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Abstract

Introduction—Drug-induced proarrhythmic potential is an important regulatory criterion in
safety pharmacology. The application of /n silico approaches to predict proarrhythmic potential of
new compounds is under consideration as part of future guidelines. Current approaches simulate
electrophysiology of a single human adult ventricular cardiomyocyte. However, drug-induced
proarrhythmic potential can be different when cardiomyocytes are surrounded by non-muscle
cells. Incorporating fibroblasts in models of myocardium is important particularly for predicting a
drugs cardiac liability in the aging population — a growing population who take more medications
and exhibit increased cardiac fibrosis. In this study, we used computational models to investigate
the effects of fibroblast coupling on the electrophysiology and response to drugs of
cardiomyocytes.

Methods—A computational model of cardiomyocyte electrophysiology and ion handling
(O’Hara et al. 2011) is coupled to a passive model of fibroblast electrophysiology to test the
effects of dofetilide block on the rapid delayed rectifier K* channel. Results are compared to
model results without fibroblast coupling to see how fibroblasts affect cardiomyocyte action
potential duration at 90% repolarization (APDgg) and propensity for early after depolarization
(EAD).

Results—Simulation results show an increase in cardiomyocyte APDgq with increasing
concentration of three drugs that affect cardiac function: dofetilide, vardenafil and nebivolol, when
no fibroblasts are coupled to the cardiomyocyte. Coupling fibroblasts to cardiomyocytes markedly
shortens APDgg. Moreover, increasing the number of fibroblasts can augment the shortening
effect.

Discussion—Coupling cardiomyocytes and fibroblasts are predicted to decrease proarrhythmic
susceptibility under dofetilide, vardenafil and nebivolol block. However, this result is sensitive to
parameters which define the electrophysiological function of the fibroblast. Fibroblast membrane
capacitance and conductance (Crgand Ggg) have less of an effect on APDgg than the fibroblast
resting membrane potential (£zg). This study suggests that in both theoretical models and
experimental tissue constructs that represent cardiac tissue, both cardiomyocytes and nonmuscle
cells should be considered when testing cardiac pharmacological agents.
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1. Introduction

Cardiomyocytes occupy a major part of the heart muscle by volume, yet >65% of cells in
myocardium are non-muscle cells (Bergmann et al. 2015; Nag 1980; Pinto et al. 2016). /n
vitro experiments have been used to confirm significant effects of the coupling between
cardiomyocytes and non-muscle cells on cardiomyocyte electrophysiology (Kohl and
Gourdie 2014). While the critical role of electrical coupling between cells in vivois still
under discussions (Kohl and Gourdie 2014), the myocyte-fibroblast coupling has been
recorded in healthy hearts and more clearly in those in cardiac remodeling after injury or
chronic stress (Ongstad and Kohl 2016).

The aging population (>65 years of age) is the largest group of consumers of
pharmaceuticals many of which are taken to treat their high prevalence of chronic heart
failure and fibrillation (Vigen, Maddox, and Allen 2012). One distinct feature of the aging
heart is its increased number of non-muscle cells including myofibroblasts that contribute to
fibrosis (Biernacka and Frangogiannis 2011). This large aging population is expected to
grow in accordance with the increasing average life expectancy of the world population and
pharmaceuticals targeted to this group must be screened for the possibility of adverse
cardiac accounting for the contribution of non-muscle cells to cardiomyocyte
electrophysiology.

