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Abstract

Patients with hypertrophic cardiomyopathy (HCM), a disease associated with sarcomeric protein
mutations, often suffer from sudden cardiac death (SCD) resulting from arrhythmia. In order to
advance SCD prevention strategies, our understanding of how sarcomeric mutations in HCM
patients contribute to enhanced arrhythmogenesis needs to be improved. Early afterdepolarizations
(EADs) are an important mechanism underlying arrhythmias associated with HCM-SCD.
Although the ionic mechanisms underlying EADs have been studied in general, whether
myofilament protein dynamics mechanisms also underlie EADs remains unknown. Thus, our goals
were to investigate if myofilament protein dynamics mechanisms underlie EADs and to uncover
how those mechanisms are affected by pacing rate, sarcomere length (SL), and different levels of
HCM-induced myofilament remodeling. To achieve this, a mechanistically-based bidirectionally
coupled human electrophysiology-force myocyte model under the conditions of HCM was
constructed. HCM ionic remodeling included a reduced repolarization reserve, while HCM
myofilament modeling involved altered thin filament activation. We found that the
mechanoelectric feedback (MEF) on calcium dynamics in the bidirectionally coupled model, via
Troponin C buffering of cytoplasmic Ca2*, was the myofilament mechanism underlying EADs.
Incorporating MEF diminished the degree of repolarization reserve reduction necessary for EADs
to emerge and increased the frequency of EAD occurrence, especially at faster pacing rates.
Longer SLs and enhanced thin filament activation diminished the effects of MEF on EADs.
Together these findings demonstrate that myofilament protein dynamics mechanisms play an
important role in EAD formation.
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1. Introduction

Hypertrophic cardiomyopathy (HCM), defined by unexplained ventricular hypertrophy, is
the most commonly inherited cardiac disease, with a reported prevalence of 1 in 500
worldwide (Maron et al., 1995; Maron and Maron, 2013). Although the annual mortality
from HCM is low (0.5 — 2%) (Elliott et al., 2014; Maron et al., 2014), certain patient subsets,
such as young athletes, have enhanced risk of sudden cardiac death (SCD) (Maron et al.,
2014; Maron et al., 2007). Thus far, the only treatment proven to prolong life and prevent
SCD in HCM patients is implantation of a cardioverter defibrillator (ICD) (Gersh et al.,
2011; Maron and Maron, 2013; Maron et al., 2003; Maron et al., 2000; Maron et al., 2013;
Maron et al., 2007; Schinkel et al., 2012; Vriesendorp et al., 2013). The main risk markers
used to identify those patients who will benefit most from an ICD include family history of
HCM SCD, unexplained syncope, multiple-repetitive non-sustained ventricular tachycardia
(NSVT) episodes, abnormal exercise blood pressure response, late gadolinium enhancement
>15% of left ventricular mass, and massive left ventricular hypertrophy =30 mm (Gersh et
al., 2011; Maron, 2002; Maron, 2010; Maron and Maron, 2013; Maron et al., 2003; Spirito
et al., 2014; Spirito et al., 2009; Spirito et al., 2000). However, HCM patients who lack all
risk factors are still not immune to SCD (Pastore et al., 1999; Spirito et al., 2014). In
addition, the risk stratification models used to identify high risk adult patients are not as
effective at identifying children with high risk (Maron et al., 2013). Furthermore, since SCD
risk in HCM patients is highest in younger patients (<30 years old) (Maron et al., 2014),
ICDs must be implanted early in life, increasing the likelihood that those individuals will
experience device-related complications (Maron et al., 2013). Despite the challenges of SCD
risk stratification in young HCM patients and their increased probability of device
complications, other treatment options are limited. In fact despite wide prevalence, many
consider HCM an orphan condition because it lacks disease-specific pharmacological
treatment (Spoladore et al., 2012), which may be a consequence of the wide genetic and
phenotypic heterogeneity among HCM patients. In particular, more than 1500 mutations
identified on at least 11 genes, encoding thick and thin myofilament protein components,
have been found to underlie HCM (Bos et al., 2009; Ingles et al., 2013; Maron et al., 2012;
Niimura et al., 1998; Seidman and Seidman, 2011), though the causality and contribution to
disease progression for each is not fully understood (Bezzina et al., 2015). To complicate
matters, a new HCM subgroup, described as ‘genotype positive-phenotype negative,” has
been discovered in which patients have one or more pathogenic mutations but no disease
phenotype (Gersh et al., 2011; Gray et al., 2011; Maron and Semsarian, 2010; Maron et al.,
2011). The lack of disease-specific pharmacological treatment, the challenges of accurately
stratifying HCM SCD patients, and the incomplete understanding of the relationship
between HCM genotype, phenotype and outcome (Charron et al., 2010) underscore the need
to improve SCD prevention strategies for HCM patients by improving our understanding of
how sarcomeric mutations in HCM patients contribute to the enhanced arrhythmogenesis
underlying SCD (Coppini et al., 2013; Maron et al., 2000).

Patients with HCM often have cardiac arrhythmias, including atrial fibrillation, NSVT, and
sustained ventricular tachycardia, as well as prolonged QTc (Coppini et al., 2013; Coppini et
al., 2014; Maron et al., 2000). Early afterdepolarizations (EADSs), defined as a slowing or
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reversal of normal repolarization during the plateau or rapid depolarization phases, have
been implicated as the primary mechanism underlying many arrhythmias associated with
HCM (Weiss et al., 2010; Yan et al., 2001) and have also been found in patients with HCM
(Coppini et al., 2013). Many studies have investigated the ionic mechanisms of EADs in
lethal ventricular arrhythmias and have found that EADs occur when repolarization reserve
is reduced due to enhanced inward current, diminished outward current, or both. In addition,
there must also be a regenerative increase in net inward current that has the ability to
overcome and reverse repolarization. The ion channels typically implicated in this positive
feedback are the L-type Ca2* current (I, ) and the Na*-Ca2* exchange current (Inaca)
(Weiss et al., 2010). New studies have also begun to explore the ionic mechanisms of EADs
in human HCM tissue, finding that I, and Inaca play an important role along with the
rapid delayed rectifier current (I,), the late Na* current (Ina.), and CaZ*/calmodulin-
dependent protein kinase 11 (CaMKII) (Coppini et al., 2013).

