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Introduction
1
Physiology of the heart
The heart, a muscular pump, propels blood throughout the body to deliver
nutrients, remove waste products, and transport hormones and messengers.
The heart consists of four chambers: The left and right atria at the top with the
left and right ventricles underneath. Blood flows from the right atrium into the
right ventricle and the pulmonary circulation. Following a tour through the lungs
to become oxygenated, blood then enters the left atrium from which it is
ejected into the left ventricle. Blood is pumped by the left ventricle, via the
aorta, into the systemic circulation to distribute oxygen and nutrients to the
body before entering the right atrium again. In this sequence the ventricles
perform the major pumping work of the heart and in doing so synchronously
deliver blood to both the lungs (right ventricle), and the rest of the body (left
ventricle). Contraction of the atria helps to ensure that the ventricles are
sufficiently filled before the ventricles perform their task. Compared to the
relatively ‘simple’ function of the heart to act as a pump and circulate blood in
this way, the structure and integrated physiology of cardiac tissue needed to
realize that function are very complex.
To maximize mechanical efficiency, the heart is excited by a heterogeneous
system of specialized electrically active cardiac muscle cells. The mechanical
contraction of each chamber in the heart is coordinated by an electrical signal
propagating through this system and then to the remaining “contractile” cardiac
tissue. The complex system consisting of subcellular, cellular and tissue level
activity combining electrical and mechanical components results in the heart
beat. The delicate dynamic balance that coordinates this electrical and
mechanical activity occurs roughly once to three times per second throughout
a human life.
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1.1

Coordinated electrical and mechanical activity of the cardiac cycle

Figure 1: Schematic representation of structure of the heart and electrical
conduction system (Encyclopædia Britannica 2010).
The electrical signal in the heart starts at the sinoatrial node (SAN) and sends
regular signals to the rest of the heart resulting in rhythmic contraction (Figure
1). These specialized pacemaker cells are described as “autorhythmic”, in that
they undergo an intrinsic and autonomous cycle of electrical excitation and
relaxation. The electrical signal spreads from the SAN through both the left and
right atrium eliciting their contraction and ejection of blood from the atria into
the ventricles. Simultaneously, the electrical signal propagates towards the
ventricles but must do so via the atrioventricular (AV) node, which serves as an
electrical bridge between atria and ventricles. The small cells of the AV node
cause a delay between the atrial and ventricular electrical activation to ensure
efficient filling and function of the ventricles. When the electrical signal
propagates to the ventricular tissue, it spreads out through the fast-conducting
bundle of His that divides into thin wire-like structures (the Purkinje fibers)
throughout the ventricles. The rapid distribution of the electrical signal causes
the ventricles to contract in unison and pump blood into the arteries.
1.2
Foundations of cardiac electrical excitation
The cardiac conduction system has specific characteristics and functions at
each point from SAN to the Purkinje network. The chambers of the heart
contract in a perfectly timed sequence, made possible by these complex and
intricately coordinated mechanisms. For example, conduction delay enforced
at the AV node, succeeded by fast conduction through the bundle of His and
8
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Purkinje network that permits the entirety of both ventricles to activate and
contract at the same time (in the healthy heart). The conductivity of the tissue
depends mainly on the speed of electrical activation in individual
cardiomyocytes, and the rate of current transfer between adjacent myocytes
via gap junction proteins that provide electrical connections. Extracellular
matrix and non-excitable interstitial cells (e.g. fibroblasts) do not directly
contribute to propagation of the electrical signal, and instead generally disrupt
it in many disease circumstances. The excitable cardiomyocytes, with their
ability to contract, are the fundamental units of both the electrical and
mechanical activation of the heart during each beat.
As is true for all cells, cardiomyocytes consist of a complex collection of
organelles, proteins and other important molecules for cell survival and
function. When considering electrical excitation, we can simplify the
cardiomyocyte to its membrane, and the pore-forming proteins and ions that
together determine cardiomyocyte electrical homeostasis (Figure 2). The
membrane separates the cytosol from the extracellular environment. Both
environments contain a combination of sodium, calcium, potassium,
magnesium and chloride as the most relevant ions, but the concentration of
each ion is generally very different in the two environments. These differences
are maintained by the membrane, which is only permeable to these charged
ions via transporting proteins, including a subset of pore-forming proteins
called ion channels. The impermeability of the membrane to these ions causes
it to function as a capacitor between the two ionic pools. The characteristic
property of excitable cells (e.g. neurons, skeletal myocytes, cardiomyocytes) is
that electrical stimulation can transiently alter the permeability of the
membrane, via changes in the transport proteins. This process is primarily
regulated by (voltage dependent) opening and closing of different ion
channels. At rest, equilibrium of both positively and negatively charged ions
passing the membrane is reached. In this state, there is zero net passage of
charged particles over the membrane, based on thermodynamic equilibrium of
the electrical and chemical gradients acting on the ensemble of ions. An
electrical gradient forces movement of ions to ensure balance of positive and
negative charges, whereas movement along the chemical gradient creates
excess charge in a compartment. Regardless of the driving force, when a
charged ion crosses the membrane, it alters the charge distribution around the
capacitor (the cell membrane). A net passage of charged particles over the
membrane is, by definition, a transmembrane ion current, and results in a
change in potential across the membrane.
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Figure 2: Schematic representation of the cell membrane including ion
currents, pumps, intracellular compartments and intracellular ion
concentrations.
All cardiomyocytes express a variety of ion channels, each with specific
characteristics of permeability and molecular gating (functional conformational
changes) that results in a typical current. The channel species are most
commonly grouped by their dominant ion permeability. The three main ion
channel groups that shape cellular excitability are: Sodium (Na+) channels,
calcium (Ca2+) channels and potassium (K+) channels, although others exist. A
detailed overview of ion channels involved in the human atria is presented in
the next section (1.3), whereas an overview of other cardiac ion channels and
their function can be found in resources such as (Hille 2001).
The sum of currents generated from various ion channels prescribes instantby-instant changes to membrane potential (Vm). Since that potential also
controls ion channel function, there is an exquisite and complex dynamic
interaction of the two. This interaction results in a transient change in Vm called
an action potential (AP). The AP starts with an increase in potential from the
negative resting Vm (depolarization), followed by 2 phases of repolarization
(fast and slow). The repeated electrical depolarization and repolarization of the
cardiomyocyte creates gradients for current to be transferred to neighboring
cells, thus enabling propagation of the electrical activation through cardiac
tissue.
Heterogeneity of electrical activity across cardiac tissues depends on
differences in the electrical properties of the cells in those regions, and
therefore on their underlying ensemble of ion channels (differences in
10
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extracellular and intracellular ionic composition are generally minor).
Ventricular and atrial cardiomyocytes have similarities in electrical properties,
but differ in AP shape and contributing ion channels. This thesis focuses on the
characteristics of atrial myocytes. Details regarding the ventricular
cardiomyocytes are beyond that scope, but extensive descriptions can be
found in other sources (Grant 2009, Bartos et al. 2015).
1.3
Action potential of the atrial myocyte
The ventricles and atria are separate in structure and function, and have
meaningful differences in their cellular electrical properties. The primary
structural difference is the less organized membrane structure of atrial
myocytes. Ventricular cells exhibit highly regular transverse invaginations in
the surface membrane that permit penetration of electrical excitation to the
cell’s interior. These “transverse-tubules” are far less prominent and regular in
atrial myocytes, which results in a reduced surface-to-volume ratio (Frisk et al.
2014, Glukhov et al. 2015). Atrial cells also exhibit altered expression of ion
channel subunits and consequent differences in the ion current densities
carried by those channels. The atria express ion channels that are not
(functionally) present in the ventricles of a healthy heart leading to different AP
durations (APD). Together these effects alter subtleties of the shape
(morphology) of the atrial AP relative to the ventricular AP, and the balance of
currents contributing to their major phases (Figure 3). Thus, this sets the stage
for pharmacological targeting that can be selective for the atria, although there
are many challenges inherent to that goal.

Figure 3: Ion channels contributing to the atrial and ventricular AP (Ravens
2017)
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1.3.1 Phases of the atrial action potential
Most ion channels exhibit selective permeability, meaning that they are much
more permeable to one species of ion over others. This has resulted in a
classification and naming convention based on ionic selectivity such as
sodium-channels, potassium-channels etc. Even though each ion channel
possesses different biophysical properties, their roles during an action potential
can be initially grouped by this ionic selectivity. The subtleties that differentiate
those roles for different channels selective to the same ion (e.g. different types
of K+ channels) are then subdivided by biophysical characteristics such as
gating dependencies (e.g. voltage or calcium), gating kinetics (speed), and
unitary conductance.
At rest, the cardiomyocyte membrane is much more permeable to potassium
ions, and current flowing out of the cell via these channels creates a negative
resting Vm close to the reversal potential of potassium. The cardiac AP from
rest, through rapid depolarization, and slower repolarization can be described
in four phases (Figure 3). The resting phase is typically named phase 4. From
rest, an electrical stimulus, for example a current injection due to an action
potential occurring in a neighboring cell, causes the Vm to rapidly increase and
depolarize. This in turn causes voltage-gated sodium channels to open, which
gives rise to the fast sodium current (INa) - a very large inward current. The
result is a further rapid depolarization from the resting Vm to the positive
voltage range. During this depolarization, the sodium channels begin to rapidly
inactivate (a form of closure), and rapidly activating species of potassium
channels begin to open. These open channels result in a potassium current
that flows in the outward direction, opposing INa. The peak positive Vm (close to
the reversal potential of sodium) occurs when influx of sodium is
counterbalanced by efflux of potassium. This full sequence from rapid
depolarization to the peak of the action potential is termed Phase 0. The
subsequent phase is an early repolarization phase (Phase 1), in which sodium
channels are nearly fully inactivated. The most rapidly activating potassium
current (the transient outward potassium current, Ito) dominates in Phase 1,
and returns Vm close to 0 mV. After this transient repolarization, the AP enters
the plateau phase (Phase 2) lasting tens to several hundreds of milliseconds.
During this complex phase of the AP a balance of the inward calcium current
(ICaL) and outward potassium currents maintain the membrane potential at a
plateau near 0 mV. The range of potassium currents active during this phase
varies considerably throughout the heart, and this is responsible for much of
the variability in the shape of the AP across different regions. Additionally
during Phase 2, the influx of calcium ions through ICaL triggers calcium induced
calcium release from intracellular calcium stores (the sarcoplasmic reticulum,
SR). The released calcium drives mechanical contraction of the cell, and most
of it is then pumped back into the SR, but some of it is extruded from the cell.
This extrusion is electrically meaningful because it occurs via the Na+-Ca2+
exchanger, which moves 3 sodium ions in while transporting 1 calcium ion out
of the cell. In doing so, it carries the other major inward current during Phase 2
(INCX). Eventually, the delicate balance of inward and outward currents in
Phase 2 ends when the total potassium current grows to exceed the inward
currents, and a final rapid repolarization phase ensues (Phase 3). The
repolarizing potassium channels that are active during these final two phases
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vary markedly between atrial and ventricular myocytes. Main contribution in the
ventricles is that of the rapidly activating delayed rectifier current (IKr, also
known as the hERG channel), and the cardiac inward rectifier current (IK1). The
atria exhibit a lower density of IK1, but express other potassium channels that
are not (functionally) present in the ventricles. These potassium channels carry
several additional measurable currents in the atria: the cholinergic potassium
channel, the ultrarapid potassium channel, the two-pore potassium channel,
and the focus of this thesis, the small conductance calcium-activated
potassium channel (SK).
1.3.2 Atrial selective ion channels
The influx and efflux of ions through each species of ion channel has its own
role in shaping the action potential. The difference between the peak-anddome shape of the ventricular AP and the shorter atrial AP can be attributed to
altered ion channel expression and density (Figure 3). Atrial selective
potassium currents contribute to the repolarization phase and combine with
other characteristics of atrial electrophysiology to produce a shorter AP than in
the ventricular cardiomyocyte. In both the atria and ventricles potassium
channels are often involved in cardiac rhythm disorders (arrhythmias), and are
also prominent targets for anti-arrhythmic drugs. Excessive activity (e.g. as a
result of increased expression, function or localization) of cardiac potassium
channels will result in a shortening of APD. This can have unwanted
pathological effects, but may also be desirable under pathological conditions
that destabilize repolarization (Schmitt et al. 2014, Chiamvimonvat et al. 2017,
Jeevaratnam et al. 2018). Channels selectively expressed in the atria enable
targeted research of mechanisms or pharmacological treatments specific to
atrial versus ventricular disease.
The four atrial-selective ion channels are permeable to potassium, but are
activated and involved in a unique way. The ultrarapid potassium current (IKur)
and the acetylcholine-activated potassium current (IK,ACh) are expressed
selectively in the atria and were promising targets for atrial fibrillation (AF)
treatment (Dobrev et al. 2005, Voigt et al. 2010, Makary et al. 2011, Wakili et
al. 2011, Dobrev et al. 2012). Pre-clinical experiments blocking IKur or IK,ACh
show antiarrhythmic properties such as reduced AF inducibility and promoted
AF termination (Tamargo et al. 2004, Maleckar et al. 2009, Bingen et al. 2013,
Ravens et al. 2013). However, both pharmacological targets failed to reduce
AF burden in clinical trials (Podd et al. 2016, Shunmugam et al. 2018). Both ion
channels have been assessed via in silico models to quantitatively determine
their involvement in cardiac electrophysiology, AF and possible AF treatment
(Tsujimae et al. 2008, Scholz et al. 2013). This, in turn has increased
understanding of the gating kinetics for both channels, their involvement in AF,
and possible explanations for their complex pharmacological profiles. These
and more detailed future models of IKur and IK,ACh may be capable of explaining
disagreements between pre-clinical and clinical results regarding block of IKur
and IK,ACh.
The two-pore domain potassium current (IK,2P) contributes to APD in human
atrial cardiomyocytes (Limberg et al. 2011) and is genetically associated with
AF (Liang et al. 2014). In chronic AF (cAF), channel expression was reported
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to be upregulated (Barth et al. 2005, Schmidt et al. 2015, Schmidt et al. 2017)
or unchanged (Ellinghaus et al. 2005, Gaborit et al. 2005). Pharmacological
and computational studies have shown increased APD upon IK,2P block
(Limberg et al. 2011, Schmidt et al. 2015, Wiedmann et al. 2016, Schmidt et al.
2017). Further clinical and more comprehensive computational studies should
illuminate the role of IK,2P at different stages of AF and its potential as an AF
treatment target.
The fourth atrial selective potassium channel carries the small conductance
calcium-activated potassium current (ISK). As the name indicates, it is solely
activated by intracellular calcium, and exhibits no voltage-dependent gating
(Hirschberg et al. 1998). In the past decade, variants in the major SK genes
have also been highlighted for their association with AF in large scale genomewide studies (Ellinor et al. 2010, Olesen et al. 2011). SK channel inhibition
results in APD prolongation in a variety of cells and models (Rosa et al. 1998,
Diness et al. 2010, Skibsbye et al. 2011, Skibsbye et al. 2014, Diness et al.
2015, Haugaard et al. 2015, Skibsbye 2015, Diness et al. 2017, Skibsbye et al.
2018), and has led to progress of clinical grade inhibitors, currently undergoing
early-stage human trials (Acesion Pharma 2018, Diness et al. 2020).
This thesis revolves around developing a comprehensive and quantitative
understanding of SK channel gating and its regulation by two blockers with
differing mechanisms of action. Section 2 describes existing perspectives of
SK function and its role in disease in full detail.
1.4
Atrial fibrillation epidemiology and treatment
In AF, the healthy heart rhythm (often termed normal Sinus Rhythm, nSR) is
overruled by arrhythmic, disorganized electrical impulses from the atria, which
occasionally escape to the ventricle and in turn cause an irregular ventricular
rhythm (Figure 4 bottom right). This results in uncoordinated contraction of the
heart and decreased cardiac function. Because the fibrillating atria are virtually
non-contractile, blood pools and becomes stagnant in the atria, which
significantly increases the risk for clotting and subsequent remote thrombosis,
including stroke. With a prevalence of 1% of the general population and up to
10% in individuals older than 80 years, it is the most common sustained
arrhythmia. AF is projected to affect 14.4 million people in Europe by 2060,
with a rise of AF prevalence from 7.8% to 9.5% in the general population and
from 51% to 65% among those over the age of 80 (Di Carlo et al. 2019). Due
to its prevalence, AF accounts for 0.28% to 2.6% of healthcare spending in
European countries (Di Carlo et al. 2019). This is expected to rise as the
population ages and the number of AF patients increases.
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Figure 4: Electrical propagation through the heart and typical
electrocardiograph in normal sinus rhythm (nSR; upper right) and atrial
fibrillation (AF; lower right). Reprinted from (BruceBlaus).
From its first appearance in a patient, AF progresses through three classified
stages: paroxysmal, persistent and permanent (also called chronic) AF. In
paroxysmal AF, episodes of fibrillation generally last less than 7 days and are
self-terminating. Persistent AF lasts longer than 7 days and often requires
cardioversion by electrical or pharmacological methods. Episodes that have
been sustained for more than a year or where cardioversion has failed are
considered permanent AF. This classification system is challenged by common
non-symptomatic episodes, which go undiscovered, and overlapping stages
and (pharmacological) treatments that muddy clinicians ability to track disease
progression. This is particularly true in AF because fibrillation itself promotes
changes in atrial structure and function that further exacerbate the
pathophysiological process (Schotten et al. 2011). This is commonly referred to
as ‘AF begets AF’ (Wijffels et al. 1995), and it both reinforces the challenge
and the need for developing treatment strategies that are effective in the early
in disease progression stages.
Over the last decade there has been improvement in understanding of AF
mechanisms, but this has not evolved to efficient and safe (pharmacological)
treatment options (Vagos et al. 2018). The drugs available for AF treatment still
lack efficacy and carry significant risks of adverse effects, even though the
specific situations for safe use are better understood. Current pharmacological
treatment of AF is based on three strategies: 1) reduce the risk of stroke with
anticoagulants, 2) regulate ventricular rate to maintain systemic cardiac output
and tissue perfusion or 3) restore and maintain sinus rhythm throughout the
whole heart. In contrast to the first 2 strategies, the 3rd strategy addresses the
primary cause of AF rather than the symptoms.
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Figure 5: Typical AP prolongation upon potassium channel block by Class III
AADs.
An anti-arrhythmic strategy to restore and maintain sinus rhythm that has been
used for decades applied class III antiarrhythmic drugs (AADs) targeting
potassium channels (Singh et al. 1970, Singh et al. 1999). Even though AF
mechanisms are complex (Nattel et al. 2008, Heijman et al. 2014, Waks et al.
2014, Vagos et al. 2018), the protective concept of class III AADs in a cell is
rather straightforward. Potassium channels are involved in the repolarization of
the AP. Inhibiting potassium channels with class III AADs slows down transport
of potassium into the cell increasing APD. AP prolongation by extending the
plateau or repolarization phase occurs simultaneously with an increase in
effective refractory period (ERP) during which a cardiomyocyte is insensitive to
new stimuli (Figure 5). Therefore cardiac potassium channel inhibition is
protective against ectopic electrical signals that could trigger arrhythmia.
Inhibition of atrial potassium currents is therefore a promising target in AF
treatment development.
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2
Small conductance calcium activated potassium channel
2.1
KCa channels
2.1.1 KCa channel characteristics
Calcium-activated potassium channels (KCa, KCNN genes) are ion channels
expressed in a wide range of excitable and non-excitable cells. As the name
indicates, the channels are activated by intracellular calcium and permeable to
potassium ions. Initially the channels were identified in neurons (Alger et al.
1980, Hotson et al. 1980, Schwartzkroin et al. 1980), but have also been found
in (amongst others) smooth muscle, endothelium, intestine, urinary bladder
and the heart (Gueguinou et al. 2014). In excitable nerve and muscle cells, KCa
channels carry a current (IK,Ca) that is responsible for regulating excitability and
contractility.
The family of KCa channels is subdivided in 3 groups, based on unitary
conductance: small (<20pS), intermediate (30-60pS) and large/”big” (>200pS)
conductance channels respectively called SK, IK and BK channels. The 3
channels have varying degrees of homology, but are all sensitive to gating by
changes in intracellular calcium concentration. They vary extensively in
expression sites, subtle aspects of their activation mechanisms, and their
physiological roles.
The BK channel is mainly expressed in vascular smooth muscle cells where it
is important for regulating vessel tone (Ledoux et al. 2006), and is
pharmacologically targeted by vasoactive agents. BK is also present in
endothelial cells where it is involved in hyperpolarization (and thereby in
endothelial mediated vasodilation) and cell proliferation (Benham et al. 1986,
Lee et al. 1994, Vandier et al. 1998). BK channels are not expressed in the
cardiomyocyte plasma membrane, but were found in the mitochondria where
they appear to protect against ischemic injury (Bentzen et al. 2009, Aon et al.
2010, Singh et al. 2013, Soltysinska et al. 2014). Unlike the other KCa channels
(IK and SK), the BK channel is activated both by intracellular calcium and by
voltage, and as might be expected, only BK includes a voltage-sensing
domain. The BK channel can react to intracellular calcium via the calcium bowl
in the (intracellular) C-terminus (Schreiber et al. 1997, Ghatta et al. 2006).
Surprisingly, the calcium bowl that is present in BK channels is not found in IK
and SK channels. The IK and SK channels have no intrinsic calcium-binding
domain, but instead employ a tethered calmodulin (CaM) as their primary
calcium sensor (Fanger et al. 1999, Keen et al. 1999).
Structurally, the IK and SK channels are more similar to each other than to the
BK channel, but their function and sites of expression differ markedly. IK
channels were discovered in erythrocytes (Gardos 1958), but are also
expressed in vascular smooth muscle cells, endothelial cells, macrophages, Tlymphocytes, certain tumor cells and fibroblasts (reviewed in (Wulff et al. 2007,
Brown et al. 2020)). The channels are involved in membrane hyperpolarization
and intracellular calcium homeostasis affecting cell proliferation, apoptosis,
migration and immune response (a.o. (Neylon et al. 1999, Jensen et al. 2002,
Toyama et al. 2008, Urrego et al. 2014), reviewed in (Wulff et al. 2007, Brown
et al. 2020)). IK channels are not expressed in cardiomyocytes, but are thought
to regulate cardiac fibrosis from fibroblasts (Roach et al. 2020). In human
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embryonic stem cell-derived cardiomyocytes, the IK channel is involved with
autonomous beating suggesting a potential role in cardiac node-cells
(Weisbrod et al. 2016). IK channels are upregulated in pathologies like
coronary artery disease and diabetes mellitus (Mene et al. 2013, Cheng et al.
2019). Pharmacologically targeting IK channels can be useful for (cardio-)
vascular diseases involving blood pressure stabilization, angiogenesis and
calcification (Wulff et al. 2007).
Similarly to the IK channel, the SK channel is activated solely by intracellular
calcium via the calcium sensor CaM (Hirschberg et al. 1998, Keen et al. 1999).
SK channels are mainly expressed in excitable cells contributing to
endothelium-derived hyperpolarization (Milkau et al. 2010), neuronal
afterhyperpolarization (Pedarzani et al. 2005) and cardiac repolarization (Li et
al. 2009, Qi et al. 2014, Skibsbye et al. 2014, Zhang et al. 2014, Yu et al.
2015). Like the other KCa channels, SK achieves these outcomes by providing
a feedback link between intracellular calcium concentration, which generally
acts as a slow indicator of changes in cellular activity, and Vm. These functional
characteristics have allowed SK to serve as a target for modifying cellular
activity in a variety of pharmacological contexts. SK channels expressed in
dopaminergic neurons are targeted for Parkinson’s disease treatment (Kim et
al. 2011, Alvarez-Fischer et al. 2013, Chen et al. 2018), whereas SK channels
in neurons are a promising treatment target for memory and learning deficits
(Deschaux et al. 1997, Inan et al. 2000, Stackman et al. 2002, Criado-Marrero
et al. 2014, Yin et al. 2017). The main focus of this thesis is the role and
pharmacology of SK channels in the heart. There, they have been linked to
lone AF via genome-wide association studies (Ellinor et al. 2010, Olesen et al.
2011), are upregulated in ventricular heart failure cells (Chang et al. 2013,
Bonilla et al. 2014) and have been repeatedly promoted as an atrial-specific
target for AF treatment (Diness et al. 2010, Burashnikov et al. 2011, Skibsbye
et al. 2011, Christophersen et al. 2015, Ravens 2017).
2.1.2 SK channels in excitable cells
SK current was initially reported in cultured rat skeletal muscle where it
mediates afterhyperpolarization (Blatz et al. 1986). It was subsequently shown
that SK current also contributed to afterhyperpolarization in neurons, thereby
regulating neuronal excitability and activity-induced changes in firing frequency
(Pennefather et al. 1985, Zhang et al. 1995, Stocker 2004). Pharmacological
SK blockade by the bee venom toxin apamin results in increased neuronal
excitability (Behnisch et al. 1998).
Initial research on SK channel characteristics was mainly related to their
involvement in neuronal electrophysiology. The topology of neurons is vastly
different to cardiomyocytes, but intrinsic SK channel behavior is expected to be
similar. Varying auxiliary subunits, as well as the local intra- and extracellular
environment, can affect activation and gating of the channel. To understand
the biophysical properties of the SK channel in the heart, knowledge gained
from heterologous cells (expression) or cardiomyocytes is generally preferred,
but supplemented with SK findings in neurons.
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The involvement of SK in the heart is similar to the brain regarding coupling of
intracellular calcium and membrane excitability. However, the functional
contribution and pharmacological targeting are far removed. Treatments
targeting SK in neurons have so far revolved around increasing SK channel
activity via positive modulation of calcium-dependent activation. This approach
has been taken to control cell excitability across a vast range of neuronal cell
types, with varying functional roles and varying dynamics of SK-mediated
calcium-excitation coupling (Hougaard et al. 2007, Nam et al. 2017). The
complexity of this targeting task is predictably massive. The principles
underlying SK targeting in the heart, and specifically in AF, are simpler and
generally opposite in direction to strategies for the brain and nervous system.
That is, most cardiac strategies have sought to decrease channel activity and
ISK. The premise of this approach is that, by selectively prolonging the atrial
AP, ISK block can reduce reentrant substrate in the atria, and do so in a way
that is more potent when cellular activity and calcium loading are elevated.
While this premise is straightforward, the dynamic way in which calcium and
most drugs interact with the SK channel causes their effect on SK gating and
cellular ISK to be difficult to predict. Thus, it has been key to first unravel the
structure and gating mechanisms of SK channels. Both neuronal and cardiac
investigations have contributed immensely to this mechanistic understanding.
Reports of a KCa current in the heart began in the 1970s, but it was difficult to
prove existence of selective potassium channels that were solely activated by
calcium (Eisner et al. 1983). The authors suggest that this could be clarified by
new developments in the patch clamp techniques on isolated membranes or
lipid bilayers which enable independent control of calcium and Vm. The
relatively small contribution of SK channels in cardiac cells logically remained
more challenging to prove than BK channels. Strong evidence of SK channels
in the heart came when Wang et al (Wang et al. 1999) reported the presence
of SK3 subunits and IK,Ca currents in rat ventricular myocytes. In 2003, Xu et al
observed apamin sensitive currents in both human and mouse atrial myocytes
(Xu et al. 2003), suggesting that this current is conserved (at least in the atria)
across mammalian species. Further studies have shown that apamin-sensitive
ISK in mouse atrial myocytes is significantly larger than in ventricular myocytes,
matching the atria-selective expression of SK2 in human and mouse hearts
(Xu et al. 2003). All three SK channel subunits were expressed in mouse
hearts, but predominantly SK1 and SK2 subtypes in the atria (Tuteja et al.
2005). Since these early demonstrations, SK has been shown to be
functionally present in atrial myocytes of other species, including rats, guinea
pigs, rabbits, dogs and humans (Xu et al. 2003, Tuteja et al. 2005, Ozgen et al.
2007, Li et al. 2009, Diness et al. 2010, Skibsbye et al. 2011, Skibsbye et al.
2014). In human atria, the SK2 and SK3 subtypes are more prominent
(Skibsbye et al. 2014).
Given that atrial SK channel expression and measurable ISK is consistent
among recent studies, the role and importance (especially in disease etiology)
of these channels is still debated. As mentioned above, SK channels couple
intracellular calcium (which increases with beating frequency) to membrane
excitation, and thus provide negative feedback on cellular and tissueexcitability. This being the case, experimental studies have been less
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conclusive in demonstrating a role for ISK in modulating the cardiac action
potential. Some pharmacological studies have observed no functional effect on
atrial repolarization (Bonilla et al. 2014), even with robust expression of major
channel proteins (Nagy et al. 2009). Others have demonstrated both
expression and contribution to late AP repolarization in mouse and human atria
(Xu, Tuteja et al. 2003, Tuteja, Xu et al. 2005) in addition to functional
presence mentioned previously. The discrepancies between protein expression
and repolarization outcomes have raised questions about the pharmacological
tools and the functional involvement of SK in cardiac electrophysiology. Altered
expression in ventricular cells suffering cardiac disease like heart failure
suggests involvement of SK channels in pathological ventricular repolarization
(Chua et al. 2011, Chang et al. 2013, Bonilla et al. 2014, Chang et al. 2015).
Because pharmacologic blockade had been a major tool in these studies, our
limited understanding of the specific effects of ISK blockers (particularly apamin)
is likely partly to blame for these uncertainties regarding ISK in the heart and
cardiac disease. Thus, increasing our mechanistic knowledge of SK channel
pharmacology is key to improving both our basic understanding of SK function
in the heart, and how it may be leveraged for improving disease treatment.
2.2

SK channel structure

Figure 6: Ion channel structure of a SK channel isoform (left) and SK channel
in closed and open conformation (right).
High-resolution structures of the SK channel (via X-ray crystallography or
cryogenic electron microscopy; cryo-EM) are not yet available, but several
components and the macrostructure have been established. The mature SK
channel is comprised of 4 alpha subunits, which can be a homo- or
heteromeric combination of three subunit isoforms: SK1 (KCa2.1, KCNN1), SK2
(KCa2.2, KCNN2) and SK3 (KCa2.3, KCNN3). Each subunit consists of six
transmembrane alpha helical segments with an intracellular C- and N-terminus
(Figure 6). The loop between segment 5 and 6 forms the pore region and the
potassium ion selectivity filter. Highly conserved regions of other potassiumpermeable channels were used to localize the selectivity filter and pore domain
(Bruening-Wright et al. 2002, Bruening-Wright et al. 2007, Weatherall et al.
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2011). SK channels do not share the classical positively-charged residues of
voltage-sensing domain in the 4th transmembrane segment, thus leaving SK
channels without functioning voltage-sensitivity (Hirschberg et al. 1998, Xia et
al. 1998). Homology modeling between SK and the recently resolved IK
channel has shown a common fourfold symmetry of the channel and confirmed
CaMBD-CaM complex (Lee et al. 2018, Brown et al. 2020). The cryo-EM
structure of IK showed CaM N-lobes in presence of calcium, which were poorly
resolved in absence of calcium, indicating flexibility in the latter state (Lee et al.
2018, Brown et al. 2020).
The three SK channel isoforms (SK1, 2 and 3) share many similarities in
structure, pore-region sequence and activation mechanism (CaM-mediated
calcium dependence), but vary in their functional and pharmacological
characteristics, and tissue expression (Chen et al. 2004, Weatherall et al.
2011). In particular, the isoforms diverge in the length and sequence of their Nand C-terminal domains (Kohler et al. 1996), possibly affecting regulatory
domains such as drug binding sites and phosphorylation sites. Slight
differences in the outer pore and S3-S4 loop result in variation of efficacy of
apamin binding the channel (Nolting et al. 2007, Weatherall et al. 2011, Benton
et al. 2013), with the highest sensitivity of homomeric SK2 channels followed
by SK3 and SK1. Heteromeric channels show different pharmacological effects
by apamin due to binding sites of a single apamin molecule on neighboring
subunits (Weatherall et al. 2011, Church et al. 2015). The effects and specifics
of binding and block by apamin and other inhibitors are further discussed in
section 2.5.
SK channels do not have an intrinsic calcium sensor, but instead make use of
a C-terminal tethered CaM to transduce changes of intracellular calcium
concentration to channel conformation (Schumacher et al. 2001, Wissmann et
al. 2002, Lee et al. 2003, Adelman 2016). Additionally, protein kinase CK2
(also known as casein kinase 2) and protein phosphatase 2A (PP2A) are also
constitutively bound to the C-terminal domain of the SK channel (Bildl et al.
2004, Kovalevskaya et al. 2013). The kinase and phosphatase affect the
calcium sensitivity by regulating an amino acid (Threonine 80, T80) in the CaM
linker domain. In neurons, phosphorylation of T80 selectively occurs in the
open state of the channel, and dephosphorylation in the closed state (Adelman
2016).
2.3
SK channel activation
Canonical SK channel activation is voltage-independent and thus depends
solely on intracellular calcium concentration, where a change in calcium is
sensed via CaM (Figure 6). The rapid onset of SK current upon applying
saturating intracellular calcium strongly suggests a direct link between the SK
channel and CaM (Keen et al. 1999). Indeed, the C-lobe of CaM is efficiently
bound to the CaMBD of the SK channel, and independent of the presence of
calcium (Keen et al. 1999). The binding of CaM to SK renders two out of four
EF hands on CaM unavailable, leaving the two N-lobe EF-hands to sense
changes in calcium concentration (Keen et al. 1999, Adelman 2016). Mutating
a single or both EF hands in the N-lobe of CaM results in reduced calcium
sensitivity or complete abolition of the current, respectively (Adelman 2016). In
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IK channels, binding of calcium to the N-lobe enables it to move to the S4-S5
linker of a neighboring subunit. This movement pulls part of the S4-S5 linker
down, expands the S6 helices and opens the pore (Lee et al. 2018, Brown et
al. 2020). By structural analogy of the activation mechanism between IK and
SK channels, this is assumed to reflect the activation mechanism of SK
channels.
The activation of SK channels depends on the local calcium concentration,
which in turn is influenced by their proximity to the major calcium transporters,
particularly L-type calcium channels (LCCs) and ryanodine receptors (RyRs).
Cytoskeletal proteins such as α-actinin2 and filamin A determine cellular
localization of SK channels, indirectly linking them to their intracellular calcium
source (Lu et al. 2007, Rafizadeh et al. 2014). SK2 channels colocalize with αactinin2 and LCCs in atrial myocytes (Lu et al. 2009), suggesting
subsarcolemmal calcium (via L-type calcium channels) controls SK channel
activation (Marrion et al. 1998, Zhang et al. 2015). If calcium could be chelated
by EGTA or BAPTA before reaching SK channels, they were assumed to
reside in the same calcium microdomain (Fakler et al. 2008). The fast binding
rate of calcium to BAPTA compared to EGTA could distinguish this further to a
calcium nanodomain, but no difference was observed for SK channels in rabbit
ventricular cardiomyocytes (Zhang et al. 2018). Therefore the SK channel is
located within the same microdomain as LCCs, reducing the diffusion distance
and revealing the activation mechanism (Zhang et al. 2018). RyR-mediated SR
calcium release is also involved in the activation of SK, following initial
activation from calcium entering via LCCs (Zhang et al. 2018).
All SK channel isoforms display steep calcium dependence, with Hill
coefficients of approximately 3-5, and half activation (EC50) of ~300 nM calcium
at room temperature (Kohler et al. 1996, Ishii et al. 1997, Xia et al. 1998, Keen
et al. 1999, Stocker 2004). The degree of cooperativity differs from most other
Ca2+-CaM triggered processes, or binding properties of free CaM, both of
which exhibit low positive cooperativity (Xia et al. 1998, Cui et al. 2014). This
further emphasizes the impact of the constitutive binding between CaM and SK
in permitting high-fidelity calcium-dependent gating. At 9.5 and 10 µM
intracellular calcium, the activation time constant is ~5 ms (Hirschberg et al.
1998: 4.9ms (9.5 uM calcium), Xia et al. 1998, Pedarzani et al. 2001, Berkefeld
et al. 2010). SK deactivation kinetics are roughly an order of magnitude slower,
with a time constant of 30-58 ms (Hirschberg et al. 1998: 15-60 ms , Xia et al.
1998, Pedarzani et al. 2001, Berkefeld et al. 2010).
2.4
Involvement of SK in atrial fibrillation
The exact mechanism of SK channels in atrial electrophysiology and its
presence in human atria remain debated. The complexity of AF progression on
atrial electrophysiology adds an additional challenge to the interpretation of SK
channel function. The specific involvement of SK channels in AF has been
extensively reviewed (Chang et al. 2014, Diness et al. 2015, El-Haou et al.
2015, Zhang et al. 2015, Hancox et al. 2016, Gu et al. 2018). There are three
main reasons for the interest in SK channels in AF: 1) Genetic SK channel
variants are associated with AF; 2) Increasing calcium concentration with AF
progression would in theory affect SK channels and their feedback on Vm; 3)
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SK channel inhibition is assumed to be antiarrhythmic via atrial selective APD
prolongation.
The genetic link between SK channels and AF was established in large-scale
association studies that have provided considerable clinical support for a role
of SK channels in AF. Specifically, SK3 variants (single-nucleotide
polymorphism in the KCNN3 gene) have been identified for lone AF (AF with
no major comorbidities) via genome-wide association studies (Ellinor et al.
2010, Mohanty et al. 2013) and genetic patient screening (Olesen et al. 2011).
SK2 variants show a weak link with clinical AF (Yu et al. 2016). These studies
support an important role for SK channel expression and activity in AF
pathology, but do not elucidate causation or mechanisms.
Calcium dynamics in a cell is a complex system, regulating a large variety of
processes and linking electrophysiology with cell mechanics. In the
progression of AF, the balance between calcium influx and efflux changes
towards increased intracellular calcium concentrations (Denham et al. 2018). In
different AF stages, this calcium cycling remodeling is achieved by amongst
others RyR and LCC remodeling (Denham et al. 2018). Even though the
calcium dynamics underlying AF and its progression are very complex, the
general trend observed from paroxysmal to persistent to permanent AF is an
increase in intracellular calcium. The calcium dependent activation of SK
channels, leads the AF-induced elevated calcium to increase SK channel
activity. In theory, this would present SK channels as a pharmacological
treatment target even more effective in later stages of AF.
An increase in SK current was observed in atrial cardiomyocytes of persistent
AF patients (Li et al. 2011) as well as unclassified AF patients (Wang et al.
2014). Unfortunately, I can only extract information from the abstracts, as both
these articles are in Chinese. In contrast to these findings, downregulation of
all SK channel isoform transcripts was observed in cardiomyocytes from cAF
patients (Skibsbye et al. 2014, Fan et al. 2018). SK current inhibition by
ICAGEN or NS8593 resulted in APD prolongation in cardiomyocytes from nSR
patients, but lost this effect on cAF patient cardiomyocytes (Figure 7)
(Skibsbye et al. 2014). In trabeculae muscle strips, ICAGEN did not induce any
change in AF patients, whereas NS8593 induced prolonging of APD and ERP
(Skibsbye et al. 2014). This indicates that the effect of SK inhibition in AF
potentially varies on spatial and temporal scale. If SK current decreases with
the progression of AF (as indicated by protein expression in AF patients
(Skibsbye et al. 2014, Fan et al. 2018)), the contribution in later AF stages will
reduce, limiting the effect of channel inhibition. Therefore the SK channel is a
more relevant target for early stages of AF, where rate and rhythm control can
prevent AF remodeling and eliminate downstream symptoms like stroke.
The last, but not least, reason of interest in SK channels related to AF is its
pharmacology. Increasing atrial APD and ERP by reducing the SK current can,
in principle, reduce arrhythmogenicity. Even though there are many gaps in
knowledge to describe how SK contributes to AF initiation and development, it
is clear that the SK channel is involved in the etiology of AF. Pharmacologic
manipulation of SK current may therefore be key for both understanding the
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mechanisms of SK involvement in AF and its potential as a treatment target.
Detailed pharmacology of SK channels will be introduced in the next section,
whereas this section focuses on pharmacological tools used to detect SK
channels and its function in atrial cardiomyocytes. Various models (cells,
tissue, animals) were used in assessing the role of SK channels in AF and the
effect of SK channel modulators in reducing AF burden or terminating AF. Fast
pacing protocols or genetic mutations were used to replicate specific effects of
AF on the heart. Pharmacological tools targeting SK channels were then
applied to annotate SK contribution to electrophysiology and interpret its
involvement in the modeled AF circumstances.
Studies vary from showing prolongation of atrial APD upon application of a SK
channel blocker (Table 1), to inhibition of heterogeneously expressed SK2
channels in the atria being more susceptible to AF (Li et al. 2009). The
contradiction between proarrhythmic and antiarrhythmic effects of SK channel
block and APD prolongation have been outlined in multiple reviews (Chang et
al. 2014, Diness et al. 2015, El-Haou et al. 2015, Zhang et al. 2015, Hancox et
al. 2016, Gu et al. 2018). All these results indicate an important contribution of
SK to the atrial AP and the pathological responses associated with various
animal models of AF development. Most experiments use pharmacological
tools to assess existence and function of SK channels in health and AF.
Therefore a better understanding of inhibition mechanisms of compounds
targeting SK might elucidate the origin of contradictory anti- and proarrhythmic
findings. The development of new SK channel inhibitors and their promising
antiarrhythmic results in large animal models (Diness et al. 2010, Qi et al.
2014, Haugaard et al. 2015, Diness et al. 2017, Diness et al. 2020) and clinical
trials (Acesion Pharma 2018, Bentzen et al. 2020, Diness et al. 2020), support
the antiarrhythmic effect of SK channel block in human (Table 1). However, the
mechanisms of previously presented results and conditions for safe use of SK
channel inhibitors still need to be elucidated. These specifics could be very
valuable to understand the contribution of SK channels to AF mechanisms and
progression as well as drug development for AF treatment.

Figure 7: Action potential of human right atrial trabeculae recorded with sharp
microelectrode in the absence and presence of SK channel blocker ICAGEN.
SR represents sinus rhythm. Reprinted from (Ravens 2017) with data from
(Skibsbye et al. 2014).
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2.5
SK pharmacology
Pharmacological targeting of SK current can be divided in two groups:
activation or inhibition of SK channels. Activation or positive modulation of SK
channels in the brain is a potential treatment of neurological disorders like
Parkinson’s disease (Chen et al. 2018). This is achieved by shortening of
neuronal AP by increasing SK channel activity to alter cell excitability and
regulate firing frequency (Faber et al. 2007, Wulff et al. 2007, Nam et al. 2017).
In contrast, SK channels in the heart are pharmacologically targeted by
inhibitors to increase APD. As explained previously, a prolonged APD is
protective against AF induction and maintenance. Due to wide expression of
SK channels in the body, and negative side effects of SK channel inhibition
outside the heart (Lallement et al. 1995), a range of inhibitors have been
applied and developed. These compounds range from natural toxins such as
apamin to synthetic (small) molecules tailored to selectively target SK channels
(for example UCL1684, NS8593) or specific tissues (AP14145). Table 1 lists
SK channel inhibitors affecting arrhythmic behavior, whereas more
comprehensive overview of SK channel pharmacology can be found in
amongst others (Wulff et al. 2007, Brown et al. 2020). This section elaborates
on the inhibitors used in Paper2 and Paper3: Apamin and AP14145.
The most commonly known SK inhibitor is apamin, a peptide toxin naturally
present in bee venom. Apamin selectively inhibits SK channels with a higher
affinity and lower half-maximal inhibitory concentration (IC50) for homomeric
SK2 (IC50 ~ 70 pM), followed by homomeric SK3 (IC50 ~ 0.63-6 nM),
homomeric hSK1 (IC50 ~ 1-8 nM) and apamin-insensitive rSK1 (Kohler et al.
1996, Grunnet et al. 2001, Benton et al. 2003, Nolting et al. 2007, Lamy et al.
2010, Weatherall et al. 2011). The apamin affinity is reduced in heteromeric
expression of SK2 with an apamin insensitive isoform (rSK1 or
rSK2(YA246/7LV) mutated in the S3-S4 loop), due to an isoform-specific
binding site on the S3-S4 loop (Weatherall et al. 2011). However, this effect is
more prevalent in neurons than cardiomyocytes, where respectively SK1 and
SK2 or SK2 and SK3 are abundantly expressed. The shared high apamin
affinity of SK2 and SK3, in combination with similarities in their amino acid
sequence (Weatherall et al. 2011), would indicate a smaller difference in
affinity of SK2-SK3 heteromers to their homomeric channels.
Apamin’s interaction sites have been elucidated (Ishii et al. 1997, Grunnet et
al. 2001, Nolting et al. 2007, Lamy et al. 2010, Weatherall et al. 2011), but little
is known about the functional effect of apamin on SK channel gating kinetics.
The binding site of apamin close to the pore was initially interpreted as a poreblocking mechanism, but later it was shown that apamin induced an allosteric
mechanism for inhibition (Nolting et al. 2007, Lamy et al. 2010). In addition to
binding at the outer pore, apamin interacts with the extracellular S3-S4 loop
(Weatherall et al. 2011). Due to the relatively small size of apamin, it is
impossible for it to bind the S3-S4 site and the outer pore site while also
occluding the pore, thus eliminating a pore-blocking mechanism. Due to its
extracellular binding sites, apamin is also clearly unable to directly interact with
the C-terminal CaMBD or CaM itself. It is more likely that apamin interferes
with the events following calcium activation, instead of the calcium binding
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itself, although the specifics of this mechanism have not been definitively
demonstrated.
Apamin has been shown to inhibit the SK current (prolonging APD) in
numerous cell types (Moreno et al. 2015), and resulted in shorter duration AF
episodes in an in vivo rat model (Skibsbye et al. 2011). The use of apamin in
animal models or humans is contraindicated based on pharmacokinetics and
side effects of neuronal SK block (Lallement et al. 1995, Faber 2009). Other
compounds have been developed as selective SK channel inhibitors ranging
from pore-blockers to allosteric modulators, as comprehensively reviewed in
(Wulff et al. 2007, Brown et al. 2020).
A lineage of allosteric modulators from NeuroSearch A/S and Acesion Pharma
has been developed to potently and selectively inhibit SK channels. The main
compounds from this lineage are NS8593, AP14145 and its most recent
addition AP30663 (Strobaek et al. 2006, Simo-Vicens et al. 2017, Diness et al.
2020). The negative allosteric modulator AP14145 is a small molecule
developed to target all isoforms of the peripheral SK channel, in contrast to its
structurally similar compound NS8593 that causes adverse side effects by
blocking SK channels in the brain (Simo-Vicens et al. 2017). The peripheral
selectivity of AP14145 was not based on SK isoform selectivity, but was
achieved by increased polarity resulting in a lower likelihood of passing the
blood-brain barrier. The structural change of NS8593 into AP14145 does not
affect their selectivity and efficacy: NS8593 and AP14145 interact with the SK
channel in the same way as indicated by their structural similarities, shared
binding site and SK channel affinity (Sorensen et al. 2008, Jenkins et al. 2011,
Simo-Vicens et al. 2017).
AP14145 is selective for SK channels without subtype selectivity between
hSK2 and hSK3 (Simo-Vicens et al. 2017), and exhibits IC50 = 1.1 ± 0.3 µM.
This inhibition is achieved through modulation of channel calcium sensitivity via
a rightward shift of the calcium activation curve (Simo-Vicens et al. 2017) –
half-maximal calcium activation shifts from EC50 = 0.36 ± 0.02 µM in control, to
EC50 = 1.3 ± 0.2 µM in the presence of 10 µM AP14145. Additionally, AP14145
reduced the Hill coefficient (5.2 ± 0.3 in control, 1.2 ± 0.1 with 10 µM AP14145)
for calcium activation, indicating a loss of cooperativity (Simo-Vicens et al.
2017). The binding site of both AP14145 and NS8593 to the SK channel is
located in the inner pore of the ion channel (Jenkins et al. 2011). This was
rather unexpected, given that both compounds clearly act as negative
modulators: NS8593 and AP14145 inhibit the SK current by right-shifting the
calcium sensitivity (Sorensen et al. 2008, Simo-Vicens et al. 2017). Those
modulatory actions were expected to result from some direct physical
interaction with CaM or the CaMBD, as occurs for positive modulators of SK
calcium-activation (Nam et al. 2017).
Pore blockers and (allosteric) modulators reduce the SK current in expression
systems and cardiomyocytes (Wulff et al. 2007, Brown et al. 2020) and
commonly induce an APD prolongation in animal models as well as isolated
cardiomyocytes from nSR patients (Qi et al. 2014, Skibsbye et al. 2014). Ex
vivo and in vivo animal models show an antiarrhythmic effect of SK channel
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inhibitors. A variety of compounds (NS8593, AP14145, AP30663, UCl1684 and
ICAGEN) prolonged the atrial ERP and have been shown capable of
terminating AF in guinea pig, rat, rabbit, horse and dog (Diness et al. 2010,
Diness et al. 2011, Skibsbye et al. 2011, Qi et al. 2014, Haugaard et al. 2015,
Diness et al. 2017, Kirchhoff et al. 2019, Diness et al. 2020). Ex vivo hearts of
guinea pig, rat and rabbit as well as in vivo pig indicate that SK channel block
can prevent re-induction of AF (Diness et al. 2010).
SK channel pharmacology has proven useful in elucidating SK channel
expression sites, requirements for selective targeting, and unraveling
involvement of SK channels in the heart. However, detailed inhibition
mechanisms (at for example the single channel level) are often still unknown.
This can bias or limit use of pharmacological tools to assess already complex
involvement of SK channels in healthy and pathological hearts. SK channel is a
promising target for antiarrhythmic drugs, but drug development would benefit
from knowledge on pharmacological mechanisms. The unknowns and
discrepancies of detailed SK channel pharmacology and contribution to healthy
and arrhythmic atria are challenging to assess experimentally. In silico models
can contribute to unraveling these complex physiological and pharmacological
effects of SK channels.

