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Abstract Homeostatic regulation protects organisms against hazardous physiological changes.
However, such regulation is limited in certain organs and associated biological processes. For
example, the heart fails to self-restore its normal electrical activity once disturbed, as with
sustained arrhythmias. Here we present proof-of-concept of a biological self-restoring system that
allows automatic detection and correction of such abnormal excitation rhythms. For the heart, its
realization involves the integration of ion channels with newly designed gating properties into
cardiomyocytes. This allows cardiac tissue to i) discriminate between normal rhythm and arrhythmia
based on frequency-dependent gating and ii) generate an ionic current for termination of the
detected arrhythmia. We show in silico, that for both human atrial and ventricular arrhythmias,
activation of these channels leads to rapid and repeated restoration of normal excitation rhythm.
Experimental validation is provided by injecting the designed channel current for arrhythmia
termination in human atrial myocytes using dynamic clamp.

Introduction

Living organisms strive to maintain a stable internal environment through continuous regulation of
the body’s physiological processes. Such homeostatic regulation involves three principal mecha-
nisms: detection, processing and effectuation. The ‘detector’ senses a change in the environment,
communicates it to a ‘processor’, which processes the information and commands the ‘effector’ to
react appropriately (Horrobin, 1970). Given their highly conserved nature, these ‘detector-effector’
(DE) systems are considered to be effective means to respond to changes that, if sustained, may
cause harm to the organism. Light sensitivity coupled to movement is an example of a detector-
effector mechanism for the full scale of evolved organisms, as exemplified by phototaxis in unicellu-
lar organisms (Nagel et al., 2002) and pupil reflex in higher order vertebrates (Sherman and Stark,
1957). At the cellular level, many DE systems operate through ion channels, which may act as func-
tional detector-effector units. These channels can detect changes in, for example, voltage, hormones
or light to which they respond by activation to generate a flow of ions (i.e. an electrical current) or
by inactivation to stop a flow of ions (Catterall, 2000; Stojilkovic et al., 2010; Govorunova et al.,
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2015). Although the human body maintains a multitude of DE systems that contribute to its every
day function, a DE system responding specifically to sustained hazardous heart rhythm disturbances
seems not to have been evolved. Nevertheless, under natural cardiac electrophysiological condi-
tions, heart rhythm disorders can terminate spontaneously, resulting in non-sustained arrhythmias
(Bub et al., 2003; Katritsis et al., 2012). For those that are sustained, the most effective means for
acute restoration of sinus rhythm, especially in atrial and ventricular fibrillation (AF and VF), consists
of delivery of high-voltage shocks to the heart for arrhythmia termination (i.e. defibrillation)
(Wellens et al., 1998; Link et al., 2010; Laslett et al., 2012; Borne et al., 2013; Kumar and
Schwartz, 2014). This therapy is based on an electronic detector (i.e. sensor of electrical activity)
and effector (i.e. electroshock generator), which are incorporated into a single device. Implantation
of this device (the implantable cardioverter defibrillator or ICD) allows continuous monitoring of car-
diac rhythm in order to ensure rapid arrhythmia detection for automatic delivery of electroshocks.
Due to their non-biological nature, these electronic DE systems have a number of shortcomings
including limited battery lives, technical malfunction and inappropriate shock deliveries. However,
from a patient’s perspective, major concerns are the severe pain, anxiety and depression resulting
from the electroshocks (Sears et al., 2011), not to mention the possibility of permanent tissue dam-
age (Ashihara and Trayanova, 2005).

Now imagine that the mammalian heart itself would be able to detect and terminate an arrhyth-
mia in an automatic and repetitive manner just like the ICD, thereby eliminating the need for trauma-
tizing electroshocks. In this article, we present the theoretical fingerprints of a biological DE system
that is tailored to detect and terminate cardiac arrhythmias. We refer to it as the Biologically Inte-
grated Cardiac Defibrillator, or BiolCD. We envision the BiolCD as an ion channel of which the gat-
ing is customized to differentiate between sinus rhythm and arrhythmia, and to act accordingly.
Conceptually, such an ion channel could be implemented by proper choice of frequency-dependent
activation-inactivation kinetics. We use computer modelling to design the kinetics of this channel via
three different approaches and demonstrate the possibility for human cardiac tissue to auto-detect
and terminate tachyarrhythmias and fibrillation in both atria and ventricles once this type of channel
has been integrated. We prove the concept of our study in simulated monolayers of human cardio-
myocytes and in anatomically realistic in silico models of the human atrial and ventricular muscula-
ture, by showing that in each case considered, the arrhythmia can be detected and terminated to
restore sinus rhythm, within seconds of its initiation, on a fully biological basis. In order to provide
experimental evidence of the validity of the BiolCD concept, we exploited the dynamic clamp tech-
nique (Wilders, 2006) to realise the designed BiolCD function with the use of optogenetically modi-
fied human atrial myocytes that are optically stimulated at arrhythmic frequencies.

Results

Our concept of the BiolCD involves the introduction of a new type of ion channel with specific prop-
erties into the sarcolemma of cardiac muscle cells, which is possible through genetic modification
(Nyns et al., 2016). We explored the properties of this ion channel in silico and found that in order
to provide the basis for a DE system, such channel should have the ability to sense the frequency of
electrical activation through gating mechanisms that are controlled by the cell’'s membrane potential
(voltage difference across the cell membrane). In the subsequent sections, we show the behaviour of
a heart endowed with the new ion channel (referred to as ‘BiolCD’), and compare it with the normal
‘Control’ situation.

Principle

In order to show the behaviour of the BiolCD ion channel, we first demonstrate how it works in a
simplified controllable system, that is tachyarrhythmias in a 2D in silico model consisting exclusively
of isotropically arranged human ventricular myocytes. Three possible realisations of this ion channel
are provided, each of them relying on a different ionic mechanism: Model | is a minimal model that
allows frequency-dependent gating, Model Il has a different inactivation mechanism, and Model IlI
has a gating mechanism insensitive to the shape of the action potential (AP). The results of Model Il
and Ill can be found in the Supporting Information (Appendix 1 Figures 1, 2, 3). The detailed
description of Model | together with its results is provided below.
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Figure 1. Anti-arrhythmic action of the BiolCD channel (Model |, see below). (A) Development of a sustained tachyarrhythmia, induced via an
extrasystole, in a simulated monolayer of normal human ventricular tissue (TNNP model; ten Tusscher and Panfilov, 2006). (B) Auto-detection and
termination of the tachyarrhythmia, followed by restoration of sinus rhythm in the same monolayer upon expression of the BiolCD channel. (C) Voltage
traces recorded from representative cardiomyocytes (white asterisks) in the simulation domains (orange: Control, black: BiolCD). Time frames in A-B are
chosen to represent the relevant stages in arrhythmia progression, detection and termination and therefore do not correspond linearly with the voltage
traces in C.

Figure 1A illustrates the control situation for a simulation experiment in a monolayer without
expression of the BiolCD channel. In this situation, induction of a figure-of-eight reentrant source,
via an extrasystole during sinus rhythm, results in a sustained reentrant tachyarrhythmia. In mono-
layers expressing the BiolCD channel (see section BiolCD model | below), the exact same stimulation
first leads to the development of the same reentrant pattern, however then, because of the concur-
rent increase in activation frequency, the BiolCD channel is activated, resulting in termination of the
figure-of-eight reentry and restoration of sinus rhythm (Figure 1B). Representative voltage traces
(Figure 1C) demonstrate how the action of the BiolCD channel can be recognized in the membrane
potential behaviour of a single cardiomyocyte. Of note, the presence of the BiolCD channel exerts
no influence on wave propagation during sinus rhythm, both before and after the arrhythmia.

BiolCD model |

The schematic representation of Model | is presented in Figure 2A. The ion channel comprises a
group of subunits that exhibit two states: open (0) and closed (C), with voltage-dependent transi-
tions between these states, indicated by arrows in Figure 2A. The ion channel subunits slowly move
to the open state O when voltage (V) exceeds Viesnord, (Vinreshota is typically around —60 mV). When
V<Vireshoid, the channel subunits move back to the closed state C. Thus, at any given moment in
time, the number of open subunits increases with the total time spent by the cardiomyocyte in the
suprathreshold (depolarized) state. This ensures that at low activation frequencies the subunits alter-
nate between open and closed states (black line in Figure 2B), whereas at high frequencies, tempo-
ral summation of activation leads to a higher number of subunits in the open state (black line in
Figure 2C). We assumed that the ion channel can produce current only if all of its identical subunits
are in an open state. Such collective kinetics is required to render the current amplitude sensitive to
changes in the activation frequency. In this case, the conductivity of the whole collection of n inde-
pendent, non-cooperative subunits is proportional to the n” power of O (the fraction of subunits in
the open state 0). Higher values of n provide higher selectivity to the frequency changes, bringing it
closer to the all-or-nothing response. Given these conditions, we found that a good intermediate
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Figure 2. Schematic diagram and behaviour of BiolCD channel Model I. (A) Markov diagram for BiolCD channel Model I. (B) and (C) Traces of voltage
(V) and state variables O and ay, at 1.2 Hz and 4.2 Hz, respectively. O: open state of the frequency-sensing channel subunit, C: closed state of the
frequency-sensing channel subunit, ay: inactive state of the catalytic channel deactivation agent, a;: active state of the catalytic channel deactivation
agent. A detailed mathematical description of C, O, ap and a; is provided in the Materials and methods section.

solution for effective collective behaviour, which ensures simplicity (low n) and accuracy (high n), is
n = 8. Because we require the BiolCD channel to produce a depolarizing current upon activation (in
line with classical defibrillation), its reversal potential was set close to 0 mV, thus assuming a simple
pore without selectivity for any specific ion.

As channel activation occurs at high frequency, it only produces current after the onset of a tachy-
arrhythmia (i.e. after a substantial and sustained increase in activation frequency). Activation of this
channel raises the membrane potential everywhere in the tissue to = 0 mV, and the ion channel sub-
units continue to stay in the open state unless they are influenced to move back to the closed state
by some separate, yet integrated mechanism. Thus, we included an additional deactivation mecha-
nism to restore the initial closed state of the BiolCD channel. A ‘deactivating agent’ a is designed to
accumulate in the a; state if the membrane potential is close to 0 mV for a substantial amount of
time. Accumulation of a; potentiates the deactivation of the BiolCD channel (transition from open
state O to closed state C).