One of primary objectives of the Comprehensive In vitro Proarrhythmia Assay (CiPA) is to
use /n sifico simulations based on the O’Hara-Rudy (ORd) model (O'Hara et al. 2011) for
proarrhythmic potential of compounds applying ion channel inhibition data of more than one
channels (e.g., rapid delayed rectifier K*, L-type Ca2* and/or fast Na* channels). When
using the ORd model to predict cardiomyocyte electrophysiological function in cardiac
tissue an understanding of the limitations and scope of the model is important. Like
conducting any bench-top experiments, the use of theoretical models must match the
question asked. Here, we introduce a simple extension of the ORd model to simulate
electrophysiology of an adult cardiomyocyte connected to cardiac fibroblasts and how this
computational model responds to the application of cardiac sensitive drugs. The ORd model
was chosen as the foundational model to use here because it was developed based on
experimental data conducted using human adult ventricular cardiomyocytes isolated from
healthy donors and has been adopted as a starting point for the CiPA project aimed at
supporting regulatory decisions with respect to cardiac drug proarrhythmic risk (Sager et al.
2014).

Multiple experimental analyses using /n vitro models (Xie, Garfinkel, Camelliti, et al. 2009;
Vasquez, Benamer, and Morley 2011) and also computational analyses (Nayak et al. 2013;
Sridhar, Vandersickel, and Panfilov 2017) support the idea that cardiac fibroblasts affect the
arrhythmogenicity of the myocardium including changes in action potential duration and
early after depolarization (EAD). However, how the connection between fibroblasts and
cardiomyocytes and the current flow through that connection can change the overall
electrophysiology of myocardium has not been explored in the context of cardiac sensitive
drug response. Specifically, the effects of the magnitude of the gap junctional conductance
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and the underlying electrophysiology of cardiac fibroblasts has not yet been evaluated
quantitatively in the analysis of proarrhythmia risk.

The coupled model, developed in response to these issues, simulates drug-induced changes
in electrophysiology not solely in isolated cardiomyocytes but in cardiac tissue which is
comprised of both cardiomyocytes and non-muscle cell. In this study, we aim to show how a
simple modification of the ORd model can influence the predicted susceptibility of cardiac
tissue to the effects of proarrhythmic compounds.

2. Methods

Electrical coupling between cardiomyocytes and fibroblasts were modeled by assuming that
a cardiomyocyte is surrounded by N fibroblasts, and the gap junction between
cardiomyocyte and fibroblast is an electrical conductor (Figure 1). The fibroblast itself was
modeled as an electrically passive cell (Kohl et al. 1994). Thus, the membrane potential of
the cardiomyocyte (Vo) and fibroblast (Veg) can be written as:

dv,, N
CC]\I = — (ICM +Z 1k +Lstim),

dt k=0’ 80P 1)
dv
Crp d:B =~ (Ippt+1gap), )
Iy =Grp(Vep — Epg), (3)

IgaP:Ggap (VOM - VFB)’ (@)

where Ccpsand Crgg are the membrane capacitances of the cardiomyocyte and fibroblast,
Icyand /g are the membrane currents of the cardiomyocyte and fibroblast, /g, is the
stimulus current, Gegand Egg are the electrical conductance and resting potential of the
fibroblast, and /g, and Gggp are the current and electrical conductance of gap junction.

The cardiomyocyte membrane potential and current were simulated with the ORd model
which is capable of reproducing experimentally observed human adult ventricular
cardiomyocyte action potential shapes with and without the blocking of specific ion
channels (O'Hara et al. 2011). The fibroblast membrane conductance (Ggg) was chosen as
0.5 nS which is in the range of experimental results (0.1 to 4 nS) (Kohl et al. 1994). The
conductance of gap junction (Ggap) was chosen as 1 nS (Kohl et al. 1994). The membrane
capacitance of the fibroblast (Cgg) was chosen as 25 pF, and the resting potential (£zg) was
chosen as =50 mV (Xie, Garfinkel, Weiss, et al. 2009).
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The blocking of cardiomyocyte membrane ion channel currents by compounds were
modeled by reducing the maximal ion channel conductance as a function of compound
concentration. The simplest relationship between the ion channel conductance and the
compound concentration is the Hill equation which is written as:

