer et al., 1999). The central
role for CaMKII in development of disease stems from its
regulation of proteins involved in critical cell functions from
Ca2+ cycling to mitochondrial function. CaMKII has been
implicated in pathologic phosphorylation of a number of Ca2+

handling proteins including phospholamban, leading to
activation of the sarcoplasmic reticulum (SR) ATP-driven Ca2+

pump SERCA2a (Mattiazzi and Kranias, 2014); the ryanodine
receptor SR Ca2+ release channel (RyR2) (Witcher et al., 1991;
Lokuta et al., 1995; Wehrens, 2011), promoting increased
February 2020 | Volume 11 | Article 35
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channel open probability and SR Ca2+ leak; and the L-type Ca2+

channel Cav1.2 and associated b-subunits, potentiating current
amplitude and slowing inactivation (Hudmon et al., 2005;
Grueter et al., 2006). Collectively, these events not only
promote activation of hypertrophic remodeling cascades but
also heighten the risk for inappropriate membrane potential
depolarizations (afterdepolarizations) that serve as arrhythmia
triggers (Wu et al., 2002). CaMKII-dependent phosphorylation
of other ion channels like the primary cardiac voltage-gated Na+

channel Nav1.5 enhances late depolarizing current, leading to
prolonged action potentials, further disrupting Ca2+ handling and
providing additional substrates for the formation of arrhythmogenic
afterdepolarizations (Koval et al., 2012; Glynn et al., 2015; Howard
et al., 2018). Mitochondrial Ca2+ entry has also been identified as a
target for CaMKII with consequences for mitochondrial function
and apoptosis (Joiner et al., 2012; Erickson et al., 2013).

Beyond ion channels, CaMKII has been found to target
chromatin remodeling protein class 2 histone deacetylases 4
and 5 (HDAC4/5). The phosphorylation of these proteins
Frontiers in Pharmacology | www.frontiersin.org 394
induces their nuclear export, freeing the transcription factor
MEF2 from its repressed state, contributing to hypertrophic
remodeling (Backs et al., 2006; Wu et al., 2006; Backs et al.,
2008). Relevant to pathology, CaMKII signaling is notable for the
presence of unique dynamical properties including 1) feedback
where CaMKII affects downstream targets that in turn alter an
input signal for CaMKII activation (Yao et al., 2011; Morotti
et al., 2014; Onal et al., 2017); and 2) bistability where CaMKII is
capable of toggling between resting and activated equilibrium
states (Michalski, 2013). Together, these findings point to
CaMKII as a prime candidate for next-generation therapies in
managing heart disease in human patients. Despite our thorough
understanding of CaMKII structure and function, the
development of therapeutics based on this knowledge is in its
infancy. Our goal for the remainder of the review will be to
provide a comprehensive look at the progressing therapeutic
opportunities for inhibiting CaMKII for HF management.
Recent reviews have excellently covered the history and
progress of CaMKII inhibition (Pellicena and Schulman, 2014;
FIGURE 1 | Different approaches for targeting Ca2+/calmodulin-dependent protein kinase II (CaMKII) signaling. (A) Depiction of inactive and active monomers of
CaMKII showing the association, regulatory, and catalytic domains. The association domain is responsible for interaction with other CaMKII monomers and is
necessary for forming the holoenzyme structure, consisting of 12 monomers. In its inactive state, the catalytic domain is obscured by interaction with the regulatory
domain. This interaction is disrupted upon the binding of Ca2+/CaM leading to autophosphorylation by neighboring CaMKII monomers, in addition to other
posttranslational modifications including oxidation, GlcNAcylation, and nitrosylation, maintaining CaMKII activation even upon release of Ca2+/CaM. KN-93 is a known
allosteric inhibitor of CaM binding and therefore preferentially targets CaMKII in the inactive state. CaMKII inhibitors AS105, GS-680, and RA306 are novel pyrimidine–
based, ATP-competitive inhibitors that inhibit the activated catalytic domain of CaMKII and represent potential therapeutic agents for translational CaMKII inhibition.
(B) Peptide inhibitors of CaMKII (e.g., CN19o, refined from CaMKIItide) show favorable selectivity and potency for CaMKII inhibition but face challenges in delivery
and bioavailability. Both viral gene delivery and novel advances in nanoparticles offer opportunities for delivery of these agents to the heart. (C) RNA interference
(RNAi) is a novel approach for inhibiting CaMKII activity at the transcript level. Antisense oligonucleotides (ASOs), small interfering RNA (siRNA), and miRNAs provide
opportunity for degrading CaMKII transcripts and/or inhibiting protein translation. ASOs can also be used to interfere with recruitment of splicing factors to enhance
concentrations of CaMKIIdB which has been shown to have cardioprotective effects. (D) Indirect inhibition of CaMKII can be achieved by regulating downstream
targets of CaMKII kinase activity. An example comes from the late Na+ current (INa,L) inhibitor ranolazine, or the RyR stabilizing agents, rycals. Alternatively, protein
phosphatases may be targeted to antagonize kinase activity in cardiomyocytes. The development of phosphatase activators for cancer therapeutics may offer
opportunity for drug applications in cardiovascular disease.
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Mustroph et al., 2017). Here, we will provide an update of recent
efforts toward the development of translational pharmacologic
agents while considering more novel and unconsidered
opportunities in drug delivery and genetic approaches
(summarized in Table 1).
PHARMACOLOGIC INHIBITORS OF
CAMKII

The approach of using pharmacologic inhibitors to target
CaMKII activity has been used extensively in basic research
with less progress in translational medicine, which is somewhat
surprising given the widespread use of protein kinase inhibitors
in cancer therapeutics for targeting tumor proliferation and cell
survival (Bhullar et al., 2018). In fact, protein kinases are the
second most targeted group of proteins, currently with 37 kinase
inhibitors having received Food and Drug Administration (FDA)
approval for cancer treatment, with another 150 in clinical trials
(Bhullar et al., 2018). However, similar compounds have not
Frontiers in Pharmacology | www.frontiersin.org 495
been successfully developed for therapeutic purposes in the
cardiac field due in part to a higher threshold for safety
requirements, historical investment being more directed at ion
channel blockers for anti-arrhythmics, and a larger burden of
clinical trial costs and more uncertain return on investment
compared to other therapeutics (Fordyce et al., 2015). Given the
growing awareness of the slowdown in cardiovascular drug
development (Fordyce et al., 2015) and the dominant academic
literature on the contribution of CaMKII in pathologic cardiac
remodeling, it seems the community is open and motivated for
new pharmacologic drugs for CaMKII inhibition (Figure 1A).

Among the first small molecule inhibitors developed for
CaMKII was KN-93 (Sumi et al., 1991), which has become one
of the most widely used inhibitors in basic research. While its
design was not intended for translational use, its prolific use over
the years and unique mode of CaMKII inhibition make it
important to discuss. While most kinase inhibitors target the
ATP-binding domain, KN-93 is unique in that it allosterically
disrupts CaM binding and stabilizes the interaction between the
enzymatic and regulatory domains as evidenced by measured
TABLE 1 | Properties and limitations of Ca2+/calmodulin-dependent protein kinase II (CaMKII) inhibitory agents.

Inhibitor Class Mode of action Properties and limitations

AS105 Pharmacologic ATP competitive Half maximal inhibitory concentration IC50 in the low nM range; shown to improve Ca2+ handling in
isolated mouse and human cardiomyocytes. Limitations: Activity against CaMKIIa/b/g, other off-targets,
and bioavailability for in vivo delivery unknown.

GS-680 Pharmacologic ATP competitive IC50 of 2.3 nM for CaMKIId with weaker selectivity against CaMKIIa/b/g and weak interaction with
human ether-a-go-go-related gene (hERG). Shown to restore contractility and Ca2+ handling in human
trabeculae from failing hearts. Limitations: Bioavailability and in vivo testing unknown and evidence of
potential negative ionotropic effect reversed by isoproterenol treatment.

RA306 Pharmacologic ATP competitive IC50 in the 10 nM range for CaMKIId/g with weaker potency against CaMKIIa/b and relatively weak
inhibition against hERG, Kv4.3, Nav1.5, and Cav1.2. In vivo oral delivery restored contractility in genetic
mouse model of dilated cardiomyopathy with minimal drug delivery to the brain. Limitations: Potential
inhibition of other kinases associated with cardiac remodeling. Effects on electrical remodeling are not
defined. Additional detail needed on acquired disease states like pressure overload.

AC3I/AIP Peptide Substrate
competitor

IC50 of ~3 µM (AC3I) and 40 nM (AIP). Cardiac specific transgenic models shown to effectively
attenuate hypertrophic remodeling, heart failure (HF), and arrhythmias. Limitations: Comprehensive
screening of off-targets would be necessary for translational approaches. Existing screens show
specificity for CaMKII; however, all isoforms are targeted with equal potency, mandating cardiac
specific expression. Bioavailability and cell permeation nonexistent without use of viral vector delivery or
potential use of novel nanoparticle delivery.

CaMKIIN Peptide Substrate/
regulatory domain
competitor

IC50 of 50 nM; however, refinement of the core peptide sequence to the most recent generation
(CN19o) has enhanced specificity to CaMKII and improved the IC50 to 0.4 nM. Membrane and
mitochondrial associated transgenic expression in mice reduced inflammatory signaling and
mitochondrial stress following ischemic injury. Limitations: May impair CaMKII interaction with
scaffolding proteins leading to disruption of kinase signaling domains. Lack of bioavailability and cell
permeation, requiring viral vector or novel nanoparticle delivery.

Small interfering
RNA (siRNA)/
antisense
oligonucleotide
(ASO)/miRNA

RNAi Degradation of
mRNA,
translational
inhibition, or
alternative splicing

Genetic knockout (KO) of CaMKII in mouse lines has led to improved cardiac performance in multiple
disease models. Limitations: in vivo therapeutic delivery of RNAi-based agents has not been tested for
translational application. Additional limitations include CaMKII targeting in unintended tissues from
system delivery.

Ranolazine Indirect inhibitor of
CaMKII signaling

Inhibits late INa Shown to reduce late INa and prevent hypertrophy, HF, and arrhythmias in animal models. Limitations:
Clinical trials show uncertain impact preventing atrial fibrillation recurrence, ventricular tachycardia (VT)/
ventricular fibrillation (VF), or improving functional cardiac output in hypertrophic cardiomyopathy.

Rycals (JTV519,
S107)

Indirect inhibitor of
CaMKII signaling

Stabilizes RyR2 Shown to improve Ca2+ handling and ventricular function while protecting against arrhythmias and HF
development in both rodents and large animal studies. Clinical investigations performed with S107 to
target RyR1 expressed in skeletal muscle for muscular dystrophy treatment

Phosphatase
activators

Indirect inhibitor of
CaMKII signaling

Dephosphorylation
of CaMKII
substrates

PP2A activator FTY720 has shown protective capability. Current trend toward phosphatase activators
in cancer therapeutics may provide opportunity to examine cardiac effects. Limitations: Transgenic
overexpression of phosphatase subunits has been associated with cardiac disease.
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FRET signals associated with inactive versus activated structures
of CaMKII (Erickson et al., 2011; Erickson et al., 2013). However,
this mode of inhibition is thought to be less effective at inhibiting
already active CaMKII, including autonomously activated
CaMKII as a result of Thr287 autophosphorylation (Vest et al.,
2010), which could also extend to additional autonomous
modifications of oxidation and GlcNacylation. Another important
limitation of KN-93 is that it is not particularly specific or potent
against CaMKIId, with a half maximal inhibitory concentration
(IC50) in a range of 1–4 µM. While KN-93 is reasonably selective
for CaMKII over other protein kinases (Gao et al., 2013), it has been
found to have a range of off-target effects, including voltage-gated
potassium channels (Ledoux et al., 1999; Rezazadeh et al., 2006;
Hegyi et al., 2015), L-type Ca2+ channels (Anderson et al., 1998),
inositol triphosphate receptor Ca2+ release (Smyth et al., 2002), and
even calmodulin (Johnson et al., 2019).

While KN-93 has proven a valuable research tool, it has not
been until recently that concerted efforts have been made to
move pharmacological CaMKII inhibition to the clinic. An early
effort from the now defunct Scios sought to characterize
CaMKII/activity relationships to identify new strategies for
inhibiting CaMKII (Mavunkel et al., 2008). From this work,
they developed the compound Scios 15b, a cell-permeable, ATP-
competitive, pyridimine-based molecule that inhibits CaMKII
with an IC50 of 9 nM in vitro and 320 nM in situ. These initial
cell-based assays evaluated CaMKII inhibition by the extent to
which it impaired CaMKII-dependent phosphorylation of
vimentin. While the compound was not directly investigated
with respect to its impact on pathological cardiac remodeling,
this work laid the groundwork for the next generation of CaMKII
pharmacologics that are being developed, particularly the
pyrimidine, ATP-competitive compounds.

Indeed, a more recent novel CaMKII inhibitor, AS105, was also
designed as a pyrimidine-based, ATP-competitive molecule by
Allosteros Therapeutics following computational optimization of
pyrimidine-based CaMKIId inhibitors (Neef et al., 2018). Achieving
an IC50 in the low nanomolar range for in vitro binding, this drug was
shown to therapeutically inhibit CaMKII in isolated cardiomyocytes
from CaMKIIdC-overexpressing mice with HF by reducing SR Ca2+

leak, improving SR Ca2+ loading and Ca2+ transient amplitude, and
restoring myocyte fractional shortening. Importantly, it was shown to
not negatively impact basal excitation–contraction coupling in
cardiomyocytes. Moreover, it was able to reduce SR Ca2+ leak within
isolated human atrial myocytes and suppress arrhythmogenic Ca2+

release events. These studies provide promise for the development of a
novel CaMKII inhibitor; however, it remains to be seen how specific
this drug is for CaMKIId compared to CaMKIIa/b/g and other
potential off-targets, as well as its bioavailability.

Another pyrimidine-based, ATP-competitive molecule, GS-
680, has been developed by Gilead Sciences (Lebek et al., 2018).
GS-680 has a reported CaMKIId biochemical IC50 of 2.3 nM,
with values 3.1-, 8.7-, and 22.5-fold less potent for CaMKIIɣ, a,
and b, suggesting a selective potency of CaMKII inhibition for
isotypes expressed within the myocardium, minimizing the risk
of neuronal side effects. Measurement of phosphorylation levels
of phospholamban in neonatal rat ventricular myocytes and
Frontiers in Pharmacology | www.frontiersin.org 596
neurons treated with GS-680 yielded estimates of EC50 of 98.9
nM and 9,005 nM, respectively, for CaMKII inhibition,
consistent with selectivity of the compound for cardiac
CaMKII. Moreover, assessment of additional safety factors
found the drug to have an EC50 of 3,000 nM for human ether-
a-go-go-related gene (hERG) channel inhibition, minimizing the
risk of QT prolongation. GS-680 was shown to effectively inhibit
premature atrial contractions (PACs) in human atrial trabeculae
by exposure to increased external Ca2+ (3.5 mM) and
isoproterenol (100 nM) and did so in a dose-dependent
manner, completely eliminating PACs at 100 and 300 nM
concentrations, which occurred in 50% of nontreated samples.
In parallel, GS-680 was found to reduce Ca2+ sparks and SR Ca2+

leak and attenuated triggered activity, as well as increased action
potential amplitude and maximal upstroke velocity within
isolated human atrial myocytes. However, the drug was found
to impair systolic atrial contractions, which was negated after
pretreating the tissue with isoproterenol, suggesting that CaMKII
inhibition at baseline had a negative ionotropic impact that could
be compensated by PKA stimulation. Consistent with this idea,
human HF ventricular trabeculae preparations, which are
characterized by increased PKA activity and negative force–
frequency relationships, experienced improved contractility
and increased Ca2+ transients at higher pacing frequencies
when treated with GS-680, showing that this compound holds
promise for the potential treatment of both atrial arrhythmias
and HF ventricular remodeling.

Like the compounds just discussed, the most recently
designed compound named RA306 developed by Sanofi R&D
was derived from a chemical optimization program based on the
pyrimidine ATP-competitive class of CaMKII inhibitors
(Beauverger et al., 2019). The drug was found to be a potent
inhibitor of human CaMKIId and ɣ, the two main cardiac
isoforms, having an IC50 of 15 and 25 nM, respectively, in
enzymatic caliper assays and below 3 nM for each isoform in a
more sensitive P33 assay. CaMKIIb was also inhibited with an
IC50 of 61 nM, and CaMKIIa was weakly inhibited with an IC50
of 420 nM (assessed using caliper assays). There were a limited
number of other protein kinases found to be inhibited by the
drug including MLK1, SIK, and Pyk2, which have also been
associated with adverse cardiac remodeling. RA306 also
displayed a favorable ion channel selectivity profile, showing
IC50 values for hERG, Kv4.3, and Nav1.5 over 30 and 14 µM for
Cav1.2. The therapeutic potential of this compound was tested in
a transgenic mouse model of dilated cardiomyopathy, but unique
to these studies was the delivery of the drug as an orally
bioavailable agent, giving it significant advantage for potential
clinical investigation. The drug was found to improve ejection
fraction in a genetic mouse model of dilated cardiomyopathy,
which associated with reduced levels of phosphorylated
phospholamban (Thr17), a direct target of CaMKIId. Critically,
a five-fold lower exposure for the drug was found in the brain
compared to the heart, limiting the potential for off-target
impacts of CaMKII inhibition in the brain.

The last several years has seen a strong push in the development
of translational pharmacologic agents to inhibit CaMKII for the
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treatment of pathologic heart conditions. While only one
compound (RA306) has been shown to be orally bioavailable,
several new agents are available with favorable selectivity and
potency profiles. Therefore, based on these efforts, it seems
reasonable to remain optimistic about the development of a
translationally relevant and novel HF pharmacologic.
PEPTIDE INHIBITORS OF CAMKII

Peptide inhibitors (Figure 1B) represent some of the most
effective agents to modulate CaMKII for research purposes.
The identification of the auto-inhibitory state of the regulatory
domain fueled the development of a long inhibitory peptide
lacking both the CaM binding domain (Payne et al., 1988;
Malinow et al., 1989) and the autophosphorylation residue
Thr287 (mutated to be nonphosphorylatable). The result was
the generation of the peptide inhibitors autocamtide-2-related
inhibitory peptide (AIP) (Ishida et al., 1995) and autocamtide-3
derived inhibitory peptide (AC3-I) (Braun and Schulman, 1995),
able to bind the CaMKII catalytic domain but unable to be
displaced by canonical CaMKII activation mechanisms. As such,
these inhibitors have been delivered through pharmacologic and
genetic means to robustly inhibit CaMKII pathologic signaling in
vitro and in vivo, mitigating HF, increasing cardiac function, and
preventing lethal cardiac arrhythmias (Zhang et al., 2005; Khoo
et al., 2006; Luo et al., 2013; Purohit et al., 2013). Subsequent to
the design of these inhibitor peptides, natively expressed
inhibitory proteins known as CaMKIINs were discovered.
These small proteins were identified through a yeast two-
hybrid screen where the CaMKII catalytic domain was used as
bait (Chang et al., 1998; Chang et al., 2001), and while they have
only been natively detected in the brain, they have been used
effectively to target CaMKII activity. Notably, this peptide
inhibitor binds with the kinase domain in the active
conformation. Indeed, the CaMKIIN inhibitor has been used
to limit myocyte death in response to MI, catecholamine stress,
and ischemia–reperfusion (Swaminathan et al., 2011; Joiner and
Koval, 2014) and reduce the occurrence of arrhythmogenic
substrates (Koval et al., 2010) and in particular has utilized
localization motifs to inhibit CaMKII within mitochondria or
near plasma membrane domains (Joiner et al., 2012). Analysis of
the peptide led to refinement and development of a 28-amino
acid peptide inhibitor called CaMKIItide (Chang et al., 2001),
while further refinement has led to the development of a
shortened version only 19 amino acids long called CN19o
(Coultrap and Bayer, 2011), with an IC50 of 0.4 nM. This was
a >100-fold improvement in the IC50 than the native CaMKIIN,
which also led to a stark improvement in the selectivity for
CaMKII over other kinases (Coultrap and Bayer, 2011).

While the development and characterization of these highly
selective peptide inhibitors has advanced cardiac research, there
remains the rather significant challenge of delivery for
therapeutic use. The greatest of these challenges is perhaps the
Frontiers in Pharmacology | www.frontiersin.org 697
limited bioavailability of short peptide sequences in vivo. Oral
administration would provide limited enteral resorption and
intravenous injection for the treatment of a chronic condition
would offer challenges with continued compliance, let alone the
quick half-life of a short peptide sequence in circulation (Otvos
and Wade, 2014). Alternatively, gene therapy could be used to
deliver a viral vector which expresses the short peptide. In the last
30 years, there have been four randomized clinical trials
employing viral gene delivery for the treatment of HF with
reduced ejection fraction (CUPID, CUPID-2, STOP-HF, and
AC6) (Penny and Hammond, 2017). While the viral delivery was
well tolerated in patients, the greatest burden they faced was
insufficient gene transduction, where the patient with the lowest
ejection fraction or those receiving the highest viral dosage were
the only to experience improved endpoints. While these results
do not preclude the future use of gene therapy, they do establish a
more rigorous hurdle to overcome to pursue CaMKII inhibition.

A more novel and potentially robust opportunity, however,
may reside in recent advances in nanotechnology. A recent
report showed the successful delivery of peptide cargo to the
heart through the use of biocompatible and biodegradable
calcium phosphate nanoparticles introduced by inhalation
(Miragoli et al., 2018). This strategy took advantage of the
principle that oxygenated blood from the lungs moves from
the pulmonary circulation to the heart first. This principle was
supported by observations that nanoparticles and particulates
from air pollution have been implicated in cardiac dysfunction
and arrhythmia (Mills et al., 2009). Not only does the design of
these particles allow for delivery to the heart and cell permeation
but also protects peptides from enzymatic digestion. This
approach has been used for successful delivery of a peptide
impacting L-type Ca2+ channel expression, resulting in restored
cardiac function in a mouse model of diabetic cardiomyopathy
(Miragoli et al., 2018). Moreover, peptides have been delivered in
a porcine model as well, with minimal delivery to tissues other
than the heart. This mode of delivery not only represents a
noninvasive and practical means of delivering novel cardiac
peptide therapeutics but can take advantage of an already
customized potency and precision of CaMKII peptide
inhibitors like CaMKIItide or its derivative CN19o.
USE OF RNA INTERFERENCE (RNAI) TO
TARGET CAMKII

When it comes to therapeutic treatment of human disease,
including cardiac disease, therapeutic intervention falls within two
major classes of FDA-approved drugs, small molecules and proteins
(Verdine andWalensky, 2007). As has already been discussed, small
molecules typically must overcome the burden of target specificity
and efficacy and require significant investments of time and
resources to make them available for use. Alternatively, protein-
based drugs, which frequently take the form of antibodies, display
higher specificity, but limitations on size, stability, and deliverability
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to the right cellular compartments are frequent barriers to their
application (Verdine andWalensky, 2007). An alternative approach
to the targeting of specific genes implicated in disease may be found
in RNA therapeutics (Figure 1C). For close to 30 years, RNA drugs
[short hairpin RNAs (shRNAs), small-interfering RNAs (siRNAs),
microRNAs (miRNAs)] have been used at the bench to target
protein expression to identify critical gene targets in disease and
signaling pathways. However, their use in clinical settings has been a
non-factor given that short single- and double-stranded RNA is
extremely susceptible to nuclease digestion, may lead to immune
system activation, and is too large and negatively charged to cross
cell membranes (Crooke, 1999; Laina et al., 2018). However, significant
advances in the design of RNA therapeutics have been able to
overcome these challenges to the point that numerous clinical trials
are currently underway employing RNAi-based drugs for both cardiac
and noncardiac targets (Kaczmarek et al., 2017; Laina et al., 2018).

RNAi therapeutics fall into several different categories, including
single-stranded antisense oligonucleotides (ASOs), double-stranded
siRNAs, and miRNAs (Laina et al., 2018). ASOs are short (typically
20 base pairs in length) single-stranded synthetic molecules that
take advantage of Watson–Crick base-pairing to bind a target
mRNA to induce its degradation through endogenous RNAse
activity (Crooke, 1999). Depending on the design of the ASO, it
can also block ribosomal attachment to reduce target protein
expression or even redirect splicing factors to lead to the inclusion
or exclusion of targeted exons (Dominski and Kole, 1993; Havens
and Hastings, 2016). The latter mode is the mechanism of action of
the FDA-approved RNA therapeutic eteplirsen (Exondys 51,
Sarepta Therapeutics) for treating Duchenne muscular dystrophy,
which induces the skipping of exon 51 of the mutant dystrophin
gene and restoring the proper translational reading frame for
dystrophin expression (Dystrophy et al., 2013). Therapeutic
siRNAs are also synthetic molecules used to silence target genes
but are instead double-stranded molecules ranging in length from
19 to 25 base pairs (Siomi and Siomi, 2009). These molecules are
recognized by Argonaute 2 and the RNA-induced silencing
complex (RISC) and unwound into single-stranded components.
The sense strand is degraded and the antisense binds to a target
mRNA sequence to induce cleavage by Argonaute 2 and
degradation by exonucleases (Sledz et al., 2003; Liu et al., 2004;
Rand et al., 2005; Meister, 2013; Ozcan et al., 2015). Finally,
miRNAs are endogenous small noncoding RNAs that target
multiple mRNAs, silencing target gene expression either by
mRNA degradation or translational inhibition. Typically, miRNAs
target the 3'-untranslated region (UTR) of the target mRNA
through a primary seed sequence eight nucleotides long, with the
degree of repression being modulated by the complementarity and
nucleotide composition of flanking sequences. These molecules are
natively expressed within the cell either under regulation of their
own discrete promoter or foundwithin intronic sequences of coding
genes. Therefore, therapeutic treatments have focused both on their
inhibition through the delivery of antisense sequences acting as
complementary decoys to the miRNA as well as direct
overexpression of miRNA mimics.
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In effect, each of these RNAi-based platforms could theoretically
be applied to the inhibition of CaMKII in the heart. While an ASO
could be designed with a particular target sequence in mind, there is
also precedence for physiologic regulation of CaMKIId by a number
of native miRNAs to abrogate cardiac remodeling (Wang et al.,
2010; Aurora et al., 2012; Cha et al., 2013; He et al., 2013). A
multitude of preclinical and clinical trials have employed the use of
chemically modified RNAi backbones and encapsulation in
nanoparticles to improve pharmacokinetics, escape nuclease
activity, enhance target mRNA binding, and minimize toxicity
(Lucas and Dimmeler, 2016). Importantly, a major potential
advantage in using RNA technology is that it offers the potential
for increased precision. Small molecule drugs frequently suffer from
impacting unintended secondary targets due to either conservation
of enzymatic binding sites (like ATP-competitive sites) or impacting
unintended pathways. However, all protein expression is derived
from coding mRNA containing nucleic acid sequences significantly
more unique to each individual gene, thereby providing a layer of
intended target specificity difficult to match through pharmacologic
drug design. Even more notably, this precision can even extend to
specific isoform targeting of CaMKII. Not only could an siRNA
molecule be designed that would specifically target transcripts
encoding the CaMKIId isoform, circumventing the burden of
CaMKII inhibition in the brain where CaMKIIa and b
predominate, but may even offer the advantage of specific splice
variant targeting of CaMKIId by focusing on specific exon–exon
junctions unique to each variant. As previous literature has been
able to identify, there are splice variant-specific effects of CaMKIId
in cardiac disease and remodeling, revealing a potential protective
role of CaMKIIdB, in comparison to the other cardiac variant
CaMKIIdC (Little et al., 2009; Peng et al., 2010; Lu et al., 2011a).

Moreover, as mentioned, ASO-based therapeutics are also
capable of influencing the access of splicing factors to induce the
inclusion or skipping of certain exons based on their design.
Through such a process, it would be possible to induce a state of
increased exon inclusion that favors the variant CaMKIIdB,
leading to its increased expression relative to CaMKIIdC. The
consequence of this shift in relative abundances can alter the
stoichiometry within the holoenzyme structure, imparting
the localization pattern of the isoform that dominates within
the complex. Such manipulation of the relative composition has
led to the increased nuclear localization of the CaMKIIdC
isoform when the holoenzyme is composed of more CaMKIIdB
(Srinivasan et al., 1994). Given that nuclear activity of CaMKIIdC
has been shown to lead to prosurvival mechanisms within
cardiomyocytes and reduced pathologic remodeling (Little
et al., 2009; Peng et al., 2010; Lu et al., 2011b), the
manipulation of CaMKIId at the splicing level through RNA-
based mechanisms offers a theoretically plausible mechanism for
improving HF treatment that might not even require targeting
CaMKII inhibition.

One of the remaining challenges for applying RNA-based
CaMKII therapy is selective targeting of heart. Current
application of these RNA agents is typically through
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intravenous or subcutaneous injection, exposing the drugs to
systemic circulation. While chemical modification to these drugs
can prevent crossing of the blood–brain barrier, this is likely
insufficient to prevent undesired consequences for the
ubiquitously expressed CaMKIId. While this barrier is not
unique to RNA therapeutics (also a consideration for small
molecule inhibition), there are options that are unique to RNA
therapeutics for potentially overcoming this limitation, including
gene therapy which could utilize cardiac specific promoters
(limited to miRNAs for polymerase compatibility) or local
delivery/injection directly into cardiac tissue. There is also
exciting opportunity to combine emerging nanoparticle
therapy (discussed in previous section) to carry RNA-based
drugs instead of peptide cargos through the same inhalation
delivery to deliver directly to the heart.
THERAPEUTIC TARGETING OF THE
CAMKII SIGNALING PATHWAY

When considering CaMKII as a therapeutic target, it is
important to acknowledge opportunities for manipulating the
CaMKII signaling pathway without directly targeting the kinase
itself. As discussed previously, CaMKII regulates a large number
of intracellular substrates (ion channels, transcription factors,
Ca2+ handling proteins) that may serve as attractive targets for
electrical and hypertrophic remodeling. Perhaps the best known
example of therapy aimed at a downstream target in the CaMKII
pathway comes from ranolazine, an approved antianginal agent
that inhibits late Na+ current among other actions (Rayner-
Hartley and Sedlak, 2015). Late Na+ current, through the actions
of the sodium Ca2+ exchanger, may impact intracellular Ca2+,
contributing to further activation of CaMKII as well as driving
the incidence of arrhythmogenic DADs. Ranolazine has been
used successfully in rodents and large animals to block these
changes and prevent the development of hypertrophy, HF, and
arrhythmias (Rastogi et al., 2008; Figueredo et al., 2011; Glynn
et al., 2015; Liang et al., 2016; Ellermann et al., 2018; Nie et al.,
2019). However, results from clinical trials have been mixed with
data supporting that ranolazine is safe with questionable efficacy
in preventing AF recurrence (RAFAELLO trial), ventricular
tachycardia (VT) or ventricular fibrillation (VF) following
implantation of cardioverter defibrillator (RAID trial), or
improving functional capacity in hypertrophic cardiomyopathy
(RESTYLE-HCM trial) (De Ferrari et al., 2015; Bengel et al.,
2017; Olivotto et al., 2018; Zareba et al., 2018).

RyR2 is another potential therapeutic target downstream of
CaMKII signaling (Wehrens et al., 2004; Guo et al., 2006; Yang
et al., 2007; Wehrens, 2011). Compounds referred to as rycals are
small molecules that aim to stabilize RyR2 in its closed conformation
through enhanced association with its binding partner calstabin,
without blocking the channel or impairing normal Ca2+ signaling.
JTV519 (K201) is one such compound that has been shown to
improve Ca2+ leak and left ventricular function in a canine model of
HF (Yano et al., 2003). However, translatability of JTV519 is
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somewhat limited by several off-target effects on other cardiac
channels (Kaneko et al., 2009). S107 is another more selective rycal
(Bellinger et al., 2008) with demonstrated ability to protect against
ventricular arrhythmias in a mouse model with a RyR2 gain-of-
function mutation (Lehnart et al., 2008) in addition to reversing the
development of HF in a mouse model of constitutively
phosphorylated RyR2 (Shan et al., 2010). Molecules such as these
are being prepared for clinical testing and represent promising
avenues for attenuating the impact of CaMKII activation.

Besides searching downstream of CaMKII for druggable
targets, it is important to consider that the functional
consequences of any kinase is determined by a delicate balance
between the kinase and antagonism by a phosphatase. The
majority of phosphatase activity in the heart is due to type-1
phosphatases (PP1) and type-2 phosphatases [PP2A, PP2B
(calcineurin)] (El-Armouche and Eschenhagen, 2009), which
collectively have been implicated in either dephosphorylating
proteins targeted by CaMKII kinase activity or targeting CaMKII
directly, removing its autonomous activation (Chiang et al.,
2016; Lubbers and Mohler, 2016) (Figure 1D). Therefore, it
may be possible to balance increased CaMKII activity in disease
by simultaneously activating associated phosphatases. For
example, the PP2A activator FTY720 has been shown to
attenuate hypertrophic remodeling and protect hearts from
ischemic injury in the mouse (Egom et al., 2010; Liu et al.,
2011; Liu et al., 2013). However, one possible complication with
this approach is that increased phosphatase activity has been
linked to development of HF (Parra and Rothermel, 2017).
Transgenic activation of CaMKII has itself been shown to
increase phosphatase activity (Zhang et al., 2002), but it is
unclear if this is a compensatory change or a cofactor in
driving disease. While maximally activated phosphatase activity
is likely to amplify adverse remodeling as the transgenic models
have shown, it may be possible to implement a more nuanced
approach with the goal of maintaining proper balance between
kinase and phosphatase activity. Given that the majority of
phosphatase activity is supplied by just three genes, unlike
kinases which have numerous members with highly specific
functions, phosphatase targeting is regulated by a multitude of
binding partners and anchoring proteins (Shi, 2009). Cav1.2
dephosphorylation for example is dependent on PP2A and its
interaction with regulatory subunits B56a and PR59 (Hall et al.,
2006; Xu et al., 2010), while spinophilin and regulatory subunit
PR130 target PP1 and PP2A to RyR2 (Bers, 2002; Lanner et al.,
2010). Future studies may reveal critical subunits which direct
phosphatases to relevant CaMKII targets, or to CaMKII itself,
through which drug targeting or gene regulation would provide
opportunity to influence the extent of that precise interaction.
This may provide opportunity to limit adverse outcomes
observed in global and unchecked phosphatase induction
(Gergs et al., 2004; Hoehn et al., 2015), but clearly a great deal
of work is still required to even establish proof of principle.

A unique opportunity for further discerning the potential
impact of phosphatase activation may lie in the field of cancer
therapeutics. Currently, cancer treatment strategies are
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beginning to consider phosphatase activators in earnest for
tumor disruption (McClinch et al., 2018; Allen-Petersen and
Sears, 2019; Remmerie and Janssens, 2019). It is well established
that cardiac toxicity is a significant side effect following the use of
the common cancer drug, doxorubicin, which has even been
associated with CaMKII signaling (Yeh and Bickford, 2009; Sag
et al., 2011). Therefore, it would be interesting to observe
potential differences in the development of cardiomyopathy
with the inclusion of these phosphatase activators when used
in conjunction with doxorubicin to provide therapeutic insight
and predictive data to the prospect of similar phosphatase
activators being utilized for cardioprotective therapies.

Finally, when searching for alternative targets in the CaMKII
pathway, it is worth considering scaffolding, cytoskeletal and other
interacting proteins important for subcellular localization of
CaMKII to specific signaling nanodomains. For example, a role
for the cytoskeletal protein bIV-spectrin has been identified in
targeting CaMKII to the cardiomyocyte intercalated disc to
facilitate regulation of Nav1.5 (Hund et al., 2010). Genetic
disruption of bIV-spectrin/CaMKII interaction selectively
disrupted the subpopulation of CaMKII at the intercalated disc
and prevented stress-induced phosphorylation of Nav1.5.
Subsequent studies found that disruption of bIV-spectrin/CaMKII
interaction abrogated maladaptive cardiac remodeling in a mouse
model of pressure overload (Unudurthi et al., 2018). Thus, it may
prove beneficial to develop pharmacological or genetic ways to
interfere with spectrin/CaMKII interaction allowing for selective
inhibition of a pathological CaMKII subpopulation while leaving
the rest of the signaling pathway intact.
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CONCLUSION

Given the effectiveness of CaMKII inhibition in improving
cardiac function and reducing arrhythmia burden in animal
models of disease, it is reasonable to remain optimistic that
targeting of CaMKII signaling has a future in cardiac
translational therapy. While conventional delivery routes and
strategies merit further investigation, it will be important going
forward to be aggressive in the search for new delivery routes and
targets that may accelerate translation of basic science discoveries
to human patients. Recent advances in genetic techniques and/or
particle deliveries provide entirely new paradigms for not just
treating familial diseases but acquired forms as well. Therefore,
the development of CaMKII therapeutics might not only
represent a breakthrough for cardiac treatment but, depending
on the routes taken, may open up an entirely new branch in the
models we use to treat a broader range of disease.
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Cardiomyocytes derived from human induced pluripotent stem cells (hiPSC-CMs) hold
great potential for drug screening applications. However, their usefulness is limited by the
relative immaturity of the cells’ electrophysiological properties as compared to native
cardiomyocytes in the adult human heart. In this work, we extend and improve on
methodology to address this limitation, building on previously introduced computational
procedures which predict drug effects for adult cells based on changes in optical
measurements of action potentials and Ca2+ transients made in stem cell derived
cardiac microtissues. This methodology quantifies ion channel changes through the
inversion of data into a mathematical model, and maps this response to an adult
phenotype through the assumption of functional invariance of fundamental intracellular
and membrane channels during maturation. Here, we utilize an updated action potential
model to represent both hiPSC-CMs and adult cardiomyocytes, apply an IC50-based
model of dose-dependent drug effects, and introduce a continuation-based optimization
algorithm for analysis of dose escalation measurements using five drugs with known
effects. The improved methodology can identify drug induced changes more efficiently,
and quantitate important metrics such as IC50 in line with published values.
Consequently, the updated methodology is a step towards employing computational
procedures to elucidate drug effects in adult cardiomyocytes for new drugs using stem
cell-derived experimental tissues.

Keywords: cardiac action potential model, computational inversion, cardiac ion channel blockade, human induced
pluripotent stem cell derived cardiomyocytes, computational maturation, computational identification of drug
response, voltage sensitive dye
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INTRODUCTION

The development of human induced pluripotent stem cells
(hiPSCs) opens promising avenues of investigation into a wide
variety of fundamental questions in cell physiology and beyond
[for recent reviews, see, e.g., (Yoshida and Yamanaka, 2017; Di
Baldassarre et al., 2018; Ye et al., 2018)]. One of the more
immediately tractable applications of hiPSCs is the creation of
specific human cell and tissue samples to augment drug
discovery and development pipelines. These pipelines have
traditionally relied on animal models in key areas of testing,
but are limited by significant physiological differences between
animal and human cells [see, e.g., (Mathur et al., 2016; Fine and
Vunjak-Novakovic, 2017; Yoshida and Yamanaka, 2017; Ye
et al., 2018)]. These differences, both at the genetic and
proteomic levels, give rise to distinctly non-human system
dynamics, for example, a mouse’s heart rate is much more
rapid than a human’s (∼600 bpm vs. ∼60 bpm), such that it is
often difficult to translate drug effects from one species to
another [see, e.g., (Mathur et al., 2016; Fine and Vunjak-
Novakovic, 2017; Yoshida and Yamanaka, 2017; Ye et al., 2018)].

By using hiPSC-derived cells, it is possible to measure drug
effects directly in human-based systems, and therapeutics can
eventually, in principle, be tested and adjusted at the level of the
individual patient. This hiPSC-based, patient-centric approach
opens up great possibilities for drug development, both in terms
of the scope of illnesses approachable, including disorders caused
by rare mutations, as well as improved safety by the early
identification of drug side effects in human cells. Nevertheless,
hiPSCs are also associated with a variety of scientific challenges
that must be resolved to realize the full potential of the
technology [see, e.g., (Mathur et al., 2015; Mathur et al., 2016;
Mora et al., 2017; Christensen et al., 2018; Ronaldson-Bouchard
et al., 2018; Zhao et al., 2018)].

Maturity of generated cells and tissues is one of these key
challenges, a prominent example being the maturation of hiPSC-
derived cardiomyocytes (hiPSC-CMs) (Chen et al., 2016).
Human cardiomyocytes develop over many years [see (Hille,
2001), ch. 21], and during this period the density of specific ion
channels changes significantly, due both to increased area of the
cell membrane and proliferation of membrane channels [see, e.g.,
(Sontheimer et al., 1992; Moody and Bosma, 2005; Bedada et al.,
2016)]. Therefore, the physiological response of immature
hiPSC-CMs to a drug cannot necessarily be used to infer the
properties of the drug, nor the response of adult human
cardiomyocytes. Even if it is known exactly how a drug affects
an hiPSC-CM, it is difficult to deduce its effect on adult cells;
direct interpretation may in fact lead to both false positives and
false negatives [see (Liang et al., 2013; Mathur et al., 2015)].

In (Tveito et al., 2018), we used mathematical modeling of
cardiac cell dynamics to address these challenges associated with
the application of hiPSC-CMs. Such mathematical modeling of
the cardiac action potential (AP) remains an active area of
research, and sophisticated models have been developed in
order to accurately simulate both single cells and cardiac tissue
Frontiers in Pharmacology | www.frontiersin.org 2106
dynamics [see e.g., (CellML Model Repository; Rudy and Silva,
2006; Grandi et al., 2010; O’Hara et al., 2011; Rudy, 2012;
Franzone et al., 2014; Qu et al., 2014; Edwards and Louch,
2017; Quarteroni et al., 2017; Tveito et al., 2017)]. We
presented an algori thm for invert ing experimental
measurements of the membrane potential and the cytosolic
calcium (Ca2+) concentration in order to obtain parameters for
a mathematical model of the hiPSC-CM AP. We then
demonstrated how this model of hiPSC-CMs can be mapped
to an APmodel representing adult cells. We were able to estimate
the effect of a drug on essential ion currents for hiPSC-CMs as
based on measurements from a microphysiological system
(Mathur et al., 2015), and then to map this effect onto the
adult cardiomyocyte AP model. The combination of these two
methods permitted, in principle, to deduce drug effects on adult
human cardiomyocytes as based on measurements of hiPSC-
CMs in a microphysiological system.

The overall method developed in (Tveito et al., 2018) is
illustrated in Figure 1. In this procedure, we take optical
measurements using fluorescent dyes in a microphysiological
system to define relative traces of the membrane potential and
cytosolic Ca2+ concentration for cells under normal media
conditions and in the presence of drugs. We then define a
mathematical model for the control (undrugged) cases by
identifying parameters denoted by phiPSC,C (hiPSC is for
hiPSC-derived, C is for control) in an AP model that
matches the experimental waveforms. Using this model of
hiPSC-CMs, we then define a maturation matrix Q such that
QphiPSC,C = pA,B, where pA,B (A is for adult, B is for base) are
known parameters representing a generic AP model of an adult
human cardiomyocyte. Here, the matrix Q represents the
developmental change in ion channel density and geometry
from hiPSC-CMs to adult cardiomyocytes, independent of drug
effects on individual channels.

Next, experimental traces of the membrane potential and
cytosolic Ca2+ concentration are taken for the same cells in the
presence of drugs, and these traces are used to define a new
parameter-vector phiPSC,D (hiPSC-CM, Drug) that matches the
data. This new parameterization gives us information about what
modeled channels have been altered by the drug. Then, by
assuming that the drug affects every individual ion channel in
the same manner for the hiPSC-CMs and the adult cells, the
parameter vector for the adult case is given by pA,D = QphiPSC,D.
Hence, we can find an AP model for adult human cardiomyocytes
under the influence of the drug, even though only the effect for
hiPSC-CMs has been measured.

The present report aims to present a number of modifications
to improve the accuracy and reliability of these methods. First,
using the AP models of Grandi et al. (2010), O’Hara et al. (2011),
Paci et al. (2013), Paci et al. (2015), Paci et al. (2017), and Paci
et al. (2018) as a basis, we have derived a new AP model to
improve representation of experimental data. As our inversion
algorithm is based on conducting a huge number of simulations
with varying parameter values, it is essential to have a model that
is stable with respect to perturbations of the parameters.
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Therefore, the new model is designed for improved stability. In
particular, the model of the intracellular Ca2+ dynamics has been
modified to avoid instabilities in the balance between the influx
and efflux of Ca2+ to the sarcoplasmic reticulum (SR).

In addition, our aim has been to create models that can be
mapped back and forth between hiPSC-CMs and adult
cardiomyocytes. A vital modeling assumption has been that the
individual channels are the same in these two cases, and that only
channel density should change. However, existing AP models are
not derived with such a mapping in mind, and models of
identical single channel dynamics vary significantly among
models. Therefore, we have derived a new AP model which
strictly adheres to the principle that every current (and flux)
should be written as a product of the ion channel density and the
dynamics of a single channel; identical ion channels are
represented by identical mathematical models. Consequently,
the mathematical representation of a single channel is the same
for the hiPSC-CMs and adult cardiomyocytes in the novel AP
model presented here.

Finally, we present a new method for inverting experimental
data into parameters for the AP model by introducing a
continuation-based approach, searching for optimal parameters
Frontiers in Pharmacology | www.frontiersin.org 3107
by gradually moving from known parameters to the parameters
we want to identify. Continuation methods are well developed in
scientific computing [see e.g., (Keller, 1987; Allgower and Georg,
2012)] and offer significant computational savings to find
optimal solutions.

In this manuscript, we first motivate and describe the
approaches outlined above. We then evaluate these methods
with respect to accuracy using simulated data. Subsequently, the
new methods are used to identify the effect of five well-
characterized drugs based on optical measurements of hiPSC-
CMs. In all cases considered, the predicted effects are consistent
with known drug effects, lending credence to the principle that
novel drug effects on adult cardiomyocytes could reliably be
estimated using measurements of hiPSC-CMs and the
described methodology.
METHODS

Here, we offer a detailed presentation of all steps illustrated in
Figure 1. First, we present the derivation of a new AP model.
FIGURE 1 | The effect of a drug on adult cardiomyocytes can be identified by the process illustrated. The cytosolic calcium concentration (Ca2+) and the
membrane potential (V) are measured in a microphysiological system (Mathur et al., 2015; Mathur et al., 2016) of hiPSC-CMs. Data are collected when no drug has
been applied (control, C) and when a drug has been applied (D). The data are used to parameterize a model for both cases, represented by the parameter vectors
phiPSC,C and phiPSC,D for the control and drugged cases, respectively. The control parameter vector phiPSC,C is used to define the maturation matrix Q such that
QphiPSC,C = pA,B, where pA,B is the parameter vector of a generic base model of adult human cardiomyocytes. By comparing the adult parameter vectors for the
control and drugged cases, the effect of the drug can be identified.
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Next, we describe the inversion method used in our
computations. Finally, we discuss how to characterize the
identifiability of the parameters involved in the inversion as
based on singular value decomposition (SVD) of model currents.

The Base Model
As noted above, we aim to define an AP model that can be scaled
from very early stages of human development (days) to fully
developed adult cardiomyocytes. To review, for one specific
membrane current, we assume that the only difference between
the hiPSC-CM and adult cases is that the number of channels
and the membrane area has changed; thus, the density of
the specific ion channel carrying the current has changed, but
the properties of every individual channel remains the same. The
same principle holds for the intracellular Ca2+ machinery; the
individual channels and buffers remain the same, but both
the intracellular volumes and the number of channels change
from hiPSC-CMs to adult cardiomyocytes. Our model will,
therefore, be based on models of single ion channel dynamics
and only the density of these single channels will change. When a
drug is involved, we assume that the effect of the drug on a single
channel is the same in the hiPSC-CM and adult cases, and
therefore one can use the effect in the hiPSC-CM case to
estimate the effect for the adult case.

Modeling the Membrane Currents
The standard model [see, e.g., (Izhikevich, 2007; Plonsey and
Barr, 2007; Ermentrout and Terman, 2010; Sterratt et al., 2011)]
of the membrane potential of an excitable cell is given by
the equation

dv
dt

= −o
x
Ix , (1)

where v is the membrane potential (in mV), and Ix are the
membrane currents through ion channels of different types, as
well as pumps and exchangers located on the cell membrane.

These currents are all given in units of A/F, and may be
written on the form

Ix =
Nx

ACm
ix, (2)

where Nx is the number of channels of type x on the cell
membrane, A is the area of the cell membrane (in mm2) and
Cm is the specific capacitance of the cell membrane (in pF/mm2).
Furthermore, ix represents the average current through a single
channel of type x (in pA). For voltage-gated ion channels, this
average single-channel current is given on the form

ix = gx0ox(v − Ex), (3)

where gx0 is the conductance of a single open channel (in nS), Ex is
the equilibrium potential of the channel (in mV), and ox is the
unitless open probability of the channel. Note that in models given
on this form, it is common to consider a lumped parameter gx,
given by

gx =
Nx

ACm
gx0 ,

and parameters of this type are given for each of the ion channels
considered in the base model in the Supplementary
Frontiers in Pharmacology | www.frontiersin.org 4108
Information. For membrane pumps and exchangers, the
single-channel current is given on a similar form. The specific
currents included in the model will be described below.

Scaling of the Membrane Currents
As mentioned above, we assume that the specific membrane
capacitance and the ion channels responsible for each of the
membrane currents are the same during different stages of
development for the cell, but that the number of ion channels,
Nx, and the membrane area, A, may differ. Therefore, currents can
be mapped from one stage of development, S1, to another stage of
development, S2, simply by adjusting the channel density of
the currents.

More specifically, for the formulation (1)–(2), this means that
we assume that the parameter Cm and the expressions for the
single-channel currents, ix, are the same for S1 and S2, but that
the channel density Nx

A can be different. Let AS1
x ,A

S2
x and NS1

x ,NS2
x

denote the membrane area and number of channels of type x for
the S1 and S2 cases, respectively. Furthermore, let lx represent the
change of channel density in the sense that

NS1
x

AS1
x

= (1 + lx)
NS2
x

AS2
x

: (4)

Now, the S1 and S2 currents are related according to

IS1x =
NS1
x

AS1
x Cm

ix = (1 + lx)
NS2
x

AS2
x Cm

ix = (1 + lx)IS2x , (5)

for each of the currents x.

The Base Model is the Generic Adult Model
Based on these considerations, it is convenient to define one
default base model from which all other models are derived
to simplify a mapping procedure between different
development stages.

Defining a base model as representing hiPSC-CMs, from
which adult cardiomyocytes subsequently develop, may seem to
be a natural choice. However, in the scheme illustrated in
Figure 1, there is only one fixed model—the generic adult
model—while all other models will change depending on the
experimental measurements. For simplicity, we, therefore, define
the generic adult model to be the default base model, and scale all
other models relative to this model.

Main Currents Present in Human Cardiomyocytes
Modern models of human cardiomyocytes are complex and the
models for the individual currents are based on years of
experience using patch-clamp measurements. In the
formulation (1), our aim has been to include the main
currents present in human cardiomyocytes, but to keep the
number of currents as low as feasible in order to keep the base
model relatively simple. The experimental inputs in the present
methodology are optically-derived, and data based on sensitive
dyes are not expected to be able to uncover equally fine details of
the dynamics as compared to traditional electrophysiological
measurements derived via patch clamp. It is, therefore,
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reasonable to represent the data using simpler models. Our
choice of currents is based on the O’Hara et al. (2011) model
and the Grandi et al. (2010) model for human adult ventricular
cardiomyocytes, in addition to the Paci et al. (2013) model for
hiPSC-CMs. Furthermore, we have focused on including
currents considered to be critical for depolarization and
repolarization of the AP and, therefore, those typically
investigated for response to drugs [see, e.g., (Crumb
et al., 2016)].

In (Crumb et al., 2016), the fast sodium current, INa, the late
sodium current, INaL, the L-type Ca

2+ current, ICaL, the transient
outward potassium current, Ito, the rapid and slow delayed
rectifier potassium currents, IKr and IKs, and the inward
rectifier potassium current, IK1, were investigated for their drug
responses, and we have included each of these currents in our
model. In addition, we have included the sodium-potassium
pump, INaK, the sodium-calcium exchanger, INaCa, the Ca2+

pump, IpCa, the background Ca2+ current, IbCa, and the
background chloride current, IbCl, as they all appear to have a
significant effect on the computed AP and Ca2+ transient of the
Grandi et al. (2010) model. Furthermore, we have included the
hyperpolarization-activated cyclic nucleotide-gated funny
current, If. While this current is very small for adult
ventricular cardiomyocytes, it is substantial for hiPSC-CMs
(Garg et al., 2018). The formulation used for each of the
currents is given in the Supplementary Information. The
formulations are based on those of the currents in the Paci
et al. (2013), the Grandi et al. (2010), and the O’Hara et al. (2011)
models, and we have chosen formulations that seems to work
well for both the hiPSC-CM and adult cases and that are able to
provide good fits for our considered data of hiPSC-CMs.

Modeling Intracellular Ca2+ Dynamics
In addition to the membrane potential, we also want the base
model to represent the dynamics of the intracellular Ca2+

concentration. We consider the following five intracellular
compartments [based on (Grandi et al., 2010)]:

1. The dyad, representing the small cytosolic subspace between
the L-type Ca2+ channels and the ryanodine receptors (RyRs),

2. The subsarcolemmal space, representing the remaining part
of the cytosolic space that is located close to the membrane,

3. The bulk cytosolic space,
4. The junctional sarcoplasmic reticulum (jSR), representing the

part of the SR that is close to the RyR-channels,
5. The network sarcoplasmic reticulum (nSR), representing the

remaining part of the SR.

The Ca2+ concentrations and volume fractions defined for
each of these compartments are given in Figure 2. In all
compartments except the nSR, we consider both the
concentration of free Ca2+ and the concentration of Ca2+

bound to a buffer. The Ca2+ concentration in the extracellular
space is assumed to remain constant. The intracellular Ca2+

fluxes between compartments are illustrated in Figure 2, and the
model takes the form
Frontiers in Pharmacology | www.frontiersin.org 5109
dcd
dt = 1

Vd
(JCaL − Jbd − Jcd),

dbd
dt = 1

Vd
Jbd ,

dcsl
dt = 1

Vsl
(Jsle − Jcsl − Jbsl + Jsls ),

dbsl
dt = 1

Vsl
Jbsl ,

dcc
dt =

1
Vc
(Jcsl + Jcd − Jnc − Jbc ),

dbc
dt = 1

Vc
Jbc ,

dcs
dt =

1
Vs
(Jsn − Jsls − Jbs ),

dbs
dt = 1

Vs
Jbs ,

dcn
dt = 1

Vn
(Jnc − Jsn) :

See Section S2.1 in the Supplementary Information for a
derivation of these equations.

Definition of Ca2+ Fluxes
Every model flux Jx representing the flux through a type of
channel can be written on the form

Jx =
Nx

Vcell
jx ,

where Nx is the number of channels of type x, Vcell is the cell
volume (in L) and jx is the average flux through a single
channel of type x (in mmol/ms). Below, we will describe the
formulation chosen for the flux through the RyR channels.
Definitions of each of the remaining fluxes are specified in the
Supplementary Information.

Modeling Release From the SR
In our model of Ca2+ dynamics, we deviate from previous
modeling approaches in two specific ways:

1. Ca2+ is released through RyR channels from the SR directly to
the subsarcolemmal space (SL) and not to the dyad.

2. Release of Ca2+ through the RyR channels is a product of two
factors; one factor models the open probability of the RyR
channels, whereas the other models the availability of
channels that can be opened. We assume that each channel
can only process a certain amount of Ca2+ before it
deactivates.

We will see below that these two modeling assumptions lead
to a model that exhibits two key physiological features of Ca2+

release from the SR of cardiomyocytes, so-called high gain and
graded release (see Section S2.2 in the Supplementary
Information for explanations of these terms).

Flux through RyRs (Jsls )
As we will employ the base model for several different parameter
combinations, the model for the RyR flux must be stable, in the
sense that careful tuning of the model is not requisite to ensure
reasonable activation and deactivation of the RyRs.

As outlined above, we let the Ca2+ released from the SR enter
the SL space rather than the dyad. This is done in order to
achieve graded release (see the Supplementary Information), in
the sense that the amount of Ca2+ released from the SR through
the RyRs should depend directly upon the amount of Ca2+

entering the cell through L-type Ca2+ channels. If the model
were to be formulated such that Ca2+ released from the jSR
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instead entered the dyad, it would be difficult to distinguish the
increase in dyadic Ca2+ concentration resulting from L-type Ca2+

channel flux as opposed to release via RyRs. Directing the RyR
flux into the SL, the concentration change in the dyad is almost
exclusively due to the influx through L-type Ca2+ channels, and
by letting the flux through the RyRs depend on the Ca2+

concentration in the dyad, we achieve graded release.
Furthermore, a common modeling approach for the RyRs is

to govern inactivation by a decreased jSR concentration [see e.g.,
(Sobie et al., 2010)]. However, for large variations in parameter
Frontiers in Pharmacology | www.frontiersin.org 6110
values, this may lead to model instabilities, because the jSR
concentration depends upon the balance between the flux
through the SERCA pumps and the RyRs, which depend upon
the balance between the Ca2+ fluxes in and out of the cell. In
order to avoid an RyR model whose inactivation mechanism
depends on the jSR concentration, we instead introduce a new
assumption that some RyRs are only able to carry a given amount
of Ca2+ ions during each AP.

We then assume that a small portion of the RyR channels
are always open (type 0), while the remaining channels (type 1) are
FIGURE 2 | Membrane currents, Ca2+ fluxes and intracellular compartments of the base model. The volume fractions of the compartments are based on (Grandi
et al., 2010).
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activated by an increased dyadic Ca2+ concentration and are
inactivated after they have transported a given amount of Ca2+

ions. Therefore, the total flux through the RyRs may be expressed as

Jsls = JRyR + Jleak, (6)

where JRyR represents the flux through the RyR channels of type 1
and Jleak represents the flux through the RyR channels of type 0.
We assume that the flux through the two types of RyR channels
are given by expressions of the form

JRyR =
Mp
Vcell

jRyR, (7)

Jleak =
M0

Vcell
jRyR, (8)

where jRyR denotes the flux through a single open RyR channel
(in mmol/ms) and Vcell denotes the total cell volume (in L). In
addition, M0 denotes the number of RyR channels that are
always open (type 0), M denotes the number of available RyR
channels of type 1, and p is the open probability of the channels
of type 1. The single channel flux through the RyRs is given by

jRyR = aRyR,0(cs − csl), (9)

where aRyR,0 (in L/ms) represents the rate of release.
Furthermore, the open probability of the RyR channels of type
1 is modeled by a simple function that increases sigmoidally with
the dyadic Ca2+ concentration, cd, based on the model in
(Friel, 1995):

p =
c3d

c3d + k 3
RyR

: (10)

We let the total number of RyR channels of type 1 be given by
NRyR and the total number of RyR channels of type 0 be given by

M0 = gRyRNRyR : (11)

In other words, the total number of RyR channels (of both
types) is given by (1+gRyR)NRyR.

We assume that every RyR of type 1 is able to transport a fixed
amount of Z Ca2+ ions during an AP. After Z ions have been
transported, the channel becomes inactivated. However, we
assume that as the dyadic Ca2+ concentration, cd, returns to
rest and the open probability, p, consequently decreases, the
inactivated channels gradually recover from inactivation. We let
the number of available channels of type 1 be governed by

dM
dt

= −
Vcell

Z
JRyR +

hRyR

p
(NRyR −M) : (12)

Here, the first term dominates for large values of p, drivingM
towards zero as more Ca2+ is transported through the RyR
channels of type 1. Furthermore, for small values of p (i.e., at
rest), the second term dominates and drives M towards the
maximum value NRyR.