In electrophysiological terms, only if the cell stays depolarized longer than the normal duration of
the plateau in an AP, a; accumulates and facilitates the closure of the BiolCD channel. A complete
mathematical description and equations of this channel are given in the Materials and methods sec-
tion (Equations 1-6), and the anti-arrhythmic action of this ion channel at the tissue level is illustrated
in Figure 1.

Self-restoration of excitation rhythm in different virtual pathological
substrates

Sustained cardiac arrhythmias typically occur in diseased myocardial tissue. Our simulations of
human ventricular monolayers with BiolCD channels demonstrate that abnormally fast rhythms can
be detected and terminated successfully in a variety of pathological substrates. This is illustrated in
Figure 3 (and also in Supporting Videos 1-4) for rotor-driven arrhythmias in substrates for (i) ventric-
ular tachycardia (VT) (Figure 3A and E), (ii) VF (Figure 3B and F), (iii) VT in fibrotic tissue (Figure 3C
and G) and (iv) VT in the presence of an anatomical scar (Figure 3D and H). In each case, the BiolCD
channel activates within 1 s after initiation of the arrhythmias, thereby electrically synchronizing the
whole simulation domain within 300 ms and resetting all activity within 700 ms for VT based on func-
tional reentry (Figure 3A and E), 1000 ms for VF (Figure 3B and F) and VT in fibrosis (Figure 3C
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Figure 3. Self-restoration of excitation rhythm in human ventricular monolayers with reentrant tachyarrhythmias (TNNP model [ten Tusscher and
Panfilov, 2006]) for four different pathological substrates. (A) A substrate for VT. (B) A substrate for VF. (C) A substrate with diffuse fibrosis. (D) A
substrate with an anatomical scar. In each panel, successive frames (from left to right) show the voltage distribution in the monolayers at subsequent
relevant time points. The left column shows established reentrant tachyarrhythmias. The middle column shows, for the different arrhythmia conditions,
stages of advanced repolarization in the arrhythmia termination process (large dark blue areas), while the right column shows the final tissue-wide
repolarization (dark blue) stage, thereby allowing restoration of sinus rhythm (SR). The insets show the corresponding situation in the absence of BiolCD
channels. (E-H) Voltage time series extracted from representative cardiomyocytes (white asterisks) in the simulation domains of situations A-D,
respectively. (I) The BiolCD channel has no significant influence on the action potential (AP) at sinus rhythm (1.2 Hz, left AP traces), but slightly increases
Figure 3 continued on next page

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921 5 of 23


https://doi.org/10.7554/eLife.55921

ELlfe Research article Computational and Systems Biology | Physics of Living Systems

Figure 3 continued

the AP duration in the tail (APDg) at close-to-arrhythmic frequencies (right AP traces). The dotted line of the widest AP in the right traces shows the AP
at 1.2 Hz for reference. The orange lines show the APs without BiolCD current (control). (J) APD restitution curve for the original parameters of the
human ventricular cardiomyocyte model, with and without BiolCD channel. Orange shading is used to indicate the region of the restitution curve where
the slope exceeds 1. DI, diastolic interval.

and G), and 600 ms for anatomical reentry (Figure 3D and H). Sinus rhythm resumes in all cases,
once the electrophysiological steady state has been restored. Thus, the entire process from arrhyth-
mia initiation to restoration of sinus rhythm takes about 2 s in the ventricular monolayers. In sub-
strates with more fibrosis (30% instead of 20% fibroblasts as in Figure 3C and G), our BiolCD model
is still able to auto-detect and terminate VT albeit somewhat slower (data not shown).

As shown in Figure 3I, the presence of the BiolCD channel exerts no significant influence on the
AP at sinus rhythm (1.2 Hz) (the black and orange traces coincide), but slightly increases the APD at
close-to-arrhythmic frequencies. This is also accounted for in the APD restitution curve of Figure 3J,
which shows that the BiolCD channel effectively increases the minimal APD of the cardiomyocytes.
As a consequence of their sensitivity to frequency, the BiolCD channels are unable to detect and
eliminate reentrant activity anchored to scars if the activation frequency is too low, for example in
substrates with large scars (see Video 5 in the Supporting Information).

Self-restoration of excitation rhythm in the virtual human heart with
sustained fibrillation

Next, we incorporated the BiolCD channel in cardiomyocytes of anatomically realistic human atria
and ventricles. We find that the same channel successfully detects and terminates sustained fibrilla-
tion in both ventricles and atria to restore sinus rhythm, as illustrated in Figure 4A and B (the corre-
sponding videos can be found in Supporting Information Videos 6-7). The mechanism of
defibrillation is similar to that in monolayers. Arrhythmia-triggered activation of the BiolCD channel
in some regions leads to complete reset of the cells, whereas in others it prolongs APD, leading to
extinction of the arrhythmia sources. With our choice of parameters, the BiolCD channels in human
atria could detect ongoing AF within 1.7 s and terminate it within 1.2 s to restore sinus rhythm. The
corresponding channels in the ventricles could detect VF within 3 s and terminate it within 500 ms to
restore sinus rhythm.

BiolCD Control BiolCD Control

SINUS RHYTHM VUS RHYTHM SINUS RHYTHM NUS RHYTHM
BiolcD current [l BiolcD current [l
. 20 ‘ I 0
BiolCD conductance (a.u) — Voltage — Voltage BiolCD conductance (a.u) — Voltage — Voltage

Video 1. Self-restoration of cardiac excitation rhythm Video 2. Self-restoration of cardiac excitation rhythm
after VT in monolayers of human ventricular tissue. The after VF in monolayers of human ventricular tissue. The
activation of the BiolCD current is shown in grey, as an activation of the BiolCD current is shown in grey, as an
overlay on the voltage map in the BiolCD case. overlay on the voltage map in the BiolCD case.
https://elifesciences.org/articles/55921#video’ https://elifesciences.org/articles/55921#video2
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BiolCD Control

SINUS RHYTHM NUS RHYTHM

BiolCD current [l

BiolCD conductance (a.u) — Voltage — Voltage

Video 3. Self-restoration of cardiac excitation rhythm
after VT in monolayers of human ventricular tissue, in
the presence of 20% fibroblasts. The activation of the
BiolCD current is shown in grey, as an overlay on the
voltage map in the BiolCD case.
https://elifesciences.org/articles/55921#video3

Self-restoration of excitation
rhythm in human atrial myocytes

In order to assess, in actual cardiomyocytes, the

BiolCD Control

L

e

SINUS RHYTHM NUS RHYTHM

BiolCD current [l

BiolCD conductance (a.u) — Voltage — Voltage

Video 4. Self-restoration of cardiac excitation rhythm
after VT in monolayers of human ventricular tissue, in
the presence of an anatomically realistic scar (3.4 cm
long), surrounded by a grey zone, where I, was
reduced by 80%, I, by 70%, Ic.. by 69% and Iy, by
62%. The activation of the BiolCD current is shown in
purple, as an overlay on the voltage map in the BiolCD
case.

https://elifesciences.org/articles/55921#videod

anti-arrhythmic effect of the BiolCD channel, the BiolCD current was mimicked in vitro using dynamic
patch-clamping (Wilders, 2006). This technique can be used to introduce virtual voltage-gated ion

BiolCD Control

| W

NUS RHYTHM

e

SINUS RHYTHM

BiolCD current [

BiolCD conductance (a.u) — Voltage — Voltage

Video 5. Failure of self-restoration of cardiac excitation
rhythm after VT in monolayers of human ventricular
tissue, in the presence of a large anatomically realistic
scar (5.8 cm long), surrounded by a grey zone, where
Ixs was reduced by 80%, I, by 70%, Ic.. by 69% and
Ina by 62%. The activation of the BiolCD current is
shown in grey, as an overlay on the voltage map in the
BiolCD case.
https://elifesciences.org/articles/55921#video5

channels (like the BiolCD channel) into electrically
excitable cells such as cardiomyocytes, in this
case human atrial myocytes derived from a condi-
tionally immortalized cell line (Harlaar et al.,
2019; Figure 5A). These cells were optogeneti-
cally modified (Feola et al., 2016; Figure 5E) to
control their excitation rhythm by light using a
dynamically controlled LED source. The dynamic
clamp experiment was carried out in current
clamp mode, which allowed the unbiased record-
ing of the membrane potential as it develops as
the net result of the activity of all endogenous
ion channels and the BiolCD channel. The real-
time measured membrane potential was used to
calculate the amplitude of the BiolCD current,
which was injected into the cell via the recording
electrode. A real-time interface between the
patch-clamp amplifier and a computer consti-
tuted the feedback loop (Figure 5B) that allowed
us to mimic the presence of the BiolCD channel,
and to observe the effects of BiolCD channel
activity in cardiomyocytes (Figure 5C-D).

To simulate arrhythmia conditions, light pacing
was switched from 1 Hz to high frequency pacing
(Figure 5C-D). We found that the same ion chan-
nel gating properties used for the in silico studies
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Figure 4. Self-restoration of excitation rhythm in anatomically realistic models of human (A) atria and (B) ventricles with reentrant arrhythmias using
BiolCD channel Model | (more depolarised regions are more transparent). The upper panels show representative plots of the control situation (in the
absence of a BiolCD channel). Induction, during sinus rhythm, of reentrant activity by giving an extra external stimulus leads to sustained AF and VF in
atria and ventricles, respectively. The lower panels show the exact same situation, but in atria and ventricles expressing the BiolCD channel. Once the
arrhythmia is induced, the heart itself is able to detect and terminate fibrillation in order to restore sinus rhythm.

successfully detected fast pacing rhythms in a living cell. While no significant distortions of AP were
registered at 1 Hz (the black and orange traces coincide), the depolarizing current produced by the
BiolCD channel at high frequencies built up resulting in APD prolongation. In tissue, the cells depo-
larised by the BiolCD current would create conduction block to ‘defibrillate’. In order to simulate
this tissue-level feedback in a single-cell set-up, the light-pacing protocol was augmented with a
feedback mechanism that detected pacing block (simulating conduction block in tissue) and subse-
quently lowered the pacing frequency, leading to restoration of the original cardiac excitation
rhythm. Figure 5F shows a zoom-in of panel 5C focussing on the termination phase.