Table 1: Antiarrhythmic effects of SK channel inhibitors in animal models and
human cells
Results
Inhibitor
Cell/Tissue/Animal
Reference
Prolonged
APD

NS8593

ICAGEN

Prolongation
of aERP

NS8593

isolated cardiomyocytes from
RAA of nSR patients
trabeculea of RAA of nSR
patients
trabeculea of RAA of cAF
patients
atrial cells from dog
isolated cardiomyocytes from
RAA of nSR patients
trabeculea of RAA of nSR
patients
ex vivo guinea pig
in vivo rat with hypertension
trabeculea of RAA of nSR
patients
trabeculea of RAA of cAF
patients
in vivo rats
in vivo horse

AP14145

in vivo dogs
in vivo pig
ex vivo guinea pig
in vivo guinea pig

(Skibsbye et al.
2014)

(Qi et al. 2014)
(Skibsbye et al.
2014)

(Diness et al. 2010)
(Diness et al. 2011)
(Skibsbye et al.
2014)
(Skibsbye et al.
2011)
(Haugaard et al.
2015)
(Qi et al. 2014)
(Diness et al. 2017)
(Kirchhoff et al.
2019)
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Terminate AF
/ shortened
duration of AF

AP30663
UCL1684

in vivo pig
in vivo rat with hypertension
in vivo rat

ICAGEN

trabeculea of RAA of nSR
patients
ex vivo guinea pig
ex vivo rat
ex vivo rabbit
in vivo rat
in vivo rat with hypertension
in vivo rat

NS8593

in vivo horse
AP14145
AP30663
UCL1684

Prevented AF

ICAGEN
apamin

ex vivo guinea pig
in vivo rat

NS8593

ex vivo guinea pig
ex vivo rat
ex vivo rabbit
in vivo pig

AP30663
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in vivo dog
in vivo pig
in vivo pig
ex vivo guinea pig
in vivo rat with hypertension
in vivo rat

(Diness et al. 2020)
(Diness et al. 2011)
(Skibsbye et al.
2011)
(Skibsbye et al.
2014)
(Diness et al. 2010)

(Diness et al. 2011)
(Skibsbye et al.
2011)
(Haugaard et al.
2015)
(Qi et al. 2014)
(Diness et al. 2017)
(Diness et al. 2020)
(Diness et al. 2010)
(Diness et al. 2011)
(Skibsbye et al.
2011)
(Diness et al. 2010)
(Skibsbye et al.
2011)
(Diness et al. 2010)

(Diness et al. 2020)
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Atrial ion channel and myocyte modeling
Due to the complexity of cardiac electrophysiological mechanisms it is difficult,
if not impossible, to integrate new findings made via reductionist experimental
design through intuition alone. Computational models offer quantitative tools to
perform such integration, and thus reconcile opposing processes and functions
over larger scales in time and space. In silico models of atrial cardiomyocytes
incorporate detailed representations of ionic concentration gradients, ion
transporter and signaling protein function, and the role of (sub-) cellular
structures, thus enabling simulation of these complex cellular behaviors.
Models of this type were born of classical work in neurophysiology (Hodgkin et
al. 1952, Hodgkin et al. 1952, Hodgkin et al. 1952, Hodgkin et al. 1952,
Hodgkin et al. 1952, Hodgkin et al. 1952), and have been applied in cardiac
electrophysiology for nearly 40 years (Noble et al. 1984). In silico models of the
heart are used in a variety of ways to integrate complex mechanisms,
decompose disease pathways and support regulatory and clinical decisions.
Mathematical models have been developed for various cell types, species and
levels of biophysical detail. These models are generally built from reductionist
datasets obtained from cell expression systems, animal and occasionally
human myocytes. Newer models or recent iterations on previously published
work incorporate more complex dynamics, subcellular mechanisms,
intracellular calcium handling and ion channel gating kinetics. In silico models
merge the separately researched mechanisms to a whole system to describe
and predict electrophysiological behavior. However, model predictions are
often referenced to independent (non-clinical) datasets for model validation.
The quantity and quality of experimental and clinical datasets are critical for
proper model development and validation. In the following sections I’ll
introduce the experimental data used for development of ion channels models,
types of ion channel models and how they contribute to cellular
electrophysiology.
3.1
Measuring and in silico modeling of ion channel gating kinetics
Ion channel gating refers to the mechanisms controlling the opening and
closing of the channel, (e.g., Vm or ligand binding). Activation of an ion channel
involves movement of small domains resulting in opening of the channel and
can depend on voltage (for example Na+-channel), on a ligand such as calcium
(for example SK channel) or a combination of both (for example BK channel).
An open channel conducts current through ion permeation as described earlier.
Deactivation, the return of the ion channel to its closed confirmation, occurs by
an intrinsic process coupled to activation. Another process that stops ions to
flow through the channel is inactivation. This can occur by blocking the flow of
ions through an open channel, or preemptive inactivating a closed channel to
prevent ion permeation. Each ion channel has unique gating properties and
related physiological implications. The fast gating of sodium channels in
contrast to generally slow gating of potassium channels underlie the different
phases of the action potential. These rates of channel transitions between
open and closed confirmation in response to activation and deactivation
triggers is known as gating kinetics.
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3.1.1 Patch clamp experiments to unravel gating kinetics
The gating kinetics of an ion channel are often unraveled based on
experimental patch clamp data (Jurkat-Rott et al. 2004). The patch clamp
technique enables simultaneous voltage clamp of living cells while measuring
the current conducted by ion channels embedded in the membrane. The
simplicity of the method is unmatched by the wealth of information it provides.
The patch clamp technique build on the pioneering work of Hodgkin and
Huxley (Hodgkin et al. 1952, Hodgkin et al. 1952, Hodgkin et al. 1952),
providing the first detailed description of the ionic basis of the action potential
in nerve axons. Since its introduction, this technique became the principal tool
for ion channel studies and has expanded to measurements of amongst others
macropatch, whole cell and perforated cell. Neher and colleagues
revolutionized and extended this method to record the transmembrane current
of a single channel (Neher et al. 1976, Neher et al. 1978), enabling the study of
single ion channels in a controlled environment. The use of patch clamp is now
the golden standard in studying ion channel gating kinetics. For this thesis, two
methods will be discussed in more detail: Inside-out macropatch and inside-out
single channel patch clamp. For other methods and more details on the
technique, resources such as (Sakmann et al. 1995, Hille 2001, JoVE Science
Education Database 2021) may be consulted.
In both macropatch and single channel patch clamp experiments applied in this
thesis, the inside-out configuration was used. This refers to the membrane
orientation. A patch excised from the cell membrane with the inside facing the
bath solution, while the solution in the pipette interacts with the extracellular
membrane, is in the inside-out configuration. Both membrane patches in the
dashed boxes in Figure 8 show the inside-out configuration. To assess the
gating kinetics of the SK channel (which is activated by intracellular calcium),
the intracellular solution is changed over the course of an experiment. In the
inside-out configuration, the intracellular solution in the bath is easily
interchangeable (compared to the pipette solution that cannot be altered during
the experiment).
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Figure 8: Patch clamp setup for inside-out single channel and macropatch
experiments. Single channel recording show the behavior of a single channel
providing mechanistic and state dependent knowledge. Macropatch recordings
have an unknown number of channels in a patch providing ensemble channel
behavior. Example traces show recordings of SK channels (van Herck et al.
2021).
The number of channels in a membrane patch determines the difference
between macropatch and single channel experiments. The number of channels
present depends on the size of the pipette opening and the channel density in
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the membrane. Single channel patch clamp recordings show the behavior of
one single channel in observable transitions from closed to open or open to
closed confirmation (bottom left panel in Figure 8). These experiments result in
event histograms of channel amplitude as well as durations the channel
remains open or closed. An example of closed durations of the SK channel is
presented in Figure 11, showing the summed and separate durations fitted to
the histogram. The detailed results of single channel patch clamp data are
often used to unravel gating mechanisms, conformational states,
pharmacological effects on gating kinetics and other ion channel
characteristics (example of BK channel gating kinetics (Geng et al. 2014)).
More details on single channel patch clamp in the context of mathematical
model development are presented in section 3.1.3.
Macropatch recordings show the behavior of an ensemble of channels (often
an unknown number) in a membrane patch. This technique is used to measure
the response of a current to a voltage step or ramp (bottom right panel in
Figure 8). The results are easier and faster to obtain than single channel data,
but the trade-off affects the level of detail, whereas single channel experiments
can expose gating kinetics, macropatch experiments focus on a higher
temporal scale. Macropatch experiments are often used in larger numbers to
assess ensemble channel behavior as would be present in a primary cell.
Characteristics such as voltage or calcium sensitivity, temperature effects and
pharmacological effects of the ion current are often assessed using this
technique. The relatively fast and easy method enables large datasets to
observe small differences triggered by external factors.
To construct a computational model of ion channel gating, each of these data
sources is informative, but each has its own strengths and provides insight to
different forms of channel regulation or their integration with other cellular
functions. The functional outcomes measured by these methods are often also
augmented by knowledge of channel structure, although structure-driven
models of channel function are still rare, and represent an exciting but infant
field. Ideally, functional data from multiple levels of spatial and temporal
resolution are combined to provide a comprehensive mathematical
representation of channel behavior. However, in practice, datasets are often
incomplete or can only be obtained under specific experimental conditions.
Thus, challenges often arise in reconciling data sources collected under those
different conditions. While no in silico model can directly augment missing
data, models are often used to reconcile disparate experimental datasets, or
interpolate and extrapolate function to conditions under which experiments are
extremely challenging or impossible.
The most common representations of ion currents are the Hodgkin-Huxley
formalism and Markov-state models of channel gating. Both will be introduced
in more detail, as well as the experimental data commonly used to develop
these mathematical models.
3.1.2 Hodgkin-Huxley gating
In their pioneering work presented in 1952, Hodgkin and Huxley developed an
empirical kinetic description of ion fluxes and permeability of the excitable
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membrane (Hodgkin et al. 1952, Hodgkin et al. 1952, Hodgkin et al. 1952).
They interpreted the membrane as a capacitor between intra- and extracellular
ion solutions, where the capacitance varied with voltage by altering membrane
permeability (Figure 9). This concept enabled mathematical description of
electrical responses with predicting power of major excitability features such as
action potential shape. Additionally to the mathematical equations, the resulting
Hodgkin-Huxley model suggests major features of gating mechanisms
(Hodgkin et al. 1952). The Hodgkin-Huxley model was developed to describe
the squid giant axon, as well as gating kinetics of ion currents. Modeling an
entire cell and action potential will be discussed later (section 3.2), while this
section focuses on the gating kinetics of ion channels.

Figure 9: Circuit diagram showing framework for Hodgkin-Huxley model.
Electrical properties of the membrane were described by two voltage
dependent (gNa and gK) and one voltage independent (gL) conductance in
parallel with a capacitor.
The Hodgkin-Huxley model for the giant squid axon consists of contributions
from sodium, potassium and leak current. The ion currents have a driving force
based on Vm and the equilibrium potential for each ionic species. The current
itself is calculated based on Ohm’s law:
!! = !! ∗ (!! − !! )
where I is the transmembrane current of ion x, g is the conductance of
ion x, Vm is the membrane voltage and E is the equilibrium potential of ion x.
The conductance of each current is computed as the maximum conductance
when channels are open and a series of hypothetical gates moving between
open and closed channel position. These gates introduced the time and
voltage dependent kinetic properties. Each gate can transition from closed to
open or open to closed at a rate that is independent from other gates. Fast
sodium current activation is accurately modeled by three activation gates (m)
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that move towards open positions at depolarized Vm. The probability that all
three independent gates are open is m3.
The process termed inactivation describes the mono-exponential decrease in
current and was modeled with a single gate (h). Independence between all
gates results in the open probability of sodium channels as m3h. The voltage
dependence of outward potassium current did not show inactivation, but its
behavior required four activation gates (n) resulting in an open probability of n4.
The leak current was incorporated to account for current not carried by INa or
IK, but was assumed to be constant without time or voltage dependence.
Therefore no gates were used to describe IL. The set of equations describing
the Hodgkin-Huxley model consists of:
!!" = !!" ∗ !! ℎ ∗ (!! − !!" )
!! = !! ∗ !! ∗ (!! − !! )
!! = !! ∗ (!! − !! )
where Vm is the membrane voltage, Ej the equilibrium potential of ion j
calculated with the Nernst equation, Ij is the current of ion j, gj is the maximum
conductance for channel of ion j and n, m and h are gating coefficients. This
surprisingly simple and elegant model concept is still commonly used today.
However, the gating coefficient introduced by in the Hodgkin-Huxley framework
(describing transitions between resting and activated state) changed from
describing a group of ion channels, to describing a single type of ion channel.
More detailed gating schemes will better describe the experimental data, but
also reflect structures and mechanisms of action. The modulation of gating
parameters by drugs is of interest in understanding pharmacological
mechanisms. For the squid giant axon, the INa, IK and IL were sufficient to
describe the action potential. The shape of an atrial AP is substantially different
from the axon due to cell specific characteristics and ion channels. For
physiologically meaningful results, mathematical descriptions for atrial ion
channels will result in a more accurate AP model.
3.1.3 Markov model
Development of tools and techniques as well as detailed information on ion
channel gating indicated that gating parameters as introduced in the HodgkinHuxley formalism were not sufficient to describe various aspects of channel
behavior. A clear example is the greater probability of sodium channel
inactivation occurring when the channel is open (Armstrong et al. 1977,
Bezanilla et al. 1977). This dependency between activation and inactivation
voids the assumption of independent gating between m3 and h gates. Instead
of gating parameters, specific kinetics states of ion channels need to be
represented. Markov models enable dedicated Markov-states for ion channel
conformations and assume that transitions between states depend on the
current channel conformation, without considering previous behavior. Certain
Markov models with carefully chosen structures and transition parameters can
resemble gating parameters of the Hodgkin-Huxley formalism (Rudy et al.
2006). However, Markov models are specifically capable of representing
dependent transitions between ion channel conformations.
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The simplest Markov model of ion channel gating consists of one open and
one closed state, as visualized in Figure 10A. Each transition in this model
results in opening or closing of the channel. Most wild type ion channels
require larger numbers of states to describe their gating kinetics (for example
BK channels (Geng et al. 2014)). Markov models consist of states that
represent different conformation or functional states. A channel with 2 ligand
binding sites has at least 3 conformational states: one ligand binding site
occupied, both ligand binding sites occupied or none occupied at all. Multiple
voltage sensors in an ion channel represent different conformational states
based on the same principle. A Markov state can be open to ion permeation
and conduct a current or be in closed conformation with ions unable to pass
through. The number of states represents the ion channel’s conformational
states, but state-dependent transitions are carried by connections between
states. A Markov model with two open and two closed states can use different
transition pathways, as shown in Figure 10B/C. They contain the same number
of states, but differ in connections and possible transitions between these
states. This highlights the importance of connections between states as well as
the states itself.
Three types of states are commonly used to describe ion channels: Open,
closed and inactive states. The latter two states cannot conduct a current, but
differ in kinetics and transition possibilities. A closed channel can directly
transition to an open channel, but a channel in the inactive state needs longer
to recover or even has to transition to the closed state before being able to
open again. Two directly connected closed states do not result in an
observable change in current. Therefore they can be referred to as hidden
states or hidden Markov models.

Figure 10: Examples of linear (A and B) and cyclic (C) structures of Markov
models.
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Using a Markov model, it is possible to compute occupancy of each kinetic
state as a function of time, voltage and factors such as ligand binding. The
channel conducts ions and current when it occupies the open state(s). The
macroscopic current through an ensemble of channels is described as:
!! = !!,!" ∗ ! ∗ !! ∗ (!! − !! )
where gx,sc is the single channel conductance for channel x, n is the
number of channels per membrane area, Po is the probability that a channel
occupies (any of) the open state(s) and (Vm-Ex) is the ion specific driving force.

Figure 11: Example of SK channel closed duration histogram (in red), pdf
(black) and three underlying duration components (green) (van Herck et al.
2021).
Markov models represent single channel gating kinetics. Therefore the models
are often based on experimental patch clamp data of single ion channels.
Tracking single channel openings and closures at constant experimental
conditions provides detailed information about gating kinetics. Each channel
opening is analyzed for its amplitude and duration. The amplitude of opening
events as well as durations the channel remains open or closed are
represented in event histograms and fitted with probability density functions
(pdfs; example in Figure 11). The peaks in a pdf are generated by the mean
lifetime of each Markov state, so called dwell-times. The dwell-time distribution
(histogram, Figure 11) of all closed durations consists of the sum of
exponential components of all closed states. The same principle is applied to
the sum of amplitude components (Gaussian distribution) and open durations
(exponential distribution). Rarely occurring durations or closely spaced time
constants may not be detected. In reverse, the number of components in an
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open or closed duration pdf indicates the number of states required in a
Markov model, such that
!

! ! =

!! exp (−
!!!

!
)
!!

where f(t) is the dwell-time distribution, N is the number of summed
exponentials, wk is the weight of exponential k and τk is the time constant of
exponential k.
Some transition rates in a Markov model can be derived directly from time
constants of the exponential. Such a direct relationship is not the case when
hidden states are involved. For a direct and observable transition from the
closed to open state in model (Figure 10A), the closed duration dwell-time can
only result from the lifetime of a single closed state. Therefore the transition
rate from closed to open state is 1/dwell-time. In the Markov scheme (Figure
10B) the only observable transition from closed to open results from C2 to O1.
However, the duration before channel opening can consist of the dwell-time of
C1, the dwell-time of C2, or a combination of dwell-times in both closed states.
Therefore the direct calculation of transition rates from dwell-times involving
hidden states is not possible. Depending on the structure of the Markov model,
transition rates can be inferred from experimental data, but an indirect method
to determine transition rates of hidden states is often used. More details and
examples about the link between experimental data, Markov models and
mathematics linking them together can be found in (Sakmann et al. 1995) as
well as an example of constructing a Markov model for BK channel gating
kinetics (Geng et al. 2014).
3.2
Cellular cardiac action potential models
At the myocyte level, mathematics based computational models offer the most
concise means of integrating the range of mechanisms present in the cell.
Hodgkin and Huxley introduced the concept of modeling the cell membrane as
a capacitor. The resistance of this capacitor can change by altering the
membrane permeability via ion channels. A large number of ion channels are
involved in the membrane permeability of cardiomyocytes (and other cells,
especially excitable ones). The complex combination of all these channels
result in the membrane voltage and action potential. In computational
electrophysiology, this is represented in the same way. Single cell models are
in essence a compilation of mathematical formulations of ionic currents and
fluxes across the cell and compartments, and the concentration of the various
ionic species that contribute to the action potential. Each ion channel type
contributes a certain amount of current depending on channel characteristics,
gating kinetics and environmental factors. The sum of all these currents
together with currents from pumps, exchangers and neighboring cells produce
the action potential. The ion channel gating kinetics has been introduced,
followed here by modeling of the ion current and (atrial) cardiomyocyte.
3.2.1 Simulate ion current
As introduced by Hodgkin and Huxley (Hodgkin et al. 1952, Hodgkin et al.
1952, Hodgkin et al. 1952), an ion current can be represented by its maximum
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conductance and coefficient of gating kinetics. Over time the equation for ion
current has been refined for each ion channel and a rectification component
has been added. In general, an ion current can be described as:
!!!!""#$ = !!!!""#$ ∗ !"#$%! !"#$$%!%#&' ∗ !"#$%&%#'$%() ∗ !"#$#%& !"#$%
where !!!!""#$ is the maximum conductivity of the ion channel. This
conductance is reached when all channels present in the membrane are open,
and depends on the unitary conductance as well as the membrane density of
the channel.
The unitary conductance is intrinsic to the ion channel and can be measured in
single channel patch clamp experiments. In recent developments, the
conductance has been calculated from molecular dynamics simulations
(Wilson et al. 2014). Ion channel membrane density can vary per cell type and
is most commonly determined from macropatch or whole cell experiments. The
gating coefficient can be represented in different ways as indicated in previous
sections: (activating and inactivating) gating parameters (Hodgkin-Huxley
model) or open probability (Po, Markov model). The coefficient determines how
much of the maximum conductance is actually contributing to the current and
introduces time, voltage and ligand dependence. The rectification term reflects
how the channel contributes to restoring the resting membrane potential and
the asymmetry between conductance and membrane voltage. Macropatch and
whole cell patch clamp provide the rectification as feedback of ion current at
varying voltage. The driving force is the electrochemical force driving ion
transport through the open channel and is calculated as the deviation from the
reversal potential of the permeable ion. In contrast to the other three
components in this equation the driving force is the same for all channels
permeable to the same ion.
3.2.2 Simulate electrophysiology of a cardiomyocyte in health and atrial
fibrillation
The first model of a cardiac cell was presented by Noble (Noble et al. 1984)
describing Purkinje fiber cells. The cell model included currents resulting from
sodium and potassium ions, but no leak current. In contrast to the HodgkinHuxley model, Noble used 2 potassium currents in addition to the sodium
current. The first potassium current depended solely on voltage in an
exponential equation, whereas the second potassium current kept the
expression using activation and deactivation coefficients similar to the
Hodgkin-Huxley model. The parameters were adjusted to match the longer AP
of a cardiac cell in comparison to the short squid giant axon AP. An refinement
to the Noble model (McAllister et al. 1975) maintained the AP shape, but better
represented underlying activity of different and more ion channels. This
emphasized the importance, but also power, of detailed mathematical and
biophysical ion channel descriptions.
Since the first model presented by Noble (Noble et al. 1984), the number of
known channels expressed in the heart has increased. The selective
expression of ion channels in cells enabled detailed research of the voltage
and ligand dependence of these channels. New insights in ion channel
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structure, modular assembly and clustering of proteins enable more realistic
and complex descriptions of gating parameters. The mathematical description
of ion currents improved in model type and parameterization as well as the
cardiomyocyte electrophysiological properties.
Atrial cardiomyocyte models have been developed based on a variety of
experimental datasets and for a number of different species. As indicated
previously, model characteristics vary with choice of (ion channel) model type,
parameterization method and experimental data. There are three model
lineages for atrial myocytes that started with: The Nygren model (Nygren et al.
1998), the Courtemanche model (Courtemanche et al. 1998) and the Grandi
model (Grandi et al. 2011). They are all based on the same principle but fitted
to different datasets and representing complexity focused on different ion
channels and processes. All models have been used in a large range of
general and model specific applications. Wilhelms et al. (Wilhelms et al. 2012)
benchmarked recent iterations of the models by assessing their ability to
reproduce certain electrophysiological phenomena as well as highlight each
model’s best-suited purpose. Existing human atrial cardiomyocyte models were
reviewed in paper I of this thesis (Vagos et al. 2018).
Atrial cardiomyocyte models reflect cardiac electrophysiology in normal
physiological conditions. Comprehending electrophysiology of the atria
improves understanding of mechanisms in the healthy heart, but is not
particularly useful for pharmacological targets in AF. Therefore, the atrial
models were extended with versions that implemented electrical remodeling
changes representing chronic AF. These models recapitulate the pronounced
shortening of APD and ERP observed in chronic AF (Figure 12), by
incorporating remodeling effects on ionic currents. These currents were
characterized in vitro via patch-clamp experiments and calcium fluorescence
for changes in calcium dynamics (Bosch et al. 2002, Nattel et al. 2007, Voigt et
al. 2011). In the models, the major effects of AF are almost entirely captured by
the large changes in the expression of ICaL, IKur and IK1 (Grandi et al. 2011,
Koivumaki et al. 2014) as well as Ito (Courtemanche et al. 1998). Other cellular
determinants of AF are reviewed in detail in paper I (Vagos et al. 2018), as well
as recent developments and future challenges of atrial models applied to
pharmacotherapy in AF.

39

Figure 12: Altered AP in normal sinus rhythm and chronic AF model variants
of human atrial cardiomycoyte model (Skibsbye et al. 2016). Adapted from
Paper I of this thesis (Vagos et al. 2018).
3.3
In silico pharmacological modeling for AF treatment
Initiatives and publications in the past decade show an increasing interest and
application of computational models of the cardiac system. In silico models of
the heart are used in a variety of ways to understand complex mechanisms,
unravel disease pathways, and support regulatory and clinical decisions.
Pharmacological applications vary from gaining insight into multiscale
mechanisms of AF (Grandi et al. 2016, Zhou et al. 2018, Aronis et al. 2019,
Grandi et al. 2019, Bifulco et al. 2020) to drug testing (Chakraborty et al. 2014,
Garrido et al. 2020, Hwang et al. 2020). The ability to assess drug safety early
in the development process reduces the high costs linked to drug
development, but also enables testing with high specificity and sensitivity.
Additionally, computational models enable thorough virtual clinical trials
representing all potentially relevant scenarios.
An example of the use of electrophysiology models in pharmacological
regulatory affairs is the Comprehensive in vitro Proarrhythmia Assay (CiPA)
(Fermini et al. 2016, Li et al. 2019, Park et al. 2019). This initiative started in
2013 by the FDA and focused on applying new technologies to assess
proarrhythmic torsadogenic risk. One of the three pillars of CiPA revolved
around in silico integration of cellular electrophysiological effects based on ion
currents. Applications of the CiPA initiative were tailored to the hERG (human
Ether-à-go-go-related gene) ion channel. Blocking this channel resulted in
Torsades de Pointes (TdP) leading to ventricular tachycardia and sudden
cardiac death. Due to CiPA, no new antiarrhythmic drugs that induce TdP
entered the market, but overall very few (if any) drugs have been approved or
even made it to clinical trials. The assay was effective in preventing predictive
effects (TdP and death), but may have excluded drugs preliminary based on a
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single and sometimes small effect. Improvements in understanding of complex
electrophysiological mechanisms and pharmacological effects resulted in
development of highly detailed computational models including specific
pharmacological targets. Further improvement and applications of these
models can support efficient and safe drug development for cardiac disease.
Cardiac electrophysiology models were used to study the effect of inhibiting
certain ion channels such as IKr (Tsujimae et al. 2007), IKur (Tsujimae et al.
2008), hERG (Saiz et al. 2011) and INa (Aguilar-Shardonofsky et al. 2012,
Aguilar et al. 2015). Some of these effects represent (pre-) clinical drugs, and
others are purely theoretic in characteristics such as specificity and inhibitory
effect. Lessons from existing rhythm control strategies in AF and modeling of
specific ion channels as drug targets is reviewed in paper I (Vagos et al. 2018).
An ion current equation consists of four components, but in most
pharmacological modeling the maximum conductance and occasionally the
gating coefficients are affected by a drug. A drug-induced reduction in current
at the macroscopic level can result from reduced conductance, an effect on
channel gating or a combination of both. Inhibitors that occlude the pore of an
ion channel (pore-blockers) diminish the maximum conductance, without
affecting the gating kinetics of the channel. An inhibitor modulates ion channel
gating (modulators) by, for example, decreasing the likelihood of the channel
being open or shifting the sensitivity to the activator (voltage or ligand). Clinical,
pre-clinical and theoretic AF drugs have been retrospectively assessed in
computational modeling (Table1 in paper I (Vagos et al. 2018)).
3.4
Computational models of SK current
The SK channel is a promising target for AF treatment (Diness et al. 2010,
Burashnikov et al. 2011, Skibsbye et al. 2011, Christophersen et al. 2015,
Ravens et al. 2017). In theory blocked SK channels prolong the AP and are
therefore antiarrhythmic. This has also been shown in patches and cells (Xu et
al. 2003, Tuteja et al. 2005, Ozgen et al. 2007, Diness et al. 2010, Skibsbye et
al. 2011, Skibsbye et al. 2014). Blocking the SK current in animal models
resulted in shorter AF episodes and reduced AF initiation (Table 1). All these
results show an antiarrhythmic effect of SK channel block at various scales and
models, which extended to clinical trials of a SK channel inhibitor for AF
treatment (Acesion Pharma 2018, Diness et al. 2020). The characteristics of
SK channels in animals and cells mainly show an antiarrhythmic effect, but
don’t provide much detail on the underlying mechanisms. A detailed
computational model of SK channel gating and pharmacology can fill that gap.
Several computational models were developed to implement the link between
intracellular calcium and membrane voltage via the SK channel. The
combination of the unknown SK channel structure with gaps in knowledge
regarding activation and gating of the channel, resulted in partial or
phenomenological models. In the context of cardiac research, there exist three
computational SK channel models: The Hirschberg model (Hirschberg et al.
1998), the Skibsbye model (Skibsbye et al. 2016) and the Kennedy model
(Kennedy et al. 2017). All models serve a different purpose in cardiac
modeling. The Hirschberg model represents detailed gating kinetics of the
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channel at various calcium concentrations, but not the complete SK current.
Both the Skibsbye and Kennedy models used the calcium dependence
determined by Hirschberg et al (Hirschberg et al. 1998) in a phenomenological
representation of SK current in atrial and ventricular myocytes respectively.

Figure 13: Three in silico SK channel models describe SK channel gating and
calcium dependence, while the main equation for ISK has the same shape. The
Hirschberg models (Hirschberg et al. 1998) describe low and high Po-mode
gating with a 6 state Markov model for each Po-mode and calcium
dependence on transition rates towards open states. The Skibsbye model
(Skibsbye et al. 2016) simplified gating kinetics with a 2 state Markov model
with channel openings depending on [Ca2+]2. The Kennedy model (Kennedy et
al. 2017) described SK channel gating with a Hodgkin-Huxley type gating and
calcium dependence regulated by EC50. More details on the local calcium
concentration and additional terms are available in the original papers.
3.4.1 Detailed Hirschberg models
Hirschberg et al (Hirschberg et al. 1998) present the most detailed study of SK
channel gating kinetics. The authors performed single channel patch clamp
experiments to determine rSK2 voltage insensitivity, channel activation and
gating characteristics at various calcium concentrations. rSK2 channel gating
kinetics were experimentally described by two open and three closed
durations. Only the long closed duration depended on calcium, but other
components’ relative prevalence was affected as well. Differences in the long
closed duration were also observed at constant calcium concentration,
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resulting in an additional split based on Po-mode. All other durations were
shared between the low and high Po-mode, which represent periods of low and
high channel activity. Channels switch spontaneously between low and high
Po-mode, but have a preferential direction based on calcium concentration. At
low calcium concentration, channels spent most time in the low Po-mode,
shifting to high Po-mode with increasing calcium. The Po-modes describe the
characteristic modal gating of SK channels.
The difference in long closed duration and its calcium dependence in different
Po-modes was represented in two individual Markov models. Both low and high
Po behavior was deconstructed to consist of two open and three closed
durations, requiring at least that number of Markov states. To enforce linear
calcium dependence reflecting bimolecular reactions, a 4th closed state was
added to the model (Figure 13). The Markov structure of the Hirschberg model
suggests that open durations should be grouped by duration. After a long open
duration, the channel is most likely to open for another long duration. As a
validation of the open states in the model structure, Hirschberg et al
(Hirschberg et al. 1998) showed that this was also the case for experiments.
The relative contribution of each open duration correlated with the preceding
open duration (Figure 12 in (Hirschberg et al. 1998)).
The transition rates in each Po-mode Markov model were parameterized to a
representative patch at two calcium concentrations ([Ca2+] = 0.4 µM and [Ca2+]
= 1.0 µM). The transition rates from open to closed states and direct transitions
from closed to open states did not vary with calcium or Po-mode (Figure 13).
This resulted in unchanged open durations as well as short and intermediate
closed durations, as was observed in experiments. The experimentally
observed relative contribution of each component varied with Po as well as
calcium and was recapitulated in the Markov models. The forward transitions
between hidden closed states depend on calcium and were scaled down with a
factor 6.7 from high Po-mode to low Po-mode model, representing the calcium
and Po-mode dependence of the long closed duration.
The activation and deactivation kinetics of the Hirschberg model matched
macropatch experimental data upon a sudden increase or decrease of calcium
between 0 and 9.5 µM using the high Po-mode model. This model showed
increasing activation rates (measured with Po) with increasing [Ca2+] = 0.2 - 10
µM. Deactivation rates from the high Po model were calcium insensitive as
expected from the calcium independent transition rates away from the open
states. The high Po-mode represents part of the SK channel gating kinetics that
is dominant at high calcium concentrations. The match with experimental
activation and deactivation rates with 9.5 µM calcium is a good validation of the
high Po-mode model, but it would be interesting to evaluate the effect of low
Po-mode and mode switching on the macroscopic SK current.
3.4.2 Phenomenological Skibsbye model
In the atrial myocyte model presented by Skibsbye et al. (Skibsbye et al. 2016),
a phenomenological model of the SK current was implemented. The atrial SK
channel model of Skibsbye et al. (Skibsbye et al. 2016) was developed using
the SK channel calcium dependence, activation and deactivation rates from
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Hirschberg et al. (Hirschberg et al. 1998). The phenomenological Markov
model consists of one open and one closed state (Figure 13). Opening of the
channel depends on the intracellular (sub-sarcolemmal in the cell model)
calcium concentration squared and the activation rate determined by
Hirschberg et al. (Hirschberg et al. 1998). Rate of channel closing used the
deactivation rate and its calcium independence (Hirschberg et al. 1998). The
channel behavior with instantly changing calcium concentrations matched the
Hirschberg model results. The rectification of the SK current was modeled
based on in vitro data by Tang et al. (Tang et al. 2015) and the maximum
conductance of the SK current in cells was determined by fitting the atrial
action potential prolongation upon blocking the SK channel to ex vivo human
atria (Skibsbye et al. 2014).
The Skibsbye model represents a simplification of the high Po-mode
Hirschberg model. The 2-Markov-state Skibsbye model replicates SK channel
gating at reduced computational costs compared to the 6-Markov-state
Hirschberg model. However, the low Po-mode and calcium dependent Po-mode
switching are not represented. This is a benefit in larger temporal or spatial
scale simulations, but limiting in understanding gating mechanisms and
(potential) pharmacological effects.
3.4.3 Phenomenological Kennedy model
A phenomenological model of SK channel was developed and implemented in
a ventricular cell model by Kennedy et al. (Kennedy et al. 2017). The gating
parameters in a Hodgkin-Huxley formulation were supplemented with a
calcium dependent term to describe SK current. The calcium dependence of
the model used the formulation by Hirschberg et al. (Hirschberg et al. 1998),
but varied the calcium affinity (0.1 µM < EC50 < 1 µM) to cover the range of
physiological and pathophysiological conditions. The SK model applied a linear
current-voltage relationship due to experimental findings of weak or reverse
rectification and lack of qualitative effect on voltage and calcium alternans in
the study (Kennedy et al. 2017). In an approach similar to the Skibsbye model,
the maximum conductance was fitted to match 12% APD prolongation by
apamin as measured in rabbit ventricular myocytes (Hsieh et al. 2013,
Kennedy et al. 2017).
The Kennedy SK model implemented in a ventricular myocyte model was used
to assess dynamical and physiological mechanisms of alternans (a sequence
of paired long and short APs). Kennedy et al. (Kennedy et al. 2017)
investigated alternans as a precursor to ventricular arrhythmia. At the cell level,
introduction of the SK model increased AP stability. Increasing SK current in
tissue led to the phenomenon of spatially discordant alternans, where different
regions of tissue exhibit an alternating sequence of APD that are out-of-phase.
This spatial heterogeneity is known to promote arrhythmogenic wave break
and reentry circuits. The overall antiarrhythmic effects observed in this
ventricular myocyte model are expected to extend and even be enhanced in
atrial tissue due to higher SK channel expression. However, the interaction
between Ca2+ and Vm is complex and delicate, and the effect of SK on atrial
electrophysiology has not been directly assessed.
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Paper summaries
Paper I
Computational modeling of electrophysiology and
pharmacotherapy of atrial fibrillation: recent advances and future
challenges
In paper I, the state-of-the-art computational modeling of electrophysiology,
atrial fibrillation and its pharmacotherapy are reviewed. The paper covers multiscale in silico modeling ranging from single cell to whole heart models and their
contribution to new insights into atrial function and AF mechanisms. Unique
aspects of AF pathology are highlighted in context of rational design of
pharmacotherapies to identify effective and selective approaches. Employing in
silico models in pharmacotherapy is a major challenge, but fast developing
research field. The review paper describes in silico modeling approaches to
assess drug effects on established and new targets. Implementations of
heterogeneity and biological variability were reviewed in their contribution to
novel insights into pathophysiology and identifying potential targets in AF
etiology.

Paper II
Gating kinetics and pharmacological properties of small
conductance calcium-activated potassium channel
In paper II, we used patch clamp experiments at two different scales to
elucidate SK channel gating and pharmacology to benefit assessment of SK
channel involvement in cardiac electrophysiology. The core objective of the
study was to quantitatively determine how SK channel inhibitors apamin and
AP14145 impact gating kinetics. Complex SK channel gating kinetics was
assessed with single channel patch clamp experiments in absence and
presence of inhibitors. In addition, macropatch experiments were used to
unveil ensemble channel behavior at room and physiological temperature. We
reported that apamin and AP14145 share their major inhibition mechanism by
inducing very long-lived channel closures. Both compounds inhibit SK current
at the single channel level by introducing channel closures >10s. Characteristic
modal gating of SK channels was maintained in presence of each of the
inhibitors. The major mechanism of inhibition by apamin also presents the only
mechanism, whereas AP14145 affected multiple components of the SK
channel. In addition to long channel closures, AP14145 reduced amplitude of
SK channel openings and prolonged closed durations within a burst. Apamin
and AP14145 differ in amongst others binding site and isoform selectivity.
Therefore the similarity in major inhibition mechanism at the single channel
level was unexpected. These detailed pharmacological effects on gating
kinetics can further elucidate the involvement of SK channels in cardiac
electrophysiology and as a promising target for atrial fibrillation treatment.
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Paper III
In silico modeling of biophysical and pharmacological
properties of SK2 channels
In paper III, we present the development of a novel computational model of SK
channel gating kinetics and its pharmacology. Models of SK channel gating
can fill the gap between understanding involvement of SK channels in cardiac
electrophysiology and challenges in assessing detailed mechanisms in
physiological conditions. Previous models of SK channels described complex
gating kinetics in two Po-mode specific models or phenomenological
representation of SK current in atrial or ventricular cell models. However,
complex gating dynamics and macroscopic channel behavior have not been
represented in a single model. We translated the findings of paper II into three
computational models of SK channel gating in absence or presence of
inhibitors apamin and AP14145. A large variety of models were tested in a
challenge to balance data-driven constraints and a broad parameter space.
The SK channel model required dedicated Po-mode models to simulate
characteristic modal gating as well as macroscopic Ca2+ sensitivity, with 2
open and 3 closed states per Po-mode.
The very long lived closed duration induced by 100 nM apamin was described
by a single or four apamin-specific state(s) connected to already existing
closed states of the baseline model. The models differ markedly in Ca2+
activation, with the overall reduced Po at all [Ca2+] being more likely. This
behavior was presented by a model with 4 apamin-specific states, but requires
experimental confirmation that is not yet available. The model describing the
multitude of effects of 10 µM AP14145 on SK channel gating shows reduced
transition rates from the baseline model for direct closed to open transitions as
well as removal of Ca2+ dependent Po-mode switching. The inhibitory
mechanism similar to apamin, induction of very long lived channel closures, is
most likely selective for low Po-mode and accurately represented by three
AP14145-specific states connected to closed states in low Po-mode. However,
a total of six AP14145-specific states (connected to each closed state in low
and high Po-mode models) also described experimental data accurately, but
lacks low Po-mode specificity.
Development of the SK channel models in presence of inhibitors apamin and
AP14145 revealed that their shared major inhibitory mechanism manifests
differently in the model of SK channel gating kinetics. Understanding detailed
mechanisms of commonly used SK channel inhibitor apamin and clinical
lineage inhibitor AP14145 will aid advantageous pharmacological targeting of
SK channels in health and disease. Models already elucidated details on
inhibitory mechanisms such a burst-selectivity for apamin and removal of Ca2+
dependent mode-switching by AP14145, and can further be used to unravel
complex involvement in cardiac electrophysiology and especially as a
pharmacological target in AF treatment.
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Abstract
The pathophysiology of atrial fibrillation (AF) is broad, with components related
to the unique and diverse cellular electrophysiology of atrial myocytes,
structural complexity and heterogeneity of atrial tissue, and pronounced
disease-associated remodeling of both cells and tissue. A major challenge for
rational design of AF therapy, particularly pharmacotherapy, is integrating
these multiscale characteristics to identify approaches that are both efficacious
and independent of ventricular contraindications. Computational modeling has
long been touted as a basis for achieving such integration in a rapid,
economical, and scalable manner. However, computational pipelines for AFspecific drug screening are in their infancy, and while the field is progressing
quite rapidly, major challenges remain before computational approaches can
fill the role of workhorse in rational design of AF pharmacotherapies.
In this review, we briefly detail the unique aspects of AF pathophysiology that
determine requirements for compounds targeting AF rhythm control, with
emphasis on delimiting mechanisms that promote AF triggers from those
providing substrate or supporting reentry. We then describe modeling
approaches that have been used to assess the outcomes of drugs acting on
established AF targets, as well as on novel promising targets including the
ultra-rapidly activating delayed rectifier potassium current, the acetylcholineactivated potassium current and the small conductance calcium-activated
potassium channel. Finally, we describe how heterogeneity and variability are
being incorporated into AF-specific models, and how these approaches are
yielding novel insights into the basic physiology of disease, as well as aiding
identification of the important molecular players in the complex AF etiology.
1
Introduction
Atrial fibrillation (AF) is a complex and multifactorial disease and the most
common sustained cardiac arrhythmia, afflicting about 2% of the population.
Age is the most powerful predictor of risk: approximately 5% of 65-year-olds
and 10% of 75-year-olds suffer from AF (Heeringa et al., 2006). AF is already a
pervasive disease carrying an immense socioeconomic burden, and with
increasing life expectancy both the human and economic costs are growing
rapidly: AF prevalence in the European population is projected to increase to
3% by 2030 (Zoni-Berisso et al., 2014). Although rhythm control strategies are
available, these are inadequate and there is at present an unmet need for safe
and effective antiarrhythmic therapy for AF (Ehrlich and Nattel, 2009). Since
2010, the European Medicines Agency has not authorized any new drugs for
treatment of AF. The most prominent explanations for this lack of new
medicine are the limited understanding of this multi-etiological and progressive
disease, as well as the challenge of designing compounds that are strongly
specific for atrial rather than ventricular targets. As a result, the development of
novel pharmacological therapies is necessarily coupled to a thorough
understanding of the basic etiology and physiological mechanisms of AF.
Unlike most episodes of ventricular arrhythmia, which must either be
terminated or are lethal, AF does not have immediate catastrophic
consequences, and short episodes of self-terminating AF are often
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asymptomatic and go undetected. This allows prolonged AF episodes to drive
pro-arrhythmic remodeling across all levels of physiology (Schotten et al.,
2011), as is succinctly captured by the phrase “AF begets AF” (Wijffels et al.,
1995). In turn, this remodeling allows the mechanisms and complexity of AF to
be richer than ventricular arrhythmia and causes treatment to be a moving
target as the disease progresses from paroxysmal (pAF) to chronic (cAF)
stages.
Both ectopic activity and the generation of a vulnerable substrate are accepted
contributors to AF initiation and maintenance, although their respective
contributions are thought to change as disease progresses. Triggering events
are generally thought to play a more prominent role in pAF than at later stages
when gross tissue-level remodeling is widespread. A range of evidence has led
to this general perspective, but some key observations include: (1) prominent
focal initiation of spontaneous episodes of pAF near the pulmonary vein
junctions in patients (Haïssaguerre et al., 1998), (2) the absence of major
alterations to action potential (AP) morphology and the excitable tissue gap in
pAF (Diker et al., 1998; Voigt et al., 2013b), (3) elevated frequency of cellular
triggering events (Voigt et al., 2012, 2013b).
As AF progresses, electrical and structural remodeling becomes pronounced,
and characteristic changes to conduction and refractoriness leave the atrial
myocardium more vulnerable to reentrant circuit formation (Nattel and Harada,
2014). AP duration (APD) and the effective refractory period (ERP) are
consistently shortened in cAF (Iwasaki et al., 2011; Skibsbye et al., 2016),
conduction is slowed (Lalani et al., 2012; Zheng et al., 2016), and the threshold
for alternans induction, a key component of vulnerable substrate generation, is
reduced (Narayan et al., 2011). Electrical remodeling exacerbates regional
heterogeneities and promotes dispersion of refractoriness. Additionally,
formation of fibrotic regions, collagen patches, and fibroblast differentiation, as
part of structural remodeling, enhances tissue anisotropy and is non-uniform
throughout the atria, thus further promoting the development of a reentrant
substrate. Moreover, contractile remodeling (atrial dilatation and increased wall
compliance) is both a consequence and effector of AF (Schotten et al., 2003).
All these identified mechanisms of progressive remodeling, resulting from
recurrent rapid pacing or paroxysms of AF, generate positive feedback loops
that ultimately set the conditions for sustained AF. These processes are likely
to be important in determining the dynamic characteristics of reentrant circuit
formation, and in certain cases may be important for understanding drug
action. For example, the efficacy of class Ic antiarrhythmics depends on the
dynamics inherent to spiral wave propagation (Comtois et al., 2005; Kneller et
al., 2005). However, currently, we do not have sufficient understanding of the
tissue-level dynamics driving AF at various stages, to focus pharmacologic
design efforts on correcting specific tissue-level dynamical characteristics. For
this reason, our discussion below focuses on remodeling occurring at
subcellular and cellular levels and their implications in AF progression, and
acknowledge that the sustaining effect of tissue-level electrical and structural
remodeling causes antiarrhythmic targeting in cAF to be extremely challenging.
The major components, interactions, and contributions of the characteristic
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processes at the various stages of disease progression are summarized in
Figure 1.

Figure 1: Characteristic processes and causalities at the different stages of
atrial fibrillation (AF). A) AF is usually triggered by ectopic activity that act as
“drivers” of electrical activation and override the normal sinus node pacemaking
activity. The fast pacing induced by the ectopic activity initiates electrical and
structural remodeling in the atria, which enhances cellular excitability of the atria,
reduces conduction velocity, increases tissue heterogeneities, and creates fibrotic
regions that act as reentry anchor points. All these changes contribute to creating a
vulnerable substrate that render the atria more prone to arrhythmias, as AF
progresses from paroxysmal to permanent, in a process commonly termed as “AF
begets AF”. B) Remodeling of calcium and potassium channels leads to action
potential (AP) shortening, which shortens cycle length and wavelength. Ion channel
remodeling can also affect conduction velocity. Remodeling of calcium channels and
intracellular calcium cycling proteins attenuates changes in cytosolic calcium, which
leads to reduced contractile function and promotes atrial dilatation. This results in
adverse stretch, which further causes fibrosis and connexin remodeling. Structural
changes lead to nonuniform conduction, which together with electrical remodeling
reduces the circuit size of electrical activation. From (Allessie et al., 2002). Copyright
2012 by Oxford University Press. Adapted with permission.

67

In the following four sections, we first briefly introduce the basic aspects of AF
mechanisms and their related experimental findings (section 2). We then
review current computational approaches for modeling atrial physiology and AF
pathophysiology (section 3). We present an overview of how drug-target
interactions and their outcomes have been simulated in the heart, followed by
current efforts to explore novel strategies for AF drug targeting (section 4).
Finally, in section 5 we describe how variability and stochasticity can be
incorporated into computational models to increase their robustness and
predictive power in AF drug therapy.
2
Arrhythmogenic mechanisms of AF
2.1
Remodeling of cellular electrophysiology, ultrastructure, and
calcium handling
2.1.1 Pathological changes to sarcolemmal current carriers
Human atrial cardiomyocytes (hA-CMs) exhibit a range of AP morphologies
that differ markedly from those apparent in the ventricle. This is primarily due to
differing expression levels of ion channel subunits, and consequent ion current
densities. The atrial AP exhibits a less pronounced plateau phase, largely due
to the prominent expression of the fast-activating potassium currents,
particularly the ultra rapidly activating delayed rectifier current (IKur), which is
virtually absent in the ventricle. Atrial APs also exhibit relatively slow late
repolarization (phase 3), elevated resting potential, and slower AP upstroke, all
of which are strongly-influenced by a reduced density of the inward-rectified
potassium current (IK1) relative to human ventricular CMs (hV-CMs). Like IKur,
the small conductance calcium-activated potassium current (IK,Ca) is only
present in hA-CMs, and it is thought to assist hA-CM repolarization, although
its relative contribution remains contentious. The major differences in atrial and
ventricular AP morphology and underlying ion currents are summarized in
Figure 2A-B.
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Figure 2: Unique electrophysiological and structural characteristics of atrial
cardiomyocytes. Simulated AP in human ventricular (A) and atrial (B) CMs, as well
the differences in underlying repolarizing potassium currents, obtained with the hV-CM
(O’Hara et al., 2011) and hA-CM (Skibsbye et al., 2016) models, at 1 Hz pacing.
Please, note that in order to visualize the weaker currents, the peaks of atrial transient
outward potassium current (Ito) (~11 pA/pF) and the ultra rapidly activating delayed
rectifier potassium current (IKur) (~4.6 pA/pF) are cut off. The atria-specific ion currents
funny current (If), IKur, the acetylcholine-activated potassium current (IK,ACh), and the
small conductance calcium-activated potassium current (IK,Ca) are highlighted with
colored lines. Illustration of the relative positioning of some of the key components
involved in intracellular calcium dynamics in hV-CMs (C) and hA-CMs (D).

The pathophysiology of cAF is characterized by several prototypical changes in
current expression that result in both marked deceleration of early
repolarization, and acceleration of late repolarization (Schotten et al., 2011).
The two most prominent molecular changes that drive these outcomes are: (1)
augmentation of inward-rectified potassium currents (increase of IK1 expression
and constitutive activity of the acetylcholine-activated inward rectifier current;
IK,ACh), and (2) simultaneous decrease in the L-type calcium current (ICaL). The
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major counteractive changes are carried by increased sodium-calcium
exchanger (NCX) expression, and reductions in the major rapidly activating
outward currents, namely IKur and the fast component of the transient outward
potassium current (herein simply referred to as Ito). Together, these five
alterations (IK1, ICaL, NCX, IKur, and Ito) constitute the majority of the known
modulators of repolarization trajectory in cAF (Figure 3). Overall these effects
result in the shortening of ERP, and a slightly more negative resting membrane
potential (Ravens et al., 2014; Skibsbye et al., 2014, 2016), both of which
expand the window for reentrant excitation. However, as discussed further
below, they are accompanied by a range of changes to cellular ultrastructure
and to the function of major calcium- and sodium-handling proteins, such that
predicting the integrated outcomes from any subset of changes is non-trivial
and necessitates quantitative approaches.

