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1 Introduction

Intracellular calcium (Ca?*) concentration plays an important regulatory role
in a number of cellular processes. Cellular influx of Ca?* activates intracel-
lular signaling pathways that in turn regulate gene expression. Studies have
identified over 300 genes and 30 transcription factors which are regulated by
intracellular Ca?* [1, 2]. Fluctuation of intracellular Ca%* levels is also known
to regulate intracellular metabolism by activation of mitochondrial matrix de-
hydrogenases. The subsequent effects on the tri-carboxylic acid cycle increase
the supply of reducing equivalents (NADH, FADH;), stimulating increased
flux of electrons through the respiratory chain [3]. Most importantly, Ca?* is
a key signaling molecule in excitation-contraction (EC) coupling, the process
by which electrical activation of the cell is coupled to mechanical contraction
and force generation.

The purpose of this chapter is to review the important role of Ca2t in
cardiac EC coupling, with a particular focus on presentation of quantitative
models of the EC coupling process. One of the most remarkable features of
cardiac EC coupling is that structural and molecular properties at the mi-
croscopic scale have a profound influence on myocyte function at the macro-
scopic scale. Thus, modeling of cardiac EC coupling is confronted with the
enormous challenge of needing to integrate diverse information collected at
multiple scales of biological analysis into comprehensive models. In this chap-
ter, we will consider three different approaches to such multi-scale modeling
of cardiac EC coupling, reviewing the strengths and weaknesses of each ap-
proach.
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2 The Molecular and Structural Basis
of Cardiac EC Coupling

2.1 Structural Basis of EC Coupling

The nature of EC coupling is linked closely to both the micro-anatomical
structure of the myocyte as well as the arrangement of contractile proteins
within the cell. These relationships are shown in Fig. 1. The basic unit of
contraction in the cardiac myocyte is the sarcomere. Individual sarcomeres
are approximately 2.0um in length and are bounded on both ends by the
Z-disks. The H-Zone contains the thick (myosin) filaments and is the region
within which there is no overlap with thin (actin) filaments. The A-band is the
region spanned by the length of the thick filaments. The shaded region in Fig. 1
represents the region of overlap of thick and thin filaments. Muscle contraction
is accomplished by the sliding motion of the thick and thin filaments relative
to one another in this region in response to elevated levels of intracellular
calcium (Ca?*) and ATP hydrolysis.

H-zone
A-band

Fig. 1. Ultrastructure of the cardiac ventricular myocyte, illustrating the organiza-
tion of sarcomeres and the T-tubules. Reproduced from Fig. 1.14 of Katz [73] with
permission

Figure 1 also shows that sarcomeres are bounded on each end by the T-
tubules [1]. T-tubules are cylindrical invaginations of the sarcolemma that
extend into the myocyte (Fig. 2), approaching an organelle known as the sar-
coplasmic reticulum (SR). The SR is comprised of two components known as
junctional SR (JSR) and network SR (NSR). The NSR is a lumenal organelle
extending throughout the myocyte. NSR membrane contains a high concen-
tration of the SR Ca?t-ATPase (SERCA2a) pump, which transports Ca?*
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Fig. 2. Illustration of the physical organization and channel localization in the
cardiac dyad. Reproduced from Bers Fig. 1 [(6] with permission

from the cytosol into the lumen of the NSR (Fig. 2). The JSR is that portion
of the SR most closely approximating the T-tubules. The close proximity of
these two structures (~10nm) forms a restricted region commonly referred to
as the “dyad” or “subspace” with an approximate diameter of 400 nm. Ca?*
release channels (known as ryanodine receptors or RyRs) are located in the
dyadic region of the JSR membrane. In addition, sarcolemmal L-Type Ca2*
channels (LCCs) are located preferentially within the dyadic region of the T-
tubules, where they are in close opposition to the RyRs. It has been estimated
that there are approximately 10 LCCs per dyad [5] and ~50,000 active LCCs
per myocyte.

2.2 The Molecular Basis of Cardiac EC Coupling
2.2.1 Properties of LCCs

Cardiac LCCs are multi-subunit protein complexes located in the T-tubular
membrane (for review, see [0]). The main functional subunit of the cardiac
LCC is the aj. subunit. Each aj. subunit has 6 transmembrane segments
(51-S6) and four subunits assemble to create the LCC pore. LCCs undergo
voltage-dependent activation and inactivation. The voltage sensor is located
in the S4 segment and the inactivation gate is located in the S6 segment [7].
LCCs are also composed of auxiliary subunits. Four distinct 8 subunits, with
multiple splice variants, bind to the channel complex to modify its properties

[8]. An agd subunit also interacts with and modifies channel properties. Both
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the a1, and the 5, subunit (the dominant § subunit isoform in heart) contain
protein kinase A (PKA) phosphorylation sites [9].

LCCs also undergo inactivation in response to elevated Ca?t levels within
the dyadic space near the inner pore of the channel — a process referred to
as Ca2?t-dependent inactivation. Inactivation of LCCs is mediated by Ca?*
binding to the calmodulin (CaM) molecule which is constitutively tethered
to the LCC [10]. Following Ca?* binding, CaM binds to an IQ-like domain
located in the carboxyl tail of the a;. subunit. This in turn leads to a con-
formational change of the EF hand region located downstream from the 1Q
domain, initiating channel inactivation [11].

An important issue, to be discussed in subsequent sections, is the relative
magnitude of voltage- versus Ca?T-dependent inactivation of LCCs. Recent
data regarding the relative contributions of these processes are presented in
Fig. 3 (adapted from Linz and Meyer, Fig. 11 [12]). Open triangles show the
fraction of LCCs not voltage-inactivated and filled circles show the fraction
of LCCs not Ca?*-inactivated. Measurements were made in isolated guinea
pig ventricular myocytes in response to an action potential (AP) clamp stim-
ulus (upper panel). These data show that the fraction of LCCs not Ca?*-
inactivated is small relative to the fraction not voltage-inactivated. Thus,
Ca?*-inactivation dominates over voltage-inactivation during the time course
of an AP.

Figure 3B shows recent data from the laboratory of David Yue and col-
leagues (adapted from Fig. 5 of Peterson et al. [10]). The left panel of Fig. 3B
shows current through LCCs in response to a voltage-clamp step from a hold-
ing potential of —80mV to —10mV. Two current traces are shown, one with
Ca?* and one with Ba?T as the charge carrier. Ca?*-dependent inactivation
of LCCs is thought to be ablated when Ba?* is used as the charge carrier.
The Ba?* current thus reflects properties of voltage-dependent inactivation of
LCCs. Comparison of the two current traces suggests that over a time scale
of a few hundred milliseconds, Ca?*-dependent inactivation is fast and strong
whereas voltage-dependent inactivation is slow and weak. The right panel of
Fig. 3B shows results obtained when a mutant CaM incorporating point mu-
tations which prevent Ca?* binding is over expressed in the myocytes, thus
definitively ablating Ca?T-dependent inactivation. Under this condition, the
Ca?t and Ba?*t currents are similar, thus providing an independent measure-
ment confirming that Ca?*-dependent inactivation of LCCs is fast and strong,
whereas voltage-dependent inactivation is slow and weak.

