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Abstract

The role of Ca2+-activated Cl− current (ICl(Ca)) in cardiac arrhythmias is still controversial. It can 

generate delayed afterdepolarizations in Ca2+-overloaded cells while in other studies incidence of 

early afterdepolarization (EAD) was reduced by ICl(Ca). Therefore our goal was to examine the 

role of ICl(Ca) in spatial and temporal heterogeneity of cardiac repolarization and EAD formation.

Experiments were performed on isolated canine cardiomyocytes originating from various regions 

of the left ventricle; subepicardial, midmyocardial and subendocardial cells, as well as apical and 
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basal cells of the midmyocardium. ICl(Ca) was blocked by 0.5 mmol/L 9-anthracene carboxylic 

acid (9-AC). Action potential (AP) changes were tested with sharp microelectrode recording. 

Whole-cell 9-AC-sensitive current was measured with either square pulse voltage-clamp or AP 

voltage-clamp (APVC). Protein expression of TMEM16A and Bestrophin-3, ion channel proteins 

mediating ICl(Ca), was detected by Western blot.

9-AC reduced phase-1 repolarization in every tested cell. 9-AC also increased AP duration in a 

reverse rate-dependent manner in all cell types except for subepicardial cells. Neither ICl(Ca) 

density recorded with square pulses nor the normalized expressions of TMEM16A and 

Bestrophin-3 proteins differed significantly among the examined groups of cells. The early 

outward component of ICl(Ca) was significantly larger in subepicardial than in subendocardial cells 

in APVC setting. Applying a typical subepicardial AP as a command pulse resulted in a 

significantly larger early outward component in both subepicardial and subendocardial cells, 

compared to experiments when a typical subendocardial AP was applied.

Inhibiting ICl(Ca) by 9-AC generated EADs at low stimulation rates and their incidence increased 

upon beta-adrenergic stimulation. 9-AC increased the short-term variability of repolarization also.

We suggest a protective role for ICl(Ca) against risk of arrhythmias by reducing spatial and 

temporal heterogeneity of cardiac repolarization and EAD formation.
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1. Introduction

In cardiac arrhythmias the regular electrical activity of the heart is altered. Some of these 

arrhythmias can be life-threatening tachyarrhythmias like torsades de pointes ventricular 

tachycardia (TdP) and ventricular fibrillation (VF). These tachyarrhythmias can result in 

sudden cardiac death which is the major cause of mortality in Europe and in the USA [1,2].

Cardiac action potentials (APs) characteristically differ between regions of the working 

myocardium. Inhomogeneity of repolarization is a peculiarity of even healthy myocardium 

and includes transmural dispersion of repolarization [3], the apico-basal gradient in 

repolarization [4] as well as different repolarization times in left versus right ventricular 

muscle [5]. This regional heterogeneity contributes to development of ECG waves [6] 

whereas the increase of this heterogeneity is considered to be arrhythmogenic by possible 

reentry formation [7,8].

QT interval prolongation is considered as a risk factor of cardiac arrhythmias as it promotes 

the development of the highly arrhythmogenic early afterdepolarizations (EADs) and TdP 

[9]. Short-term variability of repolarization has a higher predictive value than the extent of 

QT interval prolongation [10]. This temporal heterogeneity of repolarization can be 

measured on isolated cells and monitored as the variability of ventricular AP duration (APD) 

[11,12].
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Abnormalities of intracellular Ca2+ homeostasis (Ca2+ overload and spontaneous Ca2+ 

release from the sarcoplasmic reticulum (SR)) may also influence the onset of TdP [13]. 

Spontaneous SR Ca2+ release activates the Ca2+ removal mechanisms of the cell generating 

a transient inward current leading to membrane depolarization (delayed afterdepolarization, 

DAD) and triggered activity. The source of the transient inward current can be the Na+/Ca2+ 

exchange current (INCX) operating in forward mode or the activation of Ca2+-activated Cl− 

current (ICl(Ca)) [14,15].

ICl(Ca) is present in mammalian myocardium where it contributes to early repolarization [16] 

and to DAD formation at least in Ca2+-overloaded cells [15,17]. On the contrary, incidence 

of both EADs and DADs evoked by various stimulations was increased in the presence of 9-

anthracene carboxylic acid (9-AC), an inhibitor of ICl(Ca) in canine ventricular cells [18] 

suggesting an antiarrhythmic role for ICl(Ca). Similarly, ICl(Ca) may play an important role in 

the prevention of arrhythmias in acidosis in rabbit ventricular myocytes [19]. This however 

was not the case in an ovine EAD model where 4,4′-diisothiocyanostilbene-2,2′-disulfonic 

acid (DIDS), another inhibitor of ICl(Ca), barely had any action [20]. These conflicting 

results need further clarification to determine the pro-, or antiarrhythmic role of ICl(Ca).