Although the ionic mechanisms of EADs have been studied, whether there are also
myofilament protein dynamics mechanisms at play is poorly understood. Since
mechanoelectric feedback (MEF) is known to be essential for normal function of the heart
and is believed to be important in disease (Quinn, 2014; Taggart and Sutton, 1999; Tardiff et
al., 2015; Zile and Trayanova, 2016) and since HCM is a disease caused by sarcomeric
mutations, it is important to explore whether myofilament protein dynamics mechanisms
could also contribute to EADs in human HCM. Thus, our goal was to utilize the capability
of mechanistic computer simulations to investigate whether myofilament protein dynamics
mechanisms modulate EAD formation in HCM for varying degrees of reduced
repolarization reserve, and to uncover how these mechanisms are affected by pacing rate,
sarcomere length, and the degree of HCM-induced myofilament remodeling.

2. Methods

2.1. Human Electrophysiology-Force Myocyte Model

To investigate whether myofilament protein dynamics mechanisms modulate EAD formation
under the conditions of human HCM, a mechanistically-based human electrophysiology-
force myocyte model was used. The electrophysiology-force model combined the human
endocardial ventricular membrane kinetics model by Vandersickel et a/ (Vandersickel et al.,
2014) and the myofilament protein dynamics model by Rice et a/ (Rice et al., 2008). The
Vandersickel et a/ model, an extension of the ten Tusscher et a/ model (ten Tusscher and
Panfilov, 2006), which incorporates updated L-type Ca2* channel kinetics, was used because
it is capable of generating EADs during reduced repolarization reserve. The Rice et a/
model, which describes the activation of the thin filament by intracellular calcium binding to
Troponin C as well as thin filament binding to thick filament crossbridges (XBs) using a 6
state Markov model, was chosen for its computational efficiency and incorporation of
important biophysical detail and cooperativity mechanisms. Since the Rice et a/ myofilament
model was developed based on rabbit data, we adjusted it to match human force data as
described elsewhere (Zile and Trayanova, 2016).

The ionic and myofilament models were bidirectionally coupled by incorporating MEF on
calcium dynamics (Figure 1); this was done by incorporating a dynamic term for troponin
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buffering of intracellular calcium ([Ca]troponin) Using our previously developed approach
(Zile and Trayanova, 2016) where we refer to this as “strong coupling.” In summary, the
following equation was used to update the intracellular calcium concentration in the ionic
model, using the [Ca]troponin term calculated by the myofilament model, at each time step:
[Ca],  =[Cal,+[Cd]

Total Calmodulin

+[Ca] Troponin (1)

where [Ca]tog iS the total calcium in the cytoplasm, [Ca]; is the free calcium in the
cytoplasm, [Ca]caimodulin 1S the total calcium buffered by calmodulin in the cytoplasm, and
[Caltroponin is the total calcium bound to Troponin C and incorporates the cooperativity of
calcium-troponin binding due to strongly bound nearby XBs. Bidirectionally coupling the
models with a dynamic representation of [Ca]rroponin Was important and necessary, because
it has been shown to be crucial for accurately reproducing contractile experiment data in
myocyte simulations (Ji et al., 2015).

A unidirectionally coupled version of the model (with no MEF and referred to as “weakly
coupled” in our previously developed approach (Zile and Trayanova, 2016)) was created by
removing the [Ca]troponin term from Equation 1. The sole purpose of this model was to aid
in examining how MEF altered EAD emergence and the frequency of EAD occurrence, by
comparing its simulations to those of the bidirectionally coupled model.

2.2. Incorporating HCM-Induced Remodeling

We simulated human HCM in our single cell electrophysiology-force models by
incorporating ionic and myofilament remodeling. lonic remodeling was represented by
reducing repolarization reserve. Specifically, we increased the maximal conductance of the
L-type Ca2* current (Ggar) 2.5-5 fold (0.05 increments) and decreased the maximal
conductance of the rapid delayed rectifier current (Gg,) to 10-100% of its baseline value (in
increments of 0.1%) in the ten Tusscher et a/ model, similar to Vandersickel et a/
(Vandersickel et al., 2014) and Zimik et a/ (Zimik et al., 2015) to represent increased Iy
density, CaV1.2 protein and CaCNAL1.2, and decreased Ik, density and HERG1b observed in
human HCM (Coppini et al., 2013). These specific features of HCM remodeling were
incorporated because they have been shown to be important to the development of EADs in
previous studies of human HCM (Coppini et al., 2013). A range of values was used because
HCM remodeling has been shown to be progressive over time (Gersh et al., 2011; Semsarian
etal., 1997).

Myofilament remodeling was incorporated to simulate altered thin filament activation and
myofilament Ca2* sensitivity found in human HCM. Changes in thin filament activation
have been linked to altered phosphorylation of cardiac Troponin | (cTnl) (Messer et al.,
2007), mutations in cardiac troponin T (cTnT) (Miller et al., 2001) and mutations in cardiac
myosin binding protein C (cMyBP-C) (Carrier et al., 2015; Kampourakis et al., 2014; Mun
et al., 2014; Previs et al., 2015; Sequeira et al., 2015; Witayavanitkul et al., 2014), which
occur in HCM in humans (Carrier et al., 2015; Sequeira et al., 2015) and animals (Miller et
al., 2001; Warren et al., 2015). Although there are more sarcomeric mutations that cause
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HCM, such as in cardiac actin (ACTC), cardiac troponin C (TNNC1), and a-tropomyosin
(TPM1) (Olivotto et al., 2015), less is known about how these affect thin filament activation,
if at all. Furthermore, myocardial Ca2* sensitivity, defined as the amount of Ca2* necessary
to produce half maximal force, is a function of thin filament activation and XB cycling rates
and has been shown to be altered in HCM. Myocardial Ca2* sensitivity has been found to
increase by 1-7% in human HCM (Coppini et al., 2013; Robinson et al., 2007; Warren et al.,
2015) and by 3-10% in animal models of HCM (Miller et al., 2001).