In order to reduce the number of free parameters in the
model, we define a scaled variable r, defined as r = M

NRyR
, and

divide both sides of equation (12) by NRyR. The equation
then reads
Frontiers in Pharmacology | www.frontiersin.org 7111
dr
dt

= −
JRyR
bRyR

+
hRyR

p
(1 − r), (13)

where

bRyR =
NRyR

Vcell
Z : (14)

Inserting M = rNRyR into (7) and defining

aRyR =
NRyR

Vcell
aRyR,0, (15)

we get the following expression for active RyR flux

JRyR = p � r � aRyR(cs − csl), (16)

where we recall that

p =
c3d

c3d + k 3
RyR

: (17)

Moreover, inserting (11) and (15) into (8), we obtain

Jleak = gRyR � aRyR(cs − csl) : (18)

Scaling the RyR flux
When considering cells of different levels of maturity, we assume
that the number of RyRs and the cell volume may be different,
but that the function of a single RyR channel is the same for
different levels of maturity. We also assume that the ratio
between RyR channels of type 0 and 1, gRyR, and the number
of Ca2+ ions that each RyR channel of type 1 can transport, Z, is
the same for the different maturity levels. Considering the model
(13)–(18), this means that the only adjustment necessary
between two maturity levels S1 and S2 is an adjustment of the
density

NRyR

Vcell
in the definition of aRyR and bRyR. We, therefore,

introduce a scaling factor lRyR such that

NS1
RyR

VS1
cell

= (1 + lRyR)
NS2
RyR

VS2
cell

, (19)

and represent this adjustment of the RyR density in the model by
scaling aRyR and bRyR by

aS1
RyR = (1 + lRyR)a

S2
RyR, (20)

bS1
RyR = (1 + lRyR)b

S2
RyR, (21)

where superscript S1 and S2 denote the S1 and S2 versions of the
parameters, respectively.
Inversion of Optical Measurements
The inversion procedure, used to construct base model
representations of data obtained from optical measurements of
the AP and Ca2+ transient of hiPSC-CMs, is described below.
First, in Section Optical Measurements, we describe how optical
measurements of hiPSC-CMs are obtained. Next, in Section
Definition of Adjustment Factors, we describe how adjustment
factors l are set up to represent control (non-drugged) cells from
different data sets. In Section IC50 Modeling of Drug Effects, we
describe how the effect of a drug is modeled using IC50 values
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and corresponding factors, denoted by e. The aim of the
inversion procedure is to find optimal parameter vectors l and
e so that the model parameterized by l and e aligns to the
measured data as best possible. This is explained in more detail in
Section Coupled Inversion of Data From Several Doses. In Section
Properties of the Cost Function, we describe the cost function
constructed to measure the difference between the model and the
data. Finally, in Section A Continuation-Based Minimization
Method, we describe the continuation-based minimization
method used to minimize the cost function in our computations.

Optical Measurements
Using previously developed techniques (Mathur et al., 2015),
cardiac microphysiological systems derived from a single line of
hiPSCs were loaded and matured prior to drug exposure. The
resulting tissues consisted of approximately 90% cardiomyoctyes,
with a small population of stromal support cells. On the day
upon which studies were performed, freshly measured drugs
(Nifedipine, Lidocaine, Cisapride, Flecainide, and Verapamil)
were dissolved into DMSO or media and serially diluted. Each
concentration of the drug to be tested was preheated for 15–20
min in a water bath at 37°C and subsequently sequentially
injected in the device. At each dose, after 20 min of exposure,
the drug’s response on the microtissue was recorded using a
Nikon Eclipse TE300 microscope fitted with a QImaging camera.
Fluorescent images were acquired at 200 frames per second using
filters to capture GCaMP and BeRST-1 fluorescence as
previously described. Images were obtained across the entire
chip for 6–8 sec at a resolution of 511 x 222 square 1.3 micron
pixels. Excitation was paced at 1 Hz, to capture multiple beats
for processing.

Fluorescence videos were analyzed using custom Python
software utilizing the open source Bio-Formats tool to produce
characteristic AP and Ca2+ waveforms for each chip and tested
drug dose. Briefly, for each analysis, the fluorescent signal was
averaged over the entire microtissue. The signal was then
smoothed using a 3-point median filter, and five to seven
individual action potentials or calcium transients were
overlayed by aligning the maximum dF/dt and then averaged
into a single transient. For each drug escalation study, we chose
the single series with the most continuity between control cases
and subsequent drug doses for both AP and Ca2+ transient for
inversion and mapping analysis.

Definition of Adjustment Factors
In order to make base model representations of control cells
from different data sets, we must define adjustment factors l for
a base model parameter set. These adjustment factors represent
alterations of the channel densities and geometry of the cells
under consideration, as explained above. For example, for each
membrane channel type x, the adjustment factor lx is defined as

Nx

A
= (1 + lx)

Nb
x

Ab
, (22)

where Nx
A is the channel density on the cell membrane for the

fitted model and Nb
x

Ab is the channel density in the default base
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model. We generally consider adjustment factors for the
membrane channel densities for all the currents of the model,
i.e., lNa, lNaL, lCaL, lto, lKr, lKs, lK1, lNaCa, lNaK, lpCa, lbCl,
lbCa, and lf, although some of the factors are fixed in some cases
(see Section Identifiability of the Currents in the hiPSC-CM
Base Model).

For the density of an intracellular channel type x, the
adjustment factor lx is similarly defined as

Nx

Vcell
= (1 + lx)

Nb
x

Vb
cell

, (23)

where Nx
Vcell

and Nb
x

Vb
cell

are the channel densities for the fitted model

and the default base model, respectively. We consider the
adjustment factors lRyR and lSERCA for intracellular channel
densities, and the factors ldB, lslB, lcB and lsB for intracellular
calcium buffers (see the Supplementary Information). In
addition, we consider adjustments to the intracellular diffusion
coefficients, lcd , l

c
sl , and l

c
n (see the Supplementary Information).

In order to reduce the number offree parameters to be determined
in the inversion procedure for different control data, we assume
that the buffer concentrations change at the same rate in all
intracellular compartments, so that we only consider a single
adjustment factor

ld
B = lsl

B = lc
B = ls

B : = lB : (24)

Similarly, we assume that the intracellular diffusion
coefficients change at the same rate, so that

lc
d = lc

sl = ls
n : = la : (25)

Furthermore, because we wish to avoid ending up with
unrealistic values of the surface-to-volume ratio, c, we assume
that the scaling factor for the cell surface-to-volume ratio varies
little between data sets and only employ two different values of c
in the computations. We use the value c = 0.6 mm˗1 for adult cells
and the value c = 0.9 mm˗1 for hiPSC-CMs, based on the values
used in the Grandi et al. AP model for adult cardiomyocytes
(Grandi et al., 2010) and the Paci et al. AP model for hiPSC-CMs
(Paci et al., 2013). Note here that t-tubules (i.e., invaginations of
the cell membrane extending into the center of the cell) are
present for adult ventricular cardiomyocytes (Orchard et al.,
2009), and this is incorporated into the adult version of c by
increasing the cell surface area by a factor of about two compared
to the geometrical surface of the cylinder shape of the cell [see
e.g., (Luo and Rudy, 1994)]. For hiPSC-CMs, t-tubules are
believed to be absent or underdeveloped [see e.g., (Di
Baldassarre et al., 2018; Jiang et al., 2018)], and in our choice
of c for hiPSC-CMs, we have assumed that t-tubules are not
present for hiPSC-CMs.

IC50 Modeling of Drug Effects
Following previous modeling of channel blockers [see, e.g.,
(Brennan et al., 2009; Davies et al., 2012; Zemzemi et al., 2013;
Paci et al., 2015)], we model the dose-dependent effect of a drug
by scaling the channel conductances according to
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gDi =
1

1 + D
IC50i

gCi , (26)

where gDi is the conductance of channel i in the presence of a
drug with concentration D, IC50i is the drug concentration that
leads to 50% block of channel i, and gCi is the channel
conductance in the control case (i.e., in the absence of drugs).
Specifically, this means that if the drug concentration D equals
the IC50 value, we have gDi = 1

2 g
C
i .

It should be mentioned that a drug may certainly affect a
channel in a more complex manner than is assumed here. The
effect of drugs can realistically be represented by introducing new
states in Markov models of the ion channel. In such models, the
transition rates between different model states are able to
represent the properties of drugs [see e.g., (Clancy et al., 2007;
Tveito et al., 2011; Tveito and Lines, 2016; Tveito et al., 2018)].
Although Markov model representations of drug effects are more
versatile and realistic than the simple blocking assumption
employed here (Tveito et al., 2017), it would greatly increase
the complexity of the inversion process, as many more
parameters would have to be computed.

From (26), we see that for a given drug doseD > 0, the effect of
the drug would increase if the IC50 value were decreased, and the
effect of the drug would be very small if the IC50 value were
much larger than the considered dose. In the continuation-based
minimization method applied in our computations (see the
section A Continuation-Based Minimization Method below), it
is most practical to deal with parameters that are small when no
change occurs and large when large changes occur. Therefore, we
introduce the parameters

ei =
1

IC50i
: (27)

Here, a small value of ei represents small effects of a drug
while a large value of ei represents large effects, and channel
blocking is given by

gDi =
1

1 + Dei
gCi : (28)

In our computations, we assume that the considered drugs
block either ICaL, INaL, IKr, or a combination of these currents,
and we therefore only consider the e-parameters eCaL, eNaL, eKr.

Coupled Inversion of Data From Several Doses
The control data obtained from different optical experiments
tend to vary significantly, and in order to be able to accurately
estimate the drug effect from these measurements, the l-
parameters must be tuned so that the control model fits the
control data as best possible. In addition, we want the l
parameters to be constructed such that that the scaling (28) for
eCaL, eNaL, and eKr is sufficient to fit the model to the drug doses
under consideration. In order to increase the chance of obtaining
such a control model, we fit the control parameters, l, and the
drug parameters, e, simultaneously, instead of first finding the
optimal control parameters, l, by fitting the base model to
the control data, and then subsequently finding appropriate
Frontiers in Pharmacology | www.frontiersin.org 9113
drug parameters, e, for each dose. In addition, all doses are
included in the inversion, so that the estimated values of e are
based on all the drug doses included in the data set.

In order to illustrate the role of the l- and e-parameters more
clearly, consider a simplified model consisting of just two
currents, and assume that the base model is given by (see the
section Modeling the Membrane Currents)

dv
dt

= −g1o1(v − E1) − g2o2(v − E2) : (29)

Assume further that we have data from cells with both no
drug present and with different doses of a drug (e.g., one low dose
and one high dose). We assume that the drug may block any of
the two model currents. In the inversion procedure, we try to find
optimal values of the four parameters l1, l2, e1, and e2 so that the
adjusted model of the form

dv
dt

= −
1 + l1
1 + De1

g1o1(v − E1) −
1 + l2
1 + De2

g2o2(v − E2) (30)

fits the data both for the control case (D = 0) and for the
considered drug doses. In other words, for a given parameter set
l1, l2, e1, and e2, we need to compute the solution of the model
(30) both for the control case (D = 0) and for the considered drug
doses and compare the obtained solutions to the corresponding
experimental data.

The more general case considered in our computations is
conceptually identical; however, as we also consider scaling of
parameters that are not assumed to possibly be affected by
the drug, we also have some parameters simply scaled by a
factor (1+li) instead of by 1+li

1+Dei
.

Properties of the Cost Function
In order to find the optimal parameters for fitting the model to
data, we need to define a cost function that measures the
difference between a given model solution and the data. This
cost function is defined as

H(l, e) =o
d
o
j
wd,j(Hj(l, e,Dd))

2 : (31)

Here, d runs over each of the considered drug doses, Dd,
including the control case (D0 = 0), and j runs over each cost
function term, Hj, representing various differences between the
data and the model solution. The parameters wd,j represent
weights for each of the cost function terms for each of the
doses. Each of the cost function terms, Hj, are defined in Section
S3.1 of the Supplementary Information.

A Continuation-Based Minimization Method
As outlined above, we wish to adjust the base model to data by
finding l- and e-parameters that minimize a cost function of the
form (31), measuring the difference between the input data and
the model solution. In order to search for the optimal values of l
and e, we apply a continuation-based optimization method [see
e.g., (Keller, 1987; Allgower and Georg, 2012)]. Briefly,
continuation is used to simplify the solution of equations or of
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optimization problems by introducing a q-parameterization such
that the solution is known for one value of q. Suppose, for
instance, that the parameterization is defined such that the
solution is known for q = 0 and the problem we want to solve
is defined by q = 1. Then the solution at q = 1 can be found by
starting at q = 0 and carefully step towards the solution at q = 1.
One advantage with this method is that we can start at a solution
that we know is correct (at q = 0) and then take small steps
towards the goal at q = 1. For the problem of inverting
membrane potential and Ca2+ traces, this method has proven
to be useful.

Cost function in the continuation case
More specifically, we assume that, for each drug dose, Dd,
(including the control case) the data we are trying to invert are
given by some vector pair [v1(Dd), c

1(Dd)], where v1(Dd) is the
membrane potential and c1(Dd) is the Ca2+ concentration. In
addition, from the default base model specified by l = e = 0, we
can compute a vector pair (v0, c0) for the membrane potential
and Ca2+ concentration as the starting point of the inversion.

The goal of the continuation method is to compute a path for
l and e from l = e = 0, which fit (v0, c0) perfectly, to some l and e
that fit the final data [v1(Dd), c

1(Dd)] for each of the drug doses,
Dd, as best as possible. This is done by defining a cost function of
the form

H(q, l, e) =o
d
o
j
wd,j(Hj(q, l, e,Dd))

2, (32)

for the intermediate steps in the algorithm. Here, q is a
parameter that is gradually increased from zero to one. In the
definition (32), the terms Hj(q, l, e,Dd) correspond to each of
the terms Hj(l , e , Dd) defined in Section S3.1 of the
Supplementary Information. Specifically, the terms take the form

Hj(q, l, e,Dd) =
jRj(v(l, e,Dd), c(l, e,Dd)) − Rq

j (Dd)j
jRq

j (Dd)j
, (33)

Rq
j (Dd) = (1 − q)Rj(v

0, c0) + qRj(v
1(Dd), c

1(Dd)), (34)

where Rj(v,c) represent different characteristics of the AP or Ca2+

transient, e.g., the AP duration at some percentage or the
upstroke velocity (see Section S3.1 of the Supplementary
Information1). In the case q = 0,  Rq

j (Dd) is equal to the terms
defined by the default model (l = e = 0) for all the doses Dd.
Therefore, H(0, 0, 0,Dd) = 0,2 so the optimal solution for q = 0 is
l = e = 0. In the case q = 1, the terms Rq

j (Dd) are equal to the
characteristics computed for the data we wish to invert. In other
words, H(1, l, e) = H(l, e), where H(l, e) is defined in (31). For
the intermediate values of q, the characteristics Rq

j (Dd) represent
weighted averages of characteristics of the model used as a
staring point for the inversion (l = e = 0) and the data we are
1Note that this does not apply to the regularization terms of the cost function.
These terms are assumed to be the same for all values of q.
2Note that this relies on either the flux balance term HCa,b being zero for the
default base model or on the weight for this term being zero (see Section S3.1.8 in
the Supplementary information).
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trying to invert. Therefore, we expect the optimal values of l and
e to gradually move from zero to the optimal values for the data
as q is increased from zero to one.

The minimization algorithm
In the minimization algorithm, we find the optimal solution in M
iterations. We define qm = Dq·m for m = 0,…,M, where Dq = 1/M.
For m = 1,…,M, we assume that the optimal values l(qm˗1) and
e(qm˗1) have been computed, and we want to find l(qm) and e(qm)
by finding the minimum of H(qm, l, e). Since the step in q is small,
we assume that the changes in l and e are also relatively small. We
use the Nelder-Mead algorithm (Nelder and Mead, 1965) to
minimize H(qm, l, e), and we use l(qm˗1) and e(qm-1) as
suggestions for the starting vectors to find l(qm) and e(qm).
However, in order to increase the chance of finding the true
optimal value in every iteration, we start the Nelder-Mead
algorithm from several randomly chosen starting vectors in the
vicinity of l(qm˗1) and e(qm˗1). Figure S3 in the Supplementary
Information illustrates the development of the e-values in an
inversion aiming to characterize a drug.

Technical specifications
In the applications presented below, we useM = 20, and in each
iteration m, we draw 63 guesses (as the specific computer used
for these simulations has 64 cores) for the starting vectors for
the Nelder-Mead algorithm from [l(qm-1)−0.2, l(qm-1)+0.2]
and ½e(qm−1)

5 , 5 � e(qm−1)� for l and e, respectively. In the first 15
iterations, we use five iterations of the Nelder-Mead algorithm
for each guess, and for the last five iterations we use 25
iterations of the Nelder-Mead algorithm. For each new
parameter set, we generally run the simulation for 15 AP
cycles using 1 Hz pacing before measuring the AP and Ca2+

transient, unless otherwise specified. The choice of 15 AP cycles
is selected as a compromise between the desire of minimizing
the computational efforts required for each cost function
evaluation and the desire of reaching new stable steady state
values for the state variables following a parameter change.
Presently, each cost function evaluation requires about 14 sec of
computing time for a data set including four doses in addition
to the control case.

Identifiability of the Base Model Based on
Singular Value Decomposition of Currents
In the inversion procedure outlined above, we try to find the optimal
adjustment factors l and e for the model so that the AP and cytosolic
Ca2+ transient in the model solution match measurements of the AP
and Ca2+ transient as best possible. An important element to consider
in this process is whether the identified adjustment factors found by
the inversion procedure are the only combination of adjustment
factors that fit the data, or whether other adjustment factors might
exist which fit the data equally well.

In order to investigate the identifiability of the adjustment
factors for the currents in the base model, we apply a method
based on singular value decomposition [see, e.g., (Liesen and
Mehrmann, 2015; Lyche, 2017)] of the currents. This approach is
described in detail in (Jæger et al., 2019a). In short, the
identifiability of the currents is investigated by collecting the
model currents at time points tn = nDt, for n = 1, …, Nt into a
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matrix A ∈ RNt ,Nc , where Nc is the number of model currents.
Then, the singular value decomposition of the matrix

A = USVT

is computed. Here, the matrices U ∈ RNt ,Nt and V ∈ RNc ,Nc are
unitary matrices, and the matrix S ∈ RNt ,Nc is a diagonal matrix
with singular values si along the diagonal. The columns ui and vi
of U and V, respectively, are the associated singular vectors.

From the properties of the singular value decomposition it
can be shown that perturbations of the adjustment factors along
singular vectors vi associated with large singular values si are
expected to result in significant changes in the AP, whereas
perturbations of the adjustment factors along singular vectors vi
associated with small singular values are, accordingly, expected
to result in small changes in the AP.

In (Jæger et al., 2019a) it was shown that this expected result
seemed to hold in the case of three well-known AP models of
adult ventricular cardiomyocytes. In addition, it was
demonstrated how this analysis could be used to define an
identifiability index for individual model currents. This index
was defined for each current j=1,...,Nc as

k(ej) = jjej − PNej jj2, (35)

where ej ∈ RNc is the vector that is one in element number j and
zero elsewhere. Moreover, PNej ∈ RNc is the projection of ej onto
the unidentifiable space spanned by the singular vectors vi
associated with small singular values (or small perturbation
effects). In other words, if k(ej) is close to zero, almost the
entire current Ij is in the unidentifiable space, and we cannot
be sure that the value of the associated adjustment factors lj or ej
are the only values that fit the data (i.e., result in the same AP).
On the other hand, if k(ej) is close to one, we expect that other
values of lj or ej would not fit the data as well as the currently
assumed values, as perturbations of the adjustment factors would
result in large changes in the AP.

Note that this approach only aims to determine the
identifiability of the adjustment factors for the membrane
currents. The analysis could be extended to include other state
variables than just the membrane potential (e.g., the Ca2+

concentrations). In this case, the identifiability of the remaining
adjustment factors might also be suggested. However, at this stage
primary focus is on identifying drug effects on membrane ion
channels, so we are principally interested in ensuring that the
adjustment factors for the currents are unique.
RESULTS

Below, we demonstrate a few applications of the method outlined
above. First, in the section The Base Model, we define the default
hiPSC-CM and adult parameterizations of the general basemodel
formulation. We also demonstrate that these models exhibit high
gain and graded release of the Ca2+ fluxes. In addition, we
illustrate the identifiability of the model currents using SVD
analysis, as described above. This analysis is used to determine
Frontiers in Pharmacology | www.frontiersin.org 11115
which model currents should be fixed in the applications of the
inversion procedure. Next, in the section Identification of Drug
Effects on hiPSC-CMs Based on Simulated Data, we use the
inversion procedure to identify drug effects for data generated
by simulations. Finally, in the section Identification of Drug Effects
on hiPSC-CMs Based on Optical Measurements, we apply the
inversion procedure to identify drug effects from data obtained
from optical measurements of hiPSC-CMs.

The Base Model
Here, we set up the default adult and hiPSC-CM base model
formulations used in the inversion procedure in the
following sections.

Base Model Approximation of the Grandi Model
The adult base model is fitted to approximate the Grandi et al.
model using the inversion procedure described above. The upper
right panel of Figure 3 shows the AP and Ca2+ transient of the
Grandi et al. (2010) model for healthy adult ventricular
cardiomyocytes and the AP and Ca2+ transient of the adult
version of the base model. In the lower right panels, we compare
a number of major ionic currents in the base model to those in
the Grandi et al. (2010) or the O’Hara et al. (2011) models.

In the inversion, the cost function includes all the terms
specified in Section S3.1 of the Supplementary Information,
except for the regularization terms. For the cost function terms
involving information about currents and fluxes, we have
included INa, ICaL, Ito, IKr, IKs, IK1, INaCa, IpCa, and IbCa, as well
as the fluxes JRyR and JSERCA (see Section S3.1.7 of the
Supplementary Information). All terms measuring the
difference in membrane potential or Ca2+ concentration are
given the weight wj = 1 and the terms measuring differences in
the currents are given the weight wj = 0.5. The initial conditions
for the parameters included in the inversion are specified in
Table S9 of the Supplementary Information.

As mentioned above, we define the default base model as the
adult base model because this model will remain fixed, whereas
the hiPSC-CM models will change depending on experimental
data. The parameter values obtained in the inversion procedure
therefore define the default base model and are specified in
Section S1 of the Supplementary Information.

Default Base Model for hiPSC-CMs
The left panel of Figure 3 shows the solution of the default base
model for hiPSC-CMs fitted to optical measurements of the AP
and Ca2+ transient. In this case, the cost function consists of the
terms HAPD30, HAPD50, HAPD80, HCaD20-HCaD80, Hint30, Hdvdt,
Hdcdt, HCa, HCa,b, HImax

Na
, HImax

CaL
, HImax

Kr
, HImax

Ks
, HImax

K1
, HImax

to
, HImax

f
(see

the Supplementary Information), where the information about
the currents is obtained from the Paci et al. model (Paci et al.,
2013) which is based on patch-clamp recordings of the ionic
currents of hiPSC-CMs from (Ma et al., 2011). The terms
HCaD20-HCaD75 are given the weight 0.5, and HAPD80 and
HCaD80 are given the weight 5. Furthermore, HImax

Na
, HImax

Ks
, HImax

K1
,

HImax
to

, and HImax
f

are given the weight 0.5 and HImax
CaL

and HImax
Kr

are
given the weight 5. The remaining terms are given the weight 1.
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The mapping between hiPSC-CMs and adult cardiomyocytes
returned by the inversion procedure are reported in Table 1.
Note that these factors represent the default hiPSC-CM base
model to be used as a starting point for the inversion of the
remaining control data sets. In other words, the specific
adjustment factors between the hiPSC-CM and adult models
Frontiers in Pharmacology | www.frontiersin.org 12116
will differ for each new data set. Note also that in our applications
of the inversion procedure, we consider data from stimulated
hiPSC-CMs, and therefore, the hiPSC-CMs are not required to
be spontaneously beating. The default hiPSC-CM version of the
base model in Figure 3 is not spontaneously beating, and
whether the model fitted to a specific data set is spontaneously
beating or not will depend on the fitted parameter values. In
Figure S4 in the Supplementary material, we report how some of
the AP and Ca2+ transient features depend on the pacing
frequency for the default hiPSC-CM and adult base models
and compare the results to those of the Grandi et al. (2010),
O’Hara et al. (2011), Paci et al. (2013), and Kernik et al. (2019)
models for adult and hiPSC-derived cardiomyocytes.

High Gain and Graded Release of the Base Model
As mentioned above, the base model formulation of Ca2+ release
is designed to exhibit both high gain and graded release. This has
proved impossible to achieve using common pool models [see,
e.g., (Rice et al., 1999; Dupont et al., 2016)], as discussed in more
detail in the Supplementary Information. The Ca2+ release
TABLE 1 | Values defining the maturation map between the default hiPSC-CM
and adult base models illustrated in Figure 3.

lNa 2.00 lNaK -0.16 lcsl –0.14
lNaL -0.08 lCaL -0.53 lsn –0.10
lKr -0.54 lbCa 3.90 lcd –0.61
lKs 0.68 lpCa -0.85 lcB –0.56
lK1 2.23 lNaCa -0.69 ldB –0.72

lto 8.45 lRyR -0.20 lslB –0.60

lf -0.99 lSERCA -0.53 lsB –0.58
lbCl 42.43 lc -0.33
The adult parameters, pA, are related to the hiPSC-CM parameters, phiPSC, by the relation
pA = (1+l)phiPSC. See the sections Modeling the Membrane Currents, Modeling Intra-
cellular Ca2+ Dynamics and Section S2.1 in the Supplementary Information for more
detailed definitions of each of the l-values.
FIGURE 3 | AP, cytosolic Ca2+ transient and major ionic currents in the hiPSC-CM and adult versions of the base model. In the left panel, the base model is
adjusted to fit data obtained from optical measurements of the AP and Ca2+ transient of hiPSC-CMs. In the right panel, the base model is adjusted to approximate
the Grandi et al. (2010) model of adult cardiomyocytes.
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model we have designed differs from the classical common pool
models in two ways: first, release of Ca2+ from the SR is not
directed into the dyad (d), but rather directly to the
subsarcolemmal (SL) space (see Figure 2), and, second; the
release mechanism is formulated in terms of both an
availability rate and open probability for the RyRs [see (16)].

In Figure 4, we show that this model exhibits high gain and
graded release both when the hiPSC-CM and adult parameters
are applied. In the figure, we report the peak of the JCaL and JRyR
fluxes as well as the integrated fluxes for simulations in which the
membrane potential is fixed at specific values. The remaining
state variables of the model start at the default initial conditions
corresponding to the default resting membrane potential of the
model, and the simulations record the JCaL and JRyR fluxes
resulting from the clamped membrane potential.

We observe that for most values of v, the JRyR flux is
considerably larger than the JCaL flux, indicating high gain.
Furthermore, a small JCaL flux seems to be associated with a
small JRyR flux, whereas a large JCaL flux is associated with a large
JRyR flux, indicating graded release.

Identifiability of the Currents in the hiPSC-CM
Base Model
In order to investigate the identifiability of the individual model
currents, we apply the singular value decomposition analysis
from (Jæger et al., 2019a) described in the section Identifiability
of the Base Model Based on Singular Value Decomposition
of Currents.
Frontiers in Pharmacology | www.frontiersin.org 13117
In Figure 5, titles above each plot indicate the value of each of
the singular values of the current matrix, A. The upper plots
below the singular values show the singular vectors
corresponding to each of the singular values. Here, each letter
corresponds to a single current specified in the table on the right-
hand side. The below left plots show the values of the cost
function (31) evaluated using the default base model for hiPSC-
CMs as data and a perturbed model as the model solution. In the
perturbed model, the maximum conductances are perturbed
with l-values [see (5)] equal to w ∙vi, where vi is the considered
singular vector and w is varied between zero and one. The cost
function includes the terms HAPD30, HAPD50, HAPD80, and HInt30

with weight 1 for all terms except HAPD80, which is given the
weight 5 (see the Supplementary Information for definitions).
The maximum values of H are given in the top of the plots. The
right plots show the solutions resulting from the perturbations
for a few selections of w.

In (Jæger et al., 2019a) it was shown that perturbations of the
maximum conductances along singular vectors corresponding to
large singular values generally resulted in large perturbation
effects, whereas perturbations along singular vectors
corresponding to small singular values generally resulted in
small perturbation effects for the Ten Tusscher and Panfilov,
(2006), the Grandi et al. (2010) and the O’Hara et al. (2011) AP
models. Figure 5 shows correspondence to this result for the
hiPSC-CM base model; the main discrepancy is observed for s2,
which corresponds to a singular vector consisting almost
exclusively of the fast sodium current, INa. The perturbation
FIGURE 4 | Graded release for the hiPSC-CM (left) and adult (right) versions of the base model. In the upper panel, we report the peak of the JCaL and JRyR fluxes
for simulations in which the membrane potential is fixed at specific values between −50 mV and 80 mV. In the lower panel, we show the fluxes integrated with
respect to time from t = 0 ms to t = 100 ms. After 100 ms, both JCaL and JRyR have roughly returned to their resting levels.
February 2020 | Volume 10 | Article 1648

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Jaeger et al. Computational Identification of Drug Response From hiPSC-CMs
effects may be very small for this singular value because the
upstroke velocity, physiologically governed by INa, is not
included in the cost function [cf. (Jæger et al., 2019a)].

In order to quantify the identifiability of the individual
currents, we compute the identifiability index, k, defined in
(35). The unidentifiable space is defined as the space spanned
by the singular vectors vi whose maximum value of H(w·vi) for
0≤w≤1 is smaller than 0.05. The computed values of the
identifiability index for each of the model currents are given in
Frontiers in Pharmacology | www.frontiersin.org 14118
the orange box on the right-hand side of Figure 5. A value of k
close to 1 indicates a high degree of identifiability, while a value
of k close to 0 indicates an unidentifiable current.

From the indices in Figure 5, we see that ICaL, IKr, and INaCa
are highly identifiable, but that the currents INaL, INa, IbCa, IKs,
and IbCl has an identifiability index below 0.5. As a consequence,
we fix the conductance of INa, IbCa, IKs, and IbCl in the
applications of the inversion procedure presented below. In
addition, we are aware that the INaL current might be hard to
FIGURE 5 | SVD analysis of the currents in the default base model for hiPSC-CMs. The titles above each plot give the singular values of the current matrix A, and
the upper plots show the corresponding singular vectors. The below plots show how a perturbation of the currents corresponding to the singular vector affects the
computed AP for a few examples (right) and measured by a cost function (left). The identifiability index (35) of each current is given in the orange panel.
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identify, and that estimated drug effects for this current are
associated with a level of uncertainty [see also (Poulet
et al., 2015)].

Identification of Drug Effects on
hiPSC-CMs Based on Simulated Data
Our first application of the inversion procedure is to identify
drug effects as based on simulated data. To generate these data,
we set lCaL = lNaL = lKr = 0.1 in the default hiPSC-CM base
model. In addition, we apply a set of e-values to represent five
specific drugs—Nifedipine, Lidocaine, Cisapride, Flecainide, and
Verapamil. We assume that Nifedipine is a pure ICaL-blocker
with an IC50 value of 10 nM, that Lidocaine is a pure INaL-
blocker with an IC50 value of 10 mM, and that Cisapride is a pure
IKr-blocker with an IC50 value of 10 nM. Furthermore,
Flecainide is assumed to block a combination of all three
currents with IC50 values of 25 mM, 20 mM and 10 mM for
ICaL, INaL, and IKr, respectively. Verapamil is assumed to block
Frontiers in Pharmacology | www.frontiersin.org 15119
ICaL with an IC50 value of 200 nM and IKr with an IC50 value of
500 nM. Both when the data is generated and in the inversion
procedure, we record the sixth generated AP following each
parameter change.

Figure 6 shows the result of the inversion procedure using the
l-values lCaL, lNaL, and lKr and the e-values eCaL, eNaL, and eKr
as free parameters in the inversion procedure. The left panel
shows the e-values used to generate the data (yellow) and the
corresponding e-values returned by the inversion procedure
(pink). The center and right panels show the AP and Ca2+

transient, respectively, for the control case and for each of the
drug doses included in the data sets. The solid lines show the
simulated data and the dotted lines show the solutions generated
by the model using the l- and e-values returned by the inversion
procedure. Note that to clearly see differences in theCa2+ transient
amplitude, the Ca2+ transients are adjusted so that the Ca2+

transient amplitude is preserved, but the minimum Ca2+

concentration is set to zero. We observe that the inversion
FIGURE 6 | Identification of drug effects for five drugs based on simulated data. The l-values lCaL, lNaL, and lKr and the e-values eCaL, eNaL, and eKr are allowed to
vary in the inversion. The left panel shows the e-values used to generate the simulated drug data (yellow) and the corresponding e-values estimated by the inversion
procedure (pink). The center and right panels show the AP and Ca2+ transients, respectively, for each of the drug doses included in the data sets. Solid lines
represent the simulated data and dotted lines show the fitted model solutions returned by the inversion procedure. Note that to clearly see changes in the Ca2+

transient amplitude, the Ca2+ transients are adjusted so that the Ca2+ transient amplitude is preserved, but the minimum value is set to zero in all cases.
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procedure is able to identify the correct e-values accurately,
excepting the e-value for Lidocaine, which is predicted to be
considerably lower than the value used to generate the data.

Identification of Drug Effects on hiPSC-
CMs Based on Optical Measurements
Below, we present use of the inversion procedure to identify drug
effects on hiPSC-CMs from optical measurements of the AP and
Ca2+ transient.

Nifedipine
Figure 7 shows the result of the inversion procedure applied to
data from optical measurements of hiPSC-CMs exposed to the
drug Nifedipine. The data includes the control case with no drug
present and four different drug doses (3 nM, 30 nM, 300 nM, and
3,000 nM). The left panel of Figure 7A shows the membrane
potential and Ca2+ traces obtained from optical measurements,
Frontiers in Pharmacology | www.frontiersin.org 16120
and the center panel shows the corresponding solutions of the
hiPSC-CM version of the base model fitted to the optical
measurements. Note that the values of the data are mapped so
that the maximum and minimum values of the membrane
potential and Ca2+ concentration match those of the fitted
hiPSC-CM model. Panel C of Figure 7 compares the
experimentally measured data and the fitted model for each of
the doses. We observe that the model seems to fit the data quite
well for most of the doses, but that the Ca2+ transient appears to
last a bit longer in the model than in the data for the highest
considered drug doses.

The dose-dependent effect of the drug on the ICaL, INaL, and
IKr currents are modeled using IC50 values (see Section IC50
Modeling of Drug Effects). The values of ei = 1

IC50i
for i = CaL,

NaL, and Kr are given in Figure 7B. A large value of ei
corresponds to a large drug effect on the current i, and a small
value of ei corresponds to a small drug effect on the current i.
FIGURE 7 | Identification and mapping of drug effects for the drug Nifedipine based on optical measurements of the AP and Ca2+ transient of hiPSC-CMs. (A) AP
and Ca2+ transient in the control case and for four drug doses for the data (left) and the fitted hiPSC-CM model (center). The predicted drug effects for adult
cardiomyocytes are given in the right panel (note that the scaling of the axes is adjusted for the adult case). Note also that, to clearly see differences in the Ca2+

transient amplitude, the displayed Ca2+ concentrations are adjusted so that the Ca2+ transient amplitude is preserved, but the resting concentration is set to zero in
each case. (B) Drug effect on ICaL, INaL and IKr in the form of e-values estimated by the inversion procedure. (C) Comparison between the measured membrane
potential and Ca2+ traces and the fitted model solutions for each of the doses in the data set.
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From Figure 7B, we observe that the inversion procedure
predicts that Nifedipine primarily blocks ICaL.

The IC50 values corresponding to the estimated e-values for
ICaL, INaL and IKr are given and compared to literature values in
Table 2 for all the five considered drugs of this section (see the
Discussion section for a discussion of these results).

Lidocaine
Figure 8 shows similar results for inversion of measurements of
hiPSC-CMs exposed to the drug Lidocaine. In panel A, we
observe that the AP duration is reduced by the drug, and in
panel B, we observe that the inversion procedure predicts that the
drug primarily blocks the INaL current.

Cisapride
Figure 9 shows the result of the inversion procedure applied to a
data set for hiPSC-CMs exposed to the drug Cisapride. In panel
A, we observe that the drug increases the AP duration. In panel
B, we observe that the inversion procedure predicts that
Cisapride primarily blocks the IKr current.

Flecainide
Figure 10 shows the result for the inversion procedure applied to
optical measurements of hiPSC-CMs exposed to the drug
Flecainide. In panel A, we observe that the drug causes increased
AP duration. In panel C, we observe that the fitted model fits the
data quite well, excepting that the AP duration at high percentages
of repolarization is longer for the data than for the model for the
highest considered dose. In addition, the shape of theCa2+ transient
for the lowdoses is not entirely captured in themodel. InpanelB,we
observe that the inversion procedure estimates that the drug
primarily blocks IKr and, to some degree, ICaL.

Verapamil
Figure 11 shows the result of the inversion procedure applied to
measurements of hiPSC-CMs exposed to the drug Verapamil. In
panel A, we observe that the drug leads to decreased AP duration.
Frontiers in Pharmacology | www.frontiersin.org 17121
Panel B shows that the inversion procedure predicts that
Verapamil primarily blocks ICaL and, to some extent, IKr.

Mapping of Drug Effects From hiPSC-CMs
to Adult Cells
The rightmost plots of panel A of Figures 7–11 show the
predicted drug effects for adult cells for each of the drugs
considered. More specifically, the plots show the solution of
the adult base model exposed to each drug’s effect (e-values) as
estimated by the inversion procedure for each of the drug doses
included in the data set. To review, this represents the predicted
drug response for an adult AP and Ca2+ transient exposed to
each of the drugs, based on the optical measurements of the AP
and Ca2+ transient as obtained in a microphysiological system of
hiPSC-CMs. The predictions are made by first using the
inversion procedure to estimate the effect of the drug on the
ICaL, INaL, and IKr currents in the hiPSC-CM case and then
mapping the corresponding drug effects to an adult cell using the
determined maturation map based on the assumptions of
differences in the channel densities and geometry between
hiPSC-CMs and adult cardiomyocytes (see theMethods section).
DISCUSSION

Here, we have presented an improved version of the methods
presented in (Tveito et al., 2018) for estimating drug effects for
adult human cardiomyocytes based on optical measurements of
the AP and Ca2+ transient of hiPSC-CMs in a microphysiological
system. First, we introduce a new base model formulation for
representing both adult cells and hiPSC-CMs via different
parameter sets. A model for intracellular Ca2+ dynamics is
updated to a formulation constructed for stability with respect
to parameter changes. In addition, we use IC50-based modeling
of dose-dependent drug effects and find optimal parameters by
running a coupled inversion of both the control data and the
drug data for several different doses. The cost function measuring
TABLE 2 | Comparison between the IC50 values obtained from the inversion procedure and values found in literature.

Nifedipine Lidocaine Cisapride Flecainide Verapamil

CaL Inversion 38 nM 3400 mM 775 nM 9 mM 495 nM
Literature 12 nM (Kramer et al., 2013) 11 800 nM (Kramer et al.,

2013)
26 mM (Crumb et al.,

2016)
202 nM (Crumb et al.,

2016)
60 nM (Di Stilo et al., 1998) 27 mM (Kramer et al.,

2013)
200 nM (Kramer et al.,

2013)
100 nM (Mirams
et al., 2011)

NaL Inversion 23 600 nM 4.3 mM 120 nM 47 mM 23 000 nM
Literature 11 mM (Crumb et al.,

2016)
19 mM (Crumb et al.,

2016)

Kr Inversion 40 200 nM 50 000 mM 13 nM 1.9 mM 2150 nM
Literature 440 000 nM (Kramer et al., 2013) 12 nM (Crumb et al.,

2016)
0.7 mM (Crumb et al.,

2016)
499 nM (Crumb et al.,

2016)
275 000 nM (Zhabyeyev et al.,

2013)
20 nM (Kramer et al.,

2013)
1.5 mM (Kramer et al.,

2013)
250 nM (Kramer et al.,

2013)
6.5 nM (Mohammad et al.,

1997)
143 nM (Zhang et al.,

1999)
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the difference between the data and the model has also been
redefined, and we now apply a continuation-based minimization
method to minimize the cost function.
Summary of Method Performance and
Main Results: Identification of Drug Effects
Based on Simulated Data and Optical
Measurements of hiPSC-CMs
Figure 6 shows the result of the inversion procedure applied to
simulated data. As noted above, we observe that the inversion
procedure is able to identify the correct e-values accurately,
excepting the e-value for Lidocaine, which is predicted to be
considerably lower than the value used to generate the data. This
suggests that it might be difficult to obtain correct values of eNaL,
as also supported by the low identifiability index for INaL

reported in Figure 5. In addition, we observe that the
inversion procedure predicts some block of INaL for the drug
Cisapride, even though only IKr was blocked when the data
was generated.
Frontiers in Pharmacology | www.frontiersin.org 18122
We additionally presented the use of the inversion procedure
to identify drug effects on hiPSC-CMs from optical
measurements of the AP and Ca2+ transients.

Panel C of Figure 7 compares the experimentally measured
data and the fitted model for each of the doses of Nifedipine
applied to the microphysiological system. The model fits both the
membrane potential and the Ca2+ data well for most doses
applied, although the Ca2+ transient duration is longer in the
model than in the data for the highest drug doses considered.
Furthermore, in panel B, we observe that the inversion procedure
predicts that Nifedipine primarily blocks ICaL. In Table 2, we
observe that the IC50 value for ICaL is estimated to be 38 nM, in
agreement with values found in literature (12 nM–60 nM (Di
Stilo et al., 1998; Kramer et al., 2013)]. The IC50 value for INaL
and IKr are estimated to be 23 600 nM and 40 200 nM,
respectively—considerably larger than the doses considered in
the data set. We have not found an IC50 value for INaL for
comparison in literature, but the IC50 values found for IKr
support the claim that the IC50 value is much larger than the
drug doses included in the data set, although the literature
FIGURE 8 | Identification and mapping of drug effects for the drug Lidocaine based on optical measurements of the AP and Ca2+ transient of hiPSC-CMs following
the same structure as Figure 7.
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values [275,000–440,000 nM (Zhabyeyev et al., 2000; Kramer
et al., 2013)] are higher than the value predicted by the
inversion procedure.

Figure 8 shows similar results for inversion of measurements
of hiPSC-CMs exposed to the drug Lidocaine. The AP duration is
reduced by the drug and the inversion procedure predicts that
the drug primarily blocks the INaL current. The IC50 value
estimate for INaL is 4.3 mM (see Table 2), in rough agreement
with values found in literature [11 mM (Crumb et al., 2016)]. We
observe that the model fits the data quite well, but that the AP
duration for the drug dose of 10 mM is longer in the model than
in the data.

Figure 9 shows the result of the inversion procedure applied
to a data set for hiPSC-CMs exposed to the drug Cisapride.
Considering the leftmost and center panels of Figure 9A, we
observe that the prolongation of the AP duration is much more
prominent in the data as compared to the fitted hiPSC-CM
model for a drug dose of 1 nM. This is also confirmed in Figure
9C, where we observe that the model does not fit the membrane
potential data for the control case and the 1 nM dose case well.
Frontiers in Pharmacology | www.frontiersin.org 19123
The fit for the largest dose, however, is quite good. In Figure 9B,
we observe that the inversion procedure predicts that Cisapride
primarily blocks IKr. In Table 2, we observe that the IC50 value
for IKr is estimated to be 13 nM, in good agreement with values
found in literature [6.5 nM–20 nM (Mohammad et al., 1997;
Kramer et al., 2013; Crumb et al., 2016)].

Figure 10 shows the result for the method as applied to
measurements of hiPSC-CMs exposed to the drug Flecainide,
know to prolong the AP duration. In Table 2, we observe that the
IC50 value for IKr predicted by the inversion procedure (1.9 mM)
is in quite good agreement with literature values [0.7–1.5 mM
(Kramer et al., 2013; Crumb et al., 2016)], but that the predicted
IC50 value for ICaL (9 mM) is too low compared to the reported
literature values [26–27 mM (Kramer et al., 2013; Crumb et al.,
2016)]. In addition, the estimated IC50 value for INaL (47 mM) is
larger than the literature value of 19 mM (Crumb et al., 2016).

In Figure 11, the method is applied to measurements of
hiPSC-CMs exposed to Verapamil. In panel A, the effect on the
AP duration for the smallest dose (100 nM) appears to be more
prominent in the data than in the fitted model. This is confirmed
FIGURE 9 | Identification and mapping of drug effects for the drug Cisapride based on optical measurements of the AP and Ca2+ transient of hiPSC-CMs following
the same structure as Figure 7.
February 2020 | Volume 10 | Article 1648

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Jaeger et al. Computational Identification of Drug Response From hiPSC-CMs
in panel C, where we observe that the fitted model seems to fit the
Ca2+ data considerably better than the membrane potential data.
In particular, the AP duration is too short in the control case and
too long for the smallest dose of 100 nM. Panel B shows that the
inversion procedure predicts that Verapamil primarily blocks
ICaL and to some extent IKr. The predicted IC50 values from
Table 2 (495 nM for ICaL and 2150 nM for IKr) are both higher
than the corresponding values from literature [100–202 nM for
ICaL (Mirams et al., 2011; Kramer et al., 2013; Crumb et al.,
2016)] and 143–499 nM for IKr (Zhang et al., 1999; Kramer et al.,
2013; Crumb et al., 2016)].

The rightmost plots of panel A of Figures 7–11 show the
predicted drug effects for adult cells for each of the drugs
considered. We observe that for some drugs (e.g., Nifedipine
and Lidocaine), the drug effects for adult cells are predicted to
be approximately as severe as for the hiPSC-CMs. For other
drugs, on the other hand, (e.g., Flecainide), the drug effect is
predicted to be less severe for the adult cells than for hiPSC-
CMs, highlighting the critical importance of maturation
Frontiers in Pharmacology | www.frontiersin.org 20124
phenotype in predictive biophysical models of hiPSC-CMs in
pharmacological studies.

Note on Ongoing Complementary Studies
Other recent work has made strong progress in terms of enabling
biophysical modeling approaches to assimilate and otherwise
make best use of tailored experimental measurements of hiPSC-
CMs. For example, in (Gong and Sobie, 2018), the authors
address the need to bridge the gap between the effect of drugs
on human adult ventricular cardiomyocytes and the effect on
animal or hiPSC experimental models often used in drug
screening. This work also successfully generated accurate
predictions of the effect of ion channel blocking drugs on
human adult ventricular cardiomyocytes as based on
simulations of hiPSC-CMs via a regression strategy.

Additional recent studies have advanced specific models and
methodological approaches for hiPSC-CMs which incorporate
experimental variability from multiple data sources [see, e.g.,
(Kernik et al., 2019)] with the goal of identifying phenotypic
FIGURE 10 | Identification and mapping of drug effects for the drug Flecainide based on optical measurements of the AP and Ca2+ transient of hiPSC-CMs
following the same structure as Figure 7.
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mechanisms and identify key parameter sensitivity. The authors
introduce a computational whole-cell electrophysiological model
of hiPSC-CMs, composed of single exponential voltage-
dependent gating variable rate constants, which are then
parameterized to fit experimental measurements of hiPSC-CMs
from multiple laboratories (and thus incorporate variability in
the single-cell measurements of ionic currents observed
experimentally). The authors compare hiPSC-CM and adult
cell models to elucidate the primary properties underpinning
the phenotype, a mechanistically central goal that was not an aim
of our present study.

Limitations and Notes on Future Work
The model for the intracellular Ca2+ dynamics in the base model
exhibits both high gain and graded release for the hiPSC-CM and
adult parameter sets (see Figure 4). However, the assumptions
underlying the release model are introduced to obtain a stable
model, and not necessarily to represent the underlying
physiological mechanisms accurately. Future work necessitates
Frontiers in Pharmacology | www.frontiersin.org 21125
assessment of the Ca2+ machinery in the base model and
potential redevelopment to more accurately represent
physiological Ca2+ release from the SR, as relevant.

In addition, the intracellular Na+ and K+ concentrations are
assumed to be constants in the base model formulation. This was
done in order to avoid problems with drift of the concentrations
following from parameter changes [see, e.g., (Hund et al., 2001;
Wilders, 2007; Tveito et al., 2018)]. Moreover, freezing the
intracellular Na+ and K+ concentrations during an action
potential had very limited effects of the computed membrane
potential and cytosolic Ca2+ concentration. However, in some
cases, drugs are believed to lead to significant changes in, e.g., the
intracellular Na+ concentration, which could affect the AP shape
[see, e.g., (Brill and AndrewWasserstrom, 1986; Faber and Rudy,
2000)]. Freezing the Na+ and K+ concentrations could therefore
potentially make the base model less suitable for detecting such
drug effects.

Note also that the terms included in the cost function (31)
applied in the inversion procedure may in future work be adapted
FIGURE 11 | Identification and mapping of drug effects for the drug Verapamil based on optical measurements of the AP and Ca2+ transient of hiPSC-CMs,
following the same structure as Figure 7.
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as required by the specific application under consideration. For
example, the cost function could be extended to include
information about the frequency dependence of important
action potential and Ca2+ transient features (see Figure S4 in
the Supplementary Information) or to include information
about the spontaneous activity of the hiPSC-CMs used in
the experiments.

In the construction of the maturation map, we currently
assume that the function of a single channel is the same for
different levels of maturity and that only the geometry of the cell
and the number of channels change with maturation. It is,
however, perhaps possible for the function of some channels to
change during maturation as well. If the conductance of a
channel changes during maturation, the same adjustment
factors as we have considered may still be applied, but if the
dynamics governing the open probability of the channel change,
additional adjustment factors would have to be included in the
models for the channel open probability.

In addition, we have only looked at a single dose escalation
study for each of the drugs investigated, as well as only tested the
method on tissues derived from a single stem cell line. Future
work will assess the variability of the inversion methodology in
combination with noisy and incomplete experimental data
obtained through these systems across a range of biological
maturation approaches and starting stem cell lines.

Furthermore, we have only considered data of the drug
response for hiPSC-CMs in microphysiological systems, and
we have not been able to obtain corresponding data for adult
human cardiomyocytes. Drug response data for isolated healthy
adult human cardiomyocytes are generally very limited for both
technical and ethical reasons (Rodriguez et al., 2015; Sala et al.,
2017). We have therefore not been able to validate the predicted
adult drug effects against experimental data.

Further validation of the methodology will primarily be based
on further analysis of optical data. Hopefully, we will be able to
perform analysis of many drugs and also include blind testing for
drugs with well-known properties. When more data from patch-
clamp measurements become available, that will also be very
useful for improvements and validation of our methods.

In future work, we will seek to find ways to estimate the
sodium current which is not possible to estimate today because
of low time resolution in the optical data. Furthermore, we will
combine the base model with the bidomain model [see e.g.,
Frontiers in Pharmacology | www.frontiersin.org 22126
(Franzone et al., 2014)] to study extracellular waveforms in
the chips, and also the more detailed EMI model [see e.g.,
(Tveito et al., 2017; Jæger et al., 2019b)] where individual cells
can be represented. Hopefully, the spatially resolved models
can provide improved accuracy of the inversion process as
well as test important considerations such as the effect of
tissue composition.
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Calcium ions (Ca2+) play a major role in the cardiac excitation-contraction coupling.
Intracellular Ca2+ concentration increases during systole and falls in diastole thereby
determining cardiac contraction and relaxation. Normal cardiac function also requires
perfect organization of the ion currents at the cellular level to drive action potentials and to
maintain action potential propagation and electrical homogeneity at the tissue level. Any
imbalance in Ca2+ homeostasis of a cardiac myocyte can lead to electrical disturbances.
This review aims to discuss cardiac physiology and pathophysiology from the elementary
membrane processes that can cause the electrical instability of the ventricular myocytes
through intracellular Ca2+ handling maladies to inherited and acquired arrhythmias. Finally,
the paper will discuss the current therapeutic approaches targeting cardiac arrhythmias.

Keywords: calcium signalling, cardiac arrhythmias, catecholaminergic polymorphic ventricular tachycardia, long
QT syndrome, atrial fibrillation, reentry, early afterdepolarization, delayed afterdepolarization
INTRODUCTION

Excitation-contraction coupling (E-C coupling) of the cardiac myocytes is a well studied
phenomenon. We know that the calcium ion (Ca2+) plays a major role in controlling
contraction and force, a feature that was originally described by Sidney Ringer more than a
century ago (Ringer, 1883). Since this discovery, it has become clear that changes in
intracellular Ca2+ concentration ([Ca2+]i) have a significant role in virtually all parts of the
human body. Of particular importance is the fact, that within cardiac myocytes, [Ca2+]i changes
must be tightly regulated, so that the heart can beat rhythmically. This means that during the
cardiac systole, [Ca2+]i has to increase to certain levels to make contraction occur and must fall
Abbreviations: AF, atrial fibrillation; AP, action potential; APD, action potential duration; AV, atrioventricular; BrS, Brugada
syndrome; CaM, calmodulin; CaMKII, Ca2+/calmodulin-dependent protein kinase II; CICR, Ca2+-induced Ca2+ release;
CPVT, catecholaminergic polymorphic ventricular tachycardia; CSQ2, calsequestrin 2; DAD, delayed afterdepolarization;
EAD, early afterdepolarization; EC, excitation-contraction coupling; ERS, early repolarization syndrome; HF, heart failure;
ICD, implantable cardiac defibrillator; IVF, idiopathic ventricular fibrillation; LQTS, long QT syndrome; NCX, sodium-
calcium exchange; NFAT, nuclear factor of activated T-cells; PKA, protein kinase A; PLN, phospholamban; PMCA, plasma
membrane Ca2+-ATPase; PVC, premature ventricular contraction; RSV, relative short term beat-to-beat variability of action
potential duration; RyR, ryanodine receptor; SA, sinoatrial; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; SOCE, store
overload-induced Ca2+ entry; SOICR, store overload-induced Ca2+ release; SQTS, short QT syndrome; SR, sarcoplasmic
reticulum; SV, short term beat-to-beat variability of action potential duration; VF, ventricular fibrillation; VT,
ventricular tachycardia.
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in diastole, allowing the muscle to relax and prepare for the
next cardiac cycle. E-C coupling has been reviewed in detail
(Bers, 2002; Eisner et al., 2017), here we consider the
elementary steps and the events that can lead to electrical
disturbances (Figure 1).

The normal cardiac action potential (AP) originates in the
sinoatrial node and propagates through the heart. In the
ventricle the initial depolarization opens voltage-gated
sodium channels leading to further depolarization which, in
turn, opens the L-type Ca2+ channels, causing a large Ca2+-
influx (Figure 1A). Some Ca2+ can also enter via T-type Ca2+

channels and reverse mode Na+/Ca2+ exchange (NCX)
(Kohomoto et al., 1994; Sipido et al., 1997). This Ca2+ entry
triggers a process known as calcium-induced calcium release
(CICR), in which Ca2+ is released from the sarcoplasmic
reticulum (SR) into the cytoplasm via ryanodine receptors
(RyR), allowing Ca2+ to bind to the myofilament protein
troponin C, activating the contractile machinery. Normal
cardiac function also requires relaxation to occur; this
results from a decrease of free cytoplasmic Ca2+ levels.
Several Ca2+ transport pathways are involved in this process,
as Ca2+ reuptake into the SR by the SR Ca2+-ATPase (SERCA),
Ca2+ extrusion by the sarcolemmal NCX and plasma
membrane Ca2+-ATPase (PMCA) (Figure 1B) (Bers, 2000).
This normal cardiac function requires perfect coordination of
the ion currents and intracellular processes, as any imbalance
in Ca2+ homeostasis of a cardiac myocyte can lead to electrical
disturbances (from cellular AP prolongation to complex
arrhythmic storms) (Eisner et al., 2017; Eisner, 2018).

Here we review the role of Ca2+ in generating and
maintaining cardiac arrhythmias from basic arrhythmia
Frontiers in Pharmacology | www.frontiersin.org 2130
mechanisms to recent progresses in pharmacological challenges
and possible future therapies.
CALCIUM IN PATHOPHYSIOLOGY,
ARRHYTHMIA MECHANISMS

Arrhythmiamechanisms havemultiscale dynamics in the heart. The
lower end is the molecular scale, originating from the stochastic
behavior of ion channels, resulting from thermodynamic
fluctuations (Qu and Weiss, 2015). Next is the cellular scale, with
differences in the shape of the APs originating from distant parts of
the myocardium (Figure 2A). Under some diseased conditions,
several mechanisms can lead to electrical disturbances at the cellular
level, including early or delayed afterdepolarizations (EAD or DAD,
respectively) (Figures 3A–D). Whole-cell Ca2+ oscillations,
developing into propagating Ca2+ waves arise when the molecular
and cellular dynamics merge at the tissue and organ level. The lower
and higher scales tend to have a bidirectional information flow. A
good example is when EADs arising during an AP due to abnormal
ion currents and Ca2+ dynamics, can bring an extra amount of Ca2+

into the cell due to L-type Ca2+ channel reopening and potentiate
Ca2+ waves. These multiscale dynamics can lead to life threatening
complex arrhythmias.

Normal cardiac automaticity originates in the sinoatrial (SA)
node. If SA node impulse generation is impaired, atrioventricular
node (AV node) and Purkinje fibers can show automatic activity.
These secondary pacemakers are also called latent or subsidiary
pacemakers (Antzelevitch and Burashnikov, 2011). SA node
pacemaker activity depends on interactions of membrane
potential and [Ca2+]i. This “coupled-clock” pacemaker system
FIGURE 1 | Schematic diagram of the cardiac excitation-contraction coupling. (A) Structures involved in Ca2+ transport in cardiac mycocytes. Red trace shows a
typical systolic Ca2+ transient. Briefly, during the Ca2+-induced Ca2+ release process, Ca2+ entering the cell via L-type Ca2+ channels releases a larger amount of
Ca2+ from the sarcoplasmic reticulum to activate the contractile machinery. Ca2+ extrusion requires NCX, PMCA, and SERCA. (B) Detailed section of the dyad
showing the major proteins involved in Ca2+ cycling. Reproduced from Eisner et al. used with permission (Eisner et al., 2017). b-AR, b adrenoceptor; NCX, Na+-Ca2+

exchange; PMCA, plasma membrane Ca2+-ATPase; RyR, ryanodine receptor; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; CSQ, calsequestrin; PLN,
phospholamban.
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is produced by membrane proteins, driving the AP and the
intracellular Ca2+ cycling molecules (Figure 4) (Maltsev et al.,
2006; Lakatta, 2010; Joung et al., 2011).

The “membrane clock” implies sarcolemmal proteins,
continuously driving the membrane potential to more positive or
more negative values. The most important and well-known
participant is the hyperpolarization-activated funny current (If),
working mainly during early diastolic depolarization. The
consequent depolarization opens Ca2+ channels (ICa,T and ICa,L) and
the pacemaker (slow type) action potential occurs. As in the case of the
working myocardium, K+ currents repolarize the membrane. In the
last two decades it has become clear that spontaneousCa2+ release in a
cardiac cell is not always pathological. In the “calcium clock”
mechanism, spontaneous SR Ca2+ release events, the Ca2+ sparks
activate INCX and cause late diastolic membrane depolarization.
Coupled clock pacemaker system comprises functional interactions
between themembrane and calcium clock (Figure 4) (Vinogradova et
al., 2006; Lakatta and DiFrancesco, 2009; Lakatta et al., 2010).

For physiological contraction and relaxation, not only
pacemaker automaticity, but also the impulse conduction
system needs to work properly. Spontaneous depolarization
from the SA node propagates and depolarizes the distant parts
of the cardiac muscle (Figure 2B), via the SA node, AV node,
Bundle of His, Bundle branches, and Purkinje fibers pathway.
FIGURE 2 | Cellular physiological electrical activities. (A) Transmural
heterogeneity in the cardiac ventricular action potential, showing (from left to
right) recordings from: subendocardium, midmyocardium, and
subepicardium. Note the spike-and-dome action potential configuration in the
subepicardium. ENDO, subendocardial mycocyte; MID, midmyocardial “M”

myocyte; EPI, subepicardial myocyte. (B) Series of typical subepicardial
ventricular action potentials at normal pacing activity.
FIGURE 3 | Cellular pathophysiological electrical activities. (A) Phase 2 early afterdepolarization (EAD), (B) Phase 3 EAD, (C) Late-phase 3 EAD, (D) Delayed
afterdepolarization (DAD) manifesting triggered activity. Ca2+ has an important role in generating afterdepolarizations. Underlying mechanisms are described in the
relevant sections. (E) Automaticity (spontaneous membrane potential oscillations) occurs if the membrane potential of the cells shift to more positive values causing
abnormal activity. (F) Cardiac voltage alternans, manifesting a long-short-long-short pattern. (G) Short term beat-to-beat variability of the action potential duration.
(a), (b), and (c) show different time points after interventions that increase action potential duration and beat-to-beat variability leading to EAD generation. Right panel
of (G) shows action potential duration at 90% of the repolarization (APD90) as a function of time.
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Cardiac arrhythmia mechanisms can be divided into two
main categories: abnormal impulse formation and abnormal
impulse conduction. In general, these arrhythmic events occur
when the electrical activity of the heart is slower or faster than
normal and/or becomes irregular.

Abnormal Impulse Generation
Focal activity (enhanced or abnormal impulse generation) is an
important arrhythmogenic mechanism and consists of abnormal
automaticity and triggered activity.

Automaticity
In the normal human heart, the SA node generates the propagating
APs anddetermine the heart rate. In the case of parasystole, when the
primary pacemaker is bordered by ischemic, infarcted regions the
impulse cannot leave the SA node. Under these conditions,
parasystolic pacemakers can take over pacemaker activity and fire
APs at a lower rate compared to that of the SA node (Gussak et al.,
2003). The AV node produces a junctional rhythm of 40 to 60 bpm
and Purkinje fibers of about 20 to 40 bpm (Tse, 2016). In diseased
hearts (e.g. heart failure, HF)membrane potential of pacemaker cells
can shift to more positive values and this depolarization causes
abnormal automaticity. Enhanced activity (i.e. tachycardia) increases
rate of AP discharge by three mechanisms: threshold potential shifts
Frontiers in Pharmacology | www.frontiersin.org 4132
to more negative, maximum diastolic potential shifts to more
positive, and the rate of phase 4 depolarization increases
(Figure 3E) (Jalife et al., 2009).