2.2.2 Properties of RyRs

Ryanodine receptors (RyRs) are ligand-gated channels located in the dyadic
region of the JSR membrane. These channels open following binding of Ca2*
in response to elevated Ca?* levels in the dyad, thus releasing Ca?* from the
JSR. Cardiac RyRs are composed of four 565-kDa subunits and four 12-kD
FK506 binding proteins (FKBP12.6). FKBP12.6 stabilizes the closed state
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Fig. 3. (A) AP clamp waveform and estimates of the fraction of LCCs not voltage-
inactivated (open triangles) and not Ca®'-inactivated (filled circles) during the
AP-clamp. Data measured in guinea pig ventricular myocytes. Reproduced from
Fig. 11A-B of Linz and Meyer [12], with permission. (B) L-Type Ca®" currents
recorded from wild-type (WT CaM) rat ventricular myocytes or myocytes overex-
pressing mutant CaM (CaMj 2,3.4). Responses are to voltage-clamp steps from a
holding potential of —80 to —10mV in the presence of Ca’t (dotted line) or Ba*"
(solid line) as the charge carrier. Reproduced from Fig. 2 of Peterson et al. [10],
with permission
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of the channel and dissociation of FKBP12.6 increases RyR open probability
and Ca?T sensitivity [13]. Evidence suggests that cardiac RyRs may be phys-
ically coupled and exhibit coordinated gating which is functionally ablated in
the absence of FKBP12.6 [14]. Cardiac RyRs contain a PKA phosphorylation
site at serine-2809. The effects of PKA-induced phosphorylation of the RyR
remains controversial, with one group asserting that phosphorylation leads
to dissociation of FKBP12.6 from the RyR [15], thus regulating coordinated
gating and channel open probability, while another group asserts that it does
not [16]. Ca?*/calmodulin-dependent protein kinase IT (CaMKII) also phos-
phorylates RyR at serine-2815, leading to increased channel open probability
and increased Ca" sensitivity [17].

2.2.3 Calcium-Induced Calcium-Release

EC Coupling involves a close interplay between LCCs and RyRs within the
dyadic space. During the initial depolarization stages of the AP, voltage-gated
LCCs open, allowing the entry of Ca?* into the dyad. As Ca?* concentration
in the dyad increases, Ca?* binds to the RyR, increasing their open probability
and leading to Ca?" release from the JSR — a process called Ca?*-induced
Ca?T release (CICR).

The phenomenon of CICR has been studied extensively. Experiments have
shown two major properties of CICR: (1) graded Ca?* release; and (2) voltage-
dependent EC coupling gain. Graded release refers to the phenomenon origi-
nally observed by Fabiato and co-workers [15, 19, 20] that Ca?* release from
JSR is a smooth and continuous function of trigger Ca?* entering the cell via
LCCs. Figure 4 (adapted from Fig. 3 of Wier et al. [21]) shows experimentally
measured properties of graded release. Figure 4A shows trigger flux of Ca?*t
through LCCs (open circles, Fica) and release flux of Ca?* through RyRs
(filled circles, Fsg rel) in response to a range of depolarizing voltage-clamp
steps. Both are smooth continuous functions of step potential. Figure 4B shows
normalized versions of the flux curves. The curve for RyR release flux is shifted
in the hyperpolarizing direction with respect to that for LCC trigger flux. This
occurs since at lower membrane potentials, single LCC currents are large and
thus highly effective at triggering opening of RyR. At higher potentials, closer
to the reversal potential for Ca?*, open probability of LCCs is high, but sin-
gle channel currents are small and thus less effective at triggering opening of
the RyR. EC coupling gain is defined as the ratio of peak Ca?t release flux
through RyRs to the peak trigger flux through LCCs. There are more RyRs
than LCCs in mammalian cardiac ventricular cells, with the RyR:LCC ratio
varying from 8:1 in rat, 6:1 in humans to 4:1 in guinea pig [22]. The result is
that a greater amount of Ca?" is released from JSR via the RyR than enters
the cell through LCCs, leading to high EC coupling gain. Figure 4C shows an
example of the EC coupling gain function in rat ventricular myocytes. The
voltage dependence of gain arises from the relative displacement of the RyR
and LCC flux curves shown in Fig. 4B.
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Fig. 4. (A) Ca®* flux (ordinate, mM-s") through RyRs (filled circles) and LCCs
(open circles) as a function of membrane potential (abscissa, mV) measured from
rat ventricular myoyctes. (B) Normalized data from Fig. 4A. (C) EC coupling gain
(ordinate) as a function of membrane potential (abscissa, mV). Reproduced from
Wier et al. [21] Fig. 3, with permission

2.2.4 Ca%t Re-Uptake and Extrusion

Several mechanisms exist to restore Ca?t concentration to resting levels fol-
lowing an AP (Fig. 2). These mechanisms are the Nat-Ca?* exchanger, the
sarcolemmal Ca?t-ATPase and the SR Ca?t-ATPase [23]. The Nat-Ca?*t ex-
changer is generally believed to import three Na® ions for every Ca?*t ion
extruded, yielding a net charge movement [241]. More recent data support the
idea that the exchange ratio may be 4:1 [25] or even variable [26]. The Na*-
Ca?* exchanger is believed to be located predominantly in the sarcolemmal
membrane and is driven by both transmembrane voltage and Na® and Ca?*t
concentration gradients. It can work in forward mode, in which case it extrudes
Ca?t and imports Nat, thus generating a net inward current, or in reverse
mode, in which case it extrudes Na™ and imports Ca?* thus generating a
net outward current. Some experimental evidence suggests that during the
plateau phase of the AP, the NaT-Ca?" exchanger works initially in reverse
mode bringing Ca?* into the cell, and later switches to forward mode thereby
extruding Ca?* [27]. The second Ca?" extrusion mechanism is the sarcolem-
mal Ca?t-ATPase. This Ca?t pump hydrolyzes ATP to transport Ca?t out
of the cell. It contributes a sarcolemmal current which is small relative to that
of the Nat-Ca?t exchanger. At equilibrium, during each cardiac cycle (the
time from the start of one AP to the next) the total amount of Ca?* leaving
the cell via the Nat-Ca?" exchanger and the sarcolemmal Ca?tT-ATPase is
equal to the amount that enters. The third extrusion mechanism for myoplas-
mic Ca?t is the SR Ca?t-ATPase. This ATPase sequesters Ca?t into the
SR. The SR Ca?*-ATPase is predominantly located in the NSR membrane.
In equilibrium, during each cardiac cycle the SR Ca?*-ATPase re-sequesters
an amount of Ca?T equal to that released by the SR via the RyR. The SR
Ca?t-ATPase hydrolyzes ATP to transport Ca?t, and has both forward and
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reverse modes [28, 29]. The reverse mode serves to prevent overloading of the
SR with Ca?* at rest.

3 Computational Models of Cardiac EC Coupling

3.1 Common Pool Models of CICR

In the majority of models of the cardiac ventricular myocyte, CICR is de-
scribed either phenomenologically or through use of a formulation known as
the “common pool” model. As defined by Stern [30] and as illustrated in
Fig. 5, common pool models [31, 32, 33] are ones in which Ca?* flux through
all LCCs are lumped into a single trigger flux, Ca?* flux through all RyRs is
lumped into a single release flux and both the trigger and release flux are di-
rected into a common Ca?t compartment (labeled the “subspace” in Fig. 5).
Consequently, in such models, activation of the JSR release mechanism is con-
trolled by Ca?* concentration in this common pool. The result of this physical
arrangement is that once RyR Ca?* release is initiated, the resulting increase
of Ca?* concentration in the common pool stimulates regenerative, all-or-none
rather than graded Ca?* release [30]. This “latch up” of Ca?* release can be
avoided and graded JSR release can be achieved in phenomenological models
of EC coupling by formulating Ca?T release flux as an explicit function of only
sarcolemmal Ca?t flux rather than as a function of Ca?* concentration in the
common pool [34, 35, 36, 37]. Models of this type are not common pool models
based on the definition given by Stern, and do not suffer an inability to exhibit
both high gain and graded JSR Ca?* release. However, such phenomenolog-
ical formulations lack mechanistic descriptions of the processes that are the
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Fig. 5. Structure of a common pool myocyte model. Reproduced from Jafri et al.