Despite the lingering uncertainty in the mechanisms by which these sarcomeric mutations
lead to the altered myofilament properties outlined above and the uncertainty of the exact
amount by which the myofilament properties are altered in HCM, these studies indicate that
myofilament parameters involved in thin filament activation and CaZ* sensitivity are
important components of the disease manifestation and therefore may contribute to the
emergence of EADs. To elucidate if and how changes to myofilament parameters in human
HCM promote the emergence of EADs or modulate the frequency of EAD occurrence, we
incorporated HCM remodeling into the Rice et a/ myofilament model. Specifically, we
altered thin filament activation, embodied in the Rice ef a/ model by these 3 parameters:
permso, KoffH, and Kon. The parameters knpt and kpnt are nonlinear transition rates that are
functions of these 3 parameters and represent nearby regulatory unit (RU)-based and
calcium-based activation of the thin filament, which is shown in Figure 1 as the transition of
the thin filament from the Nxg state (XB formation is inhibited) to the Pxg state (weakly
bound XB formation is possible). The parameter permsg is the half activation constant for
the shift of a thin filament RU from Nxg to Pxg, Koff is the rate constant for Ca2*
unbinding from the high affinity binding site of Troponin C, and kg, is rate constant for Ca2*
binding to Troponin C. Due to the uncertainty in the literature regarding the exact amount
that these parameters change in HCM, as described above, we explored HCM —induced
remodeling of these 3 myofilament parameters within the range of 85% to 115% of their
baseline values (increments of 5%) (Table 1).

2.3. EAD Protocol

Studies of cardiomyocytes from HCM patients have shown that EADs arise at pacing
frequencies ranging from 0.25-1 Hz (Coppini et al., 2013), consistent with clinical studies in
which arrhythmias arose in HCM patients who were sedentary, asleep, or performing normal
daily activities (Maron et al., 1994; Maron et al., 2009); EADs have also been induced, at
these rates, in computational electrophysiological models of human ventricular arrhythmias
associated with HCM (Vandersickel et al., 2014; Zimik et al., 2015). To induce EADs in the
bidirectionally and unidirectionally coupled HCM electrophysiology-force myocyte models,
we used a pacing protocol similar to those in Zimik et a/ (Zimik et al., 2015) and
Vandersickel et a/ (Vandersickel et al., 2014). We isometrically paced the myocyte models at
one of three pacing cycle lengths (CLs) (1000 ms; 1Hz, 2000 ms; 0.5 Hz, or 4000 ms; 0.25
Hz) for 100 beats. After the first 50 beats, all of our simulations had reached steady state,
similar to previous studies (Zile and Trayanova, 2016). The final 50 beats were used to
analyze the emergence of EADs and the frequency of their occurrence. Since sarcomere
length (SL) changes during the cardiac cycle (ranging from 1.70 — 2.40 um) (Trayanova and
Rice, 2011) and since it is known to modulate MEF (Zile and Trayanova, 2016), isometric
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simulations for each pacing rate were run three times, once at a constant SL of 1.70, 1.90 or
2.40 um.

To determine if MEF modifies EAD formation for varying degrees of HCM-induced reduced
repolarization reserve in HCM myocytes, we compared EAD formation in simulations with
the bidirectionally vs unidirectionally coupled HCM myocyte models using the protocol
above. Since there is a wide spectrum of HCM-induced myofilament remodeling (including
no myofilament remodeling at all) (Gersh et al., 2011; Gray et al., 2011; Maron and
Semsarian, 2010; Maron et al., 2011), we first compared simulations with and without
feedback that incorporated only HCM-induced ionic remodeling.

Then, to elucidate how the severity of HCM-induced myofilament remodeling alters the
effects of MEF on EAD formation, we compared bidirectionally coupled simulations with
only HCM-induced ionic remodeling (described above) to those with HCM-induced ionic
remodeling and different amounts of HCM-induced myofilament remodeling (described
below) using the aforementioned protocol. To incorporate different amounts of HCM-
induced myofilament remodeling in the simulations, one of the 3 myofilament parameters
(permsg, KofH, Kon) Was assigned a value 5-15% below or above its baseline value (as
described in the previous section) for a given simulation.

2.4. Analysis of EADs

3. Results

An EAD was defined as a slowing or reversal of normal repolarization during the plateau or
rapid depolarization phases (phases 2 or 3) of an action potential (AP) (Vandersickel et al.,
2014; Weiss et al., 2010). We narrowed this definition by requiring that the spontaneous
depolarization(s) in phase 2 or 3 be larger than 1 mV. Therefore, an EAD was said to be
elicited in a simulation if at least 1 of the final 50 APs had at least one spontaneous
depolarization(s) in phase 2 or 3 that was larger than 1 mV.

The frequency of EAD occurrence was calculated as the number of beats that elicited an
EAD. Specifically,

# of action potentials with 1 or more EADs
total number of beats (2)

frequency of EAD occurrence =

where the total number of beats were defined as the final 50 beats of each simulation.

3.1. MEF Alters EAD Emergence and Frequency of Occurrence

Incorporating HCM-induced repolarization reserve reduction in the bidirectionally and
unidirectionally coupled cellular electrophysiology-force models without HCM-induced
myofilament remodeling elicited EADs similar to those shown previously (Vandersickel et
al., 2014; Zimik et al., 2015), which resulted in an elongated active force transient, as
expected (Coppini et al., 2013). However, there needed to be a sufficient reduction in
repolarization reserve for EADs to emerge (Vandersickel et al., 2014; Zimik et al., 2015). An
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example of unaffected APs (without EADs) when repolarization reserve reduction is
insufficient (G, 50% of baseline, G, 3.8 fold above baseline) in the bidirectionally (light
blue) and unidirectionally (red) coupled models is shown in Figure 2A, where
transmembrane voltage (V) is plotted as a function of time for pacing at a CL of 2000 ms
(0.5 Hz) and a SL of 1.90 um. The corresponding active force traces, as a function of time
(Figure 2C), were also unchanged. There were no differences in the APs or normalized
active force traces between the bidirectionally and unidirectionally coupled models, despite
a slight difference (32 pM vs 40 puM) in peak [Ca]troponin (Figure 2B), the term that
represents the feedback from the myofilament model to the ionic model.