_ [ICs]" 0
SR+ 5

where Gand G° are the electrical conductance of a given ion channel with and without
compound, respectively, [/Cs] is the half-maximal inhibitory concentration of the cardiac
sensitive compound that was determined from the results of lonWorks Quattro screening
performed at AstraZeneca (Elkins et al. 2013; Mirams et al. 2014), [C] is the compound
concentration, and nis the Hill coefficient which was set to 1 (Mirams et al. 2014). The
inhibition of five membrane ion channel currents were modeled in this study: rapid delayed
inward rectifying K* current (/x,), slow delayed inward rectifying K* current (/x), fast Na*
current (/pz), long-lasting type Ca2* current (/c4), and transient outward K* current (/).
The effects of dofetilide and vardenafil concentration on the conductance of each channel
are shown in Figure 2. Dofetilide and vardenafil were used to illustrate the results of the
application of a cardiac sensitive drug to the model. Nebivolol was also tested (see
supplement) however, the effects of fibroblasts on the drug-induced proarrhythmia potential
of any compound can be analyzed using [/Csg]s on each of the five defined ion channel
current as described in Mirams et al. study (Mirams et al. 2014).

Since cardiomyocytes are outnumbered by fibroblasts in normal cardiac tissue by a ratio of 2
to 3 (Rohr 2012), we simulated the cardiomyocyte action potential by coupling a single
cardiomyocyte with 0, 1, or 3 FBs. We chose dofetilide as one reference compound, and the
dofetilide concentration was varied from 0 to 1 pM. Vardenafil and nebivolol were also
tested in concentrations of 0 to 30 nM and 0 to 100 pM, respectively. For each arrangement
of a cardiomyocyte coupled with fibroblasts, the cardiomyocyte was paced at a given
frequency without the compound to reach a steady state, and then from that steady state was
brought to a new steady state with a given concentration of the cardiac sensitive drug. The
steady state was defined as when the relative action potential change is less than 0.1%
between pacing cycles (the action potential was evaluated every 100 ms in each pacing cycle
to evaluate the relative change). All the simulations were performed with Matlab 2016b
(MathWorks Inc., Natick, MA, USA).

3. Results

The heart beats continuously and is operating under a relative “steady state” with respect to
the ionic concentrations and membrane potential at the start of each beat. However,
computational models of cardiac electrophysiology may not include the requisite
composition of ion channels to bring the simulation to a steady state. In the context of
predicting drug-induced arrhythmogenicity, whether the model is able to run to steady state
or not is an important consideration. Even if the formulation of the model supports a steady
state many action potential cycles (100s to 1000s) are required to reach their steady state
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through the balance of cytosolic and extracellular [Na*], [K*], and [Ca%*]. Figure 3 shows
the variation of simulated cytosolic concentration of sodium, potassium and calcium ([Na*];,
[K*];, and [Ca2™];), and action potential of the cardiomyocyte with respect to the number of
cardiac cycles. These results were obtained by pacing the cardiomyocyte at 0.5 Hz without
coupling to fibroblasts, and by blocking 90% of Ik,. The results demonstrate that it is
important to run simulations with enough pacing cycles to reach the steady state. While
some models may not reach to a steady state, the ORd model is designed to achieve a
physiologically reasonable steady state. In all simulations performed in this study we made
sure that the simulations stabilize at physiological levels of [Na*];, [K*];, and [Ca?™];
however, the number of cycles to reach steady state varied with different drugs and the
number of coupled fibroblasts. Under 90% block of /x, the ORd model exhibited an EAD,
but it requires a reduced pacing frequency, low cytosolic Na* concentration and appeared
only when the model neared the steady state (Figure 3 E, F).