This process of arrhythmia detection, current accumulation, and pacing block is frequency-depen-
dent, as evidenced by the smaller time until termination following 8 Hz optical pacing (1.16 s,
Figure 5D) versus 7 Hz pacing (1.92 s, Figure 5C) within the same cell. The frequency at which termi-
nation occurs is also dependent on the baseline APD (Figure 5G). For a total of 7 cells showing dif-
ferent baseline APDs (APD at 90% of repolarization (APDgo) measured at 1 Hz), basic cycle length
(BCL) was decreased slowly (frequency was increased) to find the maximal BCL at which self-restora-
tion of excitation rhythm would occur. Upon an increase in baseline APD, the BiolCD channel is acti-
vated earlier, namely at longer BCLs. Collectively, these findings show that the proposed ionic
gating mechanism is able to restore cardiac excitation rhythm in living excitable cells.

Discussion

In this study we present evidence that the heart itself may be empowered to detect and terminate
arrhythmias. This is achieved by adding only one additional type of customized ion channel, with tai-
lored frequency-dependent gating properties, to the existing repertoire of ion channels. In virtual
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BiolCD Control hearts equipped with this so-called BiolCD chan-
Sinus Rhythm ... Sinus Rhythm ... nel, sinus rhythm is rapidly restored after arrhyth-
mia initiation, in a fully automatic and shock-free

manner without the need of a non-biological
factor.

Regarding the customized gating properties
of the BiolCD ion channel, we show that,
amongst the parameters characteristic for tachy-
arrhythmia or fibrillation, even an obvious one

Video 6. Self-restoration of cardiac excitation rhythm like its frequency can already provide a basis for
after VF in anatomically realistic human ventricles. the detection mechanism. Here, arrhythmia
https://elifesciences.org/articles/55921#videob detection relies on positive feedback upon fre-

quency increase. We propose three possible real-
isations of such anti-arrhythmic gating, as
described in the different BiolCD models I-ll.
However, these should not be viewed as the ultimate designs of a BiolCD channel, but more as a
first set of rigorous outlines that can serve as a basis for additional research now that the concept
has been proven in the virtual human heart. Our model can be further improved or modified in sev-
eral aspects (see Supplementary Information), for example the power n can be lowered. In proteins,
this can result in a good trade-off between the detecting-terminating abilities of the BiolCD ion
channels and their complexity. Also, changing time constants will alter the activation time course of
the channel, which can result in a shorter or longer delay preceding arrhythmia termination. Indeed,
the structure of our BiolCD model allows ample freedom to choose kinetic as well as threshold
parameters for the channel within certain limits. As proof-of-principle in the virtual human heart, we
tested the BiolCD channels in homogeneous, anatomically realistic atria and ventricles. Based on our
dynamic patch-clamp experiments, we conjecture that the model should also work for pathological
substrates where the arrhythmia comes with an increase in activation frequency. This is based on the
notion that the mechanism for self-restoration of cardiac excitation rhythm relies only on the detec-
tion of high-frequency signals, irrespective of the nature and underlying cause of the arrhythmia.
Having explained the guiding principles behind the functioning of BiolCD channels at the cellular
level, we find it fascinating to consider the resemblance between functioning of these ion channels
at the organ level and ‘spontaneous termination’ of arrhythmias. Note that, in nature, not all high-
frequency arrhythmias are sustained. A significant fraction does get self-terminated (Josephson and
Kastor, 1977), although the mechanisms behind such spontaneous termination are still up for specu-
lation. For example, reentrant circuits can act as feedback systems in which changes in the duration
of one cycle have the potential to affect conduction in the subsequent cycles (Frame and Rhee,
1991). Cycle length was found to oscillate with progressively increasing alternations of long and
short periods until a sufficiently short cycle led to conduction block (Ortiz et al., 1993; Frame and
Simson, 1988; Quan and Rudy, 1990). A feedback system with the aforementioned characteristic
was studied in silico and in vivo in the atrioventricular-node (Simson et al., 1981; Sun et al., 1995).
Also, a frequency-based feedback system exists in the atrioventricular and sinoatrial nodes in the
heart, where overdrive suppression creates block
of nodal activation (Kunysz et al., 1995; Vas-
salle, 1970, Kunysz et al., 1997). In addition,
Nagai et al., 2000 demonstrated a way to end
paroxysmal arrhythmias based on overdrive sup-

pression in a circular ring of regular cardiac cells
interspersed with two pacemakers. Interestingly,
whereas unstable tachycardias demonstrate cycle
length oscillations that can lead to spontaneous
termination of the tachycardia, stable tachycar-
dias exhibit damped oscillations when perturbed.
Despite the phenomena discussed above, these
damped oscillations can still lead to sustained

Video 7. Self-restoration of cardiac excitation rhythm
after AF in anatomically realistic human atria. reentry. In the present study, we focused on

https://elifesciences.org/articles/55921#video? developing a DE system capable of handling
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Figure 5. Self-restoration of excitation rhythm in cultured human atrial myocytes (AM) with the help of dynamic patch-clamping using BiolCD channel
Model I. (A) Human atrial myocytes stained for (from left to right) a-actinin (ACTN2), enhanced yellow fluorescent protein (eYFP) and DNA. (B) Dynamic
patch-clamp set-up creating a feedback system for current injection and optical pacing. (C) Typical membrane potential (V,,) and injected current (Z;,,)
traces with and without the BiolCD current (Ig;,;cp) enabled at 7 Hz. Both traces are from the same cell and were recorded 7 s apart. Dots indicate the
stimulus times. (D) Typical membrane potential and injected current traces with and without the BiolCD current enabled in the same cell as (C) at 8 Hz.
Also here, both traces were recorded 7 s apart. (E) eYFP fluorescence produced by optogenetically modified human atrial myocyte. (F) Zoom-in of the
trace in (C) showing termination of arrhythmic activity. The last optical stimulus is blocked, allowing 1 Hz activation to regain. (G) Maximal basic cycle
length (BCL) for which termination still occurs as a function of baseline APD. Data obtained from 7 cells. Other abbreviations: real-time (RT), analog/
digital (A/D), voltage input for the LED driver (V.gp), current output of the LED driver (I gp).

The online version of this article includes the following source data for figure 5:

Source data 1. Dynamic clamp reading 1: CSV-file containing the raw data for the C-panel in Figure 5.
Source data 2. Dynamic clamp reading 2: CSV-file containing the raw data for the D-panel in Figure 5.
Source data 3. Dynamic clamp summary table: Table containing the experimental datapoints that were plotted in Figure 5G.
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sustained arrhythmias, including the most hazardous ones like fibrillation. This concept came to
expression in the design of anti-arrhythmic ion channel gating, that is the BiolCD channel.

As a consequence of the design, this particular BiolCD model allows for the detection and elimi-
nation of relatively fast sustained rhythms, thereby targeting those arrhythmias that require interven-
tion for acute termination. This means that relatively low frequency arrhythmias are not detected by
the BiolCD channel and are therefore also not terminated. An example is a reentrant wave anchored
to an anatomical obstacle (i.e. a scar) with a large perimeter (see Supporting Information, Video 5).
In this case, the period of rotation, which is determined by the perimeter of the scar and directly
related to the activation frequency, stays below the detection threshold. Thus, the abnormal electri-
cal activity sustains in the cardiac tissue, despite the presence of the BiolCD channel. However, as
low-frequency arrhythmias are considered to be less hazardous than those with a high frequency,
like fibrillation, they can be managed otherwise (Cho and Marban, 2010; Stevenson, 2013;
Nattel et al., 2014; Bongianino and Priori, 2015). Alternatively, other biological arrhythmia detec-
tion mechanisms could be explored and developed if needed.

Additional next steps in developing the BiolCD channel, from a computational point of view,
should be (i) extending the space of synthetic models, together with (i) modifying existing in silico
models of known ion channels to propose a candidate for experimental realization. Indeed, future
research should lead to identification of the most robust and broadly applicable BiolCD channel with
the highest translational potential. We believe that, for the construction of a BiolCD channel, all the
essential knowledge about ion channel structure-function relationships (Bérjesson and Elinder,
2008; Catterall, 2010; Moreau et al., 2014), as well as the molecular tools to manipulate these rela-
tionships in a systemic and rational manner are available (Bayley and Jayasinghe, 2004;
Subramanyam and Colecraft, 2015). The ion channels from which functions can serve as a blueprint
are not limited to eukaryotic organisms only, but encompass prokaryotic ones as well (Ren et al.,
2001; Martinac et al., 2008) and can be searched for in extensive databases, such as the IUPHAR/
BPS (Southan et al., 2016). Also, the field of optogenetics has allowed the study of biological
arrhythmia termination and could thereby add to the translation of our findings (Boyle et al., 2018;
Entcheva and Bub, 2016; Boyden et al., 2005). Here, cardiomyocytes are genetically modified to
express light-gated ion channels, allowing control of electric current generation in these cells by
light. In earlier work from our group and others, it was shown that cardiomyocytes are indeed able
to generate sufficient electrical current, based on the natural electrochemical gradients, for biologi-
cal auto-termination of both atrial and ventricular arrhythmias, including fibrillation. This was shown
in vitro using monolayers of neonatal atrial myocytes (Bingen et al., 2014), but later also in the
whole heart of adult rodents (Bruegmann et al., 2016; Crocini et al., 2016; Nyns et al., 2016), and
most recently also integrated in a hybrid bio-electronic system (Nyns et al., 2019). In these studies,
the gating of ion channels was controlled by light to terminate cardiac arrhythmias. As a next step,
we now show how such gating could be controlled by the arrhythmia itself, thereby giving rise to a
new fully biological DE system.

In this study, we used optogenetics to provide experimental proof of the aforementioned con-
cept with the use of human atrial myocytes. These atrial myocytes were optogenetically modified
and used in dynamic patch-clamp experiments to separate the pacing mechanism (optical) from the
rhythm restoration mechanism (chemical/electrical) in order to improve signal interpretation, that is
stimulation block at depolarised membrane potentials. Our studies reveal that the in vitro data
(Figure 5C-D) show the same phenomenological phases as visible in the traces coming from the in
silico simulations (Figure 1). Because the BiolCD channel is capable of restoring normal excitation
rhythm in cells with short baseline APDs under high frequency, the design of the gating properties
makes that such restoration will work also for cells with long baseline APDs (Figures 2 and 5G), like
those found in ventricular myocytes. This motivated our decision to use an atrial cell line for the
experimental validation of our proposed concept.

