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Abstract

Background—Small-conductance calcium (Ca2+)-activated potassium (SK) channels play 

complex roles in cardiac arrhythmogenesis. SK channels colocalize with L-type Ca2+ channels, 

yet how this colocalization affects cardiac arrhythmogenesis is unknown.

Objective—To investigate the role of colocalization of SK channels with L-type Ca2+ channels in 

promoting J-wave syndrome and ventricular arrhythmias.

Methods—We carried out computer simulations of single-cell and tissue models. SK channels in 

the model were assigned to preferentially sense Ca2+ in the bulk cytosol, subsarcolemmal space, or 

junctional cleft.

Results—When the SK channels sense Ca2+ in the bulk cytosol, the SK current (ISK) rises and 

decays slowly during an action potential, the action potential duration (APD) decreases as the 

maximum conductance increases, no complex APD dynamics and phase-2 reentry can be induced 

by ISK. When the SK channels sense Ca2+ in the subsarcolemmal space or the junctional cleft, ISK 
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can rise and decay rapidly during an action potential in a spike-like pattern due to spiky Ca2+ 

transients in these compartments, which can cause spike-and-dome action potential morphology, 

APD alternans, J-wave elevation, and phase-2 reentry. Our results can account for the experimental 

finding that activation of ISK induced J-wave syndrome and phase-2 reentry in rabbit hearts.

Conclusions—Colocalization of SK channels with L-type Ca2+ channels so that they 

preferentially sense Ca2+ in the subsarcolemmal or junctional space may result in a spiky ISK, 

which can functionally play a similar role of Ito in promoting J-wave syndrome and ventricular 

arrhythmias.
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SK channel; J-wave syndrome; alternans; phase-2 reentry; computer modeling

Introduction

Small-conductance Ca2+-activated K+ (SK) channels are widely expressed in a variety of 

cell types and play multiple biological roles, particularly in the nervous system where they 

regulate neuronal firing.1 The SK current (ISK) is also present in atrial and ventricular 

myocytes under normal and diseased conditions.2–9 Depending on experimental conditions, 

both proarrhythmic and antiarrhythmic effects of ISK have been identified in experiments 

using apamin, a selective SK channel blocker. However, the underlying mechanisms are not 

well understood.

ISK is activated by intracellular Ca2+ with a fast time constant on the order of a few 

milliseconds,10–13 and thus its rising and decaying time course tracks the intracellular Ca2+ 

transient. Moreover, studies have found that SK channels colocalize with L-type Ca2+ 

channels (LCCs) in ventricular myocytes 4, 5, 7 such that the SK channels may be transiently 

exposed to a much higher Ca2+ in the submembrane space when the nearby LCCs and 

ryanodine receptors (RyRs) open. This may make ISK a transient current, similar to the 

transient outward K+ current (Ito). In agreement with this view, spike-like ISK has been 

observed in ventricular myocytes under voltage clamp conditions.7, 14 In a recent 

experimental study, Chen et al15 discovered that rabbit hearts exposed to a drug that 

activates ISK while simultaneously inhibiting the Na+ current (INa) developed a J-wave 

syndrome leading to phase-2 reentry (P2R) and ventricular arrhythmias. Since Ito, the 

current most commonly implicated in P2R, is very small in rabbits at normal heart rates, we 

hypothesized that the arrhythmogenic J-wave syndrome in the rabbit hearts was related to 

the Ito-like properties of the activated ISK.

To test this hypothesis, we carried out computer simulations of single myocyte and one-

dimensional (1D) cable models to investigate the effects of ISK and its subcellular 

localization on action potential (AP) morphology and P2R. In single myocytes, we 

investigated the influence of the subcellular localization of SK channels on AP morphology 

and complex action potential duration (APD) dynamics. In 1D cable simulations, we 

simulated the effects of ISK and its subcellular localization on J-wave properties and P2R. 

Our main conclusion is that colocalization of the SK channels with the LCCs results in ISK 
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properties that can result in J-wave syndrome and potentiate ventricular arrhythmias via 

promoting T-wave alternans and P2R.