An example of APs with EADs (sufficient reduction in repolarization reserve ensured by
Gcar 4.0 fold vs 3.8 fold above baseline, other parameters identical to those in Fig. 2A-C)
in the bidirectionally coupled model (light blue) is shown in Figures 2D and 3A, and the
corresponding prolonged active force trace in Figures 2F and 3B. If MEF is removed, the
resulting unidirectionally coupled model does not exhibit EADs or prolongation of the active
force trace, despite the significant reduction in repolarization reserve. In the bidirectionally
coupled model, Troponin C binds free intracellular Ca2* and decreases the pool of free Ca2*
ions available in the cytoplasm ([Ca];) as shown in Figure 3C. During the early AP, the
feedback via the [Ca]troponin term (Equation 1) shown in Figures 2E and 3D in the
bidirectionally coupled model, resulted in smaller peak [Ca]; than that in the unidirectionally
coupled model. This smaller [Ca]; in the bidirectionally coupled model causes the sodium-
calcium exchanger current (Inaca) in Figure 3E to be larger while functioning in its reverse
mode (since it is a function of the Ca2* gradient across the membrane), allowing more Ca2*
ions into the cell without dramatically increasing [Ca]; (since many of these Ca2* ions then
bind to Troponin C). As the AP progresses, the remaining Ca2* ions in the cytoplasm are
available to be extruded from the cell via Iy,cq during its forward mode or via the
sarcolemmal calcium pump (Ipca) shown in Figure 3F, or pumped into the sarcoplasmic
reticulum (SR; Figure 3G) via the sarcoplasmic reticulum Ca2*-ATPase (lup; Figure 3H).
However, since Inaca is a function of the CaZ* gradient across the membrane and since [Cal;
is smaller due to buffering by Troponin C in the bidirectionally coupled model, less Ca2*
ions are extruded from the cell via Inaca thereby leaving more to be pumped into the SR via
lyp. Larger [Ca]sr in simulations with the bidirectionally coupled model increases the
opening rate and decreases the closing rate of the ryanodine receptor (RyR), resulting in
larger Ca2* release from the SR (I,¢; Figure 31) and increased Ca2* in the subspace ([Ca]ss;
Figure 3J). If [Ca]gs is sufficiently large (as it is for the bidirectionally but not
unidirectionally coupled model), spontaneous calcium-induced calcium release (CICR)
occurs. This further increases [Ca]ss, Which then via increased diffusion (Iyfer; Figure3K),
dramatically increases [Ca]; during early repolarization resulting in increased Inaca In
forward mode. If the inward current from Iacq in forward mode delays repolarization long
enough (as it does with the bidirectionally coupled model), Ica(, as shown in Figure 3L, is
able to recover from inactivation and increase enough to overcome the outward current
through the rapid and slow delayed rectifier channels (Ix; and lks; Figures 3M-N), causing
an EAD to form. This exemplifies how MEF can elicit EADs in bidirectionally coupled
electrophysiology-force cell models under conditions of significant repolarization reserve,
when EADs are not elicited in comparable simulations with the unidirectionally coupled
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model. Therefore, MEF diminishes the degree of repolarization reserve reduction necessary
for EADs to emerge in simulations with the bidirectionally coupled model compared to
those with the unidirectionally coupled model.

When repolarization reserve is reduced further (G¢g . increased to 4.2 fold above baseline),
both the bidirectionally and unidirectionally coupled models exhibit at least one AP with an
EAD (Figure 2G) and one corresponding force trace that is of increased duration (Figure 21).
However, due to the difference in buffering of Ca2* as a result of MEF (Figure 2H), the
frequency of EAD occurrence is increased in the bidirectionally coupled model relative to
the unidirectionally coupled one (2 APs with an EAD vs 1). After an EAD occurs in beat
one, there is an excess of CaZ* ions in the cytoplasm, due to Ca?* release from the SR and
from reactivated I, , for simulations with both the bidirectionally and unidirectionally
coupled models. In the bidirectionally coupled model, some of those Ca2* ions bind to
Troponin C, reducing [Ca]; during the 2" repolarization relative to that in the
unidirectionally coupled model. The remaining free CaZ* ions in the cytoplasm are then
pumped into the SR by Iy, or extruded from the cell via Inaca, and Ipca. However, the
decreased [Ca]; reduces forward mode Inaca @and enhances the amount of Ca2* stored in the
SR for bidirectionally vs unidirectionally coupled models. If sufficiently large (as it is in this
example for the bidirectionally but not unidirectionally coupled simulations), this [Ca]sg
load is enough to cause increased I, and elevated [Ca]gs in the second beat triggering
spontaneous CICR and an EAD, thus increasing the frequency of EAD occurrence in
bidirectionally vs unidirectionally coupled simulations due to MEF.

3.2. Faster Pacing Enhances Effects of MEF on EAD Emergence and Frequency

The stability diagrams of Gk, and G¢g in Figure 4A—C illustrate that EADs arise when
HCM-induced repolarization reserve is sufficiently reduced (smaller Gy, and larger Gggy) in
the absence of HCM-induced myofilament remodeling, most prominently at faster pacing
rates; the light blue line divides simulations with the bidirectionally coupled model that
elicited no EADs (on the left) from those that had at least one EAD (on the right) for CLs of
4000 ms (Figure 4A), 2000 ms (Figure 4B) and 1000 ms (Figure 4C), with SL=1.90 um. The
red lines denote the same division for simulation results with the unidirectionally coupled
model.