Taken together, our study presents insight into acquired homeostatic regulation of excitation
rhythm under disturbed conditions, including cardiac fibrillation. It is shown, by a combination of
theoretical and experimental studies, that such regulation can be established by creation of a biolog-
ically engineered DE system for arrhythmias through expression of customized ion channels. Self-
resetting of an acutely disturbed heart rhythm by an engineered biological DE system may yield
unique insight into arrhythmia management and may lay the foundation for the development of dis-
tinctively innovative treatment options by the creation of new biology for therapeutic purposes,
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ultimately leading to acute, yet trauma-free termination of arrhythmias. This would stretch the field
of synthetic biology into cardiology and also provide a radically new perspective for other medical
fields, given the general nature and versatility of biological DE systems. This perspective involves
that a diseased organ, begets its own remedy, for example a Biologically Integrated Cardiac Defibril-
lator (BiolCD) in case of the heart.

Materials and methods

Designation

Source or reference Identifiers

Additional
information

Cell line
(Homo-sapiens)

Conditionally
immortalised
human atrial

DOI: 10.1093/eurheartj

cell line
Gene ChR2(H134R) Addgene plasmid #26973 source of the
(Chlamydomonas H134R variant of
reinhardtii) channelrhodopsin 2
Genetic reagent LW-ChR2(H134R) This paper Lentiviral vector

particles to transduce

and express

ChR2(H134R)
Software, graphics DOI: 10.1152/ajp-heart.00109.2006,
algorithm processing DOI: 10.1038/srep20835
unit-usable
code
Software, RTXI dynamic DOI: 10.1371/journal. pcbi.1005430
algorithm clamp software

Detailed formulations for our BiolCD ion channel model, based on a Markov chain formalism (Her-
manns, 2002; Rudy and Silva, 2006), are provided below.

BiolCD model |

Total BiolCD current is expressed as:
Isioicp = GiorcpO® (V = Egiorcp)- (1

where Ggi,;cp = 150nS/pF is the maximal conductance, and Epij,;cp =0mV denotes the reversal
potential of the BiolCD channel. There is a frequency-sensing channel subunit with 2 states: open
(O) and closed (C). Eight subunits together compose a BiolCD channel. Deactivation of the channel
is facilitated with a catalytic agent (a), which has 2 states: inactive qy and active a;. These states
evolve according to Equations 2, 3, 4, 5, 6:

o0 _kcoC — kloc(al)O

-~ ~ toc\ml~ 2
o .. ; (2

Oa;  korap — kioa;
-0 RIvM 3
3 o , 3)
kpe(ar) =koc +Koc(ai), 4)
C+0=1 (5)
ap+a; =1 (6)

where 7, = 7, = 1400 ms is the characteristic time, Koc(a;) =2-10%a,>, and kco, koc, ko1, and kyy are
functions of voltage that determine the opening and closing rates:
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b — 0.0 if V<—60mV, @)
o= 1.0 otherwise,
7.0 if V<—60mV
koc = ’ 8
oc {0.0 otherwise, (@)
1.0 if —55mV<V<OmV,
ko1 = . 9
0.0 otherwise,
0.0 if—55mV<V<OmV,
ko= ) (10)
200.0 otherwise.

Here, we assume that the number of catalyst molecules in the cell is much higher than the number
of BiolCD channels, such that the binding between them does not significantly change the number
of active catalysts a;. The fifth power of a; in Koc(a1) stands for the non-cooperative binding of 5
catalyst molecules to the BiolCD channel. The full detailed Markov chain model for this process
requires a large number of catalyst-bound states. This type of models can often be reduced to lower
dimensions, as described by Keener, 2009. We thus substituted the complex catalyst-binding pro-
cess with an extra facilitated flow from state O to state C. The reduced model reproduces the same
overall kinetics of the O — C catalysed reaction and is more suitable for whole-heart simulations due
to its simplicity.

Human cardiac tissue model

To study the effect of the BiolCD channel in human cardiac tissue, we integrated the BiolCD channel
model as a conductance into the electrophysiological model of each cardiomyocyte. For human ven-
tricular tissue, the mathematical model proposed by Ten Tusscher et al., 2009 was used, where the
transmembrane voltage (V) is calculated in millivolts (mV) according to Equation 11:

ov_

= Iion +Istim
5 = V(DVY) - =

11
c, (11)
where 7 is time in milliseconds (ms), I,,, is the total ionic current density in micro-amperes per square
centimetre (uA/cmz), ILyim is the external stimulus current, C,, is the specific membrane capacitance in
microfarad per square centimetre (uF/cm?), and D is the diffusion tensor, whose components are
related to the electrical conductivity of cardiac tissue in each direction of propagation.

Lion =Ina+1car +1Ig1 + Lio + INaca
+INaK +1Kr +1Ks +IbNa +IbCa +1pCa + IpK (1 2)

“+iorcp-

Here, the different cardiac currents are represented as follows: Iy,: the fast Na* current, Ic,.: the
L-type Ca®* current, Ix;: the inward-rectifier K current, I,,: the transient outward K* current, Iyuc,:
the Nat/Ca** exchanger current, Iy,: the Na™ /K™ pump current, I,: the rapid delayed rectifier K*
current, Ix,: the slow delayed rectifier K* current, Iy,: the background Na' current, Iyc,: the back-
ground Ca** current, Lca: the plateau Cd?* current, and Lk: the plateau K* current. Units for con-
ductance measurements (Gy) and measurements of intracellular and extracellular ionic
concentrations ([X]; and [X],), are in nanosiemens per picofarad (nS/pF) and millimole per litre (mM),
respectively.

For simulations of Figure 3, we used a monolayer model, containing 512 x 512 grid points, such
that the physical size of the simulated tissue was 12.8 x 12.8 cm. Our model for fibrosis contained
20% randomly distributed fibroblasts, which did not couple electrotonically to the neighbouring car-
diomyocytes (Ten Tusscher and Panfilov, 2007). For simulations with the realistic scar, a grey bor-
der zone (GZ) was taken into consideration. In the GZ, Ik, was reduced by 80%, I, by 70%, Ic.. by
69% and Iy, by 62% (Arevalo et al., 2013).

For human atrial tissue, data and fibre directions were obtained from Déssel et al., 2011. The
ionic cell model that was used is the AF-induced electrically remodelled human atrial
Courtemanche et al., 1999 model (adapted from Courtemanche et al., 1998, which was taken
from CellML (Yu et al., 2011) with the use of Myokit (Clerx et al., 2016) and transformed to

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921 13 of 23


https://doi.org/10.7554/eLife.55921

eLife

Computational and Systems Biology | Physics of Living Systems

graphics processing unit-usable code). The transmembrane voltage (V) is described in millivolts (mV)
according to Equation 12 with ¢ replaced by Ix,,, an ultra-rapid delayed rectifier K" current.

We used an S1-S2 cross-field protocol to generate spiral and scroll waves (ten Tusscher and Pan-
filov, 2006). In human ventricular monolayers, we assumed isotropy. Thus, the diffusion tensor of
Equation 11 could be replaced by a scalar coefficient D. However, in 3D, owing to the natural
anisotropy of realistic cardiac tissue, the elements were computed on the basis of a reconstructed
fibre direction field as described by Ten Tusscher et al., 2009. The transverse diffusion coefficient
(D, for signal propagation across the fibers) was assumed to be 4 (ventricles) or 6 (atria) times less
than the longitudinal diffusion coefficient (D;, for signal propagation along the fibers). Elements of
the diffusion tensor were computed as follows:

Djj = (D — Dy)a;ej + D15y, )

where «; are components of the unit vector that is oriented along the direction of a fibre. We used
D; = 1.54 cm? /s for ventricles and D; = 1.6 cm? /s for atria.

We integrated Equation 11 in time using the forward Euler method with time step 6z = 0.02 ms
(ventricular model) or 8¢ = 0.01 ms (atrial model), and in space, using the centred finite-differencing
scheme with space step 8x =8y = 0.025 cm in monolayers, 0.05 cm in whole ventricles and 0.0330
cm in whole atria, subject to 'no flux’ boundary conditions. The simulation domains for the whole
ventricles and atria contained 1, 693, 010 and 2, 173, 891 grid points, respectively. The gating varia-
bles in the electrophysiological model for the human cardiomyocyte were integrated using the
Rush and Larsen, 1978 scheme.

Cell lines

The cell line used in this study has recently been generated by transducing human foetal atrial myo-
cytes with a human immunodeficiency virus type 1-based vector conferring doxycycline-controlled
expression of simian virus 40 large tumour antigen as described in Harlaar et al., 2019. The cells
were tested negative for the presence of mycoplasma by the MycoAlert mycoplasma detection kit
(Lonza, Basel, Switzerland), as well as by Hoechst 33342 (Life Technologies Europe, Bleiswijk, the
Netherlands) staining of Vero cells cultured with conditioned human atrial myocyte medium.

Preparation of ChR2(H134R)-expressing human atrial myocytes
Self-inactivating lentiviral vector particles encoding an eYFP-tagged version of the H134R mutant of
Chlamydomonas reinhardtii channelrhodopsin 2 (LVV-ChR2(H134R)), were created by standard labo-
ratory procedures (Feola et al., 2016) and used to transduce human atrial myocytes differentiated
from a conditionally immortalised cell line (Harlaar et al., 2019). On the day before the patch-clamp
experiments, cells were dissociated and re-plated on fibronectin-coated glass coverslips at 2.5 x 10*
cells per well in 24-well culture plates (Greiner Bio-One, Alphen aan den Rijn, the Netherlands).

Electrophysiological analysis

APs were recorded in single cells or small clusters of cells using the amphotericin-B perforated
patch-clamp technique (Wilders, 2006). Voltage control, data acquisition, and analysis were accom-
plished with custom-made software. Potentials were corrected for the calculated liquid junction
potential (Barry and Lynch, 1991). Signals were low-pass-filtered (cut-off of 5 kHz) and digitized at
5 kHz. Cell membrane capacitance (C,,) was estimated by dividing the time constant of the decay of
the capacitive transient in response to 5 mV hyperpolarizing voltage clamp steps from —40 mV by
the series resistance.