Methods

Modeling ISK

Komendantov et al16 used a ISK formulation to study neuronal firing as follows:

ISK = GSK
1

1 + Kd
[Ca]

4 V − EK .
(1)

Here we modified the ISK formulation of Komendantov et al to include a time-dependent 

gating variable, i.e.,

ISK = GSKxSK V − EK (2)

where GSK is the maximum conductance and EK the K+ reversal potential. xSK is the time-

dependent gating variable described by

dxSK
dt = xSK, ∞ − xSK

τSK
(3)

where xSK,∞ is a Hill function of Ca2+, i.e.,

xSK, ∞ = 1

1 + Kd
[Ca]SK

n (4)

where [Ca2+]SK is the Ca2+ concentration sensed by SK channels. In Eq.4, n is the Hill 

coefficient, which we set at n=4, in the range from 2 to 6 as measured in experiments.
3, 10–13, 17 Thus when Τsk=0, Eq.2 is identical to Eq.1. The reported experimental Kd is in the 

sub-μM range.3, 10–13, 17 For example, Chua et al3 found Kd=0.5 μM for normal ventricle 

and Kd=0.3 μM for failing ventricles. However, we will use different Kd for the different SK 

localizations, as discussed in more detail in the Discussion section.

As for Τsk, we plotted experimental data in Fig. 1 from different experiments (in different 

symbols).10–13 Using their multi-state Markovian SK channel model, Hirschberg et al10 

showed that Τsk exhibits an inverse linear relationship with [Ca2+]. In other words, Τsk can be 

represented by a Hill function with Hill coefficient of 1. Based on this observation, we 

formulated Τsk as

τSK = τ0 + τ1

1 + [Ca]SK
0.1

(5)

A plot of this function for τ0=4 and τ1=20 is shown in Fig.1, which is well within the range 

of the experimental data.
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In this study, we used the Shannon-Bers rabbit ventricular AP model18 which has three 

cytosolic Ca2+ compartments: bulk cytosolic compartment, subsarcolemmal compartment, 

junctional cleft. The corresponding Ca2+ concentrations in the three compartments are 

abbreviated as [Ca2+]i, [Ca2+]SL, and [Ca2+]jct, respectively. These concentrations will be 

used for [Ca2+]SK in Eqs.4 and 5 when the SK channels sense Ca2+ in the different 

compartments.

Single-cell model

Simulations of single cells were carried out using the following differential equation:

Cm
dV
dt = − Iion + Isti (6)

where V is the voltage and Cm=1 μF/cm2 is the membrane capacitance. The ionic current 

Iion was from the Shannon-Bers rabbit ventricular AP model,18 with the original Matlab 

code downloaded from the website: https://somapp.ucdmc.ucdavis.edu/Pharmacology/bers/.

1D cable model

1D cables were described by the following partial differential equation for voltage:

∂V
∂t = − Iion

Cm
+ D∂2V

∂x2 (7)

where D=0.001 cm2/ms is the diffusion constant describing the strength of gap junction 

coupling. The pseudo-ECG was calculated as:

ECG = ∫
0

3 cm
D ∇V ⋅ ∇ 1

r dx (8)

where r = x − xp
2 + yp2 and x is a point in the cable and (xp,yp)=(2.28 cm, 1 cm) is the 

location of the pseudo-ECG electrode.

Numerical methods

Single cell simulations were performed using a forward Euler method with a fixed time step 

Δt = 0.005 ms. 1D cable simulations were performed using CUDA, a programming language 

designed for graphical processing units, and a forward Euler method with a fixed time step 

Δt = 0.005 ms. The cable consists of 200 cells, and the cell length corresponding to the 

spatial step is Δx = 0.015 cm. No-flux boundary conditions were used.

