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Abstract

Excitation—contraction coupling describes the processes relating to electrical excitation through
force generation and contraction in the heart. It occurs at multiple levels from the whole heart, to
single myocytes and down to the sarcomere. A central process that links electrical excitation to
contraction is calcium mobilization. Computational models that are well grounded in experimental
data have been an effective tool to understand the complex dynamics of the processes involved in
excitation—contraction coupling.

Presented here is a summary of some computational models that have added to the understanding
of the cellular and subcellular mechanisms that control ventricular myocyte calcium dynamics.
Models of cardiac ventricular myocytes that have given insight into termination of calcium release
and interval—force relations are discussed in this manuscript. Computational modeling of calcium
sparks, the elementary events in cardiac excitation—contraction coupling, has given insight into
mechanism governing their dynamics and termination as well as their role in excitation—
contraction coupling and is described herein.
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1. Introduction

The main function of the heart is to pump blood throughout the body. Blood carries oxygen,
hormones, and nutrients to the cells of the body and carries away wastes and carbon dioxide.
In this function of the heart, the individual muscle cells called cardiac myocytes contract in a
coordinated fashion to achieve this purpose. The contraction of individual myocytes is
coordinated by a propagation wave of electrical depolarization of the myocyte cell
membranes (sarcolemma). Disruption of this coordinated contraction can impair the heart’s
ability to pump blood. To pump blood the heart is divided into four chambers: the right and
left atria and the right and left ventricles. The ventricles are the two chambers of the heart
that pump blood to the rest of the body.

Computational models of the heart have been used successfully to provide insight into
cardiac function. These models describe various aspects of the heart from the subcellular
level, to individual cells, to the whole heart. This chapter focuses on the computational
modeling of cardiac excitation—contraction coupling in ventricular myocytes. Excitation—
contraction coupling are the processes starting with electrical excitation of the sarcolemmal
membrane, through calcium mobilization, to contraction. Electrical excitation of the heart
starts with a trigger depolarization that results in the opening of voltage-gated ion channels,
one of which is the L-type calcium channel which is crucial for excitation—contraction
coupling. There are many other proteins that contribute to shaping the action potential
including the sodium channel, several types of potassium channels, the sodium—calcium
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exchanger, and the sarcolemmal calcium ATPase. The coordinated opening and closing of
these channels combined with the activation of the pumps and exchangers results in the
action potential.

The opening of the L-type calcium channel in response to membrane depolarization allows
the passage of calcium ions into the myocyte, mainly into a restricted subspace called the
diad (Fig. 1). The diad is formed by the close proximity of the sarcoplasmic reticulum,
which is the internal store for calcium, and the t-tubule, which is an extension of the
sarcolemma deep into the myocyte. In the diad, these two structures are only 12-15 nm
apart. This results in close apposition of the L-type calcium channels that lie in the t-tubule
and the ryanodine receptors that lie in the sarcoplasmic reticulum membrane. The ryanodine
receptors are ion channels that open in the presence of elevated calcium and release calcium
from the junctional sarcoplasmic reticulum. Hence, when calcium enters through L-type
channel, it elevates dyadic calcium and triggers the opening of the ryanodine receptors in a
process called calcium-induced calcium release. This results in the calcium transient which
is a 10-20-fold amplification of the initiating calcium trigger. The elevated calcium binds to
calcium-binding proteins in the myocyte such as troponin which is a contractile protein and
calmodulin which is a signaling protein. The result of calcium binding to troponin is the
initiation of myofilament contraction. Over 90% of the calcium during a transient is bound
by calcium-binding proteins which effectively buffers the calcium signal. Calcium is
resequestered into the network sarcoplasmic reticulum by the SERCA (sarcoplasmic and
endoplasmic reticulum calcium ATPase) and extruded from the myocyte across the
sarcolemma by the sodium—calcium exchanger and sarcolemmal calcium ATPase. Calcium
in the network sarcoplasmic reticulum diffuses to refill the junctional sarcoplasmic
reticulum.

This cycle of calcium triggering, release and uptake, takes place in the approximately 20,000
diad spaces (also called calcium release sites) that are distributed throughout the myocyte
(Fig. 1) due to the regular organization of the myocyte into sarcomeres. The sarcomeres are
delineated by the zlines which are visible bands in the myocyte resulting from the
localization of the dyadic structures. The process of excitation—contraction hence is a
spatially distributed process and calcium release is a local event. During an action potential
the membrane depolarization almost instantaneously spreads throughout the sarcolemmal
and t-tubular system resulting in well-coordinated calcium release throughout the myocyte.
However, under certain conditions such as in resting myocyte (the absence of electrical
excitation) or during pathological conditions, there can be non-coordinated release from the
different release units. In the resting myocyte, these events occur stochastically and are
called calcium sparks which are considered to be the elementary events of excitation—
contraction coupling. Under pathological conditions the spontaneous sparks might release
enough calcium to diffuse and trigger adjacent sites resulting in a wave of calcium release
and a wave of elevated calcium. The calcium wave can result in membrane depolarization
and triggering of an aberrant action potential through activation of the sodium—calcium
exchange. This is considered to be one mechanism for the generation of cardiac arrhythmia.

In the following sections, methods for developing computational models of excitation—
contraction coupling are discussed. These sections demonstrate how insights into
mechanisms of cardiac excitation—contraction coupling in ventricular myocytes are formed
from the models. They also demonstrate how the models can be used to study cardiac
arrhythmia.