The molecular identity of ICl(Ca) is still controversial but TMEM16A (also known as 

Anoctamin1 or Ano1) [21–23] and Bestrophins are the most likely candidates, the latter 

ones at least as the Ca2+-sensitive channel subunits [24]. More and more information is 

available on the physiological functions of TMEM16 in smooth muscle [25], neuronal and 

other tissues [26]. Moreover, TMEM16A is expressed in murine ventricle and it was 

confirmed to be responsible for ICl(Ca) in ventricular myocytes [27]. Previously we have 

confirmed the expression of TMEM16A and Bestrophin-3 on both canine and human 

isolated left ventricular cardiomyocytes [28]. It was also shown that these two proteins co-

localize with each other and Cav1.2 suggesting a direct control of ICl(Ca) by Ca2+ entry 

through L-type Ca2+ channels (LTCCs) in canine ventricular myocytes [28]. Although a 

previous publication found no evidence for the existence of ICl(Ca) in healthy human 

ventricular myocytes [29] but this was not confirmed later. Only two other publications used 

human cells but in both studies the examined cells were obtained from patients with end-

stage heart failure [20,30] and only extrapolated to healthy human tissue from the fact that 

heart failure does not change the density of ICl(Ca) in sheep ventricle [20].

The goal of our study was to assess the possible role of ICl(Ca) in spatial and temporal 

heterogeneity of cardiac repolarization using two techniques which are probably the closest 

to physiological conditions.

First, conventional sharp microelectrode recordings were performed to assess the role of 

ICl(Ca) on AP of cells isolated from various regions of the left ventricular myocardium 

(subepicardial, midmyocardial and subendocardial layers and the apical and basal parts of 

the midmyocardial layer). Second, action potential voltage-clamp (APVC) technique was 

used to record ICl(Ca) profiles as 9-AC-sensitive current (I9-AC) under experimental 

conditions designed to closely mimic physiological conditions (with preserved intracellular 

Ca2+ homeostasis). The normalized expression of TMEM16A and Bestrophin-3 proteins 
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were calculated from Western blot images performed on isolated myocytes obtained from 

the previously mentioned regions.

Our results indicate that ICl(Ca) reduces both regional (transmural and apico-basal) and 

temporal (short-term variability of APD) heterogeneity of repolarization suggesting an 

antiarrhythmic role for the current. Neither ICl(Ca) density recorded with square pulses nor 

the normalized expressions of TMEM16A and Bestrophin-3 proteins differed significantly 

among the examined cells of various origin. ICl(Ca) densities measured with APVC in 

subepicardial cells were larger than that in subendocardial ones probably due to the larger 

Ca2+ entry through LTCCs during subepicardial APs.

2. Methods

A detailed description of the applied methods including electrophysiology protocols, 

composition of solutions, molecular biological reagents, etc. is provided in the Online 

Supplement.

All animal handling and laboratory procedures conform to the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH publication no. 

85-23, revised 1996), and to our Institutional Animal Care and Use Committee approved 

protocols (license no. 10/2011/DEMÁB). Chemicals and reagents were purchased from 

Sigma-Aldrich Co. (St. Louis, MO, USA) if not specified otherwise. All experiments except 

for molecular biological techniques were performed at 37 °C and pH = 7.4.

Experiments were performed in enzymatically isolated myocytes obtained from various 

regions of the canine left ventricle. Following digestion, thin slices were peeled off from 

both epicardial and endocardial surfaces of the left ventricle containing subepicardial (EPI) 

and subendocardial (ENDO) cells, respectively. Midmyocardial (MID) cells were obtained 

from the middle portion of the left ventricular free wall. In separate experiments, cells were 

collected from the apical and basal parts of the midmyocardial layer of the left ventricular 

wall.

APs were measured with sharp microelectrode recording during steady-state stimulation. 

Ionic currents were recorded using conventional whole-cell voltage clamp and APVC 

techniques. In the latter case the cell’s own action potential was used as a command signal to 

record current profiles. ICl(Ca) was dissected using 0.5 mmol/L 9-AC and presented as I9-AC 

(Supplementary Fig. 1). 9-AC is suitable to study ICl(Ca) as it evoked maximal effect on AP 

in 0.5 mmol/L concentration and did not alter L-type Ca2+ current (ICa,L), IKr, the slow 

component of delayed rectifier K+ current (IKs), and the inward rectifier K+ current (IK1) 

[31]. Moreover, neither the transient outward K+ current (Ito1) nor the intracellular Ca2+ 

concentration ([Ca2+]i) was influenced by 0.5 mmol/L 9-AC (Supplementary Fig. 2). 

Furthermore, 9-AC-sensitive current recorded in rabbit myocytes was completely different 

from apamin-sensitive current (Supplementary Fig. 3) but identical to the CaCCinh-A01-

sensitive current (Supplementary Fig. 4) suggesting the lack of 9-AC action on small 

conductance Ca2+-activated K+ current (ISK) channels and the suitability of 9-AC for the 

study of ICl(Ca).
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Short-term variability of repolarization (SV) was evaluated from a series of 50 consecutive 

APs evoked by 1 Hz steady-state stimulation and presented in Poincaré diagrams to visualize 

drug-induced changes in SV as previously [12]. The overall probability of differences 

between consecutive APD90 values in each cell was averaged and plotted (Fig. 6E, F) to 

illustrate any changes in SV.