Results

SK channel localization and ISK properties

Figs.2 A–C show an AP and the corresponding Ca2+ transients from the different cytosolic 

compartments of the Shannon-Bers model. The bulk cytosolic Ca2+ transient peaks at 0.5 

μM (Fig.2A), the subsarcolemmal Ca2+ peaks at 8 μM and becomes spikier (Fig.2B), and the 

junctional Ca2+ reaches as high as 150 μM and is much spikier (Fig.2C). We then 
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investigated the effects of SK channel localization on ISK properties under an AP clamp 

condition using the AP waveform in Fig.2A. Figs.2 D–F show ISK versus time for different 

Kd (upper panels) and peak ISK versus Kd (lower panels) for SK channels sensing Ca2+ in 

different compartments, labeled as SK-[Ca2+]i, SK-[Ca2+]SL, and SK-[Ca2+]jct, respectively. 

When the SK channels sense Ca2+ in the bulk cytosolic compartment, ISK is broad and the 

amplitude decreases by half when the Kd increases to 0.5 μM. When the SK channels sense 

Ca2+ in the subsarcolemmal compartment, ISK is broad when the Kd is low but becomes 

narrower as the Kd increases. The amplitude of ISK does not decrease until the Kd reaches 2 

μM and by half when the Kd increases to 7.5 μM. When the SK channels sense Ca2+ in the 

junctional cleft, ISK behaves similarly to when the SK channels sense Ca2+ in the 

subsarcolemmal compartment. However, a much higher Kd is required. The amplitude of ISK 

does not decrease until Kd increases to 10 μM and by half when the Kd increases to 90 μM. 

Note that the current densities and width of the current profiles in Figs.2 E and F are in the 

same ranges as the experimental data shown by Terentyev et al.7, 14

Effects of ISK on AP morphology

We next carried out simulations to show how ISK properties affect the AP morphology 

(Fig.3). When the Kd is low (upper panels in Fig.3), increasing GSK shortens APD and the 

AP becomes more and more triangular for the SK channels sense Ca2+ in anyone of the 

three compartments. When the SK channels sense Ca2+ in the bulk cytosolic compartment, 

changing the Kd does not change the AP properties. However, when the SK channels sense 

Ca2+ in the subsarcolemmal compartment or the junctional cleft, spike-and-dome 

morphology and lengthening of APD occur when GSK was increased to a certain value. 

When GSK increases further, the APD suddenly shortens to a very short value. These AP 

behaviors are the same as those induced by Ito as shown in many of the previous studies.
19–21

ISK promotes APD alternans and chaos

We examined the effects and the subcellular localization of SK channels on APD dynamics 

(Fig.4). When the Kd is low, increasing GSK decreases APD but the AP is always stable 

independent of the SK channel localization. When the SK channels sense Ca2+ in the bulk 

cytosolic compartment, changing the Kd does not induce any complex AP dynamics. But 

when the SK channels sense Ca2+ in the subsarcolemmal compartment or the junctional cleft 

and the Kd is large so that ISK is spiky, APD alternans and more complex APD dynamics 

occur. Notably, these types of APD dynamics can also be induced by Ito as previously 

demonstrated in both computational and experimental studies.20–23

ISK promotes J-wave syndrome and P2R

To examine whether ISK can promote J-wave syndrome and P2R in tissue, we simulated 1D 

cables of 200 cells. Heterogeneity was simulated by increasing GSK in half of the cable. The 

cable was paced from the endocardial side (top) and pseudo-ECGs were recorded on the 

epicardial side (bottom). When the SK channels sense Ca2+ in the bulk cytosolic 

compartment (Fig.5A), increasing GSK results in a large upright T-wave but only has a small 

effect on elevating the J-point. Changing the Kd does not affect this behavior. When the SK 

channels sense Ca2+ in the subsarcolemmal compartment or the junctional cleft, if the Kd is 
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low, we also observed the same behavior. However, when the Kd is large (Figs.5 B and C), 

increasing GSK elevates the J-point and eventually promotes P2R. Note that in addition to 

elevation of the J-point, the ECG becomes coved, which is a characteristic ECG behavior in 

Brugada syndrome.24

We scanned GSK, Kd, and τSK for P2R in the 1D cable model. When the SK channels sense 

Ca2+ in the bulk cytosolic compartment, we cannot find P2R in this 1D cable model. When 

the SK channels sense Ca2+ in the subsarcolemmal compartment (Fig.6A) or the junctional 

cleft (Fig.6B), P2R can be observed for certain combinations of the two parameters. P2R is 

suppressed by increasing the activation time constant (Figs. 6 C and D).