With the simulations at steady state, effects of fibroblasts connected electrically to the ORd
model were analyzed for three cardiac sensitive compounds, dofetilide, nebivolol and
vardenafil. The results of dofetilide and vardenafil are shown in Figure 4. Figure 4A shows
that the action potential of the cardiomyocyte is dramatically prolonged by increasing the
concentration of dofetilide (1 nM - 30 uM), and the cardiomyocyte fails to repolarize if the
concentration increases to 30 pM. Figures 4C and 4E show that coupling cardiomyocytes
with fibroblasts can markedly shorten the prolonged action potential, and the cardiomyocyte
can repolarize under the effect of 30 uM dofetilide. Moreover, increasing the number of
fibroblasts can augment the shortening effect. Similar results can be seen for nebivolol (see
supplement) which primarily blocks /s, /xsand /;,. Figure 4B, D and F show the effects of
vardenafil on cardiomyocyte action potential with 0, 1 and 3 coupled fibroblasts respectively.
Note that vardenafil causes a shortening of the action potential at concentrations of 0.01 and
0.10 mM however a lengthening of the action potential is observed at higher concentrations
of 1 and 30 mM. When coupled with fibroblasts, a shortening of the action potential is
observed (Figure 4D and F) for the two higher concentrations of vardenafil however little
difference is observed for the 0.01 and 0.1 mM concentrations between coupled and
uncoupled simulations.

The fibroblast is modeled here as a passive resistive-capacitive element connected in parallel
with the cardiomyocyte. The relative ratios of the fibroblast membrane resistance (1/ Ggg)
and total membrane capacitance (Cgg) as well as the resting membrane potential of the
fibroblast (£zg) will influence how quickly the current flows in and out of the fibroblast as
well as its magnitude. By connecting to one or more fibroblasts, electrical current can flow
between the cardiomyocyte and the fibroblast in a manner analogous to a capacitor being
charged and discharged through a resistor (Figure 1). Therefore, the selection of values for
Grs, Crgand Egginfluence whether fibroblast coupling shortens or lengthens the
cardiomyocyte action potential. We have selected values from the literature that represent the
average of the experimentally observed values. However, to see how these three parameters
influence the action potential shape, we varied one of three parameters within its
experimentally observed range while holding the other two at the average value. Figure 5
shows the change in action potential shape when varying Ggg from 0.5 to 5 nS, £z from
—-80to 0 mV and Cggfrom 2.5 to 25 pF both with and without a 0.1 pM dofetilide block.
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While an increasing Grgor Crgshortened the action potential duration, an elevating £x5
had an opposite effect.

4. Discussion

In this theoretical study, fibroblasts connected to cardiomyocytes represented by the ORd
model demonstrate a potential significant contribution of non-muscle cells on the prediction
of cardiac sensitive drug proarrhythmia risk. This brief communication also introduces a
theoretical platform for the in silico prediction of the safety of cardiac sensitive drug
compounds. While we did not extend our analysis to study all compounds listed in the study
by Mirams et al. (Mirams et al. 2014), from this list we selected dofetilide, nebivolol and
vardenafil that inhibit different combinations of the ion channel currents /xp, Ina car, ks
and /4. Any drug with experimental data of its effects on these five channel currents can be
simulated in an analogous manner to the three compounds tested here. Comparing the effects
of dofetilide and vardenafil on the change in action potential shape we can observe that
action potential duration at 90% repolarization (APDgg) increases monotonically with
increasing dofetilide concentration however with vardenafil APDgj first decreases and then
increases with increasing concentration. In all cases where APDg increases with application
of the cardiac sensitive compound coupling with fibroblasts shortens the action potential.

Our group and other (Vasquez et al. 2010) have observed shortening of action potential
duration using /n7 vitro co-culture experimental models of cardiac fibroblasts and myocytes.
This theoretical model requires further validation and optimization of its parameters against
experimental data obtained with human adult ventricular cardiac tissues. However,
electrophysiological data obtained using healthy human adult myocardium are rare and
difficult to obtain. A recent demonstration of maintaining physiological state of thin slices of
human donor hearts for electrophysiological assessments (Kang et al. 2016) is one of
promising technologies to determine such parameters.