Figure 3: Hallmarks of altered electrophysiology of human atrial myocytes in
AF. APs (A) and underlying ion currents (B-F) in normal sinus rhythm and chronic AF
variants of a hA-CM model (Skibsbye et al., 2016). The cAF model variant accounts
for increased/decreased ion current conductance INa (-18%), ICaL (-59%), Ito (-62%), IKur
(-38%), IK1 (+62%), IKs (+170%), IK,Ca (-50%) and INCX (+50%), as summarized in
(Koivumäki et al., 2014; Skibsbye et al., 2016).
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2.1.2 Ultrastructural contributions to AF pathogenesis
Although there is important species-specificity of atrial CM ultrastructure, it has
been generally observed that healthy atrial CMs exhibit a varied and relatively
sparse membrane ultrastructure compared to ventricular CMs. This results in
important baseline differences in excitation-contraction coupling. Most
prominently, atrial CMs have a less developed T-tubule network (Dibb et al.,
2013), particularly in rodents, as illustrated in Figure 2C-D. This morphological
difference has implications for intracellular calcium diffusion. In the absence of
T-tubules, Ca2+ enters the cells largely from the periphery, and thus must
diffuse centripetally to engage the contractile machinery. Correspondingly, the
localization of Ca2+ handling proteins is very different in ventricular and atrial
CMs. In hA-CMs, as in hV-CMs, L-type Ca2+ channels interact with clusters of
sarcoplasmic reticulum (SR) Ca2+ release channels (RyRs; Ryanodine
receptors) located in the junctional SR to trigger Ca2+-induced Ca2+ release
(CICR). However, in hA-CMs, a higher proportion of RyR clusters are
concentrated in non-junctional SR, and this is a distinguishing structural
characteristic. These orphan or non-junctional RyRs contribute to the firediffuse-fire propagation of Ca2+, which is augmented by inositol 1,4,5trisphosphate receptors (IP3Rs) that are also embedded in the SR membrane
(Li et al., 2005; Lipp et al., 2000; Wullschleger et al., 2017; Yamada et al.,
2001; Zima and Blatter, 2004). The importance of IP3Rs is generally greater in
atrial than ventricular CMs – in ventricle, they are generally only observed in
disease states, such as heart failure (Go et al., 1995). These features of the
calcium signaling system fundamentally alter the essential structure-function
relationships governing calcium handling in atrial versus ventricular CMs,
where the extensive and highly organized T-tubule network shortens the
diffusion distances so that fast and uniform CICR is possible. The physiological
outcome for the atrial CM is a slower rise phase of the intracellular Ca2+
transient (CaT) (Greiser et al., 2014; Hatem et al., 1997) and contractile force
(Frisk et al., 2014), and ~100 ms delayed CaT at the center of the CM
comparatively to the periphery (Greiser et al., 2014; Hatem et al., 1997;
Tanaami et al., 2005), resulting from spatial (particularly centripetal)
propagation of intracellular Ca2+ during atrial systole.
This unique membrane ultrastructure of atrial CMs is now also thought to
contribute to AF pathogenesis. Recently, it has been shown that T-tubule
density in atrial cells is reduced in sheep and canine models of AF (Lenaerts et
al., 2009; Wakili et al., 2010); however, supporting human atrial data is lacking.
The putative loss of T-tubules may lead to contractile dysfunction, but is also
strongly implicated in arrhythmogenesis. In particular, the increased spatial
heterogeneity in subcellular Ca2+ signaling has been shown to promote CaT
and APD alternans (Gaeta et al., 2009; Li et al., 2012), and incomplete
excitation-contraction (E-C) coupling (Greiser et al., 2014). Reorganization of
RyR clusters adds a further dimension to AF-related ultrastructural remodeling.
It has been shown to be associated with more frequent Ca2+ sparks in a sheep
model of cAF, and is thought to increase the probability of the propagating
Ca2+ release underlying arrhythmogenic calcium waves (Macquaide et al.,
2015). However, there are no human data available to corroborate the possible
change in organization of RyRs in AF patients. Thus, additional structural and
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functional data from patients would be valuable for understanding the
functional role of structural degradation in this disease.
Cell dilation/hypertrophy is also a common finding in cAF patient samples,
where increases of 12% (Neef et al., 2010) and 16% to 54% (Corradi et al.,
2012; Neef et al., 2010; Schotten et al., 2001) have been reported for length
and diameter, respectively. In line with these findings, cell surface area in
patients with cAF was reported be ~40% larger (Wouters et al., 2000). The
increased cell volume and diameter reduce CaT amplitude and slow centripetal
Ca2+ diffusion, respectively (Koivumäki et al., 2014b). As hA-CMs are likely to
have very few (if any) T-tubules in cAF, slower Ca2+ diffusion is thought to
exacerbate dyssynchrony of the AP and CaT, thus potentially contributing to
alternans. At the tissue level, increased capacitance of CM membrane causes
conduction slowing (Oliveira et al., 2015).
As mentioned above, tissue-level remodeling, inflammatory signaling, and
mechanical dysregulation also make a major contribution to AF pathology,
particularly in the advanced stages of disease. We mention these aspects
briefly here, but the remainder of this article will focus on classical
electrophysiologic and ionic mechanisms of AF, particularly those targeted for
acute cardioversion early in disease development. Reduced ICaL in cAF
promotes contractile dysfunction and atrial dilatation (atrial stretch). These
mechanical perturbations are thought to be a major contributor to the
widespread deposition of interstitial collagen, lateralization of gap junctions
(connexin remodeling), and proliferation of myofibroblasts and potentially
adipocyte infiltration observed in many animal models of chronic disease (Lau
et al., 2017; Ravelli and Allessie, 1997; Schotten et al., 2003). While these
characteristics are widely thought to be similarly prominent in humans,
corroborating data remain relatively sparse because in vivo measures are
technically challenging. Functional indicators (e.g. complex fractionated atrial
electrograms) have often been used as primary measures of fibrosis, although
gadolinium-enhanced MRI protocols have also been shown capable of
quantifying in vivo differences between paroxysmal and more advanced
disease (Daccarett et al., 2011). These changes in atrial tissue structure have
profound consequences for tissue conductivity, wave propagation, and
potential for reentry, and are thus likely to pose an insurmountable challenge to
pharmacotherapy in later disease stages. For this reason, interventions
targeting the suppression of the signaling pathways that results in these gross
changes to atrial structure, have recently become an area of substantial
interest (Nattel and Harada, 2014).
2.1.3 Role of remodeled calcium homeostasis in AF
Alterations to calcium handling are intrinsically linked to the ultrastructural
changes described above, but further remodeling of expression or regulation of
the major intracellular transporters is also likely to contribute. In general, the
role for these mechanisms in AF, particularly pAF, has become well supported
in recent years, and ion transporters involved in calcium handling and their
regulatory proteins seem to be promising targets for drug therapy of AF. As
mentioned above, cAF is associated with increased NCX expression in
patients (El-Armouche et al., 2006; Gaborit et al., 2005; Neef et al., 2010).
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There is also strong evidence of an increased coupling gain between
intracellular Ca2+ load and INCX in cAF (Grandi et al., 2011; Voigt et al., 2012)
and larger INCX amplitudes have also been reported in cAF patient samples
(Christ et al., 2016). The data on altered RyR function in AF is less conclusive.
Increased RyR activity has been reported in cAF patients (Neef et al., 2010;
Voigt et al., 2012), whereas, RyR expression has been reported to be both
reduced (Oh et al., 2010; Ohkusa et al., 1999) and unchanged (Shanmugam et
al., 2011; Voigt et al., 2012) in cAF patients. Hyperphosphorylation of RyRs
has been reported to increase their Ca2+ sensitivity and open probability,
increasing Ca2+ leak from the SR into the cytosol (Neef et al., 2010; Vest et al.,
2005; Voigt et al., 2012). One further player in the game of calcium remodeling
is the SR Ca2+-ATPase (SERCA), which pumps Ca2+ back into the SR from the
cytosol. SERCA function is regulated by two inhibitory proteins:
phospholamban and sarcolipin, and the phosphorylation levels of these
regulatory proteins has an impact on the amplitude of the CaT and SR Ca2+
load. Reduced SERCA protein expression accompanied by increased activity
was found in both pAF patients (Voigt et al., 2013b), while a rabbit model of
rapid atrial pacing has shown remodeling-induced reduction in expression
levels of SERCA with unchanged activity (Greiser et al., 2014). Although
SERCA plays an important role in the modulation of SR Ca2+ load and,
indirectly, in the extent of arrhythmogenic Ca2+ leak, there is currently no
published in vitro human data on the AF-related change in function of SERCA,
and the protein expression data is not conclusive.
2.2
Cellular electrophysiologic instability in AF
As described above, one of the proposed mechanisms of AF initiation is the
generation of triggered activity in the atria in early stages of AF. These
triggering events are classified as they are in the ventricle. That is, instabilities
in AP repolarization are named early afterdepolarizations (EADs), and diastolic
instabilities initiating from resting potential are delayed afterdepolarizations
(DADs). Several of the established mechanisms of EADs and DADs are
described in Figure 4. Because repolarization is hastened and ICaL is reduced
in cAF, AP triangulation is also reduced and the conditions for EAD generation
via conventional ICaL reactivation are generally impaired (Burashnikov and
Antzelevitch, 2006; Ming et al., 1994). However, a body of literature supports
that EADs initiating late in phase 3 of the AP may be important in some atrial
regions and contexts, particularly focal arrhythmia initiating in the pulmonary
vein sleeves (Burashnikov and Antzelevitch, 2003; Morotti et al., 2014, 2016;
Patterson et al., 2006). These EADs are driven by enhanced Ca2+ signaling,
which in turn exaggerates INCX, slows late repolarization, and thereby promotes
INa reactivation (Morotti et al., 2014, 2016).
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Figure 4: Electrophysiologic instabilities in atrial myocytes. Early
afterdepolarizations in hA-CMs exhibit the same essential mechanisms as occur in
ventricular cells. (A) Phase-2 EADs result from the kinetic interaction of ICaL and the
outward potassium current involving multiple K+ channel species. In general, these
events are uncovered during reduced repolarization reserve through ICaL potentiation
or K+ channel antagonists, particularly IKr inhibitors. (B) A second class of EADs
occurs when repolarization is disrupted during phase 3 by forward mode Na+-Ca2+
exchange. This additional INCX is a secondary effect of dis-coordinated or simply
exaggerated ICaL-triggered SR Ca2+ release. Importantly these EADs generally recruit
either ICaL or INa as the major carrier of the inward current after INCX has sufficiently
slowed late repolarization. (C) Finally, INCX is also responsible for initiating DADs
secondary to spontaneous SR Ca2+ release during atrial diastole. Time scale for all
panels is 0-1 seconds and voltage range from -80 to +40 mVs.

The decreased Ca2+ influx via ICaL, enhanced calcium extrusion due to
increased NCX expression, and a leaky population of RyR, has generally been
observed to result in marked depletion of the intracellular Ca2+ in cAF. In and of
itself, this would be expected to reduce the incidence of spontaneous Ca2+
waves and DADs, and the ability of these diastolic events to drive focal
arrhythmia. Indeed, the majority of studies support silencing of Ca2+ signaling
as a cardioprotective mechanism and a reduced role for spontaneous Ca2+
release in cAF (Christ et al., 2014; Greiser et al., 2014; Koivumäki et al.,
2014b; Schotten et al., 2007). However, opposite findings have also been
reported in hA-CMs from cAF patients (Voigt et al., 2012). Importantly, rather
than being reduced, SR Ca2+ load was maintained in that study, and thus the
elevated RyR activity and NCX expression readily translated to increased Ca2+
waves and DADs. Data from patients in pAF suggest that SR Ca2+ load is
either not depleted (Hove-Madsen et al., 2004), or may in fact be exacerbated
at these early stages of disease (Voigt et al., 2013b). Thus, the conditions
explaining the observed increases in magnitude and frequency of spontaneous
Ca2+ waves are more obvious and consistent. Viewing this collection of studies
together, the most parsimonious interpretation is that the molecular drivers of
increased Ca2+ wave frequency (RyR hyperphosphorylation, possibly
increased SERCA activity) may precede those that strongly deplete
intracellular Ca2+ (NCX expression). Thus, the increase in spontaneous Ca2+
release observed early in AF may be lost as the delayed molecular
adaptations, particularly increased NCX expression, act to shift Ca2+ flux
balance towards extrusion, thus depleting the Ca2+ store and silencing Ca2+
signaling, even during tachycardia (Greiser et al., 2014). This conceptual
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model of how Ca2+-driven diastolic instability develops during AF is largely
hypothetical, and further characterization of the specific temporal development
of these molecular and functional maladaptations during disease is highly
desirable.
Another proposed mechanism of triggered diastolic activity in the atria has
stemmed from the discovery of expression of hyperpolarization-activated
cation channels (HCN), carriers of the pacemaker current (If), in the left atrial
appendage (Scheruebel et al., 2014; Zorn-Pauly et al., 2004). Furthermore, If
properties are altered in cAF (Stillitano et al., 2013), lending weight to the
hypothesis of abnormal cell automaticity as an additional mechanism of
diastolic triggered activity in the remodeled myocardium. HCN channels could,
therefore, constitute a novel potential target for anti-arrhythmic drug therapy.
However, the lack of conclusive experimental human data thus far has
rendered this mechanism a less attractive option for pharmacotherapy
discovery.
Finally, the role of APD alternans in driving AF initiation is increasingly
becoming appreciated after the observation that it immediately precedes AF in
patients (Narayan et al., 2011). While the mechanisms capable of driving APD
alternans are diverse, dynamic, and interactive, a growing body of evidence
suggests that the proximal driver at the cellular level is a period 2 instability in
Ca2+ cycling (Gaeta et al., 2009). In ventricular CMs this form of instability was
initially thought to be driven by a kinetic mismatch in SR Ca2+ reuptake leading
to variable refractoriness of Ca2+ release at high pacing frequencies (Diaz et
al., 2004). However, more recently the role of subcellular heterogeneities in
Ca2+ dynamics has emerged as a central aspect to the link between APD and
Ca2+ transient alternans (Gaeta et al., 2009, 2010; Gaeta and Christini, 2012;
Shiferaw and Karma, 2006). The intrinsic variability in atrial CM ultrastructure
would be expected to promote these behaviors, particularly in AF, and this
relationship between structure and dysfunction in AF requires stronger
investigation by computational approaches.
3
In silico atrial modeling
3.1
Existing hA-CM models and AF model variants
Models for cardiac cellular electrophysiology and ion dynamics have been
developed for more than five decades (Noble, 1962), and the first atria-specific
hA-CM models were published by Courtemanche et al. (Courtemanche et al.,
1998) and Nygren et al. (Nygren et al., 1998). These model lineages have
been retroactively extended with novel features, and new models have also
been introduced as shown in Figure 5. The Courtemanche, Nygren-MaleckarKoivumäki and Grandi model lineages, were benchmarked in detail (Wilhelms
et al., 2013), and shown to be based on varying datasets and assumptions. As
Wilhelms et al. reported, there are substantial differences in AP and CaT
morphology, and rate adaptation properties among these models. For
example, the AP repolarization in the Courtemanche model depends more on
IKr and less on IKur compared to the other models. The Nygren model has a
substantially larger contribution of the IKs current. Furthermore, several models
include ion currents not incorporated in the others. For example, IK,ACh
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(Maleckar and Grandi models); If (Koivumäki model); plateau potassium
current, the Ca2+ dependent chloride current and background chloride current
(Grandi model).

Figure 5: Overview of hA-CM model lineages and most important changes
implemented in model iterations. References: (Courtemanche et al., 1998), (Nygren
et al., 1998), (Maleckar et al., 2009b), (Grandi et al., 2010, 2011), (Koivumäki et al.,
2011, 2014), (Colman et al., 2013, 2016), (Voigt et al., 2013a, 2013b), (Skibsbye et
al., 2016).

With accumulating experimental (human) data supporting the unique
characteristics of atrial Ca2+ handling and its role in AF pathophysiology and
arrhythmogenesis, the foundational hA-CM models have been updated to
particularly include more complex intracellular Ca2+ signaling and ion channel
localization. To account for the centripetal diffusion of calcium due to the lack
of T-tubules in hA-CMs, Voigt et al. (Voigt et al., 2013b) extended the Grandi
model with a spatial representation of Ca2+ handling based on longitudinal and
transverse division of the intracellular space, and included stochastic RyR
gating. Colman et al. (Colman et al., 2016) also presented an atrial model with
spatial representation of the calcium handling system to assess the role of
variable T-tubule density on intracellular calcium waves and alternans. These
efforts have generally attempted to approach more realistic Ca2+ handling
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representations by drawing on data describing the T-tubule structure in
particular. For instance, it may be possible to replicate the approach now being
taken in ventricular CMs, where realistic SR and T-tubule geometries resolved
by serial scanning electron microscopy have made it possible to reconstruct
large sections of the cell directly from data (Colman et al., 2017). When applied
to atrial CMs, this approach may provide a more realistic basis for simulating
the effects of subcellular structure on macroscopic E-C coupling and
arrhythmogenesis.
In addition to recapitulating physiology of healthy hA-CMs, all the abovementioned cell models have variants to mimic cellular remodeling related to
AF. The principle of ‘AF begets AF’ (Wijffels et al., 1995) emphasizes the need
to represent the pathophysiological changes at different stages of AF
progression with dedicated models. So far, the only pAF model variant has
been published by Voigt et al. (Voigt et al., 2013b), accounting for early
dysregulation of SR Ca2+ release and enhanced uptake, with no significant
changes to sarcolemmal current carriers, and AP morphology. Conversely,
cAF involves a much more advanced and complex remodeling (Schotten et al.,
2011), which has been implemented in the in silico models to varying degrees
of detail. The vast majority of cAF model variants have focused on electrical
remodeling as distinct from remodeling of subcellular structure and Ca2+
handling machinery. These efforts have generally included the decreased Ito,
ICaL and IKur, and increased IK1, as described in section 2. More recently, cAF
models that also account for the remodeling of intracellular Ca2+ handling have
been developed (Colman et al., 2013; Grandi et al., 2011; Koivumäki et al.,
2014b; Voigt et al., 2013a). Furthermore, AF-related structural remodeling,
specifically cell dilation, has been represented in one hA-CM model (Koivumäki
et al., 2014b). First steps in accounting for the role of changes to regulatory
signaling have also been taken by Grandi et al. (Grandi et al., 2011), who
showed dramatic APD shortening as a result of parasympathetic activation of
IK,ACh. However, the overly simplified Ito - ICaL - IKur - IK1 approach of cAF
modeling is still commonly used. As the accumulating experimental evidence
suggests a central role for altered E-C coupling and intracellular Ca2+ handling
in AF pathophysiology, a greater emphasis should be put on these
components in future modeling studies.
In silico hA-CM models are comprehensive tools, complementing the in vitro
experiments, for increasing the understanding of AF mechanisms and
discovering potential pharmacological targets. The diversity of hA-CM models
adds a layer of complexity to modeling of pharmacodynamics, as the outcome
of pharmacological interventions in silico will vary between different models.
This will be discussed in detail in section 4. As the physiological accuracy and
robustness of atrial CM models have improved over the years, and continues
to progress, so do their utility in higher dimensional and organ scale
simulations, as discussed further below.
3.2
1D and 2D models of electrical conduction in the atria
3.2.1 Modeling electrical propagation in tissue
Early observations of electrograms during AF revealed the presence of chaotic
activity in the atria. Recent technological advancements in high-resolution AF
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mapping have shown that AF is maintained by one or multiple spiral waves or
rotors, which may be stationary or meander around anatomical structures
(Guillem et al., 2016). Several studies have further supported that AF is
maintained by high-frequency reentrant activity, compatible with the mother
rotor hypothesis, as recently reviewed (Guillem et al., 2016; Waks et al., 2014).
However, several open questions still remain regarding the exact dynamical
drivers of AF. Computational models of electrical propagation in the atria have
contributed to elucidating the mechanisms of arrhythmia by enabling the
simulation of electrical propagation in the heart through simplified models of
single cell myocyte networks, mainly in the form of 1D and 2D architectures
representing atrial fibers or patches of atrial tissue.
Characteristics of electrical activation in the myocardium, such as conduction
velocity (CV), ERP, CV restitution, and APD restitution are known to modulate
impulse propagation, with CV and refractoriness largely determining rotor
dynamics and reentry stability (Sánchez et al., 2011). This commonly cited
conceptual model is termed “leading circle” reentry, and states that a reentrant
wavefront is permitted to follow a circular path of minimal length equal to the
wavelength (CV*ERP), with the core remaining continuously refractory.
Reported values of CV measured in the atria lie between ~50 to ~120 cm/s
(Dössel et al., 2012), and are reduced by ~15% in AF (Feld et al., 1997).
Conduction slowing and ERP shortening are two hallmarks of AF-induced
remodeling, which result in reduced wavelength and higher susceptibility to
reentry (King et al., 2013; Nattel et al., 2008; Starmer et al., 1991; Wakili et al.,
2011). Conveniently, ERP and changes to ERP resulting from
pharmacotherapy, can be implemented in 0D cell models, and CV can then be
assessed by applying simple cable theory to couple such 0D implementations
in series. The resulting 1D simulation frameworks are often used to arrive at
basic indications of pharmacologic impacts on susceptibility to reentry, without
actually permitting reentrant excitation.
At a level higher, 2D patches of tissue have been employed in simulations to
reproduce the effects of structural and electrical remodeling on conduction
barriers and exacerbated electrophysiological heterogeneities leading to
unidirectional block and spiral wave breakup. As will be further discussed in
section 4.3.1, these frameworks have been very important for establishing the
role of spiral wave dynamics in explaining the efficacy and subtype specificity
of INa blockade. Aslanidi et al. (2009) (Aslanidi et al., 2009b) used 2D models
of the atria to study activation patterns in the absence and presence of
electrical heterogeneity, independently of structural effects or conduction
anisotropy. Results of 2D simulations show that APD gradients across the atria
alone can reproduce different activation patterns in different regions of the atria
(LA versus RA) (Aslanidi et al., 2009b). More recently, Gharaviri et al. (2017)
(Gharaviri et al., 2017) studied the effect of transmural conduction using a dual
sheet model of atrial tissue. They found that reducing the number of
connections between the endo- and epicardial layers resulted in increased
endo-epicardial dyssynchrony of electrical activity and in enhanced AF stability,
in agreement with experimental findings in patients and animals (Hansen et al.,
2015; Verheule et al., 2013).
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Additionally, computational tissue models have helped elucidate the molecular
mechanisms that give rise to spatially discordant alternans (SDA), a
mechanism that has been linked to the development of an arrhythmogenic
substrate and increased reentry incidence (Pastore and Rosenbaum, 2000).
Clinical data has shown that AP alternans precede episodes of AF in patients
(Narayan et al., 2011), and another study in healthy controls and persistent AF
patients showed that rapid pacing-induced SDA were associated with AF
incident, and could be terminated by verapamil administration (Hiromoto et al.,
2005). These findings highlight the potential arrhythmogenic role of alternans,
and the need to further elucidate the contribution of SDA to AF. Experimental
studies in whole heart (Pruvot et al., 2004) and modeling studies in both 1D
and 2D ventricular tissue have shown that SDA can be attributed to different
mechanisms, in particular, Ca2+ instabilities (Sato et al., 2006, 2013), steep
APD and CV restitution, (Qu et al., 2000) and tissue heterogeneities
(Watanabe et al., 2001).
Because these 1D and 2D tissue models remain relatively computationally
efficient, they can also be used to assess the ionic determinants that modulate
conduction and rate adaptation in the atria during rapid pacing or other
processes involving manipulation of the electrophysiologic steady state
(Hunnik et al., 2016; Krummen et al., 2012; Starmer et al., 2003). In these
contexts, extracting measures from simulated reentrant circuits allows
quantitative comparisons of the impact of different ionic mechanisms and
model conditions on the incidence and magnitude of AF, commonly quantified
in terms of dominant frequency (DF), organization index, rotor meandering
(RM), and duration of reentry.
3.2.2 Fibrosis in 1D and 2D models
Tissue models of the atria have recently been expanded to include the effect of
fibrosis in AF maintenance. Myofibroblasts, or simply fibroblasts (Fb), compose
about 10-15% of myocardium volume, although they largely outnumber
myocytes (Shiraishi et al., 1992). Fibroblasts can exhibit action potentials when
electrically coupled to CMs through gap junction channels (Camelliti et al.,
2004; Wang et al., 2006), and have long been recognized to play an important
role in modulating the electrical function of the myocardium (Kamkin et al.,
1999; Kohl et al., 2005; Kohl and Noble, 1996; Tanaka et al., 2007). The
fibroblasts can act as either current sources or sinks during a myocyte
excitation, disturbing normal electrical propagation, and their proliferation has
also been linked to abnormal automaticity in the atria, whereby Fb-CM coupling
can induce a depolarizing current during the diastolic phase and elicit action
potentials (Miragoli et al., 2007).
In agreement with in vitro experimental data, modeling studies in 1D and 2D
models have shown that proliferation of fibroblasts (or more generically, nonmyocytes) in the atrial tissue, and their coupling with myocytes through gap
junctions, lead to alterations of the AP shape, RMP, upstroke velocity and CV.
The significance of the alterations, and their arrhythmogenic potential, depends
on several factors, such as fibroblast density and distribution, the strength of
Fb-CM coupling, and RMP of the fibroblast (Jacquemet and Henriquez, 2008;
Koivumäki et al., 2014a; Maleckar et al., 2009a; Seemann et al., 2017), as
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reviewed in (Yue et al., 2011). Additionally, Fb-CM coupling can lower or raise
the APD alternans threshold, depending on whether APD is shortened or
prolonged (Xie et al., 2009). Furthermore, in cAF, the hyperpolarization of the
membrane potential has been shown to render the remodeled myocytes less
sensitive to coupling with fibroblasts (Sánchez et al., 2017b). In another study,
the APD shortening effect of dofetilide and vardenafil was enhanced with
increasing amount of coupled fibroblasts, showing the importance of including
Fb-CM coupling in pharmacological modeling studies (Gao et al., 2017).
Although human data is still sparse, and the precise contribution of fibrosis to
ectopic activity and reentry in AF remains poorly understood, it seems clear
that fibrotic tissue is a key promoter of AF progression. Therefore,
therapeutical approaches that prevent fibroblast proliferation, secretion and
connexin expression, by targeting for example fibroblast ion channels and
signaling pathways, could constitute a potential strategy for upstream
regulation of AF progression (Yue et al., 2011).
3.3
3D models of the atria
Single cell models of atrial electrophysiology have significantly contributed to
increase our understanding of the cellular mechanisms of arrhythmia and
underpinning novel pharmacotherapeutic targets (Heijman et al., 2015).
However, multiscale models of the atria are necessary to understand the
complexity of atrial arrhythmias and capture the essential dynamics of this
disease. This need is accentuated by challenges associated with obtaining
reliable AF activation maps, especially in patients, which has pressed the need
for more elaborate in silico whole atrial models. Three-dimensional (3D)
models of atrial electroconduction have been developed to enable simulation of
normal atrial function and arrhythmogenesis in the context of full structural
complexity of the atrial geometry, and incorporating many of the regional
electrical heterogeneities present in the intact organ.
Electrical heterogeneities in the atria are mainly characterized by regional
variations of ion current and connexin expression. However, as human data
are sparse, these regional differences are generally incorporated from studies
conducted in other species, mostly canine. The complex structural
heterogeneities in the atria are also challenging to accurately represent in
computational models, but are believed to be important for the understanding
of AF dynamics. Thus, in recent years a considerable amount of effort has
been devoted to the incorporation of detailed anatomic, structural and
electrophysiological information in the modeling pipeline.
3.3.1 Incorporating heterogeneity into 3D models of the atria
The first attempts to develop 3D models of the atria relied on simplistic
geometries with limited anatomical detail, such as spherical surfaces (Blanc et
al., 2001), or geometrical surfaces designed to resemble the atria (Harrild and
Henriquez, 2000; Ruiz-Villa et al., 2009; Vigmond et al., 2003). Additionally,
most of these first models did not consider regional differences in
electrophysiology (Blanc et al., 2001; Harrild and Henriquez, 2000; Virag et al.,
2002). In their first stage of development, 3D models of the atria were mostly
focused on the role of atrial geometry and structural heterogeneity on the
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development of a proarrhythmic substrate (Blanc et al., 2001; Harrild and
Henriquez, 2000; Virag et al., 2002). Although useful in discerning the basic
mechanisms underlying atrial arrhythmias, these studies recognized the
importance of incorporating electrical and more detailed structural
heterogeneity into the models in order to faithfully reproduce complex
arrhythmogenic patterns. Vigmond et al. (Vigmond et al., 2003) presented the
first atrial model, a canine model, containing all the major structural features of
the atria, electrical propagation according to fiber orientation (constructed with
a series of interconnected cables), AP heterogeneity, and electrical
remodeling. The study provided new insight into the role of structural and
electrical heterogeneity of atrial tissue on reentry and fibrillation maintenance,
and confirmed the importance of including electrophysiological variations in
atrial tissue models.
Since these earlier efforts, regional differences in AP morphology have
typically been incorporated by varying ion channel maximum conductances
and gating variables of the Courtemanche hA-CM model. Figure 6 shows an
example of different AP morphologies in the different regions of the atria
modeled in this way (Colman et al., 2013). These are mainly due to differences
in expression of IKr, IKs, Ito, IKur, IK1, and ICaL. We will not describe these regional
characteristics in detail, but a comprehensive overview of current densities and
APD in the different atrial regions, and of the original experimental data
sources, can be found in (Krueger et al., 2013). With these model variants as a
baseline for electrical variation throughout the atria, it has been possible to
begin understanding the role of electrophysiological heterogeneity both in
normal atrial activation, and in AF arrhythmogenesis. During normal activation,
the gradient in APD from the sino-atrial node (SAN) towards the atrioventricular node (AVN) and the left atrium (LA) (Ridler et al., 2006), is thought
to facilitate conduction from the SAN towards the AVN and impede unidirectional conduction block during normal sinus rhythm. However, the role of
these APD gradients in atrial arrhythmias is not fully understood, and the
manner in which change associated with AF electrical remodeling contribute to
arrhythmia is very complex (Colman et al., 2013). Patchy tissue
heterogeneities in left versus right atria are known to promote AF initiation
(Luca et al., 2015), and it has often been suggested that left-right gradients in
ion current expression increase dispersion of refractoriness and thereby
promote reentrant substrate (Voigt et al., 2010). However, computational
studies of the effect of right-left APD gradients in a canine model has found
these gradients to be a protective mechanism against reentry, while increasing
the complexity of arrhythmia patterns (Ridler et al., 2006, 2011). These studies
highlight the complex effect of atrial heterogeneities and the need for a
systematic characterization of the role of spatial variation of cell and tissue
properties in AF.
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Figure 6: Regional differences in AP morphologies in the different atrial regions
obtained with a hA-CM model. From (Colman et al., 2013). Creative Commons
Attribution License BY.

In addition to the varying AP morphology, the atria present significant regional
differences in conduction velocity and fiber orientation. These differences can
be represented in models by spatially varying tissue conductivities according to
tensor vectors obtained from fiber direction information. Fiber direction can be
obtained with rule based methods (Aslanidi et al., 2011; Colman et al., 2013;
Seemann et al., 2006), based on anatomical data obtained from ex vivo
diffusion-tensor imaging (Pashakhanloo et al., 2016), or histological slices
(Butters et al., 2013; Tobón et al., 2013).
Seemann et al. (Seemann et al., 2006) published the first model implementing
realistic full 3D atrial geometries with regional heterogeneity. This model
incorporated heterogeneity based on both human and animal experimental
data of several atrial structures: Crista terminalis (CT), pectinate muscles (PM),
Bachmann’s bundle, atrial working myocardium, atrial appendage, and SAN.
More recently, Krueger et al. (Krueger et al., 2013) developed an extended
model with patient-specific anatomical data and additional segmentation of
atrial regions: the pulmonary veins (PVs), atrial septum, the tricuspid valve
ring, the mitral valve ring, and the fossa ovalis. Colman et al. (Colman et al.,
2013) have also published a similarly comprehensive model of the whole
human atria incorporating both local heterogeneities and AF remodeling.
Figure 7 shows examples of 3D atrial models constructed via regional
segmentation and incorporating heterogeneous AP morphologies (Figure 7A).
Segmentation into different regions is often carried out manually based on
known anatomical features.
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Figure 7: A) Three-dimensional atrial model with segmented regions and
corresponding APs in physiological (blue) and AF-remodeled conditions (red),
obtained with the Courtemanche model. From (Krueger, 2013). Creative Commons
Attribution License BY-NC-ND. B) Regional segmentation of an atrial sheep model
into Right Atrium (RA), Left Atrium (LA), Pectinate Muscles (PM), Pulmonary veins
(PV), and Bachmann’s Bundle (BB). From (Butters et al., 2013). Copyright 2013 by
Royal Society (Great Britain). Reprinted with permission.

Given the relative abundance of animal data sources, computational models of
animal atria anatomy and electrophysiology are an important tool for studying
arrhythmia mechanisms. Therefore, models of other animal species have also
been developed, such as the rabbit atrial model from Aslanidi et al. (Aslanidi et
al., 2009a), the canine models from Colman et al. (Colman et al., 2014) and
Varela et al. (Varela et al., 2016), and the sheep model from Butters et al.
(Butters et al., 2013). All these models have contributed to further elucidating
of the mechanisms underlying atrial arrhythmogenesis, and exemplify the
importance of considering models of other animal species, integrating available
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experimental data, in studies of AF mechanisms and in the discovery of novel
therapeutic approaches (Nishida et al., 2010). Other 3D models of human atria
developed in recent years have been reviewed in (Dössel et al., 2012).
3.3.2 Importance of modeling heterogeneities in AF studies
Several modeling studies have shown the importance of considering realistic
anatomical structures, fiber orientation, and AP heterogeneity in the initiation
and maintenance of reentry in both human (Colman et al., 2013; Krueger et al.,
2013; Luca et al., 2015; Seemann et al., 2006; Zhao et al., 2017) and animal
models (Aslanidi et al., 2009a; Butters et al., 2013; Varela et al., 2016). Studies
have shown the role of anisotropy, mainly due to fiber orientation, in
maintenance of AF, and the role of electrical heterogeneity in the initiation of
AF (Butters et al., 2013). In particular, it has been shown that the abrupt
anisotropy in fiber orientation between the posterior LA and the PVs is critical
for wave break leading to reentry (Klos et al., 2008).
Butters et al. (Butters et al., 2013) were the first to investigate computationally
the mechanisms of initiation and maintenance of AF by describing the
individual contributions of electrical heterogeneity and anisotropy, employing
an anatomically detailed model of the sheep atria with regional AP variation.
This study confirmed that the abrupt changes in tissue anisotropy between the
LA and PVs provide an important AF substrate. This was primarily due to the
complexity of the fiber structure of the PV region and the RA (in particular, the
CT and PMs), as compared to the LA, which is relatively homogeneous. More
recently, Zhao et al. (Zhao et al., 2017) extended human 3D models by
incorporating transmural fibrosis, atrial wall thickness, and 3D myofiber
architecture, based on ex vivo functional and structural imaging of the atria.
This study found that the structural characteristics of regions driving AF were
characterized by intermediate wall thickness and fibrotic density, as well as
twisted myofiber structure.
Although data supports the involvement of atrial fibrosis in the development of
AF, whether this is a cause or consequence of AF is still an open question
(Schotten et al., 2016). A study on post-mortem human samples from several
locations of the atria supported the existence of a correlation between the
extent of atrial fibrosis and fatty tissue infiltrations, and the development and
severity of AF (Platonov et al., 2011). As described in the previous section,
simulation studies have contributed with some insight into the role of fibrosis in
AF development. For example, Maleckar et al. (Maleckar et al., 2009a),
showed that CM excitability, repolarization, and rate-adaptation properties are
strongly modulated by CM-myofibroblast electrotonic coupling, in particular the
strength of coupling, number of coupled myofibroblasts, and the pacing rate.
These findings suggest that myofibroblast proliferation during structural
remodeling may exacerbate repolarization heterogeneities and decrease tissue
excitability, thus facilitating abnormal conduction patterns (e.g. conduction
block) and the development of a reentrant substrate.
McDowell et al. (McDowell et al., 2013) included the effect of fibrotic lesions on
the initiation and progression of AF in a whole atrial model, finding that atrial
fibrosis contributes to dispersion of APD due to gap-junction remodeling, as
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well as to the proliferation of myofibroblasts. The study showed that the latter
was a sufficient condition for unidirectional conduction block following an
ectopic beat from the PV region, while myofibroblast proliferation in the fibrotic
region was sufficient to trigger reentry. In agreement with the previous study by
Maleckar et al. (Maleckar et al., 2009a) they found that the presence of
myofibroblasts in the fibrotic region caused alterations of the transmembrane
potential, in particular, shortening of APD and elevation of RMP, and these
changes were exacerbated by the presence of collagen deposition. However,
their proposed mechanism by which myofibroblasts cause inhomogeneous
conduction slowing was through the remodeling of the potassium currents
responsible for the repolarization phase of the AP, rather than by electrotonic
effects resulting from the formation of direct connections between the
myofibroblasts and CMs. Another computational study from the same group
including the effects of atrial fibrosis, concluded that initiation of AF is
independent of pacing location, and instead depends on the distance between
the pacing location and the closest fibrotic region (McDowell et al., 2015).
Although much is still unknown about the role of structural and
electrophysiological heterogeneities in AF, computational studies have
contributed to the systematic characterization of the mechanisms of
arrhythmogenesis. In some cases, these have highlighted the importance of
patient-specific aspects for clinical therapy, as, for instance, the role of patientspecific fibrosis patterns for guiding catheter ablation procedures (McDowell et
al., 2015).
4
Computational pharmacology in AF
4.1
Lessons from existing rhythm control strategies in AF
The available compounds and therapeutic guidelines for AF cardioversion
provide important context for AF drug design, and highlight key points of
lacking knowledge that may be aided by computational approaches. Effective
compounds include class III (amiodarone/dronedarone, intravenous ibutilide,
vernakalant [in Europe], dofetilide, and sotalol), class Ic (flecainide,
propafenone), and class V agents (cardiac glycosides). Computational studies
have addressed their predominant modulatory targets: potassium channels,
sodium channels, and NKA, respectively. Computational contributions to
increase functional and mechanistic understanding of clinically relevant
antiarrhythmic drugs are listed in Table 1. Most often these compounds are
administered intravenously in the early stages of AF to achieve cardioversion,
but flecainide and propafenone are also used orally as pill-in-the-pocket
strategies. A critical consideration for choosing among these options is whether
structural disease is present. Flecainide and propafenone are contraindicated
for all NYHA heart failure classes, while ibutilide and vernakalant are
inappropriate for patients with class III-IV disease. These specific
characteristics of therapy and contraindications provide an important general
hierarchy for understanding the links between the mechanisms of drug action
and their clinical utility in AF.

85

Table 1: Summary of AF drugs, ionic targets and related computational work.
Drug
Flecainide

Class
Ic

Target
INa (Roden and
Woosley, 1986)
Ito, IKur, IKr (Tamargo
et al., 2004)

Propafenone

Ic

Amiodarone

III

INa, Ito, IK1, IK (Duan
et al., 1993)
Ito, IKur, IKr, IKs
(Tamargo et al.,
2004)
IK,2P (Schmidt et al.,
2013)
IKr, IKs, Ito, IKur
(Tamargo et al.,
2004)
INa, ICa
(Nattel et al., 1992)
IK,2P (Gierten et al.,
2010)

Dronedarone

III

IKr, IKs, IK1, INa, ICaL
(Gautier et al., 2003)
IKr, IKs (Tamargo et
al., 2004)

Ibutilide

III

IKr (Tamargo et al.,
2004)

Vernakalant

III

Ito, IKr, IKur, IK,ACh, INa
(Fedida, 2007)
IK,2P (Seyler et al.,
2014)

Dofetilide

III

IKr (Tamargo et al.,
2004)
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Computational work
Functional:
- Flecainide and lidocaine state specific
binding models incorporating detailed voltageand pH-dependence (Moreno et al., 2011)
Structural:
(Gómez et al., 2014; Melgari et al., 2015)
Functional:
- State-specificity and kinetics of binding via
genetic algorithm search (Pásek and Simurda,
2004)
Structural:
(Gómez et al., 2014; Ngo et al., 2016)
Functional:
- Multi-target modeling of drug action in AF via
Hill-type conductance-only block (Loewe et al.,
2014)
- Pharmacodynamic modeling of drug-drug
interactions (Chen et al., 2015)
- Effect of pharmacologically altered INa kinetics
on post-repolarization refractoriness and APD
prolongation (Franz et al., 2014)
- Mechanistic understanding of amiodarone
effects in 1D and 3D, focus on QT prolongation
(Wilhelms et al., 2012)
- Amiodarone targeting INaL in failing human
myocardium simulations (Maltsev et al., 2001)
Structural:
(Zhang et al., 2016)
Functional:
- Frequency and concentration dependent
effects in cAF remodeled hearts (Loewe et al.,
2014)
- Drug-drug interaction dronedarone (Denisov
et al., 2018)
Functional:
- Clinical intervention with ibutilide linked with
simulated phase synchrony between tissue
regions (Vidmar et al., 2015)
Functional:
- Multi-target, cellular mode of action (Loewe et
al., 2015)
- AF termination simulated by INa block with
rapid dissociation through decreased
wavebreak and blocked rotor generation
(Comtois et al., 2008)
Structural:
(Eldstrom and Fedida, 2009)
Functional:
- Multiscale cardiac toxicity (TdP risk) predictor
(Costabal et al., 2018)
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Sotalol

III

IKr [Kpaeyeh 2016]
IK [Carmeliet 1985]

Ranolazine

I, antianginal
drug

INaL, late ICa, peak
ICa, INCX, IKr, IKs
[Antzelevitch et al
2004]

Cardiac glycosides
(Digitalis
compounds)

V

NKA (Schmidt et al.,
2018; Vivo et al.,
2008)
Vagal stimulation
(Falk, 1991)

- Contribution of fibroblasts to cardiac safety
pharmacology (Gao et al., 2017)
- Interaction of hERG channel kinetics and
putative inhibition schemes in long QT
syndrome (Romero et al., 2014)
- New hERG Markov model including drugbinding dynamics for early drug safety
assessment (Di Veroli et al., 2012)
- Gender and age on dofetilide induced QT
prolongation (Gonzalez et al., 2010)
Structural:
(Dux-Santoy et al., 2011; Saiz et al., 2011;
Varkevisser et al., 2013)
Functional:
- Prediction of drug effects at therapeutic
doses in controlled clinical trials and real-life
conditions. (Chain et al., 2013)
- Identifying total area of the ECG T-wave as a
biomarker for drug toxicity (Jie et al., 2010)
Structural:
(DeMarco et al., 2018)
Functional:
- Antiarrhythmic drug effect specifically in
inherited long-QT syndrome and heart failureinduced remodeling (Moreno et al., 2013)
- Prevention of late phase-3 EADs (Morotti et
al., 2016)
- Combined antiarrhythmic and torsadogenic
effect of INaL and IKr block on hV-CMs (Trenor
et al., 2013)
Structural:
(Du et al., 2014)
Functional:
- Effect NKA on cell and tissue refractoriness
and rotor dynamics (Sánchez et al., 2011)
- Physiologically based PK model (Neuhoff et
al., 2013)
- 2 compartment PK-PD model for clinical
dosage effect (Jelliffe et al., 2014)
Structural:
(Weiss, 2007)

First, agents with QT prolonging actions are broadly contraindicated, as even
relatively subtle effects on ventricular APD limit their use in AF treatment due
to high comorbidity with structural disease. Additionally, Na+ channel
antagonists may be effective if they do not simultaneously reduce the atrial
ERP or increase QT (thus eliminating both classes Ia and Ib). It is probable
that the efficacy of class Ic agents is largely due to prolonged ERP
accompanying their slow dissociation kinetics, which promotes termination of
spiral wave reentry (Comtois et al., 2005; Kneller et al., 2005), but they may
also limit triggering ectopy particularly early in disease development (Liu et al.,
2011; Watanabe et al., 2009). Lastly, non-cardiac contraindications and drug
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interactions are a significant consideration, particularly for anticoagulant
therapy, a core prophylactic for AF-induced thrombosis.
Given these core characteristics of drugs with established efficacy, major
current AF strategies can be classified into two broad groups: (1) those that
focus on extending the atrial ERP through atria-specific K+ channel targeting,
(2) combined therapies that leverage multi-target outcomes and minimize
contraindications. In the case of ERP modulators, the key challenge is to
improve atrial selectivity and reduce non-cardiac contraindications. For this
reason channels that contribute to atrial repolarization but have little role in the
ventricle (e.g. IKur, IK,Ca, IK,Ach) are the most attractive targets. Approaches
targeting Ca2+-handling are largely mechanism-driven, and address
disturbances to calcium homeostasis, particularly via RyR hyperactivity and
calcium overload secondary to dysregulated Na+ homeostasis and CaMKII
signaling (Heijman et al., 2015). Finally, recently developed multi-target
therapies particularly seek to combine the efficacy of Na+ channel blockade
with repolarization modulators to generate ideal compound profiles (Ni et al.,
2017).
Computational approaches are being applied to all of these avenues. Below we
briefly review major computational methods applied to rational drug design,
and then highlight approaches where simulations may be crucial in integrating
information taken from high-throughput screening, and traditional in vitro and in
vivo electrophysiology.
4.2
Pharmacological modeling approaches
Modeling drug interactions can start at the molecular level with molecular
docking or dynamic simulations to test small molecule binding sites and
structural protein changes (see Table 1 for structural modeling contributions for
AF drugs). These approaches are attractive because they permit estimation of
binding affinities (and kinetics in some cases) based on available 3Dstructures. However, the availability of these structures has traditionally been
quite limited for ion channel targets, largely due to difficulties in crystallizing
transmembrane proteins. With recent advances in cryoelectron microscopy,
structure-based drug discovery for integral membrane targets is quickly gaining
traction (Lengauer and Rarey, 1996; Meng et al., 2011; Shoichet et al., 2002;
Yarov-Yarovoy et al., 2014), and is thought to hold great promise as a support
for drug development in the future.
Besides modeling molecular binding sites, one may focus on functionallydriven drug-ion channel interactions, based on the classical Hodgkin and
Huxley (HH) formalism or more recent Markov modeling formulations. For both
HH and Markov formulations, the foundation for modeling the effects of
antagonists on observable myocyte electrophysiology has been driven by two
major frameworks for conceptualizing drug-binding: (1) the “modulated
receptor” hypothesis (Hille, 1977), and (2) the “slow inactivation” hypothesis
(Khodorov, 1979). The modulated receptor hypothesis states that drug-binding
exhibits selectivity for the functional states of the channel, and that this
selectivity can be readily expressed by different association and dissociation
kinetics (and resulting affinities) for drug binding to each state (Hondeghem,
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1987; Hondeghem and Katzung, 1977). Conversely, the synergisticinactivation hypothesis is essentially an allosteric mechanism, which suggests
that a drug does not need to exhibit selective binding for specific functional
states, but instead, once the drug is bound it promotes transition to states in
which channels are non-conducting. This mode of block has become
somewhat popular for calcium channels (Hering, 2002). Broadly speaking, the
modulated receptor hypothesis has been more often applied across various
drug-channel interactions, and modified to include the popular “guarded
receptor” derivatives. Structure-based modeling will surely refine the
application of these approaches in coming years.
Because the states are defined by function, these approaches are largely
independent of protein structure, but through the binding kinetics can
incorporate both time- and voltage-dependent characteristics of drug
interaction. Of course, such approaches require well-defined functional models
representing the baseline function of the channel target, as well as any
disease-related alterations to channel conductance and gating. Markov models
of ion channels have the advantage of being able to more accurately represent
inter-dependence of state transitions which can considerably impact the
outcome of drug binding simulations. However, more complex Markov
formulations are often subject to insufficient data or contradictory
parameterization requirements when trying to fit multiple experimental data
sets.
Drug modeling with intended clinical application need to take pharmacokinetic
(PK), additionally to pharmacodynamic (PD), modeling into account. The focus
of this review is on PD modeling, the mechanism and effect of drugs, but the
spread of drugs and off-target effects should be acknowledged. For recent
reviews on (multiscale) PK/PD modeling in systems pharmacology and druginduced cardiovascular effects see (Clancy et al., 2016; Collins et al., 2015;
Danhof, 2016). A good example of the importance is the conversion of drug
from amiodarone to its derivative dronedarone. Both drugs share the main
structure (removed iodine and added methanesulfonyl group) and
electropharmacologic profile, with different relative effects on individual ion
channels (Pamukcu and Lip, 2011; Rosa et al., 2014). Amiodarone
accumulates in tissue due to a longer half-life and iodine is known to negatively
affect thyroid function (Cohen-Lehman et al., 2010). The development of
amiodarone to dronedarone was motivated by PK and off-target PD effects, to
optimize drug efficacy and limit clinical side effects. PK/PD modeling should be
taken in to account for drug development, but should be preceded by
establishing the effect of targeting (a combination of) ion channels as possible
drug targets.
4.3
Modeling specific ion channels as drug targets
As mentioned above, various potassium channels are remodeled during AF
and several of them are almost only expressed in the atria (IKur, IK,ACh, IK,2P and
IK,Ca) (Hancox et al., 2016; Ravens and Christ, 2010). Pharmacological
inhibition of these channels prolongs the AP and therefore extends the atrial
ERP. Table 2 summarizes which ion currents are included in published the hACM models. The majority of clinically relevant drugs, targets or affects INa
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and/or INaL as antiarrhythmic strategy. Below, we focus on computational
approaches to the pharmacological modeling of sodium channels and the
range of potassium channels that are still considered viable targets for AF
rhythm control.
Table 2: Summary of ion currents included in the hA-CM models. Ion currents
that are common to all models include: INa, ICaL, Ito, IKur, IKr, IKs, INKA, INCX, IPMCA, IbNa and
IbCa. Those models that have a comprehensive cAF variant are marked in the right
most column.