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.
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2. Materials

Computational modeling of excitation—contraction coupling can be performed using a
variety of methods. The model must be solved using either a computational modeling tool or
by writing computer code to solve the model using a computer language such as
FORTRAN, C, MATLAB, CUDA, etc. Models of excitation—contraction coupling of single
myocytes can easily be solved on a desktop computer. Larger models consisting of networks
of myocytes might require multiple processors as found in multicore CPUs (Central
Processing Units), clusters of CPUs, and more recently in GPGPUSs (General Purpose
Graphics Processing Units).

3. Methods

3.1. Cardiac Ventricular Myocytes

The cardiac ventricular myocyte contains all the necessary components for cardiac
excitation—contraction coupling. This includes ionic homeostasis by pumps and exchangers,
sarcolemmal ion channels, calcium release channels in the sarcoplasmic reticulum, and
calcium-binding proteins (Fig. 1). The sarcolemma is the outer membrane of the cardiac
myocyte that consists mainly of phospholipids, cholesterol, and proteins. Being a lipid
bilayer, the membrane does not allow the passage of charged particles such as ions. lons are
transported across the charge-separating lipid bilayer by ionic pumps and exchangers
creating an electrochemical gradient across the membrane. The electrochemical gradient is
described mathematically by the Nernst potential

= n s
b ZF T [Al

RTI [A]out

where A is the ionic species, R is the ideal gas constant (8.314 J/mol/K), Tis the absolute
temperature, zis the charge of the ion A, Fis Faraday’s constant (96,485 coulombs/mol
electrons), and [A]oyut and [Alin are the concentrations of ion A outside and inside the
myocyte, respectively. The result of the different ion distributions is a membrane potential
whose value can be calculated by the Goldman-Hodgkin—Katz current equation (Eg. 8).

lons traverse the membrane in three ways, all mediated by protein complexes (1): ionic
pumps consume ATP to move ions up the electrochemical gradient (2). lon exchangers use
the electrochemical gradient of type of ion to transport another ion across the membrane
against its electrochemical gradient (3). lons, such as sodium, potassium, and calcium,
traverse the membrane down their electrochemical gradient through ion channels which are
proteins that span the sarcolemmal membrane that contain well-regulated, ion-conducting
pores. These three mechanisms allow the passage of ions through the membrane in a
controlled fashion in response to changes in membrane potential and ligand binding.

3.2. lon Channels

3.2.1. Deterministic Model—The first modern mathematical description of ion channels
was developed by Hodgkin and Huxley to describe the mechanism of action potential
propagation in the squid giant axon (1). In their description, the membrane with ion channels
was mathematically equivalent to a capacitor and a resistor in parallel (Fig. 2a). By
Kirchoff’s Law the sum of currents flowing into a node must be zero. Hence,

O:Icapacitive +Iionic» (2)
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where fapacitive aNd /ionic are the currents resulting from the changes to charged ion
concentrations on both sides of the membrane (capacitor) and the ionic currents through ion
channels, respectively. The channel current can be derived as

0=CnV, @

do av
Icap:E:_ ma, 4

where Qs the charge across the membrane, G, is the membrane capacitance, Vis the
membrane potential, and /.4 is the membrane capacitive current. The ion channels allow the
passage of current in the form of ions in different amounts depending upon conditions and
are hence described as variable resistors. Hence, for each current

V-E,=IL.R,, (5)

1
=1 (V=E,)=G,(V-E,)=g,0(V-E,). ()

A

dv
Cm E =;IA =1ionic’ 7)

where Gp is the conductance (1/R5) for ion A and Ep is the reversal or Nernst potential for
ion A. It is called the reversal potential because as the membrane potential V/crosses Vthe
sign or direction of the current reverses. The ion channels were described as having variable
conductance (the reciprocal of resistance) that depends upon what we now call voltage-
dependent gates. This is described by representing the total conductance by the maximal
conductance ga multiplied by the fraction of open channels o. In the Hodgkin—Huxley
model, the three currents used are sodium (Na), potassium (K), and a passive leak. In the
equation above, a linear current—voltage relation is used and is a good approximation of
experimental data. However, in some cases this is inadequate and the Goldman-Hodgkin—
Katz equation is used instead

2 VF? [Ali-[Aloexp(=z, VF/RT)
A RT 1—exp(—z,VF/RT)

I,=P, oz

>

where Py is the permeability of the channel in m/s, z is the charge on ion A, and [A]; and
[A], are the intracellular and extracellular concentrations of ion A, respectively. Hodgkin—
Huxley descriptions of ion channels are widely used to model ion channel in the heart and
are described further.

In the case of the Hodgkin—Huxley model, each channel gate is described by a two-state
model (Fig. 2b): a closed state (C) that does not permit the conductance of ionic current and
an open state (O) that does with the variables cand o, respectively, to describe the fraction
of channels in each state (¢ + 0= 1). From the state diagram, using the same concept as the
Law of Mass Action from chemistry a set of differential equations can be derived

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.
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%=ﬁ(V)0—a(V)c, ©
t
do
a_a(V)c—ﬁ(V)o, (10)
or in an alternate form
d_o_ooo(V)—o
a1, (1)

with 0+ ¢=1, 0% (V) = a(V)/(a(V) + B(V)), and teo(V) = U(a(V) + B(V)). This system of
ordinary differential equations would be solved by a standard numerical method the Euler
method, Runge—Kutta method, or any other such method. Equation for a() and p(V) may
use the formalism described by Hodgkin and Huxley (1). They applied Boltzmann’s
principle which relates the proportion of molecules inside the membrane (A,) to those
outside the membrane (/) by

Pi w+zV/kT
—=¢ P 12
B (12)

where wis the work required to move the molecule from the inside to the outside, zis the
charge of the molecule, Kis Boltzmann’s constant, and 7 is absolute temperature. This in
essence described the gating charge that was unknown at the time, but has since been
described in the scientific literature. The gating charge corresponds to the movement of
charged parts of the ion channel that give the channel its dependence on membrane
potential. Using the fact that A + Py =1

P e @9

If zis negative and V/sufficiently large

Pi=Ce2*T | (14)
where Cis a constant. These types of expressions are used to describe a (V) and p(V).