While our study tested only one set of parameters defining fibroblast conductance, resting
membrane potential and capacitance, changing the theoretical model parameters can reverse
the results outcome, i.e., action potential elongation or shortening and increased or
decreased proarrhythmia drug susceptibility as is shown in Figure 5. A previous study
(Nguyen et al. 2012), imposing a virtual fibroblast on isolated cardiomyocytes using a
dynamic clamp technique, confirms our theoretical results using our set of average fibroblast
parameters by showing shortening of the APDgy in eight different combination of the three
fibroblast parameters (Crg, EFgand Ggygp).

Theoretical EAD susceptibility was also shown to be affected by the selection of the
fibroblast electrophysiological parameters Crg, Grgand Exgin the same study by Nguyen
et al. (Nguyen et al. 2012). They used an earlier ventricular cardiomyocyte model developed
by Lou and Rudy (Luo and Rudy 1991) formulated to represent a generic mammalian
cardiomyocyte and showed a reduced EAD susceptibility to changes in Gz, Here, we
repeated these simulations with the ORd model to represent the effect on an adult human
cardiomyocyte. Parameter sensitivity results with the ORd model (Figure 5) show the
strongest sensitivity to ££5. APDgg increases with increasing fibroblast resting membrane
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potential and the effects of dofetilide are accentuated. This confirms that an accurate
experimental quantification of a fibroblast’s resting membrane potential would improve the
ability of these computational models to predict cardiomyocyte-fibroblast coupling effects
on pharmacological proarrhythmia potential.

The ORd model for cardiomyocyte electrophysiology progresses to a steady state solution at
a pacing of 0.5 Hz and a block of /x,of 90% as shown in Figure 3. It was also observed in
the theoretical model that at a given /«,blockage the APDg increases with a reduction in
pacing frequency. This increased APDgq eventually results in an EAD in the steady state. It
was reported by O’Hara et al. that EADs only occur in this model when paced slowly and
other models such as those by ten Tusscher et al. (ten Tusscher et al. 2004) and Grandi et al.
(Grandi, Pasqualini, and Bers 2010) are not able to replicate this phenomenon. The presence
of EADs in the ORd model paced at lower frequencies (~30 beats/min) is accompanied by a
reduced cytosolic concentration of sodium, [Na];, reaching a concentration of 6.31 mM in
the steady state. Clamping [Na]; in the theoretical model at the initial condition of 7.0 mM
eliminates the development of EADs. Experimental evidence suggests increased
cardiomyocyte [Na]; occurs with increased pacing and in disease (Louch et al. 2010; Pieske
et al. 2002) however actual experimental measurements of [Na]; seem to be higher (16-32
mM) than that simulated in our computational models (6-9 mM). A further investigation of
the effects of pacing on cardiomyocyte [Na]; is required to understand whether observations
made computationally are of relevance physiologically.

There are a few limitations of the current model. Whereas human adult ventricular cardiac
fibroblasts may express ion channels affected by dofetilide (\Vasquez, Benamer, and Morley
2011), nebivolol and vardenafil, we assume the electrophysiology of fibroblasts are not
affected by the treatment at least acutely. In rat myofibroblasts two dominant K* channels
have been identified: a Shaker-type voltage dependent delayed rectifier channel (Kv1.6) and
an inward rectifier channel (KCNA, Kv6.1) (Chilton et al. 2005). The inward rectifier
current, /x; is not thought to be blocked by dofetilide and the effects of the Shaker-type
channel current, /sp4,, are unknown. However, the rapid delayed rectifier channel current,
Ik, known to be affected by dofetilide is a HERG channel and from a different subfamily
than the Shaker-type channels. Little is known about the effects of the other drugs simulated
here, nebivolol and vardenafil, on fibroblast ion channels. As described previously,
proarrhythmic phenomena causing Torsades de pointes (TdP) may be due to action potential
heterogeneity in different parts of myocardium, which requires simulations using 2D and 3D
special resolutions with different scales (Vandersickel et al. 2016). To validate such
computational simulations will require experimental samples by which a composition of
fibroblasts and cardiomyocytes can be varied. Engineered heart tissues can serve such
purpose (Daily et al. 2015) and models such as those used here can be extended to a spatial
domain.