Model (ref)
(Courtemanche et al.,
1998)
(Colman et al., 2013)
(Colman et al., 2016)
(Nygren et al., 1998)
(Maleckar et al., 2009b)
(Koivumäki et al., 2011)
(Koivumäki et al., 2014)
(Skibsbye et al., 2016)
(Grandi et al., 2011)
(Voigt et al., 2013a)
(Schmidt et al., 2015)
(Voigt et al., 2013b)

IK,ACh

IbCl

ICl,Ca

If

IK,2P

IK,Ca

cAF variant
X

X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X

X
X

X
X
X
X
X
X

4.3.1 INa
The dynamics and pharmacologic properties of the cardiac sodium current are
among the best-characterized of any electrophysiologic drug target. INa
inhibitors, first quinidine and then the local anaesthetics, were observed to
have antiarrhythmic efficacy in the first half of the 20th century, and were
adopted for treatment well before their molecular actions were known (Nattel,
1993; Rosen and Janse, 2010). Once modern voltage and patch clamp
techniques were developed, pharmacologic properties such as state-specificity
and association-dissociation kinetics were extensively characterized for a
number of compounds (Bean et al., 1983; Rosen and Janse, 2010). The ability
of class I compounds (particularly Ic) to suppress premature ventricular
complexes spurred the beginning of major clinical trials (CAST 1 & 2, IMPACT)
to assess their overall efficacy. The overwhelming failure of these trials
(treatment-induced mortality), has driven scientists and clinicians to reconsider
both the key pharmacologic characteristics of major antiarrhythmics
(particularly INa antagonists), and the antiarrhythmic classification systems
used to guide clinical development (Rosen and Janse, 2010). Computational
approaches have been key for understanding several major dynamical
characteristics that determine the positive and negative outcomes of INatargeted drugs in different contexts of arrhythmia.
The modulated receptor and guarded receptor approaches have been
essential in understanding the myocyte-level outcomes of INa antagonists.
Early efforts in particular, made useful contributions to distinguish the
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characteristics of the different subclasses of Na+ channel blockers by applying
this approach to very simple baseline models of channel gating (Bean et al.,
1983; Cohen et al., 1981). The findings of these efforts still define the major
characteristics of these subclass distinctions. For example, the role that slow
class Ic dissociation kinetics play in determining the utility of this subclass for
extending atrial ERP and antagonizing AF is thought to result from the brevity
of the atrial action potential (Starmer et al., 2003). That brevity in turn prevents
fast-dissociating inactive-state antagonists (e.g. class 1b agents) from being
effective in AF. This general mechanism of class Ic efficacy is likely to be
particularly potent in terminating spiral wave dynamics by expanding both the
core and the curvature of the wavefront, thus increasing the size of primary
circuits and organizing the fibrillatory pattern (Kneller et al., 2005).
4.3.2 IKr
IKr is expressed in both human atria and ventricles, and its inhibition prolongs
APD in both regions. While IKr block remains a viable strategy for AF targeting,
it presents many challenges of ventricular contraindication. Dofetilide is an
example of a drug that specifically blocks IKr, and was approved for AF
treatment (Elming et al., 2003), but for which safety remains a significant
concern (Abraham et al., 2015; Cho et al., 2017; Mounsey and DiMarco, 2000).
For this reason, computational approaches are an attractive means for
screening compounds with atrial-selective of targeting of IKr, but so far this goal
has not been addressed convincingly. Below we highlight, several aspects that
should be considered when applying computational approaches to address the
role of IKr antagonists in AF.
The manner in which IKr targeting compounds promote ventricular AP and QT
interval prolongation is a topic of major interest in toxicology screening, and we
will not cover it comprehensively here. However, it is worthwhile noting that a
classical parameter for characterizing the ventricular arrhythmogenicity of IKrtargeting compounds, reverse-rate-dependence, is also important in atrial drug
design. Strong frequency-dependence is highly desirable for AF cardioversion
due to very high frequencies of tissue activation during AF. As such, modeling
approaches that do not permit accurate assessment of this characteristic are of
limited value. To this end, the commonly used Courtemanche model does not
reproduce the reverse-frequency-dependency of IKr block on atrial APD
(Tsujimae et al., 2007). By adding a slow activation parameter to the HodgkinHuxley model formulation and inhibiting varying combinations of fast and slow
gating variables, Tsujimae et al. (Tsujimae et al., 2007) reproduced the
inhibition dynamics and the frequency dependence of known IKr blockers
(Quinidine, Vesnarione and Dofetilide). More recent models have attempted to
define IKr pharmacology in a more detailed manner. For example, Li et al. first
developed a detailed Markov model (Li et al., 2016) of IKr gating, and then
embedded it in the O’Hara-Rudy hV-CM model to provide a basis for
characterizing compounds with known and varying TdP risk (Li et al., 2017). As
a result they found that a mechanism of trapping in the hERG pore (carrier of
the IKr current) represented by an additional Markov state in the
pharmacological model, created a better predictability of TdP risk by IKr
inhibitors. Applying models of this detail in atrial and ventricular CM models
may provide a basis for better establishing the potential of IKr blockade for
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targeting AF. We are not aware that such an approach, especially with the
focus on atrial IKr in AF, would have been pursued to date.
4.3.3 IKur
Due to atria-specific expression, pharmacological inhibition of IKur allows for
atrial selective APD prolongation with minimal adverse effects in the ventricles
(Nattel and Carlsson, 2006). Experimental investigation of IKur and
pharmacological properties is complicated by the lack of drug selectivity and
overlap of IKur block with other currents, such as Ito (Ravens and Wettwer,
2011). Furthermore, first clinical trials have controversially shown no decrease
in AF burden in patients upon treatment with an IKur blocker (Shunmugam et
al., 2018).
Experimental complications can be overcome by using in silico models to
assess IKur involvement in AF and AF treatment. Tsujimae et al. (Tsujimae et
al., 2008) extended the Courtemanche (Courtemanche et al., 1998) IKur
formulation with voltage- and time-dependent pharmacological scaling factor to
computationally investigate the voltage- and time-dependent block of IKur to
mimic experimental drug inhibition and effects on AP characteristics. In
simulations incorporating AF remodeling, they showed overall APD
prolongation for a blocker with fast association kinetics and frequencydependent APD prolongation when association kinetics were slow, particularly
when dissociation was also slow. The same IKur formulation was used to show
that rotor termination in chronic AF depends on binding kinetics of IKur inhibitors
(Scholz et al., 2013).
Computational approaches have also been used to define the kinetic
properties of the ideal IKur antagonist: maximum effect in disease, minimum
effect in healthy cells and no (non-cardiac) adverse effects. Ellinwood et al.
(Ellinwood et al., 2017b) used a 6 state Markov model of IKur fitted with voltage
clamp data from hA-CMs and expanded the model with drug-bound states.
Incorporating the detailed channel model and drug interactions in the Grandi
hA-CM model enabled in silico assessment of necessary drug characteristics,
showing that drug binding to both open and inactive states yields the largest
prolongation of APD and ERP. This inhibition was most efficient at intermediate
rates of association, and exhibited similar positive-frequency-dependence
independent of binding mode (Ellinwood et al., 2017a, 2017b). These
simulations have largely supported the perspective that IKur is an attractive AF
target, and future simulations are likely to be useful for assessing whether the
specific binding characteristics and multi-target effects of specific IKur blockers
are capable of realizing this potential.
4.3.4 IK,ACh
IK,ACh is selectively present in the atria and thus may hold potential as an AF
treatment target (Ehrlich et al., 2008). Its response to acetylcholine is
decreased in cAF (Dobrev et al., 2001), exhibiting constitutive activity (Dobrev
et al., 2005; Ehrlich et al., 2004). Single channel patch clamp experiments of
IK,ACh expressed in canine atrial CMs suggest an increase in opening frequency
and open probability after tachycardia-induced remodeling, while openduration, channel conductance, and membrane density were unchanged (Voigt
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et al., 2007). Bingen et al. (Bingen et al., 2013) showed that IK,ACh blockade
decreased restitution-driven alternans, reduced AF inducibility, and promoted
AF termination in rat atrial CM cultures and intact atria. These findings agree
with tertiapin block of IK.ACh prolonging ERP and terminating AF in a canine
model (Hashimoto et al., 2006).
The importance and involvement of IK,ACh in human atrial electrophysiology and
fibrillation is well established, but computational models of this channel are still
limited. The models of IK,ACh in human atria are based on various data sources,
but show a similar and prototypical involvement in the atrial AP: activation of
IK,ACh results in hyperpolarization and pronounced AP abbreviation. Maleckar et
al. (Maleckar et al., 2009b) implemented a model of IK,ACh based on patch
clamp experiments in canine atria, comprising of current-voltage relationship in
combination with a scaling factor depending on half-activation and
acetylcholine concentration (Kneller et al., 2002) and extended it with dose
dependency. The first model incorporating IK,ACh based on human data was the
Grandi model (Grandi et al., 2011), yielding the expected dose-dependent
reduction in APD and CaT amplitude with increasing concentration of
acetylcholine.
Pharmacological block of IK,ACh in in vitro and ex vivo experiments showed
promising anti-arrhythmic effects. However, recent studies have found IK,ACh
block to be ineffective both in increasing the left-atrial ERP in vivo (Walfridsson
et al., 2015) and reducing AF burden in clinical trials (Podd et al., 2016).
Pharmacological effects and pathways activated by acetylcholine that are
currently not implemented in the existing computational models (e.g. crosstalk
with CaMKII and β-adrenergic stimulation) might explain the disagreement
between in vitro, in silico, and clinical studies. In silico investigation may help to
resolve these discrepancies, and confirm whether this ion channel holds
potential as an AF target. Future computational work should address these
possibilities, and better describe the effects of regional heterogeneity in IK,ACh
expression and acetylcholine release in the atria (Jones et al., 2012; Kneller et
al., 2002), as the role of these ion channels in spatial aspects of
parasympathetically driven AF remains poorly understood.
4.3.5 IK,2P
The background potassium current mediated by the TWIK protein-related acidsensitive K+ channel (TASK)-1, a two-pore domain K+ channel (K2P), IK,2P, has
been shown to contribute to APD in hA-CMs (Limberg et al., 2011). TASK-1
encoded by KCNK3 has also been genetically associated with familial AF and
early-onset lone AF (Liang et al., 2014). Furthermore, TASK-1 channels are
expressed predominantly in the atria (Ellinghaus et al., 2005; Gaborit et al.,
2007; Limberg et al., 2011; Schmidt et al., 2015), thus they are a potential
atria-specific antiarrhythmic target in AF. However, there is some discrepancy
in the direction of association between TASK-1 channels and AF. Some
studies reported increased channel expression in cAF (Barth et al., 2005;
Schmidt et al., 2015, 2017), while no change was found by others (Ellinghaus
et al., 2005; Gaborit et al., 2005). Similarly, functional measurements have
shown both increased (Schmidt et al., 2015, 2017) and diminished (Harleton et
al., 2015) IK,2P amplitudes in cAF.
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The first computational models of IK,2P, was published by Limberg et al.
(Limberg et al., 2011). They developed a three-state Markov model of the
TASK-1 channel with voltage-dependent transitions between the two closed
states, and one open state. The channel model was further integrated to the
Courtemanche et al. hA-CM model (Courtemanche et al., 1998) to simulate
effects of IK,2P on AP, showing that current block led to increased APD (-13 %).
More recently, Schmidt et al. (Schmidt et al., 2015) published a channel model
with less mechanistic detail, using a Hodgkin-Huxley formulation with voltagedependent activation/deactivation kinetics and steady-state activation. To
simulate the effect of IK,2P on AP, the authors integrated their TASK-1 channel
model to the Voigt et al. hA-CM model (Voigt et al., 2013a).
Pharmacological block of IK,2P with A293 in vitro has been shown to increase
APD90 by +19 % (Limberg et al., 2011), +17% (Schmidt et al., 2015) in nSR
hA-CMs, whereas in cAF the reported have been much larger: +58% (Schmidt
et al., 2015) and +74% (Schmidt et al., 2017). These findings match well with
dynamic patch clamp results, showing +19% and -16% changes in APD90 in
nSR with IK,2P subtraction and doubling, respectively (Limberg et al., 2011).
The (patho-)physiological significance of the above data has, however, not
been yet corroborated ex vivo in AP measurements with human atrial
trabeculae; isolated hA-CMs are known to have compromised repolarization
reserve (Rajamani et al., 2006). Furthermore, TASK-1 channel is also inhibited
by some of the commonly used AF drugs, such as amiodarone (Gierten et al.,
2010) and vernakalant (Seyler et al., 2014). There is definitely a need for more
comprehensive computational studies, investigating the role IK,2P at different
stages of AF.
4.3.6 IK,Ca
All subtypes of SK (small conductance Ca2+-activated potassium channel;
SK1-3), carrying IK,Ca, have been found in the atria, with SK2 and SK3
exhibiting the most atria-specific expression in human cells (Skibsbye et al.,
2014; Tuteja et al., 2005; Xu et al., 2003). SK3 encoded by KCNN3 has also
been genetically associated with AF (Ellinor et al., 2010; Olesen et al., 2011).
The role of SK channels in AF progression appears especially interesting since
recent in vivo animal studies have showed that their inhibition can reduce the
duration of, or even protect against, pacing-induced AF (Diness et al., 2010,
2011, 2017; Haugaard et al., 2015; Skibsbye et al., 2011). However, some
studies have also suggested a pro-arrhythmic effect of SK current inhibition
(Hsueh et al., 2013). At the cellular level, SK inhibitors NS8593 and ICAGEN
induce APD prolongation in hA-CMs (Skibsbye et al., 2014), supporting a role
for SK channels in atrial repolarization and encouraging the development of
SK-antagonists as an anti-arrhythmic strategy. Indeed, the first clinical trial with
an SK inhibitor for AF treatment has recently been announced (NTR7012,
compound AP30663;
http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=7012).
At the pharmacodynamic level, drug-dependent regulation of SK function has
been established for several different drugs, but the mechanisms and binding
sites are still being examined (Dilly et al., 2011; Weatherall et al., 2010, 2011).
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In canine atria, inhibition of the SK channels by UCL1684 or apamin prolonged
APD (Rosa et al., 1998). Even though the SK channel is a promising target for
AF treatment, most drugs targeting SK channels have been shown to have
significant affinity for other ion channels (particularly IKr), and as such have
often fallen victim to toxicological exclusion.
The most detailed computational modeling effort of SK channels to date has
focused on incorporating dynamics from single channel patch clamp
experiments in rat SK2 (Hirschberg et al., 1998). This study established two
Markov gating binding schemes, each consisting of four closed and two open
states, which differentiated two modes of channel gating associated with
different mean open probabilities. These models recapitulate observed kinetic
components of Ca2+-dependent activation and the varied macroscopic open
probabilities of single channels, and thus provide a mechanistic basis for
interrogating state-dependent drug interaction with SK. However, a
comprehensive understanding of SK channel gating is still lacking, particularly
as it relates to heteromeric channels, signaling-dependent effects, and to
explain the apparent modal gating observed by Hirschberg et al. Additionally,
in the context of the intact atrial CM, subcellular localization and possible
colocalization with calcium sources or regulatory proteins remains largely
unknown, and is surely important for constructing realistic whole cell models
incorporating SK function (Dolga et al., 2013; Ren et al., 2006; Zhang et al.,
2018).
There is currently no cardiac-specific computational model that represents both
the complex kinetics and pharmacology of SK channels, and their interaction
with cardiac Ca2+ dynamics. A detailed computational model of the SK channel
would enhance our ability to interrogate both the pharmacologic targeting of
SK, and the fundamental physiology of SK currents in the atria and in AF. In
combination with a hA-CM model with realistic definition of subcellular Ca2+
gradients in healthy and AF CMs, the antiarrhythmic effect of SK channels can
be probed and drug development optimized.
4.4
Multi target drug modeling
The strategies described in the previous section focused on specific potassium
channels. While these approaches provide simplicity of interpretation, it is well
known that virtually all drugs in clinical use have multiple targets in the
therapeutic dose range. In some contexts, these effects are thought to be
counterproductive, and in others they appear advantageous. AF is a disease
that has been particularly well targeted by the so-called ‘dirty drugs’, namely
amiodarone, dronedarone, and most recently in Europe, vernakalant (Table 1).
Various research fields take advantage of multi-target drug design to discover
new treatment options or targets (Koutsoukas et al., 2011; Ma et al., 2010). In
AF and other cardiac diseases, existing knowledge has been largely
incorporated in computational models, and provides a strong basis for guiding
these multi-target therapies.
In general, amiodarone, dronedarone and vernakalant are thought to be
effective in AF for their ability to prolong the atrial ERP through multiple modes
of action (Ni et al., 2017), and also to a lesser extent through inhibiting
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triggered activity via INa inhibition. Using these drugs as a base, an effort is
now being made both computationally and experimentally to define idealized
compounds (or personalized multi-therapy approaches), where dual INa and IK
targeting may yield the best therapies. In the case of vernakalant, the primary
potassium current target is IKur, while for amiodarone/dronedarone it is IKr
(Heijman et al., 2016). To this end, recent efforts have established a useful line
of computational work to describe what idealized versions of these multi-target
schemes may be. First, a key requirement was to understand how to limit
adverse effects of Na+ channel block by optimizing state-dependent block, as
shown by (Aguilar-Shardonofsky et al., 2012). Following this, the same group
showed improved theoretical AF selectivity by combining Na+ current inhibition
with IKr or putative IKur inhibition (Aguilar et al., 2015)). Combined INa/IKr block
improved atrial selectivity over INa alone, but still exhibited ventricular outcomes
(Aguilar et al., 2015). Both that study, and a subsequent investigation only
concerning combined INa/IKur inhibition (Ni et al., 2017), established that
selective IKur blockade could be combined with idealized INa block to provide
more atria-selective antiarrythmic properties than is achievable via dual INa/IKr
targeting. Adding some complexity to the clinical interpretation of these
approaches, Morotti et al. (Morotti et al., 2016) applied a detailed Markov
model to assess the ability of ranolazine to prevent AF re-initiation by blocking
INa reactivation. Like amiodarone, ranolazine is a known antagonist of both INa
and IKr, and while only the INa interaction was modelled in that study, their
results suggest that multiple types of INa antagonism should be considered for
permitting atrial-selectivity.
Additional novel targets, including those described above, as well as calcium
handling targets, such as RyR, are likely to offer additional potential through
multi-target approaches, particularly once disease-stage specific aspects of AF
pathophysiology are better understood. It is already known that the class Ic
compounds flecainide and propafenone have RyR blocking activity, which is
thought to contribute to their ventricular efficacy (Galimberti and Knollmann,
2011; Watanabe et al., 2009, 2011). In silico models will surely be necessary
for integrating and further characterizing these multi-target outcomes, and
thereby find the most suitable treatment option and guide drug development for
various stages of AF.
5
Modeling variability and uncertainty at the cell level
In silico drug-screening studies have typically been based on a mechanistic
approach where the effect of drug binding is simulated by altering the
conductance or the gating kinetics of the target ion channel, as detailed in the
previous section. More recently, studies of the mechanistic effects of drug
binding on CM electrophysiology have been combined with approaches that
allow incorporating natural variability into CM models. This methodology is
based on the previously proposed so-called ‘Population of Models’ (PoMs)
approach for the study of arrhythmia mechanisms. Simulation studies
incorporating the effect of drugs in populations of ventricular myocyte (Passini
et al., 2017) and induced pluripotent stem cell-derived CM models (Gong and
Sobie, 2018) have shown that incorporating variability into the modeling
pipeline allows for a more robust analysis of model predictions of, for instance,
the ionic modulators of proarrhythmic mechanisms, the proarrhythmic effects of
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disease-related remodeling, and drug binding in cardiotoxicity studies of antiarrhythmic drugs.
5.1
Sources of variability
As discussed in the section 3.2, atrial tissue has natural regional heterogeneity
both at the cell and tissue (structural) levels. Furthermore, experimental
findings have revealed a wide variability in measured APs and ionic current
densities that cannot be attributed to regional variations. This intrinsic
variability has been demonstrated in numerous reports of experimental data on
atrial electrophysiology, both in healthy and pathological conditions, and
spanning from the single cell to organ levels. Variability in experimental data
has been observed in electrophysiological measurements of both different
individuals (inter-subject), and CMs of the same individual (intra-subject). This
arises from several sources, in particular, varying expression levels and posttranscriptional changes of ion channels, leading to variable ionic current
densities, and of calcium handling proteins in CMs. Additional variability arises
from local differences in cellular morphology and shape, and even from
circadian rhythms. For a more detailed overview of sources of variability and
uncertainty in experimental measurements and models of cardiac
electrophysiology see (Johnstone et al., 2016; Muszkiewicz et al., 2016).
5.2
Population of models approach
Single cell models are typically constructed by fitting the model to average
values of experimental measurements, with the aim of deriving a single
representative model. The available experimental data have permitted the
development of increasingly detailed and refined mathematical hA-CM models.
However, the fact that these models are matched to specific data sources,
obtained under different experimental settings, often results in families of
models that are overfitted to a single source of experimental data. As
mentioned above, electrophysiological properties, such as APD, RMP, and
repolarization reserve, may vary substantially between the different model
lineages, which raises questions about their applicability in a general setting.
The PoM approach thus allows to expand the applicability of single cell models
by representing a diversity of phenotypes, and may uncover new emergent
phenomena that are not observed in the traditionally single “averaged” model.
Another application of PoMs is to perform sensitivity analysis on cell models to
uncover the ‘global‘ effect of model parameters on arrhythmogenic behavior,
such as ectopic activity, and reentry. For further reading on PoMs and
sensitivity analysis, we refer the reader to a review published in this same
issue (Ni et al., 2018).
In order to capture the variability observed in experimental data, the PoM
approach has been proposed for the study of cellular electrophysiological
mechanisms. This approach, first introduced by Prinz et al. (Prinz et al., 2003)
to model neurons, and later applied to cardiac cell models by Sobie et al.
(2009), generally refers to a set of models sharing the same ionic and
molecular formulations, but with variable parameters to reflect observed
variability in experimental measurements of the biomarkers. Allowing multiple
parameters to vary within large ranges can easily lead to unphysiological
models, and thus the PoMs typically need to be calibrated. The calibration step

97

can be experimentally-driven, by using experimental data to set the boundaries
of maximum and minimum values of electrophysiological biomarkers, more
typically AP characteristics. Alternatively, defined biomarker distributions can
be used to select models from the population, when experimental data is not
available. Different approaches to varying parameters and restraining
physiological models in the population have been employed (Muszkiewicz et
al., 2016), but most commonly these PoMs are built with the aim at reflecting
particular conditions or a specific mechanism of interest.
5.3
Extending PoM to incorporate drug effects and remodeling
One major advantage of using PoMs is that it allows to study the effect of
drugs on a wide range of cellular phenotypes and thus provides a better
prediction tool of the effect of drugs on the ionic currents. This can be done
both in control conditions, and incorporating drug binding effects. The PoM
approach has become part of the routine when assessing drug risk with
computational models. It has also been adopted by the CiPA initiative as part
of the framework for assessing the risk of TdP development in ventricular CMs
under antiarrhythmic drug treatment (Colatsky et al., 2016). The combination of
PoM approach and drug binding offers a tool for systematically assessing proarrhythmic risk of drugs including inter- and intra-subject variability and tissue
heterogeneities. Studies have suggested that comprehensive CM models
incorporating variability and uncertainty can provide more robust and reliable
arrhythmia risk markers and metrics (Passini et al., 2017; Pathmanathan et al.,
2015).
PoMs studies incorporating AF remodeling have also shown interesting
differences in the ionic determinants of AP characteristics and rate adaptation
in normal and AF remodeling conditions (Lee et al., 2016; Sánchez et al.,
2014), supporting the role of ion channel remodeling, and RyR kinetics in the
development arrhythmogenic alternans (Chang et al., 2014; Lee et al., 2016;
Vagos et al., 2017). Additionally, PoMs offers a strategy for incorporating single
myocyte electrophysiological variability into tissue models, representing
“population of tissues”, and assessing the ionic determinants of arrhythmic
activity. Liberos et al. (2016) (Liberos et al., 2016) used a population of 3D
spherical tissues incorporating patient variability to uncover mechanisms of DF
and RM during reentry. They DF and RM to be highly dependent on INa, and
IK1, while RM was inversely correlated to ICaL conductance. In addition to
demonstrating the use of PoMs in uncovering the underlying mechanisms of
AF perpetuation, this study suggested a dependency of the efficacy of ICaL
blockers on INa and IK1, and provided further evidence for the benefits of a
combined drug target approach or multi-target agents in the treatment of AF. In
another modeling study, Sánchez et al. (2017) (Sánchez et al., 2017a) used a
calibrated PoMs of atrial myocytes to build whole atrial models representing six
different AP phenotypes with long and short APD, and studied their effects on
reentry dynamics. They found that differences in APD resulted in different
activation patterns of fibrillatory activity, such as regularity of reentry,
conduction block, and interatrial differences of rotor dynamics indices.
Interestingly, partial block of IK1, INa and INKA promoted a slight increase in wave
meandering, activation irregularity, and reentry disorganization, which were
more pronounced in the phenotypes with shorter APD at early stages of
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repolarization. This study shed light on the mechanisms of fibrillatory dynamics
in the presence of electrophysiological variability and ion channel blockade,
suggesting that prolongation of the early phase of repolarization could be a
potential antiarrhythmic strategy and corroborating experimental findings on
the pro-arrhythmic effect of IK1 and INa block via rotor destabilization. In another
study, the authors used PoMs to replicate experimentally measured effects of
nNOS-induced shortening of AP by increasing the conductance of IKur, Ito, IK1,
and ICaL, showing a more pronounced role of IKur and IK1 over the reminder
ionic currents in the altered AP phenotype (Reilly et al., 2016).
Figure 8 illustrates the use of the PoM approach in the assessment of the
effects of two commonly used drugs in AF rhythm control, Dofetilide and
Flecainide, on repolarization instabilities (here considered as either failed
repolarization or afterdepolarizations). The PoM was constructed by varying
the density of the major ionic currents in a hA-CM model (Skibsbye et al.,
2016) within ±30% following a gaussian distribution, and the populations were
calibrated against experimental data (Sánchez et al., 2014). This study
indicated an increased incidence (or probability) of repolarization abnormalities
in the populations with both drugs (dark blue to light blue traces ratio), with a
10-fold free plasma concentration, while the baseline (black traces) was mostly
unaffected. This example showcases the advantage of using a PoM approach
instead of a single averaged model in predicting drug binding outcomes.

Figure 8: Population of models approach to modeling drug binding effects of
Dofetilide and Flecainide on repolarization abnormalities with an atrial myocyte
model. APs (left) and calcium transient (right) traces of Dofetilide (A) and Flecainide
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(B) at 10-fold free plasma concentration are shown. Black lines represent the baseline
(control) model, light blue traces represent all models in the populations, and dark
blue lines show the models that presented repolarization abnormalities. Simulation
results were published in preliminary form in abstract at the Cardiac Physiome
Workshop (2017).

Thus, PoMs provide a useful platform for the systematic study of arrhythmia
mechanisms at both the single cell and tissue levels, and to obtain a more
robust mechanistic insight into, and prediction of drug action on repolarization
instabilities, triggered activity, and reentry.
6
Concluding remarks and future perspectives
• Computational modeling of AF has progressed rapidly in the past two
decades and has yielded a body of knowledge surrounding AF disease
complexity that could not have been achieved with experimental
approaches alone. Although current models are generally oversimplified
and computational approaches are not yet truly multiscale with respect to
pharmacology, aspects of current approaches, such as idealized drug
modeling, are critically involved in the cycle of hypothesis generation and
testing.
• As described in section 4, much work still needs to be done in order to
develop functionally detailed models of the ion channels thought to offer
therapeutic potential in AF. These models, and the cell models in which
they are tested, will rely upon new experimental data, not just of the drugchannel interaction but also key aspects of AF pathophysiology, particularly
the time course of mechanistic changes during disease progression. New
experimental data on the metabolic pathways, such as signaling cascades
and phosphorylation of regulatory proteins, involved in remodeling
processes and calcium homeostasis dysfunction could be a meaningful
addition to hA-CM models. This is especially relevant to models of
advanced stages of AF, where pathological phenotype is largely an
interplay of several concurrent mechanisms.
• Methods that permit a more direct path from experimental characterization
to model generation will improve efficiency and constrain uncertainty in the
drug-target models. Structure-based approaches may eventually be very
useful in this way. Integrated activities of experimentalists and
computational scientists will also be essential to determine the most
important knowledge for future modeling efforts, particularly as it relates to
the stages of AF progression, and personalization. These efforts should be
fostered, and cross the boundary between academic and commercial
pharmacology.
• Personalized approaches will eventually be the ultimate goal of modelbased treatment, although in the short-term, applications outside ablation
therapy are still relatively distant. Using models as a foundation for
developing general rules about the interaction of pharmacologic targeting
with geometric characteristics and disease-stage will provide an important
intermediate step to the clinic, and one that can be approached in the short
to medium term.

100

Paper I

7
Conflict of Interest
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.
8
Author Contributions
All authors contributed to drafting the article and reviewing it critically for
important intellectual content, as well as, approved the final version of the
manuscript.
9
Funding
M.R.S.S.V and I.v.H were supported by funding from the European Union's
Horizon 2020 MSCA ITN AFib-TrainNet, under grant agreement No 675351.
J.S. was funded by the SysAFib project (ERACoSysMed program, Call JTC-1,
proposal number 82). H.J.A. was funded by the Novo Nordisk Foundation.
A.G.E. was supported through the SUURPh program, an initiative of the
Norwegian Department of Research and Education. J.T.K. was supported by
the Paavo Nurmi Foundation, the Finnish Foundation for Cardiovascular
Research, and the Academy of Finland, Centre of Excellence in Body-on Chip
Research (grant No 312412).
10
Acknowledgments
The authors acknowledge the contribution of Bernardo Lino de Oliveira to the
simulation results presented in Figure 8.

101

102

Paper I

11

References

Abraham, J. M., Saliba, W. I., Vekstein, C., Lawrence, D., Bhargava, M.,
Bassiouny, M., et al. (2015). Safety of Oral Dofetilide for Rhythm Control
of Atrial Fibrillation and Atrial Flutter. Circulation: Arrhythmia and
Electrophysiology 8, 772–776. doi:10.1161/CIRCEP.114.002339.
Aguilar, M., Xiong, F., Qi, X. Y., Comtois, P., and Nattel, S. (2015). Potassium
Channel Blockade Enhances Atrial Fibrillation–Selective Antiarrhythmic
Effects of Optimized State-Dependent Sodium Channel
BlockadeCLINICAL PERSPECTIVE. Circulation 132, 2203–2211.
doi:10.1161/CIRCULATIONAHA.115.018016.
Aguilar-Shardonofsky, M., Vigmond, E. J., Nattel, S., and Comtois, P. (2012).
In Silico Optimization of Atrial Fibrillation-Selective Sodium Channel
Blocker Pharmacodynamics. Biophysical Journal 102, 951–960.
doi:10.1016/j.bpj.2012.01.032.
Allessie, M., Ausma, J., and Schotten, U. (2002). Electrical, contractile and
structural remodeling during atrial fibrillation. Cardiovasc Res 54, 230–
246.
Aslanidi, O. V., Boyett, M. R., Dobrzynski, H., Li, J., and Zhang, H. (2009a).
Mechanisms of Transition from Normal to Reentrant Electrical Activity in
a Model of Rabbit Atrial Tissue: Interaction of Tissue Heterogeneity and
Anisotropy. Biophysical Journal 96, 798–817.
doi:10.1016/j.bpj.2008.09.057.
Aslanidi, O. V., Colman, M. A., Stott, J., Dobrzynski, H., Boyett, M. R., Holden,
A. V., et al. (2011). 3D virtual human atria: A computational platform for
studying clinical atrial fibrillation. Progress in Biophysics and Molecular
Biology 107, 156–168. doi:10.1016/j.pbiomolbio.2011.06.011.
Aslanidi, O. V., Robinson, R., Cheverton, D., Boyett, M. R., and Zhang, H.
(2009b). Electrophysiological substrate for a dominant reentrant source
during atrial fibrillation. in 2009 Annual International Conference of the
IEEE Engineering in Medicine and Biology Society, 2819–2822.
doi:10.1109/IEMBS.2009.5333573.
Barth, A. S., Merk, S., Arnoldi, E., Zwermann, L., Kloos, P., Gebauer, M., et al.
(2005). Reprogramming of the Human Atrial Transcriptome in
Permanent Atrial Fibrillation Expression of a Ventricular-Like Genomic
Signature. Circulation Research 96, 1022–1029.
doi:10.1161/01.RES.0000165480.82737.33.
Bean, B. P., Cohen, C. J., and Tsien, R. W. (1983). Lidocaine block of cardiac
sodium channels. The Journal of General Physiology 81, 613–642.
doi:10.1085/jgp.81.5.613.
Bingen, B. O., Neshati, Z., Askar, S. F. A., Kazbanov, I. V., Ypey, D. L.,
Panfilov, A. V., et al. (2013). Atrium-Specific Kir3.x Determines
Inducibility, Dynamics, and Termination of Fibrillation by Regulating
Restitution-Driven AlternansClinical Perspective. Circulation 128, 2732–
2744. doi:10.1161/CIRCULATIONAHA.113.005019.

103

Blanc, O., Virag, N., Vesin, J. M., and Kappenberger, L. (2001). A computer
model of human atria with reasonable computation load and realistic
anatomical properties. IEEE Transactions on Biomedical Engineering
48, 1229–1237. doi:10.1109/10.959315.
Burashnikov, A., and Antzelevitch, C. (2003). Reinduction of Atrial Fibrillation
Immediately After Termination of the Arrhythmia Is Mediated by Late
Phase 3 Early Afterdepolarization-Induced Triggered Activity. Circulation
107, 2355–2360.
Burashnikov, A., and Antzelevitch, C. (2006). Late-Phase 3 EAD. A Unique
Mechanism Contributing to Initiation of Atrial Fibrillation. Pacing and
Clinical Electrophysiology 29, 290–295. doi:10.1111/j.15408159.2006.00336.x.
Butters, T. D., Aslanidi, O. V., Zhao, J., Smaill, B., and Zhang, H. (2013). A
novel computational sheep atria model for the study of atrial fibrillation.
Interface Focus 3, 20120067. doi:10.1098/rsfs.2012.0067.
Camelliti, P., Devlin, G. P., Matthews, K. G., Kohl, P., and Green, C. R. (2004).
Spatially and temporally distinct expression of fibroblast connexins after
sheep ventricular infarction. Cardiovasc Res 62, 415–425.
doi:10.1016/j.cardiores.2004.01.027.
Chain, A. S. Y., Dieleman, J. P., Noord, C. van, Hofman, A., Stricker, B. H. C.,
Danhof, M., et al. (2013). Not-in-trial simulation I: Bridging
cardiovascular risk from clinical trials to real-life conditions. British
Journal of Clinical Pharmacology 76, 964–972. doi:10.1111/bcp.12151.
Chang, K. C., Bayer, J. D., and Trayanova, N. A. (2014). Disrupted Calcium
Release as a Mechanism for Atrial Alternans Associated with Human
Atrial Fibrillation. PLoS Comput Biol 10, e1004011.
doi:10.1371/journal.pcbi.1004011.
Chen, Y., Mao, J., and Hop, C. E. C. A. (2015). Physiologically Based
Pharmacokinetic Modeling to Predict Drug-Drug Interactions Involving
Inhibitory Metabolite: A Case Study of Amiodarone. Drug Metab Dispos
43, 182–189. doi:10.1124/dmd.114.059311.
Cho, J. H., Youn, S. J., Moore, J. C., Kyriakakis, R., Vekstein, C., Militello, M.,
et al. (2017). Safety of Oral Dofetilide Reloading for Treatment of Atrial
Arrhythmias. Circulation: Arrhythmia and Electrophysiology 10,
e005333. doi:10.1161/CIRCEP.117.005333.
Christ, T., Kovács, P. P., Acsai, K., Knaut, M., Eschenhagen, T., Jost, N., et al.
(2016). Block of Na+/Ca2+ exchanger by SEA0400 in human right atrial
preparations from patients in sinus rhythm and in atrial fibrillation. Eur J
Pharmacol 788, 286–293. doi:10.1016/j.ejphar.2016.06.050.
Christ, T., Rozmaritsa, N., Engel, A., Berk, E., Knaut, M., Metzner, K., et al.
(2014). Arrhythmias, elicited by catecholamines and serotonin, vanish in
human chronic atrial fibrillation. PNAS 111, 11193–11198.
doi:10.1073/pnas.1324132111.
Clancy, C. E., An, G., Cannon, W. R., Liu, Y., May, E. E., Ortoleva, P., et al.
(2016). Multiscale Modeling in the Clinic: Drug Design and

104

Paper I

Development. Ann Biomed Eng 44, 2591–2610. doi:10.1007/s10439016-1563-0.
Cohen, C. J., Bean, B. P., Colatsky, T. J., and Tsien, R. W. (1981).
Tetrodotoxin block of sodium channels in rabbit Purkinje fibers.
Interactions between toxin binding and channel gating. The Journal of
General Physiology 78, 383–411. doi:10.1085/jgp.78.4.383.
Cohen-Lehman, J., Dahl, P., Danzi, S., and Klein, I. (2010). Effects of
amiodarone therapy on thyroid function. Nature Reviews Endocrinology
6, 34–41. doi:10.1038/nrendo.2009.225.
Colatsky, T., Fermini, B., Gintant, G., Pierson, J. B., Sager, P., Sekino, Y., et
al. (2016). The Comprehensive in Vitro Proarrhythmia Assay (CiPA)
initiative — Update on progress. Journal of Pharmacological and
Toxicological Methods 81, 15–20. doi:10.1016/j.vascn.2016.06.002.
Collins, T. A., Bergenholm, L., Abdulla, T., Yates, J. W. T., Evans, N.,
Chappell, M. J., et al. (2015). Modeling and Simulation Approaches for
Cardiovascular Function and Their Role in Safety Assessment. CPT:
Pharmacometrics & Systems Pharmacology 4, 175–188.
doi:10.1002/psp4.18.
Colman, M. A., Aslanidi, O. V., Kharche, S., Boyett, M. R., Garratt, C. J.,
Hancox, J. C., et al. (2013). Pro-arrhythmogenic Effects of Atrial
Fibrillation Induced Electrical Remodelling- Insights from 3D Virtual
Human Atria. J Physiol 591, 4249–72.
doi:10.1113/jphysiol.2013.254987.
Colman, M. A., Pinali, C., Trafford, A. W., Zhang, H., and Kitmitto, A. (2017). A
computational model of spatio-temporal cardiac intracellular calcium
handling with realistic structure and spatial flux distribution from
sarcoplasmic reticulum and t-tubule reconstructions. PLOS
Computational Biology 13, e1005714.
doi:10.1371/journal.pcbi.1005714.
Colman, M. A., Sarathy, P. P., MacQuiaide, N., and Workman, A. J. (2016). A
new model of the human atrial myocyte with variable T-tubule
organization for the study of atrial fibrillation. in 2016 Computing in
Cardiology Conference (CinC), 221–224.
doi:10.23919/CIC.2016.7868719.
Colman, M. A., Varela, M., Hancox, J. C., Zhang, H., and Aslanidi, O. V.
(2014). Evolution and pharmacological modulation of the
arrhythmogenic wave dynamics in canine pulmonary vein model.
Europace 16, 416–423. doi:10.1093/europace/eut349.
Comtois, P., Kneller, J., and Nattel, S. (2005). Of circles and spirals: Bridging
the gap between the leading circle and spiral wave concepts of cardiac
reentry. Europace 7, S10–S20. doi:10.1016/j.eupc.2005.05.011.
Comtois, P., Sakabe, M., Vigmond, E. J., Munoz, M., Texier, A., ShiroshitaTakeshita, A., et al. (2008). Mechanisms of atrial fibrillation termination
by rapidly unbinding Na+ channel blockers: insights from mathematical
models and experimental correlates. American Journal of Physiology-

105

Heart and Circulatory Physiology 295, H1489–H1504.
doi:10.1152/ajpheart.01054.2007.
Corradi, D., Callegari, S., Maestri, R., Ferrara, D., Mangieri, D., Alinovi, R., et
al. (2012). Differential Structural Remodeling of the Left-Atrial Posterior
Wall in Patients Affected by Mitral Regurgitation with or Without
Persistent Atrial Fibrillation: A Morphological and Molecular Study.
Journal of Cardiovascular Electrophysiology 23, 271–279.
doi:10.1111/j.1540-8167.2011.02187.x.
Costabal, F. S., Yao, J., and Kuhl, E. (2018). Predicting the cardiac toxicity of
drugs using a novel multiscale exposure–response simulator. Computer
Methods in Biomechanics and Biomedical Engineering 21, 232–246.
doi:10.1080/10255842.2018.1439479.
Courtemanche, M., Ramirez, R. J., and Nattel, S. (1998). Ionic mechanisms
underlying human atrial action potential properties: insights from a
mathematical model. Am.J.Physiol.Heart Circ.Physiol. 275, H301-321.
Daccarett, M., Badger, T. J., Akoum, N., Burgon, N. S., Mahnkopf, C., Vergara,
G., et al. (2011). Association of Left Atrial Fibrosis Detected by DelayedEnhancement Magnetic Resonance Imaging and the Risk of Stroke in
Patients With Atrial Fibrillation. Journal of the American College of
Cardiology 57, 831–838. doi:10.1016/j.jacc.2010.09.049.
Danhof, M. (2016). Systems pharmacology – Towards the modeling of network
interactions. European Journal of Pharmaceutical Sciences 94, 4–14.
doi:10.1016/j.ejps.2016.04.027.
DeMarco, K. R., Bekker, S., Clancy, C. E., Noskov, S. Y., and Vorobyov, I.
(2018). Digging into Lipid Membrane Permeation for Cardiac Ion
Channel Blocker d-Sotalol with All-Atom Simulations. Front. Pharmacol.
9. doi:10.3389/fphar.2018.00026.
Denisov, I. G., Baylon, J. L., Grinkova, Y. V., Tajkhorshid, E., and Sligar, S. G.
(2018). Drug–Drug Interactions between Atorvastatin and Dronedarone
Mediated by Monomeric CYP3A4. Biochemistry 57, 805–816.
doi:10.1021/acs.biochem.7b01012.
Di Veroli, G. Y., Davies, M. R., Zhang, H., Abi-Gerges, N., and Boyett, M. R.
(2012). High-throughput screening of drug-binding dynamics to HERG
improves early drug safety assessment. American Journal of
Physiology-Heart and Circulatory Physiology 304, H104–H117.
doi:10.1152/ajpheart.00511.2012.
Diaz, M. E., O’Neill, S. C., and Eisner, D. A. (2004). Sarcoplasmic reticulum
calcium content fluctuation is the key to cardiac alternans. Circ. Res. 94,
650–656.
Diker, E., Özdemir, M., Aydoğdu, S., Tezcan, U. K., Korkmaz, Ş., Kütük, E., et
al. (1998). Dispersion of repolarization in paroxysmal atrial fibrillation.
International Journal of Cardiology 63, 281–286. doi:10.1016/S01675273(97)00327-6.

106

Paper I

Dilly, S., Lamy, C., Marrion, N. V., Liégeois, J.-F., and Seutin, V. (2011). IonChannel Modulators: More Diversity Than Previously Thought.
ChemBioChem 12, 1808–1812. doi:10.1002/cbic.201100236.
Diness, J. G., Skibsbye, L., Jespersen, T., Bartels, E. D., Sørensen, U. S.,
Hansen, R. S., et al. (2011). Effects on Atrial Fibrillation in Aged
Hypertensive Rats by Ca2+-Activated K+ Channel Inhibition.
Hypertension 57, 1129–1135.
doi:10.1161/HYPERTENSIONAHA.111.170613.
Diness, J. G., Skibsbye, L., Simó-Vicens, R., Santos, J. L., Lundegaard, P.,
Citerni, C., et al. (2017). Termination of Vernakalant-Resistant Atrial
Fibrillation by Inhibition of Small-Conductance Ca2+-Activated K+
Channels in Pigs. Circulation: Arrhythmia and Electrophysiology 10,
e005125. doi:10.1161/CIRCEP.117.005125.
Diness, J. G., Sørensen, U. S., Nissen, J. D., Al-Shahib, B., Jespersen, T.,
Grunnet, M., et al. (2010). Inhibition of small-conductance Ca2+activated K+ channels terminates and protects against atrial fibrillation.
Circ Arrhythm Electrophysiol 3, 380–390.
doi:10.1161/CIRCEP.110.957407.
Dobrev, D., Friedrich, A., Voigt, N., Jost, N., Wettwer, E., Christ, T., et al.
(2005). The G Protein-Gated Potassium Current IK,ACh Is Constitutively
Active in Patients With Chronic Atrial Fibrillation. Circulation 112, 3697–
3706.
Dobrev, D., Graf, E., Wettwer, E., Himmel, H. M., Hala, O., Doerfel, C., et al.
(2001). Molecular Basis of Downregulation of G-Protein-Coupled Inward
Rectifying K+ Current (IK,ACh) in Chronic Human Atrial Fibrillation:
Decrease in GIRK4 mRNA Correlates With Reduced IK,ACh and
Muscarinic Receptor-Mediated Shortening of Action Potentials.
Circulation 104, 2551–2557.
Dolga, A. M., Netter, M. F., Perocchi, F., Doti, N., Meissner, L., Tobaben, S., et
al. (2013). Mitochondrial Small Conductance SK2 Channels Prevent
Glutamate-induced Oxytosis and Mitochondrial Dysfunction. J. Biol.
Chem. 288, 10792–10804. doi:10.1074/jbc.M113.453522.
Dössel, O., Krueger, M., Weber, F., Wilhelms, M., and Seemann, G. (2012).
Computational modeling of the human atrial anatomy and
electrophysiology. Medical and Biological Engineering and Computing
50, 773–799. doi:10.1007/s11517-012-0924-6.
Du, C., Zhang, Y., El Harchi, A., Dempsey, C. E., and Hancox, J. C. (2014).
Ranolazine inhibition of hERG potassium channels: drug-pore
interactions and reduced potency against inactivation mutants. J. Mol.
Cell. Cardiol. 74, 220–230. doi:10.1016/j.yjmcc.2014.05.013.
Duan, D., Fermini, B., and Nattel, S. (1993). Potassium channel blocking
properties of propafenone in rabbit atrial myocytes. J Pharmacol Exp
Ther 264, 1113–1123.
Dux-Santoy, L., Sebastian, R., Felix-Rodriguez, J., Ferrero, J. M., and Saiz, J.
(2011). Interaction of Specialized Cardiac Conduction System With
Antiarrhythmic Drugs: A Simulation Study. IEEE Transactions on

107

Biomedical Engineering 58, 3475–3478.
doi:10.1109/TBME.2011.2165213.
Ehrlich, J. R., Biliczki, P., Hohnloser, S. H., and Nattel, S. (2008). AtrialSelective Approaches for the Treatment of Atrial Fibrillation. Journal of
the American College of Cardiology 51, 787–792.
doi:10.1016/j.jacc.2007.08.067.
Ehrlich, J. R., Cha Tae-Joon, Zhang Liming, Chartier Denis, Villeneuve Louis,
Hébert Terence E., et al. (2004). Characterization of a
hyperpolarization-activated time-dependent potassium current in canine
cardiomyocytes from pulmonary vein myocardial sleeves and left atrium.
The Journal of Physiology 557, 583–597.
doi:10.1113/jphysiol.2004.061119.
Ehrlich, J. R., and Nattel, S. (2009). Novel approaches for pharmacological
management of atrial fibrillation. Drugs 69, 757–774.
El-Armouche, A., Boknik, P., Eschenhagen, T., Carrier, L., Knaut, M., Ravens,
U., et al. (2006). Molecular Determinants of Altered Ca2+ Handling in
Human Chronic Atrial Fibrillation. Circulation 114, 670–680.
Eldstrom, J., and Fedida, D. (2009). Modeling of high-affinity binding of the
novel atrial anti-arrhythmic agent, vernakalant, to Kv1.5 channels.
Journal of Molecular Graphics and Modelling 28, 226–235.
doi:10.1016/j.jmgm.2009.07.005.
Ellinghaus, P., Scheubel, R. J., Dobrev, D., Ravens, U., Holtz, J., Huetter, J., et
al. (2005). Comparing the global mRNA expression profile of human
atrial and ventricular myocardium with high-density oligonucleotide
arrays. J.Thorac.Cardiovasc.Surg. 129, 1383–1390.
Ellinor, P. T., Lunetta, K. L., Glazer, N. L., Pfeufer, A., Alonso, A., Chung, M.
K., et al. (2010). Common variants in KCNN3 are associated with lone
atrial fibrillation. Nat Genet 42, 240–244. doi:10.1038/ng.537.
Ellinwood, N., Dobrev, D., Morotti, S., and Grandi, E. (2017a). In Silico
Assessment of Efficacy and Safety of IKur Inhibitors in Chronic Atrial
Fibrillation: Role of Kinetics and State-Dependence of Drug Binding.
Front. Pharmacol. 8. doi:10.3389/fphar.2017.00799.
Ellinwood, N., Dobrev, D., Morotti, S., and Grandi, E. (2017b). Revealing
kinetics and state-dependent binding properties of IKur-targeting drugs
that maximize atrial fibrillation selectivity. Chaos 27, 093918.
doi:10.1063/1.5000226.
Elming, H., Brendorp, B., Pedersen, O. D., Køber, L., and Torp-Petersen, C.
(2003). Dofetilide: a new drug to control cardiac arrhythmia. Expert
Opinion on Pharmacotherapy 4, 973–985.
doi:10.1517/14656566.4.6.973.
Falk, R. H. (1991). Digoxin for Atrial Fibrillation: A Drug Whose Time Has
Gone? Annals of Internal Medicine 114, 573. doi:10.7326/0003-4819114-7-573.

108

Paper I

Fedida, D. (2007). Vernakalant (RSD1235): a novel, atrial-selective
antifibrillatory agent. Expert Opinion on Investigational Drugs 16, 519–
532. doi:10.1517/13543784.16.4.519.
Feld, G. K., Mollerus, M., Birgersdotter-Green, U., Fujimura, O., Bahnson, T.
D., Boyce, K., et al. (1997). Conduction Velocity in the Tricuspid ValveInferior Vena Cava Isthmus is Slower in Patients With Type I Atrial
Flutter Compared to Those Without a History of Atrial Flutter. J
Cardiovasc Electrophysiol 8, 1338–1348. doi:10.1111/j.15408167.1997.tb01030.x.
Franz, M. R., Gray, R. A., Karasik, P., Moore, H. J., and Singh, S. N. (2014).
Drug-induced post-repolarization refractoriness as an antiarrhythmic
principle and its underlying mechanism. Europace 16, iv39–iv45.
doi:10.1093/europace/euu274.
Frisk, M., Koivumäki, J. T., Norseng, P. A., Maleckar, M. M., Sejersted, O. M.,
and Louch, W. E. (2014). Variable t-tubule organization and Ca2+
homeostasis across the atria. Am J Physiol Heart Circ Physiol 307,
H609–H620. doi:10.1152/ajpheart.00295.2014.
Gaborit, N., Le Bouter, S., Szuts, V., Varro, A., Escande, D., Nattel, S., et al.
(2007). Regional and tissue specific transcript signatures of ion channel
genes in the non-diseased human heart. J.Physiol. 582, 675–693.
Gaborit, N., Steenman, M., Lamirault, G., Le Meur, N., Le Bouter, S., Lande,
G., et al. (2005). Human Atrial Ion Channel and Transporter Subunit
Gene-Expression Remodeling Associated With Valvular Heart Disease
and Atrial Fibrillation. Circulation 112, 471–481.
Gaeta, S. A., Bub, G., Abbott, G. W., and Christini, D. J. (2009). Dynamical
Mechanism for Subcellular Alternans in Cardiac Myocytes. Circulation
Research 105, 335–342. doi:10.1161/CIRCRESAHA.109.197590.
Gaeta, S. A., Krogh-Madsen, T., and Christini, D. J. (2010). Feedback-control
induced pattern formation in cardiac myocytes: A mathematical
modeling study. Journal of Theoretical Biology 266, 408–418.
doi:10.1016/j.jtbi.2010.06.041.
Gaeta, S., and Christini, D. J. (2012). Non-Linear Dynamics of Cardiac
Alternans: Subcellular to Tissue-Level Mechanisms of Arrhythmia.
Front. Physiol. 3. doi:10.3389/fphys.2012.00157.
Galimberti, E. S., and Knollmann, B. C. (2011). Efficacy and potency of class I
antiarrhythmic drugs for suppression of Ca2+ waves in permeabilized
myocytes lacking calsequestrin. J. Mol. Cell. Cardiol. 51, 760–768.
doi:10.1016/j.yjmcc.2011.07.002.
Gao, X., Engel, T., Carlson, B. E., and Wakatsuki, T. (2017). Computational
modeling for cardiac safety pharmacology analysis: Contribution of
fibroblasts. Journal of Pharmacological and Toxicological Methods 87,
68–73. doi:10.1016/j.vascn.2017.04.011.
Gautier, P., Guillemare, E., Marion, A., Bertrand, J.-P., Tourneur, Y., and
Nisato, D. (2003). Electrophysiologic characterization of dronedarone in
guinea pig ventricular cells. J. Cardiovasc. Pharmacol. 41, 191–202.