Faster pacing enhanced the effects of MEF on the emergence of EADs, which is evidenced
by the progressive separation of the red and light blue lines in Figure 4A-C. For pacing at
CL=4000 ms, the degree of repolarization reserve reduction necessary to elicit EADs was
similar for the bidirectionally and unidirectionally coupled models as shown in Figure 4A
(minimal separation between lines); the minimum amount of repolarization reserve
reduction necessary to elicit EADs was decreased on average by 1.0% for simulations with
vs without MEF. At CL=2000 ms and CL=1000 ms, this effect was amplified; the minimum
amount of repolarization reserve reduction necessary to elicit EADs was decreased on
average by 4.6% at CL=2000 ms and 15.1% at CL=1000 ms for simulations with vs without
MEF. This enhanced effect of MEF on the emergence of EADs with faster pacing was due to
the progressively elevated [Ca]; during the early AP, which occurred due to a buildup of
diastolic [Ca]; as a result of the progressively shorter time between beats needed for the 1,

Prog Biophys Mol Biol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zile and Trayanova

Page 9

INaca, @nd Ipca to restore [Calj to normal. In the bidirectionally coupled model, this elevation
in [Ca]; was lower than it was in the unidirectionally coupled model because some of the
excess Ca2* ions were able to bind to Troponin C instead of remaining unbound in the
cytosol. Since Troponin C did not become saturated with Ca2* even at the fastest pacing
rates, the difference between [Ca]; in simulations with the unidirectionally vs bidirectionally
coupled models was progressively enhanced as pacing rates were increased (CLs decreased).
This difference in [Ca];, as described in Results section 3.1 (via altered Inaca behavior,
greater [Ca]sgr, enhanced ., enlarged [Ca]ss, and CICR), reduced the degree of
repolarization reserve reduction necessary for EADs to emerge in simulations with the
bidirectionally coupled model. Since the difference in [Ca]; between the unidirectionally and
bidirectionally coupled models progressively increased with increased pacing rate, the
difference in the degree of repolarization reserve reduction necessary for EADs to emerge
also became progressively larger.

Faster pacing also heightened the effects of MEF on the frequency of EAD occurrence. In
Figure 4D-F, the frequency of EAD occurrence (defined in Methods 2.4) was plotted at
three representative points labeled a, b, and c in the corresponding stability diagrams in
Figure 4A-C. At these points, MEF increased the frequency of EAD occurrence in
bidirectionally vs unidirectionally coupled simulations on average by 8.7% for CL=4000 ms
(Figure 4D), 64.7% for CL=2000 ms, and 86.7% at CL=1000 ms. This progressive increase
in EAD frequency with faster pacing, is due to progressively elevated [Ca]; during the early
AP resulting in increasingly elevated [Ca]sg in the bidirectionally vs unidirectionally
coupled models, as described in the preceding paragraph. Via the mechanism described in
Results section 3.1, this progressive elevation in [Ca]sg in the subsequent beat progressively
increased the probability of spontaneous CICR and thus the frequency of EAD occurrence.

3.3. Longer Sarcomere Length Diminishes MEF Effects on EAD Emergence and Frequency

Stability diagrams of Gy, and G¢g, similar to those in Figure 4, illustrate how SL affects
the degree of HCM-induced repolarization reserve reduction necessary for EAD emergence
in simulations with the bidirectionally coupled electrophysiology-force myocyte model in
the absence of HCM-induced myofilament remodeling for pacing at CL=2000 ms (Figure
5A) and CL=1000 ms (Figure 5B) for SL=1.70 um (dark blue), 1.90 um (light blue), and
2.40 um (green). Since pacing at CL=4000 ms elicited little difference in the amount of
repolarization reserve necessary for EAD formation or the frequency of EADs between the
bidirectional and unidirectional models, we did not evaluate the effects of SL for pacing at
CL=4000 ms. Pacing at CL=2000 ms, contracted myocytes (SL=1.70 um) compared to those
at resting length (SL=1.90 um) required on average 2.4% less reduction in repolarization
reserve for EAD emergence (dark blue line left shifted relative to light blue line). Stretched
myocytes (SL=2.40 um) required on average 2.1% more repolarization reserve reduction for
EAD emergence compared to those at resting length (green line right shifted relative to light
blue line). These examples show that shorter SLs enhance EAD formation. By definition,
increasingly shorter SLs have a progressively decreased fraction of single-overlap thin
filament opposing the thick filament. Since this portion of the thin filament has a higher
binding affinity to calcium, a progressively smaller fraction of it causes Ca2* to dissociate
increasingly faster from Troponin C during early repolarization in simulations with shorter
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vs longer SLs. This reduction of Ca2* buffering by Troponin C enhances [Ca]; during early
repolarization resulting in enhanced forward mode Iyaca. Since forward mode Inaca
produces an inward current, increasingly larger Inaca for shorter SLs resulted in longer
delays in AP repolarization. These increased delays provided Ic, with progressively longer
times to recover from voltage-gated inactivation and to self-amplify sufficiently to become
greater than the sum of outward currents (including Ik,). Since Icy_ is a function of Ggyy |
cases with diminished Ggg will require more time for self-amplification. Similarly
enhanced Gy, will result in larger outward currents requiring that I, be larger in order to
overcome them, and thus requiring a longer period of delayed repolarization to allow greater
self-amplification of I, . Since shorter SLs at CL=2000 ms result in increased delays in AP
repolarization, EADs are elicited in simulations with increasingly large repolarization
reserve (progressively larger Gg, and smaller G¢g ). However, SL does not affect the degree
of repolarization reserve reduction necessary for EAD emergence at CL=1000 ms (Figure
5B), since Iy had sufficient time to self-amplify in all cases due to the large [Ca]; at
CL=1000ms.