Protein expression of TMEM16A and Bestrophin-3 was detected by Western blot in samples 

obtained from the previously mentioned five types of isolated ventricular myocytes.

All values are presented as arithmetic means ± Standard Error of the Mean (SEM). The 

number of cells in each experimental group was reported in the figures, and the cells in each 

group came from at least three animals. Given the biological variability among cells, each 

cell was treated as independent in the statistical tests, although more cells could be obtained 

from the same animal. Statistical significance of differences was evaluated using one-way 

ANOVA to compare multiple groups and Bonferroni posttest was used for pairwise 

comparisons. Statistical significance of a treatment was evaluated using Student’s paired t-
test. Differences were considered significant when p was less than 0.05 and indicated with 

either asterisks or + symbols.

3. Results

3.1. The contribution of ICl(Ca) to the AP contour differs in various transmural layers of 
canine left ventricular myocardium

First the effect of ICl(Ca) inhibition achieved by 0.5 mmol/L 9-AC was evaluated in isolated 

myocytes obtained from various layers of the left ventricular anterior wall (Fig. 1). After the 

stabilization of the AP shape, APs were recorded in steady-state conditions starting with 5 s 

cycle length (CL), and then procedure was repeated using progressively smaller CLs in 

control solution. After recording steady-state APs at five different CLs the CL was changed 

back to 5 s and 9-AC was perfused. When the effect of 9-AC developed (typically 7–8 min) 

the AP recordings at changing CLs were repeated as before. Finally the washout of the 

inhibitor was performed to test the reversibility of 9-AC-induced AP changes.

9-AC reduced phase-1 repolarization of AP in all cell types studied (Fig. 1A-C, 1E). ICl(Ca) 

inhibition increased APD90 in MID and ENDO cells (Fig. 1A-B, F) but did not significantly 

change APD90 values of EPI cells (Fig. 1C, F). Action potential duration was altered by 9-

AC in a reverse rate-dependent manner in MID and ENDO cells (Fig. 1F). Every 9-AC-

induced change of AP parameters was reversible within the 10–15 min of washout (Fig. 1A-

C). Resting membrane potential (RMP) and Vmax values were not altered by 9-AC.

To study the possible reasons of the observed transmural differences of 9-AC-induced AP 

changes, 1 mmol/L 4-aminopyridine (4-AP, inhibitor of Ito1) was applied in EPI cells to 

reduce phase-1. This intervention altered the AP contour of EPI cells in a way that it became 

similar to APs of ENDO cells (Fig. 1D). The application of 9-AC in the continuous presence 

of 4-AP altered AP parameters the same way as it was observed in ENDO cells (Fig. 1E-G) 

namely 9-AC prolonged APD in 4-AP pretreated EPI cells. AP parameters (mean ± SEM 

values) measured in the absence and presence of 9-AC are summarized in Table 1.
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3.2. Apico-basal differences in 9-AC-induced changes of AP parameters

Similar experiments were performed on cells isolated from the apical and basal parts of the 

left ventricular midmyocardium. APD90 was increased while phase-1 repolarization was 

reduced by 9-AC similarly in both types of cells (Fig. 2). The reverse rate-dependent 

lengthening of AP was greater in basal cells and this difference was significant at 0.5 and 1 s 

CLs (Fig. 2D). In concordance with our results with cells isolated from various transmural 

layers, 9-AC had no influence on RMP and Vmax values and its effects on AP parameters 

were reversible (Fig. 2A, B). AP parameters (mean ± SEM values) measured in apical and 

basal cells are summarized in Table 2.

3.3. Equal ICl(Ca) densities, TMEM16A and Bestrophin-3 expression levels in 
cardiomyocytes obtained from various left ventricular regions

To examine the possible reason for the previously described differences in 9-AC-induced AP 

changes we looked for any potential differences in ICl(Ca) densities and protein expression 

levels of TMEM16A and Bestrophin-3, the most likely candidates responsible for ICl(Ca). 9-

AC-sensitive current densities were measured using conventional square pulses in cells of 

various origin of the left ventricle (Fig. 3A). ICl(Ca) densities were equal regardless of the 

origin of the studied cell. This was the case not only for the transmural (Fig. 3B) but also for 

the apico-basal (Fig. 3C) gradient. ICl(Ca) started to activate at −20 mV and had its highest 

value at +60 mV in all studied cell types (Fig. 3B, C) similarly to our earlier studies [28,31].

The expression levels of both TMEM16A and Bestrophin-3 were detected together with that 

of β-actin (Fig. 3D). Similarly to current densities, equal expression levels were observed for 

both TMEM16A and Bestrophin-3 when normalized to β-actin expression in all studied cell 

types (Fig. 3E).

Based on the square pulse voltage clamp data and protein expression results, the previously 

seen differential 9-AC-induced AP changes could not due to the differences in channel 

expression.