Early Afterdepolarization
Aside from the abnormal automaticity, the most common causes
of focal activity are the early and delayed afterdepolarizations
(EAD and DAD, respectively). EADs occur before the terminal
repolarization (phase 2 and phase 3 repolarization) of the AP,
while DADs occur after the repolarization when membrane
potential reaches the resting levels (Figure 5).

EADs usually occurwhen repolarization reserve is compromised,
i.e. reduced outward currents (IK1, IKr, IKs) and/or increased inward
currents (INa, window ICa,L, INCX) (Damiano andRosen, 1984; Sipido
et al., 2007; Benitah et al., 2010; Horvath et al., 2015; Karagueuzian et
al., 2017), that is, there is a change in the net membrane current
during the plateau (Figure 5A). Inmost of the cases these conditions
cause prolongation of the AP, allowing ICa,L to recover from
inactivation (Chiamvimonvat et al., 2017) and as a positive
feedback loop, triggering an AP (January and Riddle, 1989)
(Figure 3A). Alternatively, at membrane potentials negative to the
activation threshold for ICa,L, spontaneous Ca

2+ release from the SR
can activate INCX, driving a depolarizing current by reactivating INa
(Figure 3B) (Szabo et al., 1994). In addition, although EADs usually
FIGURE 4 | The origin of the heartbeat: coupled-clock pacemaker system in the sinoatrial cells. The pacemaker activity of the SA node originates from the membrane and
calcium clock mechanisms. The former is composed of the sarcolemmal channel proteins, and the latter results from sarcoplasmic reticulum and sarcoplasmic Ca2+ turnover. At
end of the SA action potential the hyperpolarization-activated If depolarizes the membrane to a level where Ca2+ channels open. In addition, during late diastole, spontaneous SR
Ca2+ releases further depolarize the membrane by activating INCX. Ca

2+ can bind to calmodulin and activate adenylyl cyclase (AC). High constitutive activation of AC leading to
high basal level of cAMP (which is needed for protein kinase A-dependent phosphorylation) in SA node cells has been suggested to contribute to the Ca2+ overload state. PKA-
dependent phosphorylation of phospholamban, ICa,L, and RyR promotes spontaneous Ca2+ release. Blue shows the membrane clock and red shows the calcium clock
mechanism. Solid arrows show the Ca2+-induced Ca2+ release process and spontaneous Ca2+ release events via RyR; dashed arrows show the phosphorylation targets of the
cAMP–PKA pathway. ICa,L, L-type Ca2+ current; ICa,T, T-type Ca2+ current; INCX, Na

+-Ca2+ exchange; If, funny current; Ito, transient outward K+ current; IKs, slow component of
delayed rectifier K+ current; IKr, rapid component of delayed rectifier K+ current; IK1, inward rectifier K+ current; IKur, ultra rapid component of delayed rectifier K+ current; RyR,
ryanodine receptor; SERCA, sarcoplasmic reticulum Ca2+-ATPase; PLN, phospholamban; CaM, calmodulin; AC, adenylyl cyclase; PKA, protein kinase A; CICR, Ca2+-induced
Ca2+ release; SA, sinoatrial.
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occurwhen theAP duration (APD) is prolonged, some data suggests
a novel mechanism, where even shortening of APD can be
responsible for generation of EADs (late-phase 3 EAD)
(Burashnikov and Antzelevitch, 2003). Late-phase 3 EADs occur
particularly under elevated intracellular Ca2+ loading (i.e. large Ca2+

transient) and are considered as a hybrid between EAD and DAD
(Figure 3C). At normal APD and at membrane potentials negative
to the equilibrium of the INCX (and ICl(Ca)), these Ca2+-mediated
currents are weakly inward. However, if APD is abbreviated, they
become strongly inward, allowing an INCX-driven depolarizing
current, when the shorter repolarization allows a stronger (and not
spontaneous) Ca2+ release from the SR (Burashnikov and
Antzelevitch, 2006). The EAD generated under these
circumstances interrupts the final phase of the AP. A key
difference compared to the previously described EADs (and
DADs) is a non-spontaneous Ca2+ release in generating late-phase
3 EADs (Figure 5). Late-phase 3 EAD also has clinical relevance, as
its appearance is immediately following termination of other
tachyarrhythmias, such as atrial flutter and fibrillation or
ventricular tachycardia and fibrillation (Burashnikov and
Antzelevitch, 2006).

The contribution of spontaneous SR Ca2+ release and an inward
INCX to the generation of EADs has been described (Priori and Corr,
1990; Volders et al., 1997), furthermore, Volders et al. elegantly
demonstrated in isoproterenol induced canine ventricular myocytes
Frontiers in Pharmacology | www.frontiersin.org 5133
that earlyCa2+ aftertransients and their aftercontractions precede the
upstroke of the subsequent EAD so that they are a primary event
inducing EADs (Volders et al., 1997). The time course of the EAD
generation is characterized by a conditional phase (in other words,
an initial delay in repolarization, defined by net membrane current)
and the EAD upstroke. In this regard, a significant role of INCX has
been suggested in the initial delay in repolarization, thus in the
conditional phase (Volders et al., 2000).

In previous studies, distinct spatial features of afterdepolarization-
associated Ca2+ transients had been shown; i.e. a heterogenous pattern
indicating focal, spontaneous SR Ca2+ release in DADs and a
homogenous pattern suggesting ICa,L-induced Ca2+ release in EADs
(Miura et al., 1993;Miura et al., 1995;DeFerrari et al., 1995).However,
it must be noted, under certain circumstances (adrenergic stimulation
mediated sudden [Ca2+]i changes), Ca

2+ release during an EAD is not
governed by sarcolemmal Ca2+ influx, so that it is spontaneous, which
resembles as a heterogenous pattern, just like in the case of DADs
(Volders et al., 1997).

In our previous work, EADs were evoked by IKr blockade
(dofetilide), activation of Na+ current (INa,L) (veratridine), and
activation of ICa,L (BAY K8644) at slow pacing rates. Additional
application of the Ca2+ chelator BAPTA-AM decreased [Ca2+]i as
expected, but either reduced EAD frequency in the presence of
dofetilide and veratridine or further increased EAD frequency in
the presence of BAY K8644 (direct augmentation of the ICa,L
FIGURE 5 | Basic mechanisms of ectopic activity. (A) Factors involved in the generation of early afterdepolarizations (EAD). In general, EADs occur when outward
currents are reduced (reduced repolarization reserve) and/or the inward currents are enhanced. The currently known types of EADs are consequencies of different
etiologies, indicated on (A). Detailed description in the text. Membrane potential recording shows a typical phase 2 EAD. (B) Delayed afterdepolarizations (DAD)
originate from Ca2+ overload and consequently, spontaneous SR Ca2+ release which, in turn, generates a depolarizing transient inward (Iti) current. Suprathreshold
depolarization can elicit triggered activity. Membrane potential recording shows a typical DAD. EAD, early afterdepolarization; DAD, delayed afterdepolarization; ICa,L,
L-type Ca2+ current; INa, Na

+ current; IKs, slow component of delayed rectifier K+ current; IKr, rapid component of delayed rectifier K+ current; IK1, inward rectifier K+

current; INCX, Na
+-Ca2+ exchange; INS, nonselective Ca2+-sensitive cationic currents; ICl(Ca), Ca

2+-activated chloride current; Iti, transient outward current; RyR,
ryanodine receptor; SR, sarcoplasmic reticulum; SERCA, sarcoplasmic reticulum Ca2+-ATPase; TA, triggered activity.
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brings extra Ca2+ inflow and is a substrate for increased EAD
likelihood). Since BAPTA-AM decreased EAD frequency in the
presence of veratridine, but failed to shorten APD, these results
contradicts the exclusive role of APD in EAD generation and
indicate that an increase in [Ca2+]i is a significant factor not only
for generating DADs, but for evoking EADs as well (Horvath et al.,
2015). Moreover, in another set of experiments of Kistamas et al.
H2O2 significantly increased APD and relative short term beat-to-
beat variability (SV) (Kistamas et al., 2015a) and increased the
occurrence of EADs on canine ventricular myocytes. Elevation of
[Ca2+]i in H2O2 was shown by others which can account for the
increased SV and EAD incidence (Goldhaber, 1996; Xie et al.,
2009; Szentandrassy et al., 2015; Kistamas et al., 2015).
Furthermore, we also showed in guinea pig cardiomyocytes, that
spontaneous Ca2+ release from the SR mediates (INa,L) induced
EADs (Horvath et al., 2013). The two possible mechanisms
proposed by Zaza et al. by which INa,L promotes EAD genesis
are (1) the reactivation of ICa,L during the plateau phase of AP and
(2) SR Ca2+ overload (Zaza et al., 2008). In our experiments the
first EAD occurred at a membrane potential more positive than
the window Ca2+ current voltage range, meaning that not the
reactivation of ICa,L was responsible for the generation of EADs. In
fact, several mechanisms were addressed, showing the SR load was
key in formation of the EADs: (a) anemone toxin II (ATX-II)
facilitates INa,L that caused elevated systolic Ca2+ transient and SR
load, (b) the spontaneous Ca2+ wave precedes the first EAD, and
(c) Ca2+ buffering with BAPTA in the patch pipette abolished
EADs (Horvath et al., 2013).

Therefore, our recent knowledge about the factors involved in
the development of EADs includes changes in [Ca2+]i and the
amplitude of Ca2+ transient, along with the APD and beat-to-
beat variability of APD, AP morphology and plateau potential,
net membrane current, and the actual availability of L-type Ca2+

channels. Regardless of the type of EAD mechanisms, if the
depolarizing effect of the EAD on the membrane potential is
sufficient to activate INa, the result will be an abnormal impulse
generation, triggered activity (Hoffman and Rosen, 1981).

EADs are more likely to develop in midmyocardial cells and
Purkinje fibers than in subepi- or subendocardial cells. There is a
difference in ion current composition (less IKs, more INa,L in
midmyocardial cells), consequently these regions are more prone
to AP prolongation (Liu and Antzelevitch, 1995; Zygmunt et al.,
2001; Szabo et al., 2005). EADs are generally observed under
conditions of ventricular hypertrophy and HF, injured cardiac
tissue, or when the myocardium is exposed to catecholamines,
hypoxia, acidosis, and pharmacologic agents (Roden, 2004;
Roden, 2006). The clinical significance of EADs is clear, as
they can either serve as the trigger or as the substrate for
initiation and perpetuation of torsade de pointes arrhythmia
(Volders et al., 2000). Being as a trigger, as EADs can cause new
APs which will be reflected on the ECG as ectopic beats. EADs
provide a substrate by causing electrical inhomogeneity in the
surrounding tissues.

Delayed Afterdepolarization
DADs are the other common causes of focal activity and were
originally described as oscillatory afterpotentials (Ferrier et al., 1973).
Frontiers in Pharmacology | www.frontiersin.org 6134
They occur in diastole, after complete repolarization of the cell
(Figure 5B). DADs can originate from intracellular Ca2+ overload
that induces spontaneous SRCa2+ release, resulting in a depolarizing
current via forward mode INCX (Mechmann and Pott, 1986). Other
nonselective Ca2+-sensitive cationic currents (INS) and chloride
current (ICl(Ca)) may also be involved in DAD generation (Asakura
et al., 2014). These three depolarizing currents result in a transient
inward current (Iti), which is responsible for the membrane
depolarization (Figure 3D). Ca2+ overload of the cardiac myocytes
can occur in several diseases and also in several experimental
conditions, e.g. toxic levels of digitalis (Ferrier et al., 1973;
Saunders et al., 1973; Rosen et al., 1973), catecholamines (Wit and
Cranefield, 1977; Rozanski and Lipsius, 1985; Priori and Corr, 1990),
hypokalemia and hypercalcemia (Tse, 2016), hypertrophy, HF
(Aronson, 1981; Vermeulen et al., 1994), and rapid heart rates.
The amplitude of the generatedDADdepends on the size of theCa2+

transient and on the properties of INCX and the inward rectifier K+

current (IK1) (Pogwizd et al., 2001; Sung et al., 2006;Maruyama et al.,
2010). Subthreshold DADs [appearing as the U wave on the
electrocardiogram (ECG)] are small voltage deflections, which
although unable to trigger a propagating action potential, may still
cause dispersion of excitability, thereby promoting regional
conduction block (Rosen et al., 1975; Surawicz, 1998; di Bernardo
andMurray, 2002). However, if DADs reach the threshold potential
for the opening of Na+ channels, a spontaneous AP emerges and can
result in premature ventricular contraction (PVC). The clinical
significance of DAD generation lies in triggered activity that
contributes to arrhythmogenesis with catecholaminergic
polymorphic ventricular tachycardia (CPVT), atrial fibrillation
(AF), and HF. In CPVT and HF, intracellular Ca2+ load combines
with RyR dysfunction (“leaky”RyR). Under circumstances when the
SR becomes loaded (high Ca2+ load, fast heart rate, and/or increased
adrenergic tone) and/or RyR becomes leaky, spontaneous Ca2+

release is favored.
Considering the mechanism of the spontaneous Ca2+ release,

there are two main patterns. First, focal Ca2+ release, when Ca2+

signal acts locally (Lipp and Niggli, 1994) and secondly, when the
released Ca2+ leaves its focus and propagates as a global Ca2+

wave through the myocyte (Takamatsu and Wier, 1990; Wier et
al., 1987; Cheng et al., 1993).

Unlike the EADs, DADs are always generated at relatively
rapid rates (Antzelevitch and Burashnikov, 2011). As mentioned
earlier, late-phase 3 EADs are considered as a hybrid between
EAD and DAD. A key difference is the time of the SR Ca2+

release during the AP (Figure 5). Ca2+ release occurs during
diastole in the case of DAD, while late-phase 3 EAD is generated
at the late repolarization of the AP (Fink and Noble, 2010).

Beat-To-Beat Variability of Action Potential Duration
Variations (physiological or pathological) in AP configuration can
cause disturbances in Ca2+ signaling and the electrical properties of
cardiac muscle. In our previous experiments, we determined the
beat-to-beat variability of AP duration in isolated canine left
ventricular myocytes in several experimental settings (Kistamas
et al., 2015a; Kistamas et al., 2015b; Szentandrassy et al., 2015;
Magyar et al., 2016), as recent studies suggest the short term beat-
to-beat variability (SV) of APD as a novel method for predicting
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imminent cardiac arrhythmias (Thomsen et al., 2004; Abi-Gerges
et al., 2010). Higher variability is considered to be arrhythmic by
increasing dispersion of refractoriness (Figure 3G).We established
the concept of relative short term beat-to-beat variability of APD
(RSV) by normalizing the changes of short term variability of APD
to the concomitant changes in APD [see (Nanasi et al., 2017] for
review). We summarized that RSV was decreased by ion currents
involved in the negative feedback regulation of APD (ICa,L, IKs and
IKr), while it was increased by INa and Ito, and in general, increased
if repolarization reserved was compromised. RSV was also
increased at faster rates and at increased [Ca2+]i. Transient
changes of [Ca2+]i due to Ca2+ released from the SR were the
dominant contributor to this process (Kistamas et al., 2015b). High
RSV at faster rates can also be explained by the elevated [Ca2+]i, as
faster pacing increases ICa,L, ultimately overloading the cell with
Ca2+ which, in turn, increases RSV.

Cardiac Alternans
A severe form of this beat-to-beat variation is cardiac alternans,
where short and long AP duration alternate (Figure 3F). Pulse
and T-wave alternans can be clinically observed and are
considered to be a precursor for cardiac arrhythmias
(Rosenbaum et al., 1994; Verrier et al., 2011). Cardiac
alternans originates from instabilities of membrane voltage or
of Ca2+ cycling. At the cellular level, alternans is manifested as
beat-to-beat alternations in contraction amplitude (mechanical
alternans), APD (electrical or APD alternans), and Ca2+ transient
amplitude (Ca2+ alternans) at constant heart rate. However,
because of the bidirectional information flow between
membrane voltage and Ca2+ cycling, electrical alternans is
always influenced by Ca2+ alternans, and vice versa (Weiss
et al., 2006).

Twomechanisms have been described for Ca2+-driven alternans.
One depends on the relationship between SR Ca2+ content and the
amount of Ca2+ released from the SR (Eisner et al., 2000). If this
relationship is steep then a small increase of SR Ca2+ content will
produce a large increase of the amplitude of the Ca2+ transient
resulting in increased Ca2+ efflux via INCX and a decreased influx via
ICa,L (Ca

2+-dependent inactivation). The net result is a decrease of SR
Ca2+ content. The next beat therefore arises from a depleted SR
resulting in a smaller Ca2+ transient and decreased INCX, so that the
cell will gain Ca2+ resulting in a larger SR content and Ca2+ transient
for the third beat (Eisner et al., 2006). Later, it was shown that
reduced SERCA pump activity is also needed for an alternating
pattern to develop (Shiferaw et al., 2003; Qu et al., 2007; Xie et al.,
2008; Li et al., 2009). Another mechanism for Ca2+-driven alternans
has been proposed, when on every beat, the SR load is unchanged,
however the released amount of Ca2+ is alternating beat-to-beat. This
kind of alternans results from the refractoriness of the RyRs, without
the need for SR Ca2+ content alternans (Picht et al., 2006; Shkryl et
al., 2012).

Voltage-driven or electrical alternans is determined by APD
restitution. Here, the shorter the preceding diastolic interval, the
less the APD (Nolasco and Dahlen, 1968). The steeper this
relationship, the more likely is alternans to occur. There may
be several causes for this APD restitution. The rapid, pacing-
induced electrical alternans occurs at fast heart rates (short
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diastolic intervals, where recovery of ICa,L is crucial, becoming
a key factor in regulating the steepness of APD restitution
(Mahajan et al., 2008). Another APD alternating mechanism is
driven by Ito at slow or normal heart rates and possibly accounts
for T-wave alternans in patients with Brugada syndrome
(Hopenfeld, 2006). The third type of electrical alternans is
mediated by non-inactivating ICa,L with IKs at normal or slow
rates and possibly cause T-wave alternans in LQTS patients
(Wegener et al., 2008). Electrical, restitution-based alternans has
been associated with the breakdown of reentry into ventricular
fibrillation (VF). At the tissue level, if cellular alternanses in
different regions of the ventricle occur in phase with each other
(spatially concordant), T-wave alternanses is observed on the
ECG. A more malignant form, the spatially discordant APD
alternans, manifesting as QRS alternans on the ECG, causes large
dispersion of refractoriness, a substrate for reentry. Spatially
discordant alternans is a significant cause of wave break, a
phenomenon that is essential to VF (Garfinkel, 2007). It has
been shown, that interventions that lower the slope of the APD
restitution curve can turn multiwave VF to single-wave
monomorphic ventricular tachycardia (VT) (Garfinkel et al.,
2000; Wu et al., 2002).

Abnormal Impulse Conduction
Abnormal impulse conduction, i.e. reentry, occurs when the AP
fails to terminate and has the ability to re-excite tissue regions
which have already recovered. This mechanism can be divided
into two main types, one with an obstacle (circus type with
anatomical or functional barrier) and the other without an
obstacle (phase-2 reentry and reflection). The key difference is
in refractoriness. Circus movement reentry travels around an
anatomic or functional obstacle and all cells are recovered from
inactivation, while cells involved in reflection or phase-2 reentry
show large differences in recovery from refractoriness with no
obstacle in the way of the reentrant wave. In addition, classic
nomenclature distinguishes between microreentry and
macroreentry, where the reentrant circuit does not or does
appear on the surface ECG, respectively.

The myocardiumworks as a functional syncytium (Figure 6A).
The elemental components of this system are the gap junctions.
Gap junctions form channels (comprised of two neighboring
connexons) between adjacent cardiomyocytes and allow the
cardiac AP to propagate from cell to cell and thereby initiate
contraction. However, gap junction channels are unevenly
distributed within the cells, expressing a larger portion of
channel proteins at the longitudinal ends of the cells than at the
transversal, lateral sides (De Maziere and Scheuermann, 1990;
Oosthoek et al., 1993). This anisotropy allows a much larger
longitudinal conduction velocity and effective electrical coupling
between the adjacent cells (Figure 6B). Several conditions are
reported to reduce or abolish gap junctional conductance,
including increased [Ca2+]i, reduced pH, or lower ATP levels
(Dhein, 1998). Uncoupling of the cells may lead to the formation
of unidirectional conduction block and reentry type arrhythmias
(Figure 6B). The hypothesis that Ca2+ overload conditions have
arrhythmogenic behavior is also supported by experiments in
neonatal rat myocytes, where gap junctional conductance was
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decreased by Ca2+ concentrations higher than physiological (Firek
andWeingart, 1995), while it was proposed that elevation of [Ca2+]i
by Ca2+ entry was more effective in decreasing gap junctional
conductance than Ca2+ released from internal stores (Lazrak et al.,
1994; Chanson et al., 1999). Furthermore, adequate coupling
between the cells in the tissue (i.e. low longitudinal resistance)
can suppress differences in APD, eliminate EADs, and reduce beat-
to-beat variability (Magyar et al., 2015).

In the subsequent sections reentry types are discussed
in detail.

Reentry With Anatomical Obstacle (Ring Model)
Reentry was first described in 1906 by Mayer in rings of tissue cut
from jellyfish (ring model) (Mayer, 1906). Later work by Mines
showed that circus-type reentry can be initiated by electrical
stimulation in cardiac muscle and was the first to define the
concept of circus movement reentry around an anatomical
obstacle (Figure 7A) (Mines , 1913; Mines , 1914).
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The anatomical barrier can be a valve, vessel or scar. The
possibility that circus-type reentry can form without an
anatomical obstacle was proposed by Garrey (1914).

Initiation of reentry requires a trigger and a substrate. The trigger
can be a premature contraction, while tissue substrate is the
dispersion of refractoriness. On top of that, fundamental settings
are needed for reentry excitation with anatomical obstacle: (1) the
impulse initiating the circus movement must propagate in one
direction (unidirectional block) and (2) the proportion of absolute
and relative refractoriness in the tissue, that is, the reentrant circuit
must be long enough to let all areas—within the circuit, distal from
the stimulus—recover from refractory (excitable gap), so the circuit
can return to its origin and continue as a new cycle (Figure 7A).
Consequently, (3) the circulatingmovementwould terminate in case
of interruption of the reentrant circuit (Mines, 1913). These criteria
proposed by Mines are still in use today. The above mentioned
excitation is, in fact, a propagating wave. The length of this wave
(wavelength) is determined by the distance between the wavefront
(phase 0, AP depolarization) andwaveback (phase 3, repolarization),
that is, creating an arrhythmogenic excitation needs the special
properties of refractoriness and conduction velocity (Weiss et al.,
2000). If the above three criteria are not met, i.e. in sinus rhythm if
the tissue around the anatomical obstacle is homogenous (and the
impulse pathway is wide enough), the wavefront can simultaneously
propagate in both pathways around the barrier. However, if the
tissue is electrically heterogenous, due to dispersion of refractoriness,
unidirectional conduction block can form caused by a PVC, i.e.
initiating reentry (Figure 7A).
Reentry Without Anatomical Obstacle (Functional
Block)
In the cases, when there is no anatomical barrier present,
functional reentry can still form, maintained only by the
electrical properties (dispersion of refractoriness) of the tissue.
The best known examples are the leading circle, spiral wave, and
figure-of-8 reentry (Figure 7B).

The leading circle model was described by Allessie et al., as
“the head of the circulating wavefront is continuously biting in
its own tail of refractoriness” (Allessie et al., 1977). The main
differences compared to the ring model are (1) the length of the
circuit is determined by conduction velocity, stimulating efficacy,
and refractory period not by an anatomic obstacle, (2) while the
length of the circuit is not fixed, it can be altered by changes in
electrophysiological properties of the tissue. (3) There is no
excitable gap in the leading circle model and (4) a shortcut of
the circuit is possible and finally (5) revolution time is
proportional to refractory period, while in the ring model,
revolution time is inversely related to conduction velocity
(Figure 7B) (Allessie et al., 1977).

Spiral waves and rotors can be induced in small two-
dimensional pieces of cardiac muscle, without an anatomical
barrier, and can drift through the tissue (Pertsov et al., 1993).
Scroll waves are the three-dimensional forms of spiral waves.
Spiral waves can develop both in homogenous and heterogenous
tissues and either in stable or in an unstable form (Ikeda et al.,
FIGURE 6 | Role of gap junctions in propagating of the cardiac action potential.
(A) The cardiac tissue is eletrically homogenous if the adjacent cells are coupled by
gap junction channels. The anisotropic nature of gap junction channel distribution
favors longitudinal over transversal conduction. (B) Conditions that decrease or
abolish coupling between the cells may cause a unidirectional conduction block
and as the electrical impulse propagates around the block it can re-excite those
tissue regions due to differences in refractoriness. Insert shows cell-cell connections
via gap junction channels. The main causes of uncoupling of the cells (showed in
red) are elevated intracellular Ca2+ concentration, reduction in H+ concentration, or
lower levels of ATP. Cx, connexon; ATP, adenosine triphosphate.
February 2020 | Volume 11 | Article 72

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Kistamás et al. Calcium and Cardiac Arrhythmias

Frontiers in Pharmacology | www.frontiersin.org 9137
1996; Davidenko et al., 1992). The former might result in
monomorphic VT, while the latter can cause polymorphic VT
or torsade de pointes (Figure 7B) (Gray et al., 1995).

Figure-of-8 type reentry was first demonstrated by el-Sherif et
al. In this case the reentrant wavefront reaches a functional
conduction block surrounded by regions of reduced excitability.
As conduction is not favored through such tissue, the wavefront
drives clockwise and counterclockwise around the two arcs of
functional block and beyond the barriers of low excitability the
two separated waves can collide. If the conduction is slow enough
and the intermediate area can be activated, reentry can form
(Figure 7B) (el-Sherif et al., 1985; Lazzara, 1988).

Phase-2 Reentry
In the previous reentrant mechanisms, the trigger and the
substrate originated from different etiologies, while in the case
of phase-2 reentry, trigger and substrate are from the same
source. Phase-2 reentry occurs in ischemia (Lukas and
Antzelevitch, 1996), Brugada syndrome (Brugada and Brugada,
1992) or under conditions of higher pacing rates and higher
extracellular Ca2+ concentration (Di Diego and Antzelevitch,
1994). It is caused by severe spatial dispersion of repolarization,
that is, spike-and-dome configuration of AP morphology is lost
at one site (predominantly at the epicardial region), while
preserved at another site and is responsible for the transition
to VT and VF. APs without the dome (short APD, early
repolarization) can therefore be reexcited and reentry can be
initiated (Antzelevitch, 2007). Loss of dome can be explained by
a stronger transient outward current (Ito) current, and overall by
the competitive behavior between INa and Ito (Greenstein et al.,
2000; Szabo et al., 2005; Dong et al., 2010). If the actual
membrane potential value is more negative than the activation
threshold for the ICa,L then the AP dome vanishes. Cantalapiedra
et al. showed in a simplified ionic and in a realistic cardiac model,
that the origin of reexcitation is based on the presence of slow
Ca2+ pulse, produced by the slow inward Ca2+ current (Isi), so
that the slow pulse propagates to the regions of short APs until it
triggers a fast pulse (Cantalapiedra et al., 2010). Interestingly, the
same research group argued that conditions (e.g. drugs)
increasing the ICa,L, to recover the dome or to prevent the loss
of dome, decreases dispersion of repolarization, however, also
increasing the probability of reexcitation, through the stabilizing
effect of the Ca2+ conductance (ICa,L) on the slow Ca2+ pulse
(Cantalapiedra et al., 2009).

Reflection
Reflection is another example of non-circus movement reentry,
with a one-dimensional behavior and can be the cause of PVCs
or even lethal arrhythmias (Wit et al., 1972; Rosenthal, 1988; Van
Hemel et al., 1988). Reflection describes reentry in a linear
bundle of a conductive tissue. A stimulus from the proximal
region travels through an inexcitable gap and elicits an AP at the
distal end. Slow electrotonic currents (inexcitable region can only
transmit electrotonic currents) generated by this AP can then
propagate in the retrograde direction and reenter and reexcite
the proximal elements (Antzelevitch et al., 1980). There must be
FIGURE 7 | Abnormal impulse conduction. Circus movement reentry
types. (A) Reentrant wave travels around an anatomical obstacle. If the
cardiac tissue around the obstacle is homogenous the impulse
conduction is favored in both directions. However, if the tissue is
heterogenous (i.e. dispersion of refractoriness), unidirectional block can
form initating a reentry circuit. Excitable gap consists of tissue regions
that fully and/or partially recovered from refractory period, therefore
excitable. (B) Circuit movement reentry can form in the absence of an
anatomical obstacle (functional block). In the leading circle model the
length of the circuit is not determined by the pathway around an
obstacle, but rather by conduction velocity, refractory period, and
stimulating efficacy where (in the absence of an obstacle) a shortcut of
the circuit is possible. Spiral waves reentry (or scroll wave if three-
dimensional) drifts through the tissue without an obstacle and the main
wave can break up and radiate waves to the neighboring regions. In the
model of figure-of-8 the circulating waves appear in pairs and the
wavefront can circulate around the functional blocks clockwise and
counterclockwise. If the intermediate area (central gray) can be activated
by the colliding separated waves, reentry can form.
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an adequate conduction delay to let reflection happen (proximal
end can recover from refractoriness), depending on the pacing
interval and stimulus strength. It was also shown that neither
EADs nor automaticity was required for reflection (Cabo and
Barr, 1992; Kandel and Roth, 2015).

Biexcitability
A novel wave dynamic, termed biexcitability has been
described in recent studies (Chang et al. , 2012). In
pacemaker regions ICa,L causes the activation, while in
working muscle cells, the upstroke of the AP is driven by INa

and ICa,L. During biexcitability both form of activation can
coexist at the same tissue. Under certain conditions, like long
QT syndrome, repolarization reserve is compromised, APD
prolongs, and EADs can occur. Consequently, there can be a
situation where the cells develop two stable membrane
potential values (−80 mV and −50 mV) and switches
between them (Gadsby and Cranefield, 1977), resulting in a
Na+- and Ca2+-mediated (fast) or a Ca2+-mediated (slow)
propagating wavefront. This bi-stable behavior might serve
as an explanation for the two different possible outcomes of
torsade de pointes. According to Chang et al., in cases where
the Ca2+-mediated slow spiral wave is terminated, leads to
termination of the torsade de pointes, while if the tissue is
sufficiently heterogenous, Na+ and Ca2+-mediated fast spiral
waves degenerate torsade de pointes to VF (Chang et al., 2012;
Chang et al., 2013).

DADs can induce focal VT by DAD-mediated triggered
activity or initiate reentry. Moreover, unstable Ca2+ signaling
can dynamically serve as a substrate for reentry, by promoting
dispersion of excitability or promoting dispersion of
refractoriness (Weiss et al., 2015). In those tissue regions,
where subthreshold DADs do not trigger a propagating AP,
the resultant small membrane depolarization can still be
sufficient to depress excitability by inactivating the fast
voltage gated Na+ channels. This condition can lead to
reentry, as the inactivated Na+ channels form a regional
conduction block for impulses generated by suprathreshold
DADs (Rosen et al., 1975; Liu et al., 2015). In the latter case,
DAD-mediated triggered activity at fast rates can promote
Ca2+ transient alternans, which in turn causes APD alternans,
thereby increasing the dispersion of refractoriness (Sato et al.,
2006; Weiss et al. , 2006). As previously mentioned,
subthreshold EADs can also enhance the dispersion of
refractoriness, also creating a reentry substrate.

For more detailed reviews on conduction disorders, see Qu
and Weiss (2015) and Antzelevitch and Burashnikov (2011).

The following sections will provide further insights into
intracellular Ca2+ handling maladies in the most prevalent
inherited and acquired arrhythmia syndromes, caused by
channelopathies and defects in Ca2+ handling genes. Ca2+

handling defects also have an arrhythmogenic role in
diseases, such as heart failure and cardiomyopathies,
however they are beyond the scope of the present review
[see recent reviews (Coppini et al., 2018; Johnson and
Antoons, 2018; Denham et al., 2018)].
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INHERITED SYNDROMES

Catecholaminergic Polymorphic
Ventricular Tachycardia
Catecholaminergic PolymorphicVentricular Tachycardia (CPVT) is
a severe arrhythmogenic disorder, manifesting as a bidirectional or
polymorphic VT, mainly in young patients with structurally healthy
hearts after exercise or acute emotional stress (Reid et al., 1975). As
heart rate increases as a result of exercise or emotional stress, the
ectopic ventricular trigger increases in complexity, such that VT
turns into VF and may lead to syncope or sudden cardiac death
(Coumel, 1978; Leenhardt et al., 1995).

The main criteria for CPVT diagnosis are as follows: structurally
normal heart (and normal coronary arteries in individuals above 40
years of age), normal QT interval, and adrenergic induced
bidirectional or polymorphic VT (Venetucci et al., 2012). CPVT is
also diagnosed in patients who carry a pathogenic mutation and in
family members of a CPVT index case, fulfilling the above
mentioned criteria (Priori et al., 2013). There are also nonspecific
features, therefore not diagnostic criteria, including a prominent U
wave on the ECG accompanied by sinus bradycardia (Postma et
al., 2005).

In CPVT, arrhythmias are induced by Ca2+ release from the
SR leading to a DAD. The fundamental feature of this process is
the Ca2+ release unit (Ca2+ sparks), where the spontaneous Ca2+

release occurs. If sufficient number of release units are activated,
a Ca2+ wave is born, which depends on the SR Ca2+ content and
the SR Ca2+ threshold (Lukyanenko et al., 1999; Venetucci et al.,
2007). Interventions that alter RyR opening will affect SR Ca2+

threshold. For example, caffeine increases the open probability of
RyR, therefore it is easier to elicit spontaneous Ca2+ release
(Trafford et al., 2000), on the other hand tetracaine has an
opposite effect, by reducing RyR opening, SR Ca2+ release
threshold is higher (Overend et al., 1997; Venetucci et al., 2006).

In the previous sections we detailed the normal Ca2+ cycling
and consequences of elevated [Ca2+]i. Briefly, the main
arrhythmogenic mechanism in CPVT is due to SR Ca2+ release
increasing cytoplasmic Ca2+ levels, NCX exchanges Ca2+ with
Na+, thereby generating Iti. Iti produces DADs and if DADs reach
the activation threshold of Na+ channels, an elicited AP causes
triggered activity, which in turn can lead to an extrasystolic
heartbeat. Mutations in CPVT have been shown to alter RyR
function and increase the occurrence of spontaneous Ca2+

release events after sympathetic stimulation (Liu et al., 2006).
b-adrenergic activation increases SR Ca2+ content, while the
same process enhances RyR phosphorylation by Ca2+/
calmodulin-dependent protein kinase II (CaMKII) and protein
kinase A (PKA) (Kashimura et al., 2010; Liu et al., 2011a;
Venetucci et al., 2012). In addition to the phosphorylation by
PKA, CaMKII-mediated phosphorylation increases the ICa,L and
SERCA (by removing the inhibitory effect of phospholamban
on SERCA) and activates RyR. Simultaneous activation of ICa,L,
SERCA (increases SR Ca2+ content), and RyR therefore increases
the possibility of spontaneous Ca2+ release (Maier and Bers,
2007; Hegyi et al., 2019). Experimental data confirmed that
higher RyR Ca2+ sensitivity alone is not sufficient to elicit
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spontaneous Ca2+ release and that inhibition of CaMKII in a
CPVT mouse model prevents arrhythmias (Venetucci et al.,
2007; Liu et al., 2011a).

Several CPVT subtypes have been described to date, albeit the
two most common types are the CPVT-1 and CPVT-2 (Table 1).

CPVT-1 is caused by an autosomal dominant mutation in the
RyR2 gene (Swan et al., 1999). This subtype is the most common,
accountable for about 60% of all CPVT cases (Laitinen et al., 2001;
Priori et al., 2001). RyR exists as a macromolecular complex with
many other molecules, such as calsequestrin 2 (CSQ2), FK506
binding protein 1B (FKBP1B or FKBP12.6), FK506 binding
protein 1B (FKBP1B or FKBP12.6), PKA, CaMKII, phosphatase 1
(PP1), phosphatase 1 (PP1), phosphatase 2A (PP2A), histidine-rich
Ca2+ binding protein (HRC), junctin and triadin (Wang et al., 1998;
George et al., 2007; Yano et al., 2009; Arvanitis et al., 2011; Szabo et
al., 2013). Junctin and triadinmediates interaction between RyR and
CSQ2 (Eisner et al., 2017). Most RyR mutations in CPVT are gain-
of-function mutations and thereby leading to increased Ca2+

sensitivity and RyR channels may open during diastole causing
Ca2+ leak, particularly during adrenergic stress (Jones et al., 2008).
Several hypotheses have been advanced to explain this phenomenon,
including the role of FKBP12.6, store overload-induced Ca2+ entry
Frontiers in Pharmacology | www.frontiersin.org 11139
(SOCE) and a defective mutation in the RyR 3D conformation
(Reiken et al., 2003; Lehnart et al., 2004; Jiang et al., 2005; Yamamoto
et al., 2008; Liu et al., 2009; Uchinoumi et al., 2010; Suetomi et al.,
2011; Venetucci et al., 2012a).

CPVT-2 is an autosomal recessive gene anomaly in CASQ2-
encoded CSQ2 and responsible for about 3–5% of CPVT patients
(Lahat et al., 2001). The structure of this intra-SRCa2+ buffer changes
Ca2+ concentration. At low SR Ca2+ concentrations (< 0.6 mmol/L)
CSQ2 is a monomer, which is converted to a dimer (0.6–3 mmol/L)
or polymer (> 3 mmol/L) at higher Ca2+ concentrations (Mitchell et
al., 1988;Wang et al., 1998). It has been shown that, in the absence of
functional CSQ2, RyR channels open spontaneously, without the
need for L-type Ca2+ current mediated trigger (Knollmann et al.,
2006) and that mutation of CSQ2 destabilizes Ca2+ storing capacity
of the SR, which in turn alters the Ca2+ sensitivity of RyR
(Viatchenko-Karpinski et al., 2004). In all CSQ2 mutations
(missense, deleterious, nonsense), level of CSQ2 protein is reduced
or absent, perhaps because it is more susceptible to degradation
(Rizzi et al., 2008; Faggioni et al., 2012). Impaired polymerization
(Bal et al., 2010), reduced RyR binding andmodulation (Houle et al.,
2004; Terentyev et al., 2006) are generally associated with lower SR
Ca2+ content, higher [Ca2+]i and Ca

2+ leak throughRyR, these effects
TABLE 1 | Ca2+ handling genes associated with inherited arrhythmogenic syndromes.

Syndrome/
Phenotype

Genes Genetic
Locus

Functional
effect

Protein Ref Syndrome
overlap

CPVT-1 RYR2 1q43 GoF ryanodine receptor 2 (Laitinen et al., 2001; Priori et al., 2001)
CPVT-2 CASQ2 1p13.1 GoF calsequestrin 2 (Lahat et al., 2001)
CPVT-4 CALM1 14q31–q32 LoF calmodulin 1 (Nyegaard et al., 2012; Sondergaard et al.,

2015; Sondergaard et al., 2017)
LQTS-14

CPVT-5 TRDN 6q22.31 LoF triadin (Chopra et al., 2009) LQTS-17
LQTS-4 ANK2 4q25–q26 LoF ankyrin B (Bhuiyan et al., 2013; Mohler et al., 2003)
LQTS-8
(Timothy
syndrome)

CACNA1C 12p13.33 GoF a1C subunit of LTCC (Splawski et al., 2004; Thiel et al., 2008; Boczek
et al., 2015; Landstrom et al., 2016)

BrS-3, SQTS-4,
ERS/IVF

LQTS-14 CALM1 14q32.11 GoF/LoF calmodulin 1 (Shamgar et al., 2006; Gray and Behr, 2016;
Jensen et al., 2018; Wren et al., 2019)

CPVT-4

LQTS-15 CALM2 2p21 LoF calmodulin 2 (Shamgar et al., 2006; Gray and Behr, 2016;
Jensen et al., 2018; Wren et al., 2019)

LQTS-16 CALM3 19q13.32 LoF calmodulin 3 (Shamgar et al., 2006; Gray and Behr, 2016;
Jensen et al., 2018; Wren et al., 2019)

LQTS-17
(Triadin
Knockout
Syndrome)

TRDN 6q22.31 LoF triadin (Altmann et al., 2015) CPVT-5

BrS-3 CACNA1C 12p13.33 LoF a1C subunit of LTCC (Schwartz et al., 1995; Rosero et al., 1997) SQTS-4, ERS/IVF
BrS-4 CACNB2 10p12.33–p12.31 LoF b2 subunit of LTCC (Schwartz et al., 1995; Rosero et al., 1997) SQTS-5, ERS/IVF
BrS-11 CACNA2D1 7q21.11 LoF a2d1 subunit of LTCC (Schwartz et al., 1995; Rosero et al., 1997) SQTS-6, ERS/IVF
BrS-15 TRMP4 19q13.33 GoF/LoF transient receptor

potential melastatin 4
(Liu et al., 2013)

SQTS-4 CACNA1C 12p13.33 LoF a1C subunit of LTCC (Antzelevitch et al., 2007; Bjerregaard et al.,
2010)

BrS-3,
ERS/IVF

SQTS-5 CACNB2 10p12.33–p12.31 LoF b2 subunit of LTCC (Antzelevitch et al., 2007; Bjerregaard et al.,
2010)

BrS-4,
ERS/IVF

SQTS-6 CACNA2D1 7q21.11 LoF a2d1 subunit of LTCC (Antzelevitch et al., 2007; Bjerregaard et al.,
2010)

BrS-11, ERS/IVF

ERS/IVF CACNA1C 12p13.33 LoF a1C subunit of LTCC (Priori et al., 2013) BrS-3, SQTS-4
CACNB2 10p12.33–p12.31 LoF b2 subunit of LTCC (Priori et al., 2013) BrS-4, SQTS-5
CACNA2D1 7q21.11 LoF a2d1 subunit of LTCC (Priori et al., 2013) BrS-11, SQTS-6
February 2020 | Vo
CPVT, catecholaminergic polymorphic ventricular tachycardia; LQTS, long QT syndrome; BrS, Brugada syndrome; SQTS, short QT syndrome; ERS, early repolarization syndrome; IVF,
idiopathic ventricular fibrillation; LTCC, L-type Ca2+ channel; GoF, gain-of-function; LoF, loss-of-function.
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can be augmented by b-stimulation (Song et al., 2007). An
interesting feature of CSQ2 protein reduction is a subsequent
reduction in triadin and junctin levels. Denegri et al. showed in
CSQ2 knock-out animal model that viral gene transfer for in vivo
replacement of CSQ2 restored normal CSQ2 levels along with
triadin and junctin, and ultimately prevented arrhythmias
(Denegri et al., 2012).

Other, less frequent gene mutations have also been described,
such as autosomal recessive forms of CPVT, the CPVT-3 and
CPVT-5, while CPVT-4 is an autosomal dominant form of the
inherited syndrome. CPVT-3 subtype is related to the gene
encoding trans-2,3-enoyl-CoA reductase-like protein (TECRL)
and is first seen at an early age with high likelihood of infant
sudden cardiac death (Bhuiyan et al., 2007). When CPVT-3 is
studied in induced pluripotent stem cell-derived cardiomyocytes
(iPSC-CM) slower Ca2+ reuptake, slower Ca2+ transient upstroke
velocity, and increased APD has been observed, along with
norepinephrine-induced DADs, which could be eliminated by
flecainide (see below) (Devalla et al., 2016). Mutations in
CALM1-encoded calmodulin (CaM) cause the CPVT-4
subtype. In vitro experiments showed that this gene anomaly
in the C domain compromises Ca2+ binding to CaM and impairs
interaction between RyR and its CaM-binding domain, leading
to an increased open state of RyR (Nyegaard et al., 2012;
Sondergaard et al., 2015; Sondergaard et al., 2017). TRDN-
encoded triadin mutation results in CPVT-5 subtype, which
may cause diastolic Ca2+ leak and Ca2+ overload. Electron
microscopy experiments uncovered fragmentation and reduced
contact at the dyadic cleft, thus possibly lacking the negative
feedback of SR Ca2+ release on the L-type Ca2+ channels, so SR
Ca2+ overload may arise from the uncontrolled Ca2+ influx
(Chopra et al., 2009).

A possible loss-of-function RyR mutation has also been
proposed in a case classified as idiopathic VF, where a reduced
SR Ca2+ sensitivity was shown (Jiang et al., 2007). Moreover,
exercise induced bidirectional VT has been reported in types of
long QT syndromes (LQTS-4 and LQTS-7) (Table 1) (Mohler
et al., 2004; Vega et al., 2009).

Because of the hiding nature of the disease, it is difficult to
diagnose CPVT, as patients have normal heart structure and
show no symptoms before syncope or sudden cardiac death.
However, if diagnosed, there are several therapeutic approaches
to CPVT.

Generally speaking, life-long administration of b-blockers is the
first choice as treatment. Studies showed that nadolol was clinically
effective and a useful prophylactic (Priori et al., 2013). In countries,
where nadolol is not available, propranolol was also shown to be
effective (Hayashi et al., 2009). Carvedilol has been shown to inhibit
store overload-induced Ca2+ release (SOICR) and is the only b-
blocker to have RyR inhibitory action, albeit it is a less potent b-
blocker after all (Zhou et al., 2011). Patients with CPVT are
recommended to remove the triggers, in other words to limit or
avoid any vigorous physical activities and stressful environments
(Priori et al., 2013). In some patients (lacking long-term studies yet)
b-blocker and non–dihydropyridine Ca2+-channel blocker
Frontiers in Pharmacology | www.frontiersin.org 12140
(verapamil) combination therapy was shown to be beneficial
(Swan et al., 2005; Rosso et al., 2007).

Flecainide administration has been suggested on top of b-
blockers to prevent arrhythmias, in CPVT patients refractory to b-
blockers alone (Biernacka and Hoffman, 2011; Pott et al., 2011; van
der Werf et al., 2011). Flecainide is a Na+-channel blocker drug,
specifically aClass Ic antiarrhythmic agent. Several studies, including
three retrospective cohorts in human patients with CPVT (Liu et al.,
2011; Radwanski et al., 2016; Kannankeril et al., 2017) have shown
the effectiveness of flecainide but there is still debate around the
mechanism by which it exerts its antiarrhythmic effect. Watanabe et
al. concluded that the most important effect of flecainide was
blocking the RyR along with the Na+-channel blockade (Watanabe
et al., 2009). They hypothesized that blocking RyR reduces the
spontaneous Ca2+ release events and therefore DADs, while Na+-
channel blockade prevents the possibility of triggered activity from
any residual DADs (Hilliard et al., 2010). Of the Class Ic
antiarrhythmic drugs, only flecainide and propafenone was shown
to inhibit RyR activity (Hwang et al., 2011). On the other hand, Liu et
al. showed in an animal model of CPVT that although flecainide
prevents VT and triggered activity, spontaneous Ca2+ release and
DADs were still detectable in single myocytes. They concluded that
the antiarrhythmic effect of flecainide results from its Na+-channel
blocker effect rather than via RyR inhibition (Liu et al., 2011b;
Bannister et al., 2015). These conflicting results raise the question
whether the different effects seen in the previous studies are
dependent of a specific genetic mutation. In a recent study,
isolated myocytes from Casq2-/- and RyR2R4496C+/- mice were
compared (Hwang et al., 2019). It was found that the former
produces a stronger proarrhythmic response upon isoproterenol
stimulation, but flecainide prevented arrhythmias in both cases. Also
independent from the underlying mutation, effect of flecainide
decreased at high Ca2+ load. An additional drug has also been
tested both in vitro and in vivo. 1,4-benzothiazepine derivative K201
(JTV519) was shown to prevent arrhythmias in mouse models by
reducing RyR opening, SERCA activity and ICa,L (Lehnart et al.,
2004; Loughrey et al., 2007).

The latest guidelines recommend implantable cardiac
defibrillator (ICD) implantation in patients with diagnosis of
CPVT who experience VT, syncope, or cardiac arrest despite the
optimal medical treatment (Priori et al., 2013). However, the use
of ICDs without concomitant use of b-blockers is dangerous
because of the possibility of shock-related electrical storms in
these patients (Mohamed et al., 2006; Pflaumer and Davis, 2012).
Selective left cardiac sympathetic denervation (LCSD) can be a
useful therapeutic method and may be considered in patients
with uncontrollable arrhythmias (patients with contraindication
to b-blockers; when ICD cannot be implanted; or when recurrent
VTs manifest in patients with ICD and b-blockers treatment)
(Priori et al., 2013). Pulmonary vein isolation (catheter ablation)
was reported to be efficient in some patients with CPVT and AF
(Sumitomo et al., 2010), while the possibility of gene therapy was
suggested after successful adenoviral vector infection (CASQ2
gene) in R33Q knock-in mutant mouse with dysfunctional CSQ2
(Denegri et al., 2014). Family screening of first degree relatives
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(clinical evaluation and genetic testing) has been strongly
suggested with an optional b-blocker therapy even in the
absence of a positive exercise test (Bauce et al., 2002; Hayashi
et al., 2009).

Congenital Long QT Syndrome
Congenital long QT syndrome (LQTS) is an inherited cardiac ion
channelopathy. LQTS is characterized by a prolongedQT interval on
the surface ECG, reflecting the ventricular APD prolongation, which
gives rise to risk for syncope, seizures, VT or torsade de pointes and
finally VF and sudden cardiac death (Schwartz et al., 2012).
Prolongation of APD can happen in an inhomogenous pattern,
resulting in an enhanced dispersion of repolarization across the
tissue. Delay in repolarization can occur e.g. by genetic defects of key
ion currents, namely IKs, IKr, or INa. As mentioned in a previous
section, EADs can form if the repolarization reserve is compromised,
outward currents are reduced and/or inward currents are increased.
In the case of LQTS, inhomogeneity of refractoriness combined with
EADs establishes the arrhythmia substrate for VT, torsade
de pointes.

The above mentioned conditions are illustrated in the cases of
LQTS-1, LQTS-2, and LQTS-3. LQTS-1 is caused by the loss-of-
function mutation of KCNQ1 gene (Kv7.1) that encodes IKs
(Sanguinetti et al., 1996; Barhanin et al., 1996) while LQTS-2 is
also a loss-of-function mutation, but of the KCNH2 channel
gene (Kv11.1), encoding IKr (Sanguinetti et al., 1995). LQTS-3 is
an inherited gain-of-function mutation of SCN5A Na+ channel
(Nav1.5) encoding INa (Wang et al., 1995). All three mutations
play key role in determining the length of AP and all of them
points towards compromised repolarization reserve with
decreased outward currents (LQTS1-2) and increased inward
current (LQTS-3). LQTS-1–3 account for ~75–85% of the
congenital LQTS cases (El-Sherif et al., 2017).

Mutations of several other genes have been described in LQTS
patients. Mutations of structural and channel interacting proteins
result in: LQTS-4, a loss-of-function mutation of ANK2-encoded
ankyrin B and leads to Ca2+ overload, QT prolongation, sinus
bradycardia, AF, and CPVT (Bhuiyan et al., 2013; Mohler et al.,
2003); LQTS-5, a loss-of-functionKCNE1-encodedminKmutation,
consequential reduction in IKs (Splawski et al., 1997); LQTS-6, a loss-
of-function mutation of KCNE2-encoded MiRP1, causing a faster
inactivation time course for IKr, enhanced ICa,L, and reduced If (Lu et
al., 2003; Nawathe et al., 2013; Liu et al., 2014); LQTS-9, CAV3-
encoded Caveolin 3, causing an enhanced INa,L; and LQTS-11, a
mutant A-kinase anchoring protein (AKAP9-Yotiao) results in an
abnormal response upon b-stimulation, as mutation reduces
interaction between AKAP9 and KvLQT1 cannel a subunit
(KCNQ1, IKs) leading to dysfunctional response to cAMP and a
prolonged APD (QT) (Chen et al., 2007).

LQTS-9 and LQTS-10 (gain-of-function mutation in SCN4B-
encoded Na+ channel Navb4 b-subunit) together resemble the
LQTS-3 phenotype as QT prolongation is achieved by increased
Na+ current (Medeiros-Domingo et al., 2007). Mutation of
SNTA1-encoded a1-syntrophin is a gain-of-function gene
anomaly, causing LQTS-12 by enhancing Na+ current (Nav1.5)
(Wu et al., 2008). LQTS-7 and LQTS-13 are affecting
Frontiers in Pharmacology | www.frontiersin.org 13141
repolarizing K+ currents and channels. LQTS-7 or Andersen-
Tawil type 1 syndrome is caused by the loss-of-function
mutation of the KCNJ2-encoded Kir2.1 inward rectifier K+

channel, responsible for IK1, and as IK1 is an important player
in terminal repolarization, reduction of Kir2.1 function prolongs
QT interval (Plaster et al., 2001). In LQTS-13, a loss-of-function
mutation on KCNJ5-encoded Kir3.4 causes loss of acetylcholine
activated, G-protein-gated K+ (IKAch) channel function. IKAch is
formed by Kir3.1 and Kir3.4. Mutation in Kir3.4 function disrupts
membrane targeting and stability, i.e. reduced membrane
expression has been suggested as the cause of LQTS-13 (Yang
et al., 2010).

Although most of the LQTS mutant genes are related to K+

and Na+ channels (i.e. LQTS-1–3 being ~75–85% of total
congenital LQTS), there are several Ca2+-signaling proteins
that are linked to the occurrence of long QT intervals, typically
causing LQTS-8, LQTS-14, LQTS-15, LQTS-16, and LQTS-17
(Table 1).

LQTS-8 is a gain-of-function mutation of the CACNA1C-
encoded a1C subunit of L-type Ca2+ channel (Cav1.2) and is
generally associated with Timothy syndrome. Timothy
syndrome is a rare (less than 30 patients reported worldwide),
but severe multisystem disorder, involving QT prolongation,
syndactyly, congenital heart defects, cardiomyopathies,
bradycardia (caused by AV block rather than sinus
bradycardia), and autism (Splawski et al., 2004). LQTS-8
mutation of the Cav1.2 leads to (1) a significant reduction in
voltage-dependent inactivation of ICa,L, (2) enhanced ICa,L, (3)
decreased current density with enhanced window current, and
(4) a steeper APD restitution curve (Thiel et al., 2008; Boczek et
al., 2015; Landstrom et al., 2016). A lesser inactivation of the
steady-state current and/or increased peak current means a
higher Ca2+ influx, which can in turn prolong APD, therefore
QT interval. A steeper APD restitution curve is proarrhythmic,
being a substrate for alternans, as detailed in previous chapters.
The mutation can also cause T-wave alternans on the ECG by
increasing the dispersion of repolarization (Zhu and Clancy,
2007). In iPSC cells of a Timothy syndrome patient, a cyclin-
dependent kinase inhibitor, roscovitine was found to shorten
APD by partially recovering inactivation of the mutant channel
(Yarotskyy et al., 2010; Yazawa et al., 2011). If Timothy
syndrome/LQTS-8 is diagnosed, because of the high mortality,
ICD implantation is the first choice. ICD is often supplemented
with b-blockers, relying on the fact that they are generally
effective in LQTS patients. Also, verapamil (Jacobs et al., 2006),
mexiletine (Krause et al., 2011), and ranolazine (Shah et al.,
2012) have been shown to shorten APD by affecting ICa,L and
reducing the risk of arrhythmias.

LQTS-14–16 are newly described subtypes of LQT syndrome,
caused by mutations in the genes coding the ubiquitous Ca2+

sensor and binder, calmodulin (CaM). Mutations in CALM1-
encoding CaM1, CALM2-encoding CaM2, and CALM3-
encoding CaM3 are responsible for producing LQTS-14, LQTS-
15, and LQTS-16, respectively. Patients diagnosed with these
conditions are usually young and have a high rate of cardiac
arrest with severe QT prolongation (Gray and Behr, 2016). CaM
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is important in the inactivation of Na+ channels, Ca2+-dependent
inactivation of ICa,L and also important in the trafficking, assembly,
and gating of the IKs channel, KCNQ1 (Shamgar et al., 2006). Gene
anomalies, affecting CaM, and therefore, Ca2+ binding and/or
enhancing ICa,L can lead to severe APD prolongation. To date,
over 20 mutations have been reported in the disease group of
calmodulinopathies (Jensen et al., 2018; Wren et al., 2019)
associated with LQTS, CPVT, and idiopathic VF. LQTS
mutations, e.g. CaM-D130G, CaM-D96V, CaM-N98S, and CaM-
F142L are all having impaired Ca2+ binding properties at the EF
hand domains (Crotti et al., 2013). In CaM-D130G, CaM-D96V,
and CaM-N98S mutations impaired CaM-dependent inhibition of
RyR was reported, thereby increasing SR Ca2+ release due to an
increased open state of RyR (Sondergaard et al., 2017; Jensen et al.,
2018). Unexpectedly, an LQTS-associated CaM mutation, CaM-
F142L did not diminish, but, increased the CaM-dependent RyR
gating inhibition and caused faster RyR closing at high [Ca2+]i
(Sondergaard et al., 2017). The authors proposed that the mutation
displayed both gain-of-function and loss-of-function properties. In
the process of gain-of-function, F142L mutation increases the
interactions between the C-domain of CaM and the CaM
binding domain of RyR, therefore enhancing RyR inhibition. On
the other hand, the loss-of-function effect impairs the ability of the
C-domain of CaM to bind free Ca2+, i.e. decreases RyR inhibition.
However, at high [Ca2+]i C-domain of CaM saturates allowing the
increased RyR inhibitory effect to be the dominant one
(Sondergaard et al., 2017). One might assume an overlap
between LQTS and CPVT as diminished inhibitory effect on RyR
gating is generally associated with CPVT. In mutant guinea pig
cells, it was shown that decreased inhibition of RyR gating with
impaired CaM effect on the CaM-dependent inactivation of ICa,L
(i.e. increased ICa,L) may contribute to APD prolongation and that
LQTS associated CaM mutations can lead to electrical alternans, a
pathological feature of LQTS (Limpitikul et al., 2014).

Recently a novel mutation, LQTS-17 has been proposed,
however, the nomenclature is still indistinct. Some reviews
refer to LQTS-17 as a mutation in TRDN-encoded triadin,
which has also been linked to CPVT-5 (Landstrom et al.,
2017). However, Altmann et al., originally identified the
autosomal recessive homozygous or compound heterozygous
frameshift loss-of-function mutations in TRDN, proposed the
term Triadin Knockout Syndrome (TKOS) or TRDN-mediated
autosomal-recessive LQTS, rather than LQTS-17 (Altmann et al.,
2015). As in the previous case, here is also the possibility of an
overlap with CPVT, as QT prolongation and disease appearance
at young age is accompanied by arrhythmias that occur during
exercise. The possible cellular mechanism includes reduced
negative feedback on ICa,L (i.e. increased ICa,L), increased
spontaneous Ca2+ release via RyR, and promotion of SR Ca2+

loading by NCX. It is not clear yet, whether the arrhythmogenic
feature is mediated by DAD or EAD, but in a TRDN-null mice
model, nifedipine aborted SR Ca2+ overload and spontaneous
Ca2+ release (Chopra et al., 2009).

Although most of the LQTSs are inherited in an autosomal
dominant form, there is a relatively rare, autosomal recessive
inherited form, causing the Jervell and Lange-Nielsen syndrome
Frontiers in Pharmacology | www.frontiersin.org 14142
(KCNQ1 or KCNE1, leading to reduced IKs) (Splawski et al.,
1997; Duggal et al., 1998). LQTS-related arrhythmias can be
triggered by either slow or fast heart rate or by sinus pauses,
therefore the relation between the LQTSs and the sinoatrial node
is an interesting topic; for details, see the mini-review from
Wilders and Verkerk (2018). For a detailed summary chart about
LQTSs with the genetic loci, see a recent review of Landstrom et
al. (Landstrom et al., 2017).

Pharmacological management of congenital LQTS starts with
the administration of b-blockers, irrespective of the genotype
(Moss et al., 2000). In one study, propranolol was shown to be
the most effective b-blocker (Na+ channel blockade with limited
effects on K+ channels) (Chockalingam et al., 2012). It should be
noted that care is required with the use of b-blockers at low heart
rate in LQTS-3 since bradycardia-dependent arrhythmias occur
more often in these patients (El-Sherif et al., 2017). It was shown
in LQTS-2 patients that besides b-blockers, application of
mexiletine may also have positive effects (Kim et al., 2010;
Ildarova et al., 2012). As an add-on therapy, in the case of
LQTS-3 patients mexiletine (Schwartz et al., 1995), lidocaine,
tocainide (Rosero et al., 1997), flecainide (Moss et al., 2005),
phenytoin (Vukmir and Stein, 1991), or ranolazine (Moss et al.,
2008) can be useful (Priori et al., 2013). In LQTS where
mutations cause reduction in K+ currents, drugs that enhance
K+ currents, nicorandil (Shimizu et al., 1998) or RPR26043
(Kang et al., 2005) were shown to be effective. ICD
implantation is recommended for survivors of cardiac arrest or
with recurrent syncope while on b-blocker (Priori et al., 2013).
Left cardiac sympathetic denervation (LCSD) can also be
performed on high-risk patients (arrhythmic events even in the
presence of b-blocker/ICD). In addition to drugs or surgical
procedures, lifestyle changes, such as avoidance of drugs that
lengthen QT interval, identification and correlation of electrolyte
abnormalities, avoidance of strenuous exercise (especially
swimming in LQTS-1 patients) and abrupt loud noises (LTQS-
2) are recommended for patients (Priori et al., 2013).