APs were measured at 36 = 0.2°C in extracellular solution containing (in mM): NaCl 140, KCI 5.4,
CaCl; 1.8, MgCl; 1, glucose 5.5, HEPES 5; pH 7.4 (NaOH). Pipettes (resistance 2.5 — 3 MQ) were
pulled from borosilicate glass capillaries (Harvard Apparatus, Cambourne, UK) using a custom-made
microelectrode puller, and filled with solution containing (in mM): K-gluconate 125, KCI 20, NaCl 5,
amphotericin-B 0.44, HEPES 10; pH 7.2 (KOH). APs were elicited by 10 ms pulses of light (470 nm,
3mW/mm3). The light source comprised of a 470L3-C4 mounted LED (Thorlabs, Newton, NJ), driven
by the LEDD1B modulated power supply. Light was delivered via the COP1-A collimation lens
assembly (Thorlabs, Newton, NJ) positioned above the bath at a distance of 15 cm.
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Dynamic clamp protocol

A Linux computer running RTXI dynamic clamp software (Patel et al., 2017) with a time step

At =50 ps allowed real-time dynamic interaction between the input and output channels of the
patch-clamp amplifier. At a variety of frequencies, an optical stimulus train was applied that con-
sisted of the following phases: i) 7 pulses of pre-pacing are applied at 1 Hz with the BiolCD channel
enabled, ii) 8 pulses are applied at 1 Hz with the BiolCD channel still enabled, iii) an undetermined
number of pulses is applied at increased frequency with the BiolCD channel enabled, either until ter-
mination occurs due to the feedback mechanism, or until a stable state has been achieved (in which
case the protocol is terminated), iv) after restoration of excitation rhythm, another 7 pulses are
applied at 1 Hz with the BiolCD channel enabled, v) 8 pulses are applied at 1 Hz with the BiolCD
channel disabled, vi) an undetermined number of pulses is applied at increased frequency with the
BiolCD channel still disabled until the stimulus train is stopped externally. The feedback mechanism
detected refractory beats as defined by membrane potential values more positive than
—20 mV during the entire pulse duration.

Data and software availability

The key component of the graphics processing unit-usable code that is sufficient for reproduction of
the results was made readily available. More detailed information about the data and software that
support the findings of this study are available from the corresponding author upon reasonable
request.

Acknowledgements

This study was supported by The European Research Council (ERC Starting grant 716509) to DAP.
Additional support was provided by the Netherlands Organisation for Scientific Research (NWO Vidi
grant 91714336) to DAP, and by Ammodo (to DAP and AAFdV). The line of conditionally immortal-
ised human atrial myocytes used in this study was made with financial support of the research pro-
gramme More Knowledge with Fewer Animals (MKMD) with project number 114022503 (to AAFdV),
which is (partly) financed by the Netherlands Organisation for Health Research and Development
(ZonMw) and the Dutch Society for the Replacement of Animal Testing (dsRAT), and of the Leiden
Regenerative Medicine Platform Holding (LRMPH project 8212/41235 to AAFdeV). We would like to
thank Marie-José Goumans and Tessa van Herwaarden for their involvement in human tissue han-
dling, Prof. Gunnar Seemann for helping with the atrial modeling, and Prof. Leon Glass and Alexan-
der S Teplenin for useful discussions.

Additional information

Funding
Funder Grant reference number  Author

European Research Council " ERC starting grant 716509  Daniél A Pijnappels

Netherlands Organisation for ~ NWO Vidi grant 91714336  Daniél A Pijnappels
Scientific Research

Ammodo Foundation Daniél A Pijnappels
Antoine AF de Vries

Netherlands Organisation for  project 114022503 Antoine AF de Vries

Health Research and Develop-

ment

Leiden Regenerative Medicine LRMPH project 8212/41235 Antoine AF de Vries
Platform Holding

Dutch Society for the Replace- Antoine AF de Vries
ment of Animal Testing

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921 15 of 23


https://doi.org/10.7554/eLife.55921

e Llfe Research article

Computational and Systems Biology | Physics of Living Systems

Author contributions

Rupamanjari Majumder, Tim De Coster, Nina Kudryashova, Conceptualization, Data curation, Soft-
ware, Formal analysis, Validation, Investigation, Visualization, Methodology, Writing - original draft,
Writing - review and editing; Arie O Verkerk, Conceptualization, Data curation, Formal analysis,
Investigation, Visualization, Methodology, Writing - original draft, Writing - review and editing; Ivan
V Kazbanov, Conceptualization, Software, Investigation, Writing - original draft, Writing - review and
editing; Balazs C)rdég, Conceptualization, Formal analysis, Validation, Investigation, Methodology,
Writing - original draft, Writing - review and editing; Niels Harlaar, Investigation, Visualization, Meth-
odology, Writing - original draft, Writing - review and editing; Ronald Wilders, Conceptualization,
Software, Investigation, Methodology, Writing - original draft, Writing - review and editing; Antoine
AF de Vries, Conceptualization, Resources, Funding acquisition, Methodology, Writing - original
draft, Writing - review and editing; Dirk L Ypey, Conceptualization, Supervision, Validation, Investiga-
tion, Methodology, Writing - original draft, Writing - review and editing; Alexander V Panfilov, Con-
ceptualization, Supervision, Funding acquisition, Methodology, Writing - original draft, Writing -
review and editing; Daniél A Pijnappels, Conceptualization, Resources, Supervision, Funding acquisi-
tion, Methodology, Writing - original draft, Project administration, Writing - review and editing

Author ORCIDs

Rupamanjari Majumder (i https://orcid.org/0000-0002-3851-9225
Tim De Coster {2 https://orcid.org/0000-0002-4942-9866

Arie O Verkerk @ http://orcid.org/0000-0003-2140-834X

Ronald Wilders (@ http://orcid.org/0000-0002-1340-0869

Daniél A Pijnappels (@ https://orcid.org/0000-0001-6731-4125

Ethics

Human subjects: Conditional immortalization of human atrial myocytes was done with cells isolated
from elective abortion material. Human tissue was obtained after individual permission using stan-
dard informed consent procedures. Experiments with these cells were performed in accordance with
the national guidelines, approved by the Medical Ethical Committee of the Leiden University Medical
Center (protocol P08.087), and conformed to the Declaration of Helsinki.

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.55921 sal
Author response https://doi.org/10.7554/elife.55921.5a2

Additional files

Supplementary files
« Source code 1. Key component of the graphics processing unit-usable code.

« Transparent reporting form

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.
Source data files have been provided for Figure 5.

References

Arevalo H, Plank G, Helm P, Halperin H, Trayanova N. 2013. Tachycardia in post-infarction hearts: insights from
3D image-based ventricular models. PLOS ONE 8:e68872. DOI: https://doi.org/10.1371/journal.pone.0068872,
PMID: 23844245

Ashihara T, Trayanova NA. 2005. Cell and tissue responses to electric shocks. EP Europace 7:5155-5165.
DOI: https://doi.org/10.1016/j.eupc.2005.03.020

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921 16 of 23


https://orcid.org/0000-0002-3851-9225
https://orcid.org/0000-0002-4942-9866
http://orcid.org/0000-0003-2140-834X
http://orcid.org/0000-0002-1340-0869
https://orcid.org/0000-0001-6731-4125
https://doi.org/10.7554/eLife.55921.sa1
https://doi.org/10.7554/eLife.55921.sa2
https://doi.org/10.1371/journal.pone.0068872
http://www.ncbi.nlm.nih.gov/pubmed/23844245
https://doi.org/10.1016/j.eupc.2005.03.020
https://doi.org/10.7554/eLife.55921

e Llfe Research article

Computational and Systems Biology | Physics of Living Systems

Barry PH, Lynch JW. 1991. Liquid junction potentials and small cell effects in patch-clamp analysis. The Journal of
Membrane Biology 121:101-117. DOI: https://doi.org/10.1007/BF01870526, PMID: 1715403

Bayley H, Jayasinghe L. 2004. Functional engineered channels and pores (Review). Molecular Membrane Biology
21:209-220. DOI: https://doi.org/10.1080/09687680410001716853, PMID: 15371010

Bingen BO, Engels MC, Schalij MJ, Jangsangthong W, Neshati Z, Feola |, Ypey DL, Askar SF, Panfilov AV,
Pijnappels DA, de Vries AA. 2014. Light-induced termination of spiral wave arrhythmias by optogenetic
engineering of atrial cardiomyocytes. Cardiovascular Research 104:194-205. DOI: https://doi.org/10.1093/cvr/
cvu179, PMID: 25082848

Bongianino R, Priori SG. 2015. Gene therapy to treat cardiac arrhythmias. Nature Reviews Cardiology 12:531-
546. DOI: https://doi.org/10.1038/nrcardio.2015.61, PMID: 25917154

Bérjesson S, Elinder F. 2008. Structure, function, and modification of the voltage sensor in voltage-gated ion
channels. Cell Biochemistry and Biophysics 52:149-174. DOI: https://doi.org/10.1007/s12013-008-9032-5,
PMID: 18989792

Borne RT, Varosy PD, Masoudi FA. 2013. Implantable cardioverter-defibrillator shocks: epidemiology, outcomes,
and therapeutic approaches. JAMA Internal Medicine 173:859-865. DOI: https://doi.org/10.1001/
jamainternmed.2013.428, PMID: 23546173

Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K. 2005. Millisecond-timescale, genetically targeted
optical control of neural activity. Nature Neuroscience 8:1263-1268. DOI: https://doi.org/10.1038/nn1525,
PMID: 16116447

Boyle PM, Karathanos TV, Trayanova NA. 2018. Cardiac optogenetics: 2018. JACC: Clinical Electrophysiology 4:
155-167. DOI: https://doi.org/10.1016/j.jacep.2017.12.006, PMID: 29749932

Bruegmann T, Boyle PM, Vogt CC, Karathanos TV, Arevalo HJ, Fleischmann BK, Trayanova NA, Sasse P. 2016.
Optogenetic defibrillation terminates ventricular arrhythmia in mouse hearts and human simulations. Journal of
Clinical Investigation 126:3894-3904. DOI: https://doi.org/10.1172/JCI88950, PMID: 27617859

Bub G, Tateno K, Shrier A, Glass L. 2003. Spontaneous initiation and termination of complex rhythms in cardiac
cell culture. Journal of Cardiovascular Electrophysiology 14:5229-5236. DOI: https://doi.org/10.1046/}.1540.
8167.90315.x, PMID: 14760928