109

Gharaviri, A., Verheule, S., Eckstein, J., Potse, M., Kuklik, P., Kuijpers, N. H.
L., et al. (2017). How disruption of endo-epicardial electrical connections
enhances endo-epicardial conduction during atrial fibrillation. Europace
19, 308–318. doi:10.1093/europace/euv445.
Gierten, J., Ficker, E., Bloehs, R., Schweizer, P. A., Zitron, E., Scholz, E., et al.
(2010). The human cardiac K2P3.1 (TASK-1) potassium leak channel is
a molecular target for the class III antiarrhythmic drug amiodarone.
Naunyn-Schmied Arch Pharmacol 381, 261–270. doi:10.1007/s00210009-0454-4.
Go, L. O., Moschella, M. C., Watras, J., Handa, K. K., Fyfe, B. S., and Marks,
A. R. (1995). Differential regulation of two types of intracellular calcium
release channels during end-stage heart failure. J Clin Invest 95, 888–
894. doi:10.1172/JCI117739.
Gómez, R., Caballero, R., Barana, A., Amorós, I., De Palm, S.-H., Matamoros,
M., et al. (2014). Structural basis of drugs that increase cardiac inward
rectifier Kir2.1 currents. Cardiovasc Res 104, 337–346.
doi:10.1093/cvr/cvu203.
Gong, J. Q. X., and Sobie, E. A. (2018). Population-based mechanistic
modeling allows for quantitative predictions of drug responses across
cell types. npj Systems Biology and Applications 4, 11.
doi:10.1038/s41540-018-0047-2.
Gonzalez, R., Gomis-Tena, J., Corrias, A., Ferrero, J. M., Rodriguez, B., and
Saiz, J. (2010). Sex and age related differences in drug induced QT
prolongation by dofetilide under reduced repolarization reserve in
simulated ventricular cells. in 2010 Annual International Conference of
the IEEE Engineering in Medicine and Biology, 3245–3248.
doi:10.1109/IEMBS.2010.5627415.
Grandi, E., Pandit, S. V., Voigt, N., Workman, A. J., Dobrev, D., Jalife, J., et al.
(2011). Human Atrial Action Potential and Ca2+ Model: Sinus Rhythm
and Chronic Atrial Fibrillation. Circ Res 109, 1055–1066.
doi:10.1161/CIRCRESAHA.111.253955.
Grandi, E., Pasqualini, F. S., and Bers, D. M. (2010). A novel computational
model of the human ventricular action potential and Ca transient. J Mol
Cell Cardiol 48, 112–121. doi:10.1016/j.yjmcc.2009.09.019.
Greiser, M., Kerfant, B.-G., Williams, G. S. B., Voigt, N., Harks, E., Dibb, K. M.,
et al. (2014). Tachycardia-induced silencing of subcellular Ca2+
signaling in atrial myocytes. Journal of Clinical Investigation 124, 4759–
4772. doi:10.1172/JCI70102.
Guillem, M. S., Climent, A. M., Rodrigo, M., Fernández-Avilés, F., Atienza, F.,
and Berenfeld, O. (2016). Presence and stability of rotors in atrial
fibrillation: evidence and therapeutic implications. Cardiovasc Res 109,
480–492. doi:10.1093/cvr/cvw011.
Haïssaguerre, M., Jaïs, P., Shah, D. C., Takahashi, A., Hocini, M., Quiniou, G.,
et al. (1998). Spontaneous Initiation of Atrial Fibrillation by Ectopic Beats
Originating in the Pulmonary Veins. N.Engl.J.Med. 339, 659–666.

110

Paper I

Hancox, J. C., James, A. F., Marrion, N. V., Zhang, H., and Thomas, D. (2016).
Novel ion channel targets in atrial fibrillation. Expert Opinion on
Therapeutic Targets 20, 947–958.
doi:10.1517/14728222.2016.1159300.
Hansen, B. J., Zhao, J., Csepe, T. A., Moore, B. T., Li, N., Jayne, L. A., et al.
(2015). Atrial fibrillation driven by micro-anatomic intramural re-entry
revealed by simultaneous sub-epicardial and sub-endocardial optical
mapping in explanted human hearts. European Heart Journal 36, 2390–
2401. doi:10.1093/eurheartj/ehv233.
Harleton, E., Besana, A., Chandra, P., Danilo, P., Rosen, T. S., Rosen, M. R.,
et al. (2015). TASK-1 current is inhibited by phosphorylation during
human and canine chronic atrial fibrillation. American Journal of
Physiology - Heart and Circulatory Physiology 308, H126–H134.
doi:10.1152/ajpheart.00614.2014.
Harrild, D., and Henriquez, C. (2000). A computer model of normal conduction
in the human atria. Circ. Res. 87, E25-36.
Hashimoto, N., Yamashita, T., and Tsuruzoe, N. (2006). Tertiapin, a selective
IKACh blocker, terminates atrial fibrillation with selective atrial effective
refractory period prolongation. Pharmacological Research 54, 136–141.
doi:10.1016/j.phrs.2006.03.021.
Hatem, S. N., Benardeau, A., Rucker-Martin, C., Marty, I., de Chamisso, P.,
Villaz, M., et al. (1997). Different compartments of sarcoplasmic
reticulum participate in the excitation-contraction coupling process in
human atrial myocytes. Circ Res 80, 345–353.
Haugaard, M. M., Hesselkilde, E. Z., Pehrson, S., Carstensen, H., Flethøj, M.,
Præstegaard, K. F., et al. (2015). Pharmacologic inhibition of smallconductance calcium-activated potassium (SK) channels by NS8593
reveals atrial antiarrhythmic potential in horses. Heart Rhythm 12, 825–
835. doi:10.1016/j.hrthm.2014.12.028.
Heeringa, J., Kuip, D. A. M. van der, Hofman, A., Kors, J. A., Herpen, G. van,
Stricker, B. H. C., et al. (2006). Prevalence, incidence and lifetime risk of
atrial fibrillation: the Rotterdam study. Eur Heart J 27, 949–953.
doi:10.1093/eurheartj/ehi825.
Heijman, J., Algalarrondo, V., Voigt, N., Melka, J., Wehrens, X. H. T., Dobrev,
D., et al. (2015). The value of basic research insights into atrial
fibrillation mechanisms as a guide to therapeutic innovation: A critical
analysis. Cardiovascular Research, cvv275. doi:10.1093/cvr/cvv275.
Heijman, J., Algalarrondo, V., Voigt, N., Melka, J., Wehrens, X. H. T., Dobrev,
D., et al. (2016). The value of basic research insights into atrial
fibrillation mechanisms as a guide to therapeutic innovation: a critical
analysis. Cardiovasc Res 109, 467–479. doi:10.1093/cvr/cvv275.
Hering, S. (2002). β-Subunits: fine tuning of Ca2+ channel block. Trends in
Pharmacological Sciences 23, 509–513. doi:10.1016/S01656147(02)02104-1.

111

Hille, B. (1977). Local anesthetics: hydrophilic and hydrophobic pathways for
the drug-receptor reaction. The Journal of General Physiology 69, 497–
515. doi:10.1085/jgp.69.4.497.
Hiromoto, K., Shimizu, H., Furukawa, Y., Kanemori, T., Mine, T., Masuyama,
T., et al. (2005). Discordant Repolarization Alternans-Induced Atrial
Fibrillation is Suppressed by Verapamil. Circulation Journal 69, 1368–
1373.
Hirschberg, B., Maylie, J., Adelman, J. P., and Marrion, N. V. (1998). Gating of
Recombinant Small-Conductance Ca-activated K+ Channels by
Calcium. J Gen Physiol 111, 565–581. doi:10.1085/jgp.111.4.565.
Hondeghem, L. M. (1987). Antiarrhythmic agents: modulated receptor
applications. Circulation 75, 514–520. doi:10.1161/01.CIR.75.3.514.
Hondeghem, L. M., and Katzung, B. G. (1977). Time- and voltage-dependent
interactions of antiarrhythmic drugs with cardiac sodium channels.
Biochimica et Biophysica Acta (BBA) - Reviews on Biomembranes 472,
373–398. doi:10.1016/0304-4157(77)90003-X.
Hove-Madsen, L., Llach, A., Bayes-Genis, A., Roura, S., Font, E. R., Aris, A.,
et al. (2004). Atrial Fibrillation is Associated with Increased
Spontaneous Calcium Release from the Sarcoplasmic Reticulum in
Human Atrial Myocytes. Circulation 110, 1358–1363.
Hsueh, C.-H., Chang, P.-C., Hsieh, Y.-C., Reher, T., Chen, P.-S., and Lin, S.F. (2013). Proarrhythmic effect of blocking the small conductance
calcium activated potassium channel in isolated canine left atrium. Heart
Rhythm 10, 891–898. doi:10.1016/j.hrthm.2013.01.033.
Hunnik, A. van, Lau, D. H., Zeemering, S., Kuiper, M., Verheule, S., and
Schotten, U. (2016). Antiarrhythmic effect of vernakalant in electrically
remodeled goat atria is caused by slowing of conduction and
prolongation of postrepolarization refractoriness. Heart Rhythm 13, 964–
972. doi:10.1016/j.hrthm.2015.12.009.
Iwasaki, Y., Nishida, K., Kato, T., and Nattel, S. (2011). Atrial Fibrillation
Pathophysiology: Implications for Management. Circulation 124, 2264–
2274. doi:10.1161/CIRCULATIONAHA.111.019893.
Jacquemet, V., and Henriquez, C. S. (2008). Loading effect of fibroblastmyocyte coupling on resting potential, impulse propagation, and
repolarization: insights from a microstructure model. American Journal
of Physiology-Heart and Circulatory Physiology 294, H2040–H2052.
doi:10.1152/ajpheart.01298.2007.
Jelliffe, R. W., Milman, M., Schumitzky, A., Bayard, D., and Van Guilder, M.
(2014). A two-compartment population pharmacokineticpharmacodynamic model of digoxin in adults, with implications for
dosage. Ther Drug Monit 36, 387–393.
doi:10.1097/FTD.0000000000000023.
Jie, X., Rodriguez, B., and Pueyo, E. (2010). A new ECG biomarker for drug
toxicity: A combined signal processing and computational modeling
study. in 2010 Annual International Conference of the IEEE Engineering

112

Paper I

in Medicine and Biology, 2565–2568.
doi:10.1109/IEMBS.2010.5626864.
Johnstone, R. H., Chang, E. T. Y., Bardenet, R., de Boer, T. P., Gavaghan, D.
J., Pathmanathan, P., et al. (2016). Uncertainty and variability in models
of the cardiac action potential: Can we build trustworthy models?
Journal of Molecular and Cellular Cardiology 96, 49–62.
doi:10.1016/j.yjmcc.2015.11.018.
Jones, D. L., Tuomi, J. M., and Chidiac, P. (2012). Role of Cholinergic
Innervation and RGS2 in Atrial Arrhythmia. Front. Physiol. 3.
doi:10.3389/fphys.2012.00239.
Kamkin, A., Kiseleva, I., Wagner, K. D., Lammerich, A., Bohm, J., Persson, P.
B., et al. (1999). Mechanically Induced Potentials in Fibroblasts from
Human Right Atrium. Experimental Physiology 84, 347–356.
doi:10.1111/j.1469-445X.1999.01794.x.
Khodorov, B. (1979). Some aspects of the pharmacology of sodium channels
in nerve membrane. Process of inactivation. Biochemical Pharmacology
28, 1451–1459. doi:10.1016/0006-2952(79)90457-X.
King, J. H., Huang, C. L.-H., and Fraser, J. A. (2013). Determinants of
myocardial conduction velocity: implications for arrhythmogenesis.
Front. Physiol 4, 154. doi:10.3389/fphys.2013.00154.
Klos, M., Calvo, D., Yamazaki, M., Zlochiver, S., Mironov, S., Cabrera, J.-A., et
al. (2008). Atrial Septopulmonary Bundle of the Posterior Left Atrium
Provides a Substrate for Atrial Fibrillation Initiation in a Model of Vagally
Mediated Pulmonary Vein Tachycardia of the Structurally Normal
HeartCLINICAL PERSPECTIVE. Circulation: Arrhythmia and
Electrophysiology 1, 175–183. doi:10.1161/CIRCEP.107.760447.
Kneller, J., Kalifa, J., Zou, R., Zaitsev, A. V., Warren, M., Berenfeld, O., et al.
(2005). Mechanisms of Atrial Fibrillation Termination by Pure Sodium
Channel Blockade in an Ionically-Realistic Mathematical Model.
Circulation Research 96, e35–e47.
doi:10.1161/01.RES.0000160709.49633.2b.
Kneller, J., Zou, R., Vigmond, E. J., Wang, Z., Leon, L. J., and Nattel, S.
(2002). Cholinergic atrial fibrillation in a computer model of a twodimensional sheet of canine atrial cells with realistic ionic properties.
Circ.Res. 90, E73-87.
Kohl, P., Camelliti, P., Burton, F. L., and Smith, G. L. (2005). Electrical coupling
of fibroblasts and myocytes: relevance for cardiac propagation. J
Electrocardiol 38, 45–50. doi:10.1016/j.jelectrocard.2005.06.096.
Kohl, P., and Noble, D. (1996). Mechanosensitive connective tissue: potential
influence on heart rhythm. Cardiovasc. Res. 32, 62–68.
Koivumäki, J. T., Clark, R. B., Belke, D., Kondo, C., Fedak, P. W. M., Maleckar,
M. M. C., et al. (2014a). Na+ current expression in human atrial
myofibroblasts: identity and functional roles. Front. Physiol 5, 275.
doi:10.3389/fphys.2014.00275.

113

Koivumäki, J. T., Korhonen, T., and Tavi, P. (2011). Impact of sarcoplasmic
reticulum calcium release on calcium dynamics and action potential
morphology in human atrial myocytes: a computational study. PLoS
Comput Biol 7, e1001067. doi:10.1371/journal.pcbi.1001067.
Koivumäki, J. T., Seemann, G., Maleckar, M. M., and Tavi, P. (2014b). In Silico
Screening of the Key Cellular Remodeling Targets in Chronic Atrial
Fibrillation. PLoS Comput Biol 10, e1003620.
doi:10.1371/journal.pcbi.1003620.
Koutsoukas, A., Simms, B., Kirchmair, J., Bond, P. J., Whitmore, A. V.,
Zimmer, S., et al. (2011). From in silico target prediction to multi-target
drug design: Current databases, methods and applications. Journal of
Proteomics 74, 2554–2574. doi:10.1016/j.jprot.2011.05.011.
Krueger, M. W. (2013). Personalized Multi-Scale Modeling of the Atria :
Heterogeneities, Fiber Architecture, Hemodialysis and Ablation Therapy.
doi:10.5445/KSP/1000031226.
Krueger, M. W., Dorn, A., Keller, D. U. J., Holmqvist, F., Carlson, J., Platonov,
P. G., et al. (2013). In-silico modeling of atrial repolarization in normal
and atrial fibrillation remodeled state. Med Biol Eng Comput 51, 1105–
1119. doi:10.1007/s11517-013-1090-1.
Krummen, D. E., Bayer, J. D., Ho, J., Ho, G., Smetak, M. R., Clopton, P., et al.
(2012). Mechanisms of Human Atrial Fibrillation Initiation: Clinical
Perspective Clinical and Computational Studies of Repolarization
Restitution and Activation Latency. Circ Arrhythm Electrophysiol 5,
1149–1159. doi:10.1161/CIRCEP.111.969022.
Lalani, G. G., Schricker, A., Gibson, M., Rostamian, A., Krummen, D. E., and
Narayan, S. M. (2012). Atrial Conduction Slows Immediately Before the
Onset of Human Atrial Fibrillation: A Bi-Atrial Contact Mapping Study of
Transitions to Atrial Fibrillation. Journal of the American College of
Cardiology 59, 595–606. doi:10.1016/j.jacc.2011.10.879.
Lau, D. H., Linz, D., Schotten, U., Mahajan, R., Sanders, P., and Kalman, J. M.
(2017). Pathophysiology of Paroxysmal and Persistent Atrial Fibrillation:
Rotors, Foci and Fibrosis. Heart, Lung and Circulation 26, 887–893.
doi:10.1016/j.hlc.2017.05.119.
Lee, Y.-S., Hwang, M., Song, J.-S., Li, C., Joung, B., Sobie, E. A., et al. (2016).
The Contribution of Ionic Currents to Rate-Dependent Action Potential
Duration and Pattern of Reentry in a Mathematical Model of Human
Atrial Fibrillation. PLOS ONE 11, e0150779.
doi:10.1371/journal.pone.0150779.
Lenaerts, I., Bito, V., Heinzel, F. R., Driesen, R. B., Holemans, P., D’hooge, J.,
et al. (2009). Ultrastructural and Functional Remodeling of the Coupling
Between Ca2+ Influx and Sarcoplasmic Reticulum Ca2+ Release in
Right Atrial Myocytes From Experimental Persistent Atrial Fibrillation.
Circ.Res. 105, 876–885.
Lengauer, T., and Rarey, M. (1996). Computational methods for biomolecular
docking. Current Opinion in Structural Biology 6, 402–406.
doi:10.1016/S0959-440X(96)80061-3.
114

Paper I

Li, Q., O’Neill, S. C., Tao, T., Li, Y., Eisner, D., and Zhang, H. (2012).
Mechanisms by which Cytoplasmic Calcium Wave Propagation and
Alternans Are Generated in Cardiac Atrial Myocytes Lacking TTubules—Insights from a Simulation Study. Biophys J 102, 1471–1482.
doi:10.1016/j.bpj.2012.03.007.
Li, X., Zima, A. V., Sheikh, F., Blatter, L. A., and Chen, J. (2005). Endothelin-1Induced Arrhythmogenic Ca2+ Signaling Is Abolished in Atrial Myocytes
of Inositol-1,4,5-Trisphosphate(IP3)-Receptor Type 2-Deficient Mice.
Circ Res 96, 1274–1281.
Li, Z., Dutta, S., Sheng, J., Tran, P. N., Wu, W., Chang, K., et al. (2017).
Improving the In Silico Assessment of Proarrhythmia Risk by Combining
hERG (Human Ether-à-go-go-Related Gene) Channel–Drug Binding
Kinetics and Multichannel Pharmacology. Circulation: Arrhythmia and
Electrophysiology 10, e004628. doi:10.1161/CIRCEP.116.004628.
Li, Z., Dutta, S., Sheng, J., Tran, P. N., Wu, W., and Colatsky, T. (2016). A
temperature-dependent in silico model of the human ether-à-go-gorelated (hERG) gene channel. Journal of Pharmacological and
Toxicological Methods 81, 233–239. doi:10.1016/j.vascn.2016.05.005.
Liang, B., Soka, M., Christensen, A. H., Olesen, M. S., Larsen, A. P., Knop, F.
K., et al. (2014). Genetic variation in the two-pore domain potassium
channel, TASK-1, may contribute to an atrial substrate for
arrhythmogenesis. Journal of Molecular and Cellular Cardiology 67, 69–
76. doi:10.1016/j.yjmcc.2013.12.014.
Liberos, A., Bueno-Orovio, A., Rodrigo, M., Ravens, U., Hernandez-Romero, I.,
Fernandez-Aviles, F., et al. (2016). Balance between sodium and
calcium currents underlying chronic atrial fibrillation termination: An in
silico intersubject variability study. Heart Rhythm 13, 2358–2365.
doi:10.1016/j.hrthm.2016.08.028.
Limberg, S. H., Netter, M. F., Rolfes, C., Rinné, S., Schlichthörl, G., Zuzarte,
M., et al. (2011). TASK-1 channels may modulate action potential
duration of human atrial cardiomyocytes. Cell. Physiol. Biochem. 28,
613–624. doi:10.1159/000335757.
Lipp, P., Laine, M., Tovey, S. C., Burrell, K. M., Berridge, M. J., Li, W., et al.
(2000). Functional InsP3 receptors that may modulate excitation–
contraction coupling in the heart. Current Biology 10, S1.
doi:10.1016/S0960-9822(00)00624-2.
Liu, N., Denegri, M., Ruan, Y., Avelino-Cruz, J. E., Perissi, A., Negri, S., et al.
(2011). Short Communication: Flecainide Exerts an Antiarrhythmic
Effect in a Mouse Model of Catecholaminergic Polymorphic Ventricular
Tachycardia by Increasing the Threshold for Triggered ActivityNovelty
and Significance. Circulation Research 109, 291–295.
doi:10.1161/CIRCRESAHA.111.247338.
Loewe, A., Lutz, Y., Wilhelms, M., Sinnecker, D., Barthel, P., Scholz, E. P., et
al. (2014). In-silico assessment of the dynamic effects of amiodarone
and dronedarone on human atrial patho-electrophysiology. Europace
16, iv30–iv38. doi:10.1093/europace/euu230.

115

Loewe, A., Xu, Y., Scholz, E. P., Dössel, O., and Seemann, G. (2015).
Understanding the cellular mode of action of vernakalant using a
computational model: answers and new questions. Current Directions in
Biomedical Engineering 1, 418–422. doi:10.1515/cdbme-2015-0101.
Luca, A., Jacquemet, V., Virag, N., and Vesin, J. M. (2015). Influence of right
and left atrial tissue heterogeneity on atrial fibrillation perpetuation. in
2015 Computing in Cardiology Conference (CinC), 449–452.
doi:10.1109/CIC.2015.7408683.
Ma, X. H., Shi, Z., Tan, C., Jiang, Y., Go, M. L., Low, B. C., et al. (2010). InSilico Approaches to Multi-target Drug Discovery. Pharm Res 27, 739–
749. doi:10.1007/s11095-010-0065-2.
Macquaide, N., Tuan, H.-T. M., Hotta, J., Sempels, W., Lenaerts, I., Holemans,
P., et al. (2015). Ryanodine receptor cluster fragmentation and
redistribution in persistent atrial fibrillation enhance calcium release.
Cardiovascular Research 108, 387–398. doi:10.1093/cvr/cvv231.
Maleckar, M. M., Greenstein, J. L., Giles, W. R., and Trayanova, N. A. (2009a).
Electrotonic Coupling between Human Atrial Myocytes and Fibroblasts
Alters Myocyte Excitability and Repolarization. Biophysical Journal 97,
2179–2190. doi:10.1016/j.bpj.2009.07.054.
Maleckar, M. M., Greenstein, J. L., Giles, W. R., and Trayanova, N. A. (2009b).
K+ current changes account for the rate dependence of the action
potential in the human atrial myocyte. Am.J.Physiol.Heart Circ.Physiol.
297, H1398-1410.
Maltsev, V. A., Sabbah, H. N., and Undrovinas, A. I. (2001). Late Sodium
Current is a Novel Target for Amiodarone: Studies in Failing Human
Myocardium. Journal of Molecular and Cellular Cardiology 33, 923–932.
doi:10.1006/jmcc.2001.1355.
McDowell, K. S., Vadakkumpadan, F., Blake, R., Blauer, J., Plank, G.,
MacLeod, R. S., et al. (2013). Mechanistic Inquiry into the Role of
Tissue Remodeling in Fibrotic Lesions in Human Atrial Fibrillation.
Biophysical Journal 104, 2764–2773. doi:10.1016/j.bpj.2013.05.025.
McDowell, K. S., Zahid, S., Vadakkumpadan, F., Blauer, J., MacLeod, R. S.,
and Trayanova, N. A. (2015). Virtual Electrophysiological Study of Atrial
Fibrillation in Fibrotic Remodeling. PLOS ONE 10, e0117110.
doi:10.1371/journal.pone.0117110.
Melgari, D., Zhang, Y., Harchi, A. E., Dempsey, C. E., and Hancox, J. C.
(2015). Molecular basis of hERG potassium channel blockade by the
class Ic antiarrhythmic flecainide. Journal of Molecular and Cellular
Cardiology 86, 42–53. doi:10.1016/j.yjmcc.2015.06.021.
Meng, X.-Y., Zhang, H.-X., and Cui, M. M. and M. (2011). Molecular Docking:
A Powerful Approach for Structure-Based Drug Discovery. Current
Computer-Aided Drug Design. Available at:
http://www.eurekaselect.com/74117/article [Accessed May 7, 2018].
Ming, Z., Nordin, C., and Aronson, R. S. (1994). Role of L-Type Calcium
Channel Window Current in Generating Current-Induced Early

116

Paper I

Afterdepolarizations. Journal of Cardiovascular Electrophysiology 5,
323–334. doi:10.1111/j.1540-8167.1994.tb01169.x.
Miragoli, M., Salvarani, N., and Rohr, S. (2007). Myofibroblasts induce ectopic
activity in cardiac tissue. Circ. Res. 101, 755–758.
doi:10.1161/CIRCRESAHA.107.160549.
Moreno, J. D., Yang, P.-C., Bankston, J. R., Grandi, E., Bers, D. M., Kass, R.
S., et al. (2013). Ranolazine for Congenital and Acquired Late INa-Linked
Arrhythmias. Circulation Research 113, e50–e61.
doi:10.1161/CIRCRESAHA.113.301971.
Moreno, J. D., Zhu, Z. I., Yang, P.-C., Bankston, J. R., Jeng, M.-T., Kang, C.,
et al. (2011). A Computational Model to Predict the Effects of Class I
Anti-Arrhythmic Drugs on Ventricular Rhythms. Science Translational
Medicine 3, 98ra83-98ra83. doi:10.1126/scitranslmed.3002588.
Morotti, S., Edwards, A. G., McCulloch, A. D., Bers, D. M., and Grandi, E.
(2014). A novel computational model of mouse myocyte
electrophysiology to assess the synergy between Na+ loading and
CaMKII. J Physiol 592, 1181–97. doi:10.1113/jphysiol.2013.266676.
Morotti, S., McCulloch, A. D., Bers, D. M., Edwards, A. G., and Grandi, E.
(2016). Atrial-selective targeting of arrhythmogenic phase-3 early
afterdepolarizations in human myocytes. J Mol Cell Cardiol 96, 63–71.
doi:10.1016/j.yjmcc.2015.07.030.
Mounsey, J. P., and DiMarco, J. P. (2000). Dofetilide. Circulation 102, 2665–
2670. doi:10.1161/01.CIR.102.21.2665.
Muszkiewicz, A., Britton, O. J., Gemmell, P., Passini, E., Sánchez, C., Zhou,
X., et al. (2016). Variability in cardiac electrophysiology: Using
experimentally-calibrated populations of models to move beyond the
single virtual physiological human paradigm. Progress in Biophysics and
Molecular Biology 120, 115–27. doi:10.1016/j.pbiomolbio.2015.12.002.
Narayan, S. M., Franz, M. R., Clopton, P., Pruvot, E. J., and Krummen, D. E.
(2011). Repolarization Alternans Reveals Vulnerability to Human Atrial
Fibrillation. Circulation 123, 2922–2930.
doi:10.1161/CIRCULATIONAHA.110.977827.
Nattel, S. (1993). Comparative mechanisms of action of antiarrhythmic drugs.
American Journal of Cardiology 72, F13–F17. doi:10.1016/00029149(93)90959-G.
Nattel, S., Burstein, B., and Dobrev, D. (2008). Atrial Remodeling and Atrial
Fibrillation: mechanisms and implications. Circ Arrhythm Electrophysiol
1, 62–73.
Nattel, S., and Carlsson, L. (2006). Innovative approaches to anti-arrhythmic
drug therapy. Nature Reviews Drug Discovery 5, 1034–1049.
doi:10.1038/nrd2112.
Nattel, S., and Harada, M. (2014). Atrial Remodeling and Atrial Fibrillation:
Recent Advances and Translational Perspectives. Journal of the
American College of Cardiology 63, 2335–2345.
doi:10.1016/j.jacc.2014.02.555.

117

Nattel, S., Talajic, M., Fermini, B., and Roy, D. (1992). Amiodarone:
Pharmacology, Clinical Actions, and Relationships Between Them.
Journal of Cardiovascular Electrophysiology 3, 266–280.
doi:10.1111/j.1540-8167.1992.tb00972.x.
Neef, S., Dybkova, N., Sossalla, S., Ort, K. R., Fluschnik, N., Neumann, K., et
al. (2010). CaMKII-Dependent Diastolic SR Ca2+ Leak and Elevated
Diastolic Ca2+ Levels in Right Atrial Myocardium of Patients With Atrial
Fibrillation. Circ.Res. 106, 1134–1144.
Neuhoff, S., Yeo, K. R., Barter, Z., Jamei, M., Turner, D. B., and RostamiHodjegan, A. (2013). Application of permeability-limited physiologicallybased pharmacokinetic models: Part I–digoxin pharmacokinetics
incorporating P-glycoprotein-mediated efflux. Journal of Pharmaceutical
Sciences 102, 3145–3160. doi:10.1002/jps.23594.
Ngo, S. T., Fang, S.-T., Huang, S.-H., Chou, C.-L., Huy, P. D. Q., Li, M. S., et
al. (2016). Anti-arrhythmic Medication Propafenone a Potential Drug for
Alzheimer’s Disease Inhibiting Aggregation of Aβ: In Silico and in Vitro
Studies. J. Chem. Inf. Model. 56, 1344–1356.
doi:10.1021/acs.jcim.6b00029.
Ni, H., Morotti, S., and Grandi, E. (2018). A Heart for Diversity: Simulating
Variability in Cardiac Arrhythmia Research. Front. Physiol. 9.
doi:10.3389/fphys.2018.00958.
Ni, H., Whittaker, D. G., Wang, W., Giles, W. R., Narayan, S. M., and Zhang,
H. (2017). Synergistic Anti-arrhythmic Effects in Human Atria with
Combined Use of Sodium Blockers and Acacetin. Front. Physiol. 8.
doi:10.3389/fphys.2017.00946.
Nishida, K., Michael, G., Dobrev, D., and Nattel, S. (2010). Animal models for
atrial fibrillation: clinical insights and scientific opportunities. Europace
12, 160–172. doi:10.1093/europace/eup328.
Noble, D. (1962). A modification of the Hodgkin--Huxley equations applicable
to Purkinje fibre action and pace-maker potentials. J.Physiol. 160, 317–
352.
Nygren, A., Fiset, C., Firek, L., Clark, J. W., Lindblad, D. S., Clark, R. B., et al.
(1998). Mathematical model of an adult human atrial cell: the role of K+
currents in repolarization. Circ.Res. 82, 63–81.
Oh, S., Kim, K.-B., Ahn, H., Cho, H.-J., and Choi, Y.-S. (2010). Remodeling of
Ion Channel Expression in Patients with Chronic Atrial Fibrillation and
Mitral Valvular Heart Disease. Korean J Intern Med 25, 377.
doi:10.3904/kjim.2010.25.4.377.
O’Hara, T., Virág, L., Varró, A., and Rudy, Y. (2011). Simulation of the
Undiseased Human Cardiac Ventricular Action Potential: Model
Formulation and Experimental Validation. PLoS Comput Biol 7,
e1002061. doi:10.1371/journal.pcbi.1002061.
Ohkusa, T., Ueyama, T., Yamada, J., Yano, M., Fujumura, Y., Esato, K., et al.
(1999). Alterations in cardiac sarcoplasmic reticulum Ca2+ regulatory

118

Paper I

proteins in the atrial tissue of patients with chronic atrial fibrillation.
J.Am.Coll.Cardiol. 34, 255–263.
Olesen, M. S., Jabbari, J., Holst, A. G., Nielsen, J. B., Steinbrüchel, D. A.,
Jespersen, T., et al. (2011). Screening of KCNN3 in patients with earlyonset lone atrial fibrillation. Europace 13, 963–967.
doi:10.1093/europace/eur007.
Oliveira, B. L. de, Pfeiffer, E. R., Sundnes, J., Wall, S. T., and McCulloch, A. D.
(2015). Increased Cell Membrane Capacitance is the Dominant
Mechanism of Stretch-Dependent Conduction Slowing in the Rabbit
Heart: A Computational Study. Cel. Mol. Bioeng. 8, 237–246.
doi:10.1007/s12195-015-0384-9.
Pamukcu, B., and Lip, G. Y. (2011). Dronedarone as a new treatment option
for atrial fibrillation patients: pharmacokinetics, pharmacodynamics and
clinical practice. Expert Opinion on Pharmacotherapy 12, 131–140.
doi:10.1517/14656566.2011.540800.
Pásek, M., and Simurda, J. (2004). Quantitative modelling of interaction of
propafenone with sodium channels in cardiac cells. Med Biol Eng
Comput 42, 151–157.
Pashakhanloo, F., Herzka, D. A., Ashikaga, H., Mori, S., Gai, N., Bluemke, D.
A., et al. (2016). Myofiber Architecture of the Human Atria as Revealed
by Submillimeter Diffusion Tensor Imaging. Circulation: Arrhythmia and
Electrophysiology 9, e004133. doi:10.1161/CIRCEP.116.004133.
Passini, E., Britton, O. J., Lu, H. R., Rohrbacher, J., Hermans, A. N., Gallacher,
D. J., et al. (2017). Human In Silico Drug Trials Demonstrate Higher
Accuracy than Animal Models in Predicting Clinical Pro-Arrhythmic
Cardiotoxicity. Front. Physiol. 8. doi:10.3389/fphys.2017.00668.
Pastore, J. M., and Rosenbaum, D. S. (2000). Role of Structural Barriers in the
Mechanism of Alternans-Induced Reentry. Circulation Research 87,
1157–1163. doi:10.1161/01.RES.87.12.1157.
Pathmanathan, P., Shotwell, M. S., Gavaghan, D. J., Cordeiro, J. M., and
Gray, R. A. (2015). Uncertainty quantification of fast sodium current
steady-state inactivation for multi-scale models of cardiac
electrophysiology. Progress in Biophysics and Molecular Biology 117,
4–18. doi:10.1016/j.pbiomolbio.2015.01.008.
Patterson, E., Lazzara, R., Szabo, B., Liu, H., Tang, D., Li, Y.-H., et al. (2006).
Sodium-Calcium Exchange Initiated by the Ca2+Transient: An
Arrhythmia Trigger Within Pulmonary Veins. Journal of the American
College of Cardiology 47, 1196–1206. doi:10.1016/j.jacc.2005.12.023.
Platonov, P. G., Mitrofanova, L. B., Orshanskaya, V., and Ho, S. Y. (2011).
Structural Abnormalities in Atrial Walls Are Associated With Presence
and Persistency of Atrial Fibrillation But Not With Age. Journal of the
American College of Cardiology 58, 2225–2232.
doi:10.1016/j.jacc.2011.05.061.
Podd, S. J., Freemantle, N., Furniss, S. S., and Sulke, N. (2016). First clinical
trial of specific IKACh blocker shows no reduction in atrial fibrillation

119

burden in patients with paroxysmal atrial fibrillation: pacemaker
assessment of BMS 914392 in patients with paroxysmal atrial fibrillation.
Europace 18, 340–346. doi:10.1093/europace/euv263.
Prinz, A. A., Billimoria, C. P., and Marder, E. (2003). Alternative to HandTuning Conductance-Based Models: Construction and Analysis of
Databases of Model Neurons. J.Neurophysiol. 90, 3998–4015.
Pruvot, E. J., Katra, R. P., Rosenbaum, D. S., and Laurita, K. R. (2004). Role
of Calcium Cycling Versus Restitution in the Mechanism of
Repolarization Alternans. Circ.Res. 94, 1083–1090.
Qu, Z., Garfinkel, A., Chen, P. S., and Weiss, J. N. (2000). Mechanisms of
discordant alternans and induction of reentry in simulated cardiac tissue.
Circulation 102, 1664–1670.
Rajamani, S., Anderson, C. L., Valdivia, C. R., Eckhardt, L. L., Foell, J. D.,
Robertson, G. A., et al. (2006). Specific serine proteases selectively
damage KCNH2 (hERG1) potassium channels and IKr. American
Journal of Physiology - Heart and Circulatory Physiology 290, H1278–
H1288. doi:10.1152/ajpheart.00777.2005.
Ravelli, F., and Allessie, M. (1997). Effects of Atrial Dilatation on Refractory
Period and Vulnerability to Atrial Fibrillation in the Isolated LangendorffPerfused Rabbit Heart. Circulation 96, 1686–1695.
doi:10.1161/01.CIR.96.5.1686.
Ravens, U., and Christ, T. (2010). Atrial-selective drugs for treatment of atrial
fibrillation. Herzschrittmacherther Elektrophysiol 21, 217–221.
doi:10.1007/s00399-010-0088-8.
Ravens, U., Katircioglu-Öztürk, D., Wettwer, E., Christ, T., Dobrev, D., Voigt,
N., et al. (2014). Application of the RIMARC algorithm to a large data set
of action potentials and clinical parameters for risk prediction of atrial
fibrillation. Med Biol Eng Comput 53, 263–273. doi:10.1007/s11517014-1232-0.
Ravens, U., and Wettwer, E. (2011). Ultra-rapid delayed rectifier channels:
molecular basis and therapeutic implications. Cardiovascular Research
89, 776–785. doi:10.1093/cvr/cvq398.
Reilly, S. N., Liu, X., Carnicer, R., Recalde, A., Muszkiewicz, A., Jayaram, R.,
et al. (2016). Up-regulation of miR-31 in human atrial fibrillation begets
the arrhythmia by depleting dystrophin and neuronal nitric oxide
synthase. Science Translational Medicine 8, 340ra74-340ra74.
doi:10.1126/scitranslmed.aac4296.
Ren, Y., Barnwell, L. F., Alexander, J. C., Lubin, F. D., Adelman, J. P.,
Pfaffinger, P. J., et al. (2006). Regulation of Surface Localization of the
Small Conductance Ca2+-activated Potassium Channel, Sk2, through
Direct Phosphorylation by cAMP-dependent Protein Kinase. J. Biol.
Chem. 281, 11769–11779. doi:10.1074/jbc.M513125200.
Ridler, M., McQueen, D. M., Peskin, C. S., and Vigmond, E. (2006). Action
Potential Duration Gradient Protects the Right Atrium from Fibrillating. in

120

Paper I

2006 International Conference of the IEEE Engineering in Medicine and
Biology Society, 3978–3981. doi:10.1109/IEMBS.2006.260522.
Ridler, M.-E., Lee, M., McQueen, D., Peskin, C., and Vigmond, E. (2011).
Arrhythmogenic consequences of action potential duration gradients in
the atria. Can J Cardiol 27, 112–119. doi:10.1016/j.cjca.2010.12.002.
Roden, D. M., and Woosley, R. L. (1986). Flecainide. New England Journal of
Medicine 315, 36–41. doi:10.1056/NEJM198607033150106.
Romero, L., Trenor, B., Yang, P.-C., Saiz, J., and Clancy, C. E. (2014). In silico
screening of the impact of hERG channel kinetic abnormalities on
channel block and susceptibility to acquired long QT syndrome. Journal
of Molecular and Cellular Cardiology 72, 126–137.
doi:10.1016/j.yjmcc.2014.02.018.
Rosa, G. M., Bianco, D., Parodi, A., Valbusa, A., Zawaideh, C., Bizzarri, N., et
al. (2014). Pharmacokinetic and pharmacodynamic profile of
dronedarone, a new antiarrhythmic agent for the treatment of atrial
fibrillation. Expert Opinion on Drug Metabolism & Toxicology 10, 1751–
1764. doi:10.1517/17425255.2014.974551.
Rosa, J. C., Galanakis, D., Ganellin, C. R., Dunn, P. M., and Jenkinson, D. H.
(1998). Bis-Quinolinium Cyclophanes: 6,10-Diaza-3(1,3),8(1,4)dibenzena-1,5(1,4)- diquinolinacyclodecaphane (UCL 1684), the First
Nanomolar, Non-Peptidic Blocker of the Apamin-Sensitive Ca2+Activated K+ Channel. J. Med. Chem. 41, 2–5. doi:10.1021/jm970571a.
Rosen, M. R., and Janse, M. J. (2010). Concept of the Vulnerable Parameter:
the Sicilian Gambit Revisited: Journal of Cardiovascular Pharmacology,
1. doi:10.1097/FJC.0b013e3181bfaddc.
Ruiz-Villa, C., Tobón, C., Rodríguez, J., Ferrero, J., Hornero, F., and Saíz, J.
(2009). Influence of atrial dilatation in the generation of re-entries
caused by ectopic activity in the left atrium. in 2009 36th Annual
Computers in Cardiology Conference (CinC), 457–460.
Saiz, J., Gomis-Tena, J., Monserrat, M., Ferrero, J. M., Cardona, K., and
Chorro, J. (2011). Effects of the Antiarrhythmic Drug Dofetilide on
Transmural Dispersion of Repolarization in Ventriculum. A Computer
Modeling Study. IEEE Transactions on Biomedical Engineering 58, 43–
53. doi:10.1109/TBME.2010.2077292.
Sánchez, C., Bueno-Orovio, A., Pueyo, E., and Rodríguez, B. (2017a). Atrial
Fibrillation Dynamics and Ionic Block Effects in Six Heterogeneous
Human 3D Virtual Atria with Distinct Repolarization Dynamics. Front.
Bioeng. Biotechnol. 5. doi:10.3389/fbioe.2017.00029.
Sánchez, C., Bueno-Orovio, A., Wettwer, E., Loose, S., Simon, J., Ravens, U.,
et al. (2014). Inter-Subject Variability in Human Atrial Action Potential in
Sinus Rhythm versus Chronic Atrial Fibrillation. PLoS ONE 9, e105897.
doi:10.1371/journal.pone.0105897.
Sánchez, C., Corrias, A., Bueno-Orovio, A., Davies, M., Swinton, J., Jacobson,
I., et al. (2011). The Na+/K+ pump is an important modulator of
refractoriness and rotor dynamics in human atrial tissue. American

121

Journal of Physiology-Heart and Circulatory Physiology 302, H1146–
H1159. doi:10.1152/ajpheart.00668.2011.
Sánchez, J., Trénor, B., and Saiz, J. (2017b). In silico analysis of the effects of
fibroblasts coupling to atrial myocytes under conditions of atrial
fibrillation remodeling. in 2017 Computing in Cardiology (CinC), 1–4.
doi:10.22489/CinC.2017.122-310.
Sato, D., Bers, D. M., and Shiferaw, Y. (2013). Formation of Spatially
Discordant Alternans Due to Fluctuations and Diffusion of Calcium.
PLOS ONE 8, e85365. doi:10.1371/journal.pone.0085365.
Sato, D., Shiferaw, Y., Garfinkel, A., Weiss, J. N., Qu, Z., and Karma, A.
(2006). Spatially discordant alternans in cardiac tissue: role of calcium
cycling. Circ. Res. 99, 520–527.
doi:10.1161/01.RES.0000240542.03986.e7.
Scheruebel, S., Koyani, C. N., Hallström, S., Lang, P., Platzer, D., Mächler, H.,
et al. (2014). If blocking potency of ivabradine is preserved under
elevated endotoxin levels in human atrial myocytes. Journal of
Molecular and Cellular Cardiology 72, 64–73.
doi:10.1016/j.yjmcc.2014.02.010.
Schmidt, C., Wiedmann, F., Gaubatz, A.-R., Ratte, A., Katus, H. A., and
Thomas, D. (2018). New Targets for Old Drugs: Cardiac Glycosides
Inhibit Atrial-Specific K2P3.1 (TASK-1) Channels. J Pharmacol Exp Ther
365, 614–623. doi:10.1124/jpet.118.247692.
Schmidt, C., Wiedmann, F., Schweizer, P. A., Becker, R., Katus, H. A., and
Thomas, D. (2013). Class I antiarrhythmic drugs inhibit human cardiac
two-pore-domain K+ (K2P) channels. European Journal of
Pharmacology 721, 237–248. doi:10.1016/j.ejphar.2013.09.029.
Schmidt, C., Wiedmann, F., Voigt, N., Zhou, X.-B., Heijman, J., Lang, S., et al.
(2015). Upregulation of K2P3.1 K+ Current Causes Action Potential
Shortening in Patients With Chronic Atrial Fibrillation. Circulation 132,
82–92. doi:10.1161/CIRCULATIONAHA.114.012657.
Schmidt, C., Wiedmann, F., Zhou, X.-B., Heijman, J., Voigt, N., Ratte, A., et al.
(2017). Inverse remodelling of K2P3.1 K+ channel expression and
action potential duration in left ventricular dysfunction and atrial
fibrillation: implications for patient-specific antiarrhythmic drug therapy.
Eur Heart J 38, 1764–1774. doi:10.1093/eurheartj/ehw559.
Scholz, E. P., Carrillo-Bustamante, P., Fischer, F., Wilhelms, M., Zitron, E.,
Dössel, O., et al. (2013). Rotor Termination Is Critically Dependent on
Kinetic Properties of IKur Inhibitors in an In Silico Model of Chronic Atrial
Fibrillation. PLOS ONE 8, e83179. doi:10.1371/journal.pone.0083179.
Schotten, U., Ausma, J., Stellbrink, C., Sabatschus, I., Vogel, M., Frechen, D.,
et al. (2001). Cellular Mechanisms of Depressed Atrial Contractility in
Patients With Chronic Atrial Fibrillation. Circulation 103, 691–698.
Schotten, U., de Haan, S., Verheule, S., Harks, E. G. A., Frechen, D.,
Bodewig, E., et al. (2007). Blockade of atrial-specific K+-currents

122

Paper I

increases atrial but not ventricular contractility by enhancing reverse
mode Na+/Ca2+-exchange. Cardiovasc Res 73, 37–47.
Schotten, U., Dobrev, D., Platonov, P. G., Kottkamp, H., and Hindricks, G.
(2016). Current controversies in determining the main mechanisms of
atrial fibrillation. J Intern Med 279, 428–438. doi:10.1111/joim.12492.
Schotten, U., Neuberger, H.-R., and Allessie, M. A. (2003). The role of atrial
dilatation in the domestication of atrial fibrillation. Progress in Biophysics
and Molecular Biology 82, 151–162. doi:10.1016/S00796107(03)00012-9.
Schotten, U., Verheule, S., Kirchhof, P., and Goette, A. (2011).
Pathophysiological mechanisms of atrial fibrillation: a translational
appraisal. Physiol. Rev. 91, 265–325. doi:10.1152/physrev.00031.2009.
Seemann, G., Hoper, C., Sachse, F. B., Dossel, O., Holden, A. V., and Zhang,
H. (2006). Heterogeneous three-dimensional anatomical and
electrophysiological model of human atria. Phil Trans Roy Soc A 364,
1465–1481.
Seemann, G., Loewe, A., and Wülfers, E. M. (2017). Effects of fibroblasts
coupling on the electrophysiology of cardiomyocytes from different
regions of the human atrium: A simulation study. in 2017 Computing in
Cardiology (CinC), 1–4. doi:10.22489/CinC.2017.380-451.
Seyler, C., Li, J., Schweizer, P. A., Katus, H. A., and Thomas, D. (2014).
Inhibition of cardiac two-pore-domain K+ (K2P) channels by the
antiarrhythmic drug vernakalant – Comparison with flecainide. European
Journal of Pharmacology 724, 51–57. doi:10.1016/j.ejphar.2013.12.030.
Shanmugam, M., Molina, C. E., Gao, S., Severac-Bastide, R., Fischmeister,
R., and Babu, G. J. (2011). Decreased sarcolipin protein expression and
enhanced sarco(endo)plasmic reticulum Ca2+ uptake in human atrial
fibrillation. Biochem.Biophys.Res.Commun. 410, 97–101.
Shiferaw, Y., and Karma, A. (2006). Turing instability mediated by voltage and
calcium diffusion in paced cardiac cells. PNAS 103, 5670–5675.
doi:10.1073/pnas.0511061103.
Shiraishi, I., Takamatsu, T., Minamikawa, T., Onouchi, Z., and Fujita, S.
(1992). Quantitative histological analysis of the human sinoatrial node
during growth and aging. Circulation 85, 2176–2184.
Shoichet, B. K., McGovern, S. L., Wei, B., and Irwin, J. J. (2002). Lead
discovery using molecular docking. Current Opinion in Chemical Biology
6, 439–446. doi:10.1016/S1367-5931(02)00339-3.
Shunmugam, S. R., Sugihara, C., Freemantle, N., Round, P., Furniss, S., and
Sulke, N. (2018). A double-blind, randomised, placebo-controlled, crossover study assessing the use of XEN-D0103 in patients with paroxysmal
atrial fibrillation and implanted pacemakers allowing continuous beat-tobeat monitoring of drug efficacy. J Interv Card Electrophysiol, 1–7.
doi:10.1007/s10840-018-0318-2.
Skibsbye, L., Diness, J. G., Sørensen, U. S., Hansen, R. S., and Grunnet, M.
(2011). The Duration of Pacing-induced Atrial Fibrillation Is Reduced in

123

Vivo by Inhibition of Small Conductance Ca2+-activated K+ Channels.
Journal of Cardiovascular Pharmacology 57, 672–681.
doi:10.1097/FJC.0b013e318217943d.
Skibsbye, L., Jespersen, T., Christ, T., Maleckar, M. M., van den Brink, J.,
Tavi, P., et al. (2016). Refractoriness in human atria: Time and voltage
dependence of sodium channel availability. J Mol Cell Cardiol 101, 26–
34. doi:10.1016/j.yjmcc.2016.10.009.
Skibsbye, L., Poulet, C., Diness, J. G., Bentzen, B. H., Yuan, L., Kappert, U., et
al. (2014). Small conductance calcium activated potassium (SK)
channels contribute to action potential repolarisation in human atria.
Cardiovasc Res 103, 156–167. doi:10.1093/cvr/cvu121.
Starmer, C. F., Grant, A. O., and Colatsky, T. J. (2003). What happens when
cardiac Na channel function is compromised? 2. Numerical studies of
the vulnerable period in tissue altered by drugs. Cardiovasc. Res. 57,
1062–1071.
Starmer, C. F., Lastra, A. A., Nesterenko, V. V., and Grant, A. O. (1991).
Proarrhythmic response to sodium channel blockade. Theoretical model
and numerical experiments. Circulation 84, 1364–1377.
Stillitano, F., Lonardo, G., Giunti, G., Del Lungo, M., Coppini, R., Spinelli, V., et
al. (2013). Chronic Atrial Fibrillation Alters the Functional Properties of If
in the Human Atrium. J Cardiovasc Electrophysiol 24, 1391–1400.
doi:10.1111/jce.12212.
Tamargo, J., Caballero, R., Gómez, R., Valenzuela, C., and Delpón, E. (2004).
Pharmacology of cardiac potassium channels. Cardiovasc Res 62, 9–
33. doi:10.1016/j.cardiores.2003.12.026.
Tanaami, T., Ishida, H., Seguchi, H., Hirota, Y., Kadono, T., Genka, C., et al.
(2005). Difference in propagation of Ca2+ release in atrial and
ventricular myocytes. Jpn.J.Physiol. 55, 81–91.
Tanaka, K., Zlochiver, S., Vikstrom, K. L., Yamazaki, M., Moreno, J., Klos, M.,
et al. (2007). Spatial distribution of fibrosis governs fibrillation wave
dynamics in the posterior left atrium during heart failure. Circ. Res. 101,
839–847. doi:10.1161/CIRCRESAHA.107.153858.
Tobón, C., Ruiz-Villa, C. A., Heidenreich, E., Romero, L., Hornero, F., and
Saiz, J. (2013). A Three-Dimensional Human Atrial Model with Fiber
Orientation. Electrograms and Arrhythmic Activation Patterns
Relationship. PLoS ONE 8, e50883. doi:10.1371/journal.pone.0050883.
Trenor, B., Gomis-Tena, J., Cardona, K., Romero, L., Rajamani, S.,
Belardinelli, L., et al. (2013). In silico assessment of drug safety in
human heart applied to late sodium current blockers. Channels 7, 249–
262. doi:10.4161/chan.24905.
Tsujimae, K., Murakami, S., and Kurachi, Y. (2008). In silico study on the
effects of IKur block kinetics on prolongation of human action potential
after atrial fibrillation-induced electrical remodeling. Am.J.Physiol.Heart
Circ.Physiol. 294, H793-800.