Brugada Syndrome
Brugada syndrome (BrS) is characterized by ST elevation in
V1–V3 ECG leads and is associated with elevated risk of
polymorphic VT, VF, and sudden cardiac death (Brugada
and Brugada, 1992). Two hypotheses have been proposed to
describe the mechanism behind BrS and how ST segment
elevation is linked to VT/VF. (Ringer, 1883) In the
repolarization hypothesis, the loss of spike-and-dome AP
morphology (heterogenous shortening of AP due to
predominance of Ito over INa and ICa,L) is suggested in the
epicardium of the right ventricular outflow tract, causing an
enhanced transmural dispersion of repolarization, i.e. ST
elevation (Yan and Antzelevitch, 1999). The arrhythmogenic
mechanism is delivered by phase-2 reentry, when the
produced extrasystole can occur on the preceding T wave
(R-on-T phenomenon), finally initiating VT/VF. (Bers, 2002)
The depolarization theory proposes a slowed conduction and
delayed activation mechanism in the right ventricular outflow
tract as a substrate for reentry (Meregalli et al., 2005).
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To date, 23 gene (gain-of-function and also loss-of-function)
mutations have been described generating BrS-1–BrS-23 (Gray
and Behr, 2016). The most common subtype is BrS-1, mutation
affects the SCN5A-encoded a-subunit of the Na+ channel
(Nav1.5) and is accountable for about one third of all BrS
(Antzelevitch et al., 2005). Genes, governing Ca2+-signaling
molecules are also affected in BrS and causing 10–15% of cases
(Burashnikov et al., 2010) (Table 1). Loss-of-function mutation
of the CACNA1C-encoded a1C-subunit (Cav1.2a1; BrS-3), the
CACNB2-encoded b2-subunit (Cavb2; BrS-4), and the
CACNA2D1-encoded a2d1-subunit (Cava2d1; BrS-11) of the
L-type Ca2+ channel (governing ICa,L) have been described with a
concomitant reduction of ICa,L (Antzelevitch et al., 2007).
Patients harboring these Ca2+ related mutations showed BrS
like ECG but with shorter than normal QT intervals. Recently, a
new Ca2+-related mutation has been linked to BrS, accounting
for about 6% of the cases. Mutation of the TRPM4-encoded Ca2+

activated non-selective cation channel transient receptor
potential melastatin 4 (TRPM4; BrS-15) can either be gain-of-
function or loss-of-function (Liu et al., 2013). TRPM4-mediated
current increases APD in atrial muscle and isolated myocytes
(Simard et al., 2013), possibly by promoting the plateau (as it is
more likely to activate when Ca2+ is elevated). Therefore, TRPM4
mutation may change the AP dome and be arrhythmogenic.
TRMP4 may also slow down conduction by altering the
availability of Na+ channels (Liu et al., 2013).

There have been pharmacological attempts to manage BrS
(isoproterenol, quinidine, procainamide, propafenone, pilsicainide,
flecainide), some of them were effective in preventing recurrent
episodes of VF or electrical storms, but did not reduce the overall risk
of VF (Brugada et al., 2000; Shimizu et al., 2000; Morita et al., 2003;
Belhassen et al., 2004; Ohgo et al., 2007). Guidelines are also
recommending lifestyle changes (omit drugs that aggravate ST
elevation, avoid alcohol and immediate treatment if fevered) and
implantation of ICD (Priori et al., 2013).

Short QT Syndrome
Short QT syndrome (SQTS) is a rare inherited syndrome
characterized by QT intervals essentially shorter than 360 ms
and by an increased incidence of VT/VF mainly in youngsters
(Bjerregaard et al., 2010). There are eight different gene
mutations, of which three affect ICa,L (Table 1). Loss-of-
function mutation of the CACNA1C-encoded a1C-subunit
(Cav1.2a1; SQTS-4), the CACNB2-encoded b2-subunit (Cavb2;
SQTS-5), and the CACNA2D1-encoded a2d1-subunit (Cava2d1;
SQTS-6) of the L-type Ca2+ channel, similar to the BrS-3, BrS-4,
and BrS-11 phenotype. These mutations decrease ICa,L (alter
current density and activation/inactivation kinetics), cause
heterogenous shortening of APD and QT interval, therefore
increases dispersion of repolarization (Antzelevitch et al.,
2007). Transmural dispersion of repolarization (shortening
effect is more pronounced in the epicardium compared to
endocardium and midmyocardium) finally serves as a substrate
for reentry. These mutations combined with the mutation of
SCN5A-encoded a-subunit of the Na+ channel (Nav1.5) causes
an overlapping phenotype of SQTS and BrS.
Frontiers in Pharmacology | www.frontiersin.org 15143
Early Repolarization Syndrome and
Idiopathic Ventricular Fibrillation
Early repolarization syndrome (ERS) is characterized by J-point and
ST segment elevation in two or more contiguous leads on ECG
(Boineau, 2007). The early repolarization pattern (in the inferior and/
or lateral precordial leads) had been considered harmless, but it has
recently been associated with idiopathic ventricular fibrillation (IVF)
(Rosso et al., 2008). ERS now is diagnosed in IVF survival patients,
without other causes of cardiac arrest (channelopathies; structural or
non-structural heart diseases, e.g. BrS; metabolic; toxicological;
respiratory; and infectious) (Haissaguerre et al., 2008). Seven gene
mutations were shown, to date, including loss-of-function mutations
of CACNA1C, CACNAB2, and CACNA2D1, as seen in BrS or SQTS
(Table 1). L-type channel mutations account for 16% of cases
(Burashnikov et al., 2010). CaM-F90L mutation was proposed to be
linked to IVF phenotype, where the authors speculated that CaM
mutations could be arrhythmogenic by altering Ca2+ binding and/or
binding of target proteins, thus generating a rather insensitive CaM
and that the gene anomaly ismore pronounced in the Purkinje system
(Marsman et al., 2014). Recently, a novel single point mutation in
RyR2 (RyR2-H29D) has been linked to IVF phenotype (Cheung et al.,
2015). RyR2-H29Dmutation was shown to be associated with short-
coupled premature ventricular contractions, initiating polymorphic
VT. This mutation caused diastolic Ca2+ leak at rest by higher open
probability and higher frequency of opening of RyR at low diastolic
Ca2+ levels in a non-PKA phosphorylated state, unlike the typical
CPVT-related RyR mutations. Therefore, RyR dysfunction caused by
RyR2-H29D mutation may play a role in short-coupled
polymorphic VT.

J-point elevation associated malignant arrhythmias have
recently been proposed with a new classification, as J-wave
syndrome (Antzelevitch and Yan, 2010).
ACQUIRED SYNDROMES

Acquired Long QT Syndrome
In addition to the congenital form, LQTS can also be acquired. The
prevalence of acquired LQTS is greater than that of congenital forms
(El-Sherif et al., 2019). It is generally caused by adverse, unwanted
drug effects and/or electrolyte abnormalities and may predispose to
the prolongation of the APD/QT interval, increase in dispersion of
refractoriness and to a higher risk for generating EADs, being the
substrates for VTs, especially for torsade de pointes VT (El-Sherif
and Turitto, 1999).

The above mentioned effects are often seen for the hERG-
encoded (human ether-à-go-go-related gene or KCNH2) Kv11.1
channel, responsible for IKr while effects on enhanced INa,L has
also been reported (Yang et al., 2014). The role of dispersion of
repolarization in generating tachyarrhythmias (and the role as a
preclinical proarrhythmia marker) is further supported by a
series of experiments, where DL-sotalol and amiodarone were
compared (Milberg et al., 2004). It was shown, that both hERG-
blockers increased QT interval, however only DL-sotalol
increased transmural dispersion of refractoriness, EADs and
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torsade de pointes (and caused triangulation of the AP), while
amiodarone caused phase-2 prolongation of the AP without
triangulation, which is otherwise considered proarrhythmic.

Several other causes of acquired LQTS have been described,
including electrolyte disorders (El-Sherif and Turitto, 2011),
such as hypokalemia, hypomagnesemia or hypocalcemia,
hypothyroidism, hypothermia, but also antidepressant and
antipsychotic treatments (Sicouri and Antzelevitch, 2018),
female gender, and autoimmune and inflammatory diseases
(Lazzerini et al., 2015; Boutjdir et al., 2016). Hypocalcemia
causes QT prolongation via phase-2 prolongation of AP
(Eryol et al., 2003), also longer and late Ca2+ influx (due to
reduced Ca2+-dependent inactivation of ICa,L) can favor the
formation of EADs.

Atrial Fibrillation
The most prevalent cardiac arrhythmia is atrial fibrillation
(AF) and this can be classified as paroxysmal (spontaneously
self-terminates into sinus rhythm in less than 7 days),
persistent (lasts for more than 7 days), long-lasting
persistent (AF lasts for more than a year) or permanent AF
(without active rhythm control) (Kirchhof et al., 2016). AF is
multifactorial. Basic arrhythmogenic mechanisms include
Ca2+ handling defects such as triggered activity (DAD, late-
phase 3 EAD), conduction block (reentry), and Ca2+-driven
cardiac alternans and altered Ca2+ buffering (Nattel and
Dobrev, 2016). DAD-mediated triggered arrhythmias are
underlined by Ca2+ handling instability in AF, namely RyR
dys funct ion ( increased phosphory la t ion and open
probability), increased SERCA function, increased diastolic
SR Ca2+ leak and spontaneous SR Ca2+ release, increase in
Ca2+ sparks and waves, enhanced CaMKII function (with
subsequent RyR hyperphosphorylation), or reduced ICa,L
(Sood et al., 2008; Neef et al., 2010; Shan et al., 2012; Voigt
et al., 2012). Involvement of late-phase 3 EAD has also been
shown (Burashnikov and Antzelevitch, 2006). As in most of
the AF models APD is abbreviated, this observation can be
somewhat surprising, since EADs generally occur at a
prolonged APD. However, as we previously described, late-
phase 3 EADs occur at shorter APD and at elevated Ca2+

loading conditions (such as rapid atrial pacing). These
ectopic activities can serve as a trigger for reentry which is
considered to be the main arrhythmogenic mechanism in AF.
Also, ICa,L reduction in AF causes APD shortening and
promotes reentrant activity (Heijman et al . , 2014).
Reduction of ICa,L might be governed by reduction of
protein and mRNA levels of the channel (alpha subunit)
after rapid pacing. This transcriptional downregulation of
Ca2+ channel has been proposed to be mediated by activation
of calcineurin by Ca2+/CaM, which in turn, regulates nuclear
translocation of NFAT (Qi et al., 2008).

A novel, interesting theory has been proposed, namely,
Ca2+ signaling silencing, as an antiarrhythmic adaptive
mechanism in AF (Greiser et al., 2014). The key observation
was, that sustained high atrial pacing may not lead to Ca2+
Frontiers in Pharmacology | www.frontiersin.org 16144
instability, suggesting a role of accompanying cardiovascular
diseases (e.g. HF) rather than “lone AF” itself in those cases
when unstable Ca2+ signaling occurs in AF. Ca2+ signaling
silencing process includes the failure of centripetal
intracellular Ca2+ signal propagation (also unchanged level
of Ca2+ sparks and decreased amplitude of the systolic Ca2+

transient), remodeling of the RyR complex (reduced protein
expression and CaMKII-mediated phosphorylation), and
lower Na+ concentration (consequential reduction in Ca2+

load) (Greiser, 2017). The decreased propagation was
associated with an increase of cytoplasmic buffer power
possibly due to increased Ca2+ sensitivity of myofilaments
resulting from decreased phosphorylation of troponin I
(Greiser et al., 2014). The authors concluded that the Ca2+

signaling phenotype in AF patients is a net result of factors that
stabilize (i.e. Ca2+ signaling silencing) or destabilize it
(arrhythmogenic Ca2+ instability). Therefore, future
therapeutic approaches should identify the substrate
(arrhythmia enhancing abnormalities or arrhythmia
suppressing Ca2+ signaling silencing) and tailor therapies for
individual AF patients (Kirchhof et al., 2016; Schotten et al.,
2016; Greiser, 2017).

For an excess review about the role of Ca2+ in the pathophsiology
of AF see the review of Denham et al. (2018).
CONCLUSIONS

In summary, we have reviewed the roles of Ca2+ in cardiac E-C-
coupling focusing on those defects which lead to cardiac
arrhythmias in inherited and acquired syndromes. In the last
few decades there have been great advances in the understanding
of these arrhythmias, however, there is still a need for more work
investigating the physiology and pathophysiology of Ca2+ related
events. Designing drugs to treat a specific disease type has never
been simple; it is enough to think of the early disappointing
attempts to block the Na+ or K+ channels (CAST and SWORD
trials, respectively). Multiple characteristics of novel therapeutic
approaches have to be determined and to be considered as a
complex, systems problem.

Along with the generally used b-blockers, newly developed
selective drugs without proarrhythmic side effects are necessary.
While implantable cardiac defibrillators provide longer life
expectancy, they cannot prevent the onset of cardiac events. An
additional helpful tool would be reliable and effective risk stratification
and clinical guidance for all of the syndromes discussed. It should not
be overlooked that in the future other genetic mutations may be
discovered requiring novel biological therapies. Because of the
diversity of inherited and acquired mutations individually tailored
therapeutic approaches (gene-specific or mutation-specific
pharmacological and/or gene therapy) will be required.

To gain a better understanding of the role of Ca2+ in the cardiac
arrhythmias data from basic science should meet the clinical
practice; translational aspects must be key in all fields of science.
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Based on recent findings, an increased late sodium current (INa,late) plays an important
pathophysiological role in cardiac diseases, including rhythm disorders. The article first
describes what is INa,late and how it functions under physiological circumstances. Next, it
shows the wide range of cellular mechanisms that can contribute to an increased INa,late in
heart diseases, and also discusses how the upregulated INa,late can play a role in the
generation of cardiac arrhythmias. The last part of the article is about INa,late inhibiting
drugs as potential antiarrhythmic agents, based on experimental and preclinical data as
well as in the light of clinical trials.

Keywords: voltage gated sodium channel, late sodium current, arrhythmias, antiarrhythmic drugs, sodium
channel inhibitors
INTRODUCTION

During the non-pacemaker action potential (AP) in the heart, depolarization of the cell membrane
opens voltage gated sodium channels (Nav) for a short period of time (Scanley et al., 1990; Mitsuiye
and Noma, 2002) giving rise to the early sodium current peak (INa,early). This INa,early causes the
upstroke of the non-pacemaker AP. Through the course of the AP Nav channels may recover from
inactivation and reopen, generating a sustained current component, called late sodium current
(INa,late). INa,late flows throughout the plateau phase of the AP therefore it significantly contributes to
AP morphology, even though its magnitude is only a fraction of INa,early (Figure 1A).

If INa,late is increased, it might play a pathophysiological role in acquired cardiac diseases (Figure 1B)
such as myocardial ischemia (Maier and Sossalla, 2013) and heart failure (Coppini et al., 2013; Pourrier
et al., 2014). In the cardiomyocytes, an upregulated INa,late hinders repolarization and causes a larger
sodium entry, therefore increasing intracellular sodium concentration ([Na+]i). An increased [Na+]i, in
turn, leads to a larger intracellular calcium content. These factors together can possibly cause contractile
dysfunction (Sossalla et al., 2011), disturbed myocardial energetics (Liu and O'Rourke, 2008) and
cardiac arrhythmias (Antzelevitch et al., 2014).
ELECTROPHYSIOLOGICAL IDENTIFICATION OF INA,LATE

Mammalian cardiac cells express a wide variety of Nav isoforms, differing in unit conductance,
voltage sensitivity, kinetics, and drug sensitivity. In the majority of cardiac tissues, the dominant
isoform of the pore-forming subunit is Nav1.5, which is relatively insensitive to the sodium channel
in.org April 2020 | Volume 11 | Article 4131154
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toxin tetrodotoxin (TTX) (Gellens et al., 1992; Catterall et al.,
2005). Many of the TTX-sensitive (“non-cardiac”) Nav channels
(Nav1.1, Nav1.2, Nav1.3, Nav1.4, and Nav1.6) are also shown to be
present in cardiac tissue (Maier et al., 2002; Haufe et al., 2005;
Valdivia et al., 2005; Biet et al., 2012; Yang et al., 2012). In nodal
tissue Nav1.1 and Nav1.6 are expressed in the largest quantities.
Besides the pore-forming subunit, four auxiliary subunits (ß1, ß2,
ß3, and ß4) and certain scaffolding proteins also participate in
building up the whole complex, which also attaches to the
cytoskeleton. These molecules can interact with each other and
may modify the kinetics and voltage dependence of the actual
channel (Malhotra et al., 2001).

Mechanisms that are discussed in the followings may
contribute to the profi le of INa , l a te during the AP.
Understanding these mechanisms better might be helpful in
developing new antiarrhythmic therapeutic strategies targeting
INa,late.

INa,late Is Underlain by Different Channel
Gating Modes
At the resting membrane potential, the vast majority of Nav1.5
channels are in their closed state. Upon depolarization, Nav1.5
channels open up within 1–2 ms after which they inactivate
rapidly (Scanley et al., 1990; Mitsuiye and Noma, 2002). This
produces INa,early and the upstroke of the non-pacemaker cardiac
AP. During a sustained depolarization, Nav1.5 channels can
reopen with a small probability. In ventricular myocytes, three
modes of Nav1.5 channel activity have been characterized in
single-channel experiments: transient mode (TM), burst mode
(BM), and late scattered mode (LSM) (Maltsev, 2006).

INa,early is mainly the result of TM activity, while BM and LSM
are responsible for the sustained sodium current, INa,late (Figure
1A). The magnitude of the sustained current component is only
about 0.5–1 % of INa,early measured 50 ms after the onset of the
depolarizing pulse (Maltsev, 2006). During a sustained
Frontiers in Pharmacology | www.frontiersin.org 2155
depolarization BM openings rapidly decline in the first tens of
milliseconds therefore leaving LSM as the gating mode being
mainly responsible for INa,late toward the end of the
plateau phase.

Mutations of the channel protein and certain diseases can
change the contribution of different Nav1.5 channel activity
patterns to the macroscopic current, therefore increasing INa,late
(Bezzina et al., 1999; Valdivia et al., 2005; Wu et al., 2006;
Maltsev et al., 2007; Maltsev and Undrovinas, 2008; Song et al.,
2008; Maltsev et al., 2009; Xi et al., 2009; Guo et al., 2010; Trenor
et al., 2012) (Figure 1B). Apparently, each gating mode has a
distinct drug sensitivity or drug affinity as well (Belardinelli et al.,
2004; Ravens et al., 2004; Belardinelli et al., 2006). Based on this,
selective pharmacological targeting of certain gating modes
might have potential antiarrhythmic and/or cardioprotective
effects (Belardinelli et al., 2006; Hoyer et al., 2011; Morita
et al., 2011).

Window Sodium Current
The voltage dependence of the steady state activation and
inactivation of most Nav channels overlaps with each other (Zaza
and Rocchetti, 2013). This overlap provides a voltage range
(“window”) where inactivated Nav channels are able to recover
from inactivation and then might reopen. When the actual
membrane potential falls within this “window” of overlap, a
sustained current is evoked. Under physiological circumstances
this “window current” mechanism likely plays a limited role in
INa,late, because the Nav1.5 voltage “window” is around −70 mV,
falling quite far from the AP plateau. Additionally, in the window
voltage range, the current density is less than 5 % of the maximum
current density in healthy myocytes (Maltsev et al., 1998; Wang
et al., 2002; Liu et al., 2007). Hence, the “window current”
mechanism is unlikely to be a major determinant of INa,late in
healthy myocytes. Mutations of channel proteins or altered
regulation in certain diseases may shift either the steady-state
A B

FIGURE 1 | The early and the late component of the sodium current under physiological (A) and pathological (B) conditions. Upper panels: membrane potential;
lower panels: sodium current. INa,early, early (peak) component of the sodium current; INa,late, late (sustained) component of the sodium current.
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activation or inactivation curves of Nav channels to significantly
change this voltage window, therefore increasing INa,late under these
pathological conditions (Wang et al., 1996; Ruan et al., 2009).

Non-Equilibrium Channel Gating
During the AP of cardiac myocytes, the membrane potential changes
continuously. Nav channels are incorporated into this dynamic
system. It has been proposed by Clancy et al. (2003) that the
voltage “history” of the cell membrane can modulate the transition
between Nav channel states, termed “non-equilibrium gating”. As a
result, recovery from inactivation is also modulated by the dynamics
of voltage change. The theory is supported by experimental data
showing that the application of repolarizing voltage ramps or AP
shape voltage commands evoke a larger INa,late compared to
conventional square pulses or model simulations where “non-
equilibrium gating” is not incorporated into the numerical model
(Clancy et al., 2003; Magyar et al., 2004; Horvath et al., 2013).

Non-Cardiac Sodium Channel Isoforms in
the Heart
Epilepsy (Alekov et al., 2000; Akalin et al., 2003) and certain skeletal
muscle diseases (Komajda et al., 1980; Pereon et al., 2003) has been
associated with pathological ECG recordings. Therefore it seemed
possible that non-cardiac sodium channel mutations might cause
electrical alterations in the heart. Later, Nav1.1, Nav1.2, Nav1.3,
Nav1.4, Nav1.6, and Nav1.8 isoforms have been identified in cardiac
tissue (Maier et al., 2002; Haufe et al., 2005; Valdivia et al., 2005; Biet
et al., 2012; Yang et al., 2012). Based on the findings of Biet et al., as
much as 44 % of INa,late is due to non-cardiac sodium channels (Biet
et al., 2012) in canine ventricular cardiomyocytes. Furthermore,
Yang et al. have shown that in mice and rabbit the TTX-resistant
Nav1.8 provides a substantial amount of INa,late (Yang et al., 2012).
Based on these experimental data, isoform specific sodium channel
modulators might provide a valid approach in pharmacological
antiarrhythmic therapy (See Non-Cardiac Sodium Channel
Inhibitors as Potential Antiarrhythmic Agent for further details).
ROLE OF INA,LATE IN CARDIAC
PHYSIOLOGY

Role of INa,late in Cardiac Electrical Activity
Contribution of INa,late to cardiac APs was questioned because
of its small density. However, the plateau phase of the cardiac
AP is shaped by a delicate balance between minuscule inward
and outward current fluxes. Therefore even a small change in
these currents may significantly alter the duration of the AP
(Horvath et al., 2006). Inhibition of INa,late substantially
shortens the cardiac AP in the conductive system
(Coraboeuf et al., 1979) and in ventricular cells (Kiyosue
and Arita, 1989) as well, indicating that INa,late significantly
contributes to determining the duration of the non-
pacemaker AP in cardiac myocytes. Recent AP voltage
clamp experiments show that the density of INa,late is of
similar magnitude as the major potassium currents in
g u i n e a p i g (Ho r v a t h e t a l . , 2 0 1 3 ) a n d r a b b i t
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(Hegyi et al., 2018) ventricular myocytes. There is a
characteristic interspecies difference in the shape of INa,late

as shown in the case of guinea pig, canine, and human
ventricular myocytes (Horvath et al., 2020).

The sustained sodium current is also an important factor in
determining electrophysiological properties of sinoatrial node
cells (Maier et al., 2003; Lei et al., 2004). Tetrodotoxin, applied in
lower than 1 µM concentrations, reduces the rate of spontaneous
depolarization in sinoatrial node cells (Huang et al., 2015),
clearly indicating that non-cardiac Nav isoforms also
contribute to cardiac automaticity.

Cardiac Purkinje cells have the largest rate-dependence of
their AP duration (APD) among cardiomyocytes with fast
response APs. Purkinje cell APs are longer at lower stimulation
rates, while shorter at higher rates than APs of ventricular cells. It
has been shown that INa,late contributes to this feature by
possessing much slower decay and recovery kinetics in
Purkinje cells than in ventricular cells. As a result Purkinje cell
INa,late is significantly larger at low heart rates, while smaller at
high heart rates compared to ventricular cells. This unique
feature predisposes Purkinje cells to serve as triggers in
generating arrhythmias (Li et al., 2017).

INa,late plays a role in forming the atrial AP as well
(Burashnikov and Antzelevitch, 2013; Luo et al., 2014). INa,late
is expected to be larger in atria than in ventricles because INa, early
density is greater in atrial cells under similar conditions (Li et al.,
2002; Burashnikov et al., 2007), suggesting a higher sodium
channel expression in atrial cells. On the other hand, an
overall more positive membrane potential, and a more negative
steady-state inactivation voltage of the sodium current (Li et al.,
2002; Burashnikov et al., 2007) in the atrial cells reduce the
availability of the sodium channels (Burashnikov and
Antzelevitch, 2008). In one set of experiments by Luo et al.
maximum INa,late density has been reported to be greater in
rabbit left atrial myocytes than in ventricular cells (Luo et al.,
2014) and in a different investigation the two cell types seemed to
be similar in this matter (Persson et al., 2007). APs are shorter in
the atria compared to the ventricles reducing the amount of Na+

influx through INa,late in the former (Burashnikov and
Antzelevitch, 2013).

INa,late Plays a Significant Role in the
Sodium Homeostasis of Cardiomyocytes
[Na+]i is set by a dynamic equilibrium of the influx of Na+ into
the cell and efflux of Na+ to the interstitial space. The [Na+]i of
non-paced ventricular myocytes is around 4–8 mM in guinea-
pig, rabbit, and canine; and about twice as high in rat and mouse
(9–14 mM) (Despa and Bers, 2013). In non-paced human
myocytes [Na+]i is thought to be in the 4–10 mM range.

Na+ can enter into the cell through Na+ channels, Na+/Ca2+

exchanger (NCX) and Na+/H+ exchanger (NHE). Na+ leaves the
cell mainly via the Na+/K+ pump (NKP), but the reverse mode
NCX is also responsible for a moderate Na+ efflux during the first
few milliseconds of the cardiac AP. Furthermore, Na+/HCO3

−

cotransport, Na+/Mg2+ exchange, and Na+/K+/2Cl− cotransport
can play a role in the sodium homeostasis of cardiomyocytes to a
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small extent (Despa and Bers, 2013). It also has to be mentioned
that Na+ concentrations between the cytosol and intracellular
organelles are continuously balanced.

Upon pacing, [Na+]i increases with increasing stimulation
frequency, caused by the larger Na+ entry through Na+ channels
and NCX. In paced, single cardiac cells approximately 25 % of
the Na+ entry is mediated by Nav channels (Despa and Bers,
2013). The Na+ entry through Nav channels is about equally
distributed between INa,early and INa,late (Makielski and Farley,
2006; Zaza and Rocchetti, 2013; Despa and Bers, 2013; Shryock
et al., 2013), however this contribution can change at different
heart rates (seeHeart Rate and AP Duration Influences INa,late for
details). The higher Na+ influx into paced cells is matched by an
increased efflux through an elevated NKP activity. This is mainly
caused by the increased [Na+]i itself, but nitric oxide-, and
phospholemman-dependent mechanisms can also add to this
effect (Despa and Bers, 2013).

Na+ and Ca2+ Homeostasis Is Linked in
Cardiomyocytes
The Direct Connection Between Na+ and Ca2+

Homeostasis: Na+/Ca2+ Exchanger
The NCX is a secondarily active transporter that carries 1 Ca2+

and 3 Na+ at the same time (Janvier and Boyett, 1996; Fujioka
et al., 2000; Sipido et al., 2007; Despa and Bers, 2013; Ginsburg
et al., 2013). The NCX function is determined by the relation of
the actual membrane voltage and the sum of the actual
electrochemical gradients of Ca2+ and Na+. The main role of
NCX is to remove Ca2+ from the cells by utilizing the potential
energy present in the form of Na+ gradient (“forward mode”).
Besides this mode, in the first few milliseconds of the AP, NCX
mediates Na+ extrusion from the cell and Ca2+ entry into the
cytosol (“reverse mode”).

INa,late Facilitates Ca2+ Influx via L-Type Calcium
Channels
Being an inward current, INa,late depolarizes the membrane,
causing an increased membrane potential throughout the
plateau phase and a longer AP. The more time the membrane
spends in a depolarized state (above +40 mV) the higher the
possibility that L-type calcium channels can open or re-open. It is
well documented with AP voltage clamp technique that the L-
type calcium current is flowing throughout the AP plateau (Linz
and Meyer, 1998; Linz and Meyer, 2000; Banyasz et al., 2003;
Fulop et al., 2004; Banyasz et al., 2012). Therefore a longer AP
inevitably results in a larger Ca2+ entry to the myocyte.

Heart Rate and AP Duration
Influences INa,late
Heart rate determines the magnitude of INa,late. Like many
electrophysiological characteristics of cardiac cells (Banyasz
et al., 2009), INa,late is reverse-rate dependent, so the faster the
stimulation rate the smaller the current density will be
(Nagatomo et al., 2002; Wu et al., 2011). However, with
increasing heart rate the density of INa,early and maximum rate
of depolarization during the AP upstroke (Vmax; an AP
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parameter determined by INa,early) does not decrease that much
(Nagatomo et al., 2002). This is because recovery of INa,late is
much slower than INa,early (Carmeliet, 2006). At higher heart
rates this feature of the two sodium current components also
results in a decreasing contribution of INa,late to the overall Na+

influx. Under these conditions, the more frequent AP upstrokes
cause a greater Na+ entry through INa,early, and there is a
reduction of INa,late density because of the very slow INa,late
recovery kinetics. Moreover, rate-dependent changes of the AP
length also influence Na+ entry. At high heart rates APs are
shorter, therefore INa,late is active for a shorter time, accounting
for a further reduction of Na+ influx through the already smaller
INa,late. At the same time, extrusion of Na+ by the NKP is reduced
at high pacing rates (Despa and Bers, 2013) leading to a rate-
dependent [Na+]i loading in isolated cells. It must also be noted
that this phenomenon is largely offset or may not occur at all
during b-adrenergic stimulation because it augments NKP
activity through phospholemman (Cheung et al., 2010).).

As it is described in the previous section, APD influences
INa,late: the shorter the AP the smaller the Na+ flux through INa,late
is. Therefore under any conditions that result in a shorter AP the
contribution of INa,late to the overall Na+ influx will be smaller.
This fact, together with significant differences in heart rate
underlies differences in INa,late between species having short
APs (e.g.: rats or mice) and long APs (guinea pig, rabbit, pig,
human, etc.). In rats and mice both INa,late and Na+ influx driven
by INa,late should be much smaller than in species having
long APs.

Modulation of INa,late
Cytosolic Ca2+ Modulates INa,late in a Complex Way
Ca2+ is the key player in the excitation-contraction coupling of
cardiac cells and it also regulates many other cellular functions
including sarcolemmal transport mechanisms. Nav channels are
regulated by the individual and cooperative actions of Ca2+,
calmodulin (CaM), and Ca2+-CaM dependent protein kinase II
(CaMKII) as well (Bers and Grandi, 2009; Maier, 2011; Scheuer,
2011). Signaling through the Ca2+—CaM—CaMKII pathway is
thought to facilitate the sodium current, especially INa,late

(Maltsev et al., 2008; Maltsev et al., 2009; Bers and Grandi, 2009).

Nav Channels, Ca
2+ and CaM

Motifs with Ca2+ binding (EF hand) as well as CaM binding (IQ
motifs) capabilities are present in the Nav1.5 channel structure.
Some groups have shown that Ca2+ alone can regulate sodium
channels (Wingo et al., 2004), while other results support that
Ca2+ is not capable of regulating Nav channels directly; the
regulation is mediated via Ca2+-CaM complex (Tan et al.,
2002; Kim et al., 2004). Besides the exact regulatory
mechanism, the general agreement is that when Ca2+ is
elevated the SSI curve shifts toward more positive voltages
(Sarhan et al., 2012), although this is a largely negligible effect
at physiologically relevant Ca2+ concentrations in wild type
channels. However, under conditions when Ca2+ or CaM
sensing regions are mutated or when the Ca2+ sensitivity of
Nav channels are severely altered, diverse functional disturbances
may arise leading to an increased INa,late.
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Ca2+-CaM Dependent Protein Kinase II (CaMKII)
Besides the direct regulation of Nav channels, the Ca2+-CaM
complex activates CaMKIIdC that also modulates these channels
(Zhang and Brown, 2004; Anderson, 2005; Bers and Grandi,
2009). The active CaMKII is a Ser/Thr kinase that can
phosphorylate Nav1.5 channels on at least three amino acid
residues (Grandi and Herren, 2014). While there is an ongoing
debate about the exact role of these phosphorylation sites in
channel gating, all the studies agree on that activation of CaMKII
increases INa,late.
Complex Modulation by b-Adrenergic Stimulation
In a meticulous set of AP voltage clamp experiments, Hegyi et al.
(Hegyi et al., 2018) showed how different downstream elements
of the b-adrenergic pathway regulate INa,late in rabbit ventricular
myocytes. Protein kinase A, CaMKII, Epac, nitrosylation, as well
as reactive oxygen species (ROS) contributed to the upregulation
of INa,late during different phases of the ventricular AP.
Cellular Metabolites
ROS and H2O2 increase INa,late (Song et al., 2004; Song et al.,
2006; Sossalla et al., 2008). Some results suggest that CaMKII can
be involved in INa,late facilitation observed in the presence of
oxygen free radicals (Wagner et al., 2011), because ROS can also
activate CaMKII (Erickson et al., 2008). See (Wagner et al., 2013)
for a detailed review.

Acidosis also modulates Nav channels (Murphy et al., 2011;
Jones et al., 2011; Jones et al., 2013a; Jones et al., 2013b). Acidosis
caused a rightward shift in steady-state activation, but not in
steady-state inactivation in isolated canine ventricular myocytes
therefore reducing INa,late (Murphy et al., 2011).

Many studies have found that hypoxia increases INa,late (Ju
et al., 1996; Carmeliet, 1999; Harnmarstrom and Gage, 2002;
Wang et al., 2007; Shimoda and Polak, 2011; Tang et al., 2012).
Following a 15 minute hypoxic period, Wang et al. reported an
increased BM channel activity, a plausible explanation of the
increased INa,late.

Intermediary lipid metabolites shown to increase INa,late. Nav
channels treated with lysophosphatidylcholine exhibited a
sustained BM channel activity (Burnashev et al., 1991;
Undrovinas et al., 1992), while palmitoylcarnitine induced a
slowly inactivating sodium current (Wu and Corr, 1994).
According to more recent data, poly-unsaturated fatty acids
(docosahexaenoic acid and eicosapentaenoic acid) reduce both
INa,early and INa,late (Pignier et al., 2007). According to the
authors, the reduction is caused by a decreased overlap
between the steady-state activation and inactivation
voltage range.

Nitric oxide (NO) has been shown to enhance INa,late (Ahern
et al., 2000). The neural NO synthase (nNOS) belongs to the
huge macromolecular complex of Nav1.5, with caveolin-3 and
a1-syntrophin among some additional proteins (Cheng
et al., 2013).
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Other Mechanisms
Transcriptional Regulation
The possible promoter regions and their role in the regulation of
human SCN5A gene transcription has already been reported.
(Yang et al., 2004; van Stuijvenberg et al., 2010) Recent studies
have shown that the zinc-finger transcription factor, GATA4
(Tarradas et al., 2017), and the myocyte enhancing factor-2C
(MEF2C) enhances SCN5A transcription (Zhou et al., 2018).
However, most likely many other transcription factors are
involved in the transcriptional regulation of the SCN5A gene.

Glycosylation
Some amino acid motifs found in the Nav1.5 protein are subject
to N-glycosylation. Carbohydrates account for an about 5 % of
the total mass of Nav channels in the rat heart (Cohen and Levitt,
1993). The lack of channel glycosylation caused shifts toward
positive voltages in both steady state activation and inactivation
curves when naturally sialic-acid deficient channels were used
(Zhang et al., 1999), or when these carbohydrate residues were
removed by enzymatic treatment (Ufret-Vincenty et al., 2001)
Glycosylation also seem to be involved in channel trafficking
(Mercier et al., 2015; Cortada and Brugada, 2019)

Protein Kinase C
Upon protein kinase C activation, Na+ channels are internalized
from the plasma membrane (Hallaq et al., 2012). For the process,
both channel phosphorylation on S1503 and ROS are required
(Liu et al., 2017).

Phosphorylation on Tyrosine Residues
The “Fyn” tyrosine kinase phosphorylates Nav1.5 channels on
the Y1495 Tyr residue, located in the III–IV linker domain. This
tyrosine residue helps with anchoring Ca2+/CaM to the
inactivation gate of the channel (Sarhan and Van Petegem,
2009). When Fyn phosphorylates the channel on Y1495, it
increases the window voltage range by shifting the steady-state
inactivation toward more positive potentials (Ahern et al., 2005),
therefore resulting in an enhanced INa,late.

Arginine Methylation
There are three known arginine residues in Nav1.5 (R513, R526,
and R680), that are subject to methylation (Beltran-Alvarez et al.,
2011). These residues are found in the domain I and domain II
linker region. There are two known mutations of these arginines
(namely R526H and R680H) that cause Brugada (Kapplinger
et a l . , 2010) and LQT3 syndromes (Wang et a l . ,
2007), respectively.

Mechanosensitivity
Mechanical stimuli also affect channel gating in Nav1.5 channels.
Beyder et al. investigated this phenomenon both in an expression
system (Beyder et al., 2010) and in isolated mouse ventricular
cells (Beyder et al., 2012). The pressure ramp applied by the
authors caused a 235 % increase in LSM Nav1.5 channel
openings suggesting that INa,late is enhanced by mechanical
stress. Similar mechanical effects can modify certain signal
transduction mechanisms like nNOS and CaMKII (Jian et al.,
2014), which can, in turn, increase INa,late.
April 2020 | Volume 11 | Article 413

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Horváth et al. Antiarrhythmic Late Sodium Current Inhibition
THE ROLE OF SODIUM HOMEOSTASIS
AND ELEVATED INA,LATE IN CARDIAC
ARRHYTHMIAS

The pathophysiology of cardiac arrhythmias is based on the
classical concept of “arrhythmic triad”; combination of a
proarrhythmic substrate, a trigger, and the modulating effect of
the autonomic nervous system (Merchant and Armoundas, 2012).
The exact combination depends on etiology, cardiac-, and
extracardiac comorbidities. Abnormal [Na+]i homeostasis can
play a role in creating an arrhythmia-prone substrate as well as in
generating a trigger for the rhythm disorder. The discussed
mechanisms are summarized on Figure 2.

[Na+]i Increases in Many Cardiac
Pathologies
Compared to non-failing myocytes, [Na+]i is about 2–6 mM
larger in myocytes from failing hearts (Pieske et al., 2002; Despa
et al., 2002; Schillinger et al., 2006; Louch et al., 2010). In a
pressure- and volume-overload rabbit HF model, Despa et al.
have found an increased TTX-sensitive Na+ influx (Despa et al.,
2002). Interestingly, this larger influx was present not only in
electrically stimulated myocytes, but in non-paced cells as well.
In paced cells the most plausible candidate of this increased
TTX-sensitive Na+ influx is INa,late. However, the underlying
mechanism of this influx is not yet understood completely in
resting myocytes.
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INa,late Can Contribute to the Elevated
[Na+]i
Many cardiac diseases are associated with an increased INa,late.
The list contains cardiac myocytes originating from end-stage
HF (Maltsev et al., 1998; Maltsev et al., 2007) and post-
myocardial infarction (Huang et al., 2001) preparations as well
as animal HF models (Valdivia et al., 2005; Maltsev et al., 2007).
The larger INa,late can be caused by several pathophysiologic
factors including oxidative stress (ROS (Song et al., 2006; Sossalla
et al., 2008) and NO (Ahern et al., 2000) mainly by S-
nitrosylation of the Nav1.5 channels (Cheng et al., 2013)),
hypoxia (Carmeliet, 1999; Tang et al., 2012), mechanical stress
(Beyder et al., 2012), and certain ischemic metabolites, for
example oxidized lipids (Burnashev et al., 1991). Looking at
gating modes in single Nav1.5 channels, enhanced INa,late is likely
underlain by an increased number of BM and LSM openings
(Undrovinas et al., 2002; Maltsev, 2006) in HF.

The Ca2+—CaM—CaMKII signal transduction pathway is
upregulated in HF (Bers, 2010), and this pathway has been
shown to increase INa,late (Tan et al., 2002; Wagner et al., 2006;
Ashpole et al., 2012; Ma et al., 2012). Oxidation activates CaMKII
(Wagner et al., 2011) and keeps it constitutively active. The
enhanced CaMKII-mediated Nav1.5 phosphorylation, therefore,
certainly takes part in increasing INa,late under oxidative stress.
Recent studies have found that Nav1.8 expression is significantly
up-regulated, while Nav1.5 is reduced in human left ventricular
hypertrophy (Ahmad et al., 2019) and HF (Dybkova et al., 2018).
FIGURE 2 | How can an impaired sodium homeostasis of cardiac myocytes lead to arrhythmias? AP, action potential; NHE, Na+/H+ exchanger; [Na+]i, intracellular
sodium concentration; NCX, Na+/Ca2+ exchanger; [Ca2+]i, intracellular calcium concentration; SR, sarcoplasmic reticulum; CaMKII, calcium/calmodulin dependent
protein kinase II.
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The Vicious Circle of CaMKII—INa,late—
[Na+]i—[Ca2+]i—CaMKII
When [Na+]i is elevated, it makes the NCX forward mode
energetically less favorable, therefore a smaller amount of Ca2+

will leave the cell through NCX. This causes an increased [Ca2+]i
load, and therefore further activates CaMKII, leading to
enhanced phosphorylation of CaMKII targets such as Nav1.5.
This, in turn, increases INa,late, which further elevates [Na+]i
finally creating an arrhythmogenic vicious circle (Grandi and
Herren, 2014). By using genetic (LQT3 mutation) as well as
pharmacological (anemone toxin-II, ATX-II) approaches to
increase INa,late, and therefore achieve [Na+]i loading, Yao et al.
described this feedback (Yao et al., 2011). These conditions lead
to the vicious circle described above, and as a result, arrhythmias
can be generated because of an increase in the CaMKII-
dependent phosphorylation of phospholamban and RyRs.

[Na+]i—Mitochondrial [Ca2+]—Oxidative
Stress—CaMKII—INa,late—[Na+]i Feedback
The mitochondrial NCX dynamically equilibrate concentrations
of Ca2+ and Na+ of the mitochondrion and the cytosol. Ca2+ in
the mitochondrion plays a role in determining the production of
ATP and ROS by regulating the expression of enzymes involved
in oxidative phosphorylation (Yang et al., 2014). If [Na+]i is
elevated, it will impair Ca2+ accumulation in the mitochondrion
at high pacing rates, leading to a decrease in NADH/NAD+ redox
potential. This increases H2O2 generation in the cells (Liu and
O'Rourke, 2008), causing oxidative stress and thereby directly
and indirectly (through CaMKII (Erickson et al., 2008))
activating INa,late. Finally, the process leads to a further increase
in [Na+]i (Wagner et al., 2011). This shows that, similar to an
elevated [Na+]i, CaMKII activation can be caused by and can also
lead to an increased ROS production.

Arrhythmogenic Consequences of an
Increased INa,late and [Na+]i
Many inherited and acquired diseases can lead to a longer
ventricular repolarization, presented as long QT (LQT)
syndromes (El-Sherif et al., 2019; Locati et al., 2019). The
inherited LQT3 syndrome is caused by an increased INa,late

because of a mutant, much slower inactivating Nav1.5 channel.
Acquired LQTs include for example heart failure (Maltsev et al.,
1998; Maltsev et al., 2007; Coppini et al., 2013), myocardial
ischemia and post-infarction state (Huang et al., 2001; Rivera-
Fernandez et al., 2016), and type 2 diabetes mellitus (Ninkovic
et al., 2016).

Under physiological conditions there is a fine balance between
the inward and outward currents during the AP plateau. During the
plateau phase the impedance of the membrane is large, therefore
even a small change in the delicate balance can lead to a marked
change in AP duration. In this setting, the depolarizing drive caused
by an increased INa,late causes a longer AP (Studenik et al., 2001;
Horvath et al., 2013), as well as under a longer AP, INa,late will
generate a larger Na+ influx. Even in normal hearts, both APD and
INa,late is greater in Purkinje fibers and in “M” cells than in the rest of
Frontiers in Pharmacology | www.frontiersin.org 7160
the myocardium contributing to the physiological heterogeneity of
repolarization. LQT syndromes increase both the spatial
heterogeneity of repolarization (Maltsev et al., 2007) and the
temporal variability of repolarization (El-Sherif et al., 2019) and
therefore can present an arrhythmogenic substrate. This can be
further exaggerated by bradycardia, where the APs are already long,
and having larger heterogeneity (Szentandrassy et al., 2015). Cardiac
diseases can also provide the proarrhythmic substrate in the form of
temporal repolarization heterogeneity, “repolarization alternans”
(Bonatti et al., 2014; Justo et al., 2016) which phenomenon is
more pronounced in tachycardia.

The trigger is also highly rate-dependent. At low heart rates,
where the cardiac APs are already long even under physiological
conditions, an augmented INa,late can further prolong
repolarization therefore increasing the probability of early
afterdepolarizations (EADs), and the risk for (fatal) ventricular
arrhythmias (Wang et al., 1995; Wang et al., 1996; Makita et al.,
2002; Hedley et al., 2009; Cardona et al., 2010; Yamamura et al.,
2010; Lowe et al., 2012). Severe bradycardia together with an
enhanced INa,late and a long APD may also promote delayed
afterdepolarization (DAD)-mediated triggered activities (Song
et al., 2008; Coppini et al., 2013; Horvath et al., 2013). These
triggered activities seem to heavily depend on an increased [Ca2+]i.

As described previously, an increased [Na+]i offsets NCX,
decreasing Ca2+ removal from the cytosol (Bers, 2002; Nagy
et al., 2004; Despa and Bers, 2013). This elevates diastolic [Ca2+]i
and therefore increasing SR Ca2+ content; leading to
spontaneous Ca2+ release events from the Ca2+-overloaded SR
(Gyorke and Terentyev, 2008). This can generate DADs and
therefore possibly triggering arrhythmias. At high heart rates this
can further be aggravated by the two feedback loops involving
CaMKII, as described in the previous sections, resulting in an
enhanced CaMKII mediated phosphorylation of RyR2 therefore
increasing the probability of spontaneous SR Ca2+ release events.
It must be noted again that in vivo, there is no high heart rate
without b-adrenergic stimulation. Adrenergic stimulation on one
hand further activates CaMKII (Hegyi et al., 2018) but on the
other hand, it also reduces or even diminishes [Na+]i loading of
the cells by enhancing NKP activity (Cheung et al., 2010). This
makes the role of INa,late in DAD-mediated arrhythmias
occurring at high heart rates questionable.

In the diseased heart, however, rate-dependent properties of
INa,late and [Na+]i are quite poorly investigated. At high pacing
rates, INa,late decreases in LQT3 DKPQ mutant cells (Nagatomo
et al., 2002) and an increased [Na+]i load was reported in
hypertrophied feline cells (Mills et al., 2007) as well as in
human cardiomyocytes from failing hearts (Pieske et al., 2002).

Pharmacologically enhanced INa,late increases repolarization
heterogeneity in intact, isolated rabbit and guinea pig hearts
(Restivo et al., 2004; Milberg et al., 2005), as well as in canine left
ventricular wedge preparations giving rise to TdP (Shimizu and
Antzelevitch, 1999a; Shimizu and Antzelevitch, 1999b). ATX-II
also induces AF in a wide range of experimental conditions (Lu
et al., 2012; Liang et al., 2016). Many gain-of-function SCN5A
mutations (including LQT3) have been associated with atrial
fibrillation (AF) (Benito et al., 2008). Also, in cases of chronic
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(permanent) AF, larger INa,late was found (Sossalla et al., 2010;
Poulet et al., 2015). These data suggest that enhancement of
INa,late might play a role in generating or maintaining AF most
likely because of [Na+]i overload dependent Ca2+ overload
(Nattel and Dobrev, 2012).
INA,LATE AS AN ANTIARRHYTHMIC
THERAPEUTIC TARGET

Sodium Channel Inhibitors
Natural products of peptide and non-peptide structure can
inhibit sodium channels, although these compounds have
negligible therapeutical relevance. Clinically relevant small-
molecule sodium channel inhibitors include local anesthetics,
anticonvulsants, and antiarrhythmic agents such as lidocaine,
carbamazepine, phenytoin, lamotrigine, and mexiletine. These
small-molecule inhibitors all bind to the so-called “local
anesthetic site” of sodium channels where amino acid residues
are highly conserved among different Nav subtypes (de Lera Ruiz
and Kraus, 2015). Because of this, the “classic” Nav blockers are
not subtype specific, they inhibit all subtypes to a certain extent.
Also, these compounds somewhat inhibit both INa,early and
INa,late, usually having a higher inhibitory effect on INa,late.
Therefore most Nav blockers reduce excitability and impulse
propagation (parameters associated with INa,early) together with
the plateau sodium current (INa,late).

Selective INa,late Inhibitors
A few sodium channel blockers differ from the “classic”
inhibitors, because they inhibit INa,late more potently than INa,
early. The molecular mechanism of the preferential INa,late

inhibition is still not completely understood. Even though
ranolazine was used for most of the experimental and clinical
studies, other selective INa,late inhibitors also exist such as
lidocaine, GS-458967, GS-462808, F15845, and GS-6615
(eleclazine). The half-maximal inhibitory concentration (IC50)
values of these inhibitors for the late and the early sodium
current component are summarized in Table 1. For a more
Frontiers in Pharmacology | www.frontiersin.org 8161
thorough data summary on this, see Table 2 in the review of
Antzelevitch et al. (2014).

For lidocaine, IC50 values of around 25 and 300 µM were
determined for INa,late and INa,early, respectively (Antzelevitch
et al., 2014).

In case of ranolazine, the IC50 values are 17 µM for INa,late and
1,329 µM for INa,early in rabbit (Belardinelli et al., 2013), whereas
6 µM for INa,late (Antzelevitch et al., 2004; Undrovinas et al.,
2006) and 294 µM for INa,early (Undrovinas et al., 2006) in canine
ventricular myocytes.

GS-458967 was found to have an IC50 of 333 nM for INa,late
inhibition while exhibiting smaller than 15% block of INa,early at the
same concentration at 1 and 3 Hz pacing frequencies (Koltun et al.,
2016a) measured on Nav1.5 channels expressed in HEK-293 cells
with automated patch-clamp. In rabbit ventricular cardiomyocytes,
the IC50 was 130 nM for INa,late, and at 10 µM, GS-458967 caused an
approximately 7.5 % reduction in INa,early. (Belardinelli et al., 2013).
Unfortunately for the developer, GS-458967 had a high brain
penetration and a profound use dependent block on all the
various sodium channel isoforms, making the compound prone
for possible central nervous system side effects (Koltun et al., 2016a).

GS-462808 has an IC50 of 1.9 µM for INa,late inhibition while
blocking 10 % of INa,early at 10 µM and it is also more cardiac
isoform selective than GS-458967 blocking only 8 % of the
Nav1.1 peak current. The problem with GS-462808 is that it
caused liver lesions during the acute animal toxicity tests (Koltun
et al., 2016b).

For GS-6615 the IC50 values of 0.62 and 51 µM were reported
for INa,late and INa,early blockade, respectively, in manual patch-
clamp experiments, with practically no effect on Nav1.1 channels
(Zablocki et al., 2016).

F15845 has an IC50 of 3.25 µM for the inhibition of
veratridine-induced INa,late while blocking 23 % of INa,early at 10
µM (Vacher et al., 2009). Last experimental data about F15845
were published in 2010, where it prevented ischemia-induced
arrhythmias in rats (Pignier et al., 2010). Since then no new
results came out regarding this agent.

Selectivity of these specific INa,late inhibitors is usually voltage-
dependent, these blockers have very little effect on INa,early at
more negative (quite unphysiological, for example −120 mV)
holding potentials. As the holding potential gets closer to
physiological resting membrane potentials, the selectivity of
these compounds decrease, they start to inhibit INa,early more.
Also, most inhibitors block the sodium channels in a rate-
dependent (“use-dependent”) fashion; the blockers are more
effective at rapid than at slow heart rates. This is because most
inhibitors preferentially bind to the open and/or inactivated
channels rather than the closed channel. This effect is
especially strong in sodium channel blockers having fast
association and dissociation kinetics (Pless et al., 2011)
(Vaughan-Williams class Ib agents).

In case of 1 µM GS-458967 for example, INa,early did not
change in rabbit ventricular myocytes held at −120 mV at pacing
rates of 0.1, 1, or 3 Hz. When the holding potential was −80 mV,
however, 1 µM GS-458967 reduced INa,early by 48 ± 7%, 50 ± 7%,
TABLE 1 | IC50 values of selective late sodium current inhibitors for the late and
the early sodium current component.

Compound IC50 for Reference

INa,late INa,early

Lidocaine 29 µM 367 µM Antzelevitch et al., 2014
Ranolazine 17 µM 1329 µM Belardinelli et al., 2013

6 µM 294 µM Undrovinas et al., 2006
GS-458967 333 nM <15 % block at 333 nM Koltun et al., 2016a

130 nM 7.5 % reduction at 10 µM Belardinelli et al., 2013
GS-462808 1.9 µM 10 % reduction at 10 µM Koltun et al., 2016b
GS-6615 0.62 µM 51 µM Zablocki et al., 2016
F15845 3.25 µM 23 % reduction at 10 µM Vacher et al., 2009
Where the IC50 value is missing, inhibition percentage at a given concentration was used
instead.
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and 56 ± 8% at rates of 0.1, 1, and 3 Hz, respectively (Belardinelli
et al., 2013).

Ranolazine also inhibits sodium channels in a voltage-, and use-
dependent fashion, moreover this blockade is also significantly larger
in atria compared to ventricles (Zygmunt et al., 2011). With 50 ms
long depolarizing pulses and 250 ms diastolic intervals (at 3.33 Hz),
the use-dependent block by ranolazine at −120 mV was 21 % in
ventricular, versus 32 % in atrial cells, whereas at −100 mV the block
was 47 % versus 56 %, respectively. This data suggest that the rate
dependency (use-dependency) is very pronounced in case of INa,early
inhibition, but much smaller with INa,late. Therefore, based on the
rate-dependent physiological (see Heart Rate and AP Duration
Influences INa,late) and pharmacological characteristics of INa, early

and INa,late, a quite selective inhibition of INa,late might be achieved at
slow heart rates and with long APs, but at fast rates, with short AP
duration, sodium channel blockers similarly inhibit both INa, early and
INa,late.

At therapeutical plasma concentrations, ranolazine inhibits
other ionic currents besides INa,late. This includes IKr
(approximately 40 % inhibition at 6 µM), and ICa,L (around 25 %
inhibition at 6 µM) (Antzelevitch et al., 2004). Consequently,
inhibiting INa,late and applying ranolazine are very far from being
identical concepts. When ranolazine is used to inhibit INa,late,
effects on other channels must not be forgotten. Besides the
previous features, ranolazine is also a weak b-adrenergic
antagonist (Letienne et al., 2001) and an inhibitor of fatty acid
oxidation (Chaitman, 2006), even though this latter effect only
becomes prominent at supratherapeutical plasma concentrations.

Non-Cardiac Sodium Channel Inhibitors as
Potential Antiarrhythmic Agents
Riluzole blocks TTX-sensitive sodium channels preferentially,
which are associated with damaged neurons (Song et al., 1997).
Riluzole also directly inhibits the kainate and NMDA receptors
(Debono et al., 1993) as well as potentiates GABAA receptors (He
et al., 2002). In anaesthetized pigs, myocardial damage and
arrhythmias induced by coronary occlusion has been reduced
by riluzole (Weiss et al., 2013). Riluzole has also been found to be
anti-ischemic and antiarrhythmic in a pig model of acute
myocardial infarction. (Weiss and Saint, 2010).

Targeting Nav1.8 with specific inhibitors might provide a
potential novel approach in the future in antiarrhythmic drug
therapy, because recent studies have found that Nav1.8
expression is significantly up-regulated in human left
ventricular hypertrophy (Ahmad et al., 2019) and HF
(Dybkova et al., 2018). By using Nav1.8-specific blockers
[either A-803467 (30 nM) or PF-01247324 (1 mM)] the
authors managed to reduce INa,late and APD in these
experiments. Other Nav1.8 specific inhibitors include funapide
and VX-150, however these compounds have not been tested in
relation to cardiac pathophysiology so far.

Experimental Pathophysiology Studies
Because of the pronounced use-dependent effect of specific
INa,late inhibitors, interpretation of experimental studies
conducted on rats and mice (having resting heart rates around
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400 bpm) are very difficult. Therefore this review will focus on
experimental data originating from larger mammalian species.

Late Sodium Current Inhibition and Ventricular
Arrhythmias
As it was demonstrated in the previous sections, INa,late has quite
different characteristics under different heart rates. Therefore it is
worthwhile to split the ventricular arrhythmia topic into two
subtopics accordingly.

Bradycardia and Long APs
Many in vitro experimental studies have shown that at low
pacing rates with prolonged APs and increased repolarization
heterogeneity (LQT3 syndrome, heart failure, hypertrophic
cardiomyopathy), inhibition of INa,late effectively reduces the
burden of arrhythmic episodes [EADs, DADs, triggered APs,
Torsade de Pointes (TdP) (Shimizu and Antzelevitch, 1997; Song
et al., 2004; Coppini et al., 2013; Belardinelli et al., 2013;
Rajamani et al., 2016)].

Ranolazine and GS-458967 has been shown to suppress
dofetilide-induced TdP in a canine in vivo model (Antoons
et al., 2010; Bossu et al., 2018).

There was one experimental study about the potential
antiarrhythmic role of F15845, where it prevented ischemia-
induced arrhythmias in rats (Pignier et al., 2010). However the
use of a rat model makes it hard to extrapolate this study
to humans.

Under the pathological conditions listed above, the fine
balance between the inward and outward currents during the
AP plateau is shifted toward the depolarizing inward currents,
resulting in a longer AP. Therefore, theoretically, any
intervention that reduces the depolarizing currents (e.g.: L-type
calcium current, NCX current, INa,late) could be effective in
bringing the repolarization closer to normal. In this setting,
therefore, inhibiting INa,late will reduce the depolarization drive
resulting in a significantly shorter APD and the suppression of
arrhythmogenic events such as EADs, even if the magnitude of
INa,late is not increased. Under similar conditions, other
interventions such as L-type calcium channel blockade
(Abrahamsson et al., 1996) or potassium channel activation
(Carlsson et al., 1992) can also shorten APD, reduce
repolarization heterogeneity, and suppress the occurrence of
arrhythmogenic events even if INa,late is upregulated. In LQT
syndromes INa,late-mediated increase in Ca2+i is just a fraction of
the total Ca2+i, and even total Ca2+i just contributes to rather
than determines the arrhythmogenic events (Carlsson
et al., 1996).
Tachycardia-Induced Tachyarrhythmias (VT, VF)
INa,late blockers seem to effectively prevent or terminate
tachycardia-induced ventricular tachycardia, and ventricular
fibrillation in healthy animal models in the presence of a b-
adrenergic agonist (Alves Bento et al., 2015; Carneiro et al., 2015;
Bacic et al., 2017).

However, inhibition of INa,late does not likely play a crucial
role here, based on the following theoretical considerations. To
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start with, in healthy ventricular tissue at high heart rates INa,late
is quite small, as it was discussed in Heart Rate and AP Duration
Influences INa,late. Furthermore, at rapid heart rates with b-
adrenergic stimulation the major arrhythmogenic mechanism
is likely to be the increased L-type calcium current, the increased
SR Ca2+ content, and the leaky RyR together (Merchant and
Armoundas, 2012). The third but similarly important factor is
that these VT/VF episodes are likely underlain by a reentry
mechanism, therefore heavily depending on the fast conduction
provided by INa,early. At high pacing rates the “specific” INa,late
inhibitors will also block a considerable amount of INa,early as well
(see Selective INa,late Inhibitors for details), and this might just be
enough to break the reentry circuit (Burashnikov and
Antzelevitch, 2017).

Based on the experimental data, INa,late inhibition seems to be
a valid therapeutic approach to tackle ventricular arrhythmias
especially at low heart rates. These experimental studies also
suggest that INa,late inhibition mainly affects the arrhythmogenic
substrate by making the repolarization less heterogenous
(Carneiro et al., 2015), with only low impact on suppressing
the triggers (Bossu et al., 2018).