Catterall WA. 2000. From ionic currents to molecular mechanisms: the structure and function of voltage-gated
sodium channels. Neuron 26:13-25. DOI: https://doi.org/10.1016/s0896-6273(00)81133-2, PMID: 10798388

Catterall WA. 2010. lon channel voltage sensors: structure, function, and pathophysiology. Neuron 67:915-928.
DOI: https://doi.org/10.1016/j.neuron.2010.08.021, PMID: 20869590

Cho HC, Marbéan E. 2010. Biological therapies for cardiac arrhythmias: can genes and cells replace drugs and
devices? Circulation Research 106:674-685. DOI: https://doi.org/10.1161/CIRCRESAHA.109.212936,
PMID: 20203316

Clerx M, Collins P, de Lange E, Volders PG. 2016. Myokit: a simple interface to cardiac cellular electrophysiology.
Progress in Biophysics and Molecular Biology 120:100-114. DOI: https://doi.org/10.1016/j.pbiomolbio.2015.
12.008, PMID: 26721671

Courtemanche M, Ramirez RJ, Nattel S. 1998. lonic mechanisms underlying human atrial action potential
properties: insights from a mathematical model. American Journal of Physiology-Heart and Circulatory
Physiology 275:H301-H321. DOI: https://doi.org/10.1152/ajpheart.1998.275.1.H301

Courtemanche M, Ramirez RJ, Nattel S. 1999. lonic targets for drug therapy and atrial fibrillation-induced
electrical remodeling: insights from a mathematical model. Cardiovascular Research 42:477-489. DOI: https://
doi.org/10.1016/50008-6363(99)00034-6, PMID: 10533583

Crocini C, Ferrantini C, Coppini R, Scardigli M, Yan P, Loew LM, Smith G, Cerbai E, Poggesi C, Pavone FS,
Sacconi L. 2016. Optogenetics design of mechanistically-based stimulation patterns for cardiac defibrillation.
Scientific Reports 6:35628. DOI: https://doi.org/10.1038/srep35628, PMID: 27748433

Déssel O, Krueger MW, Weber FM, Schilling C, Schulze WHW, Seemann G. 2011. A framework for
personalization of computational models of the human atria 2011. Annual International Conference of the IEEE
Engineering in Medicine and Biology Society 4324-4328. DOI: https://doi.org/10.1109/IEMBS.2011.6091073

Entcheva E, Bub G. 2016. All-optical control of cardiac excitation: combined high-resolution optogenetic
actuation and optical mapping. The Journal of Physiology 594:2503-2510. DOI: https://doi.org/10.1113/
JP271559, PMID: 26857427

Feola |, Teplenin A, de Vries AA, Pijnappels DA. 2016. Optogenetic engineering of atrial cardiomyocytes. In:
Kianianmomeni A (Ed). Optogenetics. 331 Springer. p. 319-331. DOI: https://doi.org/10.1007/978-1-4939-
3512-3_22

Frame LH, Rhee EK. 1991. Spontaneous termination of reentry after one cycle or short nonsustained runs. Role
of oscillations and excess dispersion of refractoriness. Circulation Research 68:493-502. DOI: https://doi.org/
10.1161/01.RES.68.2.493, PMID: 1991352

Frame LH, Simson MB. 1988. Oscillations of conduction, action potential duration, and refractoriness. A
mechanism for spontaneous termination of reentrant tachycardias. Circulation 78:1277-1287. DOI: https://doi.
org/10.1161/01.CIR.78.5.1277, PMID: 3180384

Govorunova EG, Sineshchekov OA, Janz R, Liu X, Spudich JL. 2015. NEUROSCIENCE. Natural light-gated anion
channels: a family of microbial rhodopsins for advanced optogenetics. Science 349:647-650. DOI: https://doi.
org/10.1126/science.aaa7484, PMID: 26113638

Harlaar N, Liu J, Volkers L, Ramkisoensing AA, Schalij MJ, Klautz RJM, Van Brakel TJ, Pijnappels DA, De Vries
AAF. 2019. P1229Massive expansion of native human atrial cardiomyocytes through immortogenetics:

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921 17 of 23


https://doi.org/10.1007/BF01870526
http://www.ncbi.nlm.nih.gov/pubmed/1715403
https://doi.org/10.1080/09687680410001716853
http://www.ncbi.nlm.nih.gov/pubmed/15371010
https://doi.org/10.1093/cvr/cvu179
https://doi.org/10.1093/cvr/cvu179
http://www.ncbi.nlm.nih.gov/pubmed/25082848
https://doi.org/10.1038/nrcardio.2015.61
http://www.ncbi.nlm.nih.gov/pubmed/25917154
https://doi.org/10.1007/s12013-008-9032-5
http://www.ncbi.nlm.nih.gov/pubmed/18989792
https://doi.org/10.1001/jamainternmed.2013.428
https://doi.org/10.1001/jamainternmed.2013.428
http://www.ncbi.nlm.nih.gov/pubmed/23546173
https://doi.org/10.1038/nn1525
http://www.ncbi.nlm.nih.gov/pubmed/16116447
https://doi.org/10.1016/j.jacep.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/29749932
https://doi.org/10.1172/JCI88950
http://www.ncbi.nlm.nih.gov/pubmed/27617859
https://doi.org/10.1046/j.1540.8167.90315.x
https://doi.org/10.1046/j.1540.8167.90315.x
http://www.ncbi.nlm.nih.gov/pubmed/14760928
https://doi.org/10.1016/s0896-6273(00)81133-2
http://www.ncbi.nlm.nih.gov/pubmed/10798388
https://doi.org/10.1016/j.neuron.2010.08.021
http://www.ncbi.nlm.nih.gov/pubmed/20869590
https://doi.org/10.1161/CIRCRESAHA.109.212936
http://www.ncbi.nlm.nih.gov/pubmed/20203316
https://doi.org/10.1016/j.pbiomolbio.2015.12.008
https://doi.org/10.1016/j.pbiomolbio.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26721671
https://doi.org/10.1152/ajpheart.1998.275.1.H301
https://doi.org/10.1016/S0008-6363(99)00034-6
https://doi.org/10.1016/S0008-6363(99)00034-6
http://www.ncbi.nlm.nih.gov/pubmed/10533583
https://doi.org/10.1038/srep35628
http://www.ncbi.nlm.nih.gov/pubmed/27748433
https://doi.org/10.1109/IEMBS.2011.6091073
https://doi.org/10.1113/JP271559
https://doi.org/10.1113/JP271559
http://www.ncbi.nlm.nih.gov/pubmed/26857427
https://doi.org/10.1007/978-1-4939-3512-3_22
https://doi.org/10.1007/978-1-4939-3512-3_22
https://doi.org/10.1161/01.RES.68.2.493
https://doi.org/10.1161/01.RES.68.2.493
http://www.ncbi.nlm.nih.gov/pubmed/1991352
https://doi.org/10.1161/01.CIR.78.5.1277
https://doi.org/10.1161/01.CIR.78.5.1277
http://www.ncbi.nlm.nih.gov/pubmed/3180384
https://doi.org/10.1126/science.aaa7484
https://doi.org/10.1126/science.aaa7484
http://www.ncbi.nlm.nih.gov/pubmed/26113638
https://doi.org/10.7554/eLife.55921

e Llfe Research article

Computational and Systems Biology | Physics of Living Systems

generation of the hiAM cell lines. European Heart Journal 40:ehz748-0187. DOI: https://doi.org/10.1093/
eurheartj/ehz748.0187

Hermanns H. 2002. Interactive Markov Chains: The Quest for Quantified Quality, chapter 3. In: Randy G, Yuzuru
T, Wolfgang W (Eds). Lecture Notes in Computer Science. Berlin Heidelberg: Springer. p. 35-55. DOI: https://
doi.org/10.1007/3-540-45804-2

Horrobin DF. 1970. Systems with Multiple Detectors and Multiple Effectors. Netherlands, Dordrecht: Springer.
DOI: https://doi.org/10.1007/978-94-011-7126-7_6

Josephson ME, Kastor JA. 1977. Supraventricular tachycardia: mechanisms and management. Annals of Internal
Medicine 87:346-358. DOI: https://doi.org/10.7326/0003-4819-87-3-346, PMID: 332025

Katritsis DG, Zareba W, Camm AJ. 2012. Nonsustained ventricular tachycardia. Journal of the American College
of Cardiology 60:1993-2004. DOI: https://doi.org/10.1016/} jacc.2011.12.063, PMID: 23083773

Keener JP. 2009. Invariant manifold reductions for markovian ion channel dynamics. Journal of Mathematical
Biology 58:447-457. DOI: https://doi.org/10.1007/500285-008-0199-6, PMID: 18592240

Kumar P, Schwartz J. 2014. Device therapies: new indications and future directions. Current Cardiology Reviews
11:33-41. DOI: https://doi.org/10.2174/1573403x1101141106121553

Kunysz A, Glass L, Shrier A. 1995. Overdrive suppression of spontaneously beating chick heart cell aggregates:
experiment and theory. American Journal of Physiology-Heart and Circulatory Physiology 269:H1153-H1164.
DOI: https://doi.org/10.1152/ajpheart.1995.269.3.H1153

Kunysz AM, Shrier A, Glass L. 1997. Bursting behavior during fixed-delay stimulation of spontaneously beating
chick heart cell aggregates. American Journal of Physiology-Cell Physiology 273:C331-C346. DOI: https://doi.
org/10.1152/ajpcell.1997.273.1.C331

Laslett LJ, Alagona P, Clark BA, Drozda JP, Saldivar F, Wilson SR, Poe C, Hart M. 2012. The worldwide
environment of cardiovascular disease: prevalence, diagnosis, therapy, and policy issues: a report from the
american college of cardiology. Journal of the American College of Cardiology 60:51-S49. DOI: https://doi.
org/10.1016/j.jacc.2012.11.002, PMID: 23257320

Link MS, Atkins DL, Passman RS, Halperin HR, Samson RA, White RD, Cudnik MT, Berg MD, Kudenchuk PJ,
Kerber RE. 2010. Part 6: electrical therapies: automated external defibrillators, defibrillation, cardioversion, and
pacing: 2010 american heart association guidelines for cardiopulmonary resuscitation and emergency
cardiovascular care. Circulation 122:5706-5719. DOI: https://doi.org/10.1161/CIRCULATIONAHA.110.970954,
PMID: 20956222