This formalism has allowed the development of models of the cardiac ventricular myocyte
(for review see (2)). Prior to this the first step was the development of the DiFrancesco-
Noble model of the Purkinje fiber in 1985 (3). The first computational model of the cardiac
ventricular myocyte was developed by Beeler and Reuter (4) built upon the family of model
resulting from the DiFrancesco—Noble model. This model added a slow inward potassium
current and intracellular calcium concentration changes to these previous efforts. Luo and
Rudy provided the first published biophysically detailed and experimentally verified model
of the ventricular myocyte (5) based upon guinea pig physiology. They improved upon this
in 1994 in their Phase I model (6). This enabled a new family of models, each of which has
made a positive contribution to the field (7-10). These models enabled the study of many
properties of the ventricular myocyte including the dependence of action potential properties

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.
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on pacing frequency and how this can contribute to arrhythmia, effect of mutations, and
mechanisms of drug action.

Many of these early models based upon deterministic representations of ion channels group
the 20,000 release units into one common pool. As a result, once the ryanodine receptors in
this common pool are activated by trigger calcium, the strong positive feedback of calcium-
induced calcium release ensures that the pooled release units fully activate. Hence, the
models that include a realistic calcium-induced calcium release mechanism display an all-or-
none calcium response (Fig. 3). However, in reality, cardiac ventricular myocytes display a
graded response to trigger calcium (11, 12). This means that as the amount trigger calcium
increases, the amount of release from the internal stores via the ryanodine receptors
increases. Some of the computational models do simulate graded release, but require an
artificial mechanism, such as tying calcium release to calcium influx to produce a graded
response (6). Thus, in spite of the many successes of these models, they fail to capture
graded release with a physiological mechanism.

In order to capture graded release, Stern (13) demonstrated with simplified models that
graded release could be achieved if the calcium release units were represented by stochastic
models. This was later demonstrated in a more physiological model by Rice and coworkers
(14). In these models, the stochastic opening of the L-type calcium channels results in the
opening of different numbers of channels to produce different level of calcium current.
When there is a sufficient rise in dyadic subspace calcium due to local L-type calcium
channel opening, the ryanodine receptors in the subspace would open. Hence, the stochastic
recruitment of different number of release units results in graded release (Fig. 3). This
concept is described by the term local control.

3.2.2. Stochastic Model—Ilon channel gating can be described by stochastic models as
mentioned above. This reflects the reality that, in microelectrode experiments where they
can isolate and observe the current passing through a single ion channel, current
measurements show a stochastic opening and closing of channel. These experiments
characterize the single channel current, the open probability, and the open and close dwell
times (the amount of time a channel remains in the open or close state).

In order to model a channel stochastically, consider the ion channel shown in Fig. 2b.
Instead of each state representing the fraction of channels in the open state, the model
corresponds to the two possible states of an ion channel. If the rate constants are multiplied
by a characteristic time A rates with units of s~ become unitless transition probabilities
(Fig. 4). The choice of Atis typically small so that a transition occurs only 10% of the time
to minimize erroneous transitions. In this model, the next state of the channel depends upon
the current state and none of the prior states. This is called the Markov property. As the state
the channel assumes is a random process that has the Markov property, it is Markov Chain.
The method to simulate the stochastic gating of ion channels is called a Markov Chain
Monte Carlo simulation.

In a Markov Chain Monte Carlo simulation, the stochastic transition from the current state to
another is determined by comparing the transition probability to a random number on the
interval [0,1] (Fig. 4). In the case of ion channel simulations this random number is typically
uniformly distributed. If there are more than one possible transition, the transition
probabilities are arranged along the interval [0,1] so that they cover a portion of the interval
equal to the transition probability. The remaining portion of the interval is the probability of
remaining in the same state. The location where the uniform random number falls on the
interval determines the next state. This comparison is performed for each of the channels

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.
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and the number of open channels is computed. This number determines the open probability
and is used in calculation of the ionic current

N
1
=g, NZS,{V—E,\), (15)
i=1

where Nis the number of channels and S;is 1 if the /th channel is in the open state and 0
otherwise.

3.3. Calcium Dynamics

Calcium dynamics play a central role in cardiac excitation—contraction coupling as described
above. Computational models of calcium dynamics in cardiac cells have added to the
understanding of cardiac excitation—contraction coupling. Example modeling approaches for
the different components involved in calcium dynamics are presented in the following
sections.