Late Sodium Current Inhibition in AF
GS-458967 was shown to suppress isoproterenol-, and high
Ca2+-induced DADs in healthy canine pulmonary-, and
superior vena cava preparations (Sicouri et al., 2013). GS-
458967 also suppressed autonomically triggered AF in an
intact porcine model (Carneiro et al., 2015). In other
experimental studies, “classic” sodium channel inhibitors
(eg, lidocaine, flecainide) also prevented and terminated AF
(Wang et al., 1992; Comtois et al., 2008). However, these
agents were used at concentrations causing a suppression of
INa,early. Experimental data about ranolazine shows an
e ff e c t i v e r educ t ion o f AF burden (AFB) on ly a t
concentrat ions that potent ly inhibi t both INa , e a r l y

(Burashnikov et al., 2007; Kumar et al., 2009; Burashnikov
et al., 2014) and IKr (Burashnikov et al., 2007) Suppressing IKr
reduces the diastolic interval between APs therefore
promoting rate-dependent INa,early inhibition.

Based on these data, specific INa,late blockade alone is not a clear
and straightforward approach in AF, except for cases when a
longer atrial AP is the pathogenetic factor in the initiation of AF.

Clinical Studies
Ranolazine
So far, ranolazine has been used in the vast majority of clinical
studies involving INa,late blockers. When interpreting these trials,
it has to be considered that ranolazine has other effects besides
inhibiting INa,late. With the use of ranolazine, the first favorable
results from phase 2 clinical trials were published in the 1990s
(Cocco et al., 1992; Thadani et al., 1994). In 2006, following the
outcome of the MARISA (Chaitman et al., 2004a), CARISA
(Chaitman et al., 2004b), and ERICA (Stone et al., 2006) trials,
Frontiers in Pharmacology | www.frontiersin.org 10163
the Food and Drug Administration approved ranolazine as an
anti-anginal agent.

The effect of clinical outcome and safety of ranolazine therapy
was investigated in more than 6,500 patients with non-ST-
elevation acute coronary syndrome in the MERLIN TIMI-36
trial (Morrow et al., 2007). Although cardiovascular death or
myocardial infarction has not been significantly reduced by
ranolazine when compared to standard therapy; but recurrent
ischemia (Morrow et al., 2007) and the incidence of arrhythmias
(Scirica et al., 2007) were significantly lower with ranolazine.
Treatment with ranolazine, compared to placebo, resulted in
significantly lower incidences of arrhythmias. Fewer patients had
episodes of ventricular tachycardia lasting more than eight beats
[166 (5.3%) versus 265 (8.3%); p<0.001], supraventricular
tachycardia [1413 (44.7%) versus 1752 (55.0%); p<0.001], or
new-onset AF [55 (1.7%) versus 75 (2.4%); p=0.08]. Moreover,
longer than 3 s pauses were less frequent with ranolazine [97
(3.1%) versus 136 (4.3%); p=0.01].

In the double-blind HARMONY (ClinicalTrials.gov ID:
NCT01522651) phase 2 trial (Reiffel et al., 2015), patients with
paroxysmal AF and implanted pacemakers were enrolled, so that
AFB could continuously be monitored over the 12 weeks of
treatment period. Patients were randomized to placebo,
ranolazine alone (750 mg twice a day—BID), dronedarone
alone (225 mg BID), or ranolazine (750 mg BID) combined
with dronedarone (either 150 mg BID or 225 mg BID). The idea
behind the combination was to reduce the dose of dronedarone,
and therefore the negative inotropic effect associated with
dronedarone. Placebo or the drugs alone did not significantly
reduce AFB. In the combination therapies, however, ranolazine
with dronedarone 225 mg BID reduced AFB by 59% vs placebo
(p=0.008), and ranolazine with dronedarone 150 mg BID
reduced AFB by 43% (p=0.072). Also, patients tolerated both
combinations well.

Into the RAFFAELLO phase 2 trial (De Ferrari et al., 2015)
patients with persistent AF (7 days to 6 months) were enrolled.
Two hours after successful electrical cardioversion participants
were randomized to either placebo, or ranolazine 375 mg, 500
mg, or 750 mg BID. Patients were monitored daily by
transtelephonic ECG. The primary end-point was the time to
first AF recurrence. No dose of the ranolazine prolonged time to
AF recurrence significantly compared to placebo. Of the 238
patients who took at least one dose of the study drug, AF
recurred in 56.4%, 56.9%, 41.7%, and 39.7% of patients in the
placebo and ranolazine 375 mg/500 mg/750 mg groups,
respectively. The reduction in overall AF recurrence in the
combined 500-mg and 750-mg groups was of borderline
significance compared to the placebo group (p=0.053) and
significant compared to 375-mg group (p=0.035).

The RAID clinical trial (NCT01534962) (Zareba et al., 2018)
investigated high-risk cardiomyopathy patients who received an
implantable cardioverter-defibrillator (ICD). The subjects
received either ranolazine (1,000 mg BID) or placebo. The
primary endpoints were VT or VF requiring ICD shock or
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death. Among 1,012 ICD patients the ranolazine versus placebo
hazard ratio was 0.84 (95% confidence interval: 0.67 to 1.05;
p=0.117) for the primary endpoint. In the ranolazine group the
risk of ICD therapies for recurrent VT or VF were significantly
lower (hazard ratio: 0.70; 95% confidence interval: 0.51 to 0.96;
p=0.028). Other effects of ranolazine treatment however has not
been significant. These included individual components of the
primary endpoint, quality of life, cardiac hospitalizations, and
inappropriate ICD shocks as well.

In a smaller group of participants of the RAND-CFR trial
(NCT01754259) (Evaristo et al., 2018) where symptomatic
diabetic patients participated with non-flow-limiting coronary
artery stenosis with diffuse atherosclerosis and/or microvascular
dysfunction, effect of ranolazine on T-wave heterogeneity was
evaluated. At physical rest, in the ranolazine group T-wave
heterogeneity was 28 % smaller (placebo: 47±6 mV, ranolazine:
39±5 mV, p=0.002), however ranolazine did not differ from the
placebo group during exercise. The trial also suggested that
reduction in repolarization abnormalities seemed to be
independent of alterations in myocardial blood flow.

In a meta-analysis of eight randomized clinical trials (Gong et al.,
2017) Gong et al. found that ranolazine significantly reduced AF
incidence in different clinical settings, such as in acute coronary
syndromes, after cardiac surgery and after electrical cardioversion of
AF (relative risk=0.67, 95% confidence interval: 0.52–0.87, p=0.002).
Moreover, the combined use of ranolazine and amiodarone
compared to amiodarone alone showed a 1.23-times higher
conversion rate of AF (95% confidence interval: 1.08–1.40),
together with a significantly, about 10 h shorter conversion time.

Based on the evidence above, ranolazine may have
therapeutic role in the treatment of cardiac rhythm disorders,
of both atrial and ventricular origin. For stronger evidence, more
phase 3 clinical investigations are necessary.
Eleclazine (GS-6615)
Besides ranolazine, until now eleclazine was the only other selective
INa,late inhibitor drug candidate that made it to phase 3 clinical trials.
In the first trial (NCT02300558) eleclazine was tested for safety,
tolerability, and its effect on shortening of the QT interval in LQT3
patients. The primary outcome of the study showed that after 24
weeks the mean daytime corrected QT interval was significantly, 8.5
ms shorter than at baseline, and there was only one patient with a
serious adverse event (nephrolithiasis). The other trial (LIBERTY-
HCM; NCT02291237) targeted HCM patients for the effect of
eleclazine on exercise capacity. In this trial, eleclazine has not
been proven to be superior to placebo.

The last moment in the development of eleclazine came after
results of the phase 2 TEMPO study (NCT02104583) were
analyzed. In the trial, subjects with ventricular tachycardia/
ventricular fibrillation and ICD participated. Results of the
study have shown that the rate of ICD shocks was higher in
subjects who received eleclazine compared to the placebo arm.
Frontiers in Pharmacology | www.frontiersin.org 11164
Therefore in late 2016, the further development of eleclazine was
terminated for all indications.
CONCLUSIONS

An increased INa,late is present in many heart diseases. The
upregulated INa,late lengthens the cardiac AP, increases [Na+]i, and
causes Ca2+ overload of cardiomyocytes by offsetting the forward
mode NCX. The elevated Ca2+, in turn, mainly through CaMKII, can
further increase INa,late in a vicious circle. These pathophysiological
mechanisms together may result in impaired cardiac energetics and
contractile dysfunction of the heart as well as cardiac arrhythmias.
The prolonged AP can serve as a substrate that is prone to rhythm
disorders, whereas Ca2+ overload can be the trigger. INa,late seems to
possess a pathogenetic role especially in AF and in ventricular
arrhythmias occurring under bradycardic conditions.

Multitude of pathophysiology studies have drawn the
consequence that selective INa,late inhibition is a favorable
antiarrhythmic tool in many experimental settings. Despite all
these studies, the one and only drug on the market that
selectively inhibits INa,late is ranolazine, although it significantly
affects other ionic currents as well. Ranolazine has been a safe
and effective antianginal medication since 2006 based on large
randomized studies. Some recent clinical evidence also proves
that ranolazine shows favorable effects in AF and in ventricular
arrhythmias. For stronger evidence, more phase 3 clinical
investigations are necessary. Targeting Nav1.8 with specific
inhibitors is also an interesting novel approach in the future of
antiarrhythmic drug therapy.
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The Cardiac Pacemaker Story—
Fundamental Role of the Na+/Ca2+

Exchanger in Spontaneous
Automaticity
Zsófia Kohajda1,2†, Axel Loewe3†, Noémi Tóth2, András Varró1,2* and Norbert Nagy1,2

1 MTA-SZTE Research Group of Cardiovascular Pharmacology, Hungarian Academy of Sciences, Szeged, Hungary,
2 Department of Pharmacology and Pharmacotherapy, Faculty of Medicine, University of Szeged, Szeged, Hungary,
3 Institute of Biomedical Engineering, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

The electrophysiological mechanism of the sinus node automaticity was previously
considered exclusively regulated by the so-called “funny current”. However, parallel
investigations increasingly emphasized the importance of the Ca2+-homeostasis and Na+/
Ca2+ exchanger (NCX). Recently, increasing experimental evidence, as well as insight
through mechanistic in silico modeling demonstrates the crucial role of the exchanger in
sinus node pacemaking. NCX had a key role in the exciting story of discovery of sinus node
pacemaking mechanisms, which recently settled with a consensus on the coupled-clock
mechanism after decades of debate. This review focuses on the role of the Na+/Ca2+

exchanger from the early results and concepts to recent advances and attempts to give a
balanced summary of the characteristics of the local, spontaneous, and rhythmic Ca2+

releases, the molecular control of the NCX and its role in the fight-or-flight response.
Transgenic animal models and pharmacological manipulation of intracellular Ca2+

concentration and/or NCX demonstrate the pivotal function of the exchanger in sinus
node automaticity. We also highlight where specific hypotheses regarding NCX function
have been derived from computational modeling and require experimental validation.
Nonselectivity of NCX inhibitors and the complex interplay of processes involved in Ca2+

handling render the design and interpretation of these experiments challenging.

Keywords: Na+/Ca2+ exchanger, pacemaking, sinus node, automaticity, Ca2+-handling
Abbreviations: AP, action potential; APD, action potential duration; ATP, adenosine triphosphate; Ca2+/CA, Ca2+-cation
antiporter; Ca2+i, intracellular Ca

2+ concentration; CaM, calmodulin; CaMKII, Ca2+/calmodulin-dependent protein kinase;
cAMP, cyclic adenosine monophosphate; CICR, Ca2+-induced Ca2+ release; CL, cycle length; CRU, Ca2+- release unit; DD,
diastolic depolarization; DDR, diastolic depolarization rate; EC50, half maximal effective concentration; ENCX, NCX
equilibrium potential; GPCR, G-protein coupled receptor; hESC-CM, human embryonic stem cell-derived cardiomyocyte;
IC50, half maximal inhibitory concentration; ICaL, L-type Ca2+-current; ICaT, T-type Ca2+-current; If, funny-current; IK1,
inward rectifier potassium current; IK(Ca): small-conductance Ca2+-activated K+ current; IKr, rapid delayed rectifier potassium
current; IKs, slow delayed rectifier potassium current; Ito, transient outward potassium current; LCR, local Ca2+ releases;
LDCaE, late diastolic Ca2+ elevation; LLFS model, Loewe–Lutz–Fabbri–Severi model; M-clock, membrane clock; MDP,
maximal diastolic potential; Na+i, intracellular Na

+ concentration; NCX, Na+/Ca2+ exchanger; NO, nitrogen-monoxide; PDE,
phosphodiesterase; PKA, protein kinase A; PKC, protein kinase C; PLB, phospholamban; PP1, protein phosphatase 1; PP2A,
protein phosphatase 2; RyR, ryanodine receptor; SERCA, sarcoplasmic reticulum Ca2+ ATPase; SN, sinus node; SNC, sinus
node cell; SR, sarcoplasmic reticulum; Vm, transmembrane potential.
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INTRODUCTION

Few areas of cardiac cellular electrophysiology had more intense
debate over the years than ‘what makes our hearts beat'—the
electrophysiology of the sinus node (SN). In the last two decades,
we could witness the struggle of two competing oscillator
concepts explaining SN automaticity: in essence, the funny-
current (If) and the Ca2+-induced depolarization of the
membrane potential (Vm) via Na+/Ca2+ exchanger (NCX,
INaCa). Year by year, several studies were published supporting
both theories. Thus, the exciting exploration of SN pacemaking
mechanisms has been full of debates for over a half century.
Numerous mechanisms have been suggested, tested, refuted,
accepted, tested, and retested again, updated and after intense
point–counterpoint public debates finally settled at a delicate
balance known as the coupled-clock mechanism that includes
both membrane and sarcoplasmic reticulum (SR) linked
contributions. The general field of SN pacemaking (Lakatta
et al., 2010; Maltsev et al., 2014; DiFrancesco, 2020) and
computational modeling thereof has been excellently reviewed
elsewhere (Wilders, 2007; Li et al., 2013). In this review, we focus
on the role of NCX function on SN pacemaking and aim to give a
balanced view from the very early to recent experimental
findings and accompanying computational models.
Frontiers in Pharmacology | www.frontiersin.org 2172
The SNCs show a characteristic slow diastolic depolarization
(DD) starting from the maximal diastolic potential (MDP) and
ending at the action potential (AP) threshold of about −40 mV.
This threshold is called takeoff potential (Kharche et al., 2011).
At the takeoff potential, the course of the AP changes
qualitatively from slow DD to the AP upstroke (Figure 1A). If,
NCX, and ICaT (T-type Ca

2+-current) are mainly active before (at
Vm more negative than the takeoff potential), whereas ICaL (L-
type Ca2+-current) and IKr (rapid delayed rectifier potassium
current) are mainly active thereafter (at more positive Vm), while
NCX is active throughout the entire AP cycle. Early studies
suggested a major role of a decaying delayed rectifier potassium
current (IKr) (Noble, 1962) and the nonselective, cAMP-
dependent and hyperpolarization activated current [funny-
current, If, (DiFrancesco, 1991)] in the development of DD.
This mechanism, governed by transmembrane ion channels with
Hodgkin–Huxley kinetics was termed as “membrane-clock” (M-
clock). Later studies identified rhythmic, spontaneous locally
propagating subsarcolemmal Ca2+ releases (LCR) generated by
the SR via ryanodine receptors (RYRs) during the DD (Figure
1B) (Huser et al., 2000; Bogdanov et al., 2001; Monfredi et al.,
2013). The LCRs activate the forward mode of the Na+/Ca2+

exchanger generating inward current that contributes to the DD
(Bogdanov et al., 2001). Under certain experimental conditions,
A B

FIGURE 1 | The coupled-clock pacemaker system of the sinoatrial node. Schematic illustration of the currents and functional interactions between the two oscillator
subsystem contributing to the SN AP (A). The interplay of the regulatory molecules comprising the coupled-clock pacemaker system is illustrated in (B). Membrane
clock (M-clock) of sinoatrial node pacemaker cells comprises the major surface membrane currents: L-type Ca2+ channels (ICaL), T-type Ca2+ channels (ICaT), delayed
rectifier K+ channels (IK), hyperpolarization activated funny channels (If), Na

+/Ca2+exchanger (NCX), and Na+/K+ ATPase (INaK). Regulatory factors that affect the
function of proteins of both clocks are indicated with different colors: molecules with red letters couple the Ca2+ clock to the M-clock; factors in orange regulate both
the M-clock and Ca2+ clock via the GPCR pathway. Interrupted lines refer to inhibitory effects. AC, adenylate-cyclase; CaM, calmodulin; cAMP, cyclic adenosine
monophosphate; CaMKII, Ca2+/calmodulin-dependent protein kinase II; GPCR, G-protein coupled receptor; PDE, phosphodiesterase; PKA, protein kinase A; PLB,
phospholamban; RyR, ryanodine receptor; SERCA, sarcoplasmic reticulum Ca2+ ATPase 2a.
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and at least temporarily, this mechanism can operate
independently of the M-clock, therefore it was termed as
“Ca2+-clock” (Maltsev et al., 2006). Many of the effects of the
LCRs can be represented by their influence on the Ca2+

concentrations in the different compartments of the cell as
done in most computational models of SNCs. After intense
and long debate, several studies provided evidence that the M-
clock and Ca2+-clock are functionally coupled, converging to the
concept of a coupled-clock system (Figure 1B). The coupling is
based on numerous voltage-, time- and Ca2+-dependent
mechanisms (Maltsev and Lakatta, 2009; Lakatta et al., 2010)
including an important role of the L-type Ca2+ current that
“resets” and “refuels” the Ca2+-clock (Maltsev and Lakatta,
2009) (Figure 1). Both ICaL and NCX have important roles in
the two clock-like subsystems, i.e. they contribute to both the
membrane voltage-clock and the Ca2+-clock (Figure 1B).
THE ROLE OF NCX IN THE
Ca2+ FLUX BALANCE

Na+/Ca2+ exchangers were identified as members of the Ca2+/cation
antiporters (CaCA) superfamily, as the exchanger carries three Na+

in exchange for one Ca2+. Thus, the exchanger is electrogenic and
affects the transmembrane voltage. The first data regarding the
exchange ratio of NCXwas published by Reuter and Seitz describing
the Na+/Ca2+ exchange as neutral, i.e., changing two Na+ ions for
one Ca2+ (Reuter and Seitz, 1968). Later, in squid axon experiments,
it became clear that the NCX function is electrogenic, with a
suggested stoichiometry of 4:1 (Mullins and Requena, 1979).
Chapman and Tunstall (1980) suggested a 3:1 ratio in the heart
muscle (Chapman and Tunstall, 1980). Nowadays, the 3:1 Na+/Ca2+

stoichiometry is clearly supported by several experimental studies
and generally accepted as the functional exchanger ratio (Bers and
Ginsburg, 2007). The electrogenic operation of the Na+/Ca2+

exchanger results in an ion current with one net elementary
charge in each transport cycle. The mode in which the exchanger
operates is defined by the relationship of Vm and the NCX
equilibrium potential (ENCX), where ENCX is determined by the
transmembrane Na+ and Ca2+ gradients (ENCX = 3ENa − 2ECa).
When the difference between Vm and the equilibrium potential is
positive, the exchanger acts in the reverse mode; however Ca2+

extrusion is favored when Vm is more negative than the equilibrium
potential (Bers, 2002). Depending on the mode of action (forward
vs. reverse), the Na+/Ca2+ exchanger can generate either inward or
outward current, it can depolarize or repolarize the cell
membrane, respectively.

The activity of the exchanger has complex intra- and
extracellular regulatory molecules: Among the intracellular
factors, the Ca2+i, ATP, phosphatidylinositol-di-phosphate-2
(PIP2), NO and extracellular factors such as monovalent
cations, PKC activators, and agents that induce proteolysis or
protein phosphorylation can activate the exchanger (Ballard and
Schaffer, 1996; Bers, 2001; Bers, 2008). Other intracellular factors
like Na+i, H+, bivalent and trivalent cations, and protein
dephosphorylation are inhibitory factors of NCX function
Frontiers in Pharmacology | www.frontiersin.org 3173
(Ballard and Schaffer, 1996; Bers, 2001; Bers, 2008).
Modulatory proteins of NCX are PKA, PKC, PP1, and PP2A
(Ballard and Schaffer, 1996; Bers, 2001; Bers, 2008). Based on
previous experimental results, the modulatory effect of the
cAMP-PKA pathway on the NCX function is controversial.
Several studies have shown PKA-related activation of the Na+/
Ca2+ exchanger with forskolin and isoproterenol (Iwamoto et al.,
1995; Iwamoto et al., 1996; Iwamoto et al., 1998); however, other
studies do not demonstrate such effects. Latest studies concluded
that the NCX function is not modified by PKA activation
(Ginsburg and Bers, 2005).

Three mammalian NCX isoforms have been identified: NCX1
is expressed in the heart, kidney, and brain, having the most
extended spectrum of expression among the isoforms, NCX2 is
present in the brain, and NCX3 is expressed in the brain and
skeletal muscle (Nicoll et al., 1990; Reilly and Shugrue, 1992;
Kofuji et al., 1994; Li et al., 1994; Nicoll et al., 1996).
PHARMACOLOGY OF THE Na+/Ca2+

EXCHANGER

Since NCX plays a crucial role under physiological circumstances
in the maintenance of Ca2+ flux balance and SN pacemaking as
well as in pathological settings, e.g., in arrhythmia generation
(delayed afterdepolarizations, Ca2+ overload), selective inhibition
of the exchanger became one of the most intensive research areas
demanding the development of properly selective agents. In this
chapter, we summarize the NCX inhibitors from the early
nonspecific substances to novel, highly selective agents.

Nonspecific Inhibitory Substances
Divalent (Co2+, Sr2+, Mg2+, Cd2+, Ba2+, Mn2+) and trivalent (La3+,
Nd3+, Tm3+, Y3+) cations have a nonspecific inhibitory effect on
the NCX current (Wakabayashi and Goshima, 1981; Trosper and
Philipson, 1983) resulting from direct action on the NCX1 isoform
or by replacing Ca2+ ions at the transport sites. It is important to
note that these cations are nonselective blockers, even the most
commonly used Ni2+ has nonspecific effects. Ni2+ is used in
concentrations between 1 and 10 mM and inhibits the reverse
mode rather than the forward mode of NCX.

“Selective” Benzyloxyphenyl Derivative
Inhibitors
Some benzyloxyphenyl derivatives such as KB-R7943 (2-[2-[4-(4-
nitrobenzyl-oxy)phenyl]ethyl]isothio-urea-methanesulfonate,
carbamidothioic acid) were developed as novel NCX inhibitors
with promising blocking potency; however experimental studies
reported that KB-R7943 exerts complex nonspecific effects on
other transmembrane ion currents including ICaL, INa, IKr. The
IC50 values of KB-R7943 are 3.35 ± 0.82 μM on the forward mode
and 4.74 ± 0.69 μM on the reverse mode (Birinyi et al., 2005).
SEA-0400 (2-(4-(2,5-difluorobenzyloxy)phenoxy)-5-ethoxy
aniline) has improved selectivity compared to KB-R7943.
However, an ICaL inhibition of approximately 20% was reported
(Birinyi et al., 2005). The reverse and forward modes were equally
April 2020 | Volume 11 | Article 516
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inhibited, having IC50 values of 108 ± 18 nM and 111 ± 43 nM,
respectively (Birinyi et al., 2005).

Novel NCX Inhibitors With
Increased Selectivity
Due to the lack of selective NCX inhibitors, the exact role of the
exchanger in SN pacemaking, cardiac arrhythmogenesis, and
Ca2+-handling could not be investigated directly. Efforts were
made continuously to develop a potent, selective inhibitor to
clarify the role of this highly complex transport system in
cardiac function. Recently, two novel NCX blocking
compounds were identified: ORM-10103 and ORM-10962.
The selectivity of both agents was intensively tested by (Jost
et al., 2013) and (Kohajda et al., 2016). While ORM-10103 has
improved selectivity compared to previous blockers, it still
exhibits minor nonspecific effects of inhibiting IKr at 3 mM. The
estimated EC50 values of ORM-10103 at 1 mM concentration
for the forward and reverse modes of the NCX are 800 and 960
nM, respectively. In contrast, the EC50 values of ORM-10962
on the inward and outward NCX current are 55 and 67 nM,
respectively. The inhibitory effect of ORM-10962 is highly
selective with high efficacy on the NCX current and no effect
on the L-type Ca2+ current, peak and late sodium current,
sodium-potassium pump, and all the repolarizing potassium
currents (IKr, IKs, Ito (transient outward potassium current),
IK1 (inward rectifier potassium current)) (Kohajda et al., 2016).
The effect of selective NCX-inhibition on SN pacemaking by
using 1 mM ORM-10962 was also investigated recently
(Kohajda et al., 2020).

NCX Activators
Probably the most important activating factor for NCX is Ca2+

itself. The activation is strongly promoted by elevated Na+i and
increased by higher pacing frequency (Ginsburg et al., 2013).
Pharmacological selective activation of the forward NCX mode is
expected to facilitate Ca2+ extrusion. The utility of a possible
NCX activator compound is controversial, since the facilitation of
the forward NCX function could be useful under Ca2+ overload;
however the arrhythmogenic inward current would also be
increased, especially in ventricular cells. A possible increase of
the reverse mode, at the same time, could largely modulate this
effect. In SNCs, activation of the forward NCX mode may
accelerate the firing rate without b-adrenergic activation and
may decrease intracellular Ca2+. However, currently there is no
selective NCX activator compound available. Li+ is known to
stimulate NCX, but its effect on NCX1 is markedly smaller than
on NCX2 and NCX3 (Nicoll et al., 1990; Iwamoto et al., 1998).
Several papers also claimed that NCX1 is sensitive to redox
agents (Reeves et al., 1986) (Amoroso et al., 2000; Santacruz-
Toloza et al., 2000). A combination of a reductant (GSH, DTT,
Fe2+) and an oxidant (Fe3+, H2O2) factor is required to enhance
NCX. Diethylpyrocarbonate increased Na+-dependent Ca2+

uptake (Ottolia et al., 2002). Several peptides (concanavalin-A
and insulin) were also shown to activate the exchanger (Gupta
et al., 1986; Makino et al., 1988).
Frontiers in Pharmacology | www.frontiersin.org 4174
DISCOVERY AND CHARACTERIZATION
OF THE ROLE OF NCX IN SN
PACEMAKING

Pioneer Studies Regarding the Role of
NCX in SN Pacemaking
The first experimental results regarding NCX function in SNCs
were published by Brown et al. (Brown et al., 1984). They
suggested that the slow inward current is composed of two
different types of inward currents: a fast component, which
they attributed to a channel-gated mechanism (ICa,f) and a
slow component: NCX triggered by the release of stored
intracellular Ca2+ (INaCa). Satoh et al. (Satoh, 1993) provided
experimental evidence that caffeine applied in the bath solution
at concentrations of 1 to 10 mM caused a frequency decrease and
arrhythmias in isolated rabbit cells. This work did not discuss the
ionic currents (e.g., NCX) in detail but demonstrated that cellular
Ca2+ overload was induced during exposure of SNCs to caffeine
(Satoh, 1993). However, considering the complex effects of
caffeine especially if it is applied in the bath solution makes the
interpretation extremely difficult. In the same year, Zhou and
Lipsius strengthened the initial suggestions of NCX's role in SN
automaticity by using latent pacemaker cells isolated from cat
atrium (Zhou and Lipsius, 1993). They demonstrated that 1 μM
ryanodine notably decreased the spontaneous pacemaking
activity but did not stop automaticity, which led to the
conclusion that a ryanodine sensitive component contributes
to but is not essential for pacemaking. In line with these results,
Rigg and Terrar (1996) found that 2 μM ryanodine and 100 μM
CPA applied to guinea pig SNCs substantially decreased the
spontaneous firing rate (29 ± 2% and 37 ± 6% respectively). They
concluded that both agents markedly reduce the transient
amplitude and the diastolic Ca2+ levels causing various changes
in the Ca2+ dependent mechanisms and could affect the
contribution of NCX. Similar conclusions were drawn one year
later by Li et al. (1997) using ryanodine on rabbit isolated SNCs.

The first computational pacemaking model of mammalian
SNCs including NCX was proposed by Noble and; Noble (1984)
and later extended by Wilders et al. (1991) (Noble and Noble, 1984;
Wilders et al., 1991). Another early SN model comprising NCX was
proposed by Rasmusson et al. in 1990 (Rasmusson et al., 1990) for
bullfrog SNCs. However, in their model parametrization, NCX was
small and while modulating the MDP, it had little influence on the
AP, which they attributed to Ca2+ buffering by myoplasmic
proteins. In contrast, the Demir et al. (1994) rabbit model
comprised a larger inward NCX (peak −96 pA) during the first
third of the pacemaker potential, which then declined slowly
through the remainder of the cycle (Demir et al., 1994). The
model by Dokos et al. (1996) was mainly driven by an inward
background Na+ current (Dokos et al., 1996). Upon complete block
of their NCX formulation, which reproduced the saturation
characteristics at high Ca2+i and negative potential low Ca2+i,
automaticity ceased. The Dokos et al. NCX formulation was later
on integrated in a rabbit SNCmodel by Kurata et al. (2002) in which
it contributed significantly to DD (Kurata et al., 2002). However,
April 2020 | Volume 11 | Article 516
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NCX current amplitude decreases during DD in the Kurata et al.
model (Figure 2E) in contrast to later models introduced below
[e.g., (Maltsev and Lakatta, 2009)] where INaCa increases before ICaL
is strongly activated. The NCX time course during the spontaneous
APs of different early SNC models is shown in Figure 2. For the
models available in the CellML repository, Figure 2 also shows their
response to complete NCX block (red lines). The Demir et al. model
exhibited CLs as during control after 5 s, i.e., continued to
spontaneously generate APs in the absence of NCX (data not
shown), the Dokos et al. and Kurata et al. models did not exhibit
sustained pacemaking behavior upon complete NCX block. The
effect of clamping the intracellular (and in the Kurata et al. model
also the subspace) Ca2+ concentration to the initial value (i.e., value
during early DD) is shown in Figure 2 as well (yellow lines). Under
these conditions, pacemaking ceased in the Dokos et al. model; the
CL was shortened in the Demir et al. model, whereas it was
prolonged in the Kurata et al. model. Table 1 compares all SN
models comprising a NCX formulation mentioned in this paper.
Almost all NCX formulations originate from either DiFrancesco
and Noble (1985) or Matsuoka and Hilgemann (1992).

In 1998, Ju and Allen (1998) studied the potential role of Ca;2
+-dynamics in the spontaneous firing rate of APs in sinus venosus
of cane toad and provided quantitative data regarding the
magnitude of the NCX current during the SN AP. They
measured 20–27 pA NCX current in early diastole (Ca2+i: 250–
300 nM) and 12 pA (Ca2+i: 200 nM) in late diastole in toad isolated
sinus venosus cells. The authors emphasized that the net inward
current (i.e., total current) required during DD to generate a
pacemaker potential is less than 1 pA (DiFrancesco, 1993):
Frontiers in Pharmacology | www.frontiersin.org 5175
I = Cm � dVm  
dt

= 0:02
V
s
� 35   pF = 0:7   pA (1)

Therefore, quite small relative changes of NCX current (as a
response of Ca2+i change) can cause substantial changes in the
firing rate. Hagiwara and Irisawa (1989) reported 1 pA/pF NCX
current density at Vm of −40 mV in the presence of 500 nM Ca2+i
(Hagiwara and Irisawa, 1989). Wilders et al. (1991), in a
numerical model, demonstrated that the NCX current had an
amplitude of 0.64 pA/pF under similar conditions (Wilders et al.,
1991). However, one should keep in mind that the absolute value
of NCX current amplitude per se does not exclusively define the
contribution of the exchanger to DD. The current integral, i.e.
the total charge transferred through the membrane and its
relation to other, concurrently active currents, determines the
role for pacemaking, meaning that larger NCX current amplitude
does not necessarily imply larger contribution (cf. Figure 3).

Ju and Allen (1998) also reported that BAPTA and ryanodine
(2 μM) caused frequency reduction until the cells stopped
beating. However, this happened after 30 min when other
nonspecific actions and spontaneous current decline could not
be ruled out. They also demonstrated that decrease of external
Na+ caused a rise of Ca2+i due to reverse mode NCX. Application
of Na+-free solution resulted in a rapid rise in Ca2+i that exceeded
the preceding systolic Ca2+i level. This rapid rise of Ca2+i and the
generation of an inward current when intracellular [Ca2+] is
elevated are characteristics of the activation of Na+/Ca2+

exchange (Allen et al., 1983; Ju and Allen, 1998). The authors
also demonstrated that the exchanger current seemed to be close
to a linear function of Ca2+i. Bufo marinus pacemaker cells do
A B C D E

FIGURE 2 | Time-independent background and transporter currents including NCX during spontaneous pacemaking in early SN models: (Wilders et al., 1991) (A),
(Demir et al., 1994) (B), (Dokos et al., 1996) (C), (Zhang et al., 2000) [(D); central model], and (Kurata et al., 2002) (E). Top 3 rows reproduced from Kurata et al.
(2002) with permission. Bottom row: effect of complete NCX block (red line) and clamping intracellular Ca2+ to the initial value (yellow line). As the Kurata et al. model
comprised a separate subspace Ca2+ concentration, this was clamped as well. The Wilders et al. model was not available in the CellML repository, the Zhang model
did not exhibit sustained pacemaking behavior in the version deposited in the CellML repository.
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not contain any If (Ju et al., 1995). Therefore, If decrease can be
ruled out as a contamination of the experiments. They conclude
that NCX has a crucial role in setting the resting heart rate, and
the actual level of Ca2+i has great importance for indirectly
setting the AP firing rate.

Discovery and Characterization of Local
Ca2+ Release (LCR) Events: The Role of
NCX in SN Automaticity
A seminal study was published by Huser et al. in 2000 (Huser
et al., 2000). By using voltage clamp and confocal fluorescence
microscopy in cat atrial spontaneously beating cells, they
discovered an increase of Ca2+i in the last third of DD just
before the action potential depolarization, due to local release of
Ca2+ from the SR. As small dose (25–50 μM) of NiCl2 suppressed
the local release, thus they suggested the T-type Ca2+ channels
triggered subsarcolemmal Ca2+ sparks, which in turn stimulated
the inward NCX to depolarize the pacemaker potential
to threshold.

One year later, the Lakatta group (Bogdanov et al., 2001)
further analyzed the spontaneous Ca2+ releases (local Ca2+

releases, LCR, Figure 4) in isolated rabbit sinoatrial cells. Their
findings indicate that the pre-AP releases are locally propagating
Ca2+ waves, resulting from ryanodine-sensitive Ca2+-induced
TABLE 1 | Comparison of model features for the 21 SNC models described in this review. Only studies that introduced new models or markedly advanced existing
models are listed.

Model Species NCX formulation Dynamic intracellular
sodium/calcium
concentrations

Separate
subscarcolemmal
space formulation

If IKs

Noble and Noble, 1984 mammalian DiFrancesco and Noble, 1985 no/yes no yes no
Rasmusson et al., 1990 bullfrog Fischmeister and Vassort, 1981 yes/yes yes no no
Wilders et al., 1991 rabbit Noble and Noble, 1984 yes/yes no yes no
Demir et al., 1994 rabbit DiFrancesco and Noble, 1985 yes/yes yes yes no
Dokos et al., 1996 mammalian Matsuoka and Hilgemann,

1992
yes/yes no yes no

Zhang et al., 2000 rabbit Demir et al., 1994 no/no no yes yes
Kurata et al., 2002 rabbit Dokos et al., 1996 yes/yes yes yes yes
Garny et al., 2003 rabbit Zhang et al., 2000 no/no no yes yes
Silva and Rudy, 2003 derived from guinea

pig ventricular cells
Luo and Rudy, 1994 yes/yes no no no

Maltsev et al., 2004 rabbit Kurata et al., 2002 yes/yes yes yes yes
Kurata et al., 2005 derived from

human ventricular
cells

Priebe and Beuckelmann, 1998 yes/yes no no yes

Maltsev and Lakatta,
2009

rabbit Kurata et al., 2002 no/yes yes yes no

Chandler et al., 2009 human Courtemanche et al., 1998 yes/yes no yes yes
Imtiaz et al., 2010 rabbit Kurata et al., 2002 yes/yes yes yes yes
Kharche et al., 2011 mouse Kurata et al., 2002 yes/yes yes yes yes
Severi et al., 2012 rabbit Kurata et al., 2002 yes/yes yes yes yes
Maltsev and Lakatta,
2013

rabbit/human-like Maltsev and Lakatta, 2009 no/yes yes yes no

Yaniv et al., 2013b rabbit Maltsev and Lakatta, 2009 no/yes yes yes no
Stern et al., 2014 rabbit Maltsev and Lakatta, 2009 no/yes 3D yes no
Fabbri et al., 2017 human Severi et al., 2012 no/yes yes yes yes
Lyashkov et al., 2018 rabbit Maltsev and Lakatta, 2009 no/yes yes yes yes
April 2020 | Volume 11
 | Article
FIGURE 3 | Absolute value of the integral of signed NCX during the DD
(MDP to AP takeoff) (blue, unit: ms * pA/pF ≡ mV), in relation to the difference
in maximum diastolic Vm and takeoff potential for computational models of
different species: rabbit (Kurata et al., 2002; Garny et al., 2003; Maltsev and
Lakatta, 2009; Yaniv et al., 2011; Severi et al., 2012), mouse (Kharche et al.,
2011), and the human Loewe–Lutz–Fabbri–Severi (LLFS) model (Loewe et al.,
2019a; Loewe et al., 2019b).
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Ca2+ release (CICR). In turn, the negative chronotropic effect of
ryanodine is the result of disappearance of localized pre-AP Ca2+

releases. Substituting Na+ for Li+ to inhibit NCX caused sinus
arrest leading to the conclusion that Ca2+ release-NCX cross-talk
has crucial importance in pacemaking. The authors provided a
possible scenario for the current interactions underlying
spontaneous automaticity: after reaching the maximal diastolic
potential, If activates to depolarize the membrane and activates
ICaT and ICaL causing LCR from the SR, which in turn activates
NCX and the inward current augments to activate the remaining
L-type Ca2+ channels. These results were interpreted such that
SR Ca2+ release has a pivotal impact in defining the actual firing
rate and inactivation of either the RyR or NCX activity lead to
frequency slowing or abolishment.

The pivotal role of the strong interaction between the Ca2+

concentration in the subspace and Vm via NCX for spontaneous
depolarizations in SNCs was numerically reproduced and
mechanistically underpinned by Maltsev et al. (2004) in a
biophysical modeling study in 2004 based on an extension of
the Kurata et al. (2002) model (Kurata et al., 2002). In 2009,
Maltsev and Lakatta proposed a coupled oscillator model
incorporating aspects of both a membrane and a Ca2+ clock,
which yielded rhythmic spontaneous depolarization over a wider
range of parameters of the currents involved in the M-clock
(ICaL, If) (Maltsev and Lakatta, 2009). By modulating SR Ca2+

pumping rate, the coupled-clock yielded robust pacemaking in
the range of 1.8 to 4.6 Hz, which is wider than could be achieved
by modulation of M-clock properties alone. Kurata et al. (2012)
performed stability and bifurcation analyses on this coupled-
clock model and found that the most important model
parameters for generation of cyclic depolarization (equilibrium
Frontiers in Pharmacology | www.frontiersin.org 7177
point instability) are the SR Ca2+ pumping rate, NCX density as
well as ICaL conductance (Kurata et al., 2012). However, the
model system does not exhibit cyclic intracellular Ca2+

oscillations when Vm is clamped (independent of the clamped
value), i.e., arguing against an independent Ca2+ clock, thus
underlining the coupled nature of the pacemaking mechanism.
In line with this finding, Maltsev and Lakatta (2009) observed
damped oscillations when clamping the transmembrane voltage
to −65 mV (at Pup = 20 mM/s) (Maltsev and Lakatta, 2009).
However, sustained oscillations were observed at Pup = 40 mM/s.
The NCX was a major contributor to the observed equilibrium
point in the study by Kurata et al. (2012).

Vinogradova et al. explored in 2004 whether the LCRs require
previous membrane depolarization as was suggested so far
(Vinogradova et al., 2004). Experimental measurements on
isolated rabbit SNCs as well as numerical modeling revealed
three findings i) the LCRs during the DD do not require previous
membrane depolarization; ii) the LCRs are rhythmic and
generate rhythmic inward current movements; iii) the LCR
periods are highly correlated with the spontaneous CLs.

In contrast to the increasing body of evidence, Sanders et al.
claimed in 2006 that the contribution of NCX to spontaneous
depolarization does not exclusively depend on the intact SR
function in guinea pig SNCs (Sanders et al., 2006). They
demonstrated that low Na+ solution abolished spontaneous
firing in the presence of CPA, an inhibitor of SR uptake. On
the other hand, if NCX would be entirely a consequence of SR
Ca2+ release, the CPA should have a similar effect as a low Na+

solution. However, the SR inhibition only slowed the heart rate,
while low Na+ abolished spontaneous pacemaking within one
beat, with concomitant decrease of Ca2+i. However, considering
A

B

C

FIGURE 4 | Confocal line scanning image of Ca2+-signal with superimposed spontaneous AP traces recorded in rabbit SNCs show DD, distribution of LCRs (white
arrows), LCR period, and CL (A). Confocal microscopic image of LCRs are depicted in [(B), upper panel], ensemble LCR signal or Late Diastolic Ca2+ Elevation
(LDCaE) that precedes Ca2+-transient are created from temporal average of LCRs [(B), lower panel]. LDCaE in single SNC of rabbit [(C), panel i] and guinea-pig [(C),
panel ii] is shown. LCR: local Ca2+ release. From (Maltsev et al., 2014) with permission.
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the rather complex effects of reduced Na+ solution, the results
could not unequivocally support the authors' hypothesis. The
application of KB-R7943 to inhibit NCX has to be considered
problematic because of its nonselectivity.

Using high-speed Ca2+ imaging, Yaniv et al. (2013) could
show that the coupled clocks also control beat-to-beat regulation
of the spontaneous beating rate (Yaniv et al., 2013b). Acute
application of low concentrations of caffeine (2 to 4 mM) caused
Ca2+ release from the SR and subsequently led to increased
spontaneous beating rates via membrane depolarization caused
by increased NCX activation. This effect could be reproduced
mechanistically in an extended version of the Maltsev–Lakatta
computational model (Yaniv et al., 2013b). Toward this end,
Severi et al. (2012) proposed an update of the Maltsev–Lakatta
rabbit SNC model incorporating a coupled-clock with Ca2
+-handling (including NCX) and refined current formulations
based on more recent experimental data (Severi et al., 2012). On
the other hand, the Severi et al. model could not predict the effect
of acute caffeine injection described above and complete block of
If lead to cessation of spontaneous activity. Simulations including
the effects of 1 μM isoproterenol [causing, among other, a 25%
increase of SR Ca2+ pumping as in Maltsev and Lakatta (2010)
(Maltsev and Lakatta, 2010)], yielded a 28.2% rate increase in the
Severi et al. model in good agreement with the experimentally
observed increase of 26.3 ± 5.4% by Bucchi et al. (2007b).

In 2013, Sirenko et al. confirmed the presence of LCR in SNCs
(Sirenko et al., 2013). The authors compared the spontaneous
Ca2+ releases in permeabilized (i.e., in the absence of functional
ion channels) rabbit SN vs. ventricular cells. They found that in
the presence of similar physiological Ca2+ concentrations, the
SNCs generate large rhythmic spontaneous Ca2+ releases in
contrast to ventricular cells in which they found Ca2+ sparks
with small amplitude and stochastic nature, as was originally
described (Cheng et al., 1993). This ability of SNCs was
associated with more abundant SERCA, reduced extent of
phospholamban (PLB), and increased Ca2+-dependent
phosphorylation of PLB and RyR.

In 2013, Yaniv et al. found new evidence regarding the
membrane and Ca2+ clock coupling (Yaniv et al., 2013a).
Application of the If-inhibitor ivabradine (3 μM) reduced the
AP firing rate, partially by inhibiting If and by decreasing the SR
Ca2+ content in isolated SNCs. This means that despite the fact
that ivabradine has no direct effect on intracellular Ca2+ cycling
and does not exert effects on surface membrane channels other
than If, it still suppresses the SR Ca2+ load and the LCR events.
These novel findings further supported the hypothesis that cross-
talk between the membrane and Ca2+ clock regulates
SN automaticity.

Sirenko et al. (2016) analyzed in detail the electrochemical
Na+/Ca2+ gradients in the pacemaker function of the NCX
(Sirenko et al., 2016). They used a combination of numerical
modeling and experimental rabbit approaches (by using the Na/K
inhibitor digoxigenin) to determine how the coupling of Na+ and
Ca2+ electrochemical gradients regulates pacemaking. Minimal
increase of Na+i (5%) enhanced the LCRs, shortened the CL,
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which was interpreted as an extension of normal chronotropic
response. Further increase of Na+i by up to 15 mM caused
reduction of LCRs, large CL variability as a consequence of Vm-
Ca2+ clock uncoupling. In parallel with the biphasic CL changes,
the NCX current also showed biphasic alterations: initially the
INCX increased due to the high amplitude LCRs, then declined as
ENCX reduced. The authors claimed that ENa, ECa, and ENCX
tightly regulate the SN automaticity via influencing several ion
channels and components of the SN clocks.

Stern et al. (2014) proposed a computational model with
subcellular spatial resolution that allows studying intracellular
Ca2+ release propagation patterns that was employed in Maltsev
et al. (2017) to classify LCRs and provide insight into mechanisms
increasing robustness of pacemaking at various SERCA pumping
rates. Consistent with previous studies, they found a major role of
NCX in the fight-or-flight response: faster SR Ca2+ pumping
prepared the cell for stronger (higher amplitude) and more
synchronous LCRs (more subcellular Ca2+ wave collisions) in
the next cycle, which elicited a higher NCX current.

Torrente et al. in 2016 studied the role of the predominant
isoform of L-type Ca2+ channels (Cav1.3) in the generation of the
LCRs and Ca2+i dynamics in SNCs from wild-type and Cav1.3
knockout mice (Torrente et al., 2016). This work challenged the
results of previous experimental work (under voltage-clamp
conditions with Vm below the activation of Cav1.3
(Vinogradova et al., 2004) and in membrane-permeabilized
SNCs, without the influence of any plasma membrane ion
channels (Sirenko et al., 2013) claiming that LCRs are clearly
spontaneous in nature and entirely independent from the M-
clock. Cav1.3 deficiency significantly impaired Ca2+i dynamics by
reducing the frequency of LCR events and preventing
synchronization. The results of Torrente et al. suggest that the
local increase of Ca2+i generated by Cav1.3 Ca

2+ current induces
RyR opening, thus supporting the coupling between membrane
depolarization and SR Ca2+ release. Thus Cav1.3 channels can be
inducers of LCR generation in the late DD. Considering this
mechanism, Cav1.3 could stimulate the NCX-mediated
depolarizing current to reach the threshold potential necessary
to trigger an AP. Although LCRs are likely triggered by Cav1.3-
mediated ICaL release in mouse SNCs (Torrente et al., 2016), LCR
generation has different mechanisms in pacemaker cells of
various species. As mentioned before, Vinogradova et al.
showed that LCRs in rabbit SNCs do not require a change of
Vm (Vinogradova et al., 2004). Instead, LCRs are spontaneous in
nature and occur in permeabilized SNCs. Takimoto et al. showed
that the a1D Ca2+ channel mRNA is expressed in rat atrium
(Takimoto et al., 1997). This observation was confirmed in
mouse and human cells by Mangoni et al. (Mangoni et al.,
2003). However, it remains unclear whether a1D Ca2+ channels
are present and functional in rabbit SNCs since expression at the
protein level has not been verified (Qu et al., 2005).

Huser et al. found that T-type Ca2+ channels can also have a
role in the generation of LCRs since in cat atrial pacemaker cells,
LCRs are triggered by voltage-dependent activation of T-type
Ca2+ channels (Huser et al., 2000).
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The Role of Phosphorylation in SN
Pacemaking and the Fight-or-Flight
Response
A crucial feature of the SN is the capability of adapting the firing
rate to the momentary requirements of the body. b-adrenergic
activation stimulates the cAMP-PKA cascade and phosphorylates
several components of the Ca2+ handling machinery and
transmembrane ion channels. As a consequence, higher
frequency and magnitude of LCRs provide enhanced drive for
NCX, thus accelerating DD (Vinogradova et al., 2005;
Vinogradova and Lakatta, 2009).

CaMKII
In 2000, Vinogradova et al. reported a crucial role of CaMKII in
SN pacemaking (Vinogradova et al., 2000). Selective inhibition of
CaMKII activity (by autocamtide 2-inhibitory peptide, and KN-
93/KN-92) reduced the pacemaker frequency in rabbit SNCs,
furthermore, larger doses of the compounds completely
terminated SN automaticity. The authors also demonstrated
that CaMKII activity is driven by subsarcolemmal Ca2+

movements and located in the vicinity of L-type Ca2+ channels.
Therefore, the vital role of CaMKII could be based on the
modulation of ICaL via subsarcolemmal Ca2+ changes
(Vinogradova et al., 2000).

In 2011, Gao and Anderson showed that CaMKII can support
heart rate increase independent of b-adrenergic stimulation (Gao
et al., 2011). Furthermore, CaMKII is required for b-adrenergic
response and Ca2+-based mechanism of pacemaking.

Li et al. demonstrated that CaMKII inhibition reduced
phosphorylation of RyR and PLB, decreased the LCR size, and
increased the LCR period (Li et al., 2016). As a consequence, SN
firing rate was reduced. These results led the authors to the
conclusion that high basal CaMKII activation ultimately
regulates the pacemaker function via phosphorylation of Ca2+

handling proteins.

cAMP-PKA-PDE
The Lakatta group in 2008 demonstrated considerably high basal
activity of phosphodiesterase (PDE) enzyme, which restricts
local RyR Ca2+ release during DD via reduction of cAMP
PKA-dependent protein phosphorylation to keep the basal
spontaneous SNC firing under control (Vinogradova et al.,
2008). Also in 2008, Younes et al. demonstrated in isolated
SNCs that the adenylate-cyclase is activated in the entire
physiological concentration range of intracellular Ca2+ and the
cAMP-PKA axis activation drives SR Ca2+ release, which in turn
activates AC (Younes et al., 2008). This feed-forward “fail-safe”
system has a crucial role in maintaining the normal rhythm
of SNCs.

In 2011, Liu et al. studied the role of the AC-cAMP-PKA-Ca2+

signaling cascade in mouse SNCs, and they demonstrated that
the Ca2+ handling proteins are abundantly expressed, and LCRs
were also detected in skinned cells. They showed that inhibition
of intrinsic PKA activity reduces PLB phosphorylation and
prolongs the LCR period causing reduction in the SNCs
firing rate. The PDE inhibition resulted in the opposite effects:
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increased PLB phosphorylation, shortened LCR period, and
accelerated firing. In the same study the authors also
demonstrated that b-adrenergic activation requires intact Ca2+

handling, indicating a pivotal role of AC-cAMP-PKA-Ca2+

signaling cascade in maintaining the normal automaticity in
mouse SNCs (Liu et al., 2011).

Vinogradova et al. provided data regarding the synergistic
role of PDE3/PDE4 activity in rabbit SNCs in 2018. Individual
inhibition of PDE3 or PDE4 caused a moderate increase in the
beating rate (20 vs. 5%, respectively) (Vinogradova et al., 2018a).
However, parallel block of both caused a 45% increase of
pacemaking rate, indicating a synergistic effect. Furthermore,
dual inhibition enhanced the LCR numbers and size, reduced the
SR refilling time and LCR period due to decrease of cAMP/PKA
phosphorylation (Vinogradova et al., 2018b). An amplification of
local RyR Ca2+ release activates augmented NCX current at
earlier times leading to an increase in the DD rate and
spontaneous SANC beating rate. When RyRs were disabled by
ryanodine, PDE inhibition failed to amplify local Ca2+ releases
and increase NCX current. As a result, there was no increase in
the DDR and spontaneous SN beating rate (Vinogradova et al.,
2018b). In this context, Vinogradova et al. showed in the same
year that PDE3/PDE4 modulation of SNCs is self-adaptive, i.e.,
full functional effect is achieved only when both PDEs are
inhibited. Such inhibition will lead to an elevation of the local
level of cAMP and PKA phosphorylation. The authors claimed
that local cAMP signals may have greater importance in the
regulation of spontaneous automaticity in SNCs than the ‘global
cAMP' (Vinogradova et al., 2018a).

Autonomic Modulation
In 2002, Vinogradova et al. elucidated the Ca2+ release during
DD as the specific link between b-adrenergic stimulation and
increased firing rate in rabbit SNCs (Vinogradova et al., 2002).
They demonstrated that 3 μM ryanodine abolished the effect of
0.1 μM isoproterenol. In the presence of ryanodine, the b-
adrenergic stimulation failed to alter the slope of DD, firing
rate, and subsarcolemmal Ca2+ releases, whereas the ICaL
amplitude exerted clear b-adrenergic stimulation-induced
increase. In 2006, Bogdanov et al. described how application of
agents affecting the timing or amplitude of LCRs (ryanodine,
BAPTA, nifedipine or isoproterenol) caused immediate changes
of spontaneous beating rate, which could be traced back to
changes of local NCX using mechanistic computational
modeling (Bogdanov et al., 2006). Similarly, PKA-dependent
phosphorylation affected LCR spatiotemporal synchronization
and therefore modulated beating rate mediated by altered NCX
(Vinogradova et al., 2006).

Himeno et al. (2008) studied b1-adrenergic stimulation in a
computational model of guinea pig SNCs with large IKs in which
they described the role of NCX (Himeno et al., 2008). While
activation of IKs during the AP preceding the b1-adrenergic
stimulation was negligibly small, IKs counterbalanced the
increase in ICaL and NCX, which otherwise compromised the
positive chronotropic effect of the b1-adrenergic stimulation by
elongating the APD in their model.
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Lyashkov et al. (2009) investigated the mechanism of
muscarinic-receptor stimulation on heart rate reduction
(Lyashkov et al., 2009). They found that carbachol (at IC50)
reduced the number and size of LCRs and lengthened the LCR
period with concomitant decrease of the beating rate. Numerical
modeling indicated that cholinergic-modulation of the beating
rate is integrated into the Ca2+ cycling via LCR-mediated
function of the NCX. The authors concluded that in the
presence of low doses of carbachol, the muscarinic activation
induced beating rate reduction is mediated by suppression of
cAMP-PKA-Ca2+ signaling, while IK(Ach) activation contributes
only under higher carbachol concentrations.

In the same year, Maltsev and Lakatta (2010) published a
modeling study demonstrating how G protein-coupled receptor
modulation of spontaneous SNC beating rate is not only
mediated by effects on membrane currents but also by effects
on the SR Ca2+ pumping rate, which in turn affect diastolic NCX
(Maltsev and Lakatta, 2010). Also in 2010, Gao et al.
demonstrated in healthy canine hearts that complete or almost
complete If block attenuated but did not eliminate the positive
chronotropy of isoproterenol suggesting that If is not the only
target of the b-adrenergic response (Gao et al., 2010). Their
results also support the notion of spontaneous Ca2+ releases
during late DD, which was sensitive to isoproterenol. In their
experiments, 2 μM ryanodine caused a 14% decrease in
pacemaker frequency but dramatically decreased the effect of
isoproterenol. They also provided evidence that ryanodine has
no direct effect on If. The authors concluded that both voltage
and Ca2+ dynamics have a role in the pacemaker mechanism.

In the same year, Vinogradova and Lakatta demonstrated that
the LCR period and the spontaneous SN cycle is tightly regulated
by the SR refilling time in rabbit SNCs (Vinogradova et al., 2010).
Therefore, phosphorylation/dephosphorylation of the SERCA
regulator protein PLB has also critical roles in setting the
actual CL of the SN automaticity especially during b-
adrenergic stimulation.

In a theoretical analysis of the relative importance of the
membrane and Ca2+ oscillators, Imtiaz et al. (2010) could show
that increased SR Ca2+ uptake leads to i) hyperpolarized MDP
via a reduction of NCX due to lower Ca2+i (Imtiaz et al., 2010).
This means that due to lower Ca2+ the smaller inward current
through NCX enables more negative MDP. ii) The more negative
Vm increases the magnitude of If and ICaT during early diastole.
iii) The enhanced Ca2+ entry during DD increases intracellular
Ca2+ and CICR causing a higher NCX current.

Transgenic Modifications of NCX
In 2013, several studies using transgenic NCX knockout mice
were published. First, Gao et al. used cardiac specific, incomplete
NCX1 knockout mice where the baseline sinus frequency was
completely identical between control and NCX1-deleted mutants
(Gao et al., 2013). However, they found that NCX1 deletion only
partially impaired the isoproterenol effect indicating that If is also
required. The authors concluded that the NCX has a minor role
in maintaining the normal heart rate but NCX1 deletion
dramatically enhanced the effects of ivabradine on isoproterenol-
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induced automaticity indicating that NCX and If mutually
contribute in the fight-or-flight response. Since the genetic
knockout of NCX was incomplete, one cannot rule out the
possibility that the remaining NCX may be able to provide
enough current to fulfill its role in maintaining the Ca2+ balance.

In response to that paper, Maltsev et al. in 2013 provided
rabbit SN numerical simulations (Maltsev et al., 2013) to address
some unanswered questions by Gao et al. (2013). The authors
extended their simulation with new stabilization of NCX via local
control of CICR. They argued that the Ca2+ released from the
RyR is able to recruit the neighboring RyRs producing Ca2+

wavelets (LCRs) having amplitudes larger than the Ca2+ sparks
and smaller than global Ca2+ transients. Since the NCX extrudes
Ca2+ from the vicinity of RyRs it attenuates the spread of Ca2+

leading to weaker recruitment. However, when NCX is
genetically decreased (i.e. incomplete NCX1 knockout), the
Ca2+ spread and recruitment are enhanced providing larger
Ca2+ and driving force for the remaining NCX molecules.
These results indicate that NCX has a crucial role under the
normal heart rate, and a small fraction (i.e. 20%) of NCX is able
to produce sufficient current under DD. However, when NCX
expression is low, its capacity is fully used for Ca2+ extrusion
under rest and there is no more support for frequency increase
under b-adrenergic response.

Herrmann et al. in 2013 used inducible and SN specific Cre
transgenic mice lacking NCX1 selectively in SN pacemaking cells
(Herrmann et al., 2013). The NCX1 was genetically ablated in a
temporally controlled and tissue selective manner. The animals
exerted severe bradycardia and large variability with arrhythmias
leading to the conclusion that NCX has a role to maintain
normal rhythm. The caffeine induced transient decay was
markedly slowed (3.6% of control) in cpNCXKO cells
indicating that in SNCs, almost the entire trans-sarcolemmal
Ca2+ extrusion is carried by NCX. At the same time, it is an
interesting finding that the Ca2+ transient amplitude was
decreased and the decay was slowed while the SR Ca2+ content
was unaffected. The authors claimed that the NCX1 deleted cells
are not able to compensate the NCX1 deletion. They argue for a
fundamental role of NCX in pacemaking even under resting
conditions, and the normal pacemaking function is not possible
without proper NCX function.

Groenke et al. found that in NCX1 knockout mice (Cre/LoxP
system), there is no indication of spontaneous atrial
depolarizations on the ECG and the animals exerted junctional
escape rhythm (Groenke et al., 2013). Furthermore, isolated cells
did not show spontaneous automaticity despite the presence of If
and intact Ca2+ stores. They claim that NCX has a crucial role in
normal pacemaking. They observed LCRs but no Ca2+ transients
in NCX deleted cells. They also conclude that If is not sufficient to
depolarize the cell membrane if NCX is completely lacking,
interestingly not even if isoproterenol was added. Torrente
et al. in 2015 created an atrial-specific NCX knockout mouse
where NCX was totally eliminated from the atria including the
SN (Torrente et al., 2015). These cells lacked spontaneous APs
despite intact If. In contrast, the intact tissue showed spontaneous
burst–pause type depolarizations. The authors conclude that in
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the absence of NCX-mediated depolarizations, ICaL and If are
able to initiate AP burst where Ca2+ is gradually accumulated
and finally terminated burst activity via Ca2+-dependent
inactivation or by other Ca2+ activated processes such as
small-conductance Ca2+-activated K+ currents (Torrente
et al., 2017).

In 2016, Choi et al. observed regular oscillations of inward
currents in voltage-clamped human embryonic stem cell-derived
cardiomyocytes, which exhibit spontaneous APs when not being
voltage clamped (Choi et al., 2016). The oscillatory Ca2+ releases
could be eliminated by blocking NCX (with 1 μM SN-6 and 10
μM KB-R7943) but not by blocking If (with 3 mM ivabradine).
Their observations suggest that in these hESC-CMs, the M-clock
and the voltage clock act as two redundant pacemaker
mechanisms which can work independently.

Kaese et al. (2017) used a homozygously overexpressed NCX
mouse model and found that the basal heart rate is not affected,
suggesting that NCX is not a crucial factor in setting the resting
heart rate (Kaese et al., 2017). In contrast, b-adrenergic
stimulation elicited higher heart rates in NCX-overexpressing
mice, suggesting more inward NCX current which enhances the
speed of DD.