124

Paper I

Tsujimae, K., Suzuki, S., Murakami, S., and Kurachi, Y. (2007). Frequencydependent effects of various IKr blockers on cardiac action potential
duration in a human atrial model. Am.J.Physiol.Heart Circ.Physiol. 293,
H660-669.
Tuteja, D., Xu, D., Timofeyev, V., Lu, L., Sharma, D., Zhang, Z., et al. (2005).
Differential expression of small-conductance Ca2+-activated K+
channels SK1, SK2, and SK3 in mouse atrial and ventricular myocytes.
American Journal of Physiology-Heart and Circulatory Physiology 289,
H2714–H2723. doi:10.1152/ajpheart.00534.2005.
Vagos, M. R., Arevalo, H., de Oliveira, B. L., Sundnes, J., and Maleckar, M. M.
(2017). A computational framework for testing arrhythmia marker
sensitivities to model parameters in functionally calibrated populations of
atrial cells. Chaos 27, 093941. doi:10.1063/1.4999476.
Varela, M., Colman, M. A., Hancox, J. C., and Aslanidi, O. V. (2016). Atrial
Heterogeneity Generates Re-entrant Substrate during Atrial Fibrillation
and Anti-arrhythmic Drug Action: Mechanistic Insights from Canine Atrial
Models. PLOS Computational Biology 12, e1005245.
doi:10.1371/journal.pcbi.1005245.
Varkevisser, R., Houtman, M. J. C., Linder, T., Git, K. C. G. de, Beekman, H.
D. M., Tidwell, R. R., et al. (2013). Structure-activity relationships of
pentamidine-affected ion channel trafficking and dofetilide mediated
rescue. British Journal of Pharmacology 169, 1322–1334.
doi:10.1111/bph.12208.
Verheule, S., Tuyls, E., Gharaviri, A., Hulsmans, S., Hunnik, A. van, Kuiper, M.,
et al. (2013). Loss of Continuity in the Thin Epicardial Layer Because of
Endomysial Fibrosis Increases the Complexity of Atrial Fibrillatory
Conduction. Circ Arrhythm Electrophysiol 6, 202–211.
doi:10.1161/CIRCEP.112.975144.
Vest, J. A., Wehrens, X. H. T., Reiken, S. R., Lehnart, S. E., Dobrev, D.,
Chandra, P., et al. (2005). Defective Cardiac Ryanodine Receptor
Regulation During Atrial Fibrillation. Circulation 111, 2025–2032.
Vidmar, D., Narayan, S. M., and Rappel, W.-J. (2015). Phase synchrony
reveals organization in human atrial fibrillation. American Journal of
Physiology-Heart and Circulatory Physiology 309, H2118–H2126.
doi:10.1152/ajpheart.00407.2015.
Vigmond, E. J., Ruckdeschel, R., and Trayanova, N. (2003). Reentry in a
Morphologically Realistic Atrial Model. Journal of Cardiovascular
Electrophysiology 12, 1046–1054. doi:10.1046/j.15408167.2001.01046.x.
Virag, N., Jacquemet, V., Henriquez, C. S., Zozor, S., Blanc, O., Vesin, J.-M.,
et al. (2002). Study of atrial arrhythmias in a computer model based on
magnetic resonance images of human atria. Chaos 12, 754–763.
doi:10.1063/1.1483935.
Vivo, R. P., Krim, S. R., Perez, J., Inklab, M., Tenner, T., and Hodgson, J.
(2008). Digoxin: current use and approach to toxicity. Am. J. Med. Sci.
336, 423–428. doi:10.1097/MAJ.0b013e318176b94d.

125

Voigt, N., Friedrich, A., Bock, M., Wettwer, E., Christ, T., Knaut, M., et al.
(2007). Differential phosphorylation-dependent regulation of
constitutively active and muscarinic receptor-activated IK,ACh channels
in patients with chronic atrial fibrillation. Cardiovasc Res 74, 426–437.
Voigt, N., Heijman, J., Trausch, A., Mintert-Jancke, E., Pott, L., Ravens, U., et
al. (2013a). Impaired Na+-dependent regulation of acetylcholineactivated inward-rectifier K+ current modulates action potential rate
dependence in patients with chronic atrial fibrillation. Journal of
Molecular and Cellular Cardiology 61, 142–152.
doi:10.1016/j.yjmcc.2013.03.011.
Voigt, N., Heijman, J., Wang, Q., Chiang, D. Y., Li, N., Karck, M., et al.
(2013b). Cellular and Molecular Mechanisms of Atrial Arrhythmogenesis
in Patients With Paroxysmal Atrial Fibrillation. Circulation 129, 145–56.
doi:10.1161/CIRCULATIONAHA.113.006641.
Voigt, N., Li, N., Wang, Q., Wang, W., Trafford, A. W., Abu-Taha, I., et al.
(2012). Enhanced Sarcoplasmic Reticulum Ca2+ Leak and Increased
Na+-Ca2+ Exchanger Function Underlie Delayed Afterdepolarizations in
Patients With Chronic Atrial Fibrillation. Circulation 125, 2059–2070.
doi:10.1161/CIRCULATIONAHA.111.067306.
Voigt, N., Trausch, A., Knaut, M., Matschke, K., Varró, A., Van Wagoner, D. R.,
et al. (2010). Left-to-Right Atrial Inward Rectifier Potassium Current
Gradients in Patients With Paroxysmal Versus Chronic Atrial Fibrillation.
Circ Arrhythm Electrophysiol 3, 472–480.
Wakili, R., Voigt, N., Kääb, S., Dobrev, D., and Nattel, S. (2011). Recent
advances in the molecular pathophysiology of atrial fibrillation. Journal
of Clinical Investigation 121, 2955–2968. doi:10.1172/JCI46315.
Wakili, R., Yeh, Y.-H., Yan Qi, X., Greiser, M., Chartier, D., Nishida, K., et al.
(2010). Multiple Potential Molecular Contributors to Atrial
Hypocontractility Caused by Atrial Tachycardia Remodeling in Dogs /
Clinical Perspective. Circ Arrhythm Electrophysiol 3, 530–541.
Waks, J. W., Josephson, M. E. (2014). Mechanisms of Atrial Fibrillation –
Reentry, Rotors and Reality. Arrhythmia & Electrophysiology Review 3,
90. doi:10.15420/aer.2014.3.2.90.
Walfridsson, H., Anfinsen, O.-G., Berggren, A., Frison, L., Jensen, S., Linhardt,
G., et al. (2015). Is the acetylcholine-regulated inwardly rectifying
potassium current a viable antiarrhythmic target? Translational
discrepancies of AZD2927 and A7071 in dogs and humans. Europace
17, 473–482. doi:10.1093/europace/euu192.
Wang, Y.-J., Sung, R. J., Lin, M.-W., and Wu, S.-N. (2006). Contribution of
BKCa-Channel Activity in Human Cardiac Fibroblasts to Electrical
Coupling of Cardiomyocytes-Fibroblasts. J Membrane Biol 213, 175–
185. doi:10.1007/s00232-007-0027-8.
Watanabe, H., Chopra, N., Laver, D., Hwang, H. S., Davies, S. S., Roach, D.
E., et al. (2009). Flecainide prevents catecholaminergic polymorphic
ventricular tachycardia in mice and humans. Nature Medicine 15, 380–
383. doi:10.1038/nm.1942.
126

Paper I

Watanabe, H., Steele, D. S., and Knollmann, B. C. (2011). Mechanism of
Antiarrhythmic Effects of Flecainide in Catecholaminergic Polymorphic
Ventricular Tachycardia. Circulation Research 109, 712–713.
doi:10.1161/CIRCRESAHA.111.251322.
Watanabe, M. A., Fenton, F. H., Evans, S. J., Hastings, H. M., and Karma, A.
(2001). Mechanisms for Discordant Alternans. Journal of Cardiovascular
Electrophysiology 12, 196–206. doi:10.1046/j.1540-8167.2001.00196.x.
Weatherall, K. L., Goodchild, S. J., Jane, D. E., and Marrion, N. V. (2010).
Small conductance calcium-activated potassium channels: From
structure to function. Progress in Neurobiology 91, 242–255.
doi:10.1016/j.pneurobio.2010.03.002.
Weatherall, K. L., Seutin, V., Liégeois, J.-F., and Marrion, N. V. (2011). Crucial
role of a shared extracellular loop in apamin sensitivity and maintenance
of pore shape of small-conductance calcium-activated potassium (SK)
channels. PNAS 108, 18494–18499. doi:10.1073/pnas.1110724108.
Weiss, M. (2007). Mechanistic modeling of digoxin distribution kinetics
incorporating slow tissue binding. European Journal of Pharmaceutical
Sciences 30, 256–263. doi:10.1016/j.ejps.2006.11.012.
Wijffels, M. C. E. F., Kirchhof, C. J. H. J., Dorland, R., and Allessie, M. A.
(1995). Atrial Fibrillation Begets Atrial Fibrillation : A Study in Awake
Chronically Instrumented Goats. Circulation 92, 1954–1968.
Wilhelms, M., Hettman, H., Maleckar, M. M., Koivumäki, J. T., Dössel, O., and
Seemann, G. (2013). Benchmarking electrophysiological models of
human atrial myocytes. Front. Physio 3, 487.
doi:10.3389/fphys.2012.00487.
Wilhelms, M., Rombach, C., Scholz, E. P., Dössel, O., and Seemann, G.
(2012). Impact of amiodarone and cisapride on simulated human
ventricular electrophysiology and electrocardiograms. Europace 14,
v90–v96. doi:10.1093/europace/eus281.
Wouters, L., Guo-Shu, L., Flameng, W., Thijssen, V. L. J. L., Thone, F., and
Borgers, M. (2000). Structural remodelling of atrial myocardium in
patients with cardiac valve disease and atrial fibrillation. Exp Clin Cardiol
5, 158–163.
Wullschleger, M., Blanch, J., and Egger, M. (2017). Functional local crosstalk
of inositol 1,4,5-trisphosphate receptor- and ryanodine receptordependent Ca2+ release in atrial cardiomyocytes. Cardiovasc Res 113,
542–552. doi:10.1093/cvr/cvx020.
Xie, Y., Garfinkel, A., Weiss, J. N., and Qu, Z. (2009). Cardiac alternans
induced by fibroblast-myocyte coupling: mechanistic insights from
computational models. American Journal of Physiology-Heart and
Circulatory Physiology 297, H775–H784.
doi:10.1152/ajpheart.00341.2009.
Xu, Y., Tuteja, D., Zhang, Z., Xu, D., Zhang, Y., Rodriguez, J., et al. (2003).
Molecular identification and functional roles of a Ca(2+)-activated K+

127

channel in human and mouse hearts. J. Biol. Chem. 278, 49085–49094.
doi:10.1074/jbc.M307508200.
Yamada, J., Ohkusa, T., Nao, T., Ueyama, T., Yano, M., Kobayashi, S., et al.
(2001). Up-regulation of inositol 1,4,5 trisphosphate receptor expression
in atrial tissue in patients with chronic atrial fibrillation. Journal of the
American College of Cardiology 37, 1111–1119. doi:10.1016/S07351097(01)01144-5.
Yarov-Yarovoy, V., Allen, T. W., and Clancy, C. E. (2014). Computational
models for predictive cardiac ion channel pharmacology. Drug
Discovery Today: Disease Models 14, 3–10.
doi:10.1016/j.ddmod.2014.04.001.
Yue, L., Xie, J., and Nattel, S. (2011). Molecular determinants of cardiac
fibroblast electrical function and therapeutic implications for atrial
fibrillation. Cardiovasc Res 89, 744–753. doi:10.1093/cvr/cvq329.
Zhang, X.-D., Coulibaly, Z. A., Chen, W. C., Ledford, H. A., Lee, J. H., Sirish,
P., et al. (2018). Coupling of SK channels, L-type Ca2+ channels, and
ryanodine receptors in cardiomyocytes. Scientific Reports 8, 4670.
doi:10.1038/s41598-018-22843-3.
Zhang, Y., Colenso, C. K., El Harchi, A., Cheng, H., Witchel, H. J., Dempsey,
C. E., et al. (2016). Interactions between amiodarone and the hERG
potassium channel pore determined with mutagenesis and in silico
docking. Biochemical Pharmacology 113, 24–35.
doi:10.1016/j.bcp.2016.05.013.
Zhao, J., Hansen, B. J., Wang, Y., Csepe, T. A., Sul, L. V., Tang, A., et al.
(2017). Three-dimensional Integrated Functional, Structural, and
Computational Mapping to Define the Structural “Fingerprints” of HeartSpecific Atrial Fibrillation Drivers in Human Heart Ex Vivo. Journal of the
American Heart Association 6, e005922.
doi:10.1161/JAHA.117.005922.
Zheng, Y., Xia, Y., Carlson, J., Kongstad, O., and Yuan, S. (2016). Atrial
average conduction velocity in patients with and without paroxysmal
atrial fibrillation. Clinical Physiology and Functional Imaging 37, 596–
601. doi:10.1111/cpf.12342.
Zima, A. V., and Blatter, L. A. (2004). Inositol-1,4,5-trisphosphate-dependent
Ca2+ signalling in cat atrial excitation–contraction coupling and
arrhythmias. The Journal of Physiology 555, 607–615.
doi:10.1113/jphysiol.2003.058529.
Zoni-Berisso, M., Lercari, F., Carazza, T., and Domenicucci, S. (2014).
Epidemiology of atrial fibrillation: European perspective. Clin Epidemiol
6, 213–220. doi:10.2147/CLEP.S47385.
Zorn-Pauly, K., Schaffer, P., Pelzmann, B., Lang, P., Machler, H., Rigler, B., et
al. (2004). If in left human atrium: a potential contributor to atrial ectopy.
Cardiovasc.Res. 64, 250–259.

128

Paper II

Paper II

Gating kinetics and
pharmacological properties of
small conductance calciumactivated potassium channel
Ilsbeth G. M. van Herck1,2, Rafel Simó-Vicens3, Bo H. Bentzen3,4,
Vincent Seutin5, Neil V. Marrion6 and Andrew G. Edwards1,7

1

Computational Physiology Department, Simula Research Laboratory,
Lysaker, Norway
2
Department of Informatics, University of Oslo, Norway
3
Acesion Pharma, Copenhagen, Denmark
4
Biomedical Institute, University of Copenhagen, Denmark
5
Neurophysiology unit, GIGA Neurosciences, University of Liège, Belgium
6
School of Physiology, Pharmacology and Neurosceince, University of Bristol,
United Kingdom
7
Department of Physiology, University of California, Davis, CA, USA

Manuscript to be submitted.

129

130

Paper II

Introduction
Calcium-activated potassium (KCa) channels are expressed across many
tissues, but particularly the nervous system, and smooth and cardiac muscle.
In all cases, these channels link fluctuation of intracellular calcium to
membrane potential dynamics (Kohler et al. 1996, Stocker 2004). The KCa
family consists of three members distinguished by their conductance: the large
(BK; >200 pS), intermediate (IK; 50-100 pS) and small conductance (SK; <20
pS) channel families. While all three KCa channels are activated by intracellular
calcium, only BK channels exhibit voltage dependent gating. The BK family is
predominantly expressed in neurons to regulate broad aspects of neural
control from circadian rhythm to vascular tone (Contet et al. 2016, Yu et al.
2016). IK channels occur primarily in blood and epithelial cells to regulate
osmotic balance and proliferation (Ishii et al. 1997, Joiner et al. 1997, Logsdon
et al. 1997, Vandorpe et al. 1998, Hoffman et al. 2003), but is also expressed
in some peripheral neurons (Stocker et al. 1999, Boettger et al. 2002, Arnold et
al. 2003, Pedarzani et al. 2005, King et al. 2015, Sahu et al. 2017).
Conversely, SK channels are found in excitable cells of the central nervous
system and heart, where they regulate complex electrophysiologic dynamics.
The three subunits of SK (SK1/KCa2.1/KCNN1, SK2/KCa2.2/KCNN2 and
SK3/KCa2.3/KCNN3) are differentially expressed across these tissues. All
isoforms are abundant in neurons and regulate excitability by modulating
afterhyperpolarization and refractoriness (Stocker et al. 2004, Brown et al.
2020). Humans express SK2 and SK3 in atrial cardiomyocytes, and this tissuespecificity provides a basis for high functional selectivity of the SK current (ISK)
in the atria of the healthy heart (Skibsbye et al. 2014) – a desirable
characteristic for a therapeutic target. Pharmacological inhibition with the SK
channel blockers NS8593 or ICAGEN has been shown to prolong the atrial
action potential (AP) in human cardiomyocytes, without substantially impacting
the ventricular AP (Skibsbye et al. 2014).
As an atrial selective target, the SK channel has become interesting for its
potential to specifically modulate atrial rhythm without major ventricular
contraindications, thereby constituting an attractive strategy for treatment of
atrial fibrillation (AF). This interest has been enhanced by a recent genome
wide association study and subsequent meta-analysis, suggesting that a
polymorphism in the KCNN3 gene (encoding SK3) is linked to AF (Ellinor et al.
2010, Mohanty et al. 2013). Several drugs have shown promise for AF
treatment, with some having reached clinical trials (e.g. AP30663: Acesion
Pharma Denmark (Diness et al. 2020)). These encouraging developments
notwithstanding, relatively little is known about how the range of SK
antagonists exert their effects on SK channel gating, and how these effects are
likely to interact with the rapid calcium dynamics that regulate channel activity
in vivo.
Activation of SK channels depends solely on intracellular calcium, and involves
complex gating kinetics. The SK monomers have no intrinsic calcium-binding
domain (Adelman 2016), instead calcium interacts with the channel via
calmodulin (CaM) constitutively bound (regardless of the presence of calcium)
to the intracellular C-terminal region (Keen et al. 1999). The activation
sequence begins with calcium-CaM binding, followed by conformational

131

changes within both CaM and its associated SK monomer, leading to a
structural rearrangement of the pore-occluding domain to allow potassium ions
to pass (Lee et al. 2018, Brown et al. 2020). While relatively few single channel
data are available to describe this activation sequence, it has generally been
observed as a kinetic scheme involving three distinguishable closed durations,
and two open durations. Additionally, SK gating exhibits a clear modal property
when data is averaged over longer periods (seconds), whereby channels shift
between high and low open probability but retain the five distinct kinetic
components (Hirschberg et al. 1998). Macroscopically, these effects cause all
SK subunits to display a steep calcium dependence with Hill coefficients ~3-5
(Kohler et al. 1996, Xia et al. 1998). This differs from most other Ca2+-CaM
triggered processes with a low positive cooperativity (Xia et al. 1998, Cui et al.
2014), or calcium binding properties of free CaM (Castle et al. 1989, Cui et al.
2014). This emphasizes the functional impact of the constitutive binding
between CaM and SK. Half activation (EC50) of SK by calcium is reached at a
calcium concentration of ~300-500 nM at room temperature (Kohler et al.
1996, Xia et al. 1998), and because Ca2+-CaM binding is temperaturedependent (Tanokura et al. 1983, Ogawa et al. 1984), it is likely that SK current
activation also exhibits temperature dependence, although this is yet to be
established.
Broadly speaking, SK inhibitors have most often been classified as pore
blockers (direct block of potassium permeation upon binding), or as negative
allosteric modulators (altered channel sensitivity to calcium-dependent
activation). Early allosteric positive modulators (activators), e.g. 1-EBIO or
NS309, alter the calcium sensitivity of SK by binding at the CaM binding
domain (CaMBD) of SK (Zhang et al. 2012, Nam et al. 2017). However, the
known negative modulators of SK do not bind close to the CaMBD. In
particular, high affinity inhibition via the peptide bee toxin apamin has been
shown to result from long range allosteric effects that impact either Ca2+-CaM
binding, or subsequent conformational changes in the activation sequence
(Ishii et al. 1997, Grunnet et al. 2001, Nolting et al. 2007, Lamy et al. 2010,
Weatherall et al. 2011). While these studies have suggested a diversity and
subtlety in the mechanisms of SK pharmacology, very few single channel data
have been collected to directly characterize those mechanisms, either for
apamin or indeed any negative modulator of SK. As such, our core objective
was to quantitatively determine how apamin and AP14145 (a clinical lineage
SK negative modulator developed by Acesion Pharma, ApS) impact single
channel and macroscopic ISK.
We report that the major mechanism of inhibition by apamin and AP14145
results from very long-lived channel closures. Slower intra-burst gating kinetics
and reduced amplitude was observed in the presence of AP14145, but not
apamin. The long channel closures induced by apamin reduce ISK significantly
by reducing Po, while maintaining short periods of high Po. The multitude of
effects induced by AP14145 reduced ISK even further by additionally reducing
Po within a burst and channel amplitude. The pharmacological effects of
apamin and AP14145 on SK gating kinetics emphasize the importance and
power of small differences in inhibitory mechanism, even if the dominating
effect is similar.
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Methods
Macropatch human SK2 and SK3 (hSK2 and hSK3) recordings
All macropatch experiments were performed in stable HEK293 cell lines
expressing hSK2 and hSK3 obtained from NeuroSearch A/S (Ballerup,
Denmark), as described previously (Strobaek et al. (2004)). The cells were
cultured in DMEM (DMEM1965, Thermo Fisher Scientific) supplemented with
100 µg.mL-1 geneticin (Gibco). Prior to experiments, cells were detached with 1
mL of Detachin (Amsbio, Abingdon, UK), washed with calcium and magnesium
free PBS, and plated on 0.5 mm diameter coverslips. To enhance cell
attachment, coverslips were pre-treated with 50 mg.mL-1 poly-L-lysine (SigmaAldrich; overnight at 37°C). The recordings were made in excised inside-out
patches, performed in symmetrical K+. Patch pipettes were pulled using a
horizontal DMZ Universal Puller (Zeitz, Germany) with resistances ~2-3 MΩ.
Currents were recorded using Patchmaster software (HEKA Elektronik) with
200 ms voltage ramps ranging from -80 to +80 mV, elicited every 2 s. Data
were sampled at 10 kHz and filtered with a 10kHz Bessel filter. The
extracellular solution contained 0.1 mM CaCl2, 3 mM MgCl2, 154 mM KCl, 10
mM HEPES and 10 mM glucose (pH 7.4). The intracellular solution contained
8.106 mM CaCl2 (for final free Ca2+ concentration of 400 nM at room
temperature), 1.167 mM MgCl2, 154 mM KCl, 10 mM HEPES, 31.25 mM KOH,
10 mM EGTA and 15 mM KOH (pH 7.2). The osmolarity of the intracellular
solutions was adjusted with sucrose (Sigma-Aldrich) to match the extracellular
solution (~283 mOsm). To assess the calcium activation of the macroscopic
current intracellular (bath) solutions containing increasing free Ca2+
concentrations (0.01-30 µM at 23°C), which was calculated by EqCal software
(Cambridge, UK), as previously described (Strobaek et al. 2006).
Temperature sensitivity of macroscopic SK current
Inside-out patches containing hSK2 and hSK3 channels were exposed to a
range of Ca2+ concentrations (0.01-10 µM) at room (23°C) or physiological
temperature (37°C) to assess the temperature sensitivity of half-maximal Ca2+
activation (EC50). Because EGTA affinity for Ca2+ is temperature-dependent,
and subject to competition resulting from changes in proton and Mg2+ affinity
[ref], it was necessary to apply a correction to the free Ca2+ available to interact
with SK accompanying the temperature shift. The apparent EGTA-Ca2+
equilibrium association constant (K’CaEGTA) increases linearly with temperature
(1-36°C) in a solution containing 1 mM EGTA, 25 mM HEPES, 185 mM KCl
and 0.1-1 mM calcium at pH=7.00 (Harrison et al. 1987). Those relationships
were assessed in the absence of Mg2+, however K’CaEGTA is independent of
magnesium in concentrations ranging from 0-10 mM Mg2+ at both 5°C or 20°C
(Matsuda et al. 1980). The pH of HEPES buffer decreases with increasing
temperature (Sieracki et al. 2008), indirectly affecting K’CaEGTA via proton
competition for EGTA. In our macropatch experiments, the intracellular solution
pH was corrected to 7.2 at 23°C. Upon heating the solution, pH decreased to
7.0 (measured at 37°C), see supplement for further details. Therefore the
correction of free calcium concentration at 37°C involved both correction for pH
temperature dependence, and then the intrinsic dependence of K’CaEGTA on
temperature, pH, and ionic strength (calculated as arithmetic ionic contribution,
see supplement). These dependencies were computed at 23°C and 37°C via
MaxChelator (“CaMgATPEGTA Calculator v1.0“;

133

https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/index.html
). The compound correction factor was [Ca2+]37°C = 2 * [Ca2+]23°C for [Ca2+] < 3
µM, while solutions containing higher [Ca2+] were barely affected due to low
concentration of EGTA. Exact correction factors per solution are presented in
the supplementary material.
Single rat SK2 (rSK2) channel recordings
Recombinant rSK2 (GenBank accession number NM_019314) was transiently
expressed in tsA-201 cells. Cells were maintained in modified essential
medium (DMEM, Invitrogen) supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin (Invitrogen) at 37°C. Cells were transfected using
polyethylenimine (Alfa Aesar, Inc.) with rSK2 and enhanced green fluorescent
protein (Invitrogen) using 1:10 plasmid ratio with maximal plasmid content of 1
µg. Cells expressing green fluorescent protein were used for electrophysiology
48 hours after transfection.
Patch clamp experiments were performed in symmetrical K+ solutions. The
extracellular solution contained 97 mM K aspartate, 30 mM KCl, 10 mM acid
free HEPES, 10 mM EGTA, 1.44 mM MgCl2 to a final magnesium
concentration of 1mM and 6.19 mM CaCl2 to a final calcium concentration of
60 nM free Ca2+. Solution was adjusted with KOH to pH = 7.4 and osmolarity
between 280-300 mOsm. The intracellular solution differed from extracellular in
Mg2+ and Ca2+ concentrations: 1.04 MgCl2 and 9.64 CaCl2 for a free [Ca2+] = 1
µM. All chemicals were obtained from Sigma-Aldrich.
For pharmacological experiments two different SK channel inhibitors were
added to the extracellular (pipette) solution to a final concentration of 100 nM
Apamin (Sigma Aldrich, UK) or 10 µM AP14145 (Acesion Pharma Denmark)
(Simo-Vicens et al. 2017). Apamin and AP14145 solutions were prepared on
the day of experiments from a frozen stock of 100 µM in water and 10 mM in
dimethyl sulfoxide (DMSO) respectively.
All recordings were performed on inside-out patches using thick walled quartz
electrodes (resistance of 10-40GΩ) pulled with a Sutter P-2000 pipette puller.
In cell attached mode these pipettes resulted in seal resistances of 10-40 GΩ.
Currents were recorded with an Axopatch 200A/B (MDS Analytical
Technologies). Patches were voltage clamped with data acquisition at 10 kHz
using Pulse (HEKA Elektronik) and 1 kHz (eight-pole Bessel; Frequency
Devices, Inc.) filtering. Experiments were performed at room temperature (2025°C). A holding potential of -50 mV was used to obtain the data showed in
this paper.
Data analysis and statistics
Macropatch analyses:
Data extracted from PatchMaster, was analyzed using Prism Graphpad. The
last 10 datapoints (covering 1 ms) obtained after the application of a new
solution, represent the steady state and were averaged to a single result.
To determine the EC50 of calcium activating the SK current, patches were
exposed to intracellular calcium concentrations of 0.01-10 µM and normalized
to the lowest (no channel activity) and highest (maximum channel activity)
calcium concentration. The normalized ISK recordings at both temperatures
were separately fitted to the Hill equation between 0.01 µM and 10 µM [Ca2+]
(at reference 23°C):
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where X is log10([Ca ]) and Y is the normalized current. The final EC50
values and Hill coefficients are represented as means ± SEM.
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The effect of temperature on maximum SK current at 10 µM [Ca2+] was
calculated as:
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Single channel analyses:
Single channel transitions were analyzed with TAC (Bruxton), based on the
50% threshold technique and visual inspection. Single channel amplitudes
were derived from events >1 ms to account for the rise time of the Bessel filter.
Durations were visualized as logarithmically binned histograms (18 bins per
order of magnitude in time), whereas amplitude histograms were linearly
binned (10 bins per 0.1 pA) using TACFit. The histograms were fitted with
separate probability density functions (pdfs) for amplitude (Gaussian), open
duration and closed duration (exponential), using the maximum likelihood
method. The duration pdf for a distribution consisting of N exponentials is:
!

! ! =
!!!

!! !!
!
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!!

where τi is the duration and ai is the weight of the i-th term.
After log transformation:

!

! ! =
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where ! = ln (!), !! ! = !"# ! − exp(!) and ai is the weight of a given
term. Parameters ai and τi were varied by Powell’s method in the maximum
likelihood fitting.
For amplitude pdfs, the distribution consisting of a sum of n Gaussians is:
!
!!
(! − !! )!
! ! =
!"# −
2!!!
!! 2!
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where f(x) is the total probability density of amplitude x, which can be
described by fitted components (i = 1,2… n). Ai is the i-th amplitude, !! is the
standard deviation of the i-th amplitude, and ai is the fraction of events
exhibiting the i-th amplitude. The parameters ai, Ai and !! were again varied by
Powell’s method in the maximum likelihood fitting.
Single channel patches were included for analysis of all functional measures:
amplitude, and both open and closed durations. It is common for patches
containing multiple channels to be excluded from closed-duration analyses
because it is not possible to identify which of the identical channels is active.
However, individual channel openings separated by short closures most likely
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result from bursting behavior of a single channel (Magleby et al. 1983). Thus,
we assumed that intra-burst kinetics represent the behavior of only one
channel even in patches containing two channels (Colquhoun et al. 1985, Sine
et al. 1986). In this way we were able to analyze the gating kinetics within (from
both single- and multi-channel patches) and between bursts (single-channel
patches only). Bursts with simultaneous multi-channel openings were not
analyzed. Fitting of amplitude and duration histograms is described in more
detail in the supplement. Single channel experiments shorter than 10s were
excluded for analysis of drug effects, because the longest closed duration
(>10s for apamin and AP14145) would not be observable during the
experiment.
To assign each closed event to an intra- or inter-burst period, a burst delimiter
was determined for each experimental group. Applying a separate burst
delimiter for each group was deemed necessary due to unknown single
channel effects of the inhibitors and to allow variation in durations within a
burst and in between bursts. All events from single channel experiments >10s
were cumulatively fitted with a single probability density function consisting of
three (control) or four (apamin and AP14145) closed duration components,
with the number of components based on the separate histogram fits. The
duration separating intra- from inter-burst durations was then chosen to
equalize the proportion of intervals classified incorrectly as either intra- or interburst (Colquhoun et al. 1985). This delimiter was determined from the equality:
!
! !

!
! !

1− !
= ! !!,! ,
which can be solved for td (the delimiter time), and where τc,l is the long
closed duration and τc,i is the intermediate closed duration (Colquhoun et al.
1985). Once this delimiting value was calculated for each experimental group,
the intra-burst and inter-burst data for each patch were then separately
subjected to maximum likelihood fitting. The intra-burst closed events were
fitted for two closed durations, and the inter-burst data were fitted for either one
or two components (depending on whether or not drug was present). To better
visualize the influence of rare gating events with very long closed times, diary
plots were constructed from the tables of tracked events and show the channel
behavior over the length of the experiment. Bin-width for these plots was
chosen to be 0.1 s, which is between the experimentally determined τc,i and τc,l
for all groups.
!!,!

Statistical inference:
All summary results are presented as means ± SEM. Data for each amplitude
level, open and closed duration were separately subjected to a 1-factor
ANOVA. The Bonferroni test was used for all parametric post hoc
comparisons. Proportions in Po histograms, and fractional occurrences for the
two amplitude levels and each kinetic component, were separately examined
by the Chi-square test. In all cases, the threshold for type 1 error was set at ⍺
= 0.05.
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Results
AP14145 reduces the amplitude of single SK2 channel openings
The amplitude of single SK2 channel openings is indicative of single channel
conductance. Our recordings of rSK2 channels indicate 2 distinct amplitude
components (Figure 1A), as reported previously (Seutin et al. 2005). At -50
mV, the low and high amplitude openings in control patches averaged 0.530 ±
0.038 pA (n=9) and 0.738 ± 0.032 pA (n=13), respectively. Both open durations
associated with each of these amplitude levels were not different (Supplement
Figure 1), indicating no difference in kinetic behavior, as suggested by our prior
work (Seutin et al. 2005). We observed novel differentiating actions of apamin
and AP14145 on these two components. Neither the magnitudes nor the
occurrence (fraction of patches exhibiting each amplitude, Figure 1B) of these
two amplitude classes was affected by apamin (0.55 ± 0.04 pA and 0.81 ± 0.04
pA; p>0.05 vs. control, Figure 1C), whereas AP14145 reduced the average
magnitude of the lower amplitude class (0.38 ± 0.03 pA; n=9; p<0.05 vs.
control) but left the higher amplitude class unaffected (0.62 ± 0.07 pA, p>0.05
vs. control). Additionally, AP14145 reduced the prevalence of the high
amplitude component, which appeared in only 3 of 9 AP14145-treated patches,
compared to 13/13 controls (Figure 1B, p<0. 001). Together these data
suggest that AP14145 acts to reduce whole-cell ISK at least in part by reducing
the amplitude of single channel openings, and preventing the larger amplitude
openings observed in untreated channels.

Figure 1: All groups showed a presence of 2 amplitudes, but AP14145 had a
significant reduction of the high amplitude occurrence (p<0.001). Additionally to this
change in occurrence, AP14145 reduced the low amplitude (p<0.05). Amplitude
occurrences and durations were unaffected by apamin.

SK2 open durations are largely unaffected by apamin and AP14145
The open duration histograms were fitted with a 2-component probability
density function (Figure 2A). In the absence of both inhibitors, the short (τo,s)
and long (τo,l) open durations were 3.7 ± 1.0 ms (n=13 patches) and 38.8 ±
12.7 ms (n=11 patches), respectively. These two components were also
equally weighted (55 ± 8 % in τo,s) in untreated patches. It is noteworthy that
the open durations presented here are ~3-4 fold longer than the durations at
[Ca2+] = 1 µM presented by Hirschberg et al. (Hirschberg et al. 1998).
However, a systematic overestimation in event tracking or data analysis of
open durations (for example due to inappropriate accounting for filter cutoff) is
unlikely since this effect did not occur to the same extent in closed durations.
Neither Apamin nor AP14145 impacted the measured mean open times (τo,s =
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2.9 ± 0.9 ms, and τo,l = 14.8 ± 2.9 ms, p > 0.05 for apamin; τo,l = 4.4 ± 0.7 ms,
and τo,l = 35.5 ± 11.6 ms, for AP14145, Figure 2C and D). Further, in patches
where both the short and long duration openings were present, neither apamin
nor AP14145 altered the relative weighting of the components, with 57 ± 10 %
in τo,s for apamin and 41 ± 14 % in τo,s for AP14145. However, the number of
patches exhibiting short duration openings was significantly reduced in the
presence of AP14145 (6/9 patches) vs. control, (13/13 patches), p=0.025
(Figure 2B). Conversely, the number of patches exhibiting the long open
duration was unaffected by AP14145, as were both components for apamintreated patches (Figure 2B). The overall outcome of these kinetic changes
suggest that AP14145-treated rSK2 channels exhibit a higher proportion of
long openings compared with both control and apamin, although this effect is
relatively subtle.

Figure 2: The open duration histogram was best fitted with 2 components (A,
representative histogram). (B) Only AP14145 reduced the occurrence of the short
open duration (p=0.025). (C, D) The magnitudes of both the short and long open
durations were unaffected by either apamin or AP14145.

Both apamin and AP14145 induce very long channel closures (τc,b)
In the absence of inhibitor, rSK2 exhibits a modal gating property where
channels transition between relatively long-lived periods of high and low Po
(Hirschberg et al. 1998). Each mode is characterized by distinct single channel
kinetics, and the fraction of time spent gating in each mode is dependent on
cytosolic [Ca2+] (Hirschberg et al. 1998). In our experiments conducted at a
single cytosolic [Ca2+], this property can be visualized as non-uniformity in
diary plots of time-varying Po (Figure 3A). Presenting these trajectories as Po
frequency histograms (0.1s binning duration) shows a bimodal distribution
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dominated by periods at low (< 0.1) and high Po (> 0.8), with few intervals
between 0.4 and 0.8 (Figure 3B). A pronounced effect of both apamin and
AP14145 is to skew these distributions toward very low Po (Figures 3B, D, and
F). These effects are also readily observable in trajectories for single channels
presented in Figures 3A, C, and E, where periods of low Po on the seconds-tominute timescale alternate with brief periods of high activity (e.g. Figure 3C).
Segments of 500 ms around a long channel closure were analyzed to assess
Po-mode specificity of drug-induced long channel closures. Segments around
apamin-induced closures showed no preference for low or high Po-mode (26%
of segments Po<0.1 and 26% of segments Po>0.8). Mid-Po segments most
likely cover both Po-modes during the 500 ms segment, without indication of
Po-mode close to the drug-induced event. In contrast to apamin, low Po
segments were observed more frequently surrounding AP14145-induced long
closures (74% of segments Po<0.1 and 0% of segments Po>0.8) indicating low
Po-mode is preferred for the induction of AP14145-induced long channel
closures. The mid-Po range segments do not exclude the high Po-mode from
being affected in presence of AP14145. The increased prevalence of long
channel closures was quantified by the fraction of bins with Po < 0.05. Apamin
increased this fraction from 43 ± 21 % (n=3; control) to 91 ± 4 % (n=3; p<
0.001 versus control; Figure 3D). Similarly, the presence of AP14145 resulted
in 89 ± 5 % (n=3; p<0.001 versus control; Figure 3F) of bins exhibiting Po <
0.05.
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Figure 3: Representative raw traces and diary plots for control (A), apamin (C) and
AP14145 (E). Average values for Po are: 0.37 ± 0.27 for control, 0.13 ± 0.09 for
apamin and 0.032 ± 0.01 for AP14145. However, cumulative Po values are unbiased
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towards experiment duration for control (0.157), apamin (0.087) and AP14145 (0.015).
The frequency histograms for Po show a shift towards lower time-varying Po from (B)
control (43 ± 21 %, n=3) to (D) apamin (91 ± 4 %, n=3, p<0.001) and (F) AP14145 (89
± 5 %, n=3, p<0.001).

Because the dominant effect of both SK inhibitors appeared to be the induction
of these very long but infrequent periods of channel inactivity, not observed in
control, we surmised that the drug-induced alterations in gating could be best
assessed by burst analyses. Thus, we separated the data into periods for
which the channel remained active (intra-burst), and the periods of very low
activity separating the bursts (inter-burst). To distinguish these periods
systematically we determined a threshold (the burst delimiter) for each
experimental condition (control, apamin, AP14145) as described in the
methods. The burst delimiter for closed durations is the maximum time a
channel can be closed within a burst (Magleby et al. 1983). If the channel
remained closed for a longer period, it was considered the end of the burst and
the event was assigned to an inter-burst period. The delimiters calculated for
control, apamin, and AP14145 were 39 ms, 15 ms, and 72 ms, respectively.
Segregating the data in this way allowed us to analyze the gating kinetics of
each period separately. As expected, most events occurred during burst
periods, whereas the low activity (inter-burst) periods yielded a smaller number
of events, the majority of which were of much longer duration.
Decomposing the kinetics during bursts and inter-burst periods further supports
that the drug-induced shifts observed in the diary plots most likely result from a
class of very long closed events. These events only appear in the presence of
AP14145 and apamin and can be seen by focusing first on the inter-burst
periods. It was only possible to fit 1 closed duration to inter-burst events under
control conditions – we term this the long closed duration for consistency with
prior observations of rSK2 kinetics (τc,l, Figure 4A). Conversely, all patches
treated with apamin and AP14145, required a second inter-burst component to
fit a class of very long-lived closed events (Figure 4B). Because only singlechannel patches could be used for inter-burst analyses, and the number of
such patches was quite small (n = 3 for all groups), our power for conducting
formal statistical inference is relatively modest. Still, applying Chi-square tests
suggests that both apamin and AP14145 induced a separate class of closed
events (3/3 channels, both p=0.014 vs. control 0/3 channels, Figure 4D). This
very long kinetic component reflected mean closed times of 16.0 ± 11.6 s (n=3,
apamin) and 10.0 ± 7.7 s (n=3, AP14145), and we refer to it as the blocked
closed duration (τc,b). The other inter-burst closed duration, τc,l, was present in
both apamin and AP14145 recordings, but was not different to control (both
p>0.05). Interestingly, these analyses also highlight a difference in the effects
of apamin and AP14145 on the intra-burst closed duration kinetics (Figures 4A
and 4E). Specifically, while apamin had little impact on the closed duration
distribution within bursts (p>0.05 vs. control; Table 1), AP14145 prolonged
intra-burst closures compared to control (p<0.05, τc,s; p<0.01, τc,I; Table 1), and
apamin (p<0.001, τc,s; p<0.001, τc,i). The closed durations presented here vary
slightly from results at [Ca2+] = 1µM presented by Hirschberg et al (Hirschberg
et al. 1998), but are all within the 3-fold difference that can be distinguished
from probability density functions (McManus et al. 1987). The increased closed
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durations induced by AP14145 may explain the increased burst duration and
reduced channel activity within a burst (Figure 4E), and together may indicate
an important difference in the mechanism of inhibition between AP14145 and
apamin. Regardless, it is likely that the main mechanism of action for both
drugs involves induction of the very-long periods of inactivity characterized by
τc,b.

Figure 4: (A) Representative intra-burst closed duration histograms exhibit 2
components (𝜏c,s and 𝜏c,i) for all groups. (B) In contrast, the inter-burst histograms
exhibit a single component for control (𝜏c,l), but an additional very long component in
the presence of apamin or AP14145. We designate this additional component the
blocked duration (𝜏c,b). (C) Summary data show that both intra-burst durations
occurred in all groups. (E) Both of these intra-burst durations were prolonged by
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AP14145, but unchanged by apamin. (D, F) The long closed duration, 𝜏c,l, was
unaffected by apamin and AP14145 (D, F), but the very long blocked duration, 𝜏c,b,
only appeared with apamin or AP14145 treatment (D, F).

Table 1: Intra- and inter-burst closed durations

Control
Apamin
AP14145

𝛕c,s (ms)
1.765±0.2125
(n=13)
0.8109±0.1193
(n=9)
3.367±0.7544
(n=9)

𝛕c,I (ms)
13.69±1.295
(n=13)
8.996±1.128
(n=9)
23.70±3.411
(n=9)

𝛕c,l (ms)
118.4±25.08
(n=2)
295.4±190.8
(n=2)
161.8±43.72
(n=3)

𝛕c,b (ms)
15952±11583
(n=3)
10024±7655
(n=3)

Ca2+ dependent activation of hSK2 and hSK3 is sensitive to cumulative
change in temperature and pH
The single channel dynamics described above reflect the fundamental
mechanisms of rSK2 gating, and how those mechanisms are modulated via
one purely experimental inhibitor (apamin) and one clinical lineage inhibitor
(AP14145). However, because it is very difficult to perform such recordings at
physiological temperature, those measurements were obtained at room
temperature, where the Ca2+ dependence of single rSK2 gating has also been
comprehensively described (Hirschberg et al. 1998). To understand the
eventual physiological outcomes of these pharmacological actions, it is key to
provide some framework for mapping the room temperature channel and drugbinding dynamics to in vivo conditions. To this end, we measured the Ca2+
sensitivity of ensemble SK channel currents in the excised macropatch
configuration (Figure 5A). At room temperature, EC50 was achieved at 0.38 ±
0.02 µM (n=8) and 0.53 ± 0.07 µM (n=10) for hSK2 and hSK3, respectively
(Table 2 and Figure 5). Corresponding Hill coefficients of 3.2 ± 0.1 (hSK2) and
5.3 ± 0.8 (hSK3), indicate positive cooperativity for Ca2+-dependent gating, as
is generally observed (Xia et al. 1998). Increasing the temperature to 37°C was
accompanied by change in pH to 7.0 and caused a rightward shift for hSK2
(EC50 = 0.55 ± 0.02 µM [n=8]; p < 0.0001), but did not affect hSK3 Ca2+activation sensitivity (EC50 = 0.45 ± 0.03 µM [n=8]; p > 0.05). The
corresponding Hill coefficient of hSK2 was unaffected (3.1 ± 0.09; p > 0.05),
but reduced for hSK3 (3.2 ± 0.2; p = 0.024) with increasing temperature and
reduced pH. The EC50 and Hill coefficient changes observed in our macropatch
experiments show the cumulative effect of increasing temperature and
decreasing pH. The temperature and pH effect on calcium sensitivity and
cooperativity was accompanied by a slight change in maximal current at [Ca2+]
= 10 µM. Due to the lower EGTA concentration at high [Ca2+], there was a
minimal effect on free [Ca2+]. SK channel macropatches showed an increase in
current from 23°C and pH = 7.2 to 37°C and pH = 7.0, resulting in Q10 = 1.13
for hSK2 and Q10 = 1.24 for hSK3.
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Figure 5: Ca2+-dependent activation of hSK channels is temperature dependent. (A)
Representative recordings of macroscopic ISK in response to voltage ramps from -80
to + 80 mV, and at 3 intracellular (bath) [Ca2+]. (B) Macroscopic Ca2+-activation curves
for hSK2 and hSK3 at 23°C with pH = 7.2 and 37°C with pH = 7.0, showing leftward
shifts for both isoforms as a result of increasing temperature. Intracellular [Ca2+] has
been corrected for temperature dependent changes in EGTA Ca2+ affinity.