[31] Fig. 1, with permission
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underlying basis of CICR. We therefore focus, in the remainder of this pre-
sentation, on a review of the strengths and weaknesses of the common pool
model formulation.

3.1.1 Strengths of Common Pool Models

Despite the inability of common pool models to describe the fundamental
property of graded JSR Ca?* release, such models, when incorporated into
integrative models of the myocyte, have proven reconstructive and predic-
tive abilities. As will be discussed subsequently (Sect. 4.1), myocyte models
based on the common pool formulation have been able to reconstruct many
aspects of the cellular phenotype of ventricular myocytes isolated from end-
stage failing canine and human hearts including prolongation of AP duration,
reduced amplitude of intracellular Ca?* transients and slowed decay of the
Ca?* transient (see Fig. 1 of Winslow et al. [32]). A common pool model of
the guinea pig left ventricular myocyte has been able to reconstruct properties
of extrasystolic restitution and post-extrasystolic potentiation in response to
so-called S1-S2 stimulus protocols (see Fig. 5B of Rice et al. [38]). A recent
computational model of the human left ventricular myocyte is able to predict
rate-dependent prolongation of AP duration, AP duration restitution curves
and Ca?T-frequency relationships (see Figs. 5A, 6A and 7C of Iyer et al., re-
spectively [39]). Thus, such models are able to account for a broad range of
responses measured experimentally.

3.1.2 Weaknesses of Common Pool Models

In light of the successes detailed above, one may question whether graded
JSR Ca?* release plays an important role in shaping the electrophysiologi-
cal responses of the ventricular myocyte. The answer is a definite “yes” and
the reason has to do with recent data concerning the relative contribution of
Ca?*- versus voltage-dependent inactivation of LCCs reviewed in Sect. 2.2.1
and shown in Fig. 3. These data demonstrate that LCC Ca?t-dependent in-
activation is strong with rapid onset, whereas voltage-dependent inactivation
is weaker with slower onset. In contrast, Fig. 6 shows the relationship between
Ca?*- and voltage-dependent LCC inactivation in three different models of
the cardiac AP. Figures 6A-B replicate the experimental data of Linz and
Meyer [12] and Figs. 6C-E show APs and Ca?"- versus voltage-dependent in-
activation of LCCs during these APs for common pool canine [32] and guinea
pig [31] myocyte models and the Luo-Rudy guinea pig model incorporating
a phenomenological description of CICR [36]. For each model, Ca** inacti-
vation of LCCs is smaller or comparable in magnitude to voltage-dependent
inactivation. This stands in contrast to the experimental data shown in Fig. 3.

The consequence of incorporating the relationship between Ca?T- versus
voltage-dependent inactivation shown in Fig. 3 into a common pool model
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Fig. 6. Action potentials, fraction of LCCs not Ca®"-inactivated (Not Cal) and not
voltage-inactivated (Not VI) during the AP. (A) AP-clamp waveform used to control
membrane potential of myocytes isolated from guinea pig left ventricle. (B) Exper-
imental estimates of the fraction of LCCs not Ca®"-inactivated and not voltage-
inactivated when membrane potential is clamped as shown in Panel A. Panels C-E
show similar estimates based on simulated actions potentials. Results are shown for
APs generated using the Winslow et al. [32] (C — canine), Jafri-Rice-Winslow [31]
(D — guinea pig), and Luo-Rudy Phase II [36] (E — guinea pig) ventricular myocyte
models. F') Membrane potential as a function of time for a 10-second simulation
of a modified version of the Winslow et al. [32] model with Ic,.r parameterized
with strongly Ca?T-dependent and weakly voltage-dependent inactivation (similar
to that of the local control model). Panels A and B are reproduced from Fig. 11 of
Linz and Meyer [12], with permission

of the canine ventricular myocyte [32] is shown in Fig. 6F. AP duration be-
comes unstable. The reason for this is that in a model where the release of
JSR Ca?* is controlled by sensing Ca?* levels in the same pool into which
Ca?t is released, Ca®" release occurs in an all-or-none fashion [30]. When
Ca’*-dependent inactivation of LCCs is the dominant inactivation process
in such common pool models, LCC inactivation also exhibits all-or-none be-
havior, switching on in response to JSR Ca?* release and switching off in
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its absence. This switching between all-or-none LCC inactivation destabilizes
the plateau phase of the AP, with APs alternating between those with short
(~150-250 ms) and long (>1000 ms) duration. This unstable behavior occurs
over a wide range of LCC inactivation parameters as long as voltage-dependent
inactivation of LCCs is relatively slow and weak. Strong voltage-dependent
inactivation of Iz, although contrary to experimental observations, is there-
fore necessary to enforce stability of common pool models. When new data
regarding the balance between voltage- and Ca?*-dependent inactivation is
incorporated into these models, they fail at reproducing even the most ele-
mentary electrophysiological response of the ventricular myocyte — a stable
AP.

3.2 A Stochastic Local-Control Model of CICR

The fundamental failure of common pool models described above suggests that
more biophysically-based models of EC coupling must be developed and in-
vestigated. Understanding of the mechanisms by which Ca?* influx via LCCs
triggers Ca?t release from the JSR has advanced tremendously with the de-
velopment of experimental techniques for simultaneous measurement of LCC
currents and Ca?* transients and detection of local Ca?* transients and this
has given rise to the local control hypothesis of EC coupling [21, 30, ].
This hypothesis asserts that opening of an individual LCC in the T- tubular
membrane triggers Ca?T-release from the small cluster of RyRs located in the
closely apposed (~10nm) JSR membrane. Thus, the local control hypothesis
asserts that release is all-or-none at the level of these individual groupings of
LCCs and RyRs. However, LCC and RyR clusters are physically separated
at the ends of the sarcomeres [412]. These clusters therefore function in an
approximately independent fashion. The local control hypothesis asserts that
graded control of JSR Ca2t release, in which Ca?T-release from JSR is a
smooth, continuous function of Ca?* influx through LCCs, is achieved by the
statistical recruitment of elementary Ca?* release events in these independent
dyadic spaces. Thus, at the heart of the local-control hypothesis is the asser-
tion that the co-localization of LCCs and RyRs is a structural component that
is fundamental to the property of graded Ca?* release and force generation
at the level of the cell.

Several computational models have been developed to investigate proper-
ties of local Ca?* release at the level of the cardiac dyad [, 43, 44, 45]. Each
of these model formulations incorporates: (1) one or a few LCCs; (2) a clus-
ter of RyRs; (3) the dyadic volume in which the events of CICR occur; and
(4) anionic binding sites which buffer Ca*. In some of these models, detailed
descriptions of diffusion and Ca2?* binding in the dyadic cleft are employed
to demonstrate the effects of geometry, LCC and RyR properties and organi-
zation, and surface charge on the spatio-temporal profile of Ca?® within the
dyad, and hence on the efficiency of CICR [5, 44, 45]. Stern et al. [46] have
simulated CICR stochastically using numerous RyR schemes to demonstrate
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conditions necessary for stability of EC coupling and have suggested a possi-
ble role for allosteric interactions between RyRs. The functional release unit
model of Rice et al. [43] has demonstrated that local control of CICR can
be obtained without including computationally intensive descriptions of Ca%*
gradients within the dyadic space. Isolated EC coupling models such as these,
however, cannot elucidate the nature of the interaction between local events
of CICR and integrative cellular behavior, as the models are simply too com-
putationally demanding.