3.4. Transmural heterogeneity of ICl(Ca) profiles measured with APVC

To explain the cause of differences in 9-AC-induced AP changes among left ventricular cells 

of various origins we studied ICl(Ca) profiles, recorded as I9-AC, with APVC. Using this 

technique we could activate ICl(Ca) with the previously recorded own AP of each studied cell 

as voltage command to test the importance of AP contour in the activation of the current. 

Moreover, the pipette solution did not contain any calcium buffers or Ca2+ so [Ca2+]i was 

not altered artificially. I9-AC profiles were similar in dynamics in each cell type derived from 

various transmural regions of the left ventricular wall regardless of the marked and well-

known difference in the shape of the APs (Fig. 4A). I9-AC profiles consisted from an early, 

large, and fast outward component corresponding to phase-1 of APs followed by a late, 

small, and inward component (Fig. 4B). However, both the peak current density and the 

normalized total charge values of the outward component were statistically larger in EPI 

cells compared to ENDO ones (Fig. 4C, D).
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3.5. Dependence of ICl(Ca) profiles on the shape of the AP

To further investigate the possible reason for the greater current peak and total charge values 

measured in EPI cells with APVC and the markedly different actions of 9-AC on APs of EPI 

cells the following strategy was used. Typical ENDO and EPI APs (Fig. 5A and B, 

respectively) were selected and used as voltage commands in APVC experiments in both 

ENDO and EPI cells. The theory behind this experiment was to test the importance of the 

shape of the AP command waveform in activation of ICl(Ca). I9-AC profiles were very similar 

in dynamics with both stimulus waveforms in both ENDO cells (Fig. 5C) and EPI cells (Fig. 

5D). There was however a difference in the peak current density and total charge values of 

the early outward component as activating ICl(Ca) with EPI waveforms always resulted in 

larger values independent from which cell type was used to record ICl(Ca) (Fig. 5E, F).

3.6. Role of ICl(Ca) in EAD generation and short-term variability of repolarization (SV)

EAD is a depolarization occurring before complete repolarization, during the plateau phase 

of the AP and considered to be responsible for the initiation of malignant cardiac 

arrhythmias [32]. During our experiments 0.5 mmol/L 9-AC induced EADs in a small 

percentage of cells only at long CL stimulation (Fig. 6A, B). Increasing [Ca2+]i by the 

application of the non-specific β-adrenergic agonist isoproterenol (ISO, 10 nmol/L) did not 

evoke EADs at any studied CLs in the absence of 9-AC but the simultaneous application of 

the two compounds resulted in much higher EAD occurrence, especially at long CLs (Fig. 

6B).

The short-term variability of QT interval has a better predictive value regarding the 

development of cardiac arrhythmias than the duration of the QT interval itself [9,10]. As QT 

interval corresponds to the duration of ventricular AP, short-term variability of QT interval 

can be represented as short-term variability of AP duration (SV) on the cellular level. It must 

be emphasized that these experiments were done at 1 Hz steady-state pacing, therefore the 

recorded changes in either APD or SV could not be due to EAD occurrence. To better 

illustrate SV, Poincaré diagrams are usually plotted where either the duration of APs 

(APD90) or QT intervals are presented as a function of the previous APD90 or QT interval 

duration values. 9-AC increased APD90 whereas the addition of ISO abolished this AP 

prolongation (Fig. 6C). Average of SV values in the 24 studied cells was larger in the 

presence of 9-AC (3.1 ± 0.2 ms) but the addition of ISO reduced the SV to a smaller value 

(1.8 ± 0.2 ms) than that calculated in control condition (2.3 ± 0.1 ms) (inset of Fig. 6C). 

However, without 9-AC pretreatment ISO decreased SV to an even smaller value (1.4 ± 0.1 

ms) (inset of Fig. 6D). Even more importantly, upon evaluating the dispersion of differences 

in consecutive APD90 values in the presence of 9-AC the cumulative distribution curve was 

shifted toward greater beat-to-beat variability, indicating the increase of differences in 

consecutive APD90 values (Fig. 6E, F).

4. Discussion

4.1. Influence of ICl(Ca) on AP configuration and spatial heterogeneity of repolarization

Similarly to our previous study [31] 9-AC did not modify Vmax in any studied cell type 

(Tables 1 and 2) indicating its lack of action on fast Na+ current. This makes the drug 

Hegyi et al. Page 7

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suitable for studying the role of ICl(Ca) even during AP measurements. 9-AC prolonged APD 

in both ENDO and MID cells (Fig. 1A, B and F) in line with previous findings [18,31]. In 

EPI cells, however, there was no AP prolongation (Fig. 1C, F). This can be due to a possible 

shortening effect induced by IKr accumulation and also by a smaller Ca2+ influx in the 

absence of a pronounced spike and dome AP configuration [33]. This AP shortening seems 

to overcome the AP prolongation likely induced by 9-AC. Phase-1 repolarization was 

reduced by 9-AC in all studied cell types (Fig. 1A-E). Upon the reduction of phase-1 (by 

partial blockade of Ito1 achieved by 1 mmol/L 4-AP) the shape of the AP in EPI cells 

became similar to those of ENDO ones. When 9-AC was applied in this condition, changes 

of AP parameters became practically identical to those observed in ENDO cells (Fig. 1B, D-

F). These results suggest that the lack of 9-AC action on APD of EPI cells were due to the 

pronounced spike and dome configuration of AP created by the large Ito1 density in these 

cells [34]. This is in good agreement with the conclusion of Zygmunt et al. who suggested 

an important role for Ito1 in the activation of subsequent ion currents like ICl(Ca) and ICa,L 

[35].