Table 2: Cumulative effect of temperature and pH on SK channel activation

hSK2
hSK3

EC50
Hill
EC50
Hill

23°C, pH = 7.2
0.38±0.02 µM
3.2±0.1
0.53±0.07 µM
5.3±0.8

37°C; pH = 7.0
0.55±0.02 µM
3.1±0.09
0.45±0.03 µM
3.2±0.2

t-test
p<0.0001
ns
ns
p=0.024

Discussion
We have examined the impact of two SK channel inhibitors (apamin and
AP14145) on the dynamic properties of SK2 gating in single channels. Both
compounds are well known to selectively and potently block SK2 channels,
and both are thought to exert their inhibition as modulators of channel gating
rather than by directly blocking the ion permeation path (Lamy et al. 2010,
Weatherall et al. 2011, Simo-Vicens et al. 2017). However, the molecular
bases for these effects are very likely to be distinct. Apamin is the prototypical
peptide antagonist of SK2 first isolated from western honey bee venom
(Habermann et al. 1965), whereas AP14145 is a clinical lineage small
molecule developed by Acesion Pharma in pursuit of new and selective
treatments for atrial fibrillation (Diness et al. 2017, Simo-Vicens et al. 2017).
Available structural data suggest that their inhibitory actions occur via distinct
allosteric mechanisms (Lamy et al. 2010, Weatherall et al. 2011, Diness et al.
2017, Simo-Vicens et al. 2017). For these reasons we sought to determine if
such differences manifest at the level of single SK2 channel dynamics, and
may therefore provide a basis for predicting in vivo cardiac pharmacodynamic
responses.
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The major mechanism of apamin and AP14145 block is induction of very
long-lived channel closures
At the single channel level, both inhibitors exert their major influence on SK
function by introducing a new very long closed duration, which was never
observed under control conditions. This drug-bound (blocked) closed duration
separates bursts of channel activity with periods of apparent quiescence that
last from several seconds to several tens of seconds. The resulting reduction in
overall channel activity would be expected to reduce the macroscopic SK
current by up to 98% under conditions approaching saturating Ca2+ activation.
It should be noted that this major finding is somewhat complicated by the
modal behavior intrinsic to normal SK channel gating (in the absence of
inhibitor), where shifts from high to low activity are accompanied by a change
in the long closed duration of approximately an order of magnitude (30 to 300
ms, at 1 µM Ca2+) (Hirschberg et al. 1998). However, we contend, for two
reasons, that the very long closures observed in the presence of either apamin
or AP14145 are unambiguously different to this modal behavior, and do not
simply reflect an effect of the drugs to promote the low activity regime. First,
the blocked closed durations range from one to three orders of magnitude
longer than the longest closed duration observed under control conditions
herein, and in low activity mode previously (Hirschberg et al. 1998). Second,
diary plots (Figure 3) suggest that, while our relatively high (1 µM) Ca2+
conditions do shift gating dynamics towards the high-activity regime, both Pomodes are still present. Therefore it is likely that this mechanism of inhibition is
independent of modal gating shifts, and both Po-modes occur in presence of
the inhibitors. Apamin can induce long channel closures during both low and
high activity periods, whereas AP14145-induced long channel closures are
surrounded by low Po-segments. AP14145 showed multiple effects on channel
activity not included in this analysis. Therefore more detailed assessment is
required to determine if AP14145-induced long closures are preferred or only
able to occur in low Po-mode.
The similarity between apamin and AP14145 in this major mechanism of
inhibition is surprising given prior reports indicating that their primary
association domains are distant and on opposite sides of the membrane (Ishii
et al. 1997, Grunnet et al. 2001, Nolting et al. 2007, Lamy et al. 2010,
Weatherall et al. 2011, Simo-Vicens et al. 2017). Apamin, in part due to its
extracellular blocking mechanism (Weatherall et al. 2011), was initially
assumed to be a pore-blocker. However, site-directed mutagenesis, homology
modeling, and polypharmacology studies (Nolting et al. 2007, Lamy et al. 2010,
Weatherall et al. 2011) have indicated that it instead binds to a region in the
outer pore, which given its small size (18 amino-acids), leaves it geometrically
incapable of directly obstructing the permeation path. In contrast, the structural
basis for AP14145 inhibition appears far removed from apamin. Displacement
experiments have shown that NS8593 (a structural analog of AP14145) does
not share an interaction site with apamin, but rather binds on the intracellular
side of the SK channel (Sorensen et al. 2008, Jenkins et al. 2011).
Furthermore, both AP14145 (Simo-Vicens et al. 2017) and its structurally
similar precursor (NS8593) (Strobaek et al. 2006, Sorensen et al. 2008) reduce
SK channel calcium sensitivity and inhibit the channel via an allosteric
mechanism. This effect represents negative modulation, and is liable to being
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reversed through competition from the positive modulator (calcium sensitizer)
NS309 (Simo-Vicens et al. 2017). These functional measures suggest that
AP14145 inhibits SK by altering calcium-dependent activation, but structural
manipulations suggest that multiple mechanisms may be important.
In summary, our observation that AP14145 and apamin elicit a similarly longlived impermeable state of the SK2 channel suggests an unexpected
commonality in the major mechanism of inhibition for these two compounds. All
available data indicate that the structural bases for these two effects are
distinct, which in turn suggests that some common downstream allosteric
outcome may be responsible for the inhibition resulting from these two very
different classes of SK antagonist. Whatever the molecular events are that
underlie those outcomes, it appears that they are the only significant
mechanism for inhibition by apamin, whereas both this and prior studies
suggest that AP14145 may exhibit multiple mechanisms of block. Certainly, the
very long closures induced by AP14145 were the most powerful form of
inhibition we observed, but this was not the only important mechanism in the
complex changes to SK gating we have observed for AP14145.
AP14145 slows intra-burst gating kinetics
In addition to inducing very long duration closed events separating bursts,
AP14145 impacted gating kinetics within bursts. The duration of channel
openings were not affected by AP14145, but the occurrence of the shortest
opening events was significantly reduced, thus shifting the balance toward
longer open durations. This subtle effect would be expected to result in a
modest increase in SK channel activity in vivo, but is greatly overshadowed by
the cumulative effect of AP14145’s other actions, all of which reduce
macroscopic SK current. The closed durations within a burst (short and
intermediate time constants) were prolonged by AP14145 but remained
unchanged in the presence of apamin. Together, these longer intra-burst
closed durations and the greater prevalence of long open durations, result in
slower overall intra-burst gating in the presence of AP14145.
In comparison to the major effect of introducing the long “blocked” closed
duration, we initially expected that these intra-burst effects would make an
additional but relatively minor contribution to AP14145 inhibition. However a
simple analysis of overall Po suggests otherwise. Even though the AP14145induced closed duration was shorter than that for apamin (~10 s versus ~16 s),
the cumulative Po over all single channel experiments was reduced further by
AP14145 (to 0.015) than by apamin (0.087). Properly dissecting the
contribution of the various dynamic gating mechanisms to in vivo drug activity
requires much more complex analyses, but this simple first assessment
suggests that the additional AP14145 dynamics may not be functionally trivial.
To unravel the molecular mechanism of AP14145 inhibition, we again refer to
the structural and functional analog NS8593. Strobaek et al (Strobaek et al.
2006) assessed the effect of NS8593 on SK3 channels with a two-step
protocol applied to inside-out patches: 1) increasing calcium concentration
from low ([Ca2+] = 0.01 µM) to high ([Ca2+] = 3 µM) in the presence of NS8593;
2) increasing the calcium concentration from low to high, followed by the

146

Paper II

addition of NS8593. In those studies the equilibrium current at high calcium
and with NS8593 present was similar in both situations, but the trajectory
approaching that equilibrium was markedly different. The slow biphasic
increase in situation 1 indicates that NS8593 makes it difficult to transition to
the open conformation by stabilizing the closed conformation. This matches
with the single channel data of longer closed durations within a burst and
longer closures separating bursts. The stabilization of the closed SK channel
conformation results in slower gating kinetics and a reduction of overall SK
current.
Two amplitudes of SK were only affected by AP14145
In preliminary work as well as herein, we showed that a single SK channel can
open into two different amplitudes classes (Seutin et al. 2005). We have
observed both classes in this dataset with equal distribution. While we have not
conducted formal current-voltage relationships to assess the conductance of
each class, those calculated from the average amplitudes were 10.6 pS and
14.8 pS. Due to the small conductance of the SK channel and the small
difference between the low and high conductance, it is not surprising that the
difference in amplitudes has not been reported yet. The SK channel is
commonly functionally identified by a unitary conductance < 20 pS, with most
observations in the range 4-14 pS in symmetrical potassium. Both amplitude
classes displayed identical open duration kinetics. Therefore the amplitude was
not correlated with kinetic behavior of the SK channel. Due to the similarity in
open state kinetics and direct transitions between amplitude classes (Seutin et
al. 2005), the low amplitude openings can be interpreted as a sub-state of the
high amplitude openings.
In the presence of apamin, the amplitude occurrence and absolute values were
unaffected. Apamin had no effect on SK channel amplitude at -50 mV and
[Ca2+] = 1 µM. In contrast, AP14145 decreased the occurrence of the high
amplitude and the absolute value of the low amplitude events. This adds
another component to the already multifactorial effect of AP14145. Two
residues (S508 and A533 for rSK3; S507 and A532 for hSK3) in the inner pore
of SK3 confer sensitivity to NS8593 as well as AP14145 (Jenkins et al. 2011,
Simo-Vicens et al. 2017). Mutating corresponding residues in the NS8593insensitive IK channel pore (to match the NS8593-sensitive SK3 channel)
transfers both the interaction site and potent inhibition observed for SK3, but
confers a form of inhibition that is much less calcium- and NS309-sensitive
(Jenkins et al. 2011). Thus, suggesting that these residues permit a form of
inhibition that resembles pore-block, rather than negative modulation (Jenkins
et al. 2011). A partial pore-block mechanism is also supported by the
mechanism of IK block via TRAM-34. The sensitivity of IK channels to TRAM34 is mediated by the same amino acid positions in the pore region of the SK
channel for NS8593 and AP14145 binding (Wulff et al. 2001, Jenkins et al.
2011, Nguyen et al. 2017, Brown et al. 2020). However, while TRAM-34
completely obstructs the IK permeation pathway, NS8593 does not (Jenkins et
al. 2011, Nguyen et al. 2017, Brown et al. 2020). Together, the similarity in
binding site and mechanism of TRAM-34 makes it reasonable to expect that
NS8593 (and perhaps AP14145) partially obstruct the SK channel pore,
although this clearly requires further interrogation. With respect to AP14145,
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we have at least observed a reduced frequency of high amplitude SK openings
as well as reduced amplitude in the low amplitude class. This would be
expected to contribute a component of block that is calcium independent, and
additional to the modulatory effects observed as changes to gating kinetics that
are known to be calcium dependent.
SK channel calcium sensitivity at physiological temperature
Single SK currents are only readily measurable at or near room temperature.
Therefore temperature sensitivity of the macroscopic SK current provides a
basis for extrapolating gating dynamics to in vivo conditions. We measured the
effect of increasing macropatch temperature on maximum ISK and the calciumsensitivity of current activation. Due to the temperature-dependence of pH in
our HEPES-buffered solutions, our data describe the simultaneous effect of
increasing temperature (23°C - 37°C) and decreasing pH (7.2 - 7.0) on free
[Ca2+] and SK calcium-dependence. To determine the effect of temperature on
SK channel calcium sensitivity, ideally the only difference between the datasets
is temperature. The isolated effect of intracellular pH on SK current is still
unknown, but extracellular acidosis inhibited the SK current by reducing
amplitude without affecting gating kinetics or macroscopic calcium activation
(Goodchild et al. 2009). HEPES present in the extracellular solution is most
likely affected similarly by temperature increase as the intracellular solution,
reducing pH with increasing temperature. Even though we cannot quantify this
effect, it should be considered that SK current at 37°C is underestimated due
to changes in pH. Goodchild et al. (Goodchild et al. 2009) observed a 4-fold
difference of the effect of extracellular acidosis on rSK2 and hSK3, potentially
explaining the differences observed here between hSK2 and hSK3. The
calcium activation curves at different temperatures and pH contain important
knowledge, but do not allow the extraction of isolated temperature effects on
SK current. Detailed experiments in a well-controlled experimental environment
are needed to assess the isolated effect of temperature on SK current.
Conclusions
We used a combination of single channel and macropatch data to elucidate
pharmacological effects on complex gating kinetics of the SK channel. We
confirmed findings of 2 open and 3 closed durations at a constant calcium
concentration of 1 µM, presented previously by Hirschberg et al. (Hirschberg et
al. 1998). Additionally, two amplitudes with identical gating kinetics were
observed in these recordings, as we have previously reported in preliminary
studies (Seutin et al. 2005). The pharmacological focus has been on the effect
of 2 different inhibitors, apamin and AP14145. Single channel data showed that
apamin and AP14145 share their major inhibitory mechanism. Both
compounds inhibit SK current by inducing long channel closures >10s, while
maintaining characteristic modal gating. This induction of long separations of
bursts was the only observed effect of apamin on SK channel gating. In
contrast to apamin, AP14145 affects multiple components of the SK channel.
AP14145 induced long closures, reduced the amplitude of SK channel
openings and prolonged intra-burst closed durations. Any of these three effects
would result in a reduced SK current, but the combination illuminates the
complexity of the inhibition mechanism.
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The detailed knowledge about SK channel gating and pharmacology at this
detailed level enables the development of complex biophysical models of the
SK channel. Computational models and simulations can then be used to
further elucidate the involvement of SK channel in cardiac electrophysiology
and potential as a promising target for AF treatment.
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Supplement
Methods
Temperature sensitivity of macroscopic SK current
The free calcium concentration in intracellular solutions was previously
established for solutions at 23°C, but corrected for temperature sensitive
changes at 37°C using Maxchelator (“CaMgATPEGTA Calculator v1.0“;
https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/index.html
). The input parameters in supplement Table 1 were used to determine the
ratio of free calcium at 23°C and 37°C. Ionic contributions for each solution
were calculated as
1
!! =
!! !!
2
!

where Ie is the ionic contribution, Ci the concentration of ion i and Zi the
valence of ion i.
Supplement Table 1: In- and output of parameters and free calcium concentration as
calculated with Maxchelator.
Target
2+
[Ca ]

Total
2+
[Ca ]

Total
2+
[Mg ]

[EGTA
]

Ionic

T

mM

mM

mM

mM

mN

C

pH

Free
2+
[Ca ]

T

M

C

pH

Free
2+
[Ca ]

Ratio
2+
[Ca ]37/
2+
[Ca ]23

M

0.01

0.965

1.785

10

160.5

23

7.20

1.92E-08

37

7.00

3.87E-08

2.015

0.03

2.430

1.660

10

163.2

23

7.20

5.78E-08

37

7.00

1.17E-07

2.014

0.1

5.170

1.420

10

168.4

23

7.20

1.97E-07

37

7.01

3.91E-07

1.983

0.2

6.815

1.275

10

171.4

23

7.20

3.93E-07

37

7.00

7.92E-07

2.017

0.3

7.625

1.205

10

172.9

23

7.20

5.89E-07

37

7.03

1.10E-06

1.868

0.4

8.106

1.167

10

173.8

23

7.20

7.84E-07

37

7.03

1.50E-06

1.912

0.5

8.425

1.139

10

174.4

23

7.20

9.79E-07

37

7.03

1.90E-06

1.941

3

1.085

5.540

1

167.9

23

7.20

8.76E-05

37

7.00

9.01E-05

1.029

10

1.370

5.410

1

168.7

23

7.20

3.71E-04

37

7.01

3.71E-04

1.002

The ratio of 2 that was applied to free calcium concentration in solutions at
23°C, results in increase in free calcium at 37°C to concentrations in
supplement Table 2.
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Supplement Table 2: Free calcium concentrations at 23°C and after applied
correction at 37°C.

Free [Ca2+]
Free [Ca2+]
23°C
37°C
mM
mM
0.010
0.0202
0.030
0.0604
0.100
0.1983
0.200
0.4035
0.300
0.560
0.400
0.765
0.500
0.971
3.000
3.086
10.00
10.019

Data analysis and statistics
Single channel analysis
The number of components (exponentials for durations and Gaussians for
amplitude) was determined by the maximum likelihood fit and visual inspection.
Gaussian distributions were required to exhibit equal variances, and a
minimum 3-fold separation of the exponential components was applied as an a
priori constraint (McManus et al. 1987). All components were assigned to a
respective amplitude or duration class (Ai , τi) with i as the number of
components for amplitude, open and closed duration. If not all components
were present in an amplitude or duration histogram, the components of that
histogram were assigned to the class (component) with the closest mean value
from the patches that did include all components. The existence of each
component in a patch is summarized as the occurrence of that particular
component, indicating the prevalence in each experimental group. For
amplitude and open duration, these procedures resulted in the pdfs used for
further analysis and model parameterization. Closed duration histogram
analysis consisted of an additional step.
Closed durations of multiple channel patches can be used if they are within a
burst, but not when they occur between bursts. Therefore closed duration
histograms of single and multiple channel patches were split into intra- and
inter-burst events. The split between intra- and inter-burst durations is based
on the delimiter time specified in the main manuscript. The intra- and interburst closed duration histograms were separately fitted with pdfs, similar to
amplitude and open duration histograms. Hirschberg et al. (Hirschberg et al.
1998) observed 3 closed durations, with a Po mode and calcium dependence
of the long closed duration that separated bursts of activity. The two shortest
(later called short and intermediate) closed durations were assumed to occur
within a burst, where the 3rd component (and 4th component in presence of
inhibitor) separated bursts. This resembles experimental and simulated data
from Hirschberg et al. (Hirschberg et al. 1998).
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Results
AP14145 reduces the amplitude of single SK2 channel openings

Supplement Figure 1: Identical open durations gating kinetics for both amplitude
levels.
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Introduction
Small conductance calcium-activated potassium (SK) channels contribute to
complex electrophysiology in excitable cells of the central nervous system and
heart. In both tissues, SK channels become permeable to potassium ions upon
activation by intracellular calcium (Ca2+). Early work on SK channel physiology
focused on their involvement in neuronal electrophysiology (reviewed by a.o.
(Faber et al. 2007, Pedarzani et al. 2008, Honrath et al. 2017)), but in recent
years they have increasingly been seen as an important player in atrial
repolarization, and as an attractive target for treating atrial fibrillation (AF). The
topology of neurons is vastly different to cardiomyocytes, but the intrinsic
properties of SK channel behavior is expected to be similar in these two
tissues. In particular, in both tissues SK is thought to be a key mechanism for
coupling of intracellular Ca2+ homeostasis to membrane excitability. However,
the physiological and pathophysiological consequences of SK activation are
broad and differ considerably depending on the tissue, and particularly on the
characteristic pattern of its excitation and Ca2+ handling responses.
SK channels in the healthy human heart are selectively expressed in the atria
with subtypes SK2 (KCNN2) and SK3 (KCNN3) being more prominent (Xu et
al. 2003, Tuteja et al. 2005, Ozgen et al. 2007, Li et al. 2009, Diness et al.
2010, Skibsbye et al. 2011, Skibsbye et al. 2014). As an atrial selective target,
the SK channel has gained interest for its potential to specifically modulate
atrial rhythm without major ventricular contraindications, thereby constituting an
attractive strategy for treatment of AF. This interest was enhanced by a
genome wide association study and subsequent meta-analysis, suggesting
that a polymorphism in the KCNN3 gene (encoding SK3) is linked to AF (Ellinor
et al. 2010, Mohanty et al. 2013). The principles underlying SK targeting in the
heart, and specifically in AF, sought to decrease channel activity and SK
current (ISK). The premise of this approach is that, by selectively prolonging the
atrial action potential (AP), ISK block can reduce reentrant substrate in the atria,
and do so in a way that is more potent when cellular activity and Ca2+ loading is
elevated. Pharmacological inhibition of the SK current with NS8593 or ICAGEN
prolongs the AP in human atrial cardiomyocytes and trabeculea, without
substantially impacting the ventricular AP (Skibsbye et al. 2014). Several drugs
have shown promise for AF treatment in human, with compound AP30663
having reached clinical trials (Acesion Pharma, Denmark; (Diness et al. 2020).
These encouraging developments notwithstanding, relatively little is known
about how the range of SK antagonists exert their effects on SK channel
gating, and how these effects are likely to interact with the rapid Ca2+ dynamics
that regulate channel activity in vivo.
The specifics of SK channel gating properties are important for
pharmacological targeting, and assessing drug dynamics is a clear application
of a model capturing those properties. Broadly speaking, SK inhibitors have
most often been classified as pore blockers, which physically prevent
permeation of potassium ions through the channel, or as negative modulators,
which alter the channel’s response to Ca2+ activation. Ca2+ cannot bind directly
to the SK channel, but interacts via calmodulin (CaM) at the intrinsic CaMbinding domain (CaMBD) of SK channels (Keen et al. 1999, Maylie et al. 2004,
Li et al. 2009). Early positive modulators, (activators) e.g. 1-EBIO, alter the
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Ca2+ sensitivity of SK by binding at the CaM-CaMBD interface (Pedarzani et al.
2001). However, the currently known negative modulators of SK do not bind
close to the Ca2+-sensing domain. In particular, high affinity inhibition via the
peptide bee toxin apamin has been shown to result from long range allosteric
effects that impact conformational changes in the activation sequence (Ishii et
al. 1997, Grunnet et al. 2001, Nolting et al. 2007, Lamy et al. 2010, Weatherall
et al. 2011). Hirschberg et al. assessed the effect of Ca2+ on single SK channel
gating at a range of [Ca2+], with the most important finding of gating in two
distinct open probability (Po) modes (Hirschberg et al. 1998). In addition, they
established that the Ca2+ dependence of SK channel gating is solely carried by
the long closed duration in both Po-modes. In our companion paper (van Herck
et al. 2021), we presented single channel data that have been collected to
characterize the mechanisms of these functional outcomes for apamin and
AP14145. The binding sites of both inhibitors are on opposite sites of the
membrane, but both affect SK current with an allosteric mechanism (Lamy et
al. 2010, Weatherall et al. 2011, Simo-Vicens et al. 2017). The major
mechanism of inhibition is shared by apamin and AP14145, achieved by
inducing long channel closures (> 10 s) (van Herck et al. 2021). Characteristic
modal gating was conserved in presence of both inhibitors, but favored low Po
segments at [Ca2+] = 1µM. The long separation of bursts was the singular
effect of apamin on SK channel gating kinetics, whereas AP14145 affected
multiple components of the SK channel. AP14145 induced long closures
similar to apamin, reduced amplitude of SK channel openings and prolonged
intra-burst closed durations (van Herck et al. 2021).
Ideal models of ion channel function represent the discrete conformational
states of the channel and its molecular structure. The SK channel structure is
not entirely elucidated, but the activation mechanism and pore structure are
well understood due to similarities with the intermediate Ca2+ activated
potassium (IK) channel (Xia et al. 1998, Adelman et al. 2012, Lee et al. 2018,
Brown et al. 2020). The links between SK channel structure and function are
still poorly understood, thus we focused on representing SK function with a
new Markov-state representation of channel gating. Specifically, we have
extensively revised the prior model of Ca2+-dependent single channel gating
(Hirschberg et al. 1998), to incorporate both Po-mode models and ensemble
Ca2+ sensitivity at physiological temperature measured in macropatch
recordings (pipeline in Figure 2). The updated (baseline) model constructed
from these datasets serve as the foundation for defining models of both
apamin and AP14145 block from the new single channel data presented in our
companion paper (van Herck et al. 2021). The effect of supramaximal apamin
concentration was modeled as a modulated receptor and required the
introduction of 4 closed states in addition to the states in the control model.
Due to the variety of effects induced by supramaximal AP14145 concentration,
we altered multiple components of the control model. This resulted in a model
with 9 closed states and 4 open states, with connections (especially around
open states) similar to control. The new 3 closed states were accessible
through each of the closed states in low Po-mode present in control. The
AP14145 model showed reduced transitions from closed to open, 3 drugspecific states for long closed durations and diminished Ca2+ dependence on
connections between Po-modes. The Markov models provide insight in
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inhibitory mechanisms of apamin and AP14145. The detailed SK channel
gating kinetics and pharmacology can be further assessed for the inhibitors
presented herein, and provide a basis for unraveling the involvement of SK
channels as potential drug targets for AF treatment.
Methods
Two studies have described SK channel gating kinetics: Hirschberg et al.
(Hirschberg et al. 1998) obtained single channel data at [Ca2+] = 0.2-30 µM
and in our companion paper additional data at [Ca2+] = 1 µM was obtained (van
Herck et al. 2021). In the original description of single SK channel properties,
Hirschberg et al. reported several key characteristics of channel gating in
expression system (Hirschberg et al. 1998) and pyramidal neurons (Hirschberg
et al. 1999). First, single SK channels exhibit a form of modal gating, which can
be separated into periods of low and high Po, with the low Po-mode dominating
at low [Ca2+] and high Po-mode at high [Ca2+] (> 1 µM). A low Po-mode was
indicated by Po < 0.1 and the appearance of a closed duration >100 ms. The
authors also showed that 2 open and 3 closed durations were distinguishable
in both Po-modes, and that only the longest closed duration in each mode was
Ca2+-dependent. Additionally, the equilibrium occupancy (weight) of all kinetic
components was altered by Ca2+, and this characteristic was consistent for
both Po-modes (Hirschberg et al. 1998). These subtle changes direct the
channel to increasing Po with increasing Ca2+ concentration: higher contribution
of long open durations, higher contribution of short closed durations and lower
contribution of long closures. Together, these characteristics gave rise to the
two independent Markov models proposed by Hirschberg et al. (Hirschberg et
al. 1998) (one for each Po-mode). Each model was comprised of 2 open and 4
closed states – the 4th closed state was introduced to enforce linear Ca2+
dependence of each transition, and was based on the assumption that each
step in the Markov model represents a bimolecular reaction. More recent
models have condensed these complexities to 2-state Hill processes (Skibsbye
et al. 2016, Kennedy et al. 2017) while still reflecting the Ca2+ dependence as
measured by Hirschberg et al. (Hirschberg et al. 1998). Separate mathematical
models have replicated key aspects of gating kinetics (Hirschberg et al. 1998),
and reflected macroscopic current activation (Skibsbye et al. 2016, Kennedy et
al. 2017), but none to date have unified the characteristics of single channel
gating and macroscopic Ca2+ activation in a single model. Here we have
attempted to retain the complexities of gating observed by Hirschberg et al., so
that the eventual model can be more directly related to drug actions that are
modulatory in nature i.e. compounds that alter the characteristics of specific
gating components or their Ca2+ dependencies.
Markov model structure
Transitions between hidden Markov states (non-conducting to non-conducting
or conducting to conducting) cannot be directly observed in single channel
recordings (Tveito et al. 2016). Instead, the existence of these states is inferred
from the number of distinct kinetic components observed experimentally. The
Markov model structure was based on the single channel experimental findings
(van Herck et al. 2021) and connectivity presented by Hirschberg et al.
(Hirschberg et al. 1998). Two open states with direct transitions to closed
states represent 2 open durations (Hirschberg et al. 1998, van Herck et al.
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2021). In both experimental datasets (Hirschberg et al. 1998, van Herck et al.
2021), 3 closed durations were required to describe SK channel gating.
Hirschberg et al. (Hirschberg et al. 1998) extended these results to 4 closed
states to enforce linear Ca2+ dependence. With our control model (no drug), we
sought to achieve two major extensions of these prior models:
(1) To unify the high and low Po representations into a single model that can be
used to represent channel gating across the range of physiologic Ca2+
concentrations.
(2) To achieve this unification as simply as possible (while retaining the
complexity and characteristics of SK channel gating), by minimizing the
number of Markov states used to represent functional SK channel gating.
To pursue these objectives we tested the ability of three model structures to
describe biophysical properties of SK channel gating and single channel data
(Hirschberg et al. 1998, van Herck et al. 2021).

Figure 1: Families of Markov structures tested for fitting to single channel, and
macropatch data. A) M1 represents a Markov structure representing both the low and
high Po-modes in a single plane of transitions. B and C) M2 and M3 represent distinct
structures with separate low and high Po-modes. Ca2+ dependence was not assigned
a priori to specific transitions in these models, but the structure of the Ca2+
dependence was varied to provide 3 families of model structures, each member of
which was subjected to combinatorial parameter optimization.
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Combining high and low Po-modes in a single activation sequence (M1 family
in Figure 1A): In the original Hirschberg studies, separate models were built for
each Po-mode, and each of those models consisted of 4 closed states and 2
open states to reflect the kinetic distributions for both modes. While this
approach is intuitive for those data, we surmised that (with appropriate
parameterization) the 4 closed-state structure would be capable of capturing
both the Po-mode transition, as well as the kinetically distinguishable closed
durations in each Po-mode. We assumed this simplification may be possible
largely because the low Po-mode is characterized most strongly by the
presence of a single longer closed duration (100’s of ms vs. 10’s of ms for high
Po-mode; (Hirschberg et al. 1998)). Thus, the M1 models represent both Pomodes with a total of 6 states (Figure 1A). Both open states and C2-C4 in M1
represent all durations present in high Po-mode gating, and all but the longest
closed duration present in low Po-mode. State C1 then represents the longest
closed duration present in low Po-mode. With these characteristics in mind, the
M1 family represents the simplest model we considered capable of capturing
all important kinetic aspects of single SK channel gating.
Unification of the modal 6-state system (M2 family in Figure 1B): Opposite to
the simplification used to arrive at the M1 models, we next attempted to simply
unify the two 6-state model structures (high and low Po-modes) presented by
Hirschberg et al. (Hirschberg et al. 1998). This involved implementing
connections only between the corresponding closed states of the two Pomodes. This approach leads to a family of 12-state models incorporating a
connectivity of 14 possible reversible transitions.
Simplifying the unified model (M3 family in Figure 1C): Because the
connections between closed states in M2 are intended to reflect transition
between the Po-modes, each mode should in-principle only require 3 closed
states to capture the full kinetic detail of SK gating. Thus, we implemented a
simplification of the M2 structure, for which each mode included only 3 closed
states, to determine if the full complement of channel kinetics and modal gating
could be captured at reduced complexity and computational cost. This
simplified M3 structure includes 10-states and 11 possible reversible
transitions.
Implementing Ca2+ dependence of Markov state-transitions
For all model structures we removed the assumption of bimolecular reactions
introduced by Hirschberg et al. (Hirschberg et al. 1998), thus eliminating the
need for linear Ca2+ dependence of each transition. We also did not a priori
prescribe Ca2+ dependence to specific transitions in each model. Instead we
created families of model structures (family M1, M2, M3), in which different
combinations of transitions were assigned Ca2+ dependence, and for which the
parameters of that Ca2+ dependence were allowed to vary during optimization.
A transition rate with assigned Ca2+ dependence could eliminate it during the
optimization, but new Ca2+ dependent transition could not be introduced at that
stage. We describe the full range of models within each family in the
supplementary materials. However, each member model in the 3 families was
subjected to the same essential fitting procedure.
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Markov model parameter fitting
Transition rates between Markov states (⍺’s for forward rates, β’s for reverse
rates, γ’s for rates connecting Po-modes where applicable; Figure 1) were
either constants (s-1), or power functions of [Ca2+] (µM.s-1):
⍺! , !! , !! = !! [!"!! ]!!

(eq 1)

The parameters (dx, gx) of these functions (with dx being the rate constant for
Ca2+ independent transition) were fitted in Python2 via a differential evolution
algorithm (Storn 1997). Settings of the algorithm are listed in the supplement.
Parameters representing direct observable transitions without hidden states
(transitions from open to closed states) were constrained by their duration (±
one SD). Other parameters were constrained with a wider range based on the
shortest and longest possible durations (± one SD) observed experimentally.
The parameter constraints are described in more detail in the supplementary
material. For each model configuration in family M1, the optimization consists
of a single step, whereas a two-step optimization was used for M2 and M3 to
reduce time and computational cost. For M2 and M3, both objective functions
to be minimized in the optimization are described below. For M1, only the
second objective function was used to parameterize the entire model. More
details regarding the objective function and weights are available in the
supplementary material.
Step 1: Independent low and high Po-mode model parameterization to single
channel data.
The objective cost for optimization of each model configuration was calculated
as the sum of the open and closed duration errors. Each duration error was
calculated as the root mean square (RMS) of the difference between a
simulated probability density function (pdf) and the experimental pdf. The
experimental pdf represents open and closed duration distribution of measured
lifetimes in single channel patch clamp experiments (van Herck et al. 2021).
Simulated pdfs were determined as equilibrium pdfs from the Markov model
configuration (Colquhoun et al. 1995). The results for transition rates of this
step were used as the initial guess (with 20% random variation in each
direction) for the low and high Po-mode models in the next step.
Step 2: Parameterization of full model to single channel and macropatch data.
The objective cost for optimization of each model configuration was calculated
as the sum of (in order of added weight):
a. Single channel error (relative weight: 1 for open duration pdf, 2 for closed
duration pdf)
As described in step 1.
b. Error on the macroscopic Ca2+ activation curve (relative weight: 2)
Calculated as the RMS difference between simulated and experimental
Ca2+ activation curve from macropatch recordings (van Herck et al. 2021).
c. Error on the fraction of time in each Po-mode (relative weight: 0.01)
Calculated as the RMS difference between model occupancy in each Pomode model versus experimentally observed Po-mode occupation (van
Herck et al. 2021).
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Model validation
Upon fitting all parameters of each model configuration (all model families and
Ca2+ structures), models were excluded if they did not meet any of the
following four criteria:
1) All kinetic components (open and closed durations) exist and are
distinguishable within modeled equilibrium pdfs.
2) Sigmoidal Ca2+ activation curve with half-activation (EC50) within the range
of experimental (0.38±0.02 µM; (van Herck et al. 2021)) and published data
(0.2-0.5 µM; (Kohler et al. 1996, Ishii et al. 1997, Xia et al. 1998, Keen et al.
1999, Stocker 2004)).
3) Both Po-mode models contributed to model function over the range of
[Ca2+] = 0.01-10 µM as indicated by equilibrium state occupation.
4) Equilibrium Po, activation and deactivation rates at [Ca2+] = 10 µM were in
the range of expected values based on single channel data, and as
observed for rapid Ca2+ application in macropatch configuration
(Hirschberg et al. 1998, Xia et al. 1998, Pedarzani et al. 2001, Berkefeld et
al. 2010).
Activation and deactivation rates were simulated in MATLAB R2016a using the
ode15s solver. The model was simulated for 60 seconds to reach steady state
at [Ca2+] = 0, followed by 4 second simulation at constant [Ca2+] = 0.2-10 µM to
determine activation rate and 4 second simulation at [Ca2+] = 0 to determine
deactivation rate. Curves for each rate were fitted with a single or sum of two
exponential(s) using the differential evolution algorithm (Storn 1997) minimizing
the difference with simulation results.
The models meeting these four criteria were further validated with Markov
Chain Monte Carlo (MCMC) simulations by assessing modal gating behavior
and Ca2+ dependence during stochastic operation. MCMC simulations were
performed in MATLAB R2016a using the Gillespie method for discrete-event
simulation (Gillespie 1976, Gillespie 1977). Each simulation started in a
random state and ran for 1200 seconds. Results were binned with a temporal
resolution of 0.1 ms and further binned or analyzed as indicated in results and
figures. The behavior observed in these stochastic simulations was directly
comparable to diary plots constructed from the full time-series of single
channel recordings (see Figure 3 in (van Herck et al. 2021)). Because those
analyses were not used in the original model definition they constitute an
effective and compact independent validation of model behavior.
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Figure 2: Flow diagram indicating steps and challenges in balancing simplicity,
biophysical interpretability and detailed representation of complex SK channel gating
in model development. Orange boxes show the concepts tested in family M1 models
with shared Markov states for Po-modes. Boxes in blue describe steps in fitting and
validating the model of SK channel gating kinetics. Improvements to the model were
tested at several steps throughout the process, as indicated by yellow boxes. The
baseline model for SK channel gating served as basis for developing models of
supramaximal apamin and AP14145 effects, as indicated in green. More details and
results for each step in this process are presented in the indicated figures.

Modeling drug interactions
While the SK model was developed with recordings covering the physiologic
range of [Ca2+], it was not feasible to assess changes in Ca2+ dependence for
both apamin and AP14145 in single channel recordings. Thus, developing
individual models to incorporate the effects of these two drugs at supramaximal
concentration was performed with single channel data collected at constant
[Ca2+] = 1 µM (Figure 6). The range of structures we considered for
implementing the drug models was determined by the specific kinetic
characteristics of each inhibitor. As described in the results of our companion
paper (van Herck et al. 2021), the functional effects on SK gating differ
considerably for the two compounds. It is generally thought that both
compounds are inhibitory modulators rather than direct pore blockers.
However, the evidence differs for the two compounds. As such we considered
both compounds to be capable of binding to a broad range of functional states,
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and relied on the kinetic changes induced by each inhibitor to guide our
modeling approach.
Apamin
Inhibition via supramaximal (100 nM) apamin concentration (IC50 ~ 70 pM
(Kohler et al. 1996, Benton et al. 2003, Nolting et al. 2007, Lamy et al. 2010,
Weatherall et al. 2010)) was modeled via the modulated receptor formalism,
based on single channel results. The concentration dependence of apamin
binding was not assessed in this study, but rather focused on an independent
model of SK gating in the presence of supramaximal apamin. A priori
assumptions for modeling SK in the presence of apamin were:
- Inhibition occurs via an allosteric modulatory mechanism (Lamy et al.
2010).
- Presence of Apamin induces an additional very long closed duration (τc,b in
(van Herck et al. 2021))
- Both low and high Po-modes remain observable in the presence of apamin
(van Herck et al. 2021)
- Per the modulated receptor formalism, apamin was assumed to only bind to
the closed states of the channel, as only the closed duration distribution is
modified in the presence of apamin. The specific closed states most apt to
reflect those changes in single channel dynamics were determined via
optimizations.
Optimizations were again performed in Python2 via the differential evolution
algorithm (Storn 1997) with the same settings except tolerance as used for the
SK channel model without inhibitor (see supplement for details). The objective
function described the difference of open and closed duration pdfs at [Ca2+] = 1
µM. More details regarding parameter constraints and objective function
weights are available in the supplement. Several combinations of states were
tested ranging from one to six apamin-specific states, each representing drug
association to a different closed state. When multiple apamin-specific states
were implemented, transition rates to and from those states were identical.
All apamin-inhibition models were assessed by goodness of fit of the single
channel data at [Ca2+] = 1 µM and were excluded if not all duration
components in open and closed duration pdfs existed. The selected model(s)
were again validated by MCMC simulations assessing modal gating and the
primary inhibitory mechanism (i.e. induction of a very long closed duration)..
These model(s) were required to exhibit both low and high Po-modes (as
observed experimentally) while replicating reduced Po and significant increase
of low Po occurrence in diary plots (van Herck et al. 2021).
AP14145
Inhibition via supramaximal (10 µM) AP14145 (IC50 = 1.1 µM (Simo-Vicens et
al. 2017)) was referenced to single channel data and the macropatch Ca2+
activation curve (Simo-Vicens et al. 2017). In contrast to apamin, AP14145
affected multiple components of SK channel gating (van Herck et al. 2021). A
priori assumptions for modeling SK gating kinetics in the presence of AP14145
were:
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-

Inhibition occurs via an allosteric modulatory mechanism (Simo-Vicens et
al. 2017)
Presence of AP14145 reduces single channel conductivity (van Herck et al.
2021)
Presence of AP14145 induces an additional very long closed duration (van
Herck et al. 2021)
Presence of AP14145 prolongs intra-burst closed durations (van Herck et
al. 2021)
Both low and high Po-modes remain observable in the presence of
AP14145 (van Herck et al. 2021)
AP14145 results in reduced cooperativity and increased EC50 of
macroscopic Ca2+ activation (Simo-Vicens et al. 2017)

Importantly, in contrast to our approach with apamin we did not assume that
AP14145 inhibition exclusively adhered to the modulated receptor formalism.
That is, we permitted AP14145 binding to modify the transition rates intrinsic to
normal channel function. In this way we have modeled AP14145 inhibition as a
form of broad-modulation of the SK activation and deactivation processes.
Our attempts to recapitulate all measured effects induced by AP14145 through
a single simultaneous optimization were unsuccessful. Thus, we again took a
stepwise approach involving three consecutive subset optimizations targeting
specific effects, each applying differential evolution of the parameter
configurations (Storn 1997). The objective function in these three optimizations
minimized the model error for single channel function (subset 1), macropatch
Ca2+ activation (subset 2), or a combination of both (subset 3). More details
regarding parameter constraints and objective function weights for each
optimization are available in the supplement.
Subset optimization 1 sought to fit the effect of AP14145 on the intra-burst
closed durations by applying a scaling factor to direct closed-to-open transition
rates. A reduction in these transition rates, which represent the short and
intermediate closed durations, results in prolonging those closed durations, as
we observed in experiments (van Herck et al. 2021). The objective cost for
each model configuration was calculated as the sum of the open and closed
duration error. Models were excluded if not all open and closed duration
components were present in simulated pdfs.
Subset optimization 2 fitted the loss of cooperativity and right-shift in
macropatch Ca2+ activation by reducing the Ca2+ dependent transition rates. At
this time, there is no evidence describing how AP14145 reduces SK Ca2+
sensitivity, for example by impairing Ca2+-CaM association, or through altering
transduction of that association to channel conformation. Therefore several
groups of transition rates were tested (through optimization) for their ability to
replicate the observed changes in Ca2+-activation:
- All Ca2+ dependent transition rates
- Ca2+ dependent transition rates within both Po-modes
- Ca2+ dependent transition rates in low Po-mode only
- Ca2+ dependent transition rates in high Po-mode only
- Ca2+ dependent transition rates in connections between Po-modes

170

Paper III

The objective cost for each model configuration was calculated as the sum of
the open duration, closed duration and Ca2+ activation error. Models were
excluded based on poor fit of open or closed duration pdf at [Ca2+] = 1 µM or
an unphysiological Ca2+ activation curve.
Subset optimization 3 was used to implement the induction of long channel
closures similar to the singular effect of apamin. The optimization procedure for
additional states in the AP14145 model was consistent with the procedure for
apamin. However, the results of subset optimizations 1 and 2 were already
included in the AP14145 model prior to fitting this additional component.
Models were selected by goodness of fit for the single channel data at [Ca2+] =
1 µM (van Herck et al. 2021) and Ca2+ activation curve (Simo-Vicens et al.
2017). Models were excluded if not all duration components in open and
closed duration pdfs existed or if there was gross disagreement between the
modeled Ca2+ activation and macropatch measurements. Model(s) were again
validated by MCMC simulations assessing modal gating, Ca2+ activation,
reflection of inhibitory mechanisms and Po. Model(s) were required to include
both low and high Po-modes while replicating reduced Po and significant
increase of low Po occurrence in diary plots (van Herck et al. 2021).
Results
Ca2+ dependent mode-switching is required for macroscopic SK2 Ca2+
sensitivity
To implement both Po-modes presented by Hirschberg et al. (Hirschberg et al.
1998) in a single model, we initially merged the low and high Po-mode into a
single Markov model by assuming that all durations, states and transitions
except those contributing to the long closed duration were shared between the
Po-modes. Therefore the 2 open states as well as C3 and C4 (Figure 1A)
represent gating in both Po-modes. Two linearly connected closed states were
added to represent the long closed duration of high Po (C2 in Figure 1A family
M1) and low Po (connected to the model through closed state representing
high Po long closures; C1 in Figure 1A family M1). As a result, the Markov
model consisted of 2 open and 4 closed states, maintaining the same
connectivity with open states as Hirschberg et al. (Hirschberg et al. 1998)
(Family M1 in Figure 1A). The structure of this model is similar in number of
states and connectivity to the low or high Po-mode model presented by
Hirschberg et al., but here the model represents both Po-modes while using
non-linear Ca2+-dependent transitions.
A key initial finding from our efforts to parameterize this family of models (M1,
Figure 1A), is that no parameter configuration was able to replicate both the
Ca2+ dependence of the single channel kinetics and the macroscopic Ca2+
activation curve. With this model structure, these two behavioral properties are
mutually exclusive. Our efforts to optimize the model (via many different
sequences and cost function weighting schemes) always resulted in a good fit
for either the single channel kinetics or the macroscopic Ca2+ activation curve,
but never both. This discrepancy is explained by the difference in cooperativity
of Ca2+ activation in macropatch ensembles compared to the cooperativity of
activation when the low and high Po-modes of single channel activation are
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combined in one sequence (from C1 through to O1 and O2, Figure 1A).
Experimental results for single SK2 channels have consistently shown that
they activate in response to increasing Ca2+ with Hill coefficients between 2.2
and 3.3 (Po and effective Po, respectively (Hirschberg et al. 1998)). Macropatch
ISK exhibits similarly steep Ca2+-dependence (Hill coefficient = 3.2 ± 0.1 (van
Herck et al. 2021)). Activation profiles with these characteristics are visualized
as the black (experimentally measured macropatch current) and both green
series (activation curves for the Hirschberg low and high Po-mode models) in
Figure 3. The discrepancy arises when the two Po-modes are combined in a
single activation sequence. This sequence homogenizes the different Ca2+
sensitivities of the two modes, and because activation in low Po-mode is
relatively insensitive (right-shifted) compared to high Po, the dynamics of both
modes operating together yields shallow overall Ca2+ activation. The combined
Po-modes are represented by the measured and extrapolated (see methods for
details) single channel data (blue series, Figure 3). This fails to capture the
much steeper activation of overall single channel Po, and macropatch current,
measured in experiments. This immediately implies that the kinetics measured
for the two modes of SK operation are not overlapping, and thus that the
dynamic transition between modes importantly contributes to the cooperativity
of Ca2+ activation.

Figure 3: Ca2+ dependence of individual Po-mode models (Hirschberg et al. 1998) and
single channel data from our companion paper (van Herck et al. 2021) lack steep Ca2+
activation as observed in macroscopic patch clamp experiments (Hirschberg et al.
1998, van Herck et al. 2021). The discrepancy between cooperativity of individual Pomode models (green curves, Hirschberg) and extrapolated single channel data
combining Po-modes (blue curve) with macroscopic Ca2+ activation (black curve)
implies an important role for Ca2+ dependent Po-mode switching.
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Ca2+ dependent mode-switching is clearly a feature of single SK2 dynamics.
Hirschberg et al., have shown that at [Ca2+] = 0.2 µM only the low Po-mode is
observed whereas only high Po behavior can be recorded at [Ca2+] = 30 µM,
and the shift in this modal occupancy is also steep (Hirschberg et al. 1998).
This Ca2+ dependence for mode-switching should combine with the Ca2+
dependence for activation within the Po-modes, to yield the cooperativity
observed in both the overall Ca2+-Po relationship and the macroscopic
currents.
Implementing a Ca2+ dependence on the transitions between low and high Pomode, additionally to the kinetics within the Po-mode, requires a Markov model
that is split into 3 parts: A model representing the kinetics and Ca2+
dependence at low Po, a model representing the kinetics and Ca2+ dependence
at high Po, and the Ca2+ dependent connections between the low and high Pomode models.
Ca2+-coupled mode-switching permits a unified model of SK channel
gating kinetics
Implementing Ca2+ dependent transitions between the Po-mode models
enabled us to accurately model the gating kinetics of both Po-modes, as well
as the macroscopic Ca2+ dependence. Both Po-mode models are components
of the Markov structures of M2 and M3 (Figures 1B and C, respectively). The
Ca2+ dependence within Po-modes was modeled by applying Ca2+ dependence
to different combinations of forward transitions (⍺’s in Figure 1B and C) in the
single-mode activation sequence, and on the forward rates from low to high Pomode. Because we have no evidence of state-specificity for mode-switching,
those transitions between low and high Po-mode, which we term “modeconnections”, were either allowed to vary independently or were constrained
such that Po-mode-switching occurred with the same rate from all closed
states. Permitting state-specific mode-switching did not improve fitting
compared to constraining the mode-connections to be identical across closed
states. Thus, we use identical rates (γ1, γ2 in Table 1) for all mode-connections,
which incorporate only three parameters: (1) the forward transition rate from
low to high Po-mode (γ1), (2) Ca2+ power term contributing to the forward
transition from low to high Po-mode, and (3) the Ca2+-independent reverse
transition rate (γ2).
Both Markov structures implementing full mode-switching and intra-mode
kinetics (M2 and M3) could be relatively easily fit to the equilibrium (constant
[Ca2+]) single channel pdfs and macroscopic Ca2+ activation (Figure 4).
However, only a small selection of models also captured the characteristic
exponential kinetics of macroscopic ISK activation and deactivation
accompanying rapid changes in Ca2+ concentration (Hirschberg et al. 1998, Xia
et al. 1998, Pedarzani et al. 2001). After models were selected based on their
equilibrium (single channel pdfs, relative time in high Po-mode, and equilibrium
macropatch Ca2+ activation) and macroscopic activation and deactivation
kinetics, MCMC simulations were used to validate the models with respect to
the full single-channel time-series. To be considered valid, a model had to
replicate the characteristic bimodal properties of diary plots constructed from
experimental time-series (Hirschberg et al. 1998, van Herck et al. 2021). The
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best fit and valid model from these procedures was a member of the M3 family,
with Ca2+ dependence on all within-mode forward transition rates (α1-8) and all
forward mode-connections (γ1,3,5 in M3 in Figure 1C).

Figure 4: Model of SK channel gating from M3 family with experimental data used in
the parameterization. A) Markov model structure for SK channel gating. The transition
rates indicated by α, β and γ are listed in Table 1. B) Ca2+ activation curve of
experimental data (black) (van Herck et al. 2021) and model (blue) (top). Relative time
spent in high Po in experiments and model (bottom). C) Probability density functions
(pdfs) at [Ca2+] = 0.2, 0.4, 0.6, 0.8, 1.0, 5.0, 30.0 µM in low and high Po-mode.
Experimental data is shown in black, open duration pdfs and closed duration pdfs
simulated by the model in green and blue respectively.

Table 1: Parameters for Markov model of SK channel gating

α

174

β

γ

2072 - 2072 * e-9.5e-4*[Ca]

25

12 * [Ca]2.33

0.1 * [Ca]0.79

0.69 - 0.68 * e -0.19*[Ca]

3

8

3

48 * [Ca]0.38

79 - 64 * e -0.77*[Ca]

372

4

620 * [Ca]0.10

694 - 254 * e -1.45*[Ca]

32

5

10 * [Ca]0.59

26 - 25 * e -0.46*[Ca]

105

6

74 * [Ca]0.09

82 - 27 * e -1.47*[Ca]

20

7

507 * [Ca]0.20

644 - 385 * e -1.16*[Ca]

372

8

73 * [Ca]0.35

115 - 89 * e -0.81*[Ca]

31

power-func

exp-func

1

2 * [Ca]1.32

2
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The Ca2+ dependent transitions in the SK channel Markov model were
constructed as power functions (eq 1). This enabled a broad range of Ca2+ gain
at each transition, and permitted straightforward fitting of the open and closed
duration pdfs for each Po-mode. However, when this formulation was combined
with the mode-connections to fit the Ca2+ activation curve, it became clear that
equilibrium activation was not saturated and began to rise again at [Ca2+] ~ 4
µM (Supplement Figure 1). This contradicts experimental observations, where
saturation occurs at [Ca2+] ~ 2 µM. Therefore we replaced the within-mode
power functions with an exponential Ca2+ formulation f(Ca2+) = a – b * e-c*[Ca]
that in contrast to the power-function saturates at high [Ca2+]. The parameters
in this function were fitted to match Ca2+ dependence of the power-function
independent of the transition rate. The final parameter values for both
formulations are shown in Table 1. We retained the power function formulation
for the mode-connections. This adjustment to the Ca2+ dependent transitions
resulted in a good fit of the experimental Ca2+ activation curve (Figure 4B) and
only resulted in slight changes to the (especially low Po) closed duration pdfs
(final results in Figure 4C). Behavior of the resulting best-fit model is shown in
Figure 4 and Table 1. It is worth noting that this model exhibits an apparent
right shift in the Ca2+-dependence of mode-switching (Figure 1B, bottom panel)
relative to our reference experimental data (from (Hirschberg et al. 1998)). This
is because we weighted this property weakly in our cost function definition. We
feel this was justified because these experimental data represent a single
experiment, and data available for this property are considerably more variable
and less certain than those for the within-mode pdfs and for macropatch Ca2+
activation.
SK channel model activation exhibits two macroscopic kinetic
components and replicates modal gating
To validate the model, additional output was generated with the model to
compare its behavior to data not used in the optimization. In contrast to pdfs
and Ca2+ activation curve, this output represents the dynamic behavior of the
SK channel on the seconds timescale. The activation and deactivation rates
quantify the rate of change upon rapid changes in cytosolic [Ca2+]. In
macropatch experiments, the activation time constant of SK2 is ~5 ms upon
rapid increase from 0 to 9.5-10 µM [Ca2+] (Hirschberg et al. 1998, Xia et al.
1998, Pedarzani et al. 2001). Deactivation kinetics of SK2 is roughly an order
of magnitude slower and more variable with time constants ranging from 30-58
ms (Hirschberg et al. 1998, Xia et al. 1998, Pedarzani et al. 2001). The model
presented here exhibits two macroscopic activation time constants upon
application of 10 µM Ca2+ (Figure 5B). A rapid initial process (!fast,act ~ 2 ms)
which accounted for ~33% of the equilibrium current, is followed by a slower
process (!slow,act ~ 84 ms) that contributes the remaining current development.
Similarly, deactivation involved two exponential components of comparable
speed as the activation time constants (!fast,deact ~ 1.1 ms, and !slow,deact ~ 77
ms). The double activation and deactivation rates most likely occur from the
highly Ca2+ sensitive transitions from low to high Po-mode models (γ1,
Supplement Figure 2) versus the relatively low Ca2+ dependence of transitions
within each Po-mode (⍺’s, Supplement Figure 2). The implications of these
characteristics for the model are further described in the discussion. Other
model conformations fitting the single channel and macropatch data did not
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accelerate the activation rate to more closely approximate the experimentally
observed rate of current development. This suggests some mutual exclusivity
between the data describing single channel dynamics and macropatch kinetics,
but relatively few data are available to describe this property at the
macroscopic level.

Figure 5: Behavior of SK channel model at timescale of seconds and higher,
compared to experimental data. A) Activation and deactivation upon sudden
application of Ca2+ with closer look at 2-step activation at [Ca2+] = 10 µM in B. C)
Excerpt from MCMC simulation diary plot at [Ca2+] = 1 µM with 0.1 s binning. D)
Frequency histogram for Po showing the cumulative behavior of 10 MCMC simulations
at [Ca2+] = 1 µM.