We have recently developed a local-control model of CICR which is suffi-
ciently minimal that it may be incorporated within a computational model of
the cardiac ventricular myocyte [417]. This model is derived from a canine ven-
tricular myocyte model [32] and incorporates stochastic gating of LCCs and
RyRs. This model has been shown to capture fundamental properties of local
control of CICR such as high gain, graded release and stable release termi-
nation. The model incorporates: (1) sarcolemmal ion currents of the Winslow
et al. canine ventricular cell model [32]; (2) continuous time Markov chain
models of the rapidly-activating delayed rectifier potassium current I, [13],
the Ca?T-independent transient outward K current I;,; [19] and the Ca®*-
dependent transient outward chloride (C17) current I;,2; (3) a continuous-time
Markov chain model of I,z in which Ca?t-mediated inactivation occurs via
the mechanism of mode-switching [31]; (5) an RyR channel model adapted
from that of Keizer and Smith [50]; and (6) locally controlled CICR from
junctional sarcoplasmic reticulum (JSR) via inclusion of LCCs, RyRs, chloride
channels, local JSR and dyadic subspace compartments within Ca2?* release
units (CaRUs).

Figure 7 shows a schematic of the CaRU. The CaRU model is intended
to mimic the properties of Ca?t sparks in the T-tubule/SR (T-SR) junction.
Figure 7B shows a cross-section of the model T-SR cleft, which is divided into
four individual dyadic subspace compartments arranged on a 2 x 2 grid. Each
subspace (SS) compartment contains a single LCC and 5 RyRs in its JSR and
sarcolemmal membranes, respectively. All 20 RyRs in the CaRU communicate
with a single local JSR volume. The 5:1 RyR to LCC stoichiometry is consis-
tent with recent estimates indicating that a single LCC typically triggers the
opening of 4-6 RyRs [51]. Each subspace is treated as a single compartment in
which Ca2* concentration is uniform, however Ca?* may diffuse passively to
neighboring subspaces within the same CaRU. The division of the CaRU into
four subunits allows for the possibility that an LCC may trigger Ca?T release
in adjacent subspaces (i.e., RyR recruitment) under conditions where unitary
LCC currents are large. The existence of communication among adjacent sub-
space volumes is supported by the findings that Ca?t release sites can be
coherent over distances larger than that occupied by a single release site [52],
and that the mean amplitude of Ca?t spikes (local SR Ca* release events
that consist of one or a few Ca?* sparks [73]), exhibits a bell shaped voltage
dependence, indicating synchronization of multiple Ca?* release events within
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Fig. 7. Schematic representation of the Ca*t release unit model (CaRU). (A) Trig-
ger Ca?T influx through the LCCs enters into the T-SR cleft (dyadic space). The
rise in local Ca2™ level promotes the opening of RyRs and Ca?*-modulated chloride
channels (CIChs). The excess local Ca*t passively diffuses out of the cleft into the
cytosol and JSR Ca®" is refilled via passive diffusion from the NSR. (B) The T-SR
cleft (shown in cross-section) is composed of four dyadic subspace volumes, arranged
on a 2 x 2 grid, each containing 1 LCC, 1 CICh, and 5 RyRs. Ca?" in any subspace
may diffuse to a neighboring subspace (J;ss) or to the cytosol (Jzfer). Jiss,i,j1 rep-
resents Cat flux from the jth subspace to the Ith subspace within the ith CaRU.
Similarly Jzfer,,; represents Ca?* flux from the jth subspace to the cytosol from
the ith CaRU

a T-SR junction [54]. The choice of four subunits allows for semi-quantitative
description of dyadic Ca?* diffusion while limiting model complexity.

L-type Ca?* current (Ic,z) is a function of the total number of channels
(NLce), single channel current magnitude (i), open probability (p,), and the
fraction of channels that are available for activation (factive), where Ic,r =
Nycc X factive X @ X Po. Single LCC parameters are based on experimental con-
straints on both ¢ and p,. The product Ny,cc X factive 1S chosen such that the
amplitude of the whole-cell current agrees with that measured experimentally
in canine myocytes. This approach yields a value of 50,000 for Nycc X factives
consistent with experimental estimates of active LCC density and correspond-
ing to 12,500 active CaRUs.

One of the bases for local control of SR Ca?*t release is the structural
separation of T-SR clefts at the ends of sarcomeres (i.e., RyR clusters are
physically separated) [42]. Each CaRU is therefore simulated independently
in accord with this observation. Upon activation of RyRs, subspace Ca?* con-
centration increases. This Ca?t will diffuse freely to either adjacent subspace
compartments (J;55) or into the cytosol (J; rer) as determined by local concen-
tration gradients. The local JSR compartment is refilled via passive diffusion
of Ca%* from the network SR (NSR) compartment (Jy.).
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The algorithm for solving the stochastic ordinary differential equations
defining the model has been described previously [17]. Briefly, transition rates
for each channel are determined by their gating schemes and their depen-
dence on local Ca?* level. Gating of each channel within a CaRU is simulated
by choosing channel occupancy time as an exponentially distributed random
variable with parameter determined by the sum of voltage- and/or Ca®*-
dependent transition rates from the current state. Stochastic simulation of
CaRU dynamics is used to determine all Ca?* flux into and out of each local
subspace. The summation of all Ca?* fluxes crossing the CaRU boundaries are
taken as inputs to the global model, which is defined by a system of coupled
ordinary differential equations. The dynamical equations defining the global
model are solved using the Merson modified Runge-Kutta 4th-order adaptive
time step algorithm which has been modified to embed the stochastic CaRU
simulations within each time step.

This model provides the ability to investigate the ways in which LCC,
RyR and subspace properties impact on CICR and the integrative behavior
of the myocyte. However, this ability is achieved at a high computational cost.
Three approaches are therefore used to accelerate the computations. First, the
pseudo-random number generator used is the Mersenne Twister algorithm
[55], having a long period (2!997-1) and reduced computation time. Second,
we have developed an algorithm for the dynamic allocation of model CaRUs
so that a large number of CaRUs are utilized prior to, during and shortly
after the AP, and a smaller number of CaRUs is used during diastole. Third,
simulation of the stochastic dynamics of the independent functional units may
be performed in parallel, resulting in near linear speedup as the number of
processors is increased. These modifications enable us to simulate up to 1
Sec of model activity in 1 minute of simulation time when running on 6 IBM
Power4 processors configured with 4 Gbytes memory each.