Martinac B, Saimi Y, Kung C. 2008. lon channels in microbes. Physiological Reviews 88:1449-1490. DOI: https://
doi.org/10.1152/physrev.00005.2008, PMID: 18923187

Moreau A, Gosselin-Badaroudine P, Chahine M. 2014. Biophysics, pathophysiology, and pharmacology of ion
channel gating pores. Frontiers in Pharmacology 5:53. DOI: https://doi.org/10.3389/fphar.2014.00053,
PMID: 24772081

Nagai Y, Gonzélez H, Shrier A, Glass L. 2000. Paroxysmal starting and stopping of circulating waves in excitable
media. Physical Review Letters 84:4248-4251. DOI: https://doi.org/10.1103/PhysRevLett.84.4248, PMID: 10
990657

Nagel G, Ollig D, Fuhrmann M, Kateriya S, Musti AM, Bamberg E, Hegemann P. 2002. Channelrhodopsin-1: a
light-gated proton channel in green algae. Science 296:2395-2398. DOI: https://doi.org/10.1126/science.
1072068, PMID: 12089443

Nattel S, Andrade J, Macle L, Rivard L, Dyrda K, Mondesert B, Khairy P. 2014. New directions in cardiac
arrhythmia management: present challenges and future solutions. Canadian Journal of Cardiology 30:5420-
S430. DOI: https://doi.org/10.1016/j.cjca.2014.09.027, PMID: 25432137

Nyns ECA, Kip A, Bart Cl, Plomp JJ, Zeppenfeld K, Schalij MJ, de Vries AAF, Pijnappels DA. 2016. Optogenetic
termination of ventricular arrhythmias in the whole heart: towards biological cardiac rhythm management.
European Heart Journal 37:ehw574. DOI: https://doi.org/10.1093/eurheartj/ehw574

Nyns ECA, Poelma RH, Volkers L, Plomp JJ, Bart Cl, Kip AM, van Brakel TJ, Zeppenfeld K, Schalij MJ, Zhang
GQ, de Vries AAF, Pijnappels DA. 2019. An automated hybrid bioelectronic system for autogenous restoration
of sinus rhythm in atrial fibrillation. Science Translational Medicine 11:eaau6447. DOI: https://doi.org/10.1126/
scitranslmed.aau6447, PMID: 30814339

Ortiz J, Igarashi M, Gonzalez HX, Laurita K, Rudy Y, Waldo AL. 1993. Mechanism of spontaneous termination of
stable atrial flutter in the canine sterile pericarditis model. Circulation 88:1866-1877. DOI: https://doi.org/10.
1161/01.CIR.88.4.1866, PMID: 8403332

Patel YA, George A, Dorval AD, White JA, Christini DJ, Butera RJ. 2017. Hard real-time closed-loop
electrophysiology with the Real-Time eXperiment interface (RTXI). PLOS Computational Biology 13:€1005430.
DOI: https://doi.org/10.1371/journal.pcbi. 1005430, PMID: 28557998

Quan W, Rudy Y. 1990. Unidirectional block and reentry of cardiac excitation: a model study. Circulation
Research 66:367-382. DOI: https://doi.org/10.1161/01.RES.66.2.367, PMID: 2297808

Ren D, Navarro B, Xu H, Yue L, Shi Q, Clapham DE. 2001. A prokaryotic voltage-gated sodium channel. Science
294:2372-2375. DOI: https://doi.org/10.1126/science.1065635, PMID: 11743207

Rudy Y, Silva JR. 2006. Computational biology in the study of cardiac ion channels and cell electrophysiology.
Quarterly Reviews of Biophysics 39:57-116. DOI: https://doi.org/10.1017/50033583506004227, PMID: 1684
8931

Rush S, Larsen H. 1978. A practical algorithm for solving dynamic membrane equations. |IEEE Transactions on
Biomedical Engineering 389-392. DOI: https://doi.org/10.1109/TBME.1978.326270

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921 18 of 23


https://doi.org/10.1093/eurheartj/ehz748.0187
https://doi.org/10.1093/eurheartj/ehz748.0187
https://doi.org/10.1007/3-540-45804-2
https://doi.org/10.1007/3-540-45804-2
https://doi.org/10.1007/978-94-011-7126-7_6
https://doi.org/10.7326/0003-4819-87-3-346
http://www.ncbi.nlm.nih.gov/pubmed/332025
https://doi.org/10.1016/j.jacc.2011.12.063
http://www.ncbi.nlm.nih.gov/pubmed/23083773
https://doi.org/10.1007/s00285-008-0199-6
http://www.ncbi.nlm.nih.gov/pubmed/18592240
https://doi.org/10.2174/1573403x1101141106121553
https://doi.org/10.1152/ajpheart.1995.269.3.H1153
https://doi.org/10.1152/ajpcell.1997.273.1.C331
https://doi.org/10.1152/ajpcell.1997.273.1.C331
https://doi.org/10.1016/j.jacc.2012.11.002
https://doi.org/10.1016/j.jacc.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23257320
https://doi.org/10.1161/CIRCULATIONAHA.110.970954
http://www.ncbi.nlm.nih.gov/pubmed/20956222
https://doi.org/10.1152/physrev.00005.2008
https://doi.org/10.1152/physrev.00005.2008
http://www.ncbi.nlm.nih.gov/pubmed/18923187
https://doi.org/10.3389/fphar.2014.00053
http://www.ncbi.nlm.nih.gov/pubmed/24772081
https://doi.org/10.1103/PhysRevLett.84.4248
http://www.ncbi.nlm.nih.gov/pubmed/10990657
http://www.ncbi.nlm.nih.gov/pubmed/10990657
https://doi.org/10.1126/science.1072068
https://doi.org/10.1126/science.1072068
http://www.ncbi.nlm.nih.gov/pubmed/12089443
https://doi.org/10.1016/j.cjca.2014.09.027
http://www.ncbi.nlm.nih.gov/pubmed/25432137
https://doi.org/10.1093/eurheartj/ehw574
https://doi.org/10.1126/scitranslmed.aau6447
https://doi.org/10.1126/scitranslmed.aau6447
http://www.ncbi.nlm.nih.gov/pubmed/30814339
https://doi.org/10.1161/01.CIR.88.4.1866
https://doi.org/10.1161/01.CIR.88.4.1866
http://www.ncbi.nlm.nih.gov/pubmed/8403332
https://doi.org/10.1371/journal.pcbi.1005430
http://www.ncbi.nlm.nih.gov/pubmed/28557998
https://doi.org/10.1161/01.RES.66.2.367
http://www.ncbi.nlm.nih.gov/pubmed/2297808
https://doi.org/10.1126/science.1065635
http://www.ncbi.nlm.nih.gov/pubmed/11743207
https://doi.org/10.1017/S0033583506004227
http://www.ncbi.nlm.nih.gov/pubmed/16848931
http://www.ncbi.nlm.nih.gov/pubmed/16848931
https://doi.org/10.1109/TBME.1978.326270
https://doi.org/10.7554/eLife.55921

e Llfe Research article

Computational and Systems Biology | Physics of Living Systems

Sears SF, Hauf JD, Kirian K, Hazelton G, Conti JB. 2011. Posttraumatic stress and the implantable cardioverter-
defibrillator patient: what the electrophysiologist needs to know. Circulation. Arrhythmia and Electrophysiology
4:242-250. DOI: https://doi.org/10.1161/CIRCEP.110.957670, PMID: 21505176

Sherman PM, Stark L. 1957. A servoanalytic study of consensual pupil reflex to light. Journal of Neurophysiology
20:17-26. DOI: https://doi.org/10.1152/jn.1957.20.1.17, PMID: 13398849

Simson MB, Spear JF, Moore EN. 1981. Stability of an experimental atrioventricular reentrant tachycardia in
dogs. American Journal of Physiology-Heart and Circulatory Physiology 240:H947-H953. DOI: https://doi.org/
10.1152/ajpheart.1981.240.6.H947

Southan C, Sharman JL, Benson HE, Faccenda E, Pawson AJ, Alexander SP, Buneman OP, Davenport AP,
McGrath JC, Peters JA, Spedding M, Catterall WA, Fabbro D, Davies JA, NC-IUPHAR. 2016. The IUPHAR/BPS
guide to PHARMACOLOGY in 2016: towards curated quantitative interactions between 1300 protein targets
and 6000 ligands. Nucleic Acids Research 44:D1054-D1068. DOI: https://doi.org/10.1093/nar/gkv1037,

PMID: 26464438

Stevenson WG. 2013. Current treatment of ventricular arrhythmias: state of the art. Heart Rhythm 10:1919-1926.
DOI: https://doi.org/10.1016/j.hrthm.2013.10.019, PMID: 24120875

Stojilkovic SS, Tabak J, Bertram R. 2010. lon channels and signaling in the pituitary gland. Endocrine Reviews 31:
845-915. DOI: https://doi.org/10.1210/er.2010-0005, PMID: 20650859

Subramanyam P, Colecraft HM. 2015. lon channel engineering: perspectives and strategies. Journal of Molecular
Biology 427:190-204. DOI: https://doi.org/10.1016/}.jmb.2014.09.001, PMID: 25205552

Sun J, Amellal F, Glass L, Billette J. 1995. Alternans and period-doubling bifurcations in atrioventricular nodal
conduction. Journal of Theoretical Biology 173:79-91. DOI: https://doi.org/10.1006/jtbi.1995.0045, PMID: 773
9214

Ten Tusscher KH, Mourad A, Nash MP, Clayton RH, Bradley CP, Paterson DJ, Hren R, Hayward M, Panfilov AV,
Taggart P. 2009. Organization of ventricular fibrillation in the human heart: experiments and models.
Experimental Physiology 94:553-562. DOI: https://doi.org/10.1113/expphysiol.2008.044065, PMID: 19168541

ten Tusscher KH, Panfilov AV. 2006. Alternans and spiral breakup in a human ventricular tissue model. American
Journal of Physiology-Heart and Circulatory Physiology 291:H1088-H1100. DOI: https://doi.org/10.1152/
ajpheart.00109.2006, PMID: 16565318