MCMC simulations were used to model the stochastic behavior of the SK
channel model at constant [Ca2+] = 1 µM, starting from a randomly assigned
Markov state. Experimental diary plots visualize the mean Po within a specified
time segment (“bin” = 100 ms), and thus display variability in Po at the 100’s of
ms to hundreds of seconds timescale. These plots clearly show that SK2
channels exhibit characteristic mode-switching between low (Po < 0.1) and
high Po (Po > 0.8) (Hirschberg et al. 1998, van Herck et al. 2021). Similar
properties are observed in our control model operating stochastically at
constant [Ca2+] = 1 µM (Figure 5C), where the model switched between low
and high Po periods, with very few mid-range Po bins. These simulations
performed at the physiologic range of [Ca2+] (still always constant within a
simulation) clearly show modal behavior, but also significant differences at
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various [Ca2+] (Supplement Figure 3). At low [Ca2+], the channel activity is low
for long segments between short bursts of high Po. With increasing Ca2+
concentration, the low Po activity reduced making high Po bursts longer and
more frequent. The cumulative Po histogram summarized this behavior as Po
frequency distributions for the specified binning duration at [Ca2+] = 1 µM for 10
MCMC simulations of 10 minutes (Figure 5D). Characteristic modal gating is
easily observed in higher prevalence of low and high Po segments over mid-Porange. The same assessment was made for the experimental data (van Herck
et al. 2021) indicating characteristic modal SK channel gating. However, the
SK model slightly underrepresents the prevalence of low Po at [Ca2+] = 1 µM
compared to experiments (Figure 5D herein, and Figure 3B in (van Herck et al.
2021)).

Figure 6: Schematics of Markov models for (A) SK channel gating, (B) SK channel
gating in presence of apamin and (C) SK channel gating in presence of AP14145.
Rather than drug binding dynamics, pharmacological effects were assessed and
modeled in equilibrium with supramaximal concentrations present. The effect of 100
nM apamin was modeled with the baseline model and 4 apamin-specific closed states
(indicated in purple). AP14145 (10 µM) affects multiple components of SK channel
gating, modeled by a change in closed to open transitions, Po-mode connections and
3 AP14145-specific closed states (indicated in green).
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Apamin-induced inhibition can be modeled simply as absorbing closedstate modulation
With this new kinetically-detailed SK channel model we sought to develop and
interrogate functional models of SK inhibition, first via apamin. As described in
our companion paper, apamin does not alter the normal distribution of gating
kinetics of SK channels (van Herck et al. 2021). That is, the open- and closedduration distributions characteristic of SK gating remain unchanged in the
presence of apamin, as does the amplitude of channel openings at -50 mV
(van Herck et al. 2021). Apamin’s primary inhibitory mechanism results from a
new, drug-induced, very long closed duration, which we have referred to as the
blocked duration (mean τc,b = 16s) (van Herck et al. 2021). Given the relative
simplicity of these functional outcomes, we considered it reasonable to model
apamin binding via the modulated receptor formalism (Hille 1977, Lee et al.
1983), in which apamin dissociation kinetics define the blocked duration (an
absorbing state), but apamin binding imposes no other changes to single
channel dynamics. While prior data have clearly shown that apamin exerts this
effect through allosteric mechanisms rather than direct pore-block, its lack of
effect on the remaining canonical single channel kinetics strongly suggests that
its binding induces a “locked” state of the closed channel. This is distinct from
allosteric modulators that more subtly shift the observable single channel
kinetic distributions, and in doing so impair (negative modulators) or facilitate
(positive modulators) Ca2+-dependent activation. Additionally, because, these
mechanisms do not result from pore-block and do not alter the open durations,
we constrained our apamin modelling to only involve connections to the closed
states of the channel, although we varied which closed states were available to
apamin-specific states in different optimization runs. In all cases the transitions
to these drug-specific states were optimized to fit the blocked closed duration
observed in single channel data at [Ca2+] = 1 µM (van Herck et al. 2021).
In the presence of apamin, both low and high Po modes were observed in diary
plots (Figure 3C in (van Herck et al. 2021)). Further, drug-induced long
closures (>1 s) were surrounded by both low and high Po segments of 500 ms.
This indicates that apamin can induce long channel closures from both low and
high Po-mode (van Herck et al. 2021). The lack of Po-mode specificity by
apamin should be modeled as changes affecting both Po-mode models.
However, closed states and states representing drug-induced long closures
are hidden Markov states, being able to transition without being observed.
Therefore, it is most likely that apamin affects both Po-mode models, but
effects on exclusively low or high Po-mode were also assessed.
To incorporate all of these characteristics and constraints, we tested several
configurations of apamin inhibition ranging from a single apamin-specific state
to 6 apamin states (representing possible drug association with each closed
state of the SK Markov model). Most models were excluded based on a poor fit
of the inter-burst closed durations (τc,l & τc,b). All components of the open and
closed duration pdfs at [Ca2+] = 1 µM were present in two models, both of
which also clearly show the addition of the very long blocked duration (Figure
7). Comparing results of the MCMC simulations (Figure 9), both models also
show prolonged periods of low Po, as observed in our companion experiments
(van Herck et al. 2021).
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Figure 7: Two candidate Markov models for SK channel gating in presence of 100 nM
apamin differing in Ca2+ activation curve. All purple boxes and solid arrows reflect
changes to the baseline model. Parameters for both models are listed in Table 2. A)
Model AM4st required 4 apamin-specific closed states to replicate the apamin-induced
long closed duration (τc,b) at [Ca2+] = 1 µM. An experimental Ca2+ activation curve in
presence of apamin is not available, but overall Po was significantly reduced in model
AM4st. Lack of Po-mode specificity surrounding apamin-induced long closures
indicates this model most accurately describes SK channel gating in presence of
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Figure 7 continued: apamin. B) Model AM1st required a single apamin-specific
closed state to replicate apamin-induced long closed duration (τc,b) at [Ca2+] = 1 µM.
However, the Ca2+ activation curve differs from AM4st by reaching the same Po as the
control model. An experimental Ca2+ activation curve is required to clearly distinguish
the inhibition mechanism.
Table 2: Parameters for apamin and AP14145 models.

Interestingly, while these two models of apamin inhibition elicit very similar
single channel dynamics, the changes to overall current activation are realized
very differently. First, we acknowledge that both models of apamin binding
somewhat exaggerate the occupancy of the shortest closed duration, and
underestimate the occupancy of the longest closed duration. However, both
very closely replicate the low prevalence of very long blocked closed duration,
which as mentioned above and in our companion paper (van Herck et al.
2021), is the dominant kinetic mechanism of inhibition. That noted, the
outcomes for these different binding schemes on the predicted macroscopic
Ca2+ activation curves are very different, as shown in Figure 7. They describe
two distinct mechanisms by which apamin could functionally eliminate
macroscopic ISK, while still adhering to the single channel dynamics we have
observed, and the other functional constraints described above. The model
with 4 apamin-specific states distributed over low and high Po-mode (AM4st;
Figure 7A) almost eliminates any Ca2+-dependent increase in overall Po, but
what small increase remains is not markedly shifted with respect to [Ca2+]. In
contrast, the model with a single drug-specific state connected to C3 in low Pomode (AM1st; Figure 7B) exhibits a right-shifted Ca2+ activation curve, one
which would largely prevent ISK induction at physiologic [Ca2+].
The explanation for the functional differences between these two binding motifs
is intuitive. In the AM4st model, apamin inhibition is capable of absorbing
virtually all channels that would otherwise be available to open, thus readily
sequestering the SK population in the long-lived blocked configuration. The few
remaining opening events proceed along the canonical kinetic paths, and thus
the observable pdfs remain relatively unchanged aside from the introduction of
the blocked duration. In contrast, the AM1st model effectively eliminates the
dominant path to opening (via state O2) in the low Po-mode. It is only when
Ca2+ exceeds 1 µM that the intrinsic transitions to O3 and particularly O4
become accessible, and the overall Po can increase. This drives the large rightshift in Ca2+ sensitivity.
Unfortunately, at this time, we are not aware of data describing the cytosolic
Ca2+ sensitivity of SK in the presence of apamin (an extracellular antagonist).
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Clearly these simulations motivate experiments of this type to further describe
the likely binding dynamics of this drug. With that noted, and given that we did
not observe any Po-mode specificity of apamin block, we suggest that the
AM4st model is the most congruent with the collection of data currently
available.
Broad inhibtory effects of AP14145 require diverse dynamic interactions
with the SK channel
Unlike apamin, AP14145 affects a broad range of SK channel gating dynamics
(van Herck et al. 2021), and necessitates implementation of broader drugchannel interactions. As described in our companion paper (van Herck et al.
2021), there are four major outcomes of AP14145 on SK function: (1) reduced
amplitude of channel openings at -50 mV, (2) prolonged short and intermediate
closed durations, (3) a new drug-induced very long (blocked) closed duration,
and (4) reduced cooperativity of macroscopic Ca2+ activation (Simo-Vicens et
al. 2017).
While the mechanisms of the reduced amplitude are not entirely clear, it
indicates a potential partial channel occlusion as suggested in our companion
paper (van Herck et al. 2021). Regardless of the mechanism, the reduced
amplitude is not likely to involve complex kinetics or Ca2+ dependence. Thus,
this form of inhibition can be introduced as a simple linear coefficient at the
level of single channel or macroscopic current equations. We instead focus on
the impact of the dynamic changes to channel gating that are major features of
AP14145 inhibition. Because these effects are much more diverse than those
for apamin, involve kinetic changes at multiple points in the activation
sequence, and because AP14145 is known to be a negative modulator of ISK,
we employed a more complex modulated-receptor formalism for implementing
those changes. Similar to a long line of studies of Nav1.5 drugs known to elicit
rich dynamical changes in current activation and inactivation (Moreno et al.
2011, Morotti et al. 2016) we assumed that AP14145 binding alters the intrinsic
gating rates of the channel to elicit its diverse effects. We performed the broad
re-parameterization to reflect these effects in a step-wise manner, imposing
constraints where we knew them to exist.
Similar to apamin, diary plots generated from single channel time-series
recorded in the presence of AP14145 indicate that both low and high Po-modes
were readily observable (Figure 3E in (van Herck et al. 2021)). Thus, the
mode-switching structure of the control SK channel model (Figure 4, Table 1)
again provided an appropriate foundation for implementing AP14145 inhibition
dynamics, although as mentioned above that implementation was necessarilly
broader than for apamin.
Because the direct transitions from closed to open states determine the
measured short and intermediate closed durations, we began by
parameterizing those tranistions (in both low and high Po-mode) to fit the
measured effects of AP14145. Both durations were prolonged in the presence
of AP14145 (van Herck et al. 2021) and this was simply replicated by
multiplying the forward transitions from the terminal closed states to their
connected open states (α3, α4, α7, α8 in Figure 8) by 0.284 (Table 2).
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Figure 8: Two candidate Markov models for SK channel gating in presence of 10 µM
AP14145. All green boxes and solid arrows reflect changes to the baseline model.
Parameters for both models are listed in Table 2. Transitions directly to an open state
were reduced and less likely to occur at [Ca2+] = 1 µM (top-right panels). Modeswitching was not Ca2+ dependent in the presence of AP14145. The simulated (solid
blue) Ca2+ activation curve matched experimental findings (black) when normalized to
its maximum (dashed blue) (lower-right panels). The models only differ in number of
AP14145-specific closed states required to describe the AP14145-induced long
channel closures (τc,b). A) The addition of three AP14145-specific states in model
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Figure 8 continued: APM3st seems to describe experimental data more accurately
due to low Po segments surrounding τc,b. B) Six AP14145-specific closed states
affecting both Po-modes were required in APM6st to describe the AP14145-induced
long channel closures (τc,b)

We next sought to implement changes capable of reducing the cooperativity of
Ca2+ activation, as is known to be a characteristic of AP14145 negative
modulation (Hill coefficient = 1.2, (Simo-Vicens et al. 2017)). While we
attempted many reparameterization strategies involving the within-mode Ca2+
dependent transitions to achieve this reduced cooperativity, relatively few were
compatible with the single channel pdfs, and those that were generally resulted
in non-sigmoidal Ca2+ activation curves. In contrast, reparameterizing betweenmode Ca2+ dependent transitions (from low to high Po-mode) readily permitted
the reduced cooperativity observed in experiments (Simo-Vicens et al. 2017).
The EC50 and Hill coefficient of the AP14145 model matches well with the
macropatch data (black line in Figure 8 bottom-right panel) when normalized to
its own maximum (as is conventional; blue dashed line in Figure 8). The
maximum Po of SK in the presence of AP14145 was reduced to ~0.1 when
normalized to the maximum Po of the control model (Figure 8, bottom-right
panel, blue series). Together, these results suggest the intriguing hypothesis
that one mechanism of AP14145 modulation is to remove the Ca2+
dependence of SK mode-switching. At this time we have no direct
experimental evidence to support that assertion (the single channel recordings
of (van Herck et al. 2021) were only conducted at [Ca2+] = 1 µM), but it
certainly warrants further scrutiny.
The previous changes were only observed for AP14145, but induction of the
blocked closed duration was established to be the main mechanism for both
apamin and AP14145 (van Herck et al. 2021). Similarly to apamin, AP14145
was fitted with (1 to 6) drug-specific closed states connected to closed states in
low and high Po-mode. In contrast to apamin, segments around AP14145induced long channel closures were of low channel activity (Po<0.1) in 74% of
segments and 0% showed high channel activity (Po>0.8) (van Herck et al.
2021). This indicates that low Po-mode is preferred around AP14145-induced
long channel closures. Therefore drug-specific states representing long
channel closures were most likely connected to low Po-mode, possibly
connected to both Po-modes, but implausible to connect to high Po-mode
exclusively. To reflect this in the model, drug-specific states could connect to
low Po or symmetrically to both Po-modes. Upon exclusion of models with
missing components in duration pdfs, poor fit of Ca2+ activation curve and lack
of modal gating, only two models remained. Further validation of these two
models with MCMC simulations showed high Po-mode segments, strong
preference for low Po activity and Po ~ 0.04 at [Ca2+] = 1 µM (all matching our
experimental data (van Herck et al. 2021)). The models only differ in number
and location of AP14145-specific states in the Markov model: a drug state on
each closed state in low Po-mode (APM3st) or a drug state on each closed
state in both Po-modes (APM6st) (Figure 8).
Po-mode specific analyis of AP14145 effects on SK channel gating would
elucidate the difference between the proposed inhibiton mechanisms of this
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drug. At the moment, such data is not yet available as our companion paper
did not have sufficient data to separetely analyze Po-mode kinetics (van Herck
et al. 2021). However, due to the high preference of low Po-mode segments
surrounding AP14145-induced long channel closures, we suggest that the
APM3st model is more compatible with experimental results.

Figure 9: Behavior of apamin and AP14145 model at timescale of seconds and
higher. A) Excerpt from MCMC simulation diary plot of SK channel gating in presence
of 100 nM apamin at [Ca2+] = 1 µM with 0.1 s binning. B) Excerpt from MCMC
simulation diary plot of SK channel gating in presence of 10 µM AP14145 at [Ca2+] = 1
µM with 0.1 s binning. Both diary plots show bursts of channel activity alternated with
long low activity or quiescent segments. Even though the overall activity is significantly
reduced by both apamin and AP14145, high Po activity is still present as observed in
experiments (van Herck et al. 2021). C) Frequency of low Po (<0.1) bins in 10 MCMC
simulations of 10 minutes each at [Ca2+] = 1 µM. The control model of SK channel
gating slightly underrepresents the low Po-mode compared to experiments (21±1 %
versus 43±21 % respectively) (van Herck et al. 2021). The experimentally observed
significant increase in low Po was matched well with the apamin and AP14145 models
(91±4 % and 89±5 % in experiment versus 94±1 % and 95±1 % in model,
respectively) (van Herck et al. 2021).
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Discussion
We have applied new knowledge on SK2 channel gating and pharmacological
effects of two inhibitors to develop in silico models of single SK channel gating
kinetics and pharmacology. The Markov model for SK channel gating extends
and merges the Hirschberg (Hirschberg et al. 1998) models to replicate single
channel behavior, modal gating and macroscopic Ca2+ dependence. This
model required dedicated sub-models for each Po-mode, connected via closed
states with Ca2+ dependent transitions governing mode-switching from low to
high Po-mode. The presence of inhibitor apamin or AP14145 affected single
channel gating kinetics, while maintaining characteristic modal gating (van
Herck et al. 2021). Apamin and AP14145 affect SK channels via distinct
allosteric mechanisms (Lamy et al. 2010, Simo-Vicens et al. 2017), but share a
major mechanism of block by inducing very long-lived channel closures (van
Herck et al. 2021). The models for both inhibitors were developed to represent
these effects at single channel gating level and enable higher dimension
simulations of SK channels in the presence of inhibitors. These models and
simulations increase our understanding of complex gating kinetics of SK
channels and unravel key quantitative similarities and differences in the
pharmacology of apamin and AP14145.
Separate Po-mode models were required to model characteristic SK
channel modal gating and macroscopic Ca2+ sensitivity
SK channels show characteristic modal gating with spontaneous switching
between Po-modes. Four out of five experimentally observed durations are
shared between Po-modes: short open, long open, short closed and
intermediate closed duration (van Herck et al. 2021). The simplest
implementation without hidden Markov states would consist of 2 open states
and 4 closed states representing 4 durations present in both Po-modes, long
closed duration in low Po-mode and long closed duration in high Po-mode.
However, Markov models with 2 open and 4 linear closed states (family M1 in
Figure 1A) could not be simultaneously fitted to data describing single channel
function and macroscopic ISK. Both open durations and the two shortest closed
durations could be described well with many variations of the Markov model,
but good fits to the long closed duration and macroscopic Ca2+ dependence
were mutually exclusive. All Markov model variations contained the same
structure for 2 open and 2 closed states to represent both Po-modes, but
closed states representing the long closed duration in each Po-mode varied.
Po-mode specific closed states could contain maximum 6 linearly connected
closed states or multiple tails of closed states starting from C3 or C4 (family M1
in Figure 1A). These Markov configurations did not enable simultaneous fitting
of the long closed duration and Ca2+ dependence. Instead of adding complexity
to the model by adding states without experimental basis, we chose to
separately implement the two Po-mode models within the larger Markov model.
Markov states were dedicated to a single Po-mode instead of states
representing both modes, with individual Po-mode Markov structures based on
models presented by Hirschberg et al. (Hirschberg et al. 1998). This separation
by Po-mode enabled the introduction of Ca2+ dependent mode-switching, as
indicated by Hirschberg et al. (Hirschberg et al. 1998). A relatively strong Ca2+
dependence (compared to other transitions in the model) on transitions from
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low to high Po-mode was required to simultaneously match macroscopic and
single channel Ca2+ dependence of the SK current.
Markov model structure requires 3 closed and 2 open states in each Pomode model with grouped bursts events
In our attempt to minimize the number of states in this Markov structure, we
found that SK gating, and especially its Ca2+ dependence, cannot be
represented by less than 6 closed and 4 open Markov states. This matched the
minimum number of states for each Po-mode as observed in single channel
experiments (Hirschberg et al. 1998, van Herck et al. 2021). The model
required two states less than the Po-mode models presented by Hirschberg et
al., mainly because we voided the assumption of bimolecular reactions with
Ca2+ on individual transitions between Markov states. Reactions of this type
(bimolecular) for each Markov state transition are theoretically reasonable in
that they reflect the role of CaM in mediating Ca2+ activation of SK channels.
However, a literal structural interpretation of CaM-dependent SK activation
involves 8 activation events corresponding to each EF-hand motif (2 EF-hands
on CaM bound to each of 4 SK subunits) available for Ca2+ binding (Keen et al.
1999). At this time we have little knowledge of the functional effects of
combinations of occupied binding sites. Therefore, we focused on replicating
the observable functional states instead of mimicking specific Ca2+ binding
events to define a new model for SK dynamics and pharmacology. For that, the
reduced number of 10 Markov states was required to keep computational cost
to a minimum while still describing complex gating kinetics of SK channels. The
requirement for distinct implementation of each Po-mode was initially
unexpected (although certainly not without precedent), but emphasize the
importance of modal gating and the Ca2+ dependence of transitions between
Po-modes.
Hirschberg et al. (Hirschberg et al. 1998) separated open durations by their
previous open duration. In both Po-modes, consecutive openings were more
likely to open for the same duration (short followed by short, long followed by
long). The Markov model presented herein was not analyzed directly for this
characteristic, but transition rates at [Ca2+] = 1 µM show the same trend. For all
open states, the transition rate back to that open state is higher than transition
rates to surrounding states. Therefore the probability of a channel transitioning
to the same open state and therefore the same open duration is relatively high.
This matches with the findings from Hirschberg et al. (Hirschberg et al. 1998)
and could be expected from the Markov model structure with independent C to
O transitions. This characteristic was not included in parameterization of
transition rates, but is still replicated by the model. Other transitions could be
analyzed in the same way if sufficient experimental data were available and
durations were separable during analysis. The experiments for sufficient data
points are challenging due to the risk of losing the electrical seal and timeconsuming tracking of events. This kind of detailed analysis can distinguish
unknown pathways and connections between Markov states, especially
improving understanding of possible connections between Po-modes. In this
way, new data coming from longer recordings to describe possible transitions
and connections could improve the link between SK channel structure and
function, but the impact of such paths on the major functional outcomes, and

186

Paper III

their importance for pharmacological interactions is unclear at this time. All
known important functional features of SK channel gating were incorporated in
the complex biophysical model presented herein.
Challenges in balancing unbiased and constrained approaches for
parameterizing the control SK model
The Markov structure was based on open and closed durations at the single
channel level and the required split in Po-mode models as described above.
Each Po-mode model was fitted to single channel data in a combinatorial
optimization process, followed by a similar process conducted independently to
define the connections between Po-modes. It is plausible that this 2-step
parameterization protocol guided the model towards a local minimum of the
individual Po-mode models, instead of more global minimum for the entire
model. We tried to avoid this as much as possible by randomly initializing the
parameters within the Po-mode models for the 2nd optimization step (still in the
vicinity of the step 1 solution). Tracking of parameters showed that the
optimization method sampled a large range of parameters, even if a starting
point was provided. Therefore, it is more likely that the optimization result
approximates a global rather than a narrow local minimum. The 2-step
optimization protocol reduced computational cost, enforced detailed description
of single channel gating kinetics and sampled the parameter space broadly.
In each optimization step, the fitting procedure was based on at least one
experimental dataset (e.g. open duration pdf, closed duration pdf, Ca2+
activation curve). All datasets were normalized between 0 and 1 to create
equal contributions of each dataset to the objective cost. Weights to individual
errors were added to avoid tailoring to a single dataset with a relatively large
error without increased biophysical significance. In general, the closed duration
error was relatively small compared to open duration and Ca2+ activation error.
Especially in developing the drug models, this was problematic. The changes
in closed durations resemble the major mechanism of both apamin and
AP14145 inhibition, but without extra weighting were often ignored in the
optimization. Increased weight of the closed duration error resulted in a
significant improvement of the closed duration pdf fit, without compromising
open duration fit. This indicated the complexity of fitting and describing the
closed durations whereas the other components (especially open duration)
were fitted to experimental data relatively easily. This is not surprising given
the structure of the Markov model: open durations result from direct transitions
from open to closed state, whereas closed durations include pathways through
hidden Markov states. These hidden states increase the number of possible
pathways for each closed duration and the variables to parameterize. The
increase in degrees of freedom resulted in a relatively difficult task to fit closed
durations.
The Ca2+ dependence was not a priori prescribed to the model, but several
groups of Ca2+ dependent transition rates were tested through the
optimizations. In addition to the localization of Ca2+ dependent transitions, we
tested the units for Ca2+ used to calculate these rates. The models presented
by Hirschberg et al. used µM resulting in a reversal point of the transition rate
at [Ca2+] = 1 µM. The Ca2+ dependence decreased the transition rate for [Ca2+]
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< 1 µM and increased the transition rate for [Ca2+] > 1 µM, independent of the
value of gx (gx = 1 for Hirschberg models (Hirschberg et al. 1998)). Due to
stronger Ca2+ dependencies possible in the model presented herein, the unit or
[Ca2+] is expected to have a larger effect. Therefore we tested other units,
practically shifting the reversal point on the [Ca2+]-axis. Other units (nM, mM,
M) resulted in poorer fits of the single channel experimental data. It seems that
the model of SK channel gating leveraged the reversal Ca2+ dependence at 1
µM to its advantage.
Ca2+ dependencies on single transition rates were initially described by a
power-function. Experimental Ca2+ activation curve reaches its maximum
[Ca2+] ~ 3 µM, whereas the model showed an unexpected increase at [Ca2+] >
3 µM (Supplement Figure 1). To maintain the exponential shape of Ca2+
sensitivity on each transition rate but saturate the effect at higher [Ca2+], each
power-function was fitted and replaced with an exponential function. The
individual functions were fitted well and the desired effect was observed in the
Ca2+ activation curve (Figure 4B). The main difference between the model with
power-functions and exponentials manifested in the low Po-mode pdfs due to
larger Ca2+ dependence associated with those transitions. This makes sense,
since higher Ca2+ dependence in a power-function deviates more from the
exponential shape. We retrieved good fits and the simulated behavior
remained within the experimental variation, but this is something that could be
improved. For example, by using the exponential function from the first
parameterization step instead of being introduced after initial model
parameterization.
In the second optimization step, transition rates between low and high Po-mode
were parameterized to fit single channel data and macroscopic Ca2+
dependence. Goodness of fit to experimental data was very similar between
the model with individual rates (γ1-6 in Figure 1C) or grouped forward and
reverse rates (γ1-2 in Figure 4) between Po-modes. Limiting the number of
parameters to a single forward and single reverse rate reduced unlikely modeswitching without biophysical meaning. An example of the model with individual
rates that we deemed unlikely to occur used excessive mode-switching to
transition from closed to open state in the same Po-mode. This pathway
circumvented the low probability transition between C2 and C3 (Figure 4) by
transitioning between low and high Po-mode via states C5-C6-C3 (Figure 4).
Modal gating based on mode-switching is an important characteristic of SK
channels, but we reasoned that transition rates between Po-modes should not
be tailored to circumvent specific (slow or infrequent) transitions within a Pomode model. Therefore the connections between Po-mode models were limited
to grouped rates without compromising intra-Po-mode and modal gating.
Multiple exponential components describe activation and deactivation
We expected that the kinetic response of our final model to sudden changes in
[Ca2+] would be different than those previously observed (Hirschberg et al.
1998, Xia et al. 1998, Pedarzani et al. 2001). This was primarily because the
single channel kinetics in our dataset (van Herck et al. 2021) were 2-4-fold
slower than those in the original Hirschberg et al. dataset (Hirschberg et al.
1998). A dwell time increase with 2-4-fold on each closed state will be
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amplified by consecutive transitions through multiple closed states. However,
up to a 10-fold increase in the dominant activation rate was unexpected, as
well as the 2-step activation and deactivation. Both the activation and
deactivation rates have an exponential component that was faster and a
component that was slower than previously observed in macropatches
(Hirschberg et al. 1998, Xia et al. 1998, Pedarzani et al. 2001).
Without Ca2+ present, channels accumulate in state C1 (low Po-mode). Upon
sudden increase to [Ca2+] = 10 µM, SK channels transition to high Po-mode
due to the high Ca2+ sensitivity of the transition rate from C1 to C4 (γ1;
Supplement Figure 2). This enables a relatively fast transition to open state O3
with short open duration resulting in an immediate fast increase of SK current
represented by !fast,act ~ 2 ms. The slow activation following this initial phase
results from transitions through the high Po-mode states towards open state O4
with long open duration. These transitions carry lower Ca2+ dependence and
longer dwell times. Therefore an immediate increase in Ca2+ does not translate
to a fast increase in current. In physiological conditions, Ca2+ concentrations
most likely vary over a smaller range than 0-10 µM. For smaller steps in [Ca2+],
experiments showed (but not quantified) slower activation rates (Pedarzani et
al. 2001). The slower activation rate for smaller Ca2+ increases was also
qualitatively simulated with the SK channel model (Figure 5A).
The separated steps of parameterizing intra-Po-mode and inter-Po-mode
transition rates forced the Ca2+ dependence to be fitted in 2 steps as well. The
Ca2+ dependence within each Po-mode model was fitted in the first optimization
step, whereas the Ca2+ dependent transition rates between Po-modes were
parameterized in optimization step 2. This could have resulted in overcompensating of macroscopic Ca2+ dependence by increasing Ca2+ sensitivity
of transition rates from low to high Po-mode. This would explain the two-phase
activation and deactivation with a faster and slower component than expected.
If the Ca2+ dependence can be distributed more evenly between intra- and
inter-Po-mode transitions (while maintaining intra-Po-mode gating kinetics), it
will likely result in an activation rate closer to our expectation. This might
indicate the presence of a process of more homogeneous Ca2+ dependence
throughout SK channel gating.
The maximum Po reached with the isolated high Po-mode model presented by
Hirschberg was 0.81 (Hirschberg et al. 1998). The difference with the model
describing both Po-modes herein is small (maximum Po = 0.77) and can be
attributed to the small fraction of time spent in low Po-mode at high [Ca2+]. This
indicates that the model describes the activated state of SK channels well.
However, the 2-step activation and deactivation of the SK channel model
should be taken into consideration for simulations or assessments of the model
going forward.
Two models describing SK channel gating in presence of apamin differ
markedly in Ca2+ activation
The effect of supramaximal concentration of apamin (100 nM) on SK channel
gating at [Ca2+] = 1 µM resulted from long-lived channel closures (van Herck et
al. 2021). Modal gating, open and closed durations were conserved from SK
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channel gating without inhibitor present. Therefore the Markov model of SK
channel gating kinetics was maintained as basis for the model representing SK
channel in the presence of apamin. The drug-induced long closed duration was
represented by drug-specific closed state(s) connected to closed states in the
SK channel model. Single SK channel experiments with apamin at different
Ca2+ concentrations and split by Po-mode are required to confirm this Markov
structure, but are currently not available. Additional data at various [Ca2+]
would reveal Ca2+ dependence of apamin inhibition, which in the model
developed here was only indirectly possible. The location of drug-specific
states in the Markov model could enforce a pathway through Ca2+ dependent
transitions towards an open state. However, Ca2+ dependence on transitions to
and from drug-specific states was not assessed due to lack of experimental
data.
Similar to the control model, direct transitions between open and closed states
represent both open durations, short and intermediate closed duration. These
durations were all considered to occur within a burst, while being separated by
long closures. The location of drug-specific states in the model indicates a
higher likelihood of long channel closure around burst activity instead of intraburst closures being prolonged by apamin. Two models replicated the effects
of apamin on SK channel gating: AM1st with a single apamin-specific state
connected to C3 in low Po-mode (Figure 7B) and AM4st with 4 apamin-specific
states connected to C2, C3, C5 and C6 in both Po-modes (Figure 7A). The
transition from drug-specific state to closed state carries a low transition rate
due to the long dwell-time induced by apamin and the closed duration would be
dominant to any other direct pathway to an open state. If the difference
between long closed duration and drug-induced closed duration were smaller,
pathways could be separated by possible transitions through the entire or only
part of the model. The dominant effect of transition rate from drug-specific to
closed state was emphasized by the similarity in both models (0.26 in AM1st
and 0.27 in AM4st), reflecting the very long closed duration as inhibition
mechanism of apamin.
The aspect with least experimental data available, Ca2+ activation, differed
significantly between the models fitting single channel data and modal gating.
The Ca2+ activation curve of AM4st (Figure 7A) was described by an
exponential function with maximum Po ~ 0.1. In contrast, the Ca2+ activation
curve of AM1st (Figure 7B) consisted of 2 exponential steps with a maximum
Po similar to the control model. The implication of this difference is significant: If
AM1st correctly predicts Ca2+ dependence of apamin, the inhibitor would have
little effect at [Ca2+] > 10 µM. AM4st would predict the same Po outcome at
[Ca2+] = 1µM, but would still reduce channel activity at higher [Ca2+] compared
to control. Without experimental data on SK channel gating in presence of
apamin at various [Ca2+], it is challenging to prove which model predicts Ca2+
activation more accurately. However, in our companion paper, we found no Pomode specificity for apamin inhibition by long channel closures (van Herck et
al. 2021). This is a strong indicator that model AM4st affecting both Po-modes
is more likely to describe apamin effects, although not as strong as
experimental data at various [Ca2+] would be. Assuming model AM4st
describes SK channel gating in presence of 100 nM apamin, the inhibitor’s

190

Paper III

mechanism would be independent of calcium. This provides insight in the
mechanism of apamin, but should be reassessed upon availability of
experimental data on apamin’s Ca2+ dependent effects on SK channels.
Two AP14145 models similarly describe drug effects by targeting low Pomode or both Po-modes
AP14145’s inhibitory mechanism at supramaximal concentration has been
assessed at the macroscopic and single channel level. At macroscopic level,
allosteric modulator AP14145 reduced cooperativity and shifted Ca2+ sensitivity
(Simo-Vicens et al. 2017). Single SK channels revealed drug- induced longlived channel closures, reduced amplitude and prolonged intra-burst closed
durations at [Ca2+] = 1 µM (van Herck et al. 2021). Fitting all changes in SK
channel gating kinetics induced by AP14145 to the Markov model
simultaneously was unsuccessful. The most important drug effect, the druginduced closed duration, contributed significantly to gating kinetics but not
sufficient to the optimization objective. Furthermore, the biophysical
interpretation of drug effects could not be implemented in the optimization,
whereas we could apply that knowledge to assign individual drug effects to
model components. Therefore, three consecutive optimization steps
addressing different model components replaced the single optimization
protocol. The consecutive optimization steps limited the model components
involved in each drug effect resulting in faster and more accurate fits. The
compartmentalization was justified by unlikely off-target contributions, but could
be considered a possible limitation for detailed mechanistic understanding. The
constraints to each optimization step prevented overfitting of parameters to a
relatively small dataset. For example, only direct closed to open state transition
rates (α3, α4, α7, α8 in Figure 8) were fitted to match the prolongation of intraburst closed durations. However unlikely, other (off-target) transitions could
have contributed to this drug effect. These potential off-target effects were not
accounted for in the development of the model presented herein based on the
assumption that they are unlikely to occur and contributions would be
overshadowed by the main drug effect in each step.
In the absence of inhibitor, a Markov model sharing certain closed and all open
states between Po-modes could not replicate Ca2+ sensitivity due to Ca2+
dependent mode-switching. The presence of AP14145 reduced macroscopic
cooperativity and Ca2+ sensitivity, manifested as removal of Ca2+ dependent
mode-switching in the model. Reversing the lessons learned from the control
model, the AP14145 model could most likely be simplified to reduce the
number of states. Open states as well closed states representing short and
intermediate closed duration could be shared between Po-modes, leaving only
closed and drug-specific states assigned to each individual Po-mode. We did
not attempt this simplification due to loss of comparability with uninhibited SK
channel model, potential Po-mode specific effects of AP14145 and
interpretation of functional AP14145 effects.
The model structure and implemented changes to match AP14145 drug effects
resulted in good fits (single channel and macroscopic data) for a variety of
models. However, most models did not reproduce modal gating with high
occurrence of low Po time segments (89% in experiments (van Herck et al.
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2021)). Two models described all required components of SK channel gating in
presence of AP14145: APM6st and APM3st. APM6st applied AP14145-specific
states to all closed states, whereas APM3st connected drug-specific states
only to low Po-mode closed states. In both models, there is an accumulation in
the AP14145-specific states regardless of [Ca2+]. At low [Ca2+], AP14145specific states connected to C1 or both C1 and C4 were heavily occupied,
distributing state occupation towards all other drug-specific states with
increasing [Ca2+]. This resulted from Ca2+ dependent transitions towards open
states and a direct effect of removing Ca2+ dependence on connections
between low and high Po-mode models. The influence of AP14145-specific
states seems to rise from the location within a Po-mode rather than
differentiation between Po-modes. Therefore drug states connected to low Pomode, high Po-mode or both did not affect functional SK channel
characteristics differently. Segments surrounding AP14145-induced long
channel closures often showed low channel activity (Po < 0.1), indicating that
these events occur in low Po-mode (van Herck et al. 2021). Analyzing SK
channel gating by Po-mode would elucidate Po specificity of this and other
AP14145 effects further, but was not possible with the dataset presented in our
companion paper (van Herck et al. 2021). The data-driven assumption that
AP14145-induced long channel closures are specific to low Po-mode would
benefit from additional data (analysis), but can reasonably be assumed from
the results presented here. Therefore we assume that APM3st with AP14145specific states connected to low Po-mode best reflects AP14145’s inhibitory
effects on SK channel gating kinetics.
Conclusions
We developed a detailed Markov model of SK channel gating replicating
functional channel characteristics from single channel and macroscopic data
(Hirschberg et al. 1998, van Herck et al. 2021). The model required 2 individual
Po-mode models of 2 open and 3 closed states, connected by Ca2+ dependent
transitions. Effects of two modulators with different allosteric mechanisms,
presented in our companion paper (van Herck et al. 2021), were leveraged to
develop detailed models representing total apamin and AP14145 inhibition.
Their shared major inhibitory mechanism (drug-induced long channel closures)
established itself similarly in the models by introducing drug-specific closed
states.
For both apamin and AP14145, two models with varying locations of newly
introduced states described the experimental data well. Two apamin models
fitted gating kinetics, modal gating and Po at [Ca2+] = 1µM while they differ
significantly in Ca2+ activation in presence of apamin. These models dictate
two possible Ca2+ dependencies for apamin effects: exponential Ca2+
activation curve for AM4st with reduced overall Po but similar macroscopic
Ca2+ activation to control, and 2-step Ca2+ activation curve due to apamin
targeting low Po-mode in AM1st. Projecting the lack of Po-mode specific
apamin effects in single channel experiments to the models, we assume AM4st
with drug-specific states on both Po-modes reflects SK channel gating in
presence of supramaximal apamin concentration. A change in Ca2+
dependence and sensitivity of SK channels in presence of AP14145 defined its
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allosteric mechanism. The Markov model required reduced transitions rates on
direct closed to open states, elimination of Ca2+ dependent mode-switching
and drug-specific closed states to replicate all effects induced by AP14145.
Functional outcomes were similar for AP14145-specific states connected to
low, high or both Po-mode models. However, only APM3st with AP14145specific states in low Po-mode reflects the experimentally observed low Po
segments surrounding drug-induced long channel closures.
The detailed Markov models of SK channel gating without inhibitor, with
apamin or with AP14145 present enable simulations at higher dimensions
while replicating complex gating dynamics. The comparability and distinct
differences between control, apamin and AP14145 models elucidate the
pharmacological effect of two allosteric modulators. Even though they share
their major inhibition mechanisms, simulations can evaluate the importance of
their differences and use as pharmacological tools and treatment.
Computational models and simulations including detailed SK channel gating
and pharmacology can further elucidate the role of SK channels in cardiac
electrophysiology and potential in AF treatment.
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Supplement
Methods
Markov model structure
The low and high Po-mode Markov models presented by Hirschberg et al. only
differ in forward transition rates between closed states (Hirschberg et al. 1998).
These transition rates were all Ca2+ dependent, indicating a link between the
low and high Po-mode models. The low and high Po-modes differ only in the
long closed duration, which is Ca2+ dependent in both modes. We tested a
combination of the low and high Po-mode into a single Markov model by
assuming that all durations, states and transitions except the long closed
duration were shared between the Po-modes. To distinguish between the low
and high Po-modes, the long closed duration was modeled by two closed
Markov states with Ca2+ dependent forward transition rates leaving these 2
states. Combined with the total of experimentally determined 2 open and 3
closed durations, as well as the connectivity presented by Hirschberg et al.
(Hirschberg et al. 1998), this results in a Markov model with 2 open and 4
closed states (M1, Figure 1). For reasons explained in the results, we created
families of models with separate Markov models for low and high Po gating
kinetics. For these split Po-mode models we tested two Markov structures: The
Po-mode models consisted of 2 open and 4 closed states as presented by
Hirschberg et al (Hirschberg et al. 1998) (M2, Figure 1), or 2 open and 3 closed
states as dictated by the experimental data (van Herck et al. 2021) (M3, Figure
1).
To model Ca2+ dependent changes in duration and amplitude of pdf
components, several combinations of Ca2+ dependent transitions were tested
(“Ca2+ structures”). The number and location of Ca2+ dependent transitions
were varied per Ca2+ structure, but were fixed for each optimization. The Ca2+
structures applied to the Markov model were chosen to resemble experimental
findings presented in our companion paper (van Herck et al. 2021) and
Hirschberg et al. (Hirschberg et al. 1998). The long closed duration in both Pomodes was Ca2+ dependent, together with amplitudes of most other
components. To allow for these changes, we tested Ca2+ dependencies on
transitions between closed states and towards open states. The five Ca2+
structures we tested apply to the following transitions rates: 1) all forward rates;
2) all forward rates between closed states; 3) all rates between closed states;
4) all reverse rates and the forward rate from C1; 5) the forward rate from C1.
The transitions per model family are listed in Supplement Table 1 and
correspond with Figure 1.

199

Supplement Table 1: Overview of Ca2+ dependent transition rates in each Ca2+structure

1) All forward
rates
2) All forward
rates between
closed states
3) All rates
between closed
states
4) All reverse and
individual forward
rate
5) Individual
forward rate

Family M1
α1-5

Family M2
α1-10

Family M3
α1-8

α1-3

α1-3/6-8

α1-2/5-6

α1-3 and β1-3

α1-3/6-8 and β1-3/6-8

α1-2/5-6 and β1-2/5-6

α1 and β1-5

α1/6 and β1-10

α1/5 and β1-8

α1

α1/6

α1/5

Markov model parameter fitting
Differential evolution algorithm settings
The settings of the optimization algorithm used for all parameterizations used
default values of the differential evolution method implemented in SciPyoptimize module of Python2, except for the following settings:
- init: Initial guess for the population or parameters
This setting was only applied for simulations with an initial guess as
specified in the manuscript (optimization step 2).
- tol: Relative tolerance for converging
The optimization stops when a relative convergence of 10-10 is
reached in optimization without inhibitor present. Optimizations for
apamin and AP14145 models stopped at a relative convergence of
10-40 due to smaller datasets. The tolerance was reduced from
default (0.01).
Parameter constraints
The dwelltime in a Markov state depends on the transition rates leaving that
state. For a simple Markov model consisting of a single open and a single
closed state (as shown below), this relation is straightforward. The time spent
in the closed state, and therefore the observable closed duration τc, equals
1
!"#$$%&'# !" ! = !! =
!!

This correlation was used to determine the boundaries of transition rates such
as k1, projected to the Markov structure for SK channel gating (Figure 1A in
main manuscript). The observable direct transitions from open to closed states
were constraint by the open durations (± one SD) distributed similarly as the
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models presented by Hirschberg et al. (Hirschberg et al. 1998). The indirect
transitions between hidden Markov states were constrained based on their
experimentally observed shortest and longest possible duration (± one SD).
The range of allowed transitions between and from closed states was widened
for 2 reasons: 1) Large number of possible pathways through hidden Markov
states (closed states in this model) leading to possibly higher transition rates;
2) The power-term of [Ca2+] could have a large impact on the transition rate in
both directions, resulting in wider boundaries in both directions. These
constraints were estimated from experimental data and adjusted when the best
fit would be at or near the constrained transition rate. The direct transitions
from open to closed state did not carry Ca2+ dependence and did not contain
hidden states. Therefore the transitions representing the open durations were
not altered from their experimentally observed values. An example of all
transition rate constraints for the final model structure (Figure 4 in main
manuscript) are presented in Supplement Table 2. Transition rates between
Po-modes (γ’s) were constrained to (0,1500). If Ca2+ dependence was present,
it was constrained to [Ca2+]0 to [Ca2+]4 per transition rate.
Supplement Table 2: Constraints for individual transition rates during
parameterization of control and drug models

Transitions rates
excluding Cadependence
(as labeled in Fig 4)
⍺1 , ⍺ 5
β1 , β 5
⍺2 , ⍺ 6
β2 , β 6
⍺3 , ⍺ 7
β3 , β 7
⍺4 , ⍺ 8
β4 , β 8
γ
Only for drug models:
apamin - δ1
apamin - δ2
AP14145 - δ3
AP14145 - δ4

Duration

Boundaries

τc,i to τc,l
τc,i to τc,l
τc,i to τc,l
τc,i to τc,l
τc,s to τc,l
τo,s
τc,s to τc,l
τo,l
-

0.01 – 500
0.1 – 500
0.01 – 500
0.1 – 500
0.1 – 1000
212 – 372
0.1 – 1000
19 – 38
0 – 1500

τc,d

0 – 0.5
0.1 – 40
0 – 0.2
0.1 – 5.0

τc,d

Objective function
The objective cost of open and closed durations used single channel
experimental data as ground truth. For both Po-mode models the input
consisted of a dataset of open and closed duration pdfs at Ca2+ concentrations
of 0.2, 0.4, 0.6, 0.8, 1.0, 5.0 and 30.0 µM. The single channel data reported in
our companion paper (van Herck et al. 2021) was extended to create an
experimental dataset used to parameterize the separate low and high Po
Markov models. A relative change in duration and amplitude of each
component to data at [Ca2+] = 1 µM was obtained from Hirschberg et al.

201

(Hirschberg et al. 1998) and applied to components presented in our
companion paper (van Herck et al. 2021). At 1 µM Ca2+ the low occurrence
(~10%) of the low Po-mode (Hirschberg et al. 1998) and relatively short
experiment length (van Herck et al. 2021), resulted in an under-representation
of the long closed duration in low Po-mode. Therefore a long closed duration
was introduced in the low Po dataset, with a weight of 0.4 and 10x (Hirschberg
et al. 1998) longer than the same component from the high Po-mode. The
weight of the long closed duration in high Po-mode was adjusted to be 0.09
(Hirschberg et al. 1998). Due to modeling low and high Po separately, the
relative changes with Ca2+ were specific for the low or high Po-mode (original
Figure 5 and 9 in (Hirschberg et al. 1998)) resulting in separate sets of pdfs.
This resulted in open and closed duration pdfs at intracellular Ca2+
concentrations of 0.2, 0.4, 0.6, 0.8, 1.0, 5.0, 30.0 µM for both Po-modes.
The difference for each pdf was calculated with the root-mean-square over
durations uniformly distributed on a logarithmic scale, ranging from 1e-6 s to
1e3 s. The sum of all 14 error-values (open and closed pdf each at 7 Ca2+
concentrations) was the total error and objective cost. A relative weight factor
to each error was used to balance the goodness of fit of each component
(Supplement Table 3). Each optimization was executed 5 times with the same
settings, but varied over the course of the optimization. The lowest error for
each model configuration was further assessed.
The objective cost of Ca2+ activation used the macroscopic Ca2+ activation
curve presented in our companion paper (van Herck et al. 2021) as ground
truth. Family M1 models fitted single channel data simultaneous with Ca2+
activation without specific localized effects for Ca2+ activation. For families M2
and M3, the macroscopic channel behavior was introduced in the transitions
between the low and high Po-mode models. Both experimental and simulated
Ca2+ activation curves were normalized to their own minimum and maximum
Po or current. The total error was calculated as the root-mean-square
difference between the simulated and experimentally measured Ca2+ activation
curve. The objective cost was calculated as the sum of individual errorcomponents as described in the manuscript. A relative weight factor to each
error was used to balance the goodness of fit of each component (Supplement
Table 3).
Supplement Table 3: Weight-factors for each component applied during control and
drug model parameterization

Component
Open duration pdfs
Closed duration pdfs
Relative time in high Po-mode
Ca2+ activation curve

Relative weight factor
1
2
0.01
2

Only for drug effects:
Inter-burst closed duration pdf

4 (apamin)
2 (AP14145)
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Modeling drug interactions
Apamin
Constraints on transition rates from apamin-specific states were derived from
experimental data, similar to transitions from open states. In contrast to these
observable transitions, apamin-specific states transition through hidden Markov
states making them non-observable. However, the duration carried by these
states is relatively long compared to all other closed durations. Therefore, the
apamin-induced closed duration (± one SD) was used to determine boundaries
on δ1 (Figure 6) and is listed in Supplement Table 2. Constraints on δ2 were
tested and adjusted when the best fit would be at or near the constrained
transition rate.
Fewer components were used in the objective function for apamin, but open
and closed duration errors were calculated and weighted similar to control. In
addition, the segment of the closed duration pdf representing inter-burst closed
durations (>td as defined in (van Herck et al. 2021)) had an increased relative
weight (see Supplement Table 3).
AP14145
In each step of the AP14145 optimization, the objective cost of each
component was calculated and weighted similar to control. All steps included
an error on inter-burst closed durations calculated similar to apamin and
weighted according to Supplement Table 3.
The constraints of each optimization step were determined individually. In
optimization step 1, the scaling factor could be expected ~2 (~2-fold increase
in closed durations) and was constrained between 0 – 20. In optimization step
2, the scaling factor or shift was constrained between 0 – 50. Constraints on
transition rates from AP14145-specific states in step 3 were derived from
experimental data, similar to transitions from open states. In contrast to these
observable transitions, AP14145-specific states transition through hidden
Markov states making them non-observable. However, the duration carried by
these states is relatively long compared to all other closed durations.
Therefore, the AP14145-induced closed duration (± one SD) was used to
determine boundaries on δ3 (Figure 7) and is listed in Supplement Table 2.
Constraints on δ4 were tested and adjusted when the best fit would be at or
near the constrained transition rate.
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Results

Supplement Figure 1: Experimental (black) and simulated (blue) Ca2+ activation
curve with Ca2+ dependent transition rates described by the power-function. The lack
of saturation of current at high [Ca2+] motivated a change to describe Ca2+ dependent
transitions with a saturating exponential function.

Supplement Figure 2: Change of absolute values of transitions rates with [Ca2+].
The highly Ca2+ sensitive orange trace (circles) represent transition rates from low to
high Po-mode. Due to the relative high transition rate at [Ca2+] = 10 µM compared to
rates within each Po-mode (α’s), a sudden increase of Ca2+ is more likely to
immediately transition to high Po-mode. The fast transition to high Po-mode, followed
by slower transitions within the Po-mode are likely to generate the 2-step activation
rate upon sudden increase of Ca2+ (Figure 5B).
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Supplement Figure 3: Diary plots from MCMC simulations clearly show different
behavior of the SK channel model at different [Ca2+]. A and B) At low [Ca2+], burst
activity is present, but dominated by low Po segments. C and D) At [Ca2+] = 1 µM, the
SK channel model shows modal gating with frequent bursts of activity alternated with
low Po segments. E and F) Only the high Po-mode is assumed to be present at [Ca2+]
= 10 µM, as indicated by reduced low Po activity and frequent occurrence of high Po
segments.
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