Longer SLs also diminished the effect of MEF on the frequency of EAD occurrence. In
Figure 5C-D, the frequency of EAD occurrence was plotted for both models at three
representative points labeled a, b, and ¢ in the corresponding stability diagram in Figure 5A—
B. The frequency of EAD occurrence at these points illustrates longer SLs result in fewer
EADs. At SL=2.40 pm there are 52.7% less EADs than at SL=1.90 pm and 76.0% less than
at SL=1.70 um for CL=2000 ms (Figure 5C). For CL=1000 ms (Figure 5D), SL=2.40 ym
had 0.7% less EADs than SL=1.90 um and 4.7% less than SL=1.70 pm. Similarly, SL=1.90
pm resulted in 23.3% less EADs than SL=1.70 um at CL=2000 ms, and 5.3% less than
SL=1.70 um at CL=1000 ms. This decrease in the frequency of EAD occurrence for longer
SLs is due to the enhanced binding affinity of Troponin C for Ca2*. Via the mechanisms
described in the preceding paragraph, this results in shorter delays in AP repolarization at
longer SLs. When an equal degree of repolarization reserve reduction is incorporated in
simulations, the cases with shorter delays in AP repolarization (due to diminished Inaca in
forward mode) are less likely to have Ic4 recover from inactivation and are thus less likely
to exhibit EADs. Therefore, longer SLs are associated with a diminished frequency of EAD
occurrence.

3.4. Increased Severity of HCM-Induced Myofilament Remodeling Alters Effects of MEF on
EAD Emergence and Frequency

Stability diagrams of Gy, and G¢g,y, similar to those in Figures 3 and 4, illustrate how the
severity of HCM-induced myofilament remodeling affects the degree of HCM-induced
repolarization reserve reduction necessary for EAD emergence in simulations with the
bidirectionally coupled electrophysiology-force myocyte model. Figure 6 presents results
regarding HCM-induced myofilament remodeling of parameters permsgq (Figure 6A), Koty
(Figure 6B), and kg, (Figure 6C) for pacing at CL=2000 ms and SL=1.90 um. Simulations
for the bidirectionally coupled model with both HCM-induced ionic and myofilament
remodeling with CL=4000 ms and 1000 ms, and for CL=2000 ms with SL=1.70 and 2.40
pm are not shown since the effects of myofilament remodeling severity on MEF effects on
EAD formation are similar to those shown in Figure 6. A 15% increase in permsg, a 15%
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increase in KqyfH, OF @ 15% decrease in Kqp, decreases the degree of repolarization reserve
reduction required for EAD emergence (left shifted lines in Figures 5A—C respectively) on
average by 3.0%, 1.0%, and 1.4% respectively compared to no remodeling. The reverse is
true for a 15% decrease in permsg, a 15% decrease in Kqge, Or a 15% increase in Kqp; the
degree of repolarization reserve reduction required for EAD emergence is increased on
average by 1.2%, 1.2%, and 1.4% respectively compared to no remodeling. By definition,
increasing permsg decreases nearest-neighbor cooperativity, resulting in decreased binding
affinity of Troponin C on nearby RUs to Ca2*, thus decreasing RU-based thin filament
activation. By definition, increasing KqfH (and decreasing Kop,) increases the unbinding rate
(decreases the binding rate) of Ca to Troponin C, also resulting in decreased binding affinity
of Troponin C to Ca2*, thus decreasing Ca-based thin filament activation. These examples
show that diminishing TroponinC-Ca2* binding affinity via HCM-induced remodeling
increases the likelihood for EAD formation and results in EADs in simulations under
conditions of greater repolarization reserve, via the same mechanism described in Results
section 3.3. Therefore, diminishing TroponinC-Ca2* binding affinity via HCM-induced
remodeling enhances the effects of MEF on EAD emergence.

HCM-induced myofilament remodeling also affected the frequency of EAD occurrence. In
Figure 6 D-F, the frequency of EAD occurrence was plotted for simulations with the
bidirectionally coupled electrophysiology-force myocyte model at three representative
points labeled a, b, and ¢ in the corresponding stability diagram in Figure 6A—C. The graphs
illustrate that HCM-induced myofilament remodeling that decrease the binding affinity of
Troponin C to Ca%* (increased permsg, increased Kqfrn, decreased kop) results in a larger
number of EADs than in cases without remodeling. Myofilament remodeling that increases
TroponinC-Ca?* binding affinity results in fewer EADs. Simulations with myofilament
remodeling that decrease binding affinity (15% increase in permsg, 15% increase in Ko,
and a 15% decrease in kqp) have an average of 25.3%, 13.3%, and 16.7% more EADs than
respective simulations without myofilament remodeling at CL=2000 ms. Conversely,
simulations with myofilament remodeling that increase binding affinity (15% decrease in
permsg, 15% decrease in KofH, and a 15% increase in ko) have an average of 44.0%, 14.0%
and 24.0% less EADs than respective simulations without myofilament remodeling at the
same pacing rate.

4. Discussion

The present study examines whether myofilament protein dynamics mechanisms in HCM
affect the incidence of EAD formation, which have been implicated as the primary
mechanism underlying many arrhythmias associated with HCM. The goal of our study was
to utilize the capability of mechanistic computer simulations to investigate whether
myofilament protein dynamics mechanisms modulate EAD formation for varying degrees of
reduced repolarization reserve in HCM, and to uncover how these mechanisms are affected
by pacing rate, sarcomere length, and the severity of HCM-induced myofilament
remodeling. Using bidirectionally and unidirectionally coupled human electrophysiology-
force ventricular myocyte models, we showed that MEF on calcium dynamics in the
bidirectionally coupled model, via Troponin C buffering of cytoplasmic Ca2*, was the
myofilament protein dynamics mechanism underlying EADs. We showed that incorporating
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MEF diminished the degree of repolarization reserve reduction necessary for EADS to
emerge and increased the frequency of EAD occurrence, especially at faster pacing rates. We
also found that longer sarcomere lengths and enhanced thin filament activation diminished
the effects of MEF on EADs. Together these findings demonstrate that myofilament protein
dynamics mechanisms plays an important role in EAD formation and suggest that targeting
MEF may be an alternative treatment approach for prevention of arrhythmia and thus SCD
in HCM patients.