Our results are in good agreement with an earlier study [36] despite the differences in the 

experimental conditions. Verkerk et al. used DIDS to inhibit ICl(Ca) in rabbit left ventricular 

myocytes measured with patch-clamp configuration while here 9-AC was applied during 

sharp microelectrode recording in canine left ventricular myocytes. Still, they found no AP 

prolongation in EPI cells except for the fastest stimulation rate of 3.33 Hz. Moreover, 

similarly to our observation, blockade of ICl(Ca) prolonged the AP in EPI cells at 1 Hz only 

when DIDS was applied in the presence of Ito1 inhibition [36]. A canine study reported 

similar findings to our results as APD was increased when phase-1 repolarization was slow 

and shallow (like in MID and ENDO cells) [35].

Blockade of ICl(Ca) prolonged APD of MID, ENDO and also 4-AP pretreated EPI cells in a 

reverse rate-dependent manner (Fig. 1F). This concurs with our previous findings about rate-

dependent changes of APD in canine [37] and in other mammalian species [38]. Moreover, 

two other factors might contribute to the 9-AC-induced, rate-dependent AP prolongation. 

One is the rate-dependent variation of [Ca2+]i as it was shown that [Ca2+]i is larger upon the 

increase of stimulation rate both during steady-state [31] as well as without steady-state 

[34]. Moreover, [Ca2+]i correlates well with ICl(Ca) measured as I9-AC with square pulses 

[31]. Another factor is the rate-dependent behavior of Ito1 density as the availability of its 

channels reduces at fast stimulation rates due to the relatively slow recovery from 

inactivation [34]. This is reflected in the fact that phase-1 showed rate-dependent properties 

in control conditions as it was larger at long CLs. Moreover, this rate-dependence was also 

present when ICl(Ca) was blocked by 9-AC in all five studied cell types (not shown). 

Therefore, the rate-dependence of phase-1 seems to be rather modulated by the recovery 

from inactivation kinetics of Ito1 than the magnitude of ICl(Ca). This emphasizes that reverse 

rate dependency is an intrinsic property of the myocardium [38]. Therefore, similarly to the 

study performed on rabbit cells [36] the role of ICl(Ca) in the reduction of transmural APD 

heterogeneity is more pronounced at slow heart rates. This makes the contribution of ICl(Ca) 

even more important as the heterogeneity of repolarization is the greatest at slow stimulation 

rates [39].
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Our study is the first to describe the apico-basal contribution of ICl(Ca) to AP configuration 

(Fig. 2). Our baseline AP parameters were similar to those published earlier [4] and 9-AC-

induced changes of AP parameters in the apico-basal direction were similar to those 

observed in the transmural direction. Again, the heterogeneity of AP repolarization was 

reduced by ICl(Ca) and this action was the strongest at slow stimulation rates (Fig. 2D).

4.2. Transmural difference in ICl(Ca) and its underlying ion channel proteins

I9-AC could be used to explore the contribution of ICl(Ca) to the AP in closely physiological 

conditions (without the application of intracellular Ca2+ buffering during APVC) [28]. 

Regional differences, however, were not studied previously with APVC despite some earlier 

studies where either a “typical” AP was applied as the command signal during perforated 

patch recording using nonspecific blockers to dissect ICl(Ca) [35] or 10 mmol/L EGTA was 

applied in the pipette solution interfering with physiological Ca2+ homeostasis [18]. The 

current density of I9-AC early outward component was statistically larger in EPI cells 

compared to what was recorded in ENDO ones (Fig. 4C, D). This EPI-ENDO difference was 

unexpected as a previous study did not report any transmural difference in ICl(Ca) density in 

the canine left ventricle [40]. It must be noted that the result of that study is in full 

agreement with our results as ICl(Ca) densities of EPI and MID cells were compared. ICl(Ca) 

was not studied in ENDO cells and conventional square pulses were used with the 

application of the nonspecific blocker (4-acetamido-4′-isothiocyanostilbene-2,2′-disulfonic 

acid) of the current [40]. Similarly, although 9-AC was used both during APVC and 

conventional voltage-clamp measurements, in the latter case no difference was found in 

ICl(Ca) densities of cells obtained from various transmural layers just as upon comparing 

midmyocardial cells from apical or basal origin (Fig. 3B, C). In line with this, the densities 

of TMEM16A and Bestrophin-3 proteins (two likely candidates for mediating ICl(Ca) [21–

24]) both normalized to β-actin were equal regardless of the origin of the samples (Fig. 3E). 

In contrast to present results, the amplitude of ICl(Ca) measured with square wave voltage 

clamp was significantly greater in feline epicardial cells compared to endocardial ones [41] 

suggesting a potential interspecies difference.