Figure 8 shows macroscopic properties of APs and SR Ca?* release in this
hybrid stochastic/ODE model. Figure 8A shows the voltage dependence of
peak Ca?* flux (ordinate) through LCCs (filled circles) and RyRs (open cir-
cles) as a function of membrane potential (mV, abscissa). Unlike the case for
common pool models, Ca?* release flux is a smooth and continuous function
of membrane potential, and hence trigger Ca?*, as shown by the experimental
data in Fig. 4A. Figure 8B shows the data of Fig. 8A following normalization.
The model data exhibit the hyperpolarizing shift of release flux relative to
trigger flux seen in the experimental data of Fig. 4B. EC coupling gain (ordi-
nate) is shown as a function of membrane potential (mV, abscissa) in Fig. 8C.
Open boxes show gain when there is no Ca?* diffusion between the 4 func-
tional release units comprising each CaRU, and the open triangles show gain
when such diffusion is accounted for. In the presence of Ca?* diffusion be-
tween functional units comprising each CaRU, EC coupling gain is greater at
all potentials, but the increase in gain is most dramatic at more negative po-
tentials. In this negative voltage range, LCC open probability is sub-maximal,
leading to sparse LCC openings. However, unitary current magnitude is
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Fig. 8. Voltage dependence of macroscopic LCC Ca?T influx, SR Ca?" release, and
EC coupling gain. (A) Mean peak Ca®" flux amplitudes, Froc(max) (filled circles)
and Fryr(max) (0pen circles) as a function of membrane voltage, n = 5 simulations
at each voltage. (B) Peak Ca®" fluxes (data of panel A) normalized by their respec-
tive maxima. (C) EC coupling gain as a function of membrane potential defined as
FryR(max)/FLcC(max) under control conditions (triangles) and in the absence of in-
tersubspace coupling within the CaRUs (squares), as well as L-type unitary current
(dashed line, scaled to match the gain function at -40mV). (D) Action potential
(solid line) obtained in the stochastic local control model incorporating the relation-
ship between V- and Ca®"-dependent inactivation measured by Linz & Meyer [12]

relatively high, so that in the presence of Ca?* diffusion within the CaRU,
the rise in local Ca?* due to the triggering action of a single LCC can recruit
and activate RyRs in adjacent subspace compartments within the same T-SR
junction. The net effect of inter-subspace coupling is therefore to increase the
magnitude and slope of the gain function preferentially in the negative voltage
range.

Figure 8D shows the relative balance between the fraction of LCCs not
voltage-inactivated (dotted line) and not Ca?T-inactivated (dashed line) dur-
ing an AP simulated using the local-control ventricular myoycte model. These
fractions were designed to fit the experimental data of shown in Fig. 3A. The



112 R.L. Winslow et al.

solid line shows a local-control model AP. This AP should be contrasted with
those produced by the common pool model (Fig. 6F) when the same relation-
ship between LCC voltage- and Ca?T-dependent inactivation is used. Clearly,
the local-control model exhibits stable APs whereas the common pool model
does not. These simulations therefore offer an intriguing glimpse of the func-
tional importance of local control of CICR in shaping properties of the AP and
of how co-localization and stochastic gating of individual channel complexes
can have a profound effect on the integrative behavior of the myocyte.

3.3 Coupled LCC-RyR Gating Models of CICR

The results described above demonstrate that to accommodate new data re-
garding strong negative feedback regulation of LCC function by JSR Ca?*
release, myocyte models must incorporate graded CICR. Unfortunately, local
control models based on stochastic simulation of CaRU dynamics remain far
too computationally demanding to be used routinely by most laboratories in
single cell simulations, let alone in models of cardiac tissue.

To address this problem, we have recently formulated a novel model of
CICR which describes the underlying channels and local control of Ca2™ re-
lease, but consists of a low dimensional system of ordinary differential equa-
tions [56]. This is achieved in two steps, using the same techniques as applied
by Hinch in an analysis of the generation of spontaneous sparks in a model
of a cluster of RyRs [57]. First, the underlying channel and CaRU models are
minimal, such that they only contain descriptions of the essential biophysi-
cal features observed in EC coupling. This in turn yields a system of model
equations which can be simplified by applying approximations based on a sep-
aration of time-scales. In particular, it can be shown that Ca?T in the dyadic
space equilibrates rapidly relative to the gating dynamics of LCCs and RyRs.
The joint behavior of LCCs and RyRs can then be described using a Markov
model where the transition probabilities between interacting states are a func-
tion of global variables only. This in turn allows the ensemble behavior of the
CaRUs to be calculated using ordinary differential equations. The resulting
model, which we refer to as the coupled LCC-RyR gating model, has parame-
ters which may be calculated directly from the underlying biophysical model of
local control of Ca?* release. Despite the simplicity of this model, it captures
key properties of CICR including graded release and voltage-dependence of
EC coupling gain. The model is therefore well suited for incorporation within
single cell and tissue models of ventricular myocardium.

3.3.1 A “Minimal” Coupled LCC-RyR Gating Model

The model of local-control of CICR, which we will develop is minimal in the
sense that: (a) CaRUs consist of only one LCC, one RyR and the subspace
within which they communicate; and (b) simplified continuous time Markov
models of LCC and RyR gating are employed, each consisting of three-states.
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Despite this simplicity, the model is able to describe key properties of local-
control of CICR. The following sections provide a brief overview of model
development. Full details are given in Hinch et al. [57].

As a starting point for development of a minimal LCC model, we use the
LCC model developed by Jafri et al. [31] and modified by Greenstein and
Winslow [17]. This model was formulated based on the molecular structure
of the channel which is assumed to be composed of four independently gat-
ing subunits [31]. This leads to an activation process described by five closed
states. The model is shown in Fig. 9A. LCCs are assumed to gate in a “Mode
Normal” in which they are not Ca?*-inactivated, and a “Mode Ca” in which
they are Ca?*-inactivated. Horizontal transitions in either mode are voltage-
dependent, with rightward transitions corresponding to channel activation fol-
lowing membrane depolarization. In Mode Normal, the final transition from
state Cy4 to the open conducting state O is voltage-independent. In Mode Ca,
transitions from IC4 to an open state do not exist, corresponding to chan-
nel inactivation. Vertical transitions are voltage-independent, with transition
rates from Mode Normal to Mode Ca being a function of Ca?* concentration
in the dyadic space, denoted as [Ca?*]qs.

The model is first simplified by reducing the number of closed and closed-
inactivated states. The resulting model is shown in Fig. 9B. The model consist
of two closed states (denoted Cs and Cy), a single open state O accessible
from closed state C4 and two Ca?t-inactivated states ICs and IC,. While the
structure of this reduced 5-state model is no longer based on the molecular
structure of the LCC, it retains the essential functional features of the full
model such as well-defined gating modes and rates of Ca?*-mediated inacti-
vation which depend upon activation (rightward transitions) of the channel.
This model can be simplified further to a 3-state model (Fig. 9C) by using the
fact that transitions between the state pairs C3 and C4 and IC3 and IC,4 are
rapid relative to the transition rates between these two sets of states. Define
the combined closed state C' = C3 U Cy and the combined inactivated state
I = IC3 U ICy. Since the time-scale of the transitions between C3 and Cj is
the smallest time-scale in the model, we can assume that these 2 states are in
equilibrium and thus define conditional state occupancy probabilities as

a_
a
POO = o

A similar approximation is applied to states IC3 and IC4. Under these
assumptions, the forward transition rate between the combined closed state
C and the combined inactivated state I is given by

e+ ([Ca®*]as) = ae1 ([Ca**as)P(C5|C) + &1 ([Ca**as)P(Cy|C)

A similar approach may be used to derive the remaining transition rates
between states I, C and O. The open channel current is then given by the
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Fig. 9. (A) The 11-state LCC model developed by Jafri et al. [31]. (B) Simpli-

fication of the model in (A) by truncation of the leftmost 3 columns of states.
(C) Simplification of the model in (B) by applying the rapid equilibrium approx-
imation to state pairs C3 and C4 and IC3 and IC4. (D) 5-state RyR model from
Stern et al. [10]. (E) Simplification of the 5-state model in (D) by application of the
rapid equilibrium approximation to state pairs C; and Cq and I; and I

Goldman-Hodgkin-Katz equation (see Hinch et al. [50]). This model of the
LCC will be validated against experimental data in the following section.
We use a 5-state model of the RyR (Fig. 9D) based on Scheme 6 of Stern
et al. [16], with the addition of modal gating between states C and O. Tran-
sitions from the closed to open modes occur upon binding of two Ca?T ions.
Transitions between states C; and Cs, and inactivated states I; and Iy are
assumed to be rapid. Following the same procedure used in the reduction
of the LCC model, the RyR model is reduced to a 3-state model (Fig. 9E).
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The magnitude of the Ca?t flux through an open RyR is proportional to the
difference in Ca?* concentration between the SR and the local dyadic space.