4.1. Modulation of EAD Incidence Occurs via MEF

SCD and arrhythmias have been shown to occur in patients with HCM, an inherited
sarcomeric mutation-based disease (Coppini et al., 2013; Coppini et al., 2014; Maron et al.,
2000). In addition, HCM patients with more than one sarcomeric mutation have a higher risk
of SCD and a worse phenotype, independent of other risk factors (Van Driest et al., 2004).
An important mechanism underlying many lethal arrhythmias found in HCM patients is
EADs (Weiss et al., 2010; Yan et al., 2001), which also occur in patients with HCM

(Coppini et al., 2013). In this HCM EAD study, the sarcomeric proteins cardiac myosin
binding protein C and myosin heavy chain were mutated and evidence of altered [Ca];
transient kinetics was found. Furthermore, additional sarcomere mutations such as Troponin
I (Messer et al., 2007), T (Miller et al., 2001), and C (Olivotto et al., 2015) and tropomyosin
(Olivotto et al., 2015) have been found in HCM, all of which are sarcomeric proteins integral
to CaZ*-Troponin C binding (Tardiff et al., 2015). Taken together, the results from these
previous studies suggest that MEF, via altered Troponin C-Ca2* buffering, is a likely
mechanism by which sarcomeric mutations can modulate the incidence of EADs. Our results
presented here provide proof that sarcomeric mutations, via altered Troponin C buffering of
cytosolic Ca2* (resulting from MEF), can indeed alter the degree of repolarization reserve
reduction necessary for EADs to emerge and the frequency of EAD occurrence.

4.2. Effects of Altered Ca?* Sensitivity on EADs and Arrhythmia in HCM

Ca?" sensitivity is defined as the amount of Ca?* necessary to produce half maximal force.
When Ca?* sensitivity is increased, less Ca?* is required to produce half maximal force.
Several studies have shown that increased Ca?* sensitivity is associated with increased
arrhythmogenicity (Baudenbacher et al., 2008; Huke and Knollmann, 2010). One animal
study showed that the myosin inhibitor blebbistatin (which decreases Ca2* sensitivity)
reduced arrhythmia propensity in mice who had been hypersensitized to Ca2* due to
troponin mutations or Ca?* sensitizing agents (Baudenbacher et al., 2008). Another showed
that transgenic mice with different troponin T and | mutations had an increased incidence of
premature ventricular complexes when injected with isoproterenol and an increased
occurrence of ventricular tachycardia (Baudenbacher et al., 2008). However, none of these
studies were conducted on human tissue or models and none incorporated the ionic
remodeling changes that have been shown to occur in human HCM (Coppini et al., 2013).
Neither did they investigate the myofilament protein dynamics mechanisms linking
increased Ca2* sensitivity to EADs or arrhythmia.

Human studies of HCM have shown that Ca?* sensitivity is increased and that ventricular
arrhythmias and SCD occur in HCM patients (Tardiff et al., 2015). However, ventricular
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arrhythmias and SCD also occur in dilated cardiomyopathy (DCM), which is characterized
by a decrease in Ca%* sensitivity (Sen-Chowdhry and McKenna, 2012). Therefore, to
understand how altered Ca2* sensitivity may potentially promote arrhythmogenicity in these
sarcomeric mutation-based cardiac diseases, studies investigating the effects of Ca2*
sensitivity on the mechanisms underlying arrhythmia are needed.

This study investigated the effects of increased Ca2* sensitivity on EADs in a bidirectionally
coupled human HCM myocyte model. Our results show that sarcomeric mutations, which
disrupt the regulation of the thin filament (decreased permsg, decreased Ko, increased kgp)
in a way that has a downstream effect of increasing Ca2* sensitivity, increase the degree of
repolarization reserve reduction necessary for EADs to emerge and decreases the frequency
of EAD occurrence. Combined with the observations from the previous studies, this suggests
that the enhanced arrhythmogenicity seen in HCM is not due to altered Ca?* sensitivity, but
rather due to HCM-induced ionic remodeling as suggested by Coppini et al (Coppini et al.,
2013) or from secondary effects of myofilament remodeling at the tissue level, such as
hypertrophy and fibrosis (Chan et al., 2014; Nucifora et al., 2015).

4.3 Limitations

A limitation of this study is that we do not incorporate sympathetic and parasympathetic
stimulation, which is present during the cardiac cycle and could influence calcium cycling.
Additionally, the conclusions of this study are in the context of a single myocyte; full
understanding of the effects of myofilament dynamics on triggered activity (the
manifestation of EADs at the organ level) will require tissue and whole heart simulations.

5. Conclusions

MEF, via Troponin C buffering of cytoplasmic Ca2*, was the myofilament protein dynamics
mechanism modulating EAD formation in a bidirectionally coupled human
electrophysiology-force myocyte model of HCM. Our results demonstrate that accounting
for MEF on calcium dynamics diminished the degree of repolarization reserve reduction
necessary for EADs to emerge and increased the frequency of EAD occurrence, especially at
faster pacing rates. Longer sarcomere lengths and enhanced thin filament activation
diminished the effects of MEF on EADs. These findings demonstrate that myofilament
protein dynamics mechanisms play an important role in EAD formation.
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[Calcaimodulin total calcium buffered by calmodulin in the cytoplasm
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[Caltroponin total calcium bound to Troponin C

CL cycle length

EAD early afterdepolarization

GeaL maximal conductance of the L-type Ca2* current

Gkr maximal conductance of the rapid delayed rectifier current
HCM hypertrophic cardiomyopathy

MEF mechanoelectric feedback

RU regulatory unit

SL sarcomere length

XB thick filament crossbridge
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Figure 1.
lonic (A) and Myofilament (B) models combined to form the Bidirectionally Coupled