3.3.1. L-Type Calcium Channel—The L-type calcium channel opens during
depolarization and helps to shape the action potential. It brings calcium ions into the
myocyte, mostly into the dyadic subspace where it can trigger release from the ryanodine
receptors. The L-type calcium channel opens in response to membrane depolarization and
then undergoes a process called inactivation which is a voltage- and calcium-dependent
process. Under inactivation, the channel cannot be excited to the open state for a period of
time. Early models of the L-type channel were based upon Hodgkin—Huxley-type
descriptions with three gates, a voltage-dependent activation gate @, a calcium-dependent
inactivation gate f-,, and a time-dependent inactivation gate £ It uses a Goldman—Hodgkin—
Katz formalism for channel permeability (Eq. 8). For example, in the Luo—Rudy model (6)

I, =P dff .7 VF? ye,[Cali—ye, [ Caloexp(=2., VF/RT)
a™ el clc R 1—exp(—z., VF/RT) ’

where yca i and yca o are the activity coefficients for calcium in the intracellular and
extracellular compartments and other variables are as described previously. The dand
gates are described with Hodgkin—Huxley gating and the 7, gate is an instantaneous
function of calcium that ranges between 0 and 1

2
fom—5— . W
“ K2 +[Ca]} n
An alternate way of modeling the channel is the use of Markov state models in which the ion
channel is assumed to have a number of states with transitions possible between the states.
Jafri and coworkers (15) developed such a model of the L-type calcium channel in their
model for the guinea pig ventricular myocyte (Fig. 5). The goal of this model was to more
accurately capture calcium-dependent inactivation of the channel based upon a mode
switching model proposed by Imredy and Yue (16). In mode switching the transitions in a
mode are faster (and hence more frequent) than the transitions between modes. The top row
of states corresponds to normal mode when the calcium concentration is low. The bottom
row, which is reached by calcium-dependent transition, is mode calcium which is reached
during periods of elevated calcium concentration.

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.
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The L-type channel consists of four subunits. Each subunit is assumed to be capable of two
conformations, permissive and nonpermissive. The horizontal (Fig. 5) voltage-dependent
states describe the transition of each subunit of the channel from the no subunits in the
permissive state to one permissive subunit to two permissive subunits, to three, and finally
four permissive subunits (from left to right). Once all four subunits are in the permissive
state, there is a voltage-independent transition to the open state. In mode calcium this
transition to the open state is rare, resulting in effectively no channel opening while in this
mode. Time-dependent inactivation is captured by a Hodgkin—Huxley gate similar to that
used by Luo and Rudy that can be reached from any state in the model. An alternative
approach would be to have another level of 12 time-inactivated states, each of which could
be reached by corresponding state in the current model.

This type of model results in many possible parameters. Fortunately, the structure of the
model allows a logical reduction of number of parameters. For example, the parameter a.(V)
describes the transition rate for one subunit to transition from permissive to nonpermissive.
The parameter B( V) describes the opposite transition. For the transition from C, where all
four subunits are in the nonpermissive state to C; where three subunits are in the
nonpermissive state, the rate parameter a.(V) is multiplied by a factor of 4 to reflect this. For
the reverse transition, the parameter a( V) is multiplied by a factor of 1 as there is only one
subunit in the permissive state.

Because this model includes closed circuits, it must satisfy the thermodynamic constraint
known as microscopic reversibility. This rule requires that the product of the four rate
constants in one direction around the circuit is equal to the product of the four rate constants
in the opposite direction around the circuit. This arises from the fact that the equilibrium
constant for a reaction A Gy ==R7IN(Keg) OF Keq = 7250”7 where A Gy, is the free
energy change of reaction and Kgq is the equilibrium constant. Movement around the loop to
back to the starting point should entail no change in energy by the Law of Conservation of
Energy. Therefore,

o
F’|3~
2N
il
Tl
2
I
D=
=
I
= o~
s

(18)

1 ky k3 ky ki _—(AG1+AG2+AG3+AG4)_0
n (k,4 PRy ) = RT =
ln(k4k3k2k1 )—ln(k_4k_3k_2k_ 1 ):0

kakskaky=k_ak_sk_sk_,

In deterministic simulation, differential equations are derived for each state using the Law of
Mass Action as described above (Egs. 9 and 10). In this case each state corresponds to the
fraction of channels in that state. Differential equations are only needed for 11 of the states
as the 12th state is the sum of the other states subtracted from one. This model can also be
used for stochastic simulation, as well, with each state describing the state of an individual
channel.

3.3.2. Ryanodine Receptors—Ryanodine receptors are calcium-activated calcium
channels that are located in the sarcoplasmic reticulum membrane and are responsible for
producing calcium-induced calcium release observed in cardiac myocytes. The cardiac
isoform is RyR2 and it is located mostly in the junctional sarcoplasmic reticulum that is
found in the diad. In addition to this strong activation by calcium the channels are also
regulated by sarcoplasmic reticulum lumenal calcium. Experiments have shown that the
ryanodine receptor open probability increases as the lumenal calcium increases (17). The
ryanodine receptors also have been observed to display a property called adaptation (18), in

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.
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which in response to a step increase in calcium, the ryanodine receptor open probability will
after a step increase decline slightly to a new steady state. This is similar to a weak and slow
inactivation process. Finally, ryanodine receptors are located in clusters in the diad (19).
Experiments have suggested that the gating of ryanodine receptors is coupled, i.e., channels
open and close in synchrony (20).

Computational models have been developed to describe these aspects of the ryanodine
receptors. For example, Keizer and Levine (21) and Keizer and Smith (22) developed a four-
and six-state model, respectively, to describe cardiac ryanodine receptor activation and
adaptation (Fig. 6a, b). This also accurately captures channel open and close dwell times as
well as recovery from adaptation. The system of differential equations can be derived from
the state diagram. The Keizer-Levine model was incorporated into the Jafri-Rice-Winslow
guinea pig ventricular myocyte model and suggested a possible role for adaptation in
interval—-force relations (15, 23).