4.3. Larger ICl(Ca) density of EPI cells is determined by the contour of AP

The current density of I9-AC early outward component was statistically larger in EPI cells 

than that of ENDO ones in APVC conditions (Fig. 4C) and 9-AC induced AP prolongation 

in ENDO but not in EPI cells (Fig. 1F). On the contrary, I9-AC density was equal with square 

pulse voltage-clamp measurements (Fig. 4A). It must be noted that during square pulse 

measurements the stimulus waveform is quite different from the physiological one. Under 

APVC, however, the previously recorded, own AP was used for physiological stimulation on 

each studied cell. To test the hypothesis that the AP waveform could be responsible for the 

larger ICl(Ca) density of EPI cells we used two previously recorded characteristic ENDO 

(Fig. 5A) and EPI (Fig. 5B) AP waveforms. ENDO AP possessed only a slow and small 

phase-1 (Fig. 5A) whereas EPI AP had a rapid and large phase-1 followed by a pronounced 

dome (Fig. 5B). Observations were consistent with our hypothesis as the characteristic EPI 

AP waveform induced a larger early outward ICl(Ca) current than the ENDO AP waveform 

no matter whether the waveforms were applied on EPI or ENDO cells (Fig. 5C-F). These 

results can be explained based on what our group has previously found in case of the 
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nisoldipine-sensitive current on canine and human left ventricular myocytes [33,42]. It was 

shown that the charge carried by the nisoldipine-sensitive current was significantly larger 

during EPI AP compared to ENDO one [33]. This could result in a greater activation of 

ICl(Ca) during the early phase of the AP. It is hard to predict the exact mechanism as the 

membrane potential also influences the activation of ICl(Ca) beside the [Ca2+]cleft. Although 

the existence of a marked phase-1 during the EPI AP favors the entry of Ca2+ due to its 

increased driving force and the I–V characteristics of the LTCCs but this more negative 

membrane potential actually acts against Cl− influx. Nevertheless, it seems that the overall 

action of a more pronounced phase-1 (EPI AP) is the increase of the early outward 

component of ICl(Ca). This larger current is definitely not due to the increased density of 

channel proteins in EPI cells as the expression of TMEM16A and Bestrophin-3 was equal in 

both transmural and apico-basal direction (Fig. 4D). Although the expression level of 

Cav1.2, the pore-forming subunit of LTCCs was not studied in ENDO cells but it was equal 

in EPI and MID cells [43], similarly to the equal density of TMEM16A and Bestrophin-3 

described in the present study.

4.4. Influence of ICl(Ca) on temporal variability of cardiac repolarization and EAD formation

Prolongation of repolarization is considered as a risk factor of cardiac arrhythmias as it can 

lead to EADs and TdP [9]. The short-term variability of repolarization is considered to be 

even more important as a predictor of cardiac arrhythmias highlighted by a position 

statement and consensus guidance were endorsed by the European Heart Rhythm 

Association jointly with the ESC Working Group on Cardiac Cellular Electrophysiology 

recently [44].

According to the previously mentioned studies, any SV reducing intervention could have an 

antiarrhythmic property. It must be emphasized that all of our experiments where SV was 

calculated were done at 1 Hz steady-state pacing, therefore the recorded changes in either 

APD or SV could not be due to EAD occurrence. The application of 9-AC induced an 

increase in SV (inset of Fig. 6C) suggesting an antiarrhythmic role for ICl(Ca). This 

antiarrhythmic property of ICl(Ca) is further supported by the fact that EADs were detected 

upon the blockade of ICl(Ca) (in the presence of 9-AC, Fig. 6B). Another evidence supporting 

the antiarrhythmic role of ICl(Ca) is the even larger EAD incidence in the simultaneous 

presence of 9-AC and ISO. ISO is well known to increase [Ca2+]i and therefore most 

probably [Ca2+]cleft as well. This leads to a larger ICl(Ca) [28] which upon its blockade by 9-

AC leads to a greater EAD incidence (Fig. 6B).

The value of SV calculated with the formula used in this study and also in earlier 

publications [12,45] is not necessarily the most sensitive way to indicate if the APD of only 

a few beats greatly differ from the average. This is especially the case when the APD of 50 

consecutive APs are used. However, a large, sudden change in consecutive APD values 

occurring in a non-uniform manner in cells of various origins within the myocardium will 

more effectively trigger an arrhythmic event than a gradual and simultaneous increase in 

APD during the development of the action of a drug [8]. Therefore the difference between 

consecutive APD values were grouped in ms ranges and the overall probability of their 

appearance was calculated (Fig. 6E, F) in order to detect any unusually short or long AP 
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among the 50 analyzed one more easily. Using this analysis, 9-AC shifted the curve to the 

right, indicating an increase of differences between consecutive APD values, hence an 

arrhythmogenic effect. Moreover, the protective effect of ISO was smaller in the presence of 

9-AC as the leftward shift of the curve by ISO was greater in the absence than in the 

presence of 9-AC. Similarly, in the presence of ISO the value of SV was smaller when 9-AC 

was not applied (Fig. 6G). Therefore it seems that ICl(Ca) contributes to the ISO induced 

reduction of SV. These results all support a protective role of ICl(Ca) against cardiac 

arrhythmia together with the previously mentioned spatial reduction of APD heterogeneity.