We employ a minimal model for each CaRU consisting of one LCC, one
RyR and the dyadic space within which these channels reside. Experimen-
tal recordings of triggered Ca?*-sparks show that a single LCC opening may
activate 4-6 RyRs [51]. The CaRU model employed here is therefore a sim-
plification of actual dyadic structure and function as described previously.
Several prior models of CaRUs [17, 58] also include a local JSR volume which
is depleted relative to the network SR during Ca?* release. However, recent
experimental studies suggest that the JSR Ca?T is in quasi-equilibrium with
network SR during Ca?*t release [79]. Therefore, the minimal CaRU model
does not include a local JSR. Calcium flux from the dyadic space to the cyto-
plasm is governed by simple diffusion, such that the time-evolution of [Ca?*]4s
is given by

d[Ca®*as
AT — g+ — gp(1Ca s — [Ca2*])

Vds
where Vs is the volume of the dyadic space, [Ca?*]; is the Ca?* concentration
in the myoplasm, gp is the conductance, and Jryr and Jpcc are the currents
through the RyR and LCC, respectively. The time constant of equilibrium of
[Ca?T]q4s, is given by 7qs = Vas/gp ~ 3us [57, 53]. Since this time constant is
considerably smaller than that for opening of either LCC or RyR channels,
we may use the rapid equilibrium approximation [57] to show that

m§ﬂ®~ﬁhﬂh+ﬁﬁigﬁﬁ

This is the crucial step in model simplification since [Ca?T]qs is now a
function of only the global variables [Ca?*]sgr, [Ca?t];, V and the state of the
local RyR and LCC. As a result of this simplification, it is no longer necessary
to solve a differential equation for each [Ca?"]45 when modeling all CaRUs in
the myocyte. Rather, [Ca?*]ys is an algebraic function of the fluxes into and
out of the dyadic space.

Armed with this simplification, it is now possible to define a state model
in which each state describes the joint behavior of the LCC and RyR in
each CaRU. Define Y;; (where i,j = C, O, I) as the state of the CaRU
with the LCC in the ith state and the RyR in the jth state. The CaRU
can then be in one of 9 macroscopic states (Fig. 10). [Calas, Jryr and Jrcoc
must be calculated separately for each of the 9 states. For example, con-
sider the state Y., with the LCC closed (Jrcc = 0) and the RyR open
(Jryr = Jr ([Ca®T]sr — [Ca®t]4s)), then the rapid equilibrium approxima-
tion yields

[Ca2+]i + % [CaQ+]SR

J
14 In

cco =
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[Ca%]SR — [Ca2+]i

J
1448

Jr,co =Jr

where [Cazﬂgg is [Ca?t]ys in the state Y., and JR5r 18 Jryr in the state Yeo.
Results for other states may be derived similarly. The resulting 9 state model
of the CaRU shown in Fig. 10 is what we refer to as the coupled LCC-RyR
gating model. Note that transitions are a function of [Ca®"]4s which is itself
a function of model states.

B. [T
YOO Y +*0C Y
BiCoc oc H-Coc !
o | o oo oo
B. c
Y Y Ky Cec YCI
oo B+ccc oc H-Cec
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Fig. 10. The minimal coupled LCC-RyR gating model. States Y;; denote the frac-
tion of CaRUs in which the LCC is in state ¢ and the RyR is in state j

The laws of mass action may next be used to derive a system of (eight)
differential equations describing the time evolution of the fraction of LCC-
RyR channels occupying the various states shown in Fig. 10. Whole cell Ca?*t
currents are calculated by summing the contributions from the populations of
CaRUs for which at least one LCC or RyR is open.

Figure 11A shows normalized peak flux through LCCs and RyRs (ordi-
nate) as a function of membrane potential. As described previously, Ca?*
release is most effective at those membrane potentials producing large sin-
gle LCC currents [21]. This results in the peak of the normalized JSR Ca?*
release flux being shifted by about 10mV in the hyperpolarizing direction rel-
ative to the peak of the LCC trigger flux, as shown in the experimental data
of Fig. 4B and in results from the stochastic local control model of Fig. 8B.
This important behavior is also captured by the coupled LCC-RyR gating. As
a consequence of this relative displacement of peak values, EC coupling gain
decreases with increasing membrane potential. Figure 11B shows EC coupling
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Fig. 11. (A) Normalized peak LCC and RyR flux (ordinate) as a function of mem-
brane potential (abscissa, mV) for the minimal coupled LCC-RyR gating model.
(B) EC coupling gain (ordinate) as a function of membrane potential (abscissa, mV)
for the minimal coupled LCC-RyR gating model. Time course of LCC current after
a voltage step from —50mV to +10mV for the minimal LCC-RyR coupled gating
model (C) versus that measured experimentally in rat ventricular myocytes (D) [60]

gain (ordinate) as a function of membrane potential (abscissa, mV) predicted
using the coupled LCC-RyR gating model. Results are in good agreement
with both experimental data (Fig. 4C) and the stochastic local control model
(Fig. 8C), thus demonstrating that despite its simplicity, the coupled LCC-
RyR gating model is able to reconstruct the most critical feature of local
control of CICR.

In voltage-clamp experiments in which JSR Ca2" release is intact, it is
found that the L-Type Ca?* current is inactivated after approximately 20 ms.
However, when JSR Ca?* is depleted by application of caffeine, ryanodine or
application of pre-pulses, Ca?* inactivation is much slower. Figure 11C shows
a comparison of the model prediction of this effect with experimental results
(Fig. 11D) obtained in voltage-clamp studies using ventricular myocytes iso-
lated from rat heart [60]. In both model and experiment, the cell was clamped
at —50mV and then stepped to 10mV for 70ms. JSR Ca?* was depleted in
the model by setting it to 10% of its normal value. Experimental and model
results are in close agreement.
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3.3.2 Generalized Coupled LCC-RyR Gating Models

The minimal nature of the model described above places some limits on its
suitability for EC coupling and whole myocyte simulation studies. Such a
model will be appropriate for large scale, multi-cellular simulations, but may
be insufficient to quantitatively predict more complex cellular dynamics which
depend upon the details of CICR. The method described above for deriving a
coupled LCC-RyR, however, is not limited only to such highly reduced min-
imal models. We have developed a technique to build a coupled LCC-RyR
gating model based on a CaRU which may contain one or more LCCs and/or
RyRs, and where the individual channel models may maintain a greater level
of complexity. Manual derivation of the equations describing such models
would be an inefficient and error prone process because increased complex-
ity and/or number of individual channel models leads to rapid growth in the
number of equations required to describe the coupled system. For example,
a CaRU with one 10-state LCC and five 4-state RyRs (see Fig. 12) will be-
come a coupled LCC-RyR model consisting of 560 states. We have therefore
designed and implemented an algorithm which generates the full set of model
equations based on the number, structure and parameters supplied for the
individual LCC and RyR models. As described above, rapid equilibrium for
Ca?T flux in the dyadic space is applied to determine the [Ca*]4s for each
possible LCC-RyR open-closed combination as an algebraic function of only
the global variables [Ca?T]sgr, [Ca?T];, and V. A general CaRU model con-
sisting of Npcc Mucc-state LCCs and Nryr Mryr-state RyRs can therefore
be employed.