A more recent model of the ryanodine receptor was developed by Sobie and coworkers to
describe stochastic gating of the ryanodine receptors and how that gives rise to calcium
sparks. This model consists of a closed and open state and captures calcium activation by
dyadic subspace calcium, coupled gating, and open probability regulation by sarcoplasmic
reti(;ulum lumenal calcium (Fig. 6c, d). In the model, the closing rate was independent of
[Ca**)ss

kelose=CF close X 480.0 S_l, (19)
while the opening rate was a fourth-order function of [Ca2*]ss:

4
[Ca]®,
[Ca]? +K}

Kopen=3.0 X 10* - CF open 1 o)

Lumenal Ca%* influences RyR gating through changes in K, in the above equation.
Sensitivity to [Ca2*]sg is a linear, decreasing function of [Ca2*]jymen SO that RyR opening is
favored when [Ca2*]jumen is high, as suggested by the literature (17).

K,,=17.14—0.00686[ Ca’* Jjymen 4M.  (21)

Coupled gating of RyRs is introduced by multiplying the opening and closing rate constants
by cooperativity factors (CFqpen for opening and CFjoseq for closing) that depend,
respectively, on the relative numbers of open and closed channels in the cluster

Nopent1

CFopen=14+——20
pen P
Nopen +Nclosed

(22)

Nclosed+ 1

~ v |> @3
Nopen +Nclosed @3)

CFlose =kcoop [ I+

where Appen is the number of open RyRs and Afjoseq is the number closed RyRs. CFqpen and
CFcjose Of are both cooperative in their behavior since the value of either depends on the
fraction of open channels. The scaling factor A:op (equal to unity in control conditions) was

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.
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introduced so that modification of a single parameter could simulate the effects of reduced
coupling between RyRs. A thermodynamically based formulation for coupling in an array of
channels has been developed that could be used as an alternative (24).

The calcium release flux from the ryanodine receptors is simply the maximal release flux
Wryr Multiplied by the fraction of open channels Azyr and the calcium concentration
gradient between the junctional sarcoplasmic reticulum [Ca];sg and dyadic subspace [Ca]sg

JRszvRyR PRyR([Ca]JSR_[Ca]SS)' (24)

3.3.3. SERCA—The sarcoplasmic and endoplasmic reticulum calcium ATPase is a protein
complex that pumps calcium into the sarcoplasmic (endoplasmic) reticulum against a
concentration gradient using the energy contained in ATP. The cardiac myocytes isoform is
SERCAZ2b and it is localized to the network. In a steadily beating myocyte, the calcium
released by the ryanodine receptors is re-sequestered into the sarcoplasmic reticulum by this
pump. The pump flux is typically characterized by

VSHRCA [Ca]2

myo

K2 +[Ca]?

SERCA myo

. (25)

SERCA —

where Vsgrca is the maximal pump flux, Ksgrca is the calcium binding constant to the
pump, and [Ca]my, is the myoplasmic calcium concentration. Other formulations for
SERCA have been proposed. For example, a more complex, thermodynamically constrained
model has been proposed by Tran and coworkers (25).

3.3.4. Calcium Extrusion—Calcium is extruded from the cardiac myocyte mainly by the
sodium—calcium exchanger which uses the sodium concentration gradient to transport three
sodium ions into the myocyte in exchange for one calcium ion. This results in an inward
current due to the net positive charge entering the myocyte. This raises the possibility that
large exchanger currents can help to depolarize the myocyte. A typical formulation for the
exchanger used in cardiac myocytes is (3, 6)

[Nal3,o[ Caloe™ """ ~[NaZ [ Calpyoe™ " V*T

myo
(K3 +INal3 (K, ¢, +[ Calo)(1+kee-DFVIRT) °

(26)

IUCX ~™NaCa
m,Ca

where Ajaca is the maximal exchanger current, [Na]myo and [Na], are the myoplasmic and
extracellular sodium concentrations, [Ca],, is the extracellular calcium concentration, K, ca
and K, g are the half saturation constants for calcium and sodium, A is the saturation
factor at very negative potentials, and m is a factor to control the voltage dependence.

The sarcolemmal calcium ATPase plays a minor role in extruding calcium from the
myocyte. A typical formulation is

T 2
1 p(Ca) [Ca]myo
K2 _+[Ca]?

m,p(Ca) myo

. @7

p(Ca) =
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where / p(Ca)is the maximal sarcolemmal calcium ATPase current and K, yca) is the
binding constant for calcium to the ATPase.

3.3.5. Buffering—Calcium is highly buffered in living cells through the binding to
calcium-binding proteins and negatively charged species in the cell. The likely reason is that
calcium ions are involved in regulating and signaling many diverse processes in the cell. In
the myocyte, about 90% of the calcium is bound to such buffers. In the cardiac myocyte, the
most significant buffers are calmodulin which is a signaling protein and troponin which is a
contractile protein. Other significant buffers can be the negative charges associated with
cellular membranes (26). Modeling of binding to calcium buffers represents the binding as a
Ky
EN
biochemical reaction B+Ca X BCa with forward (4f) and backward (4p) rate constants.
The amount of calcium bound to each buffer can be calculated by deriving the rate equations

governed by mass action.

In some cases, calcium binding to calcium binding sites is considered to be fast compared to
other relevant cellular processes. In this case, the rapid equilibrium approximation
developed by Wagner and Keizer (27) can be used. In this case, the fluxes on the right-hand
side of the myoplasmic calcium concentration differential equation is multiplied by Byo,
the dynamic buffering fraction for the bulk myoplasm given by

BT K™\
ﬁmyoz(l"'myoLmz , (28)
(K’ +[Calinyo)

d[Ca]myo
— = Z Ji. (29)

Here, B, is the total myoplasmic buffer concentration, 5™ is the half saturation constant
for a particular myoplasmic buffer, and J;are the calcium fluxes.