Between 2003 and 2011 several genetically manipulated mice
studies with deficient If function were published where
autonomic rate modulation was preserved (Ludwig et al., 2003;
Herrmann et al., 2007; Harzheim et al., 2008; Hoesl et al., 2008;
Baruscotti et al., 2011). These results further indicate the lack of
an essential and irreplaceable role of If in SN pacemaking and
emphasize that If works together with its “teammates” within the
coupled-clock system (Lakatta and Maltsev, 2012)

AP Ignition Model as the Most Current SN
Pacemaking Mechanism
In 2018, a new model was proposed by the Lakatta group
extending SN electrophysiology by an integrated regulatory
mechanism including close interactions of LCRs, NCX, and
ICaL coupled by a positive feedback via diastolic CICR and DD
acceleration (Lyashkov et al., 2018). In contrast to previous
theories arguing for a role of LCRs during the late DD, the AP
ignition model suggests that early LCRs (ICaL-independent)
activate inward NCX, which defines the ignition onset. If, and
ICaT also contribute to early depolarization to reach the ICaL
threshold. The physiological role of the low-voltage activation
threshold L-type Ca2+ channel isoform (Cav1.3) may have more
importance to regulate the early ignition phase. However, the
details of the specific contribution of Cav1.3 require further
investigation. The ICaL-mediated Ca2+-influx recruits more
LCRs via diastolic CICR, and this positive feedback further
increases NCX. It was also shown that ICaT also has a role in
the diastolic CICR, similarly as early results suggested (Huser
et al., 2000). However, previously ivabradine and ryanodine were
considered to cause AP CL lengthening by different mechanisms
(i.e. ivabradine by If inhibition and ryanodine by takeoff potential
depolarization). The underlying mechanism of ryanodine
induced decrease in the firing rate could be driven by the
marked decrease in DDR, which was observed in isolated
Frontiers in Pharmacology | www.frontiersin.org 11181
rabbit sinoatrial node cells by Vinogradova et al. (2002). The
AP ignition model brings them common ground: regardless of
whether the M-clock (in case of ivabradine) or the Ca2+-clock (in
case of ryanodine) is perturbed, it will indirectly affect the other
clock via the coupling mechanism. As a coupling, similar
responses happened, the ignition potential become depolarized,
and time-to-ignition phase becomes longer. This provides delay
in clock-coupling by CICR delay.

The Role of NCX in Human SNCs in
Comparison to Other Species
In contrast to the significant amount of experimental data on the
role of NCX in pacemaking derived from animal experiments
(mostly isolated rabbit SNCs), data from human SNCs or tissue
are scarce. Considering the vast difference in the main quantity of
interest, the beating rate, between commonly used laboratory
animals and humans (mouse: 500 bpm, rabbit: 300 bpm, dog:
100 bpm, human: 60 bpm), it however cannot be assumed that
the details of pacemaking mechanisms and most importantly the
delicate balance of competing effects can be transferred from
animal models to human in general. Indeed, it has been shown
that computational models of SNCs of different species (mouse,
rabbit, human) react markedly different to changes of e.g.
extracellular Ca2+ concentration (Loewe et al., 2019b). Given
the potential relevance of this alteration regarding sudden
bradycardic death in dialysis patients (Loewe et al., 2019a),
species-dependent investigations are desirable. As a particular
example of interspecies differences, IKr has been reported to be
absent in porcine SNCs and IKs to be negligibly small in rabbit
SNCs during rest, while both are present in guinea pig SNCs
(Satoh, 2003). Moreover, SN AP duration is markedly different
between species (mouse: 80 ms, rabbit: 200 ms, human: 300 ms;
approximate values) as are other electrophysiological parameters
such as AP upstroke velocity, MDP, and DDR (Opthof, 2001).
Regarding the role of NCX, its importance in terms of relative
contribution to Ca2+ extrusion differs between species as well:
28% in rabbit compared to 7% in rat, i.e., a 4-fold difference
(Bers, 2002).

One of the few experiments using human SNCs was
performed by Tsutsui et al. (2018). The authors show that
similarly to animal models, spontaneous rhythmic LCRs
generated by the Ca2+ clock are coupled to electrogenic surface
membrane molecules to initiate rhythmic APs, and that Ca2+-
cAMP-protein kinase A (PKA) signaling has a regulatory role in
the clock coupling in human SNCs (Tsutsui et al., 2018). In the
absence of strong coupling between the oscillator subsystems, it
was shown that SNCs fail to trigger spontaneous APs and only
exhibit disorganized LCRs that were unable to activate the M-
clock (Tsutsui et al., 2018). In summary, the study by Tsutsui
et al. provides evidence that also in humans it is the coupled-
clock mechanism that fundamentally drives SNC pacemaking
and provides hints for mechanisms underlying SN dysfunction
(Tsutsui et al., 2018).

To highlight interspecies differences and provide an overview
of the characteristics of the role of NCX in different models, basic
in silico experiments were performed.
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Figure 5 shows the time courses of Vm, Ca
2+

i, total membrane
current and NCX for several computational models of different
species. Magnitude and temporal dynamics of NCX vary
markedly between models and species. While NCX does not
play a major role in the Garny et al. and Kurata et al. rabbit
models, there is some early diastolic NCX in the Severi et al.,
Kharche et al. and Loewe–Lutz–Fabbri–Severi (LLFS) models,
which becomes more pronounced only slightly before AP
ignition. In the Yaniv et al. and Maltsev–Lakatta models in
contrast, NCX is apparent markedly earlier. A current integral
reflects the total charge transported across the membrane during
a specific period of time. For a current normalized to the
membrane capacitance (pA/pF), the integral is identical to the
potential difference caused by the charge accumulated on the
capacitive membrane due to the current (units: ms * pA/pF ≡
mV) is a measure of how much of the DD (in terms of mV) can
be attributed to NCX. To quantify the role of NCX to DD in the
models of different species, we computed the NCX integral
during DD:

Z ttakeoff

tMDP

INaCa tð Þdt
����

����, (2)

where ttakeoff was defined as the first time step for which
d2Vm/dt

2 exceeded 15% of the maximum d2Vm/dt
2 in the time

interval between MDP and max(Vm). The curvature based
measure was inspired by the shape of the SN APs with the
threshold empirically chosen to strike a balance between a
detection early in the upstroke and robustness to minor
increases of d2Vm/dt

2 during DD. Figure 3 compares the NCX
integral in relation to the total rise in Vm during DD and gives an
idea about how much of the total DD can be attributed to NCX
in each of the models across different species. Under the
simplifying assumption of independent currents, almost the
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entire DD can be attributed to NCX in the Severi et al. rabbit
and Kharche et al. mouse model. In the Yaniv et al., LLFS, and
Maltsev–Lakatta models, NCX alone would cause more DD than
the net DVm observed, i.e., outward currents partly compensate
the NCX-induced depolarization whereas the role of NCX is
almost negligible in the Garny et al. and Kurata et al.
rabbit models.

To further illustrate interspecies differences in the role of
NCX in SN pacemaking, we evaluated how the models of
different species respond to gradual block of NCX. Figure 6
shows that the Garny et al. model exhibits an almost linear
relation between NCX block and CL prolongation, however with
a limited overall effect of +29.6 ms upon complete elimination of
NCX. All other models required a certain amount of remaining
NCX for reliable pacemaking (between 10% and 50%). In the
Yaniv et al. model, 60% NCX block already terminated stable
pacemaking. Instead, blocks of two subsequent APs followed by
low amplitude Vm oscillations for several seconds were observed
(compare Figure 7). The Yaniv et al. and Maltsev–Lakatta
models showed a monotonic relation with CL prolongation for
all degrees of block. In contrast, the Severi et al., Kharche et al.,
and LLFS models exhibited a biphasic relation with CL
shortening up to a certain degree of block (80%, 50%, 50%
block, respectively) and pronounced CL prolongation beyond
(up to +420 ms in the LLFS model).

To identify the drivers for these CL changes across species, we
evaluated the effects on APD as well as early and late
depolarization with the following metrics:

                    tdia,early =  
Vtakeoff −MDP

DDRearly
 ,                      tdia,late =   ttakeoff − tdia,early  , (3)

where DDRearly was defined as a first order approximation of
the DDR during the first 35 ms for the small animal models and
FIGURE 5 | Spontaneous APs, Ca2+ transients, total membrane currents, and NCX in computational models of different species (compare Figure 3). Note the
different time axes as a result of the markedly different spontaneous beating rates. The vertical gray line indicates the time of AP takeoff. For comparison, NCX is
plotted in gray in the total membrane current panels.
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the first 100 ms for the human LLFS model. APD shortening was
responsible for the initial CL shortening in the Severi et al. rabbit
and LLFS human models in combination with a reduction of tdia,
early, which also affected the CL of the Kharche et al. model for
degrees of block ≤70%. The superlinear CL prolongation for high
degrees of block was mainly driven by changes in tdia,late, i.e.,
changes that could not be attributed to APD, Vtakeoff, or changes
in early DDR. Absolute values of CL, overshoot potential, MDP,
APD90, DDRearly, and dVm/dtmax upon NCX block of different
degrees are shown in Figure 8. In addition to the effects included
in the integral measures in Figure 6, a monotonic reduction of
AP upstroke velocity could be observed in all but the Garny et al.
rabbit model. As models of the same species (such as the Severi
et al., Garny et al., and Yaniv et al. rabbit models presented here)
sometimes exhibit different properties, it cannot be clearly
pinned down which of the effects are truly species-dependent
and which are simply model-dependent. Future studies should
address this issue to identify which of the insights derived from
animal experiments can be transferred to the human setting in
which ways.

To study the biophysical identity of human SNCs, Chandler
et al. (2009) performed an mRNA and protein expression
analysis of human SNCs suggesting similar NCX1 in SN and
atrial cells (Chandler et al., 2009). Based on their experimental
findings, they derived one of the first computational models of
human SNCs by adapting the atrial Courtemanche et al. (1998)
model (Courtemanche et al., 1998) based on their experimental
Frontiers in Pharmacology | www.frontiersin.org 13183
findings where NCX was scaled down by 26%. Allah et al. (2011)
found rabbit SN NCX1 mRNA expression levels to be 78% of
that of right atrial and 69% of that of left ventricular myocytes,
respectively (Allah et al., 2011). Based on these two studies and If
recordings in human SNCs, Verkerk et al. presented another
early human SNC model (Verkerk et al., 2007; Verkerk et al.,
2013). Compared to rabbit cells, their model of human SN cells
had smaller absolute NCX, smaller absolute If, and a less
pronounced Ca2+ transient. When comparing to the net
diastolic membrane current, NCX was of similar magnitude
between human and rabbit cells whereas If remained smaller in
human cells.

The first human SNC model originating from a SNC model
rather that an atrial model was presented by Fabbri et al. (2017).
Their model is based on the Severi et al. rabbit model (Severi
et al., 2012) and considered human data wherever available
(Fabbri et al., 2017). The NCX formulation was adopted from
the parent model and goes back to Kurata et al. (2002) (Kurata
et al., 2002). As a result of the model parameter fitting to
experimental data on the AP and Ca2+ transient level, the
maximal NCX current was reduced by 53% (3.34 nA)
compared to the parent model. Interestingly, NCX block
experiments caused an increase in beating rate in the Fabbri
et al. model. (50% block: 83 bpm [+12.2%]; 75% block: 93 bpm
[+25.7%]) mediated by a synergistic acceleration of DD caused
by elevated Ca2+i, shortening of APD and less negative maximum
diastolic potential. Upon 90% NCX block, automaticity ceased.
A

C

B

D

E

FIGURE 6 | Change of CL [absolute (A) and relative (B)], tdia,early (C), tdia,late (D) and APD (E) of computational models of different species (compare Figure 4) in
response to gradual NCX block.
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FIGURE 7 | APs and Ca2+ transients of the Yaniv et al. and LLFS models for NCX block degrees slightly below and above the threshold for cessation of
automaticity.
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FIGURE 8 | AP properties of computational models of different species (compare Figure 3) in response to gradual NCX block: CL (A), overshoot (B), MDP (C),
APD (D), early DDR (E), (dVm/dt)max (F).
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The b-adrenergic rate modulation experiments by Fabbri et al.
did not include any direct effects on NCX but the SR Ca2+

pumping was modeled as a target of isoproterenol. The
application of 1 μM isoproterenol yielded a 27.9% increase in
beating rate. If only SR Ca2+ pumping was modeled as a target of
isoproterenol, this increase was markedly attenuated and even
slightly reversed with a remaining effect of −0.4%. Loewe et al.
proposed the Loewe–Lutz–Fabbri–Severi model (LLFS) (Loewe
et al., 2019b) as an extension of the Fabbri et al. model which
considers, among other improvements, the dynamics and transients
of the intracellular sodium and potassium concentrations in
contrast to the previously fixed concentrations, thus further
constraining the model physiologically by requiring homeostasis
across time spans of minutes (Loewe et al., 2019a). In the LLFS
model, the response to complete If block (CL +25.9%) was in
accordance with the available experimental human data [+26%
reported by Verkerk et al. (2007)] (Verkerk et al., 2007).
LOCAL CONTROL OF NCX

Several studies suggested that in cardiac muscle (Lipp et al.,
1990) and other cells such as squid axon (Mullins and Requena,
1979), pancreatic acinar cells (Osipchuk et al., 1990), and smooth
muscle (Stehno-Bittel and Sturek, 1992) ionic concentrations
close to the intracellular surface of the plasma membrane may be
different from those in the cytoplasm. These concentration
gradients are thought to result from transient net fluxes across
the surface membrane and may crucially influence the
transmembrane ion channels. In atrial cells, which lack a well-
developed t-tubule system, a non-uniform distribution of Ca2+

within the cell following release from the SR has been found and
the results were interpreted in terms of distinct release sites
under different control mechanisms (Lipp et al., 1990). Trafford
et al. in rat ventricular myocytes also demonstrated the existence
of the submembrane “area” by using the NCX current as a
reporter and found that Ca2+i changes near the surface
membrane can be considerably larger than those averaged over
the cell. The differences can be explained by a diffusion barrier
between the release site and the bulk cytosol (Trafford
et al., 1995).

In SNCs, the diastolic NCX is not only regulated by Vm but
also by the LCRs, which in turn depend on local cross-talk
including Ca2+-dependent functions of NCX, RyR, and SERCA
(Figure 1B). This feedback mechanism between LCR and NCX
can rapidly change NCX. It is known that RyRs are tightly
organized in clusters, which are coupled with the L-type Ca2+

channels to form Ca2+ release units (CRU). RyRs are activated by
an increase of local Ca2+i resulting in Ca2+-induced Ca2+ release
(CICR). Each CRU generates small, temporal Ca2+ release events,
called Ca2+ sparks which have a radius of 1.5 μm (Stern et al.,
2013; Hoang-Trong et al., 2015). Therefore, a LCR (4–12 μm)
involves several sparks fired by neighboring CRUs via fire-
diffuse-fire propagation (Maltsev et al., 2011a; Stern et al.,
2014). Spark characteristics can be modulated by b-adrenergic
Frontiers in Pharmacology | www.frontiersin.org 15185
response via variation of single CRU Ca2+ currents (Ispark). The
LCR controls SN chronotropy (acceleration and slowing) via
changing the LCR size, amplitude, and number per cell
surface area.

In 2011, Maltsev et al. demonstrated, by two-dimensional
Ca2+ measurements on rabbit SNCs and via numerical
modeling, that increasing the Ispark amplitude results in local
synchronization of CRU firing yielding increasing LCR size,
rhythmicity, and occurrence rate (Maltsev et al., 2011a). Ispark
regulates both the time shift and the amplitude of the
spontaneous release. Since the LCRs are directly coupled with
NCX, this means that Ispark amplitude indirectly influences
NCX during DD (Figure 9). In 2013, Maltsev et al. discovered a
novel stabilization mechanism via local control of CICR
(Maltsev et al., 2013). The Ca2+ released from the RyRs
during DD is able to recruit the neighboring RyRs to release
more Ca2+. This local recruitment depends on the extent of
released Ca2+ and its diffusion to the neighboring RyRs. Since
NCX extrudes Ca2+ from the vicinity of RyRs, it restrains CICR
because the Ca2+ occurrence to diffuse and activate neighboring
RyRs is reduced. The diastolic NCX increase is described by:

NCX = nsparks �NCXspark, (4)

where nsparks is the number of Ca2+ sparks and NCXspark is the
NCX current generated by one spark. This formula predicts that
during NCX suppression the decreased NCX current (NCXspark)
in turn increases the number of sparks (nsparks) since there is
more Ca2+ available for diffusion and activation of additional
RyRs. As the above formula predicts, the larger number of sparks
tends to increase the NCX current, and finally, these opposite
changes are able to largely compensate each other providing
marginal change in the NCX. Stern et al. in 2014 provided three-
dimensional SNC computational modeling including diffusion
and buffering of Ca2+ in the cytosol and SR but omitted the
submembrane space and inactivation of RyRs because of the lack
of experimental validation data (Stern et al., 2014).
Immunostaining experiments revealed that bridging RyR
groups exist between large RyR clusters, organized in irregular
networks. This architecture provides the basis for propagating
LCR events. When a structure without bridges was incorporated
in the model, the separated RyR clusters produced only isolated
sparks, without LCRs and NCX activity. The model indicates that
this hierarchical RyR clustering provides a pivotal adaptive
mechanism and contributes to the b-adrenergic adaptation.
Maltsev et al. (2017) characterized the complex spatiotemporal
structure of LCRs in cardiac pacemaker cells (Maltsev et al.,
2017). Using automatic classification of LCRs, they demonstrated
that SR pumping controls LCRs and pacemaker rate via timely
synchronized occurrence of LCRs creating a powerful ensemble
signal to activate NCX. This also means that when SR pumping rate
is low, the LCRs exert smaller amplitudes due to the lower SR Ca2+

load. However, the system compensates and maintains the NCX
signal by increasing LCR size and duration. This mechanism
ensures fail-safe pacemaker function within a wide range of
pacing frequencies.
April 2020 | Volume 11 | Article 516

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Kohajda et al. Role of NCX in SN Pacemaking
HETEROGENEITY OF SNCS

Functionally and electrophysiologically, the SN has a
heterogeneous structure [as excellently reviewed by Boyett et al.
(2000) and Lancaster et al. (2004)]. During normal cardiac
activation, the spontaneous AP is initiated from the center, the
leading pacemaker site of the SN, and then the AP is conducted
through the periphery to the surrounding atrial muscle of the
crista terminalis (Bleeker et al., 1980). In response to different
interventions, the leading pacemaker site can shift to the
peripheral region causing major importance in the pacemaker
function. In the center the cells are described being smaller
compared to those in the periphery and contain fewer
myofilaments (Bleeker et al., 1980; Masson-Pevet et al., 1984;
Boyett et al., 2000). The possible differences in the AP
characteristics and the expression of ion channels were
intensively studied, and the question whether the expression
levels of proteins depend on the cell size of the SNCs remains
equivocal (Honjo et al., 1996; Boyett et al., 1998; Lyashkov et al.,
2007). The majority of the studies report that the expression of the
Ca2+ regulatory proteins differs between regions of the SN, which
results in heterogeneity of intracellular Ca2+ handling and
pacemaker activity between cells across the nodal tissue. Musa
et al. showed that the density of ICaL was significantly (p < 0.001)
correlated with cell capacitance in rabbit sinoatrial node, and
Frontiers in Pharmacology | www.frontiersin.org 16186
larger cells showed greater density (Musa et al., 2002). The authors
also performed immunocytochemical labeling of L-type Ca2+

channel, RYR2, and SERCA2, showing in significantly higher
density in cells from the periphery compared to the center of
the SN (Musa et al., 2002). In line with this, larger cells exhibited
greater systolic Ca2+, diastolic Ca2+, Ca2+ transient amplitude, and
spontaneous rate compared with smaller, probably central cells
(Lancaster et al., 2004). Sarcolemmal Ca2+ ATPase and NCX have
a lower activity in central cells, and the exchanger is responsible for
a larger proportion of sarcolemmal Ca2+ extrusion in those cells
compared with larger, peripheral cells (Lancaster et al., 2004). In
2007, Lyashkov et al. determined the density and distribution of
cRyR, NCX1, and SERCA2 in SNCs of different sizes from the
rabbit SN tissue (Lyashkov et al., 2007). They found that both
bigger and smaller SN cells have identical AP-induced Ca2+

transients and spontaneous localized Ca2+ release characteristics
(Lyashkov et al., 2007). They provided evidence on robust NCX1
as well as SERCA2 and cRyR cellular labeling densities in SNCs
and they found that the entire sinoatrial node—including the Cx43
negative primary pacemaker area—exhibits positive labeling for
NCX1, cRyR, and SERCA2 (Lyashkov et al., 2007). Furthermore,
submembrane colocalization of NCX1 and cardiac RyR was
shown, which exceeds the degree observed in atrial or
ventricular cells (Lyashkov et al., 2007). However, Tellez et al.
examined the molecular basis of the ion currents in rabbit SN with
A
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FIGURE 9 | Development of the numerical model of local Ca2+ dynamics in rabbit SNCs: Ca2+ release units (CRUs) and Ca2+ cycling. RyR clusters, i.e., CRUs, are
visualized in confocal images of immuno-fluorescence in rabbit SNCs under cell surface membrane (A). Schematic drawing of local Ca2+ cycling through different cell
compartments (submembrane space, SR, and cytosol) (B). Local Ca2+ fluxes are depicted with arrows, Ca2+ waves travel from left to right. (C) Instantaneous
distributions of local [Ca2+] in the submembrane space predicted by our model: single Ca2+ spark and a wavelet LCRs (propagating from left to right). Inset illustrates
the color-coding for CRU states and [Ca2+] (from (Maltsev et al., 2011a) with permission).
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measuring the abundance of messenger RNAs coding for ion
channels and regulatory proteins of the SN tissue. Ca2+ handling
proteins abundance showed variability between tissues from
different parts of the SN (Tellez et al., 2006). The abundance of
NCX1 mRNA was significantly lower in the periphery of the SN
compared with other regions. In the transcript profile, an apparent
isoform switch from the atrial muscle to the center of the SN was
found: RYR2 to RYR3, Nav1.5 to Nav1.1, Cav1.2 to Cav1.3 and
Kv1.4 to Kv4.2 (Tellez et al., 2006).

Maltsev and Lakatta in 2013, by using a numerical model,
explored large variation of ensembles of electrogenic molecules to
identify the minimum set of proteins that confer a robust (i.e. fail-
safe) and flexible (i.e. adaptation to a given vegetative stimulus)
pacemaker function (Maltsev and Lakatta, 2013). The minimal
model was found to contain: ICaL+ IKr+ NCX+ Ca2+ clock. The
further addition of ICaT and If decreased flexibility but increased
robustness of the system. Therefore the higher balance offlexibility
and robustness contains five parameters: ICaL + IKr + NCX + Ca2+

clock + If. It is important to note that in the four parameter
models, all model sets without NCX failed to generate rhythmic
APs in at least one of the tests, confirming the fundamental
importance of the exchanger in the pacemaking.

Monfredi et al. examined the major ionic currents in
intercaval pacemaker cells (IPCs) obtained from rabbit heart
and found marked electrophysiological heterogeneity in IPCs
(Monfredi et al., 2018). Experiments and numerical simulations
indicated that there is an IPC cell population with minimal or
zero If, without correlation between If density and cell size. In the
absence of If, the diastolic NCX in response to Ca2+ release (i.e.,
the Ca2+ clock) could drive the pacemaking. Wide ranges of ICaL
and IK densities were found in these cells. Functional
heterogeneity of SNCs was recently described by Kim et al.
(2018). Their experiments performed in guinea pigs
demonstrated three types of SNCs: rhythmically firing,
dysrhythmically beating, and dormant cells exerting no
spontaneous activation. LCRs were present in all three types;
however in the dysrhythmic and dormant cells only smaller,
stochastic LCRs without spatial and temporal synchronization
were observed. b-adrenergic stimulation synchronized LCRs in
all dysrhythmic cells and in the 1/3 of the dormant cells.
Furthermore, the dormant cells developed automaticity in
response to b-adrenergic stimulation. These results indicate
partial or complete uncoupling between Ca2+ and M-clocks in
the dysrhythmic and dormant cells.
WHAT IS THE ROLE OF NCX IN
PACEMAKING UNDER RESTING
HEART RATE?

When active in forward mode, NCX generates inward current
and at the same time represents the most important pathway for
Ca2+ extrusion to maintain the Ca2+ flux balance (Bers, 2001).
Since these two functions are not separable, profound (but
incomplete) NCX inhibition may always have secondary effects
Frontiers in Pharmacology | www.frontiersin.org 17187
by altering the intracellular Ca2+ levels. Considering the
published results and the nature of NCX inhibition, it could be
that pharmacological NCX inhibition (partial for all available
agents) or incomplete transgenic knockout mutants are not able
to unequivocally pin down NCX's function in pacemaking.
Theoretically, partial NCX suppression (acute pharmacological,
or incomplete transgenic models) may lead to 3 different
outcomes, characterized by the intracellular Ca2+ concentration
since NCX is the major pathway for Ca2+ extrusion:

i) NCX inhibition does not increase Ca2+i because of activation of
other compensatory mechanisms (such as plasma membrane
ATPase). In this fortunate case, all NCX inhibition is pure
current inhibition with minimal secondary, indirect
mechanisms through changes of Ca2+i. However, this
scenario may have the lowest probability.

ii) NCX inhibition does not increase Ca2+i because the
(potentially small) uninhibited fraction is able to remove
the Ca2+. This suggests a non-linear relationship between
the degree of NCX inhibition and reduction of NCX function
in terms of Ca2+ extrusion during the DD, making the
interpretation difficult.

iii) NCX inhibition elevates Ca2+i. In this case, the Ca2+ gain will
enhance the Ca2+-dependent inactivation of the ICaL, which
may shorten the AP. However, also the AP threshold is
expected to be higher, requiring more time to be reached.
According to the ignition theory (Lyashkov et al., 2018), the
decreased contribution of ICaL also reduces the ICaL-LCR-
NCX interactions. Furthermore, the Ca2+ increase may
activate other Ca2+-dependent mechanisms such as IK(Ca).
These indirect mechanisms may counteract the effect of NCX
inhibition.

Groenke et al. demonstrated that NCX1 KO mice show no
spontaneous atrial depolarization (Groenke et al., 2013); only
junctional escape rhythm was observed. The cells did not show
spontaneous automaticity despite the presence of If and intact
Ca2+ stores. Current mechanistic models of both human (Loewe
et al., 2019a) and rabbit (Yaniv et al., 2011) SNCs also support no
spontaneous automaticity when NCX function is completely
absent. Considering pharmacological data, it can be firmly
stated that different maneuvers aiming to decrease the
intracellular Ca2+ level such as ryanodine, CPA, BAPTA in all
cases lead to a decrease of SN frequency to varying extents.
However, the kinetics of Ca2+ currents also changes due to these
interventions. Therefore, taking together the published results, it
is doubtless that if NCX is largely inhibited or completely absent,
the normal Ca2+ flux balance is considerably impaired which per
se may influence spontaneous automaticity. These secondary
shifts of Ca2+ balance make the experimental evaluation of the
total NCX contribution during DD more difficult. At the same
time, the available experimental data with manipulation of Ca2+i,
modifications of second messengers (such as cAMP, PKA, PDE,
CaMKII), transgenic animals and numerical modeling clearly
indicate the fundamental role of NCX in maintaining the resting
heart rate.
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WHAT IS THE ROLE OF NCX IN THE
FIGHT-OR-FLIGHT RESPONSE?

The b-adrenergic response involves the increase of intracellular
cAMP and PKA, increases CaMKII activity and increases the
intracellular Ca2+ load via phosphorylation of various channels
(Figure 1B). A large body of evidence indicates that LCRs and
therefore also NCX are under the influence and delicate control
of several intracellular signaling molecules (such as CaMKII,
PKA, cAMP, PDE), which are sensitive to b-adrenergic
activation (see The Role of Phosphorylation in SN Pacemaking
and the Fight-or-Flight Response). These results indicate a pivotal
role of NCX not only in maintaining the basal SN automaticity but
also in the sympathetic stimulus-mediated heart rate acceleration.
DOES THE REVERSE MODE OF NCX
INFLUENCE SN PACEMAKING?

Currently, a transport-selective NCX inhibitor is not available.
However, the KB-R7943 preferentially inhibits the reverse mode
of NCX (Birinyi et al., 2005); it markedly influences ICaL (Birinyi
et al., 2005) making the interpretation difficult. The
electrophysiological properties of the NCX predict functioning
reverse mode when Vm is depolarized (more than 0 mV) and
Na+i is high. Experimental results as well as modeling data
demonstrate that SN APs peak around 20 mV, which could be
considered high enough to “switch on” reverse mode; however
the time at depolarized levels is very short. During normal Na+i,
mechanistic modeling predicts only marginal reverse mode at the
beginning of the AP, thus the NCX current is mainly inward
throughout the entire AP. The Yaniv et al. (Yaniv et al., 2013b)
and LFSS model (Loewe et al., 2019a) predicted termination of
beating when intracellular Na+i is elevated, suggesting that this is
not a way to augment reverse NCX during SN automaticity.

Maltsev and Lakatta in 2013 (Maltsev and Lakatta, 2013)
reported a notable reverse mode of the NCX that was lacked in
the previously published models. Numerical calculations revealed
2.45 pC of Ca2+ influx via reverse mode that is comparable with
ICaL-mediated Ca2+ influx for one AP cycle. This means that reverse
NCX contributes in “refueling” the Ca2+ clock almost equal to ICaL.
CRITICISMS OF Ca2+-THEORY

The role of Ca2+i in the SN pacemaker function has been challenged
from the beginning. However, the importance of intact Ca2+

handling in normal SN automaticity was accepted in a relatively
short time. In contrast, the dominance of If over NCX and vice versa
was a recurrent and often appearing question (Lakatta and
DiFrancesco, 2009). Since the funny-current was the first proposed
mechanism underlying pacemaking, it is hardly surprising that the
Ca2+ theory was challenged many times experimentally.

Ryanodine Effect
Serious criticisms have emerged regarding the frequency
modulating effect of ryanodine. Authors often found a 15–30%
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frequency decrease after application of ryanodine which was
attributed to the effect of indirectly reduced NCX activity.
However, Bucchi and DiFrancesco in 2003 showed that the
ryanodine mediated increase of CL is not the consequence of
decreased DD slope but the positive shift of AP threshold
(Bucchi et al., 2003). A further consistent finding was that
ryanodine considerably reduces the frequency-increasing effect
of b-adrenergic activation (Bucchi et al., 2003). The DiFrancesco
group (Bucchi et al., 2003) demonstrated that ryanodine disrupts
the normal signal transduction pathway of of b-adrenergic
response, and the intracellularly used cAMP analogues were
able to increase the frequency in the presence of 3 μM
ryanodine to a similar extent as during control. The authors
claim that the SR Ca2+ release may represent only a “safety
mechanism” for the DD to reach the threshold level. Another
paper of DiFrancesco group (Bucchi et al., 2007b) investigated
“signatures” of rate changes caused by different pharmacological
maneuvers. They found that agents modifying If such as
ivabradine, isoproterenol, cAMP, and acetylcholine affect only
the slope of DD while ryanodine-mediated bradycardia is caused
by an increase of the take-off potential. They conclude that while
other mechanisms could be important If appears to be the
simplest and most direct contributor to rate modulation. While
the reduction of pacing rate after ryanodine application is an
unequivocal finding, the underlying mechanisms (change of take-
off potential vs. slowed DDR) are a matter of debate. Vinogradova
et al. showed that ryanodine has a marked effect on the DD by
decreasing DDR, thus causing significant CL prolongation
(Vinogradova et al., 2002). In another study, they also observed
that in the presence of ryanodine, the ability of the cAMP analogue
CPT-cAMP to increase the SNC beating rate was markedly reduced
from ~35% (in control) to ~10% (Vinogradova et al., 2006). The
different findings of this study and the previously mentioned study
by Bucchi et al. (2003) could be partly due to different experimental
approaches. DiFrancesco's group used clusters of SNCs with whole
cell recordings of APs, while Lakatta's group used single SNCs with
the perforated patch technique.

However, ryanodine may have a direct inhibitory effect on
ICaT channels, which would complicate the interpretation of such
experimental data (Li et al., 1997).

Bucchi et al. and Vinogradova et al. (Vinogradova et al., 2002;
Bucchi et al., 2003; Vinogradova et al., 2006) were not the only
ones investigating the effects of RyR Ca2+ release suppression by
ryanodine in the response of b-adrenergic stimulation. The
influence of ryanodine on the modulation of the chronotropic
effect of b-adrenoceptor stimulation has been extensively studied
in a variety of different species. In guinea-pig SNCs exposed to 100
nmol/L isoprenaline, a decrease in firing rate and decrease in the
amplitude of Ca2+ transients were observed after ryanodine
application, supporting that ryanodine decreases the positive
chronotropic effect of isoprenaline (Rigg et al., 2000). In isolated
mouse SNCs, in the presence of ryanodine, the chronotropic effect
of b-adrenoceptor stimulation was entirely suppressed and a
reduction of spontaneous AP frequency was observed after
isoprenaline application (Wu et al., 2009). Consistent with this
finding, Joung et al. showed that the isoprenaline dose-dependent
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increase of heart rate was suppressed by ryanodine infusion and
SR Ca2+ depletion with ryanodine prevented isoproterenol-
induced LDCaE and blunted sinus rate acceleration in canine
right atrium (Joung et al., 2009).

It is important to note that the ryanodine effect highly
depends on the concentration and experiment time (Rousseau
et al., 1987; Smith et al., 1988; Buck et al., 1992; Zimanyi et al.,
1992; Fill and Copello, 2002). In low doses, it locks the RyR in a
subconductance open state (Buck et al., 1992). Before the SR
depletion, the Ca2+ flux increases the firing rate indicating the
direct role of Ca2+ and NCX in pacemaking (Rubenstein and
Lipsius, 1989). The AP ignition model (Lyashkov et al., 2018)
predicts that ryanodine substantially depolarizes the ignition
potential and prolongs both CL and time-to-ignition, but does
not significantly affect the MDP. Additional simulations with Ca2
+ dynamics showed that Ca2+ release continues in the presence of
SR Ca2+ leak (the leaky SR model mimics ryanodine-dependent
lock of RyRs in the subconductance state) but it becomes
persistent. In this case, the diffusional resistance between the
network and junctional SR limits intra-SR flux and preserves the
Ca2+-load of the network SR. This maintains SR Ca2+ load and
drives persistent release flux (Lyashkov et al., 2018).

Ca2+-Dependence of If
A possible Ca2+-dependence of the funny current would raise
serious questions since the maneuvers to alter Ca2+i levels were
generally considered to influence the SR-NCX axis only, without
interfering with If. Hagiwara and Irisawa (1989) demonstrated Ca2+

dependent changes of If (Hagiwara and Irisawa, 1989). Later inside-
out patch clamp experiments revealed that Ca2+ ions do not
directly influence the If current (Zaza et al., 1991). However, a
Ca2+-activated adenylate-cyclase isoform was found in SNCs
(Mattick et al., 2007), indicating that a Ca2+ rise after NCX
inhibition will induce augmented funny current. This effect is
also proposed to counterbalance the effect of NCX inhibition on
the CL. Furthermore, it may be another link between Ca2+

homeostasis and Vm. The actual value of the MDP is mainly
defined by the potassium conductance during repolarization.
Therefore, potassium channels indirectly influence automaticity.
The small conductance Ca2+ activated potassium current may
provide a direct link between Ca2+ handling and repolarization.
Even though no effect was found in ventricular myocardium (Nagy
et al., 2009), a possible contribution for pacemaking was reported
(Torrente et al., 2017; Saeki et al., 2019).
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Intracellular Buffering
The forward mode of the NCX extrudes Ca2+ from the
intracellular space while generating inward current that
contributes to DD. Since the primary driver of NCX during DD
is the Ca2+ concentration, buffering of intracellular Ca2+ affects the
role of NCX and potentially attenuates or terminates spontaneous
automaticity. Several authors challenged the role of SR release in
setting the actual frequency of SN pacemaking by application of
the rapid Ca2+ buffer BAPTA. The results are summarized in
Table 2. The data clearly demonstrate the significant role of Ca2+i
in the SN pacemaking, i.e., the function of the inward NCX during
DD. A contradictory result was published by Himeno et al., where
unaffected AP firing rate was demonstrated in the presence of high
Ca2+i buffering, thus challenging the Ca2+ hypothesis (Himeno
et al., 2011). Their results were later interpreted by the Lakatta
group (Maltsev et al., 2011b) as methodological problems, i.e.
incomplete seal resistance. When rabbit cells were loaded with the
caged Ca2+ buffer NP-EGTA, the firing rate was slow and
dysrhythmic with low SR Ca2+ levels. Rapid photolysis induced
Ca2+ increase, in turn, markedly increased the frequency (by about
50%), accelerated the DD, augmented the LCRs, and reduced the
CL variability (Yaniv et al., 2011).

Pharmacological Problems
Important pharmacological problems arose regarding If and NCX
inhibitors. The contribution of If was traditionally investigated
using caesium or ivabradine. The heart rate lowering effects of
these compounds varied within a large range (7–31%) and even 20
mM caesium was unable to terminate spontaneous SN beating
(Sohn and Vassalle, 1995). Therefore, the pacemaking role of If
was regularly challenged by considering its I–V relationship (small
current in the DD range), slow activation kinetics, and moderate
effects of inhibitors (DiFrancesco, 1995; Vassalle, 1995; Bucchi
et al., 2007a; Lakatta and DiFrancesco, 2009). However, both
CsCl2 and ivabradine cause incomplete and voltage-dependent
block. A further issue with ivabradine is the significant IKr block
even at the widely used concentration of 3 mM (Koncz et al., 2011).
Similar situations can be found with selective NCX inhibitors.
Both ORM-10103 and ORM-10962 however, exert no influence
on other currents and partially inhibit NCX, may also depend on
Ca2+. As discussed above (What is the Role of NCX in Pacemaking
Under Resting Heart Rate)?, increased Ca2+ limits the effect of
NCX inhibition via secondary effects and covers the exact role of
NCX during DD. Taking together these results, it seems likely that
TABLE 2 | Effects of BAPTA on spontaneous firing rate of SNCs.

Species Preparation Concentration Period(s)
of application

Control
(bpm)

After drug
(bpm)

Rate
reduction (%)

Reference

Toad Single sinus venosus cells 10 mM BAPTA 5 and 8 min 31 15 51.6 Ju and Allen et al.
Rabbit Single SNc 5 mM BAPTA 7–10 min 149 69 53.7 Bogdanov et al.
Rabbit Cultured SNc 25 mM BAPTA 10 min 94 65 30.9 Li et al.
Rabbit Single SNc 5 mM BAPTA 5 min 174 80 54 Vinogradova et al.
Rabbit Single SNc 25 mM BAPTA 25 min 210 120 43 Lyashkov et al.
Rabbit Single SNc 25 mM BAPTA 30 min 87 Younnes et al.
Guinea pig Single SNc 10 mM BAPTA 3 min 100% Sanders et al.
Guinea pig Single SNc 10 mM BAPTA 30 s 153 141 7.8% Himeno et al.
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complete pharmacological inhibition of If or NCX is currently not
feasible using the available compounds, impeding the
identification of the role of NCX and If in SN pacemaking.

An indirect experiment was also published in 2015 by Szepesi
et al. (2015) using 10 μM ORM-10103 as a selective NCX
inhibitor (Jost et al., 2013) in Langendorff perfused rat hearts.
The results exerted identical R-R intervals after application of
selective NCX blockade.

In 2008, Farkas et al. investigated the possible antiarrhythmic
effect of selective NCX inhibition against dofetilide-induced
Torsades de pointes arrhythmia by using 1 μM SEA0400, a
nonselective NCX inhibitor in rabbit and rat Langendorff-
perfused hearts (Farkas et al., 2008). However, the measured R-R
intervals indicated no effect on sinus function of NCX inhibition in
both species. In contrast, by using the most selective available NCX
inhibitor ORM-10962, Kohajda et al. showed a tendency to decrease
the heart rate in guinea pig hearts in vivo, however within the
experimental variance (Kohajda et al., 2016). 1 μM ORM-10962
exerted statistically significant, however marginal (8%) decrease in
rabbit atrial tissue, while Ca2+i was significantly increased in SNCs
(Kohajda et al., 2020).
APPLICATIONS

Besides its fundamental role for pacemaking under physiological
conditions, various applications of engineered NCX and
potential roles in pathogenesis have been put forward. Silva
and Rudy (2003) numerically replicated biological pacemakers
derived from guinea pig ventricular cells (Silva and Rudy, 2003).
Suppression of IK1 by 81% elicited rhythmic spontaneous
depolarizations at a CL of 594 ms caused by NCX as the main
pacemaking current. The role of NCX was underlined by a
bifurcation analysis of biological pacemaking driven by an
unstable equilibrium point via a saddle-node bifurcation by
Kurata et al. (2005) using a modified Priebe-Beuckelmann
model in which NCX was identified as the primary pacemaker
current (Kurata et al., 2005). However, they found that NCX
is not necessarily required for rhythmic spontaneous
depolarizations and that equilibrium point instability as a
prerequisite for stable pacemaking is caused by ICaL but not
NCX. Jones et al. (2012) identified NCX as one of the key
determinants of pulmonary vein automaticity, i.e. pacemaking
in non-SN cells, which is considered as one of the most
important triggers initiating atrial fibrillation (Jones et al.,
2012). Youm et al. (2006) modeled pacemaker activity in
mouse small intestine, i.e., noncardiac, cells and found a role
of NCX for automaticity in these cells as well (Youm et al., 2006).

Loewe et al. investigated the effect of extracellular Ca2+

concentration changes on SN pacemaking in the LLFS
computational model motivated by the observation that the heart
rate of dialysis patients, who experience marked shifts of extracellular
ion concentrations, drops to very low values before they suffer from
sudden cardiac death with an unexplained high incidence (Loewe
et al., 2019a). They found that Ca2+ changes markedly affected the
beating rate (46 bpm/mM ionized Ca2+ without autonomic control).
While this pronounced bradycardic effect of hypocalcemia was
Frontiers in Pharmacology | www.frontiersin.org 20190
mediated primarily by ICaL, NCX was subsequently attenuated due
to the reduction of Ca2+i. Wolf et al. (2013) proposed a
computational model of ankyrin-B syndrome SNCs in which
alterations of ICaL and NCX as well as INaK due to ankyrin-B
dysfunction increase variability in SN automaticity (Wolf et al.,
2013). Choudhury et al. (2018) overexpressed NCX1 in bradycardic
rat subsidiary atrial pacemaker tissue and found that it did not
accelerate the rate of spontaneous depolarizations in contrast to
overexpression of TBX18, which increased rate as well as stability
and rescued isoproterenol response (Choudhury et al., 2018).
CONCLUDING REMARKS

A large body of experimental evidence indicates and mechanistic in
silicomodeling supports the crucial role of NCX in SN automaticity
both under normal heart rate as well as during b-adrenergic
stimulation. However, SN automaticity probably could be one of
the areas of experimental cardiology where concise hypotheses have
been derived from computational modeling that call for
experimental testing which is not yet on the horizon, especially
in context of NCX function. The complex effects of drugs
modulating the Ca2+ handling (CPA, ryanodine, isoproterenol),
the shortcomings of transgenic animal models, and the
nonselectivity and/or indirect effects of parallel Ca2+ increase of
selective inhibitors indicate a clear demand of further experimental
research to fully reveal the role of NCX in SN pacemaking.
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2 Department of Pharmacology and Pharmacotherapy, Interdisciplinary Excellence Centre, University of Szeged, Szeged,
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Introduction: Re-entry is a basic mechanism of ventricular fibrillation, which can be
elicited by extrasystolic activity, but the timing of an extrasystole can be critical. The action
potential duration (APD) of an extrasystole depends on the proximity of the preceding
beat, and the relation between its timing and its APD is called electrical restitution. The aim
of the present work was to study and compare the effect of several antiarrhythmic drugs
on restitution in preparations from undiseased human ventricular muscle, and other
mammalian species.

Methods: Action potentials were recorded in preparations obtained from rat, guinea pig,
rabbit, and dog hearts; and from undiseased human donor hearts using the conventional
microelectrode technique. Preparations were stimulated with different basic cycle lengths
(BCLs) ranging from 300 to 5,000 ms. To study restitution, single test pulses were applied
at every 20th beat while the preparation was driven at 1,000 ms BCL.

Results: Marked differences were found between the animal and human preparations
regarding restitution and steady-state frequency dependent curves. In human ventricular
muscle, restitution kinetics were slower in preparations with large phase 1 repolarization
with shorter APDs at 1000 ms BCL compared to preparations with small phase 1.
Preparations having APD longer than 300 ms at 1000 ms BCL had slower restitution
kinetics than those having APD shorter than 250 ms. The selective IKr inhibitors E-4031
and sotalol increased overall APD and slowed the restitution kinetics, while IKs inhibition
did not influence APD and electrical restitution. Mexiletine and nisoldipine shortened APD,
but only mexiletine slowed restitution kinetics.

Discussion: Frequency dependent APD changes, including electrical restitution, were
partly determined by the APD at the BCL. Small phase 1 associated with slower restitution
suggests a role of Ito in restitution. APD prolonging drugs slowed restitution, while
mexiletine, a known inhibitor of INa, shortened basic APD but also slowed restitution.
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These results indicate that although basic APD has an important role in restitution, other
transmembrane currents, such as INa or Ito, can also affect restitution kinetics. This raises
the possibility that ion channel modifier drugs slowing restitution kinetics may have
antiarrhythmic properties by altering restitution.
Keywords: arrhythmia, action potential, electrical restitution, human ventricle, cardiac electrophysiogy
INTRODUCTION

Cardiovascular diseases are the leading causes of mortality in
Western countries including the USA, Germany, France, and
the UK. In approximately 50% of the cases the cause of death in
cardiac patients is sudden cardiac death due to ventricular
fibrillation (Jazayeri and Emert, 2019). The underlying
mechanisms of ventricular fibrillation are complex, often
multi-factorial, and are still not fully understood, therefore,
they are subjects of current investigations. In general,
arrhythmias can be explained by impaired impulse
conduction and/or abnormal automaticity within the heart.
The cellular cause of impulse conduction defects can have a
distinct anatomical cause exhibiting a fixed pathway, usually
determined by ischemic or fibrotic injury (Nguyen et al., 2017;
Himel et al., 2019). Alternatively, the re-entry pathway can
form without such injuries, due to enhanced dispersion of
repolarization and consequently enhanced dispersion of
refractoriness (Himel et al., 2019). The latter determines the
ability of the ventricular muscle to be re-excited following a
previous beat. In case the differences in action potential
duration (APD), and consequently the effective refractory
period (ERP) are enhanced, i.e. dispersion of APD or
repolarization is augmented, the propagation of an early extra
beat can be delayed or blocked in the direction that has
myocytes with longer APDs, but conducted normally to the
direction that has myocytes with shorter APDs. Therefore, in
such an area, the extra beat can travel in a zig-zag pattern and
can re-enter into areas that have been previously excited,
eliciting chaotic rhythm or even fibrillation. Accordingly, the
timing of an extrasystole is critical for arrhythmogenesis (Akar
et al., 2002; Tran et al., 2007; Zaniboni, 2019). It has been
known for a long time that the APD/ERP of an extrasystole
depends on the proximity of the preceding beat, called diastolic
interval; and as the diastolic intervals increase, the APDs/ERPs
of the extra beats also increase. This process is called electrical
restitution and had been described long ago (Nolasco and
Dahlen, 1968; Boyett and Jewell, 1978; Elharrar and Surawicz,
1983), but its importance in arrhythmia research gained
particular attention again in the past two decades (Gilmour,
2002; Franz, 2003; Kalb et al., 2004; Gilmour, 2009; Orini et al.,
2016; Osadchii, 2017a; Osadchii, 2017b; Shattock et al., 2017;
Orini et al., 2019; Osadchii, 2019). According to the restitution
hypothesis, as diastolic intervals increase due to propagation of
litude; APD, action potential duration;
ation; APD90, APD measured at 90%
period; Vmax, maximum upstroke
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an extrasystole, the next following possible extrasystole would
encounter prolonged APD/ERP and local conduction defect
can occur. A steeper or faster restitution curve would favor such
an effect and would be considered proarrhythmic; flattened or
slower electrical restitution would have the opposite effect
(Garfinkel et al., 2000; Qu et al., 2014; Shattock et al., 2017;
Osadchii, 2017a; Osadchii, 2017b). Several studies in different
preparations investigated the effects of antiarrhythmic drugs on
the cardiac electric restitution properties (Varró et al., 1985;
Hsieh et al., 2013; Osadchii, 2017a; Osadchii, 2017b; Shattock
et al., 2017). These studies yielded different results depending
on the protocols (dynamic or standard), on the basic
stimulation frequencies, on the preparations (ventricular
muscle or Purkinje fibers), and on the species (guinea-pig,
rabbit, rat, or dog) used in their experimental approaches
(Elharrar and Surawicz, 1983; Kalb et al., 2004; Orini et al.,
2016; Shattock et al., 2017; Osadchii, 2019). The species used
may have special significance, since, as Figure 2 shows, there
are marked differences between restitution curves measured in
ventricular papillary muscle from different species (in rat,
guinea-pig, rabbit, dog or human preparations) with the same
experimental restitution pacing protocol and basic stimulation
frequency. Therefore, the aim of the present work was to study
the effect of several antiarrhythmic drugs on undiseased human
ventricular muscle to better understand the possible
implications of drug effects on electrical restitution, and
understand these effects in human arrhythmogenesis.
METHODS

Human General Donor Cardiac Tissue
Ethics Statement
Hearts were obtained from general organ donors whose undiseased
hearts were explanted to obtain pulmonary and aortic valves for
transplant surgery. Before cardiac explantation, organ donors did
not receive medication apart from dobutamine, furosemide, and
plasma expanders. According to the Hungarian law to obtain
samples from donors, the consent of the patients or relatives is
not needed. Therefore, consent is waived under local legislation. The
investigations conformed to the principles of the Declaration of
Helsinki. Experimental protocols were approved by the National
Scientific and Research Ethical Review Boards (4991-0/2010-
1018EKU [339/PI/010]).

Animals
All experiments were carried out in compliance with the Guide
for the Care and Use of Laboratory Animals (USA NIH
April 2020 | Volume 11 | Article 479
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publication NO 85-23, revised 1996) and conformed to the
Directive 2010/63/EU of the European Parliament. The
protocols have been approved by the Ethical Committee for
the Protection of Animals in Research of the University of
Szeged, Szeged, Hungary (approval number: I-74-24-2017) and
by the Department of Animal Health and Food Control of the
Ministry of Agriculture and Rural Development (authority
approval number XIII/3331/2017).

Conventional Microelectrode Technique
Action potentials were recorded in right ventricular trabeculae or
papillary muscle preparations obtained from rat, guinea pig,
rabbit, dog hearts, and from undiseased human donor hearts
using the conventional microelectrode technique.

Rats (either sex, 200–400 g), guinea-pigs (either sex, 400–600 g),
rabbits (either sex, 2.5–3.5 kg) and dogs (either sex, 10–15 kg) were
anesthetized by sodium pentobarbitone (30 mg/kg i.p. for rat and
guinea pig, i.v. for rabbit and dog) following sedation (xylazine
1 mg/kg). The animals also received intravenous injection of 400 U/
kg heparin. In case of human donor hearts, immediately after
explantation, each heart was perfused with cardioplegic solution
and kept cold (4–6°C) for 2–4 hours before dissection.

Preparations were individually mounted in a tissue chamber
with a volume of 50 ml. During experiments, modified Locke's
solution was used, containing (in mM): NaCl, 128.3; KCl, 4; CaCl2,
1.8; MgCl2, 0.42; NaHCO3, 21.4; and glucose, 10. The pH of this
solution was set between 7.35 and 7.4 when gassed with the mixture
of 95% O2 and 5% CO2 at 37°C. Each preparation was stimulated
through a pair of platinum electrodes in contact with the
preparation using rectangular current pulses of 1 to 3 ms
duration at twice of the threshold strength at a constant basic
cycle length of 1000ms (S1). These stimuli were delivered for at least
60 min allowing the preparation to equilibrate before the
measurements were initiated. Transmembrane potentials were
recorded using conventional glass microelectrodes, filled with 3 M
KCl, and having tip resistances of 5–20 MW, connected to the input
of a high impedance electrometer (Experimetria, type 309,
Budapest, Hungary) which was coupled to a dual beam oscilloscope.

The resting potential (RP), action potential amplitude (APA),
maximum upstroke velocity (Vmax), and APD measured at 50%
and 90% of repolarization (APD50 and APD90, respectively) were
determined off-line using an in-house developed software
(APES) running on a computer equipped with an ADA 3300
analog-to-digital data acquisition board (Real Time Devices, Inc.,
State College, Pennsylvania) having a maximum sampling
frequency of 40 kHz.

The following types of stimulations were applied in the course
of the experiments: stimulation with a constant cycle length of
1000 ms; stimulation with different constant cycle lengths
ranging from 300 to 5000 ms. To determine the recovery
kinetics of APD90 (APD90 restitution), extra test action
potentials were elicited by using single test pulses (S2) in a
preparation driven at a basic cycle length of 1000 ms. The S1–S2
coupling interval was increased progressively from the end of the
refractory period. The effective refractory period was defined as
the longest S1–S2 interval at which S2 failed to elicit a propagated
response. The diastolic intervals preceding the test action
Frontiers in Pharmacology | www.frontiersin.org 3198
potential were measured from the point corresponding to 90%
of repolarization of the preceding basic beat to the upstroke of
the test action potential and were increased progressively.

Attempts were made to maintain the same impalement
throughout each experiment. In case an impalement became
dislodged, adjustment was attempted, and if the action potential
characteristics of the re-established impalement deviated by less
than 5% from the previous measurement, the experiment
continued. All measurements were performed at 37°C.

Data Analysis
All data are expressed as means ± SEM. The “n” number refers to
the number of experiments (i.e. the number of ventricular muscle
preparations). Data points of restitution curves were fitted by a
mono-exponential function in order to calculate the kinetic time
constant of the APD90 restitution process:

APD = APDss − A* exp ( − DI=t)

where APDss is the maximal action potential duration (APD90),
A is the amplitude of the exponential function, DI is the diastolic
interval, and t is the time constant.
RESULTS

In Figure 1, frequency dependent APD changes are shown in
different species including human following various constant
steady-state (S1–S1) and abrupt changes of cycle lengths (S1–S2).
The figure shows that there are marked differences both in the
electrical restitution and steady-state frequency dependent
curves. The nature and mechanism of the frequency dependent
APD changes (Carmeliet, 1977; Elharrar and Surawicz, 1983;
Obreztchikova et al., 2006; Qu et al., 2014; Ni et al., 2019)
including electrical restitution are not fully resolved yet. A
recent study of Schattock et al. (2017) suggested that the slope
of the restitution curve depends on the APD of the basic heart
rate. Therefore, as Figure 2 shows, human ventricular electrical
restitution curves separated according to their action potential
durations at basic cycle length of 1000 ms. In preparations with
APD90 shorter than 250 ms, the time constant (t) was 63.9 ± 6.0
ms (n = 10), while in preparations with APD90 longer than 300
ms t was 125.5 ± 9.1 ms (n = 17). Figure 2 indicates that
electrical restitution kinetics are slower as action potential
durations increase, suggesting that restitution kinetics, at least
partly, indeed depend on intrinsic behavior of the repolarization
process. In addition, as shown in Figure 3, human ventricular
APD restitution curves have somewhat slower restitution
kinetics where the basic action potentials showed prominent
phase 1 repolarization during the plateau phase (t = 126.1 ± 8.1
ms, n = 16) compared to those that had no strong phase 1
repolarization (t = 98.5 ± 10.0 ms, n = 10), suggesting a possible
role of Ito in the restitution process. In this respect, it is worth to
note that APDs in preparations having prominent phase 1
repolarization were shorter than those having no or small
phase 1 repolarization. Also, rabbit restitution curves and
steady-state frequency-dependent APD have a declining slope
April 2020 | Volume 11 | Article 479
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at diastolic intervals and cycle lengths longer than 1000 ms. Since
in rabbit Ito is characterized by slow recovery (Fermini et al.,
1992; Sánchez-Chapula et al., 1994), these results also suggest a
possible role of Ito in the cycle length dependent APD changes
including restitution.

In further experiments, the effects of several antiarrhythmic
drugs were studied on the electrical restitution curves in human
undiseased ventricular muscle preparations. Figure 4 shows that
the selective rapid delayed rectifier potassium current (IKr)
inhibitor E-4031 and sotalol increased overall APD and slowed
the kinetics of the restitution curve (from t = 82.6 ± 5.5 ms to
t = 160.3 ± 11.1 ms, n = 5; and from t = 95.8 ± 10.7 ms to t =
152.7 ± 8.7 ms, n = 5, respectively). Figure 5 illustrates that L-
Frontiers in Pharmacology | www.frontiersin.org 4199
735,821, a specific inhibitor of the slow delayed rectifier
potassium current (IKs) does not influence APD and electrical
restitution curves (t = 113.1 ± 8.4 ms vs. t = 111.9 ± 7.3 ms, n =
7). In further experiments, the effects of the inward sodium
current (INa) inhibitor mexiletine and the inward L-type calcium
current blocker nisoldipine were studied on human ventricular
electrical restitution curves. Figure 6 shows that both mexiletine
and nisoldipine shortened APD but only mexiletine slowed
restitution kinetics in human ventricular muscle preparations
(from t = 98.1 ± 10.9 ms to t = 133.2 ± 13.1 ms, n = 6; from t =
111.1 ± 9.2 ms to t = 113.1 ± 7.4 ms, n = 6, respectively).
DISCUSSION

In this study, the electrical restitution of APD and its possible
influence by several antiarrhythmic drugs in human ventricular
muscle was investigated. Notwithstanding plentiful data in
different animal experiments, according to our best knowledge,
there is no systemic study on electrical restitution available in
undiseased human ventricular muscle with the conventional
microelectrode technique.

The main novel findings in the present work are as follows;

1. Human ventricular APD restitution differs from those
reported in other species.

2. In spite of the marked species differences in the ventricular
restitution curve, in human ventricle, similar to those
reported earlier in other mammalian species (Shattock
et al., 2017), longer repolarization is associated with slower
restitution kinetics.

3. However, human ventricle exhibiting prominent phase 1
repolarization, presumably due to high level of Ito
A B

FIGURE 1 | Action potential duration (APD90) restitution curves (panel A) and
the steady-state cycle length dependence of the action potential duration
(panel B) in human, dog, guinea pig, rabbit, and rat right ventricular muscle
preparations. For the sake of clarity, the SEM values were indicated in case of
diastolic intervals 2000 – 5000 ms in (panel A).
FIGURE 2 | Comparing human ventricular electrical restitution curves based
on the action potential duration. Human APD90 restitution curves were
separated into short APD (APD90 < 250 ms) and long APD (APD90 > 300 ms)
groups. The data points up to 1000 ms diastolic interval were fitted by single
exponential function. The inset shows the kinetical time constants for the two
groups.
FIGURE 3 | Comparing human ventricular action potential duration restitution
curves based on the amplitude of phase 1 repolarization. Human APD90

restitution curves were separated into two groups, one showed prominent
phase 1 repolarization and another one had no or small phase 1
repolarization. The data points up to 1000 ms diastolic interval were fitted by
single exponential function. The inset shows the kinetical time constants for
the two groups.
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expression, was associated with shorter APD but slower
restitution kinetics.

4. Drugs that inhibit IKr and INa slow restitution kinetics of APD
restitution curve but drugs inhibiting IKs do not influence
electrical APD restitution curves in human ventricular
muscle.

APD restitution is an important process in the adaptation of
the action potential to abrupt changes in cycle length and has
been postulated playing an important role in the susceptibility to
re-entrant arrhythmias, such as ventricular fibrillation (Garfinkel
et al., 2000; Gilmour, 2002; Toal et al., 2009; Qu et al., 2014; Orini
et al., 2016; Osadchii, 2017a; Osadchii, 2017b). Accordingly, it is
generally agreed that slower restitution kinetics and a less steep
restitution slope would result in antiarrhythmic effects, while
steeper and faster restitution would be proarrhythmic (Garfinkel
et al., 2000; Gilmour, 2002; Qu et al., 2014; Osadchii, 2017a;
Osadchii, 2017b; Shattock et al., 2017; Zaniboni, 2019). As
diastolic intervals are increasing due to propagation of an extra
beat, a next short coupled extra beat would encounter longer
A

B

FIGURE 4 | Effect of two selective rapid delayed rectifier inhibitor
antiarrhythmic drugs – E-4031 (panel A) and sotalol (panel B) – on the human
electrical restitution curve. The data points up to 1000 ms diastolic interval
were fitted by single exponential function. The inset shows the kinetical time
constants in control conditions and after drug application. On the right part of
the figure original action potential traces are shown before and after drug
application at basic cycle length of 1000 ms.
FIGURE 5 | Lack of effect of the selective slow delayed rectifier inhibitor L-
735,821 on the human electrical restitution curve. The data points up to 1000
ms diastolic interval were fitted by single exponential function. The inset
shows the kinetical time constants in control conditions and after application
of L-735,821. On the right part of the figure original action potential traces are
shown before and after drug application at basic cycle length of 1000 ms.
A

B

FIGURE 6 | Effect of the sodium channel inhibitor mexiletine (panel A) and
the L-type calcium current blocker nisoldipine (panel B) on the human
electrical restitution curve. The data points up to 1000 ms diastolic interval
were fitted by single exponential function. The inset shows the kinetical time
constants in control conditions and after drug application. On the right part of
the figure original action potential traces are shown before and after drug
application at basic cycle length of 1000 ms.
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APD or ERP and, as a result of this, local conduction block can
develop. A steeper restitution curve would facilitate this
possibility with potential proarrhythmic consequences, but a
flattened restitution curve would have the opposite effect.