Human Electrophysiology-Force Myocyte Model (C). A modified version of the ten
Tusscher ionic model from Vandersickel ef a/ (Vandersickel et al., 2014) was used for the
ionic model. A modified version of the Markov state diagram of the myofilament model
from Rice et al, which describes thin filament activation via free intracellular calcium ([Ca];)
binding to Troponin C as well as thin filament binding to thick filaments to form
crossbridges (XBs), was used for the myofilament model. The transition rates (knpt and
kpnT) between the thin filament states where XB formation is inhibited (Nxg) and where
weakly bound XB formation is possible (Pxg) are both functions of permsg, kon, KoffH, and
KoffL- The rate knpt is also dependent on kp, , and kpnt is additionally dependent on kp p.
The XBprer and XBpgstr States represent a thin filament with a strongly bound XB that do
not and do, respectively, have rotated myosin heads which induced strain (Rice et al., 2008).
Bidirectional coupling was obtained by incorporating MEF on calcium dynamics via
Equation 1, where the total cytoplasmic calcium ([Ca]tota) is equal to the sum of [Ca];, the
total calcium bound to calmodulin ([Ca]caimodulin), @nd the total calcium bound to troponin

C ([Ca]troponin)-
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Figure 2.
Vm (row 1), [Ca]roponin (row 2), and active force (row 3) are plotted over time for

simulations incorporating HCM-induced ionic remodeling in the absence of myofilament
remodeling for a pacing CL of 2000 ms, SL=1.90 um, and G, 50% of baseline. Columns 1-
3 have progressively enhanced Gg, (3.8, 4.0, 4.2 fold above baseline), illustrating that the
degree of repolarization reserve reduction affects the emergence of EADs and the frequency
of their occurrence differently for simulations with the bidirectionally coupled model (with
MEF; light blue) vs the unidirectionally coupled model (without feedback; red).
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Figure 3.

Vm (A), active force (B), [Cal;, (C), [Caltroponin (D), Inaca (E): Ipca (F), [Calsr (G), lyp (H),
Irel (1), [Ca]ss (), Ixfer (K), Icar (L), Ikr (M), and Iks (N) are plotted over time for
simulations incorporating HCM-induced ionic remodeling in the absence of myofilament
remodeling for a pacing CL of 2000 ms, SL=1.90 um, Gk, 50% of baseline, and G¢g4_ 4.0
fold above baseline, highlighting the mechanism underlying the effects of MEF on EAD
emergence and frequency by comparing the bidirectionally coupled model (with MEF; light
blue) to the unidirectionally coupled model (without MEF; red).
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Figure 4.

Stability diagrams of Gy, and G¢, for simulations with the bidirectionally (light blue) and
unidirectionally (red) coupled model incorporating HCM-induced ionic remodeling in the
absence of myofilament remodeling for SL=1.90 um at pacing CL=4000 ms (A) 2000 ms
(B) and 1000 ms (C). The light blue (and red) line divides results of simulations with the
bidirectionally coupled (unidirectionally coupled) model that elicited no EADs (on the left)
from those that had at least one EAD (on the right). Simulations represented by the points on
the lines all contained at least one EAD, except for 3 simulations at CL=4000 ms, with
Gca =5*baseline and Gk, = 80, 90, 100% of baseline, respectively. Frequency of EAD
occurrence is plotted in (D)—(F) for simulations at three representative points labeled a, b,
and c in the corresponding stability diagrams in (A)—(C). Simulations at a, b, and ¢ have
Gkr=20, 50 and 80% of baseline and the following G, values: 3.95, 4.60 and 5.00 times
larger than baseline at CL=4000 ms; 3.75, 4.20 and 4.65 times larger at CL=2000 ms; and
3.30, 3.70, 3.95 times larger at CL=1000 ms.
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Figure 5.
Stability diagrams of Gy, and G¢g, similar to those in Figure 4, for simulations with the

bidirectionally coupled electrophysiology-force myocyte model without myofilament
remodeling for pacing at CL=2000 ms (A) and CL=1000 ms (B) for SL=1.70 um (dark
blue), 1.90 um (light blue), and 2.40 um (green). Frequency of EAD occurrence is plotted in
(C) — (D) for simulations at three representative points labeled a, b, and ¢ in the
corresponding stability diagrams in (A) — (B). Simulations at a, b, and ¢ have Gk,=20, 50
and 80% of baseline and the following G¢,, values: 3.55, 4.05 and 4.55 times larger than
baseline at CL=2000 ms, and 2.75, 3.10 and 3.40 times larger at CL=1000 ms.
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Figure 6.

Stability diagrams of Gy and G¢gy, similar to those in Figures 3 and 4, for simulations with
the bidirectionally coupled electrophysiology-force myocyte model with HCM myofilament
remodeling in parameters permsg (A), Koty (B), and kg, (C) for pacing at CL=2000 ms and
SL=1.90 um. Frequency of EAD occurrence is plotted in (D) — (F) for simulations at three
representative points labeled a, b, and ¢ in the corresponding stability diagrams in (A)—(C).
Simulations at a, b, and ¢ have Gk,=20, 50 and 80% of baseline and G, values 3.50, 4.05,
and 4.50 times larger than baseline.
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Baseline and HCM values for important model parameters. G, and Gy, are from the ten Vandersickel et a/
ionic model (Vandersickel et al., 2014). permsg, Kon, and Kogfy are from the Rice et a/ myofilament model
(Rice et al., 2008).

Parameter | Baseline Value (BV) |

HCM Value

Effect of HCM Remodeling on EADs

Range of Values (Increments of 0.1):

GCalL 7.96*10 cm/(ms*pF) Increase necessary for EAD Emergence
BV*2.5 to BV*5.0
Range of Values (Increments of 0.1%):
GKr 0.153 nS/pF Decrease necessary for EAD Emergence
BV*10% to BV*100%

permsg 0.5 (unitless) Increase
KofH 25 1 Range of Values (Increments of 5%): | Enhances MEF effects on EAD emergence &

g S ~ncrease frequency of occurrence

kon 47.5 1/uMs BV*85% to BV*115% Decrease
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