Discussion

ISK is present in both atrial and ventricular myocytes under normal and diseased 

conditions2, 3, 6, 8, 9 and has been shown to be proarrhythmic in some settings and 

antiarrhythmic in others.3, 6, 8, 9, 25, 26 Recently, pharmacologic ISK activation with 

simultaneous INa suppression was shown to induce a J-wave syndrome leading to ventricular 

arrhythmias in isolated rabbit hearts.15 Although Ito is thought to play a key role in J-wave 

syndrome,24 rabbits have almost no Ito at physiological heart rates due to its slow recovery 

from inactivation. This suggests that ISK may have substituted for Ito due to its similar 

transient behavior as it tracks the intracellular Ca2+ transient. In this study, we used 

computer modeling to investigate the conditions under which ISK may substitute for Ito to 

produce Ito’s hallmark arrhythmogenic features of spike-and-dome AP morphologies,19–21 

APD alternans, complex APD dynamics,21–23 and P2R in cardiac tissue.27–29 We show that 

when the SK channels sense Ca2+ in the subsarcolemmal or the junctional spaces where 

intracellular Ca2+ transient is spiky, ISK rises and decays rapidly like Ito to promote J-wave 

syndrome and P2R.

Thus, our study provides mechanistic insight into the experimental findings reported in 

isolated rabbit hearts that ISK induced an arrhythmogenic J-wave syndrome, despite the 

functional absence of significant Ito. The results from our study suggests that ISK may 

synergize with Ito to cause all-or-none early repolarization and its arrhythmogenic 

consequences in human early repolarization syndromes such as the Brugada syndrome. Most 

of the experimental studies of P2R have been carried out in canine hearts23, 27, 30 which have 

an unusually high Ito density in the right ventricular epicardium. Experimentally, P2R has 

been much more difficult to induce in other species. For example, Park et al31 attempted 

unsuccessfully to create a pig model of Brugada syndrome by engineering a human-

homologous loss-of-function SCN5A mutation, suggesting that Ito density in the pig was not 

high enough to recapitulate the Brugada syndrome phenotype. Therefore, in the setting of 

low or reduced Ito, activation of ISK can promote J-wave syndrome and arrhythmias, as in 

the rabbit experiments by Chen et al.15

Limitations

Several limitations are worth mentioning. Our simulations show that J-wave syndrome and 

P2R occur when the SK channels sense Ca2+ in the junctional cleft or the submembrane 

space such that they are transiently exposed to much higher [Ca2+] when LCCs and RyRs 
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open. However, our simulations also show that in order to produce a spiky enough ISK for 

P2R, a higher Kd than experimentally estimated values in the sub-μM range is required.
3, 10–13, 17 Kd is the Ca2+ concentration at which ISK is half-maximally activated, and thus a 

lower Kd indicates that the SK channel is more sensitive to Ca2+. Since the Ca2+ 

concentrations in the junctional cleft or the subsarcolemmal space is much higher than 1 μM, 

ISK amplitude may become saturated during the AP if the Kd is in the sub-μM range (see 

Fig.2), blunting the spikiness too much for J-wave elevation and P2R to occur. However, 

experimental studies by Terentyev et al have shown that ISK is much spikier than the bulk 