Repolarization of cardiac ventricular muscle has been known for
long to be dependent on species and stimulation frequency
(Carmeliet, 1977; Boyett and Jewell, 1978). The cellular and
subcellular mechanisms of APD restitution have been studied
extensively. However, they are still subjects of debate (Boyett and
Jewell, 1978; Elharrar and Surawicz, 1983; Hsieh et al., 2013;
Osadchii, 2017a; Osadchii, 2017b; Shattock et al., 2017; Zaniboni,
2019). Frequency dependent APD changes including APD
restitution in case the cycle length or diastolic interval ranges are
sufficiently long can be characterized by multiple exponential fits
(Elharrar and Surawicz, 1983; Varró et al., 1985). The rapid
exponential components of these fits are generally attributed to
deactivation and recovery from inactivation properties of various
ion channels activated during the previous baseline beats, as well as
intracellular and extracellular ion concentration changes, which
directly or indirectly alter electrogenic pumps and exchangers,
often called collectively as “short term memory” (Elharrar and
Surawicz, 1983; Toal et al., 2009). Changes in the expression of ion
channels can cause the so-called long-termmemory (Obreztchikova
et al., 2006), which was not investigated in our experiments.

In a recent study by Shattock et al. (2017) it was suggested that
APD restitution kinetics were determined by the length of the APD
of the basic beat. This speculation was based on guinea pig and
rabbit experiments in Langendorff preparation measuring
monophasic APD with a Franz catheter, or with the sharp
microelectrode technique in single isolated guinea-pig myocytes
applying the dynamic restitution protocol (Shattock et al., 2017). In
this study, a wide range of drugs that all prolong APD by different
modes of actions (such as clofilium, Bay K 8644, veratridine,
catecholamines; and interventions such as low extracellular Ca2+

and transverse aortic constriction induced heart failure) slowed the
kinetics or flattened the restitution curves. Based on these results, in
agreement with the hypothesis of Zaza (Zaza and Varró, 2006; Zaza,
2010) and later by others (Bányász et al., 2009; Virág et al., 2009;
Bárándi et al., 2010), it was argued that frequency dependent APD
changes, including electrical restitution, were determined by the
APD at the basic cycle length. The results of the present study partly
support this idea, since all of the drugs studied with an APD
prolonging effect slowed the restitution curve. Also, longer intrinsic
APD was associated with slower restitution in human ventricular
muscle. However, mexiletine and nisoldipine shortened basic APD
but slowed or did not change the restitution curve. In addition, in
the present study, the human ventricular muscle preparations with
strong phase 1 repolarization showed slower restitution kinetics
with shorter APD at the basic cycle lengths than those that showed
no prominent phase 1 repolarization. Rabbit ventricular APD
restitution curves showed a declining slope at diastolic intervals
longer than 1000 ms. In human ventricular muscle, Ito recovers
relatively rapidly, with a time constant of 10 ms (our own
unpublished observation), but in rabbit the recovery of Ito is
slower with time constant more than 1 s (Fermini et al., 1992;
Sánchez-Chapula et al., 1994). These results suggest that although
Frontiers in Pharmacology | www.frontiersin.org 6201
basic APD has important role in determining restitution slope and
kinetics, other transmembrane currents, such as INa or Ito, can also
play a role in restitution kinetics. This is also in agreement with
earlier work in dog Purkinje fibers, where several drugs with INa and
ICa-L inhibition properties slowed APD restitution (Elharrar et al.,
1984). It is also important to note that the basic stimulation
frequency, which was 5 times higher in the study of Shattock
et al. (2017), can partly explain the differences between their and our
present works.

In our study, we used only undiseased donor cardiac ventricular
preparations and did not study diseased tissue and atrial muscle. To
the best of our knowledge there are no reported in vitro drug studies
available with the latter preparations. Since APD restitution can be
important phenomenon in the mechanism of atrial fibrillation this
may be a limitation of our present investigations as such it would be
worth to study in the future.

In conclusion, it should be recognized that important species
differences exist in the ventricular restitution process including
human. Our results indicate that the mechanism of the electrical
restitution, at least in undiseased human ventricle, seems
complex; and to understand it properly, further studies are
needed. Based on our results, in addition to the basic APD,
other factors, such as transmembrane ion currents, can influence
restitution. The latter raises the possibility that ion channel
modifier drugs slowing restitution kinetics may have
antiarrhythmic properties by affecting electrical restitution,
which may be considered in future drug development projects.
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Bányász, T., Horváth, B., Virág, L., Bárándi, L., Szentandrássy, N., Harmati, G.,
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This review is focusing on the understanding of various factors and components
governing and controlling the occurrence of ventricular arrhythmias including (i) the role
of various ion channel-related changes in the action potential (AP), (ii) electrocardiograms
(ECGs), (i i i) some important arrhythmogenic mediators of reperfusion, and
pharmacological approaches to their attenuation. The transmembrane potential in
myocardial cells is depending on the cellular concentrations of several ions including
sodium, calcium, and potassium on both sides of the cell membrane and active or inactive
stages of ion channels. The movements of Na+, K+, and Ca2+ via cell membranes produce
various currents that provoke AP, determining the cardiac cycle and heart function. A
specific channel has its own type of gate, and it is opening and closing under specific
transmembrane voltage, ionic, or metabolic conditions. APs of sinoatrial (SA) node,
atrioventricular (AV) node, and Purkinje cells determine the pacemaker activity
(depolarization phase 4) of the heart, leading to the surface manifestation, registration,
and evaluation of ECG waves in both animal models and humans. AP and ECG changes
are key factors in arrhythmogenesis, and the analysis of these changes serve for the
clarification of the mechanisms of antiarrhythmic drugs. The classification of antiarrhythmic
drugs may be based on their electrophysiological properties emphasizing the connection
between basic electrophysiological activities and antiarrhythmic properties. The review
also summarizes some important mechanisms of ventricular arrhythmias in the ischemic/
reperfused myocardium and permits an assessment of antiarrhythmic potential of drugs
used for pharmacotherapy under experimental and clinical conditions.

Keywords: genetics, ischemia—reperfusion, electrocardiogram (ECG), arrhythmia < cardiovascular, therapy -,
action potential (AP)
THE HEART AND ARRHYTHMIAS

The heart is the key center of the blood circulation in fish, reptiles, birds, and mammals, an organ
contracts autonomously and rhythmically, and functioning in conjunction with an extensive
network of blood vessels to supply all cells and organs with oxygen and nutrients for serving
their physiological function. Do we really need another review on cardiac arrhythmias in a special
issue, someone may ask as you browse through several publications in cardiovascular journals. The
answer is yes, and the mission of the current review is to present a short and comprehensive analysis
of what is currently known about ischemia- and reperfusion-induced arrhythmias and their
mechanisms, focusing on changes in shapes and waves in action potential (AP) and
electrocardiogram (ECG), respectively, in animal models and human beings. The human heart
produces left ventricular contraction about 70 times in a minute under physiological conditions.
in.org May 2020 | Volume 11 | Article 6161203
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Tosaki Arrhythmogenesis
The duration and shape of APs are controlled and determined by
the function and activity of various ion channels and genes in an
individual cardiac cell. In various myocardial cell types, the
duration of AP is varied from species to species and the beat-
to-beat variability for the AP duration is an important
arrhythmogenic predictor, determining the intensity of cell-to-
cell coupling (Magyar et al., 2016; Nanasi et al., 2017).

Various techniques for AP recordings and ion current
measurements started about 70 years ago and became more
sophisticated decade by decade, including the use of monophasic,
two-electrode voltage clamp, and whole cell configuration of
patch clamp. The recording of resting membrane potential and
AP duration have initially been reported by Woodbury et al.
(Woodbury et al., 1950), Burgen and Terroux (Burgen and
Terroux, 1953), Coraboeuf and Weidmann (Coraboeuf and
Weidmann, 1954), and Vaughan Williams (Vaughan Williams,
1959) in cardiac muscle fiber under in vitro conditions.
Particularly, ion movements via voltage-regulated ion channels
and pore-regulated proteins across cardiac cell membranes
primarily determine the morphology and the duration of the
AP in myocardial cells (Sankaranarayanan et al., 2017; Smith and
Eisner, 2019). The resting transmembrane potential in an intact
cardiac cell is about 85–90 mV negative to the exterior, and the
move of Na+ into the resting cell leads to the change of the
membrane potential and the propagation of the cellular AP.
Thus, this movement of Na+ determines Ca2+ and K+ release and
exchange mechanisms via outer and inner cell membranes
and organelles.

Ventricular arrhythmias are the leading cause of sudden
cardiac death during and/or following an ischemic episode,
acute heart failure, and recovery from myocardial infarction.
Life threatening arrhythmias are very common and
unpredictable in the failing myocardium; thus, the primary
objective of their prevention is to eliminate various
environmental risk factors, following the application of
appropriate pharmacotherapies or nonpharmacological
interventions. Heart failure and sudden ventricular arrhythmia
caused deaths are likely to occur before an intervention can be
implemented (Ramirez et al., 2014; Ramirez et al., 2017). The
tool used for the detection and diagnosis of cardiac arrhythmias
is the ECG, thus, the aim of antiarrhythmic therapy could be
considered for acute termination or long-term treatment to
prevent recurrence of various types of arrhythmias. However,
antiarrhythmic drugs have multiple effects on the generation of
AP and the waves of ECG, and their mechanisms are very
complex (Alvarez et al., 2019; Paar et al., 2019). In addition, an
antiarrhythmic agent could modulate other targets and tissues in
the different parts of the myocardium in comparison with its
primary site of action. In other words, an arrhythmia type and its
origin could result from multiple underlying mechanisms at the
same time, which may result in either from increased or
decreased various types of K+, Na+, and Ca2+ currents via cell
membranes and cell organelles. Thus, pharmacological therapies
of cardiac arrhythmias should be focused on the most relevant
underlying mechanism of arrhythmias, where it's known, and
interventions may be antiarrhythmic by suppressing the
Frontiers in Pharmacology | www.frontiersin.org 2204
initiating arrhythmogenic mechanism. Atrial fibrillation (AF) is
caused by various mechanisms and one of the most common
cardiac rhythm disturbances (Chua et al., 2019; Sutanto et al.,
2019) associated with increased risk of heart failure, stroke
(Kostopoulou et al., 2019), and death. More than dozens of
genetic loci have been associated with AF, but the current review
does not attempt to focus on these genetic mechanisms (Kalsto
et al., 2019) and clinical management (Sutanto et al., 2019) of AF
in detail.
THE ACTION POTENTIAL

Ion currents through cell membranes critically determine the
shape of the AP and the waves of the ECG, which serve for the
recognition and diagnosis of various types of cardiac
arrhythmias. Namely, Na+ currents, L- and T-type Ca2+

currents, transient outward currents, inward rectifier and
pacemaker currents, delayed rectifier K+ currents, Na+–Ca2+-
exchanger (NCX), and Na+–K+-ATPase pump are the basic
components of the AP development. In each AP, Na+ entry
and K+ efflux and exchanges are the initial processes for
determining of other ion concentrations and functions inside
the cardiac cell. The ATP-depending exchange mechanism,
called Na+–K+-pump, serves to determine and maintain
intracellular ion homeostasis, which is electrogenic, and
generating a net K+ current. Under physiological conditions,
intracellular Ca2+ is maintained at very low level in cardiac cells,
and the entry of Ca2+ during AP via L-type Ca2+ channels is the
primary signal to the sarcoplasmic reticulum (SR) to release Ca2+

ions from its store, leading to the initiation of Ca2+-dependent
contraction termed excitation–contraction coupling. Ca2+ efflux
from SR into the cytoplasm happens via ryanodine receptor
release channels (RyRc), and the subsequent elimination of
intracellular Ca2+ from cytoplasm occurs by SERCA, which
pumps Ca2+ ions back to the SR. In the meantime, the
electrogenic NCX located on the cardiac cell membrane surface
exchanges three Na+ from the exterior for each Ca2+ ion
extruded. During the past three decades, intensive investigation
focused on the ion currents in AP phases, which were connected
to specific channel-controlled genes, encoding the major pore-
regulated proteins.
THE AP, ION CHANNELS, AND GENES

The identification of specific ion channels and their encoded
proteins has contributed to a better understanding of the
physiological and pathological APs and their changes, which
affect the shape of ECG waves, leading to the mechanisms and
diagnosis of various types of arrhythmias and discovery of
potential new antiarrhythmic drug targets.

SCN5A
The primary gene (SCN5A) encodes the pore-forming alpha
subunit of the primary Na+ channel (Nav1.5) in the human heart
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(Lieve et al., 2017; Verkerk et al., 2018), and this so-called “gain-
of-function mutation” determines the late Na+ current (INa),
which leads to (i) the development of one type of long-QT
syndrome (LQTS), (ii) the prolongation of the duration of the
AP, and (iii) the genesis of premature ventricular contractions in
myocardial cells (Keating and Sanguinetti, 2001; Splawski et al.,
2002; Wang et al., 2004; Amin et al., 2018). In addition, it was
found that genetic mutations of SCN5A variants, including
Nav1.5, determine INa and the development of both the LQTS
and Brugada syndromes (Tse et al., 2017; Li et al., 2018).
Therefore, interventions, which inhibit the mutated gene's
(SCN5A) function and/or the abnormal late Na+ current
(Figure 1) may prevent the development of LQTS. In contrast,
drugs enhance the late Na+ current may cause both atrial and
ventricular arrhythmias; called proarrhythmic agents.

KCND2-D3
Transient outward potassium currents (KCND2-D3, Kv4.2, and
Kv4.3) determine the development of the phases (0, 1, and 2) of the
AP, however, the activation of KCND2 (Kv4.2) is rapidly
terminated in the “notch” phase of the AP. It has been reported
that KCND2 and KCND3 (Frank-Hansen et al., 2005), encoding of
the voltage-gated potassium channel alpha subunits, Kv4.2 and
Frontiers in Pharmacology | www.frontiersin.org 3205
Kv4.3, conducting the fast transient outward K+ current (Ito,f) in the
prolongation of AP duration, which may be associated with the
development of LQTS in the myocardium. These authors (Frank-
Hansen et al., 2005) concluded that mutations of KCND2 and
KCND3 are not a frequent cause of LQTS, however, some variants
of these two genes may play a significant role in the development of
LQTS phenotype. In another study (Perrin et al., 2014), it was
shown that KCND2 gene, as a susceptibility gene, contributes to the
sudden cardiac death in an anterior J-wave ECG pattern in patients.
The results of the aforementioned publication (Perrin et al., 2014)
were the first to implicate KCND2 gene (Kv4.2) as a potential cause
of an atypical J-wave pattern related to the sudden cardiac death.
Considerable attention has been paid to the understanding of the
roles of two functionally distinct K+ channels; Kv4.2 and Kv4.3
subunits (Niwa and Nerbonne, 2010), which encode the fast
transient outward potassium channels (Ito,f), while Kv1.4
(KCNA4) encodes the function of the slow potassium channels
(Ito,s). Thus, it could be concluded that several signaling cascade
mechanisms and regulatory proteins have been implicated in the
control and regulation of Ito,f and Ito,s proteins/channels, regarding
the mechanisms of arrhythmogenesis under physiological and
various pathological conditions. Although cardiac Ito,f and Ito,s
channels are differently expressed in various mammalian species
and contribute to the heterogeneity of the AP and its waveforms,
they have a potential importance in the genesis of cardiac
arrhythmias. In addition, it has recently been demonstrated by
Zhang et al. (2019a), that jingzhaotoxin-V (JZTX-V), a selective
inhibitor of A-type potassium channel, plays a crucial role in the
regulation of Ito potassium channels, supporting its use as a new
potential and novel antiarrhythmic agent.

KCNQ1/E1 and KCNA5
K+ currents so-called delayed rectifier currents, including slow
(IKs) and ultrarapid (IKur) channels (Zareba et al., 2003), have
been dissociated on the basis how quickly they are activated
during the AP. However, cardiac KCNQ1/E1 encodes only slow
delayed rectifier channels and does not IKr (rapid delayed
rectifier K+ current). These K+ rectifier channel activations are
increased with the time, whereas Ca2+ currents are inactivated,
leading to the phase-3 (repolarization phase) of AP (Figure 1). It
was described (Christophersen et al., 2013) that KCNA5 (IKur)
has a high frequency of rare variants related to the development
of AF, emphasizing that KCNA5 (Figure 1) is probably one of
the most predominant genes to produce AF (Colman et al.,
2017). KCNA5 also encodes hKv1.5, and this genetic alteration
increases the electrical activity of cells, therefore, the controlling
of hKv1.5 expression and function may result in a proper
physiological electrical activity, suggesting that hKv1.5 may be
a potential target for the treatment of AF (Xie et al., 2019). Thus,
the selective inhibition of hKv1.5 function could be related to the
prolongation of atrial AP without an increase in the duration of
ventricular AP in human beings.

KCNH2
KCNH2, initially described and termed hERG, regulates IKr
(rapid delayed rectifier K+ channel) and the blocking of IKr still
remains a major issue in the development of antiarrhythmic
FIGURE 1 | Action potential (AP) genes and ion channels. The figure shows
the summary of basic ion currents, genes and their targets in the AP. Various
types of Ca2+ currents are shown, including L-type and T-type Ca2+ currents
(CACNA1C, CACNA1H). KCND2-D3 genes (Kv4.2, Kv4.3), as voltage-gated
fast transient outward potassium (Ito,f) and slow transient K+ outward (Ito,s)
channels are also shown. Additionally, Na+ and K+ channels and their pore-
regulated proteins and voltage regulations are also depicted. The Na+ current
(SCN5A) is about 50 times lager as any other current during the
depolarization phase (phase 1) of the AP, although its portion persists in the
plateau phase. Several types of Ca2 + currents e.g., CACNA1C (L-type) and
CACNA1H (T-type), are activated during the phases 0, 1, and 2 of the AP.
Fast transient outward potassium currents (KCND2-D3, encoding Kv4.2-
Kv4.3) are functioning in the phases of 0, 1, and 2 of the AP. The activation of
KCDN2 is rapidly terminated in the “notch” phase, phase 1, of the AP.
Rectifier potassium channels include IKs (KCNQ1, KCNE1), IKr (KCNH2,
hERG), and IKur (KCNA5), which are also activated in the phases of 0, 1, and
2 of the AP. Inward rectifier current (KCNJ2), pacemaker current (HCN4, If),
and Na+–K+-ATPase (ATP1A/B) are activated in the phase 4 of the AP. Na+–
Ca2+ exchange mechanism (NCX) is functioning in the phases of 1, 2, and 3
of the AP.
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drugs (Chen et al., 2000; Mitcheson et al., 2000; Mehta et al.,
2018) in connection with the pharmacotherapy of LQTS at
genetic levels (Mehta et al., 2018; Yin et al., 2018; Cortez et al.,
2019; Kerr et al., 2019). The voltage activated potassium channel
(Kv11.1) is encoded by the humane-ether-a-go-go related gene
(hERG), which predominantly contributes to the electrical
activity of the myocardium (Vandenberg et al., 2012; Vasseur
et al., 2019). This channel mediates IKr current (Figure 1) during
the repolarization phase of the AP (Orvos et al., 2019) and its
malfunction plays a critical role in the development of LQTS
(Perissinotti et al., 2018; Ng et al., 2019). In an additional elegant
study, Wu et al. (2019) described that KCNQ1 mutation
interferes with intracellular hERG transport processes, leading
to the development of the phenotype LQTS.

KCNJ2
It was published in an elegant review (Kubo et al., 2005) that
inward rectifier K+ channel (Kir) subfamilies, based on their
amino acid sequence alignments, play important roles in various
human diseases, including arrhythmogenesis (Figure 1).
Therefore, pharmacological aspects of Kir channel mediated
functions could be expected as therapeutic tools for the
treatment of various cardiac arrhythmias. It was suggested that
(Yue et al., 2011; Qi et al., 2015) myofibroblasts also play a critical
role in arrhythmogenesis in chronic heart failure by increasing
extracellular matrix protein production and having a direct
electric interaction with myocytes. However, fibroblasts are not
excitable cells electrically, but they are able to express various ion
channels including IK1, and having resting membrane potential
about −40 mV (Kamkin et al., 2003). The study by Qi et al.
(2015), demonstrated that KCNJ2 (inward rectifier potassium
channel; IK1) subunit is present in fibroblasts and
cardiomyocytes as well. Thus, drug therapies, which alter the
function of KCNJ2 ion channels in connection with Ca2+ entry
may be an important target for the development of other new
antiarrhythmic agents, as inward rectifier potassium channel
blockers, in failing myocardium (Szuts et al., 2013).

HCN4, “Funny” Current
The pacemaker current (If or IKf) is called “funny” current or
pacemaker channel, which is an electric current through the
HCN4 and subtype genes regulated proteins in the myocardium
(Figure 1). The “funny” current is a component of the electrical
conduction system producing the natural pacemaker activity of
the heart. The If was first described in Purkinje fibers and atrial
cells, and has been extensively studied for several decades
(Difrancesco and Ojeda, 1980; Mesirca et al., 2013; Mengesha
et al., 2017; Monfredi et al., 2018), however, its function is not
completely understood in arrhythmogenesis. HCN4 gene-related
arrhythmias, including atrioventricular block and AF, have still
an unexplored role in arrhythmogenesis, although HCN4 gene
(cyclic nucleotide gated 4 channel) is generally accepted as a
genetic marker in myocardial pacemaker tissues (Difrancesco,
2015). Thus, myocardial structural abnormalities could be closely
associated with HCN4 mutations, leading to the development of
cardiac arrhythmias via phosphatidyl-inositol 3,4,5-
Frontiers in Pharmacology | www.frontiersin.org 4206
trisphosphate (PIP3) signal transduction mechanism;
regulating the function of funny current, controlling the
pacemaker activity and heart rate in the myocardium
(Difrancesco, 2019). The term of “funny” refers to a mixed
Na+ and K+ permeability through cell membranes and having
a very slow physiological kinetic. In addition, an increase in the
activation of If augments Na+ influx in the cell, and
paradoxically, in a “reverse mode,” elevates intracellular Ca2+

accumulation leading to elevated systolic calcium transients.
Consequently, the inhibition of If reduces intracellular Ca2+ rise,
thus, alters several processes of ventricular remodeling and
structural cardiac function, including apoptosis, cardiomyopathy,
and arrhythmias (Yampolsky et al., 2019), which may have an
important target in clinical managements of arrhythmogenesis.

NCX
The pharmacological inhibition of NCX protein expression
could be a further target and may be an additional advantage
for the therapy of heart failure and cardiac arrhythmias under
both experimental and clinical conditions (Sipido et al., 2002;
Jost et al., 2013; Schwartz et al., 2013; Bogeholz et al., 2016;
Devalla et al., 2016; Kohajda et al., 2016; Javidanpour et al.,
2018). During the period of diastole in the myocardium,
cytosolic free Ca2+ is removed by both the reuptake of SERCA
(Ca2+-ATPase) and transmembrane extrusion by NCX (Voigt
et al., 2012). The basic role of NCX has been recognized in two
major types of triggered arrhythmias including delayed
afterdepolarization (DAD) and early afterdepolarization
(EAD). DAD is developed by Ca2+ release from the SR under
cellular Ca2+ overload. The increased Ca2+ overload in the
cytosol is removed by NCX, causing additional Na+ influx and
cell membrane depolarization, which leads to DAD. Thus,
interventions, which are able to interfere with the NCX could
be an effective antiarrhythmic pharmacotherapy in patients,
showing DAD signs on AP and/or on ECG recordings. EAD
interrupts AP in the phase of repolarization, and not only various
Ca2+ channel-related intracellular Ca2+ overload but even other
ion channels and transporters, particularly Na+ and K+ channels
and exchangers, could also contribute to the development of
EAD. Under clinical conditions, EAD triggering is a very
common event in human, if the heart rate is reduced and
extracellular K+ concentration is low. Basically, the duration of
AP is longer in Purkinje and endocardial cells than in epicardial
tissues, therefore, EAD is more frequently induced in Purkinje
and endocardial cells in comparison with epicardial cells. Cardiac
arrhythmias showing the sign of EAD could be treated
by antiarrhythmic drugs, which shorten the AP duration, e.g.,
antiarrhythmic agents belong to class IB (Vaughan
Williams, 1992).

ATP1alpha/Beta (Na+–K+-ATP-ase, Na+–
K+-Pump)
It is of interest to note that calcium channels include the
structurally homologous family of voltage-gated ion channels,
such as CACNA1C-encoded L-type calcium channel (Cav1.2,
LTCC), which transports calcium ions into myocytes, regulating
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the excitation–contraction coupling process, and leading to the
development of LQTS phenotype (Estes et al., 2019; Ye et al.,
2019). The results of the aforementioned recent publications
reveal that a new population of Ca2+ channels represents a new
“pathological substrates” for LQTS-related arrhythmias. During
each AP the cell gains intracellular Na+ and loses intracellular K+

content. At the end of each AP, for returning to the physiological
membrane potential of −90 mV in the myocyte, the Na+–K+-
ATP-ase serves the energy to extrude three Na+ ions and enter
two K+ ions. This process is electrogenic, generating a net
outward Na+ current during the phases 3 and 4 of the AP.
Several decades ago, it was measured and described, using the
whole-cell patch-clamp technique that the aforementioned
exchange mechanism is generated by the Na+–K+-pump,
leading to the outward membrane current (Ip) in a single
myocyte (Gadsby et al., 1985). Several groups published that
peak Ip may be the clearing of excess of Na+, which is
accumulated close to the inner cardiac cell membrane leaflet, if
the Na+–K+-pump is inhibited (Carmeliet, 1992; Aronsen et al.,
2013; Garcia et al., 2016). Thus, a restricted Na+ diffusion at a
subsarcolemmal area in the cardiomyocyte may be a reasonable
therapeutic implication (Han et al., 2010; Lu and Hilgemann,
2017) in the treatment of cardiac arrhythmias.
THE ECG AND INHERITED SYNDROMES

The duration of APs from different regions of the myocardium,
including the sinus node, AV node, and His-Purkinje system,
determines the coordinated ventricular contraction, and the
electrical activation of the heart, which is normally represented
by ECG recordings. In the ECG, P wave, QRS complex, and T
wave show the physiological or pathological electrical activity of
the myocardium. P wave represents the depolarization phase of
the atria, QRS complex indicates the depolarization of the left
and right ventricles, while T wave shows the repolarization phase
of both ventricles in the ECG (Figure 2).

At least, four major inherited syndromes (Figure 2) are
currently known, which may lead to sudden cardiac death
without any structural myocardial diseases, including LQTS,
catecholaminergic polymorphic ventricular tachycardia
(CPVT), Brugada syndrome, and “torsades de pointes”
arrhythmias (Savastano et al., 2014; Delise et al., 2018;
Michowitz et al., 2019). However, Wolff–Parkinson–White
(WPW) syndrome, which may also be an inherited cardiac
disease and leads to reentry ventricular arrhythmias, has some
significant structural changes in the myocardial conduction
system. Although, these syndromes and sudden consequences
were first published several decades ago, the investigation of their
genetic origins started about only in the last decade of the
twentieth century.

Sodium channels and cardiac structural abnormalities lead to
changes in ECG signs and pathological cardiac consequences,
which may be associated with SCN5A gene mutation in Brugada
syndrome (Coronel et al., 2005). It was suggested that a reduced
expression in the number of Nav1.5 sodium channels may result
Frontiers in Pharmacology | www.frontiersin.org 5207
in Brugada syndrome in myocardial cells and heterozygous
patients (Mohler et al., 2004). Thus, interventions, which could
increase the expression of Nav1.5 channels in the myocardium
may prevent the development of lethal arrhythmias in
“Brugada patients,” however, this mechanism should be
further investigated.

The increased length of ventricular AP prolongs the QT
interval on the ECG, which could be associated with the LQTS
and the development of ventricular tachycardia. Four of the
aforementioned syndromes (LQT, CPVT, Brugada syndrome,
torsades de pointes) appear in patients who did not previously
show any cardiac symptoms (Singh et al., 2019) or gross
structural changes except syncope before the sudden cardiac
death. The ventricular tachycardia with prolonged QT interval is
termed “torsades de points” arrhythmia (Bossu et al., 2018). LQT
and Brugada syndromes are the most common inherited
arrhythmias, while CPVT occurs much rarely.

Dessertenne published (Dessertenne, 1966) initially several
original articles about polymorphic ventricular tachycardia in the
1960s, and termed “torsades de pointes” arrhythmia based on
ECG signs. Then, it has been the subject of debate for decades,
whether “torsades de pointes” is a syndrome or an arrhythmia
(Curtis, 1991), and it was concluded that this type of arrhythmia
can be a type of arrhythmias and also a syndrome. The final
outcomes of the “torsades de pointes” arrhythmia may be
syncope, self-terminating, or ventricular fibrillation (VF)
leading to sudden cardiac death. The QT interval 's
prolongation could be genetic origin or acquired (Thomas and
Behr, 2016). It was also under extensive investigation (Naksuk
et al., 2019) and published that LQTS is a type of arrhythmias, in
which “torsades de pointes” arrhythmia causes ventricular
tachycardia, VF, and sudden death by the mutation of various
genes (KCNQ1/E1 and KCNH2/hERG) underlying potassium
repolarization currents, including IKr and IKs (Anson et al., 2004;
Nerbonne and Kass, 2005; Daubert et al., 2007; Vink et al., 2018;
FIGURE 2 | Schematic representation of the ECG. Types of syndromes
originated from various gene mutations. Gene mutation-related arrhythmias
include long-QT and Brugada syndromes, catecholaminergic polymorphic
ventricular tachycardia (CPVT), “torsade de pointes” arrhythmias, and Wolff–
Parkinson–White (WPW) syndrome. ST-E, ST-segment elevation.
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Zhou et al., 2019). In conclusion, clinical management of
“torsades de pointes” arrhythmia associated with prolonged
QT interval can be pharmacologically treated with intravenous
magnesium and potassium infusions for the correction of
electrolyte imbalance, and administration of isoproterenol to
increase heart rate (Narang and Ozcan, 2019). The application of
antiarrhythmic drugs, which prolong the repolarization phase of
AP in myocardial cells should be avoided.

The CPVT, which is relatively a rare disease in comparison
with the appearance of Brugada and LQTS, applies to an
autosomal inherited familial disorder characterized by exercise-
induced adrenergic polymorphic ventricular tachycardia, leading
to VF and sudden cardiac death (Marks et al., 2002). These
“arrhythmogenic” genes are located to the region of genetic locus
of chromosome 1q42–q43 as described by Marks et al. (2002),
Swan et al. (1999), and Rampazzo et al. (1995). Genetic analyses
and findings led to the conclusion that chromosomal area of
1q42–q43 genes is probably closely connected to the function of
ryanodine receptor (RyR)–calcium-release channels in cardiac
tissues (Priori et al., 2001; Marks et al., 2002). Based on these
aforementioned publications, it was suggested that potential
inhibitors of RyR, especially RyR2, could be an important
antiarrhythmic target for the development of new therapeutic
agents (Bongianino et al., 2017; Batiste et al., 2019).

WPW syndrome is defined as the prototype of reentry
mechanism, having an accessory connection between the left
atrium and left ventricle, and this connection results in a
pathological characteristic in QRS complexes. WPW
syndrome, based on ECG recordings, was described by these
authors in details (Wolff et al., 1930) about ninety years ago.
Gollob et al. (2001) first published the gene in familial WPW
syndrome, which could be responsible for this type of arrhythmia
and sudden cardiac deaths. The authors (Gollob et al., 2001)
described a mutation in the encoding gene of gamma subunit of
AMP-activated protein kinase in families, which is associated
with WPW syndrome, since gamma subunit of AMP-activated
protein kinase has a substantial impact in the phosphorylation of
several metabolic pathways, including the control of energy
substrates in myocardial tissues. Currently, relatively little
information is available about the mechanism of AV
conduction system and the role of gamma subunit of AMP-
activated protein kinase on the control and regulation of various
ion channels in familial WPW syndrome (Miyamoto, 2018),
although the genetic origin of WPW syndrome and gamma
subunit of AMP-activated protein kinase in connection with the
reentry mechanism was supported by some recent publications
(Bowles et al., 2015; Ben Jehuda et al., 2018). Thus, these findings
suggest that gamma subunit of AMP-activated protein kinase
and glycogen regulation could be a potent therapeutic target in
the treatment of familial WPW syndrome.

Clinical Management of Prolonged
QT interval
Several variations are clinically available for the management of
QT prolongation-related arrhythmias (Antoniou et al., 2017).
The acceleration of the electrical conduction system in both
Frontiers in Pharmacology | www.frontiersin.org 6208
under experimental and clinical conditions is generally
accepted for the management of arrhythmias with prolonged
QT interval. Thus, interventions that modify the function of
various ion channels, especially Na+, K+, Ca2+, and Mg2+ and
their exchange mechanisms, could be useful tools for
pharmacotherapies of arrhythmias with prolonged QT interval.
The QRS wave until the end of the T wave represents the
ventricular depolarization and repolarization phases on the
ECG. Abnormalities of electrolytes should be corrected with K+

infusion monitored continuously, following by intravenous Mg2+

sulfate infusion to terminate the prolonged QT interval. In some
case, if it is indicated, lidocaine and phenytoin as Na+ channel
blockers successfully can be also used for the management of
LQTS. The beta1/beta2 nonselective adrenergic receptor agonist
agent, isoproterenol, shortens QT interval, which could be an
effective therapy in humans unresponsive to magnesium sulfate
infusion. However, other antiarrhythmic agents initially classified
by Vaughan Williams (1975), which are used in clinical therapy
against hypoxia- or ischemia-induced arrhythmias e.g., beta
adrenergic receptor blockers and calcium channel antagonists,
should be avoided for the therapeutic management of
arrhythmias with prolonged QT interval. A promising future
approach, under experimental conditions to manage the CPVT-
initiated QT prolongation, was published by Batiste et al. (2019)
showing that an unnatural verticilide enantiomer inhibits the
function of RyR2-mediated calcium leak, which inhibits QT
prolongation, and prevents life threatening arrhythmias.

The left cardiac sympathetic denervation was also proposed
as a useful therapy for LQTS including CPVT (De Ferrari et al.,
2015; Desimone et al., 2015; Sgro et al., 2019) in addition to the
application of anti‐arrhythmic agents and implantable
cardioverter defibrillators. Thus, the combination of these
interventions can significantly improve the final outcome of
the clinical management of LQTS including CPVT in patients,
and the prevention of sudden cardiac death.
REPERFUSION-INDUCED INJURY AND
ARRHYTHMIAS: MAJOR COMPONENTS

The response of the ischemic myocardium to reperfusion
depends on the condition of the tissue at the time it is
reperfused. The condition of the myocardium depends on the
severity of the ischemia and the duration of the ischemic event.
Substantially altered physiological processes in ultrastructural
and metabolic changes during ischemia are required for
the understanding of the myocardial function to reperfusion.
The major ultrastructural and metabolic changes observed in the
ischemic myocardium destined to die develop because of the lack
of nutrition and oxygen supply and the depressed coronary flow.
By definition, the myocardium is considered to be in VF, the
most severe life-threatening arrhythmias, if an irregular
undulating baseline is observed on the ECG (Walker et al.,
1988). The term of “reperfusion-induced” injury caused by VF
is originated from the definition itself of the “reperfusion”.
Thousands of basic and clinical studies revealed that
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electrophysiological changes of the ischemic/reperfused
myocardium is a dysfunction of cellular homeostasis, which
includes the depletion and/or accumulation of various
biochemical substances, altering the function of various ion
channels and cell-to-cell coupling. Reperfusion-induced
arrhythmias include the ectopic beat, tachycardia and
fibrillation. The incidence and severity of reperfusion-induced
arrhythmias is more frequently occurred under experimental
conditions in comparison with human beings (Jennings and
Reimer, 1983; Manning and Hearse, 1984; Nakata et al., 1990;
Kloner, 1993; Yellon and Hausenloy, 2007; Van Der Weg et al.,
2019). Under clinical conditions, reperfusion-induced
arrhythmias could mainly be observed during the process of
thrombolysis following myocardial ischemia and infarction, after
an insult of angina and percutaneous coronary intervention
(Corr and Witkowski, 1983; Tzivoni et al., 1983; Tolg et al.,
2006; Yu et al., 2017; Van Der Weg et al., 2019). Thrombolytic
agents, including urokinase, ataplase, tissue plasminogen
activator, are used to dissolve coronary thrombus during early
hours of cardiac infarction. The basic arrhythmogenic or
proarrhythmogenic role of different mediators, biochemical
components, and chemical substances, which accumulate or
decompose by virtue of several pathological processes during
ischemia/reperfusion in the cellular milieu of the myocardium
could be evaluated by various criteria. Therefore, it is important
to prove that the antiarrhythmic effect of a drug is primarily
originated from its receptor binding activities, and not
secondary, e.g., by modifying the coronary blood flow rate. The
mission of this chapter is to present a brief summary of what is
currently known about the origin of reperfusion-induced
arrhythmias, their most important mechanisms, and final
outcomes preventing the processes of necrosis, apoptosis and
autophagy caused cell deaths under experimental and clinical
conditions. The potential importance of major arrhythmogenic
components and mediators in reperfusion is shown in Figure 3.

The potential mechanisms underlying the genesis of
reperfusion-induced arrhythmias have been extensively studied
by thousands of investigators. The several pathological processes
include the elevation of cAMP (Podzuweit et al., 1978; Oikawa
et al., 2013), stimulation of adrenergic receptors (Sheridan et al.,
1980; Amirahmadi et al., 2008; Robertson et al., 2014), abnormal
lipid metabolism involving lysophosphatides' production (Akita
et al., 1986; Axelsen et al., 2015), maldistribution of ionic
components through cell membranes, particularly that of Na+,
Ca2+, K+, and Mg2+, and the genesis of reactive oxygen species
(ROS). While a huge variety of pathways may have separately
been responsible for the reperfusion-induced arrhythmogenesis,
it is reasonable to speculate that all of the aforementioned
substances could be directly or indirectly connected to each
other, and together they play a crucial final outcome, leading to
irreversible arrhythmias, heart failure, and cardiac death.

K+, Na+, Ca2+, and Mg2+

If cardiac tissue is successfully reperfused in the early phase of
reversible injury, its reaction is much different from that of the
ischemia-induced injury. Myocytes explosively swell, thus, total
tissue water content increases about by 20% following the first
Frontiers in Pharmacology | www.frontiersin.org 7209
two min of reperfusion period (Whalen et al., 1974), and tissue
electrolyte changes associate with the swelling are striking. As a
consequence, there is a significant increase in cellular Na+, Ca2+,
and Cl−, while cellular K+ and Mg2+ are substantially decreased
(Whalen et al., 1974).

K+

Ischemia causes functional disturbance in K+ homeostasis in the
myocardium and plays a critical role in the genesis of ischemia/
reperfusion-induced ventricular arrhythmias (Harris et al., 1958;
Tosaki et al., 1988; Curtis and Hearse, 1989). Various
mechanisms of drugs by which cellular K+ loss causes
electrophysiological disturbances, including the function and
expression of ATP-dependent K+ channels, may involve the
blocking and/or opening of these K+ channels (Noma, 1983;
Tosaki et al., 1995; Das and Sarkar, 2005; Kaya et al., 2019) at
various degrees, which may aggravate or diminish the severity of
ventricular arrhythmias in the ischemic/reperfused myocardium.
Thus, the modification of the expression of KATP channels by
KATP channel opener or blocker agents, respectively, can increase
or decrease the incidence of ischemia/reperfusion-induced
arrhythmias. The results of the papers cited above clearly show
that interventions, which modify K+ transport mechanisms via
cell membranes, can even increase or reduce the incidence of
ischemia/reperfusion-induced arrhythmias.

Na+

The sodium ion plays a basic process determining the
physiological or pathological shape of APs and ECGs in the
myocardium. Several mechanisms are currently known, which
lead to intracellular Na+ accumulation under both physiological
and pathological conditions, and the degree of the sodium
channel blockade critically determines the membrane potential
of the cell and the heart rate. Under pathological conditions, such
as myocardial ischemia, the effects of Na+/H+, Na+/K+, and Na+/
FIGURE 3 | Schematic representation of some important arrhythmogenic
components and mediators in the genesis of reperfusion-induced
arrhythmias. All of the depicted mechanisms are very complex and each of
them significantly contributes to the maldistribution of Na+, K+, Ca2+

exchange mechanisms by virtue of causing damages in cell membranes and
receptors leading to necrotic-, apoptotic-, and autophagic-induced cell deaths.
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Ca2+ exchange mechanisms increase the intracellular Ca2+ entry,
and as a consequence, the ischemic load with additional Ca2+

results in a further activation of Na+/Ca2+ mechanism during
reperfusion, leading to the development of reperfusion-induced
arrhythmias (Tani and Neely, 1989; Belardinelli et al., 2006). At
the early minutes of reperfusion, the substantial accumulation of
intracellular Na+ during ischemia contributes to a significant
increase of cellular edema formation, heart failure, and
ventricular arrhythmias. All of these complex mechanisms,
without any pharmacological or nonpharmacological
interventions, produce an excessive intracellular Ca2+ overload
leading to necrotic, apoptotic, and autophagic cell deaths.
Antiarrhythmic agents, which can modify these pathologic
processes, including Na+-induced Ca2+ overload (Wang et al.,
2007), Na+/H+ exchange mechanism, and Na+-induced K+ loss
could prevent the genesis of reperfusion-induced ventricular
arrhythmias and sudden cardiac death. In this respect, the
Na+/H+ exchange mechanism is extensively studied to prevent
reperfusion-induced arrhythmias in a variety of experimental
models (Karmazyn, 1996; Ravens and Himmel, 1999; Wirth
et al., 2001; Woodcock et al., 2001; Ono et al., 2004; Yamada
et al., 2005; Szepesi et al., 2015; Hegyi et al., 2018). It can be
concluded that Na+/H+ exchange mechanism, which is not
species specific, is a basic target for pharmacological
prevention in the attenuation of ischemia/reperfusion-induced
cardiac damage, and may emerge as an effective basic therapeutic
strategy in human beings. Finally, it is of interest to note that a
direct manipulation in extracellular Na+ concentration in
isolated buffer perfused hearts, a significant decrease in the
incidence of reperfusion-induced VF and ventricular
tachycardia was detected (Tosaki et al., 1989).

Ca2+

Under physiological conditions, intracellular Ca2+ content is
maintained at very low levels, less than 100 nmol. Upon
reperfusion, the massive osmotic load in ischemic myocytes,
which contain very low level of ATP to fuel the ion channel
proteins and pumps results in explosive cell swelling with
membrane disruption and myocyte death. Reperfusion-induced
arrhythmias are associated with sudden ECG changes, in which
there is a Ca2+ overload at sufficient level to produce an elevated
oscillatory release of Ca2+, reflecting in a significant ATP
depletion (Coetzee et al., 1987; Coetzee et al., 1988). Thus, the
preservation of cell membrane integrity includes maintenance of
Ca2+ homeostasis, various types of ion exchange receptor-
mediated mechanisms, osmotic control, and the preservation
of the rich-energy phosphates. Therefore, interventions, e.g., Ca2+

channel antagonists (Tosaki et al., 1987a; Otani et al., 2013;
Becerra et al., 2016), beta-adrenergic receptor blockers (Tosaki
et al., 1987b; Winchester and Pepine, 2014; Gatzke et al., 2018),
and several other newly discovered molecular structures and
interventions (Wilder et al., 2016; Bukhari et al., 2018; Gatzke
et al., 2018), which directly or indirectly contribute to the
preservation of the aforementioned processes can diminish the
incidence of reperfusion-induced arrhythmias, heart failure, and
sudden cardiac death. In addition, during the past three decades
several new mechanisms have been proved and implicated based
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on molecular biological studies, as endogenous mediators, into
the pathways of ischemia/reperfusion-induced injury and
arrhythmogenesis, including gaseous molecules; nitric
monoxide, carbon dioxide, and hydrogen sulfide.

Mg2+

Magnesium is a “natural” Ca2+ channel antagonists (Iseri and
French, 1984), a potent cofactor for the function of several
enzymes, and plays a crucial role in protein synthesis. Mg2+ is
also necessary for the insertion of various proteins into cell
membranes, and stabilizes the structure of ribosomes (Flatman,
1984). A variety of disorders including diabetes, hypertension,
renal tubular disease, hyperthyroidism, steatorrhea, hepatic and
cardiac failure may deplete Mg2+ stores causing severe
ventricular arrhythmias (Iseri and French, 1984; Lazzerini
et al., 2018). It was demonstrated about three decades ago by
Tzivoni et al. (1988) that “torsade de pointes” ventricular
arrhythmias, which were previously resistant to conventional
antiarrhythmic therapies, were prevented and controlled by the
infusion of magnesium sulfate. In addition, it was also published
by other investigators (Tosaki et al., 1993b; Ying et al., 2007;
Amoni et al., 2017) that application of Mg2+ is a useful tool for
the prevention in the development of reperfusion-induced
arrhythmias. Although, the precise mechanism of Mg2+-
induced antiarrhythmic effect is unclear, it has recently been
supported that inhibition of the upregulation of P-selectin
expression (Ying et al., 2007) and G-protein-coupled receptors
(Ye et al., 2018) may be involved in Mg2+-induced cardiac
protection. The antiarrhythmic effect of Mg2+ may be related
to the mediation of a number of cellular processes, including
particularly the reduction of cellular K+ loss, displacement of
intracellular Ca2+, and maintaining the physiological Mg2+ level
in myocardial cells. In addition, the possibility that Mg2+ could
reduce cellular Na+ accumulation during ischemia and hence
limit intracellular Ca2+ overload, could be of considerable
importance to its antiarrhythmic effect (Tosaki et al., 1993b).

Reactive Oxygen Species
Studies focusing on the role of ROS in arrhythmogenesis were
first published by Manning and Hearse (Manning and Hearse,
1984) and Woodward and Zakaria (Woodward and Zakaria,
1985). The authors described that ROS, which particularly derive
from oxygen, cause ventricular tachycardia and VF during the
first minute of the reperfusion period. The arrhythmogenic ROS
may arise from several sources in the ischemic/reperfused
myocardium including the degradation of catecholamines, the
metabolism of arachidonic acid, mitochondrial electron
transport processes, and the conversion of xanthine to
hypoxanthine by xanthine oxidase. Direct evidence for the
burst of ROS generation during the first few minutes of
reperfusion has been initially proved by several investigators
(Garlick et al., 1987; Zweier and Kuppusamy, 1988; Zweier et al.,
1988; Blasig et al., 1990; Tosaki and Braquet, 1990; Samouilov
et al., 2019), using electron paramagnetic resonance spectroscopy
and its modification. The association between the role of sudden
burst of ROS and arrhythmogenesis came also first from
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electrophysiological studies, proving that ROS generating
systems can be potentially arrhythmogenic (Kusama et al., 1989).

The presented results strongly suggest that ROS generation
plays a basic role in arrhythmogenesis in reperfusion, and the
possibility also exists that ROS formation could interact with
other potential pathological mechanisms to facilitate
arrhythmogenesis during reperfusion. Therefore, several groups
of natural and synthetic pharmacological agents could
significantly diminish and/or suppress the incidence of
reperfusion-induced arrhythmias. Thus, beta adrenergic
receptor blockers (Manning and Hearse, 1984; Lujan et al.,
2007; Kloner et al., 2011), calcium channel antagonists (Guc
et al., 1993; Podesser et al., 1995; Kato et al., 2004; Bukhari et al.,
2018), spin traps (Hearse and Tosaki, 1987; Tosaki et al., 1993a;
Zuo et al., 2009; Pisarenko et al., 2019), and natural plants or
their extracts (Tosaki et al., 1996; Shen et al., 1998; Broskova
et al., 2013; Sedighi et al., 2018; Zhang et al., 2019b) alone, or in
their combinations can significantly reduce the severity of
ischemia/reperfusion-induced arrhythmias. Several natural
products originated from plants, fruits, and/or vegetables
showing antiarrhythmic activity by reducing the incidence of
reperfusion-induced arrhythmias and preserving myocardial
function, include mainly polyphenol and flavonoid molecular
structures (Hung et al., 2000; Pataki et al., 2002; Bak et al., 2006;
Broskova et al., 2013; Ma et al., 2014; Woodman et al., 2018; Kaya
et al., 2019). Natural antioxidant activities and features of
flavonoids/polyphenols are important examples of myocardial
protection and preservation in ischemic/reperfused hearts, and
being not merely a matter of various action mechanisms but
showing that differences in molecular formulations may exist
among them, even when they are of similar structures.

Heme Oxygenase-1 and Carbon
Monoxide System
Heme oxygenase (HO) catalyzes the first step of heme
degradation to carbon monoxide (CO) and biliverdin, and
subsequently releases heme iron (Lee et al., 1997; Ryter et al.,
1998). CO is an endogenous gaseous molecule and having an
important role in hemodynamic regulation in vascular smooth
muscle cells (Ishizaka and Griendling, 1997), thus, HO is able to
modulate vessel tone, and regulate the changes in blood pressure
via the increase of cellular cGMP contents by the activation of
soluble guanylate cyclase (Johnson et al., 1995).

Two major isozymes of HO exist and produced by two
distinct genes (Choi and Alam, 1996); HO-1 is inducible and
can be found in various mammalian cells, and HO-2 is
constitutively mainly expressed in neurons of the central
nervous system. HO-1 expression or repression can be
occurred in various disorders (Dulak and Jozkowicz, 2014;
Loboda et al., 2016; Haines and Tosaki, 2018) and tissues
subjected to oxidative and/or hemodynamic stress (Ottani
et al., 2015; Cheng and Rong, 2017). Studies demonstrated that
HO-1 expression can afford cellular protection via different
mechanisms against oxidant stress under both in vitro (Lee
et al., 1996) and in vivo (Nath et al., 1992; Waldman et al.,
2019; Yu et al., 2019) conditions. It has been suggested that HO-
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1-mediated CO production, as a signal transduction molecule,
prevents the development of reperfusion-induced VF (Csonka
et al., 1999b; Pataki et al., 2001; Bak et al., 2003; Bak et al., 2010).
Liang et al. (2014) published that CO prolongs the duration of
AP by the inhibition of inward rectifying K+ channels. These
authors also demonstrated that CO inhibits the function of
Kir2.2 and Kir2.3 inward rectifier channels in myocardial cells,
and directly affects Kir2.3 function via the phosphatidylinositol
(4,5)-bisphosphate system. The aforementioned findings show
that the inhibition of Kir2.2 and Kir2.3 leads to a substantial
prolongation of AP, which may be responsible for the
development of reperfusion-induced VF. In addition, Ottani A
et al. (Ottani et al., 2015) demonstrated the beneficial effect of
NDP-a-MSH, which associated with the overexpression of HO-1
and Bcl-XL, reducing the incidence of arrhythmias and infarct
size in the ischemic/reperfused myocardium. It was also shown
that very low concentration of CO added directly to the
perfusion buffer protects the ischemic/reperfused myocardium
via cGMP signaling in isolated hearts (Bak et al., 2005). It is
reasonable to believe that manipulation of various pathways with
pharmacological interventions in the HO-1/CO system plays an
important and preventive role in the genesis of the development
of reperfusion-induced arrhythmias and myocardial cell death.

NO, CO, H2S (Gaseous Molecules)
NO
Nitric oxide (NO) is an endogenous free-radical-type cell
signaling molecule with several therapeutic applications. Under
physiological conditions, NO is originated from the terminal
nitrogen of L-arginine and produced by NO synthase, which has
three different isozymes, including endothelial, neural, and
inducible encoded by three different genes. NO activates
guanylyl cyclase enzyme leading to the increase of cellular
cGMP levels by the dephosphorylation of myosin light chains
and reducing cytosolic Ca2+ concentration, thereby the
relaxation of smooth muscles in a board range of organs in
mammalians. Thus, NO as a soluble gas molecule is having
several pharmacological potentials and therapeutic applications
in various diseases including the central nervous and
cardiovascular systems, treatment of pulmonary and arterial
hypertension, vasospastic angina, and myocardial infarction.
NO is able also to inhibit the aggregation of thrombocytes. The
signaling and physiological importance of NO was recognized by
the awarding of Nobel Prize in Medicine and Physiology to R.
Furchgott, L. Ignaro, and F. Murad in 1998.

The role of NO was also intensively studied in ischemia/
reperfusion-induced injury in the myocardium during the past
two and half decades (Pabla and Curtis, 1995; Liu et al., 1997;
Csonka et al., 1999a; Masini et al., 1999; Varga et al., 1999;
Fauconnier et al., 2011; Bienvenu et al., 2017; Van Der Weg et al.,
2019). The substantial role and investigation of precise
mechanisms of NO, both under physiological or pathological
conditions, are not a question of debate in cell signaling and
myocardial function. A number of studies show that
interventions contributed to NO production via different
mechanisms significantly reduced the reperfusion-induced
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injury including the incidence of arrhythmias (Shen et al., 1998;
Kawahara et al., 2003; Imaizumi et al., 2008; Egom et al., 2011;
Kisvari et al., 2015; Enayati et al., 2018; Jones et al., 2018).
Various protective NO-mediated signal mechanisms, including
the mitoK-(ATP) (Kawahara et al., 2003), the nuclear factor
erythroid 2-related factor (NrF2), the extracellular-signaling-
regulated-kinase (ERK) (Imaizumi et al., 2008), and Pak1/Akt1
signaling cascade (Egom et al., 2011) have also been reported.

In addition, organic nitrates used for the therapy of
myocardial ischemia as NO donors, activate the soluble
guanylyl cyclase increasing cGMP and subsequently reducing
the intracellular Ca2+ level, and prevent the genesis of ischemia
and reper fus ion- induced arrhythmias . This la tes t
pharmacologically controlled NO-mediated mechanism by
organic nitrates is currently probably one of the most
important interventions in the clinical management of
myocardial ischemia/reperfusion-induced damages. However, it
is of also interest to note that other synthetic molecules, e.g.,
aspirin and molsidomine, which are currently used in clinical
medication, and their modified molecular structures (Bertuglia
et al., 2004; Szoke et al., 2019) could release NO, leading to
cardiac protection in the ischemic/reperfused myocardium.

CO
CO is another vasoactive gaseous molecule in close connection
with heme oxygenase-1 system discussed in one of the previous
chapters, and having substantial toxicological and physiological
importance in living subjects (Peers and Steele, 2012). Several
tissues including cardiac myocytes express both HO-1 and HO-2
proteins, and HO-1 expression can be particularly increased by
several stress factors (Ewing et al., 1994; Wu et al., 2011; Haines
and Tosaki, 2018) including myocardial ischemia/reperfusion
(Maulik et al., 1996; Lakkisto et al., 2002) as demonstrated at
mRNA and protein levels. Interestingly, homozygote (HO-1−/−)
knockout mouse hearts subjected to ischemia/reperfusion period
produced significantly higher cardiac damage and the incidence
of VF in comparison with that of heterozygote (HO-1+/−) and
wild-type mice (HO-1+/+) (Bak et al., 2010; Juhasz et al., 2011).
Substantial scientific evidence suggests that several of the
beneficial and harmful effects of CO arise from its ability, at
dose-dependent manner, to modify signal transduction pathways
and activities of ion channel proteins. It is apparent from these
publications reviewed here that HO-1 and HO-1-mediated
endogenous cellular CO levels have cardioprotective effects
against myocardial ischemia/reperfusion-induced arrhythmias,
and the pharmacological manipulation of HO-1 expression
under severely controlled conditions may have clinical
application as an antiarrhythmic agent.

H2S
Hydrogen sulfide was initially considered as a toxic molecule due to
its property to inhibit cytochrome-oxidase c in mitochondrial
respiration processes. H2S, like CO and NO, is endogenously
generated gaseous molecule having substantial metabolic and
physiological effects in various tissues including neuronal and
myocardial cells. In mammalian tissues, three different
enzymes encoded by three distinct genes produce H2S:
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cystathionine-gamma-lyase, cystathionine-beta-synthase, and 3-
mercaptopiruvate sulfur transferase. In most cells, cystathionine-
gamma-lyase and cystathionine-beta-synthase utilize homocysteine
and L-cysteine as substrates to liberate pyruvate, ammonium, and
H2S (Wang, 2002). A number of studies have reported the
cardioprotective effect of H2S in myocardial ischemia/reperfusion-
induced injury via different actions, which include ATP-sensitive
K+-channel opening (Johansen et al., 2006), cGMP generation
(Salloum et al., 2012), Akt-mTORC2 (Zhou et al., 2014), and
microRNAs (Ren et al., 2019) mediated mechanisms, lead to the
significant reduction of apoptotic and necrotic cellular deaths.
Consequently, later on, it was also reported that pharmacological
interventions serving as H2S donors produced cardiac protection
against ischemic/reperfused cellular deaths (Sun et al., 2017; Sun
et al., 2018). Currently, relatively little is known about H2S-mediated
cardiac protection and remodeling against reperfusion-induced
arrhythmias, however, growing evidence indicates that H2S
donors could play a role in the reduction of the incidence of
reperfusion-induced arrhythmias (Sun et al., 2015; Testai et al.,
2016). Thus, H2S releasing molecules may particularly be also
considered as potential pharmacological option in the prevention
of the development of reperfusion-induced arrhythmias, and may
have the ability to protect the myocardium against necrosis- and
apoptosis-induced cell death.
CATECHOLAMINES

The role of catecholamines in arrhythmogenesis is not a question
of debate, however, sometimes, depending on the experimental
conditions, it can be controversial, and these endogenous
mediators may have different effects in the genesis of
ischemia-induced arrhythmias in comparison with reperfusion-
induced rhythm disturbances (Opie and Coetzee, 1988; Kurz
et al., 1991; Vanoli et al., 1994). The results of several published
papers support the fact that stimulation of adrenergic receptors,
especially alpha-1 and beta-1, is arrhythmogenic under ischemic/
reperfused conditions (Sheridan et al., 1980; Bolli et al., 1984;
Thandroyen et al., 1987; Tosaki et al., 1987b; Yasutake and
Avkiran, 1995), and the alpha-1 adrenergic receptor
stimulation could be due to the elevated transsarcolemmal
Ca2+ influx and increased release of this ion from the SR
(Thandroyen et al., 1987). Furthermore, the pharmacological
blockade of alpha-1 adrenergic stimulation could mediate
Na+/H+ exchange mechanism during reperfusion, leading to
the reduction of the incidence of reperfusion-induced VF
(Yasutake and Avkiran, 1995). Beta adrenergic receptor
blockers could also be effective against arrhythmias by virtue of
their ability to directly inhibit catecholamine-induced
arrhythmogenesis on beta receptors (Ibanez et al., 2012;
Winchester and Pepine, 2014). If this is so, the stimulation of
beta adrenergic receptors and the concomitant activation of
adenyl cyclase enzyme would appear be directly involved in
the development of reperfusion-induced dysrhythmias.
Therefore, these observations would suggest that stimulation of
beta adrenergic receptors could be involved in the genesis of
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reperfusion-induced arrhythmias and the beta receptor blockade
may be pharmacologically expected to be potentially protective.
ENDOTHELIN

Endothelin (ET) is one of numerous endogenous substances
generating and accumulating in the ischemic/reperfused heart, or
washed out during reperfusion periods, has been implicated as a
potential arrhythmogenic factor. Thus, ET could function as an
endogenous peptide-structure mediator in arrhythmogenesis,
and has a potentially strong vascular action capable of
exacerbating myocardial ischemia and heart failure. ET (“big
endothelin,” endothelin-1) was first isolated from aortic
endothelial cells (Yanagisawa et al., 1988), and is a potent
vasoconstrictor agent, which specifically binds to ET-1
receptors, modulating the function of sodium, calcium and
potassium ion channels, leading to pathologic changes on the
ECG (Curtis et al., 1993; Brunner and Kukovetz, 1996; Wang
et al., 2002; Vago et al., 2004; Adlbrecht et al., 2014; Falk et al.,
2018). Hundreds of antiarrhythmic mechanisms, synthetic and
nonsynthetic pharmacological agents were proposed, with more
or less success, to protect directly or indirectly the myocardium
against ET-1-related cardiac dysfunction (Isaka et al., 2007; Na
et al., 2007; Du et al., 2008; Chan et al., 2016; Lee et al., 2017). The
aforementioned approaches of ET-elicited vascular activities lead
to multiple theories without precise and very specific
discrimination between mechanisms in terms of their
importance in reperfusion-induced arrhythmogenesis.
However, it is reasonable to suppose that the cardiac
protection is probably originated from (i) the inhibition of ET
synthesis (Ceylan et al., 2018), (ii) the direct pharmacological
blockade of ET receptors (Wainwright et al., 2005; Kaoukis et al.,
2013), (iii) downregulation of various microRNAs (Wang et al.,
2019), and (iv) their multiple combinations (i–iii).
GENETIC ORIGIN OF REPERFUSION-
INDUCED ARRHYTHMIAS

At the time of writing, there is no substantial scientific evidence
available, opposite to ischemia-induced arrhythmias, about the
direct genetic origin of reperfusion-induced arrhythmias, since
their origin itself is the “reperfusion event,” and such an
approach has not been yet intensively investigated based on its
genetic-mediated mechanisms (Szendrei et al., 2002; Kovacs
et al., 2013; Ravingerova et al., 2013; Bienvenu et al., 2017;
Paar et al., 2019). Therefore, it is reasonable to suppose that
some gene encoded proteins and channels are already present
upon reperfusion in their inactive forms in the myocardium,
which may be immediately or quickly activated upon a
reperfusion event, leading to the rapid maldistribution of ionic
homeostasis, producing other arrhythmogenic components, and
the genesis of reperfusion-induced arrhythmias. In majority of
experimental studies, drugs and interventions were added prior
to the induction of myocardial ischemia, thereby slowing the rate
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of ischemia-induced damages so that, less degree of cellular
injury is present at the onset of reperfusion in the myocardium
in drug-treated groups. Therefore, about a drug-afforded
protection or a rapid activation of an inactive gene at the
moment of reperfusion can only be obtained from
observations, in which drug-induced ion channel activities or
gene expression-related changes are immediately studied (or
even later) at the onset of reperfusion. Therefore, it is
important to consider all the possible inactive/active stages of
various genes and function of ion channels at the onset of
reperfusion, by which a drug induced cardiac protection might
be successfully achieved.
CONCLUSION

Myocardial ischemia/reperfusion-induced alterations resulting
in heart failure, conduction abnormalities and arrhythmias, in
view of structural and electrical remodeling, which are important
processes in the development various myocardial diseases.
Multiple mechanisms responsible for the development of
reperfusion-induced VF, which lead to the sudden cardiac
death without pharmacological or nonpharmacological
intervention in animal models and post-myocardial
infarcted patients.