Our previous study is congruent with the current results as a protective role of ICl(Ca) was 

suggested in cesium and ouabain induced canine ventricular myocyte EAD model as well 

[18]. In contrast, on sheep ventricular cells DIDS barely had any action on parameters of 

EADs [20]. Apart from the different species, the ovine study used norepinephrine to provoke 

EADs and studied the action of DIDS, a non-specific blocker of ICl(Ca) which also inhibits 

Na+ channels [31] on various parameters of EADs. In the current study, however, EADs 

were not provoked but their incidence was studied in the absence or presence of 9-AC, a 

more specific blocker of ICl(Ca). Due to these differences it is rather hard to compare these 

studies.

It must be mentioned that DAD formation can also provoke cardiac arrhythmias by initiating 

TdP [13]. DADs can be produced not only by the forward mode INCX but also by ICl(Ca) at 

least in some species and cell types. Indeed, it was shown that activation of ICl(Ca) can be 

responsible for DAD generation in Ca2+-overloaded canine ventricular [15], rabbit atrial, 

ventricular and Purkinje [14] and ovine Purkinje and ventricular [46] cells. The presence of 

ISO-induced chloride current (and DADs) was not detected in canine ventricular cells [47] 

but in the same experimental conditions a membrane depolarization was described in 

isolated guinea pig ventricular myocytes [47]. It might be that the application of 1 μmol/L 

ISO for 20 s was not enough to induce Ca2+ overload in canine cells, hence activation of 

ICl(Ca) and DADs in that study [47]. Similarly, we did not detect any DADs during our 

experiments even in the presence of ISO, indicating that 10 nmol/L ISO does not induce 

Ca2+ overload in canine ventricular myocytes. It was possible to generate DADs by 

overloading canine cells with Ca2+ using ISO, but it had to be applied in 100 times higher 

dose together with ouabain [17].

4.5. Summary and potential relevance

The major findings of the present study suggest a protective role for ICl(Ca) against risk of 

arrhythmias in the canine left ventricular myocardium. ICl(Ca) achieves this by the reduction 

of both spatial and temporal heterogeneity of repolarization. As it was suggested earlier 

inhibition of ICl(Ca) could be useful to reduce the Ca2+ overload induced DADs. At the same 

time, however, the blockade of ICl(Ca) might increase the risk of cardiac arrhythmias by 

increasing spatial and temporal heterogeneity of repolarization and EAD formation. As it 

was shown the incidence of EAD formation was even higher when the blockade of ICl(Ca) 

was established in the presence of ISO. Therefore, in a clinical setting where β-blockers are 

applied to reduce the heart rate and Ca2+ overload, antiarrhythmic action of ICl(Ca) could be 
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even more pronounced as ICl(Ca) reduces APD heterogeneity at slow heart rates more 

effectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

4-AP 4-aminopyridine

9-AC 9-anthracene carboxylic acid

AP action potential

APD action potential duration

APD90 action potential duration at 90% of repolarization

APVC action potential voltage-clamp

Cav1.2 pore forming subunit of L-type Ca2+ channel

[Ca2+]cleft Ca2+ concentration in the dyadic cleft

[Ca2+]i intracellular Ca2+ concentration in bulk cytoplasm

CL cycle length

DAD delayed afterdepolarization

DIDS 4,4′-diisothiocyanostilbene-2,2′-disulfonic acid
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EAD early afterdepolarization

ENDO subendocardial cell

EPI subepicardial cell

I9-AC 9-anthracene carboxylic acid-sensitive current

ICa L, L-type Ca2+ current

ICl(Ca) Ca2+-activated Cl− current

IK1 inward rectifier K+ current

IKr rapid component of delayed rectifier K+ current

IKs slow component of delayed rectifier K+ current

INCX Na+/Ca2+ exchange current

ISK small conductance Ca2+-activated K+ current

Ito1 transient outward K+ current

ISO isoproterenol

LQT2 type 2 long QT syndrome

LTCC L-type Ca2+ channel

MID midmyocardial cell

RMP resting membrane potential

SR sarcoplasmic reticulum

SV short-term variability of repolarization

TdP torsades de pointes ventricular tachycardia

Vmax maximal rate of depolarization
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Fig. 1. 
The contribution of ICl(Ca) to the AP contour differs in various transmural layers of canine 

left ventricular myocardium. Representative APs recorded in control conditions (black), in 

the presence of 0.5 mmol/L 9-anthracene carboxylic acid (9-AC) (red) and after washout 

(blue) in cells obtained from midmyocardium (A, MID), subendocardium (B, ENDO) and 

subepicardium (C, EPI). Panel D shows a representative experiment where 9-AC was used in 

the presence of 1 mmol/L 4-aminopyridine (4-AP) in an EPI cell. 9-AC-induced changes in 

phase-1 (E) and APD90 (F) are shown in various cell types and conditions as indicated by 

the symbols. Symbols and bars represent mean ± SEM values, n shows the number of 

experiments. On panel E every 9-AC induced change in phase-1 was statistically significant. 