Conclusions

In summary, this study shows the potential importance of the electrophysiological effects of
fibroblasts in theoretical models of cardiac tissue response to cardiac pharmacological
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agents. It also reinforces the concept that experimental tissues developed to test these agents
for proarrhythmia potential should also incorporate fibroblasts to more accurately mimic
native heart tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of cardiomyocyte coupled with one or more fibroblasts. Conductance across the

cell membrane in the fibroblast, Ggg, is fixed while the conductance across the
cardiomyocyte membrane, Gcpy, is governed by the dynamics of the ORd model. Gap
junction conductance (Gggp), fibroblast conductance (Ggg), fibroblast membrane capacitance
(Cep) and fibroblast membrane Nernst potential (Egg) are chosen from studies by Kohl et al.
(Kohl et al. 1994) and Xie et al. (Xie, Garfinkel, Weiss, et al. 2009). Cardiomyocyte
membrane capacitance is not explicitly used in the ORd model so the value (185 pF) used in
ten Tusscher et al. (ten Tusscher et al. 2004) was used when fibroblasts were coupled to the
cardiomyocyte model. Ratio of the number of fibroblast cells to cardiomyocyte cells is
typically believed to be between 5 and 12 in normal tissue.

J Pharmacol Toxicol Methods. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gao etal.

Fraction of max channel conductance

08

06

04

0.2

Page 11

ul L ul l. ul

108 1076 1074 1072 10° 10°8 10°6 1074 1072 10°

Dofetilide Concentration, [Dfld], M Vardenafil concentration, [Vrdf], M

Figure 2.
Effects of varying concentration of dofetilide ([DFId], A), and vardenafil ([Vdnf], B) on the

maximal conductance of five ion channels of the cardiomyocyte. Dofetilide is known to
selectively block the rapid delayed rectifier K* channel current, I, however at higher
concentrations the slow delayed rectifier K*, fast Na*, L-type Ca2* and transient outward K*
(Iks: Inas Icar @nd lyg, respectively) can be affected. For the range of dofetilide
concentrations used in the simulations (0 to 30 uM), dofetilide can be considered specific to
block Ik, however the effects on all channels was considered in the model formulation.
Vardenafil blocks multiple ion channels at concentrations in the range of ~0.01 to 100 mM
and is used to contrast with the specific ion channel blocker dofetilide.
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Figure 3.
Simulation results over hundreds of action potentials of the ORd model with an 90% block

of /x,used to identify that model reaches steady state. In the ORd model, background
currents were tuned to allow cytosolic K*, Na* and Ca2* to reach steady-state values when
simulated over long time scales. A, B and D shows transition of the cytosolic ion
concentrations in the model from initial conditions to steady-state values. E shows the
corresponding changes in the action potential while the model goes to steady state. Note that
the early after depolarization does not appear until the model nears steady-state as shown in
Cand F.
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Figure 4.

Simulation of AP with increasing dofetilide and vardenafil concentration for cardiomyocyte
alone (A and B), cardiomyocyte coupled with one fibroblast (C and D) and cardiomyocyte
coupled with three fibroblasts (E and F). Concentrations of dofetilide simulated are 0, 0.01,
0.1, 1 and 30 uM while simulated concentrations of vardenafil are 0, 0.01, 0.1, 1 and 30 mM.
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Figure 5.
Effect of fibroblast parameters on myocyte action potential without and with dofetilide. The

cardiomyocyte is coupled with 3 fibroblasts. Red lines show the action potential without
coupling to fibroblasts. Black lines show the variation of action potential with the change of
Grg, Erg, and Cgp, respectively. Ggg varied from 0.05 to 5 nS; Egg varied from —80 to 0
mV; Cgg varied from 2.5 to 250 pF. Arrows indicate increasing of parameter value. In each
case, the parameters not varied over a range are fixed at the values used in the simulations of
Figure 4.
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