The minimal coupled LCC-RyR model was derived using an LCC model
which does not contain a voltage-dependent inactivation mechanism. As de-
scribed above, the appropriate balance between voltage- and Ca?t-dependent
inactivation of the L-type Ca?* current can only be achieved at present in a
local control myocyte model (Fig. 8D). Here we develop a coupled LCC-RyR
model which retains these properties of LCC inactivation and can be used
as a replacement for the computationally expensive stochastic simulation of
locally controlled CICR in the canine myocyte model described earlier. The
LCC model consists of five states in the same configuration as those of Fig 9B.
These represent the channel when it is not voltage-inactivated. In addition,
each of the five states has an analogous voltage-inactivated state, where the
voltage dependence of inactivation is that used previously in the stochastic
local control model [17]. All voltage-inactivated states are closed states. The
result is a 10-state LCC model which incorporates separate mechanisms of
voltage- and Ca?*-dependent inactivation. The RyR is modeled with the 4-
state model used previously in the canine myocyte [47]. It is assumed that
the baseline model contains only one LCC and one RyR per CaRU, yielding
a 40-state coupled LCC-RyR model.

Figure 12 shows EC coupling gain (ordinate) as a function of membrane
potential (mV, abscissa) for the baseline model (short dashed line). The gain
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Fig. 12. EC coupling gain as a function of membrane potential (mV) for coupled
LCC-RyR models consisting of 1 RyR (short dashed line), 3 RyRs (long dashed line),
and 5 RyRs (solid line)

function decreases with increasing potential similar to that shown for the
stochastic local control model (Fig. 8C). Since single LCC openings have been
shown to activate 4-6 RyRs [51], the inclusion of only one RyR is a model
reducing simplification. To test the validity of this model reduction, Fig. 12
also shows EC coupling gain for models which include 3 RyRs per CaRU (long
dashed line) and 5 RyRs per CaRU (solid line). The 3-RyR model yields a
200-state coupled LCC-RyR model and the 5-RyR model yields a 560-state
coupled LCC-RyR model. Parameters of each model were adjusted such that
all models generated nearly identical APs (with duration of ~300ms at 1Hz
pacing interval) and such that the total open channel Ca?* flux summed
over all RyRs in a CaRU was conserved. The results demonstrate that under
these conditions there is little variation in EC coupling gain as a function
of the number RyRs in the CaRU and therefore justify the choice of one
RyR per CaRU for the baseline model. These findings are consistent with
experiments that have indicated that RyRs are functionally coupled and may
gate synchronously [14].

Figure 13 demonstrates the ability of the baseline coupled LCC-RyR
model, when incorporated into the whole cell model of Greenstein and
Winslow [17], to reconstruct action potentials and Ca?" transients of normal
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Fig. 13. Whole cell properties of the local control canine myocyte model employ-
ing the baseline (1 RyR) coupled LCC-RyR model of CICR. Signals shown are in
response to a 1-Hz pulse train, with responses shown in steady-state. (A) Action
potential simulated under normal conditions. (B) Cytosolic (black line, left azis)
and mean subspace (gray line, Right azis) Ca?" concentrations corresponding to
the AP simulated in panel A. (C) L-type Ca®t current (Icqr) corresponding to
the AP simulated in panel A. (D) Fraction of LCCs not Ca®T-inactivated (black
line) and not voltage-inactivated (gray line) underlying Ic.r (panel C for the AP
simulated in panel A

canine midmyocardial ventricular myocytes. In Fig. 13A a normal 1-Hz steady-
state AP is shown, and has similar shape and duration (~3001ms) to that of
the stochastic model of Fig. 8D [47]. Figure 13B shows cytosolic (black line)
and mean subspace (gray line) Ca?T transients. While the cytosolic Ca?* tran-
sient peaks at ~0.75um, and lasts longer than the duration of the AP, Ca?*
in the subspace reaches ~13 um on average, and equilibrates to near cytosolic
levels rapidly within ~100ms, similar to that observed in the stochastic local
control model [17]. L-type current during the AP is shown in Fig. 13C, and
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peaks at ~4.7 pA pF~! with a sustained component of ~0.5—0.7 pA pF~!
which lasts for nearly the entire duration of the AP. Figure 13D shows the
relative balance between the fraction of LCCs not voltage-inactivated (gray
line) and not Ca**-inactivated (black line) during an AP. These fractions
agree with the experimental data of shown in Fig. 3A, and the stochastic
local control model simulations of Fig. 8D. These results demonstrate that
the salient features of the AP, Ca?*t cycling, and the balance of voltage- and
Ca?*-mediated inactivation of LCCs can be adequately captured in a local
control model which employs a relatively low order (40-state), and therefore
highly efficient, coupled LCC-RyR model.

4 Modeling Applications

4.1 AP Duration Regulation in Heart Failure

Heart failure (HF), the most common cardiovascular disorder, is character-
ized by ventricular dilatation, decreased myocardial contractility and cardiac
output. Prevalence in the general population is over 4.5 million, and increases
with age group to levels as high as 10%. New cases number approximately
400,000 per year. Patient prognosis is poor, with mortality roughly 15% at
one year, increasing to 80% at six years subsequent to diagnosis. It is now
the leading cause of Sudden Cardiac Death (SCD) in the U.S., accounting for
nearly half of all such deaths.

Failing myocytes exhibit altered patterns of expression of several genes/
proteins involved in shaping the cardiac AP. These changes of expression
result in prolongation of AP duration (see experimental data in Fig. 14A) and
reduction of Ca?* transient amplitude (see experimental data of Fig. 14B).
The molecular basis of these changes is now known. Measurements of whole-
cell inward rectifier current Ix; show that current density at hyperpolarized
membrane potentials is reduced in HF by ~50% in human [61], and by ~40%
in dog [62]. Measurements of I;,; show that in end-stage HF human and canine
tachycardia pacing-induced HF indicate current density is reduced by up to
70% in HF [61, 62, 63]. No change was observed in either voltage-dependence
or kinetics of the I;,; current, only a reduction of channel density. Expression
of diverse proteins involved in the processes of EC coupling has also been
measured in normal and failing myocytes. These proteins include the SR Ca?*-
ATPase encoded by the SERCA2a gene and the sodium-calcium (Nat-Ca?T)
exchanger protein encoded by the NCX1 gene. Measurements indicate there is
an approximate 50% reduction of SERCA2a mRNA, expressed protein level
and direct SR Ca?T-ATPase uptake rate in end-stage HF [(1]. There is a 55%
increase in NCX1 mRNA levels, and an approximate factor of two increase in
Nat-Ca?* exchange activity in end-stage HF [6].