Ca2+ transient 7, 14. Possible explanations are that: 1) the actual Kd of SK channels in 

cardiac myocytes is higher than the measured apparent Kd assessed from bulk Ca2+ 

concentration, perhaps due to modulation of the Kd by accessory proteins in the junctional 

cleft, or 2) ISK is activated by sub-μM and then inactivated by supra-μM Ca2+ concentration 

levels in the submembrane or junctional cleft. Evidence of inactivation or inhibition of ISK at 

supra-μM Ca2+ has been demonstrated in experiments.14, 32

Furthermore, simulation results can be model specific, and we only used the Shannon-Bers 

model in this study. For example, our simulations could substantially overestimate the Kd 

due to the very high Ca2+ concentrations in the junctional cleft or the subsarcolemmal space 

of the model. In an experimental study of rabbit ventricular myocytes by Weber et al 33, the 

measured Ca2+ concentration in the subsarcolemmal space is about 3- to 4-fold higher than 

the bulk cytosolic Ca2+ concentration. However, in the Shannon-Bers model, the 

subsarcolemmal Ca2+ concentration is 16-fold higher and the junctional cleft Ca2+ 

concentration is 300-fold higher than the bulk Ca2+ concentration (see Fig.2). This may 

result in a several-fold overestimation of the critical Kd for P2R.

Another limitation is that the ISK conductance needed for P2R in our simulations is much 

larger than experimentally measured values in ventricular myocytes under physiological or 

pathophysiological conditions.3, 14, 34 This raises an issue whether ISK was indeed 

responsible for P2R in the rabbit experiments by Chen et al.15 One possibility is that in these 

experiments ISK was activated by drugs, which could be strong enough for P2R to occur. 

Another plausible explanation is that besides ISK, there are other outward transient currents, 

which combine additively with ISK to result in a total transient outward current that is strong 

enough to potentiate P2R. For example, experimental measurements show that the Ca2+-

activated chloride current (ICl) is also a spiky transient outward current,34, 35 and is present 

in pig and rabbit ventricular myocytes. Therefore, ISK alone may be not strong enough to 

induce P2R in the rabbit experiments by Chen et al, but it may combine with ICl to 

potentiate P2R. To demonstrate this possibility, we carried out the same 1D cable 

simulations as in Figs.5 and 6, and showed that increasing GCl decreased the GSK threshold 

for P2R (Fig.7), indicating that the two currents are complementary to each other in 

promoting P2R. Similar to the limitations for the critical Kd discussed above, the critical 

current magnitude for P2R may also be model-dependent, which needs to be validated by 

simulations of other models or by real experiments.

Nevertheless, the key property that ISK is able to promote J-wave syndrome and ventricular 

arrhythmias is its spike-like behavior, which has indeed been shown in experimental 

measurements in ventricular myocytes.7, 14, 34 The spikiness of ISK may depend on many 
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factors, such as Ca2+ transient profile, SK channel localization, Kd of SK channel activation, 

and activation time constant. The insights from our simulations provide a potential 

mechanism of J-wave syndrome and arrhythmogenesis in the experiments by Chen et al15 

and may be helpful for further experiments to reveal the roles of ISK in promoting J-wave 

syndrome and arrhythmogenesis.

Conclusions

SK channels, which colocalize with LCCs in ventricular myocytes, may give rise to a spike-

like ISK due to the SK channels sensing a spiky Ca2+ transient in the junctional cleft or 

subsarcolemmal space. ISK can functionally play the role of Ito or combine together with 

other transient outward currents, such as Ito or ICl, to result in J-wave syndrome and 

potentiate ventricular arrhythmias by promoting T-wave alternans and P2R.
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Figure 1. τsk versus intracellular Ca2+ concentration.
Different symbols are data from different experiments.10–13 The line is a plot of the 

mathematical model Eq.6 with τ0=4 ms and τ1=20 ms.
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Figure 2. Ca2+ transients in different compartments of the Shannon-Bers model and dependence 
of ISK properties on SK channel localization.
A. Dash line is the AP in the Shannon-Bers rabbit ventricular AP model 18. Solid line is the 

bulk cytosolic Ca2+ concentration ([Ca2+]i) during the AP. B. Subsarcolemmal Ca2+ 

concentration ([Ca2+]SL) during the AP. C. Junctional Ca2+ concentration ([Ca2+]jct) during 

the AP. D. ISK under AP clamp using the AP in A for different Kd values when the SK 

channels sense the bulk cytosolic Ca2+ (labeled as SK-[Ca2+]i). E. Same as A when the SK 

channels sense the subsarcolemmal Ca2+ (labeled as SK-[Ca2+]SL). F. Same as A when the 

SK channels sense the junctional Ca2+ (labeled as SK-[Ca2+]jct). Gsk=0.25 pS/pF.
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Figure 3. Effects of ISK on AP morphology.
Shown are APs and ISK for different Kd and GSK as labeled. The unit of Gsk is mS/μF. A. 