Potential mechanisms depicted in Figure 3 show that
reperfusion of the ischemic myocardium intensifies the
incidence of reperfusion-induced arrhythmias, which are
followed by necrosis-, apoptosis-, and autophagy-induced
cell deaths (Osipov et al., 2009; Zhang et al., 2012; Chang
et al., 2013; Czegledi et al., 2019; Gyongyosi et al., 2019;
Yasuda et al., 2019). From a different point of view,
autophagic processes may be even beneficial, depending on
their intensity in reversible injured myocardial cells. However,
necrosis-induced cell death could dominate and mask
autophagic signal transduction processes and autophagy-
induced cell death in myocardial tissues (Czegledi et al.,
2019; Gyongyosi et al., 2019). Cellular biology and genetics
have a real value and significant impact to try better to define
the generation of cardiovascular diseases, including life
threatening cardiac arrhythmias. Nowadays, the research
direction and available modern techniques in cell biology
are intensively productive, but should do much to clarify
gaps between the basic molecular science and clinical
relevance in arrhythmogenesis.
LIMITATION

Cardiac muscle contraction and relaxation are very complex and
primarily determined by several intracellular processes that
control the force activation and inactivation, which include
Na+, K+, and Ca2+ exchange mechanisms, including the ATP-
dependent rate and Ca2+ sequestration capacity of the SR. The
immediate extrapolation of AP and ECG changes obtained under
experimental conditions to an actual clinical situation must be
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viewed with some caution because of the presence or absence of
the blood and its elements (e.g., leukocytes, platelets), signal
transductions, and possible interspecies differences in cardiac
metabolism. In addition, the duration and shape of APs are
different in His-Purkinje cells, AV node, and ventricular tissues,
and the refractoriness is basically determined by the voltage-
dependent recovery of Na+ channels from inactivation returning
to activation in close connection with the function of calcium
channels. Thus, the duration of effective refractory period is
varied in different cells of the heart and the longest interval at
which a premature stimuli fails to generate a propagated
response, frequently is used to estimate drug effects in
physiologically functioning cardiac tissues. Under physiological
and pathological experimental conditions, to investigate the
effect of an antiarrhythmic agent, the key aim is related to
study various changes in the duration of the effective refractory
period, which could modify the activation/inactivation stage of
Na+ channels in close connection with different types of Ca2+

channels and genes e.g., Na+-induced Ca2+ release from the SR.
Despite the limitation of several antiarrhythmic drugs can
Frontiers in Pharmacology | www.frontiersin.org 12214
possess protective effects against LQTS and reperfusion-
induced arrhythmias even some of them may be of particular
concern. Additional experimental and clinical prospective
studies powered to determine differences in ventricular APs in
connection with ion channels and ECGs to confirm these
observations are now warranted.
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Drug-induced proarrhythmia constitutes a potentially lethal side effect of various drugs.
Most often, this proarrhythmia is mechanistically linked to the drug's potential to interact
with repolarizing cardiac ion channels causing a prolongation of the QT interval in the ECG.
Despite sophisticated screening approaches during drug development, reliable prediction
of proarrhythmia remains very challenging. Although drug-induced long-QT-related
proarrhythmia is often favored by conditions or diseases that impair the individual's
repolarization reserve, most cellular, tissue, and whole animal model systems used for
drug safety screening are based on normal, healthy models. In recent years, several
transgenic rabbit models for different types of long QT syndromes (LQTS) with differences
in the extent of impairment in repolarization reserve have been generated. These might be
useful for screening/prediction of a drug's potential for long-QT-related proarrhythmia,
particularly as different repolarizing cardiac ion channels are impaired in the different
models. In this review, we summarize the electrophysiological characteristics of the
available transgenic LQTS rabbit models, and the pharmacological proof-of-principle
studies that have been performed with these models—highlighting the advantages and
disadvantages of LQTS models for proarrhythmia research. In the end, we give an outlook
on potential future directions and novel models.

Keywords: transgenic LQTS rabbit, drug-induced proarrhythmia, proarrhythmia safety screening, K+-channel
blocker, long QT syndrome, cardiac repolarization reserve
INTRODUCTION: PROARRHYTHMIA AND DRUG DEVELOPMENT

Proarrhythmia—the triggering of arrhythmias following drug therapy—has been known for many
decades as being caused by “anti”-arrhythmic cardiac drugs (Selzer and Wray, 1964; Echt et al.,
1991; Waldo et al., 1996). This rare but lethal side-effect of drug therapy, however, is not restricted to
anti-arrhythmic drugs, but occurs with a variety of other, non-cardiac drugs (Woosley et al., 1993;
Wysowski and Bacsanyi, 1996; Darpo, 2001), and therefore is a major concern for patients,
physicians, and the pharmaceutical industry. It has been estimated that around 20–60% of novel
chemical entities have the potential to modulate the function of cardiac ion channels and therefore,
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to disturb normal cardiac electrical function (Danker and Moller,
2014). Depending on the nature of the drug-induced effects on
ion channels function, proarrhythmia can be associated with
prolongation or shortening of the QT interval (long QT
syndrome, LQTS or short QT syndrome, SQTS, respectively)
and/or with conduction disturbances.

For most drugs, proarrhythmia is assumed to be based on
prolongation of cardiac repolarization as a result of drug-
induced inhibition of cardiac potassium currents (mostly IKr
current(s)/HERG-channels) (Redfern et al., 2003). This acquired
LQTS predisposes to Torsades-de-Pointes (TdP) polymorphic
ventricular tachycardia that could lead to ventricular fibrillation
and sudden cardiac death (SCD) (Haverkamp et al., 2000;
Redfern et al., 2003; Fenichel et al., 2004). Although no less
than 2–3% of all marketed drugs have the potential to induce
LQTS (Stansfeld et al., 2006), the (documented) incidence of
potentially lethal drug-induced TdP is typically very low
(1:10,000 for non-cardiovascular drugs) (Yap and Camm,
2003), and therefore very hard to predict reliably (Fenichel
et al., 2004). In recent decades, TdP-induced SCD cases were
associated with a wide range of commonly used drugs (anti-
psychotics, anti-depressants, antihistamines, and antibiotics)
(Haverkamp et al., 2000; Redfern et al., 2003; Fenichel et al.,
2004) and many of them (such as cisapride, astemizole,
terfenadine, grepafloxacin) have been withdrawn from the
market (Farkas and Nattel, 2010; Stockbridge et al., 2013;
Ferdinandy et al., 2019).

As a response from the regulatory authorities, the
International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH)
guidelines [ICH-S7B, 2005 (Food and Drug Administration,
2005b); ICH-E14, 2005 (Food and Drug Administration,
2005a)] were proposed for rigorous safety testing to avoid
similar unacceptable human fatalities (SCD) in association
with pharmacological therapy of non-life-threatening
pathologies. Unfortunately, no “gold”-standard proarrhythmia
screening method exist. Therefore, current safety screening in
industry rely on combined use of pre-clinical in vitro assessment
of HERG function, action potential (AP) and in vivo ECG (QT)
assays, in silico computational (Yang et al., 2016; Ortega et al.,
2017; Li et al., 2019) risk prediction [integrated risk assessment
(IRA) approach], and clinical ECG studies (Food and Drug
Administration, 2005a; Food and Drug Administration,
2005b). Usually, different proarrhythmia markers and score
systems [see Proarrhythmia ECG Markers for Temporal
Instability of Repolarization (Used in In Vivo and In Vitro
Models)] are employed to try to increase the predictive value of
the overall assessment (Hondeghem et al., 2001; Hondeghem and
Hoffmann, 2003; Redfern et al., 2003; Lawrence et al., 2005) with
moderate to limited success (Park et al., 2018).

Drug-induced IKr/HERG blockade used to be considered the
most important factor responsible for proarrhythmia formation.
Therefore, for a long time, safety tests largely focused on detection
of HERG-blocking potential of test compounds. As a result, this
approach led to elimination of potentially promising drug
candidates from the developmental pipeline solely on the basis
Frontiers in Pharmacology | www.frontiersin.org 2223
of their potential to block the HERG channel (Carlsson, 2001;
Bouder, 2007; Pugsley et al., 2008). HERG blockade plays an
inevitably important role in proarrhythmia formation (Yap and
Camm, 2003; Hancox et al., 2008); though, HERG block on its
own does not necessarily lead to proarrhythmia since
simultaneous reduction in other ion currents—such as in INa or
ICa—that may have anti-arrhythmic effects could modify the
overall proarrhythmic potential of the drug (Van Opstal et al.,
2001; Belardinelli et al., 2003; Thomsen et al., 2004; Anderson,
2006). On the other hand, compounds without HERG-blocking
characteristics may still have proarrhythmic side effect via the
inhibition of repolarizing ion currents such as the slow delayed
rectifier potassium current IKs or the inward rectifier potassium
current IK1 (Pugsley et al., 2008; Roden, 2008; Kannankeril et al.,
2010; Pollard et al., 2010). Based on the above, pharmaceutical
industry has started the Comprehensive in vitro Proarrhythmia
Assay (CiPA) initiative to work with validated assays, and to fill
gaps in the internal proarrhythmia assessment with the overall
goal to comply with the ICH-S7B guidelines. This new approach
consists of three main elements: 1) systematic measurement of the
effect of drug candidates on multiple human cardiac ion currents
(IKr, IKs, INa,peak, INa,late, IK1, Ito, ICa,L) in heterologous expression
systems (Kramer et al., 2013; Cavero and Holzgrefe, 2014;
Colatsky et al., 2016), 2) in silico integration of these ion
channel effects, and 3) evaluation of the drug effect on
integrated biological systems such as on stem-cell-derived
cardiomyocytes (Colatsky et al., 2016; Crumb et al., 2016;
Huang et al., 2017). According to a recent survey on current
industrial safety screening practice (Authier et al., 2017), 90% of
the pharmaceutical companies use cell lines expressing cardiac ion
channels, 50–60% of them perform ion channel binding assays,
cardiac AP recordings or use human induced pluripotent stem
cell-derived cardiomyocytes, and only around one-third of them
integrate their electrophysiological results into an in silico model
in order to better predict the drug effect on AP shape and
duration. The CiPA initiative is undoubtedly a promising
approach; however, its overall implementation is not sufficient yet.

The other major challenge in proarrhythmia screening
derives from the huge inter-individual differences in
susceptibility to arrhythmia, which makes the overall risk
stratification particularly difficult. Gender, sex hormones, K+

homeostasis, and—most importantly—certain diseases highly
influence the cardiac “repolarization reserve”, defined as the
ability of cardiomyocytes to maintain sufficient repolarization
despite repolarization-prolonging (mostly K+ channel blocking)
effects via compensatory increase of non-affected “reserve”
outward K+ currents (Roden, 1998; Varro and Baczko, 2011).

Apart from a decrease in serum K+ concentration that results
in a massive prolongation of cardiac repolarization, cardiovascular
and metabolic diseases such as congestive heart failure (Kjekshus,
1990), cardiac hypertrophy, hypertrophic and dilated
cardiomyopathy (Decker et al., 2009), ischemia (Dutta et al.,
2016), congenital LQTS (El-Sherif and Turitto, 1999), or
diabetes mellitus (Mcnally et al., 1999; Whitsel et al., 2005) play
the most important role in decreasing repolarization reserve
capacity and thereby in increasing susceptibility to proarrhythmia.
June 2020 | Volume 11 | Article 853
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Despite the fact that drug-induced TdP occur mostly in
patients with reduced cardiac repolarization reserve, current
safety assessments rely still mainly on tests performed on
healthy animals with intact repolarization or on their tissues/
cells (Food and Drug Administration, 2005a; Food and Drug
Administration, 2005b). Consequently, new animal models, (i)
with increased sensitivity to channel blockers other than only
HERG, such as IKs or IK1, and (ii) representing different degrees
of impairment in their cardiac repolarization reserve were
suggested to employ in proarrhythmia research (Hornyik
et al., 2020).

Sex hormones also can significantly alter the individual's
repolarization reserve capacity and therefore affect susceptibility to
arrhythmia. Women are at higher risk for drug-induced
prolongation of repolarization and drug-induced TdP (Lehmann
et al., 1996; Benton et al., 2000;Wolbrette, 2003; Gowda et al., 2004).
This is due to sex hormone effects on cardiac ion currents/channels
(Yang and Clancy, 2010; Odening and Koren, 2014): estrogen
prolongs cardiac repolarization by decreasing IKs (Drici et al.,
1996) and IKr (Kurokawa et al., 2008; Ando et al., 2011) and by
increasing ICa,L (Odening et al., 2012a; Odening et al., 2012b) and
NCX expression (Chen et al., 2011); therefore, estrogen reduces
repolarization reserve and favors drug-induced arrhythmia. In
contrast, testosterone and progesterone both increase
repolarization reserve by increasing IKs [testosterone (Liu et al.,
2003)/progesterone (Furukawa and Kurokawa, 2008)], IK1 and IKr
(testosterone) (Liu et al., 2003), decreasing ICa,L [testosterone
(Furukawa and Kurokawa, 2008)/progesterone (Odening et al.,
2012a; Odening et al., 2012b)], and upregulating SERCA
expression [progesterone (Odening et al., 2012a; Odening et al.,
2012b; Moshal et al., 2014)], thereby exerting a protective, “anti-
arrhythmic” effect against drug-induced proarrhythmia (Odening
et al., 2012a; Odening et al., 2012b). These observations have
consequences for proarrhythmia research, as female animal
models (or animal models with altered hormonal state) might be
particularly sensitive in detecting potential ion channel-blocking
properties of drug candidates.

In this review, we first give an overview about currently
employed proarrhythmia markers, the importance of the choice
of species for proarrhythmia research, and the advantages and
disadvantages of currently used in vivo proarrhythmia models,
followed by a detailed description of novel transgenic LQTS
rabbit models. Finally, we provide a brief outlook on possible
future directions and novel models in the field.

Proarrhythmia ECG Markers for Temporal
Instability of Repolarization (Used in
In Vivo and In Vitro Models)
Based on the clinical observations that TdP mostly occurred in
the setting of prolongation of ventricular repolarization/QT
prolongation (Haverkamp et al., 2000; Redfern et al., 2003),
preclinical and clinical safety tests have for a long time focused
on QT prolongation as a surrogate marker for TdP risk (Food
and Drug Administration, 2005b). However, it has been known
for some time that prolongation of repolarization does not
always equally increase pro-arrhythmic risk since numerous
Frontiers in Pharmacology | www.frontiersin.org 3224
drugs that block IKr/HERG and prolong QT rarely cause TdP—
while others causing less pronounced QT prolongation carry a
significant pro-arrhythmic risk (Zhang et al., 1999; Yang et al.,
2001; Roden, 2004; Thomsen et al., 2004; Shah and Hondeghem,
2005). Indeed, the extent of QT prolongation did not predict
serious ventricular arrhythmias and/or SCD in different rabbit
and dog experimental models (Amos et al., 2001; Thomsen et al.,
2004; Shah and Hondeghem, 2005; Lengyel et al., 2007a;
Jacobson et al., 2011) or in patients with (Strasberg et al., 1983;
Yi et al., 1998; Maron et al., 2001; Hinterseer et al., 2009;
Hinterseer et al., 2010) or without (Eisenberg et al., 1995;
Kusano et al., 2001; Paltoo et al., 2001) congenital/structural
heart disease. Thus, these safety tests can yield either false
positive results, halting the development of a promising new
drug (Roden, 2004; Hondeghem et al., 2007) or false negative
results, causing harm to patients with increased susceptibility to
arrhythmia. Therefore, there is an unmet need for (i) improved
identification of patients at elevated risk for drug-induced
arrhythmia (Kaab et al., 2003) and (ii) novel ECG markers
with better predictive value for pro-arrhythmic drug
adverse effects.

A number of different electrophysiological parameters have
been investigated as non-invasive prognostic markers for TdP
and SCD risk evaluation both in animal experiments and in the
clinical setting. These novel markers mostly derive from the
original work by Hondeghem et al., suggesting the assessment of
AP triangulation, instability, and dispersion (Hondeghem et al.,
2001). These markers were later supplemented by evaluation of
disturbances in cardiac wavelength (Hondeghem et al., 2007;
Hondeghem, 2016). The importance of an increased spatial
(transmural, apico-basal, or inter-ventricular) dispersion of
repolarization in reentry-based arrhythmia formation was
further supported by other studies (Antzelevitch, 2008;
Barbhaiya et al., 2013; Guerard et al., 2014). Therefore, Tpeak-

end—the length from the beginning of the T wave (Tp) to the end
(Te) on ECG—that reflect the transmural dispersion of
repolarization was suggested to use as an indicator of
arrhythmic risk, although, no clear consensus about the value
of this parameter has been reached so far (Antzelevitch, 2008;
Barbhaiya et al., 2013; Meijborg et al., 2014). Of note, dispersion
of repolarization was recently identified (experimentally and by
computational modeling) as cause for triggered activity/EAD
formation, further enhancing the need to assess dynamic
dispersion of repolarization noninvasively (Liu et al., 2018).

The temporal instability of cardiac repolarization can be
described by different variables characterizing the small beat-
to-beat fluctuations in the QT interval as QT variability [for a
recent review see (Baumert et al., 2016)]. Beat-to-beat variability
of repolarization can be quantified by calculating the short-term
variability of the QT (STVQT) (Thomsen et al., 2004). First in the
chronic AV-block dog model, then in other animal experimental
proarrhythmia models (Thomsen et al., 2004; Lengyel et al.,
2007a; Jacobson et al., 2011) and in clinical settings (Hinterseer
et al., 2008; Hinterseer et al., 2009; Hinterseer et al., 2010;
Oosterhoff et al., 2010), it has been repeatedly shown that
STVQT has a higher predictive value for proarrhythmia risk
June 2020 | Volume 11 | Article 853
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than the overall prolongation of repolarization (QT duration).
STVQT has been used in several studies to confirm the safety of
different drugs (Oros et al., 2006; Antoons et al., 2010;
Varkevisser et al., 2012), to characterize pro-arrhythmic drug
effects (Thomsen et al., 2004; Thomsen et al., 2006b; Kristof et al.,
2012), and to assess temporal repolarization instability in
patients with co-morbidities associated with repolarization
disturbances (Orosz et al., 2015a; Orosz et al., 2015b; Orosz
et al., 2017).

Based on the above, it is justified and required to assess and
validate measures of temporal QT variability in animal
experimental models of proarrhythmia.
CURRENT IN VIVO MODELS FOR PRE-
CLINICAL PROARRHYTHMIA SAFETY
SCREENING AND THEIR LIMITATIONS

Choice of Models: Species Differences in
Repolarizing Currents
Cardiac electro-mechanical function shows large inter-species
variability. These species differences are especially striking in
regard to cardiac repolarization that is governed by tightly
regulated activities of various inward and outward ion currents.

Small rodents like mice or rats are commonly used animals
for studying ischemia-induced arrhythmias (which are often
linked to conduction properties), since cardiac conduction
Frontiers in Pharmacology | www.frontiersin.org 4225
properties in these animals are governed by Na+ currents, Ca2+

currents, and connexin function that are very similar to those in
human (Derangeon et al., 2012; Kaese and Verheule, 2012).
Furthermore, they have the advantage of low cost, short life-
cycle, and their genetic manipulation is much easier than that in
larger animals (see Genetically Modified Mouse Models With
Reduced Repolarization Reserve). On the other hand; however,
they have limited value in studying (prolonged) repolarization-
related arrhythmogenesis: in mice and rats the fast and
slow transient outward (Ito), and the delayed rectifier (IK,slow1
and IK,slow2) (Xu et al., 1999; Brunner et al., 2001; Liu et al., 2008)
voltage-gated potassium currents play a major role in
repolarization—while in dogs, rabbits, and humans the rapid
and slow delayed rectifier potassium currents (IKr and IKs) are the
major determinants of cardiac repolarization (Varro et al., 1993;
Nerbonne, 2000; Nerbonne and Kass, 2005; Grandy et al., 2007;
Saito et al., 2009; Yang et al., 2014). The exact role of IKr and IKs
in small rodents is still not well known and controversial
(Nerbonne and Kass, 2005; Grandy et al., 2007; Saito et al.,
2009; Yang et al., 2014). As a result, the shape of their AP is
different compared to larger animals and humans (triangular
shape vs. rectangular AP with prominent plateau phase)
(Nerbonne and Kass, 2005; Grandy et al., 2007; Saito et al.,
2009; Yang et al., 2014), as well as their pharmacological
responses to proarrhythmic potassium channel blocking drugs
(Figures 1A, B).

Acute IKr-blocker administration, for example, prolongs
repolarization in dogs, rabbits, and humans but not in mice or
A

B C

FIGURE 1 | Species differences in repolarizing ion currents. (A) Representative action potential (AP) recordings [modified from (Rudy et al., 2008; Blenck et al.,
2016)] and (B) schematic illustration of the main repolarizing ion currents in mouse, rabbit, dog, and human cardiomyocytes [modified from (Nerbonne et al., 2001)].
Panel (C) shows species differences in IKs, IKr, and IK1 in rabbit, dog, and human.
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rats (Varro et al., 2000; Nagy et al., 2009; Jost et al., 2013; Yang
et al., 2014). Chronic administration of the IKr-blocker dofetilide
that prolongs repolarization in larger animals and human subjects
by blocking HERG channels on the other hand, lengthen
repolarization in mice—at least partly—by increasing INa,L (via
phosphoinositide 3-kinase pathway) (Yang et al., 2014). Based on
the above, mice and rats have serious limitations in drug-induced
proarrhythmia research with little translational potential.

In contrast, the function and gating kinetics of various cardiac
potassium channels are very similar in dogs, rabbits, and humans
with IKr and IKs as main repolarizing ion currents in all three
species (Varro et al., 1993; Nerbonne, 2000; Nerbonne and Kass,
2005; Jost et al., 2013), with slight inter-species differences: In
humans and dogs—just as in most mammals—Ito is formed of
two distinct subtypes named as Ito,fast and Ito,slow—with fast and
slow recovery from inactivation, determined by Kv3.4 and Kv1.4,
respectively (Patel and Campbell, 2005) as opposed to rabbits,
where Ito,slow is the primary transient Kv current in the left
ventricle (Fedida and Giles, 1991), while in the right ventricle Ito,
fast and its role in LQT1 related arrhythmogenesis has recently
been confirmed (Choi et al., 2018). The repolarization capacity of
rabbits and dogs is more robust than that in humans due to
higher IK1, IKr, and IKs current densities (Jost et al., 2013; Husti
et al., 2015) (Figure 1C).

In summary, the rabbit has a prominent role in arrhythmia
research, since: (i) the shape of AP (Varro et al., 1993) and the
function and gating kinetics of the underlying cardiac ion
channels/currents (Nerbonne, 2000), (ii) the myocardial
mechanical function (Jung et al., 2012), (iii) the relative
effective heart size relating cardiac mass to the frequency of VF
(Panfilov, 2006), and (iv) their responses to pharmacological
interventions (Harken et al., 1981) show very close resemblance
to human cardiac physiology. Based on the above-described
species differences in various ion currents, the rabbit could
have advantages over dog models when testing the
proarrhythmic potential of drugs with IKr, IKs, or IK1-blocking
properties since they show very good similarity to human
physiology in these currents and are cheaper, easier to handle,
and to breed than dogs and can be modified genetically. Dogs or
guinea pigs, on the other hand, may be better suited to use for
studying arrhythmogenesis in which Ito-inhibition plays an
important role.

In Vivo Proarrhythmia Models With
Reduced Repolarization Reserve
Both drug-induced and genetically modified animal models with
impaired repolarization reserve have been generated in various
species (such as dogs, mice, and rabbits) and utilized to
investigate drug-induced proarrhythmia and its underlying
mechanisms [reviewed in (Salama and London, 2007; Lang
et al., 2016)]. In addition, animal models with cardiac diseases
—e.g. chronic heart failure, hypertrophic cardiomyopathy,
diabetes mellitus etc.—leading to electrical remodeling-
associated alterations of repolarization reserve can be used for
proarrhythmia research. These models have the advantage that
Frontiers in Pharmacology | www.frontiersin.org 5226
they mimic some of the diseases that also predispose human
patients to drug-induced arrhythmias.

One main shortcoming of drug-induced animal models, however,
is the fact that drugs have to be administered continuously to sustain
the drug-induced reduction of repolarization reserve, thus impeding
detailed investigation of (long-term) proarrhythmia in free-moving,
non-anesthetized animals.

One main short-coming of genetically modified mouse
models—the only genetic models with reduced repolarization
reserve available until 2008—are the pronounced species
differences in cardiac electrophysiology with different ion
currents conveying cardiac repolarization in human and
murine cardiomyocytes (Varro et al., 1993; Nerbonne, 2000;
Nerbonne and Kass, 2005; Jost et al., 2013) as highlighted in the
subchapter above.

High cost and need for special technical expertise for example
are considered as main shortcomings for the generation of
disease-related animal models with cardiac electrical remodeling.

Drug-Induced Animal Models With Reduced
Repolarization Reserve
One frequently used drug-induced model is the methoxamine-
sensitized rabbit model: anesthetized rabbits are sensitized with
the selective a-adrenoceptor-agonist methoxamine, which
makes them particularly prone to develop drug-induced
ventricular tachycardia when exposed to HERG/IKr-blocking
drugs (Carlsson, 2008; Carlsson et al., 2009). The choice of the
anesthetic regimen, however, strongly influences the extent of
proarrhythmia development in this model—as the different
anesthetics all have different intrinsic cardiac ion channel-
blocking properties (Carlsson, 2008; Inaba et al., 2011),
indicating the importance of the degree of ion channel
blockade in these “mixed” drug-induced models. Pro- and
anti-arrhythmic properties of various different drugs have been
tested and classified as having a low, intermediate, or high pro-
arrhythmic potential for drug-induced TdP using this model
(Diness et al., 2008; Carlsson et al., 2009; Jacobson et al., 2011;
Mow et al., 2015; Varkevisser et al., 2015). However, as the model
depends on a-adrenoceptor sensitization, the full extent of pro-
arrhythmic potential of drugs that concomitantly block IKr and
a-adrenoceptors (such as quinidine, cisapride, quinolone) may
not be fully appreciated by this model (Carlsson, 2008; Mow
et al., 2015).

Other frequently employed drug-induced rabbit models are
based on the ex vivo blockade of HERG/IKr by E-4031 (Choi
et al., 2002; Maruyama et al., 2011; Parikh et al., 2012; Lau et al.,
2015) or by dofetilide (Farkas et al., 2006; Dhein et al., 2008;
Orosz et al., 2014), thus generating a drug-induced rabbit model
representing LQT2 characteristics. Similar to the genetic
reduction of IKr in congenital LQT2, the drug-blockade of IKr
by E-4031 or dofetilide leads to a high propensity for arrhythmia
development in ex vivo Langendorff-perfused rabbit hearts—
particularly when perfused with low K+ and Mg2+ solutions
(Maruyama et al., 2011; Milberg et al., 2011). Similarly, QTc
prolongation and arrhythmia susceptibility is particularly high
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when HERG/IKr blockade is combined with KvLQT1/IKs
blockade by HMR-1556 (Lengyel et al., 2007a) (Figure 2A).

Genetically Modified Mouse Models With Reduced
Repolarization Reserve
Despite apparent differences between human and mouse
electrophysiology—e.g., different ion currents conveying cardiac
repolarization in human and murine cardiomyocytes, a different
shape of the AP, and a magnitude-faster heart rate in mice
[reviewed in (Nerbonne, 2000); (Salama and London, 2007);
(Baczko et al., 2016)], the first transgenic and knock-out animal
models of LQTS were mouse models (London et al., 1998). The
reason for this was that genetic manipulation has for a long time
nearly exclusively been feasible in mice and not in other larger
mammals such as rabbits. Transgenic models based onmutations in
human potassium channel genes or knock-out/knock-in models of
mouse potassium channel genes could only partially mimic the
characteristics of human patients with impaired repolarization
reserve [reviewed in detail in (Nerbonne et al., 2001); (Lang
Frontiers in Pharmacology | www.frontiersin.org 6227
et al., 2016); (Ziupa et al., 2019)], while genetically modified
mouse models with mutations in the sodium channel gene
(SCN5A; LQT3) more closely mimic the human long QT disease
phenotype with AP duration (APD) and QT prolongation as well as
spontaneous life-threatening ventricular arrhythmia (Nuyens et al.,
2001; Fabritz et al., 2003), since SCN5A drives the majority of
depolarizing Na+ currents in both human and murine
cardiomyocytes (Derangeon et al., 2012).

None of these mouse models, however, have been systematically
used for proarrhythmia research—mainly due to the fact that IKr
current (themost frequent target for drugs inducing proarrhythmia)
plays no major role in cardiac repolarization in mice.

Animal Models With Structural/Electrical Remodeling
and Reduced Repolarization Reserve
Several experimental animal models of different species exist that are
characterized by impaired repolarization reserve associated with
cardiac structural and/or electrical remodeling. The most
thoroughly characterized of these is the canine cardiac volume
A

B

C

FIGURE 2 | Pro-arrhythmia detection with acquired LQT rabbit and chronic AV-block dog models. (A) Left panel: The QTc interval was significantly prolonged by
the IKr blocker dofetilide and was further prolonged by the combination of dofetilide and the IKr blocker HMR1556 given in any order, while IKs block alone did not
prolong the QTc in anesthetized rabbits. Right panel: IKr block caused TdP in some of the animals, IKs block alone did not induce TdP in anesthetized rabbits.
Importantly, combined acute pharmacological block of IKs and IKr, given in any order, caused a significant increase in TdP incidence. #p < 0.05 vs. baseline control in
the same group; *p < 0.05 vs. dofetilide. N=7-11 animals/group. CTRL: Control, DOF: Dofetilide, HMR: HMR-1556. Modified from (Lengyel et al., 2007a). (B) In right
ventricular cardiomyocytes isolated from dogs with chronic AV-block and marked myocardial hypertrophy, IKs tail current density was reduced by approximately 55%
(n=9), while IKr tail current density was reduced by 45% (n=14) compared to those isolated from control animals. *p < 0.05 vs. control myocytes. Modified from
(Volders et al., 1999). (C) Standard bipolar ECG lead recordings illustrating a marked difference in the arrhythmogenic response to administration of the selective IKr
blocker D-sotalol in dogs with acute (left panel) and chronic AV-block (right panel). The pacing protocol involved a basic pacing cycle length (CL) of 1730 ms in acute
AV block, and 1800 ms spontaneous idioventricular CL in chronic AV-block. Arrhythmia provocation included a short/long/short sequence at 600 ms CL for 4 beats
followed by 2 paced beats with 1200 and 350 ms cycle lengths. No TdP was observed in acute AV-block dogs, while 60% of animals with chronic AV-block
exhibited TdP. Modified from (Vos et al., 1998).
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overload model with chronic atrioventricular block (Vos et al.,
1995). Three months following AV-node ablation, these dogs
exhibit severe bradycardia and eccentric, biventricular myocardial
hypertrophy without heart failure (Vos et al., 1998). Importantly,
the model is characterized by heterogeneous prolongation of APD
at baseline and further APD-prolongation and early
afterdepolarization (EAD) development upon administration of
IKr-blocker d-sotalol, indicating increased susceptibility to drug-
induced TdP (Vos et al., 1998) (Figure 2C). A significant
downregulation of potassium currents, including IKs—a key player
in ventricular repolarization reserve in mammals including humans
(Varro et al., 2000; Volders et al., 2003; Jost et al., 2005)—was
observed in both left and right ventricular cardiomyocytes isolated
from dogs with chronic AV block (Volders et al., 1999) (Figure 2B).
In addition, IKr density was reduced by 45% in right ventricular
myocytes, while left ventricular (LV) IKr density was unchanged
(Volders et al., 1999).

The ability of the model to detect drug-induced TdP was
validated (Takahara et al., 2006) with several drugs such as the
H1 antihistamine terfenadine (Monahan et al., 1990),
the antipsychotic drug sertindole (Thomsen et al., 2003), and
the D2 dopamine receptor antagonist sulpiride (Sugiyama et al.,
2002). Moreover, with this model, it was demonstrated for the
antibiotics moxifloxacin and azithromycin that QT prolongation
does not necessarily cause TdP (Thomsen et al., 2006a). An
important advantage of this model is an improved
proarrhythmia reproducibility within the same experimental
animal (Verduyn et al., 2001). There are, however, some
disadvantages that may prevent this model from becoming
widely used for proarrhythmia research: it is a relatively
expensive, time consuming (at least 3 months have to pass
before ventricular hypertrophy and increased susceptibility to
arrhythmia develops) and low throughput method that requires
special technical expertise for performing AV-node ablation
(Vos et al., 1998).

In diabetes, a moderate remodeling-associated QT
prolongation has been shown (Giunti et al., 2007), and
diabetes has been associated with increased risk of SCD (Gill
et al., 2009), indicating the patients' higher susceptibility to
proarrhythmia. Similarly, in rabbit and dog models of diabetes
mellitus, a mild prolongation of repolarization and a decreased
repolarization reserve due to downregulation of IKs and Ito
(reversible by insulin treatment) were observed (Lengyel et al.,
2007b; Lengyel et al., 2008). The authors are not aware, however,
of any published studies using experimental diabetes animal
models in species with repolarization relevant to human (i.e. not
mice or rats) for testing pro-arrhythmic effects of drugs in this
“patient” cohort.
TRANSGENIC LQTS RABBIT MODELS
WITH IMPAIRED REPOLARIZATION
RESERVE (LQTS)

Since cardiac electrophysiological characteristics of the rabbit is
much closer to humans than that of mice or rats (Varro et al.,
Frontiers in Pharmacology | www.frontiersin.org 7228
1993; Nerbonne, 2000; Nerbonne and Kass, 2005; Jost et al.,
2013),—similar potassium currents (mainly IKr and IKs) convey
the cardiac repolarization in rabbits and humans—transgenic
LQTS rabbit models were generated as soon as it became
technically feasible (Bosze et al., 2016) to better mimic
pathophysiology of (human) LQTS patients with decreased
repolarization reserve, who are most vulnerable to the
development of drug-induced arrhythmias.

Generation of Transgenic LQTS
Rabbit Models
To generate transgenic LQTS rabbit models with impaired
repolarization reserve, the so-called “dominant-negative”
transgenic strategy, which describes the fact that the co-assembly
of mutated and normal channel subunits completely disrupts the
overall ion channel function, was utilized to decrease the expression
of functionally normal repolarizing potassium channel proteins. All
available transgenic LQTS rabbit models have been engineered by
beta-myosin heavy chain promoter-driven cardio-selective over-
expression of mutated human genes encoding for voltage-gated K+

channels such as KCNQ1/KvLQT1 (KvLQT1-Y315S, LQT1),
KCNH2/HERG (HERG-G628S, LQT2), or KCNE1/minK
(KCNE1-G52R) (Brunner et al., 2008; Major et al., 2016).

To generate the transgenic founder animals, the pronuclear
microinjection technique was used. Superovulation was induced
in wild-type (WT) rabbits using hormonal stimulation with FSH
and GnRH-analogues, and inseminated oocytes were
microinjected with transgenic mutant DNA-constructs and re-
implanted into foster mothers (Brunner et al., 2008; Major et al.,
2016). Mating of the resulting transgenic F0 founders with
female WT rabbits resulted in vertical transmission with 50%
transgenic and 50% WT offspring. To generate double-
transgenic LQT2–5 rabbits, LQT2 male and LQT5 female
rabbits were cross-bred (Hornyik et al., 2020).

Electrophysiological Characteristics and
Arrhythmogenic Mechanisms in the
Transgenic LQTS Models
In LQT1 or LQT2 rabbit cardiomyocytes the repolarizing
potassium currents IKs (LQT1) or IKr (LQT2), respectively, are
completely eliminated. This results in a prolongation of APD on
the cellular and whole heart levels and a prolongation of
ventricular refractoriness and QT interval duration in vivo
(Brunner et al., 2008; Odening et al., 2010). This prolongation
of APD/QT is particularly pronounced at slower heart rates,
leading to a steeper QT/RR ratio—particularly in LQT2 (Brunner
et al., 2008) (Figures 3A–C). Moreover, these models
demonstrate an increased temporal instability of QT duration
with an increased STVQT (Hornyik et al., 2020) and spontaneous
polymorphic VT in LQT2 [158] (Figure 3D).

In transgenic LQT5 rabbit cardiomyocytes, in contrast, the
biophysical properties of IKs and IKr are altered with accelerated
deactivation kinetics (Major et al., 2016)—but overall IKs and IKr
current densities are not reduced. Consequently, these rabbits
exhibit only a partial phenotype with no significant prolongation
of whole heart APD (Major et al., 2016; Hornyik et al., 2020), and
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only a very slightly prolonged QT interval at baseline without
changes in QT/RR ratio (Major et al., 2016; Hornyik et al., 2020)
(Figures 3A–C), but exhibit an increased short-term beat-to-
beat variability of the QT (Major et al., 2016). Due to their
reduced repolarization reserve, the phenotype can be augmented
by the IKr-blocking drug dofetilide, which further increased
short-term variability of QT and promoted drug-induced VT
(Major et al., 2016).

Studies in transgenic LQT1 and LQT2 rabbits highlight the
major role of an enhanced (spatial and temporal) dispersion of
repolarization in LQTS-related arrhythmogenesis: in LQT2
rabbit hearts, an increased spatial dispersion of APD was
observed throughout left and right ventricles (Brunner et al.,
2008; Odening et al., 2013) (Figure 4A). Dispersion of
repolarization can also occur in a dynamic spatio-temporal
fashion with pronounced beat-to-beat alternations and “out-of-
phase” heterogeneities between adjacent regions, the so-called
“discordant alternans”. In transgenic LQT2 rabbit hearts, this
discordant alternans developed at physiological heart rates and
preceded VT/VF formation (Ziv et al., 2009). VT/VF were easily
inducible with LV epicardial stimulation (Brunner et al., 2008),
Frontiers in Pharmacology | www.frontiersin.org 8229
and, importantly, LQT2 rabbits even developed spontaneous
polymorphic VT and SCD (Brunner et al., 2008; Odening
et al., 2012b), thus representing the first transgenic animal
models mimicking the complete electrical phenotype of LQT2.
Transgenic LQT1 rabbits with a more homogeneously prolonged
APD without substantial dispersion of repolarization within the
LV at physiological/normal heart rates, in contrast, developed no
spontaneous VT or SCD (Brunner et al., 2008). When LQT1
hearts were further stressed, however, by continuous tachypacing
or AV-ablation to induce cardiac tachymyopathy (Lau et al.,
2015), or complete AV-block (Kim et al., 2015), respectively,
APD dispersion increased, spatially discordant alternans
developed and VT/VF was easily inducible or occurred
spontaneously. Transgenic LQT5 rabbits demonstrated an
increased apico-basal APD heterogeneity compared to healthy
WT hearts at baseline—despite their overall “normal” APD
(Hornyik et al., 2020).

In addition to increased temporal instability and regional
heterogeneity of repolarization that form the electrical
“substrate” that facilitates re-entry formation, an increased
sympathetic nervous system activity serves as “trigger” for
A B C

D

FIGURE 3 | Baseline electrical characteristics of transgenic LQTS rabbits. (A) Upper panel: IV-curves of IKs steady (left)/tail (right) and IKr steady (left)/tail (right) in
cardiomyocytes isolated from wild-type (WT), LQT1, and LQT2 rabbit hearts, indicating loss of IKs in LQT1 and loss of IKr in LQT2 [modified from (Brunner et al.,
2008)]. Lower panel: IV-curves of IKs in absence and presence of 5 µM forskolin in WT or transgenic LQT5 rabbit ventricular myocytes. Bar diagrams illustrate a
reduced deactivation time constant in transgenic LQT5 ventricular myocytes [modified from (Major et al., 2016)]. (B) Representative ECG tracings indicating
differences in QT interval in WT, LQT1, LQT2, and LQT5 rabbits [ECG from WT, LQT1 and LQT2 modified from (Brunner et al., 2008)]. (C) QT/RR relationship
assessed with telemetric ECG in free moving rabbits: WT, LQT1, and LQT2 in upper panel [modified from (Brunner et al., 2008)], in lower panel in WT and LQT5
[modified from (Hornyik et al., 2020)]. (D) ECG and blood pressure tracing of LQT2 rabbit with spontaneous ventricular torsade-de-pointes (TdP) tachycardia
[modified from (Brunner et al., 2008)]. *p < 0.05 vs. WT.
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EADs in long QT-related arrhythmogenesis (Antzelevitch, 2007;
Brunner et al., 2008; Ziv et al., 2009). In LQT2 cardiomyocytes,
beta-adrenergic stimulation related EADs developed during
sudden sympathetic surge (Figure 4B), while continuous
perfusion with beta-agonist isoproterenol prevented EAD
formation (Brunner et al., 2008; Liu et al., 2012; Odening et al.,
2012b). In LQT1 cardiomyocytes, in contrast, continuous beta-
adrenergic stimulation facilitated the occurrence of EADs (Liu
et al., 2012). Different time courses in sympathetic activation of
cardiac ion currents may explain why different sympathetic
modes (sudden surge vs. continuous activation) are associated
with arrhythmia formation in different genotypes of LQTS: upon
sympathetic stimulation, beta-1 receptor mediated activation of
ICa,L—that may elicit EADs—is faster than the activation of IKs—
that shortens APD in LQT2 and acts as anti-arrhythmic
mechanism upon continuous adrenergic stimulation in LQT2.
In addition, different modes of arrhythmia initiation and
maintenance in different LQTS genotypes were identified.
While in LQT2, reentry formation played an important role
(Brunner et al., 2008), in LQT1 hearts, a novel mechanistic
concept of LQTS-related arrhythmogenesis was identified:
Frontiers in Pharmacology | www.frontiersin.org 9230
arrhythmia was initiated by focal excitations arising
particularly from the RV and was maintained by multiple
shifting excitation foci and bi-excitability (Kim et al., 2015).

Similarly, as in the LQT5 rabbit models, the phenotype and
proarrhythmia could be augmented by ion channel blocking
drugs and endogenous factors (as highlighted in the
following subchapters).

Pro-Arrhythmic Effects of Endogenous
Factors (Hormones and Metabolites) in
Transgenic LQTS Rabbit Models With
Impaired Repolarization Reserve
Pronounced sex differences in arrhythmic risk have been identified
in patients with congenital and acquired, drug-induced LQTS with a
higher risk for cardiac arrhythmic events in women after puberty
than men (Lehmann et al., 1996; Locati et al., 1998; Benton et al.,
2000; Wolbrette, 2003; Gowda et al., 2004; Yang and Clancy, 2011).
Moreover, while the risk for long QT-related arrhythmia is reduced
during pregnancy (Seth et al., 2007), it is particularly high risk
during the postpartum (particularly in LQT2 patients) (Sauer et al.,
2007). In addition, more pronounced QT-prolongation and
June 2020 | Volume 11 | Article 85
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FIGURE 4 | Mechanisms of arrhythmogenesis in transgenic LQT2 rabbits. (A) Upper panel (i): Bar graphs of action potential durations (APD) and dispersion of APD
(DAPD) in Langendorff-perfused hearts of WT, LQT1, and LQT2 rabbits indicate longer APD and increased APD dispersion in LQT2 hearts, *p < 0.05 [modified from
(Brunner et al., 2008)]. Lower panel (ii): optical mapping APD map (left; indicated are isochrones of APD, in ms) and activation maps (right) of initial beats of
ventricular tachycardia/fibrillation (VF) in an estradiol-treated LQT2 heart indicate reentry formation (indicated by red arrows) in line with the regional APD
heterogeneities [modified from (Odening et al., 2012b)]. (B) Representative trace of Ca2+ oscillations and early afterdepolariaztion (EAD) in estradiol-treated LQT2
rabbit heart after AV-node ablation and bolus application of isoproterenol (140 nM). Black line indicates changes in voltage fluorescence signal (Vm); red line indicates
changes in Ca2+ signal [modified from (Odening et al., 2012b)].
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arrhythmias are observed during luteal than follicular phases of the
menstrual cycle (Rodriguez et al., 2001), strongly suggesting that
changing sex hormone levels may affect LQTS-related
arrhythmogenesis. This has consequences for proarrhythmia
research, as female animal models might be particularly sensitive
in detecting potential ion channel-blocking properties of
drug candidates.

In transgenic LQT2 rabbits, spontaneous ventricular arrhythmia
and SCD also often occurred during postpartum (Brunner et al.,
2008; Odening et al., 2012b), suggesting the existence of similar
arrhythmia-triggering mechanisms as in human LQTS patients. In
these models, estradiol exerted a pro-arrhythmic effect with an
increased incidence of lethal polymorphic TdP due to changes in
APD dispersion and increased EAD formation upon pro-
arrhythmic sympathetic stimuli, while progesterone had an anti-
arrhythmic, protective effect that was based on a shortening of
cardiac refractoriness, a reduced formation of EAD, and stabilizing
Ca2+ effects (decreased ICa,L density, increased SERCA expression)
(Odening et al., 2012b). These studies suggest that progesterone-
based therapies may be considered as novel anti-arrhythmic
Frontiers in Pharmacology | www.frontiersin.org 10231
approaches in female LQTS patients; and might be considered as
therapeutic add-on in cases of severe drug-induced long-QT related
proarrhythmia (Odening et al., 2012b). As estradiol-treated hearts
are particularly sensitive to proarrhythmia, their use in
proarrhythmia research, in contrast, might increase sensitivity to
identify candidates with a pro-arrhythmic potential.

Similarly, the postpartum-related hormones oxytocin and
prolactin decreased IKs current densities, thereby prolonging
the APD/QT further and predisposing the heart to arrhythmias
(Odening et al., 2019).

Hormones as well as other endogenous factors such as
certain metabolites may impact on repolarization reserve: it
has been demonstrated that (genetic) metabolic disturbances
such as propionic acidemia can also cause acquired LQTS
(Kakavand et al., 2006; Baumgartner et al., 2007; Jameson and
Walter, 2008), thus rendering patients at increased risk
for additional drug-induced proarrhythmia. Using rabbit
models of LQTS, we could identify a propionic acid-induced
reduction of IKs current densities as underlying mechanism
(Bodi et al., 2016).
A
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FIGURE 5 | Pro-arrhythmic drug-effects in transgenic LQTS rabbit models: changes in pro-arrhythmia markers. (A) Changes in in vivo pro-arrhythmia markers. (i.)
Bar graphs show changes in QTc, STVQT, and Tpeak-Tend in anaesthetized animals after i.m. injection of IKr, IK1, and IKs-blockers dofetilide, BaCl2, HMR-1556,
respectively in WT, LQT2, LQT5, and LQT2–5 rabbits [modified from (Hornyik et al., 2020)]. *p < 0.05 inter-genotype comparison, #p < 0.05 vs. baseline, T trend
p < 0.1 vs. baseline. (ii.) IK1-blocker midazolam-induced change in heart-rate corrected QT-index in free-moving male (solid bars) and female (hatched bars) WT,
LQT1, and LQT2 rabbits is also shown. The dashed line represents the mean QT indexes in free-moving rabbits obtained with the genotype-specific correction
formula (=100%) [modified from (Odening et al., 2008)]. *p < 0.05 vs. free-moving rabbits of the same genotype. (iii.) Bar graphs indicate IKr-blocker dofetilide-
induced increase in STVQT in WT and LQT5 animals [modified from (Major et al., 2016)]. Bsl, baseline; Dof, dofetilide.*p < 0.05 inter-genotype comparison, #p < 0.05
vs. baseline. (B) Changes in ex vivo pro-arrhythmia markers. Bar graphs of changes in action potential duration (DAPD75), action potential duration/stimulation cycle
length ratio (DAPD/CL ratio and action potential triangulation (DAPD90-30) after 10 min perfusion with IKr, IK1 and IKs-blockers dofetilide, BaCl2 and HMR-1556,
respectively in WT, LQT2, LQT5, and LQT2–5 rabbits. *p < 0.05 inter-genotype comparison, #p < 0.05 vs. baseline [modified from (Hornyik et al., 2020)].
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Transgenic LQTS Rabbit Models
for Better Detection of Drug-Induced
Ventricular Arrhythmias
Drug-induced proarrhythmia is based on regionally
heterogeneous prolongation of cardiac repolarization caused by
various groups of drugs blocking multiple ion channels. As it
most-often occurs in patients with reduced repolarization reserve
(see above), the use of various transgenic LQTS rabbit models
(Brunner et al., 2008; Major et al., 2016) with increased
sensitivities to potassium channel blocking effects and different
degrees of impairment in their cardiac repolarization reserve, is
expected to provide more reliable, and more thorough detection
of (multi-channel-based) drug-induced ventricular arrhythmias.

Indeed, it has been shown that LQT1 rabbits lacking IKs and
LQT5 rabbits with impaired IKs function were particularly
sensitive in identifying IKr-blocking properties of drugs; while
transgenic LQT2 rabbits lacking IKr demonstrated a particularly
high sensitivity to IKs- or IK1-blocking drugs (Volders et al.,
2003; Jost et al., 2005; Odening et al., 2010; Odening et al.,
2013; Hornyik et al., 2020) as further outlined in the
following subchapters.

Investigation of Drug-Induced Changes
in Proarrhythmia Markers in Transgenic
LQTS Rabbit Models
Drug-induced arrhythmia is a relatively rare event, and
arrhythmia development as “hard endpoint” cannot be directly
studied—especially during “first-in-human” clinical trials.
Therefore, model systems with increased susceptibility for
proarrhythmia are employed for safety testing and changes in
various proarrhythmia markers are monitored to assess the pro-
arrhythmic potential of the investigated/applied drug.

Several biomarkers have been suggested to use for
proarrhythmia screening that reflect changes in various aspects
of repolarization such as: (i) duration (QTc, APD), (ii) spatial
(Tpeak-end, APD dispersion), and (iii) temporal dispersion
(STVQT, QT/RR steepness, APD restitution) of repolarization
(for more details, see previous sections). These were also
employed in the different transgenic LQTS rabbit models.

Transgenic LQT2 rabbits demonstrated a high sensitivity to
IKs- or IK1-blocking anesthetic agents such as isoflurane (IKs) or
the anxiolytic sedative midazolam (IK1) as demonstrated by a
particularly pronounced prolongation of QT and heart-rate
corrected QT index as compared to healthy rabbits (Odening
et al., 2008) (Figure 5A). In addition, a pronounced increase in in
vivo ECG proarrhythmia markers (QT, STVQT, and Tpeak-end)
and ex vivo monophasic AP related proarrhythmia markers
(APD, AP triangulation and APD restitution steepness)
indicated higher susceptibility also to other IK1 and IKs
blocking compounds (BaCl2 and HMR-1556) in transgenic
LQT2 and double-transgenic LQT2–5 rabbits (Hornyik et al.,
2020) (Figures 5A, B).

LQT1 and LQT5 models; on the other hand, were especially
sensitive to IKr blockade (dofetilide, E4031, and erythromycin),
as demonstrated in vivo by a pronounced increase in QTc,
STVQT, and Tpeak-end and ex vivo by a prolongation of APD
Frontiers in Pharmacology | www.frontiersin.org 11232
and (in LQT1) APD dispersion (Odening et al., 2010; Ziupa et al.,
2014; Major et al., 2016).

Investigation of Ex Vivo Susceptibility to Arrhythmia
in Isolated Transgenic LQTS Rabbit Hearts
The direct assessment of ex vivo arrhythmia development in
isolated Langendorff-perfused transgenic LQTS rabbit hearts
were first performed by Hornyik et al., using different
provocation factors—such as bradycardia, low [K+]o, and/or
application of K+-channel blockers—that are also crucial in
drug-induced proarrhythmia formation in the clinical setting
(Hornyik et al., 2020). It was shown that the application of IK1-
blocker BaCl2 alone already significantly increased the incidence
and duration of ventricular extra beats in LQT2 and LQT2–5
hearts (Figure 6A). When the pre-existing temporal, beat-to-
beat-QT-instability, and the prolonged, regionally heterogeneous
repolarization were even further aggravated by lowering the
[K+]o, the sensitivity for re-entry formation was increased,
leading to significantly longer duration and higher incidence of
more malignant type of ventricular arrhythmias (VT and VF) in
LQT2 and LQT2–5 but not in healthy WT hearts (Figure 6A). In
LQT5 hearts with less pronounced reduction of repolarization
reserve, only less severe types of ventricular arrhythmias
(bigeminy) were detected. These observations of a higher
sensitivity of transgenic LQTS hearts to potassium channel
blocking drugs than normal WT hearts suggests that the use of
different transgenic LQTS rabbits might help in more reliably
detect drug-induced proarrhythmia.

Investigation of In Vivo Susceptibility to Arrhythmia
of Transgenic LQTS Rabbits
High in vivo susceptibility to arrhythmia of transgenic LQTS
rabbit models were demonstrated as early as the first
characterizations of the models were performed.

In transgenic LQT2 rabbit models, exhibiting regionally
heterogeneous prolongation of repolarization, VT and VF
easily occurred spontaneously resulting in high SCD rates
(Brunner et al., 2008). In addition, a further reduction of
repolarization reserve by the IKs-blocker isoflurane or by the
Ito-/IKs-blocker propofol led to increased proarrhythmia with a
variety of arrhythmic events such as AV 2:1 blocks, T-wave
alternans, PVCs, bigeminy, and lethal TdP occurring even during
short episodes of anesthesia (Odening et al., 2008) (Figure 6B).

Transgenic LQT1 rabbits with normal/physiological heart
rates and/or without organic heart diseases exhibited relatively
homogenous prolongation of repolarization in the LV without
substantial increase in APD dispersion; therefore, no
spontaneous arrhythmias and SCD were detected (Brunner
et al., 2008). When the repolarization reserve of LQT1 rabbits
were further challenged by continuous tachypacing or AV-
ablation to induce cardiac tachymyopathy (Lau et al., 2015), or
complete AV-block (Kim et al., 2015), respectively, however,
significant APD dispersion and discordant alternans developed
and VT/VF was easily inducible and even occurred
spontaneously (Lau et al., 2015). The model also demonstrated
the development of pseudo-AV blocks and drug-induced TdP
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upon IKr-blockade by dofetilide and E4031 (Odening et al., 2010;
Ziupa et al., 2014; Major et al., 2016; Ziupa et al., 2019)
(Figure 6B).

The recently generated LQT5 model with slight reduction in
IKs function similarly demonstrated more pronounced IKr-
blocker dofetilide induced TdP formation in vivo than healthy
WT rabbits (Major et al., 2016) (Figure 6B).

Limitations of the Currently Available
Models and Outlook
As the “dominant-negative” transgenic strategy was used to
generate the LQTS rabbits, instead of a rabbit gene “knock-
out”/human transgene “knock in” approach; these models are
genetically distinct from LQTS patients. Newly emerging genetic
engineering techniques such as CRISPR-cas [as described in
details in (Bosze et al., 2016)] may help to develop novel—also
genetically closer—animal models for these human diseases. As
currently available models demonstrate a LQTS phenotype,
however, with different degrees of reduction in repolarization
reserve and increased susceptibility to arrhythmia both
spontaneously and particularly upon drug-induced ion channel
blockade, they could still represent valuable models for
Frontiers in Pharmacology | www.frontiersin.org 12233
proarrhythmia safety testing in the context of reduced
repolarization reserve.

Furthermore, compensatory electro-mechanical adaptation of
cardiomyocytes in response to the altered function (“cardiac
remodeling”) can also show species differences that could
influence their arrhythmia sensitivity. In transgenic LQTS
mice, for example, the observed compensatory upregulation of
non-affected potassium currents limit their use in identifying
repolarizing prolonging—potentially pro-arrhythmic—agents, as
opposed to transgenic LQTS rabbits, in which parallel decrease in
reciprocal repolarizing current(s) was seen (Brunner et al., 2008)
that even further increased the sensitivity of these models to
detect drug-induced proarrhythmia. Currently, very little is
known about the nature and extent of these compensatory
remodeling processes in human diseases with impaired cardiac
repolarization reserve; therefore, it is not known, which animal
model mimics most accurately human pathophysiology from
this aspect.

In spite of similarities in cardiac ion channels in rabbits and
humans, cardiac repolarization is still conveyed through ion
channels with slightly different biophysiological characteristics
in each species; therefore, caution has to be applied when
A

B

FIGURE 6 | Pro-arrhythmic drug-effects in transgenic LQTS rabbit models: arrhythmia development. (A) Ex vivo arrhythmia development. Graphs indicating the
duration (% of perfusion time) of arrhythmias provoked by perfusing the hearts with low [K+]o (2 mM) KH, or with combined low [K+]o (2 mM) KH and IK1-blocker
BaCl2 (10 µM) in WT, LQT5, LQT2 and LQT2–5 animals. Inlets show representative ECG recordings of ventricular escape rhythm (VER), ventricular extra beats (VEB),
bigeminy, ventricular tachycardia (VT) and ventricular fibrillation (VF) [modified from (Hornyik et al., 2020)]. *p < 0.05 inter-genotype comparison. (B) In vivo arrhythmia
development. (i.) Bar graphs of dofetilide-induced incidence (in %) and log duration of torsade de pointes (TdP) tachycardia in WT and LQT5 rabbits [modified from
(Major et al., 2016)]. *p < 0.05 inter-genotype comparison. (ii.) Episode of polymorphic TdP tachycardia in female LQT2 rabbit during propofol anesthesia (acquired
with telemetric ECG) [modified from (Odening et al., 2008)]. (iii.) Episode of dofetilide-induced pVT in male LQT1 rabbit during episode of alternating AV 2:1/3:1 block
[modified from (Odening et al., 2010)].
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translating findings based on data from experimental animal
models into humans.

Current animal models focus on the detection of repolarization
prolonging pro-arrhythmic effects. Drug-induced proarrhythmia
may, however, also occur upon pathologically pronounced
acceleration/shortening of cardiac repolarization (Malik, 2016).
Here, novel models such as the transgenic short QT syndrome
rabbit model (Odening et al., 2019), may be particularly useful for
the detection of these pro-arrhythmic drug properties.

Further improvement of current in silico proarrhythmia
screening capabilities by integrating experimental in vivo, whole
heart, cellular, and ion channel data into computational models are
highly warranted (Sager et al., 2014; Colatsky et al., 2016), and could
potentially lead to better assessment of mutation-specific aspects of
a wide range of cardiac channelopathies, since currently available
animal models mimicking cardiac channelopathies are very limited.

Importantly, the future use of patient-specific and/or disease-
specific human induced pluripotent stem cell derived
cardiomyocytes (iPSC-CM) has the potential to become a relevant
additional patient/disease-specific in vitro safety screening platform
Frontiers in Pharmacology | www.frontiersin.org 13234
to test the pro-arrhythmic potential of novel drug candidates
(Mehta et al., 2013; Sager et al., 2014; Colatsky et al., 2016).
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