Hegyi et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2018 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



On panels F asterisks denote 9-AC-induced significant changes while + signs indicate 

significant difference between EPI and EPI in the presence of 4-AP. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 2. 
Apico-basal differences of 9-AC-induced AP changes. Reversible AP changes induced by 9-

AC in cells obtained from apical (A) and basal cells (B) of canine left ventricular 

midmyocardium. Frequency-dependent changes in phase-1 (C) and APD90 (D) were 

measured in apical (squares) and basal cells (circles). Symbols and bars represent mean ± 

SEM values. Asterisks denote significant 9-AC-induced changes. + signs indicate significant 

difference between apical and basal cells, n shows the number of experiments.
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Fig. 3. 
Regional ICl(Ca) densities and normalized expression levels of TMEM16A and Bestrophin-3. 

Representative 0.5 mmol/L 9-AC-sensitive currents (I9-AC) evoked with the stimulation 

protocol shown on the right side (A). Voltage dependence of I9-AC measured in cells 

obtained from various left ventricular layers (B) and from apical and basal regions of the left 

ventricular midmyocardium (C) using conventional square pulses. Representative Western 

blot images (D) showing expression of TMEM16A, Bestrophin-3, and β-actin (from top to 

bottom). Densitometrical values of TMEM16A (empty columns) and Bestrophin-3 (striped 

columns) both normalized to β-actin (E). Columns and bars indicate mean ± SEM values, n 

shows the number of experiments.
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Fig. 4. 
Transmural variation of ICl(Ca) profiles obtained with AP voltage-clamp recordings. 

Representative APs obtained in EPI, MID, and ENDO cells from left to right (A) and the 

corresponding ICl(Ca) profiles (B) recorded as 0.5 mmol/L 9-AC-sensitive currents (I9-AC) 

are illustrated. I9-AC peak densities (C) and total charges (D) measured during outward 

(white columns) and inward currents (black columns). Columns and bars indicate mean ± 

SEM values, asterisks denote significant differences between EPI and ENDO, n shows the 

number of experiments.
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Fig. 5. 
AP configuration dependent ICl(Ca) profiles measured with APVC conditions. Typical 

ENDO (A) and EPI (B) APs used as voltage commands in cells obtained from both ENDO 

and EPI layers. ICl(Ca) profiles recorded as 0.5 mmol/L 9-AC-sensitive currents (I9-AC) in 

ENDO (C) and EPI cell (D) using the two typical AP waveforms. I9-AC peak densities (E) 

and normalized total charges (F) measured during outward (white columns) and inward 

currents (black columns) by the indicated waveforms on given cell types. Columns and bars 

show mean ± SEM values. Asterisks denote significant differences between EPI and ENDO 

AP evoked I9-AC parameters, n shows the number of experiments.
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Fig. 6. 
Contribution of ICl(Ca) to the short-term variability of repolarization (SV) and formation of 

early afterdepolarization (EAD). Representative APs recorded at 0.5 Hz pacing rate in the 

simultaneous presence of 0.5 mmol/L 9-AC and 10 nmol/L isoproterenol (ISO) (A). 

Occurrence of EAD in the presence of 9-AC alone (red diamonds), ISO alone (pink stars) 

and in the simultaneous presence of 9-AC and ISO (blue triangles) as a function of steady-

state CL (B). Representative Poincaré plots generated from 50 consecutive APs recorded in 

control (black squares), 9-AC (red diamonds) and in 9-AC + ISO (blue triangles) (C). On the 

inset of panel C the average SV values are shown. Representative Poincaré plots generated 

from 50 consecutive APs recorded from another cell in control (black squares) and in the 

presence of ISO (pink stars) and average SV values in the inset (D). Overall probability of 

consecutive APD90 differences generated from 24 measurements in control (black squares), 

9-AC (red diamonds), and in 9-AC + ISO (blue triangles) conditions (E). Overall probability 

of consecutive APD90 differences generated from 13 measurements in control (black 

squares) and ISO (pink stars) (F). Columns, symbols and bars indicate mean ± SEM values. 
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Asterisks denote significant difference from control, n shows the number of experiments. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Table 2

AP parameters at 1 Hz stimulation rate in cells obtained from apical and basal cells.

Apical (n = 15) Basal (n = 13)

Control 9-AC Control 9-AC

APD90 (ms) 234 ± 9 252 ± 10 252 ± 12 282 ± 11

phase-1 (mV) 26.3 ± 2.4 16.1 ± 2.5 23.1 ± 2.0 14.0 ± 2.4

RMP (mV) −82.6 ± 0.7 −81.6 ± 0.7 −81.3 ± 0.8 −81.4 ± 0.9

Vmax (V/s) 205 ± 7 202 ± 8 176 ± 8 174 ± 9
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