SK-[Ca2+]i. B. SK-[Ca2+]SL. C. SK-[Ca2+]jct.
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Figure 4. ISK promotes complex APD dynamics.
A. APD and peak ISK versus GSK for SK-[Ca2+]i with Kd=0.5 μM. B. APD and peak ISK 

versus GSK for SK-[Ca2+]SL with Kd=5 μM. C. APD and peak ISK versus GSK for SK-

[Ca2+]jct with Kd=50 μM. In these panels, which are called bifurcation diagrams, APDs and 

peak ISK from 60 beats are plotted for each GSK values. The cells are paced with a pacing 

cycle length 1000 ms. D. Voltage trace, [Ca2+]i, and ISK for Gsk=0.25 mS/μF for the case in 

C showing stable APD. E. Voltage trace, [Ca2+]i, and ISK for Gsk=1 mS/μF for the case in C 

showing a period-3 behavior (an ABCABC... pattern in AP morphology and APD). Similar 

period-3 patterns was observed in experiments by Lukas and Antzelevitch22 and by Morita 

et al23, which were known to be caused by Ito.
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Figure 5. Isk promotes J-wave elevation and P2R in a 1D cable with transmural heterogeneities.
The cable length is 200 cells. Gsk was set to 0 in the first half of the cable (100 cells, 

magenta) and a nonzero value (as labeled in each panel) uniformly in the second half 

(black), which was then increased to increase the heterogeneity. For all the 1D cable 

simulations, a single stimulus was given (t=0 ms) after the system reached the steady-state 

resting state. Upper panels: 3D (V-space-time) plots of voltage for three different Gsk. Lower 

panels: Pseudo-ECGs for each case. Arrows mark the J-points. The rightmost panels are the 

3D plots of ISK in whole cable (upper)and plots of ISK from one cell in the second half of the 

cable for the largest Gsk for each SK channel localization. A. The SK channels sense the 

bulk cytosolic Ca2+. Kd=0.5 μM. B. The SK channels sense the subsarcolemmal Ca2+. Kd=5 

μM. C. The SK channels sense the junctional Ca2+. Kd=20 μM.
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Figure 6. Effects of GSK, Kd, and tSK on P2R.
Shown are the P2R region in the combination of Gsk and Kd or Gsk and τSK. The same Gsk 

heterogeneities and pacing protocols as in Fig.5 were used. A and C. The SK channels sense 

the subsarcolemmal Ca2+. B and D. The SK channels sense the junctional Ca2+.
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Figure 7. 
Effects of ICl on P2R. A. ICl (solid line) under AP clamp (dashed line). We modified the ICl 

formulation (see Eq.74 in the Shannon-Bers paper18) to: ICl = FxCl
GCl V − ECl

1 +
KdClCa
[Ca]C

2 , i.e., the 

Hill coefficient was changed from 1 to 2. The modification results in a spikier ICl which 

agrees better with the ICl profile measured in experiments by Hegyi et al.34 B. P2R region 

versus GSK and GCl for SK channels sense the subsarcolemmal Ca2+. The same GSK 

heterogeneities and pacing protocols as in Fig.5 were used. The GCl value was uniformly 

increased in the whole cable.

Landaw et al. Page 17

Heart Rhythm. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Methods
	Modeling ISK
	Single-cell model
	1D cable model
	Numerical methods

	Results
	SK channel localization and ISK properties
	Effects of ISK on AP morphology
	ISK promotes APD alternans and chaos
	ISK promotes J-wave syndrome and P2R

	Discussion
	Limitations
	Conclusions

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.