3.4. Excitation—Contraction Coupling

The basic components or excitation—contraction coupling and their model formulations are
described above. In order to study excitation—contraction coupling they have to be combined
to form a model for calcium dynamics in the myocyte. This is accomplished by constructing
differential equations to describe the dynamics of membrane potential and myoplasmic
calcium. For example,

A,
~Jupn+(U,, ~21, cap

d[Ca]
— =Jieak +Jxfer—2J, NaCa+Ip(Ca))2

d t SERCA

(30)

myo

where Jeak is the passive leak out of the sarcoplasmic reticulum, L, is the flux between the
dyadic spaces and the myoplasm, Jypy is the buffering due to troponin, /c,p is the
background calcium current, and the other fluxes and current are as defined above. The
parameter Viy, is the myoplasmic volume and the parameter Ay is the capacitive
membrane surface area. In this example, the passive leak and background calcium current
are included as they balance the SERCA pump and sodium—calcium exchange currents at
rest. This is a common issue with simplified representations for the pumps and exchangers
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—in order to capture the dynamic behavior, it is possible that the resting activity is too high.
A remedy to this is the use of the Tran et al. formulation for SERCA (25).

3.4.1. Calcium Transients—Calcium transients play a central role in excitation—
contraction coupling. It provides calcium that is necessary for contraction as well as other
possible signaling roles. The calcium transient also influences the action potential through
processes such as sodium—calcium exchange and calcium-dependent inactivation of the L-
type current.

Figure 7 shows an example behavior of the Jafri-Rice—~Winslow guinea pig ventricular
myocyte model. The model produces reasonable action potentials and calcium transients,
and predicts changes in dyadic subspace and sarcoplasmic reticulum calcium concentrations.
The model also predicted a mechanism for termination of calcium release. This was an open
question because due to the strong positive feedback of calcium-induced calcium release, it
was not well understood how release would terminate. The model suggested that reduction
of sarcoplasmic reticulum calcium resulted in a sufficient decrease in ryanodine receptor
release flux to make calcium-induced calcium release no longer sustainable (15). This
reduction of release flux does not require complete emptying of the sarcoplasmic reticulum.

3.4.2. Interval-Force Relations—Interval-force relations are an important property of
cardiac myocytes and tissue because they describe how the force generated by the heart
varies with changes in the pacing frequency. The ability to capture these dynamics is a
success of the Jafri-Rice—~Winslow models and descendants that was not achieved with
previous models. The model not only simulates these behaviors, but it also suggests the
mechanisms behind them as well. One such relation is the force—frequency curve, which in
guinea pig has a dome shape that peaks at ~2.0 Hz as does cat and human (28, 29). To
generate Fig. 8 the model was paced at various frequencies from 0.33 to 5.0 Hz for 30 s each
to allow the model to come to a steady train of calcium transients. The peak values of the
calcium transients are plotted in Fig. 8a, and they produce a dome-shaped curve. Since force
generation is monotonically related to calcium concentration, this reflects the dome-shaped
force curve. The mechanism behind this shape is the interplay between the increase of the
sarcoplasmic reticulum calcium concentration with increasing pacing rate (Fig. 8b) and the
accumulation of the ryanodine receptor in the adapted state as the pacing frequency
increases which results in a lower peak open probability (Fig. 8c). Since the ryanodine
receptor release flux near its peak is effectively the product between the peak open
probability and the junctional SR calcium concentration (Eq. 24), this reflects the
mechanism giving rise to the dome shape (Fig. 8d).

3.4.3. Calcium Sparks—Calcium sparks are considered to be the elementary calcium
release events that underlie excitation—contraction coupling. Sobie and coworkers developed
a model of calcium sparks to describe their mechanism. This model included the stochastic
model of the calcium release channel described above (Egs. 19-29) that included large
numbers of ryanodine receptors, calcium activation of ryanodine receptors, lumenal
regulation of ryanodine receptor open probability, and couple gating of ryanodine receptors.
The model demonstrated that spark activation was due to calcium-induced calcium release
after the stochastic opening of a release channel. Furthermore, changes in sarcoplasmic
reticulum lumenal calcium alter the probability of seeing sparks (and spontaneous spark rate
as well).

The model also suggested a mechanism for spark termination. This is an extension of the
search for the mechanism behind the termination of calcium release during a calcium
transient as the calcium transients are composed of numerous calcium sparks. Previously
three mechanisms had been proposed for the termination. The first suggested that the
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sarcoplasmic reticulum emptied so that there was no longer calcium available for release.
This is implausible as it is possible with the addition of ryanodine to get sparks to last more
than a second which is considerably longer than the 20-30 ms duration of the typical spark
(30). Furthermore, after a triggered calcium transient, it is still possible to release calcium
with caffeine, which increases ryanodine receptor open probability. This suggests that there
is still releasable calcium after a calcium transient.

The second hypothesis suggests that calcium release terminates due to inactivation of the
ryanodine receptor (31). However, inactivation has not been observed experimentally under
physiologically relevant time and concentration scales. For example, adaptation occurs with
a time constant of approximately 150 ms (32). A spark terminates in 20-30 ms, which is too
fast for adaptation to be the primary causative factor.

A third mechanism is that the clusters of ryanodine receptors close stochastically through a
process called stochastic attrition (13). This is possible for a small number of ryanodine
receptors (<6), but is not possible for larger clusters (13, 33). In heart, between 30 and 300
ryanodine receptors have been observed in the dyadic cleft (19).