Ten Tusscher KHWJ, Panfilov AV. 2007. Influence of diffuse fibrosis on wave propagation in human ventricular
tissue. EP Europace 9:vi38-vi45. DOI: https://doi.org/10.1093/europace/eum206

Vassalle M. 1970. Electrogenic suppression of automaticity in sheep and dog purkinje fibers. Circulation
Research 27:361-377. DOI: https://doi.org/10.1161/01.RES.27.3.361, PMID: 5452735

Wellens HJ, Lau CP, Luderitz B, Akhtar M, Waldo AL, Camm AJ, Timmermans C, Tse HF, Jung W, Jordaens L,
Ayers G. 1998. Atrioverter: an implantable device for the treatment of atrial fibrillation. Circulation 98:1651-
1656. DOI: https://doi.org/10.1161/01.CIR.98.16.1651, PMID: 9778331

Wilders R. 2006. Dynamic clamp: a powerful tool in cardiac electrophysiology. The Journal of Physiology 576:
349-359. DOI: https://doi.org/10.1113/jphysiol.2006.115840, PMID: 16873403

Yu T, Lloyd CM, Nickerson DP, Cooling MT, Miller AK, Garny A, Terkildsen JR, Lawson J, Britten RD, Hunter PJ,
Nielsen PMF. 2011. The Physiome Model Repository 2. Bioinformatics 27:743-744. DOI: https://doi.org/10.
1093/bioinformatics/btq723

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921 19 of 23


https://doi.org/10.1161/CIRCEP.110.957670
http://www.ncbi.nlm.nih.gov/pubmed/21505176
https://doi.org/10.1152/jn.1957.20.1.17
http://www.ncbi.nlm.nih.gov/pubmed/13398849
https://doi.org/10.1152/ajpheart.1981.240.6.H947
https://doi.org/10.1152/ajpheart.1981.240.6.H947
https://doi.org/10.1093/nar/gkv1037
http://www.ncbi.nlm.nih.gov/pubmed/26464438
https://doi.org/10.1016/j.hrthm.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24120875
https://doi.org/10.1210/er.2010-0005
http://www.ncbi.nlm.nih.gov/pubmed/20650859
https://doi.org/10.1016/j.jmb.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25205552
https://doi.org/10.1006/jtbi.1995.0045
http://www.ncbi.nlm.nih.gov/pubmed/7739214
http://www.ncbi.nlm.nih.gov/pubmed/7739214
https://doi.org/10.1113/expphysiol.2008.044065
http://www.ncbi.nlm.nih.gov/pubmed/19168541
https://doi.org/10.1152/ajpheart.00109.2006
https://doi.org/10.1152/ajpheart.00109.2006
http://www.ncbi.nlm.nih.gov/pubmed/16565318
https://doi.org/10.1093/europace/eum206
https://doi.org/10.1161/01.RES.27.3.361
http://www.ncbi.nlm.nih.gov/pubmed/5452735
https://doi.org/10.1161/01.CIR.98.16.1651
http://www.ncbi.nlm.nih.gov/pubmed/9778331
https://doi.org/10.1113/jphysiol.2006.115840
http://www.ncbi.nlm.nih.gov/pubmed/16873403
https://doi.org/10.1093/bioinformatics/btq723
https://doi.org/10.1093/bioinformatics/btq723
https://doi.org/10.7554/eLife.55921

e Llfe Research article

Computational and Systems Biology | Physics of Living Systems

Appendix 1

We have designed two alternative schemes of an anti-arrhythmic gating mechanism that can
also be used for a BiolCD channel. Each scheme, shown as a Markov diagram, has its own
strengths and weaknesses, as will be discussed below. We will denote them as Model Il and
Model Ill, and will refer to the model from the main text as Model I. BiolCD Model | seems to
be the easiest to engineer out of the three virtual BiolCD channels, and therefore was selected
for a more detailed study in 2D and 3D (see the Results section).

Model Il

In this model, we use a similar concept as in Model |, but with a different inactivation
mechanism. The activation process is similar to Model |, with a closed state C and an open
state O. Inactivation occurs through a dedicated gate that has two states I (open) and

Ic (closed). This gate is responsible for recovery of the channel after defibrillation and
inactivates the current after = 500 ms. Here too, the BiolCD channel makes use of the
‘deactivating agent’ a, which in contrast to model | accumulates in the state a; during the
diastolic phase (i.e. phase 4) of the AP. Thus, when the transmembrane potential of the
cardiomyocyte is restored to its resting value, a; increases. This triggers a transition from the
open state O to the closed state C (deactivation) with a decreased time constant, thereby
leading to restoration of sinus rhythm. A schematic diagram of this model and its behaviour is
presented in Appendix 1—figure 1. A detailed mathematical description of the state
variables is provided in in Equations 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26.
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Appendix 1—figure 1. Schematic diagram and behaviour of BiolCD channel Model II. (A)
Markov diagram for BiolCD Model Il. (B) and (C) Traces of voltage (V) and state variables at
1.2 Hz and 4.2 Hz, respectively.

Total BiolCD current is expressed as:
Igiorcp = Ggioren 1o H(O — Oy )(V — Epiorcp)- (14)

Here, Ggioicp = 10 nS/pF is the maximal conductance of the whole collection of channels,
Ouy =0.25, H is a Heaviside function, and Eg;,;cp =0 mV is the reversal potential. Rate
coefficients have explicitly been provided a dimensionality, while in Model | and IlI the kinetic
coefficients are divided by a characteristic time.
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00
E:aCJr‘on*(ﬁerOv (15)
ol
=, =0C+Blo— (a+)lc, (16)
oI,
a—?:60+alc— B+7)lo, (17)
where
0s ! ifV<—55.0mV
N :{ s i mV, (18)
1s™' otherwise,
2S_1 ifV<—60.0 mv,al <dihreshold »
B Ims! ?fV< —60.0mV,a; > dpreshold; (19)
1s! if —60.0mV <V<—550mV,
0! otherwise.
O+C+lIp+1Ic= 1,(20)
ap+a; =1.(21)
In our 2D model, we used ayegnoia = 0.5
0s ! if V<—60.0mV
. { St R (22)
10~ otherwise,
10s7! if V<—60.0mV
5 { s i . mV, (23)
0s™! otherwise.
Subunit a has active (a;) and inactive (a,) states.
da
aft]Zk()]ag*kl()al. (24)
Transition rates between them are the following:
1.0 257!, V<—60.0mV
P ’ 25
o (1.0 + e(V+600)/0.1) { Ims~!, otherwise, =
1.0 257! V< —60.0mV
kio — . ’ 26
10 (1.0 4 ¢~ (V+600)/0.1) { Ims™!, otherwise. =

Model Il

This model comprises six identical subunits with four states each (see Appendix 1—figure
2A): I (inactive state), C; (1st closed state), C, (2nd closed state) and O (open state). The
mechanism is less sensitive to the changes in AP shape or duration by design, but requires
more states in a Markov chain model.

Initially, all subunits are in the first closed state C;. When the cell depolarizes (V> — 25 mV),
most of the subunits of the channel transit to the inactive state I/, whereas the remaining
fraction of subunits change conformation to the other closed state C,. The number of subunits
in the second closed state (C5) always increases approximately to the same value after each
upstroke (see green spikes of C, in Appendix 1—figure 2B and C). The channel can then
open from the C; state, but not from C, or I. The opening and inactivation from the C; state
occurs slowly and independent of the voltage (k4, ks), which slows down the overall kinetics of
the channel. Therefore, the number of open channels (O) reflects the average/integrated
number of upstrokes in a unit of time (see Appendix 1—figure 2B and C, black lines). The
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channels recover from inactivation mainly during the late phase of the AP, when the
transmembrane voltage ranges from —60 mV to —25 mV (as can be seen in Appendix 1—
figure 2B and C by an increase of C; during the final phase of the AP). At high frequencies,
the number of channels in the second closed state C, and in the open state O increases. The
channels with all subunits in the open state contribute to the defibrillation current. After
arrhythmia termination, in the absence of new upstrokes, the subunits of the channels recover
fast to the first closed state C (see Appendix 1—figure 2B and C, orange line). The Markov
diagram for this model is shown in Appendix 1—figure 2A. A detailed mathematical
description of the state variables is provided in Equations 27, 28, 29, 30, 31).
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Appendix 1—figure 2. Schematic diagram and behaviour of BiolCD channel Model ll. (A)
Markov diagram for BiolCD Model Ill. (B) and (C) Traces of voltage (V) and state variables at
1.2 Hz and 4.2 Hz, respectively.

Total BiolCD current is expressed as:
Igioico = GioicpO°(V — Epiorcp), (27)

where GBgioicD = 1000 IlS/pF and Egioicp = OmV.
3C1 kil —kaCi — ksCy

= 2
ot T ’ (28)
A _
2 k3Cy — k4Cy k5C27 (29)
or T
A _
_0 :k4C2 kGO7 (30)
ot T
I+C +C+0=1, 31
where 7 =7 ms and ki, k; and k3 are functions of voltage:
1.0 if -60 mV<V <-25 mV,
k= { o " (32)
0.0 otherwise,
300 if V>-25mV, 0 ifV>25mV,
k2:{ i . m k3={100 if V>-25mV, (33)
0.0 otherwise, 0.0 otherwise.

Other kinetic coefficients are constant: k4 = 0.05, ks = 0.01, and ks = 0.05.

Finally, in Appendix 1—figure 3 we demonstrate the operation of our BiolCD Model Il and
Model Il in simulated homogeneous human ventricular monolayers. In each case, the channel
remains closed during sinus rhythm. However, upon arrhythmia initiation, such abnormal
electrical activity is terminated within 1.2 s by transient activation of the BiolCD channel
resulting in the restoration of sinus rhythm.
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Appendix 1—figure 3. Anti-arrhythmic action of BiolCD Model Il and Il in monolayers of human
ventricular tissue (TNNP model). (A and B) Pseudocolor plots of subsequent time frames of the
process of biological auto-detection and termination of reentrant tachyarrhythmias, followed

by restoration of sinus rhythm, as demonstrated by using BiolCD Model Il and Model lll,
respectively. (C and D) Voltage traces from representative cardiomyocytes (white asterisks) in
the simulation domains for Model Il and Model lll, respectively.

Majumder et al. eLife 2020;9:e55921. DOI: https://doi.org/10.7554/eLife.55921

23 of 23


https://doi.org/10.7554/eLife.55921