The spark model also called “the sticky cluster” model presents a novel mechanism for
spark termination. Upon cluster activation, almost all the ryanodine receptors open (Fig. 9).
The ensuing release flux quickly depletes the junctional sarcoplasmic reticulum. This
reduces the ryanodine receptor opening rate (Fig. 6d). As a result, when the individual
channels stochastically close, they do not reopen. When enough channels accumulate in the
closed state, cooperativity increases the closing of the other channels until release
terminates.

3.4.4. Graded Release—Graded release is the property that as the trigger calcium
increases, the amount of calcium release from the sarcoplasmic reticulum via the ryanodine
receptors also increases. This was first observed by Fabiato (12) in skinned cardiac muscle
fibers (the sarcolemmal was mechanically removed). This enables the control of the calcium
concentration seen by the ryanodine receptors in the diads. This was also reported in
individual myocytes in terms of trigger influx through the L-type calcium channel and the
resulting ryanodine receptor calcium flux (11).

Deterministic computational models that include the ryanodine receptors in a “common
pool” and that have included the strong positive feedback of calcium-induced calcium
release have had difficulty modeling graded release and instead shows an all-or-none
response (13) (Fig. 3a). This is because once the ryanodine receptors are activated, their
calcium release will completely activate all of the ryanodine receptors. Niggli and Lederer
suggested that local control, i.e., the stochastic recruitment of individual release units is
determined by the total amount of trigger L-type calcium current. The total amount of L-
type current depends upon the number of L-type calcium channels activated. This idea was
first demonstrated by Stern in a simple model of calcium release, and verified by Rice-Jafri—
Winslow in a biophysically detailed model. This was demonstrated to hold with stochastic
recruitment of calcium sparks and hence provided the most realistic description of graded
calcium release to date (2)(Fig. 3b).

3.5. Cardiac Tissue

Models of cardiac ventricular myocytes can be combined into multicellular networks of
cardiac myocytes to simulate sections of cardiac tissues. These types of studies have been
extended all the way up to the whole heart (34). There are two basic approaches to do this
using the bi-domain model or a mono-domain model. In the bi-domain model, both the
intracellular and extracellular spaces are modeled as conducting the spread (or diffusion) of
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voltage. In the mono-domain model, the extracellular space is assumed to be infinitely
conductive, so only the spread of voltage in the intracellular space. This is the approach used
by Hodgkin and Huxley in modeling the squid giant axon which was the first model of
action potential propagation (1). By Kirchoff’s Law the diffusive current /yitysive IS given by

Liiffusive =Icapacative *fionic (31)

dv
Liifrusive=Com ’n +ZA:1A - (32)

In the case of a network of cardiac myocytes one might consider the diffusive current to be
governed by the connections between cardiac myocytes. In this approach the cardiac
myocytes are electrically connected by a coupling current (/gap) that represents the gap
junctions that electrically couple the cells in vivo since these are the rate-determining
components for the spread of voltage in heart tissue.

Loap=8eap(Vi=V}), (33)

where Vjand Vjare two adjacent cells and ggap is the coupling conductance. Typically the
coupling conductance is chosen to provide realistic action potential wave propagation
velocities.

Over the years knowledge of the diversity of myocytes in the heart as well as the complexity
of the microanatomy of the heart has grown substantially. The heart consists of muscle
fibers and sheets of muscle fibers that form layers of the heart wall. Models have been
developed to include these microanatomical features in addition to electrical and mechanical
dynamics of the heart. For example, many outstanding reviews have been written about
work in this area (35-38).

3.6. Arrhythmias

Cardiac arrhythmia occurs when the normal depolarization and repolarization pattern of the
heart is disrupted. Arrhythmia can have a number of causes including conduction-based
arrhythmias, defects in cell excitability, and defects in calcium dynamics. The latter are
discussed briefly here.

One of the mechanisms of calcium arrhythmias are the generation of early after
depolarizations and delayed after depolarizations. Early after depolarization is an addition
depolarization or re-excitation of the membrane potential late in the action potential. A
delayed after depolarization is a re-excitation of the membrane and resulting action potential
after the conclusion of the action potential. These events are outside the normal heart
rhythm. As a result a misplaced action potential can generate a spreading wave of
depolarization outside the normal coordinated depolarization wave seen during normal
function. This can then disrupt the coordinated depolarization as when two action potential
waves collide they annihilate each other. The result is abnormal contraction and a possible
disruption of the pumping of blood.

Deterministic computational models of excitation—contraction coupling have been used to
study the mechanism and consequences of such events (10, 39). It has been suggested that
abnormal calcium release events lead to an aberrant calcium transient. This calcium transient
activated sodium—calcium exchange which depolarizes the sarcolemmal membrane. If this
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depolarization is sufficient, it can excite the sodium and/or L-type calcium channels
resulting in an action potential.

One of the possible mechanisms though to be behind these aberrant calcium release events
are calcium waves. Calcium waves have been in ventricular myocytes under the pathological
condition known as calcium overload. In calcium overload, the myocyte calcium content is
elevated. This typically manifests itself by elevated resting myoplasmic and sarcoplasmic
reticular calcium concentrations. This can be produced by rapid pacing of the myocyte,
especially under conditions of high extracellular calcium. It can also occur during heart
failure.

Using the Jafri-Rice-Winslow model of the guinea pig ventricular myocyte, a one-
dimension string of myocytes was created. When a calcium release event is simulated in one
of the cells, under normal conditions, the calcium concentration (Fig. 10a) and membrane
potential (Fig. 10b) remain at a normal level. However, if the myocytes display pathological
conditions such as increased sarcoplasmic reticulum calcium concentration and ryanodine
receptor hypersensitivity to calcium, a calcium wave occurs (Fig. 10c). If the sodium—
calcium exchanger activity is augmented, a propagating wave of depolarization occurs
followed by a delayed after depolarization (Fig. 10d). These three conditions are common
characteristics of a cardiac myocyte during the conditions known as heart failure. Hence, the
model suggests a potential role for the combination of these factors that might give rise to an
arrhythmogenic calcium wave.

3.6.1. Mutation—There are many diseases that have been associated with mutations.
Mutations are often single-nucleotide mutations (SNPs) in the DNA that result in altered
protein sequence, structure, and function. Some of these mutations can lead to cardiac
arrhythmias (40, 41). In many cases the changes to channel function caused by mutation
have been characterized. Computational models can be used to explore how these mutations
contribute to the pathological phenotype by using models of mutated channels in the
excitation—contraction coupling models (42-45). These studies can suggest ways in which to
compensate for the effect of the mutation to give a more normal phenotype. One possible
way might be to target a drug to alter the behavior of the pathological channel. Another
might be to use drugs to cause compensatory changes in the behavior of other channels.

For example, a hypothetical cardiac ion channel that carries inward (depolarizing) current is
shown in Fig. 11a. The mutant channel has an increased steady-state open probability over
the wild type. This might result in increased activity that might cause increased excitability
and/or prolonged action potentials. One way to predict the role is to incorporate both the
wild-type and mutant channels in a computational model of cardiac excitation—contraction
coupling and observe the changes to the action potential and calcium dynamics. This
myocyte model can be incorporated in a network simulation of cardiac tissue to study the
arrhythmic potential of this mutant under various simulated conditions.

To accomplish the first goal is to develop a model of the channel. This channel can be
described by a two-state model as shown in Fig. 2b. The resulting equations governing a (V)
and B( V) for the wild type are

a(V)=0.07¢"?,  (34)

1
,B(V)=m, (35)
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which follow the formalism described by Hodgkin and Huxley (1) that would be constrained

by experimental data. The mutant channels have a similar description with modified opening
rate

a(V)=1.4e"?°, (36)

1
BV)= NZE IR L)

3.7. Drug Action

4. Notes

The action of drugs on ion channels can be modeled if the experimental effect of the drug
has been characterized. Using this data, a new set of states can be added to a channel model
to indicate the drug bound states. These drug bound states should be constrained by kinetic
and dose-response experimental studies. These studies also may indicate whether the drug is
use or nonuse dependent. Nonuse dependent means that it binds the closed state of the
channel (Fig. 11b). Use dependence means that the drug binds the open channel (Fig. 11c).
The drug binding to the channel can also be independent of use such that it binds both closed
and open states of the channel (Fig. 11d). These approaches have been used to study how
drug action might be used to treat cardiac arrhythmia (46). For example, a drug that blocks
the channel shown in Fig. 11a might reduce the channel current and return suppress potential
cardiac arrhythmia. The potential efficacy of different types of drugs that block the ion
channel shown in Fig. 11 can be tested using these types of computational models of drug
binding.

Presented here are examples that demonstrate the concepts of using computational models to
understand excitation—contraction coupling under normal and pathological conditions. These
insights as well as targeted models can aid in the development of novel therapeutics (drugs
and devices) that can aid patients with cardiac abnormalities. It is by no means a
comprehensive review of the large body of models that have contributed in these areas.
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Excitation—contraction coupling model of the guinea pig ventricular myocyte. (b) Model of

the calcium release unit in the diad, (c) sarcoplasmic reticulum arrangement in the

Sarcomere.
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(a) Circuit diagram of membrane. (b) Simple gating model.
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(a) The deterministic common pool model of the guinea pig ventricular myocyte does not
properly produce graded calcium release. (b) A local control model based on independent
stochastic calcium release units that produce calcium sparks successfully produces graded
release.
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Fig. 4.

(a) State diagram with possible transitions from state Y'to state X or Z (b) The transition
probabilities are mapped to the interval [0,1] for comparison to a uniform [0,1] random
number.

Methods Mol Biol. Author manuscript; available in PMC 2013 January 06.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Jafri

=) =) =) =) = ©)

S A

Fig. 5.
L-type calcium channel model.
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Fig. 6.

Schematic diagrams of ryanodine receptor models. (a) Keizer Levine, (b) Smith-Keizer, (c)

Sobie et al., (d) the open rate shifts as the sarcoplasmic reticulum depletes in the Sobie et al.
model.
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Fig. 7.
Simulated excitation—contraction coupling in the guinea pig ventricular myocyte. (a) Action
potential, (b) myoplasmic calcium transient, (c) isometric force transient.
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Fig. 8.

Interval—force relations. (a) Peak myoplasmic calcium, (b) peak sarcoplasmic reticulum
calcium concentration, (c) peak ryanodine receptor open probability, (d) peak ryanodine
receptor release flux.
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Fig. 9.

Simulated calcium spark. (a) Diadic subspace calcium concentration, (b) ryanodine receptor
release current, (c) junctional sarcoplasmic reticulum calcium concentration, (d) ryanodine
receptor open probability.
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Fig. 10.

Simulated calcium and membrane potential transients (fgp and bottom rows, respectively)
for a one-dimensional spatial model of a normal and pathological guinea pig ventricular
myocyte (/eftand right columns, respectively).
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Fig. 11.

(a) Wild-type and mutant steady-state activation curves for a hypothetical channel. (b)
Nonuse-dependent block by drug. (c) Use-dependent block by drug. (d) Use-independent
block by drug.
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