In previous work, we investigated the mechanisms by which AP duration
is prolonged in ventricular myocytes isolated from failing end-stage hearts
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Fig. 14. Model versus experimental action potentials and Ca?T transients. Each
action potential and Ca?" transient is in response to a 1Hz pulse train, with re-
sponses measured in the steady-state. (A) Experimentally measured membrane po-
tential (mV — ordinate) as a function of time (mSec — abscissa) in normal (solid) and
failing (dotted) canine myocytes. (B) Experimentally measured cytosolic Ca®>" con-
centration (nmol/L — ordinate) as a function of time (mSec — abscissa) for normal
(solid) and failing (dotted) canine ventricular myocytes. (C) Membrane potential
(mV - ordinate) as a function of time (mSec — abscissa) simulated using the nor-
mal canine myocyte model (solid), and with the successive down-regulation of I;o1
(dot-dashed, 66% down-regulation), Ix1 (long-dashed — down-regulation by 32%),
SERCA2« (rightmost short-dashed — down-regulation by 62%) and NCX1 (dotted —
up-regulation by 75%). (D) Cytosolic Ca** concentration (nmol/L — ordinate)
as a function of time (mSec — abscissa) simulated using the normal (solid) and
heart failure (dotted) model. Reproduced from Fig. 1 of Winslow et al. [32], with
permission
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[32, 65]. To do so, we formulated a minimal model of altered repolarization
and Ca?" handling in ventricular cells from the failing canine heart incor-
porating: (a) reduced expression of Ix; and I;1; (b) down-regulation of the
SR Ca?*-ATPase; and (c) up-regulation of the Nat-Ca?* exchanger. Figures
14C-D demonstrate the ability of the model to reconstruct APs and Ca2*
transients measured in both normal and failing canine midmyocardial ventric-
ular myocytes. Figure 14C shows a normal model AP (solid line), and model
APs corresponding to the additive effects of sequential down-regulation of I;,;
(by 62%; dot-dashed line), Ik (by 32%; long-dashed line), and SERCA2« (by
62%; rightmost short-dashed bold line), followed by up-regulation of NCX1
(by 75%; dotted line). Down-regulation of I;,; produces a modest shortening
of AP duration. On first consideration, this seems an anomalous effect, but is
one which agrees with recent experiments in canine. The model predicts the
mechanism of AP duration shortening is a reduction in driving force due to
reduction of the Phase I notch and a reduction in delayed activation of I¢q, .
[19]. The additional down-regulation of Ik (long-dashed line) produces mod-
est AP prolongation, consistent with the fact that outward current through
Ik is activated primarily at potentials which are hyperpolarized relative to
the plateau potential. The most striking result is shown by the short-dashed
line in Fig. 14C — significant AP prolongation occurs following down-regulation
of SERCA2qa. This down-regulation results in a near doubling of AP duration
that is similar to that observed experimentally (Fig. 14A).

We have shown that the mechanism of this AP prolongation following
down-regulation of SERCA2a involves tight coupling between Ca?* release
from the JSR and Ca?*-dependent inactivation of LCCs. Decreases in JSR
Ca?* load produced by down-regulation of SERCA2« and up-regulation of
NCX1 lead to reduced Ca?*t release into the dyadic space. This reduction
of the subspace Ca?T transient in turn produces a reduction of calcium-
calmodulin (Ca?*/CaM)-dependent inactivation of the L-type Ca?* current.
This reduction of inactivation increases the late component of the L-type
Ca?t current, prolonging AP duration. Thus, a fundamental hypothesis to
emerge from these modeling studies is that tight coupling between JSR Ca?*t
load, JSR Ca?" release and L-type Ca?T current mediated by Ca%*/CaM-
dependent inactivation of LCCs (as shown by the data of Fig. 3) is a critically
important modulator of AP duration in HF.

4.2 A General Mechanism for Regulation of AP Duration

The results described above demonstrate that as a consequence of strong
Ca?*-dependent inactivation of LCCs by Ca2?t release through RyRs, disease
processes producing an alteration of JSR Ca?T levels can have a strong effect
on AP shape and duration. Recent experimental data has provided more di-
rect evidence that ablation of Ca?*-dependent inactivation of LCCs has a pro-
found effect on the AP. Figure 15A shows APs measured in wild-type (WT)
guinea pig ventricular myoyctes versus myocytes in which Ca?t-dependent
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inactivation of LCCs is ablated by overexpression of a mutant CaM. AP du-
ration in WT cells is approximately 200 ms, whereas that in cells expressing
mutant CaM is well over 2500 ms. Figure 15B, obtained using the stochastic
local control model, shows that this cellular phenotype is reproduced when
Ca?*-dependent inactivation of LCCs is ablated in the model.

A Experiment
0

V (mv)

80~

f y L i ! :
0 1 t(sec) 2
B.... 40 | Model
>
£ 20;
™
s 0 Normal
3
o -20
o
g -40 -
S Ca?*-mediated
-g -60 - Inactivation
g 80 Removed
0 1 2 3 4
Time (s)

Fig. 15. (A) Normal guinea pig ventricular myocyte AP (labeled WT) versus
AP measured in myocytes overexpressing muta5CaM (labeled 1234), thus ablat-
ing Ca?T-dependent inactivation of LCCs. Reproduced from Fig. 3 of Alseikhan
et al. [74], with permission. (B) APs simulated using the stochastic local control
model with (black line) and without (gray line) Ca*'-dependent inactivation of
LCCGCs
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5 Discussion

Results described in the previous sections indicate that as a result of the re-
search efforts of many laboratories, both experimental investigation as well as
mathematical and computational modeling of cardiac EC coupling processes
has advanced rapidly. In the following discussion, we address three areas of
modeling research which we believe hold particular promise for future devel-
opment.

5.1 Regulation of Cardiac EC Coupling by Signaling Pathways

Activation of the [-adrenergic (8-AR) signaling pathway enhances cardiac
function during stress or exercise through PKA-mediated phosphorylation
of target proteins that are directly involved in the process of EC coupling.
Targets include LCCs, the SR membrane protein phospholamban (PLB) and
RyRs. PKA-mediated phosphorylation of LCCs increases both the fraction of
channels available for gating as well as the fraction gating in mode 2 (a gating
mode characterized by long-lasting channel openings). The resulting increase
in L-type Ca?* current boosts the trigger signal for CICR. Phosphorylation
of PLB relieves its inhibitory regulation of the SERCA2«a pump, thereby en-
hancing SR Ca?* uptake, increasing JSR Ca?* content and thus influencing
LCC function through Ca?*-dependent inactivation processes (for review, see
Bers [66]). As discussed in Sect. 2.2.2, the functional role of PKA-mediated
phosphorylation of RyR remains controversial.

Because of its central role in regulation of cardiac contractility, the devel-
opment of reconstructive and predictive computational models of the 8-AR
signaling pathway, the actions of this signaling pathway on molecular targets
and the consequences of these actions on myocyte function remains an impor-
tant goal. First steps have been taken. Recently, Greenstein et al. [67] have
developed computational models of the effects of PKA-induced phosphoryla-
tion of LCCs, PLB and RyRs. The stochastic local control model described
in Sect. 3.2 was then used to investigate the ways in which these phospho-
rylation events regulate properties of EC coupling. Simulations results indi-
cated that characteristic changes in the voltage-dependent EC coupling gain
function may be attributed to phosphorylation-induced alterations of specific
target proteins. PKA-induced phosphorylation of PLB and the resulting up-
regulation of SERCA2« activity increased EC coupling gain uniformly as a
function of membrane potential by increasing JSR Ca?* levels and thus RyR
release flux, similar to the findings of Ginsburg and Bers [68]. Increased LCC
open frequency produced a decrease in gain similar to that measured by Song
et al. [51]. Increasing RyR Ca?T sensitivity produced an increase in gain simi-
lar in shape to that measured by Viatchenko-Karpinski and Gyorke [69]. These
model results suggest that differences in the effects of S-AR stimulation on
experimental estimates of the EC coupling gain function reported in the liter-
ature may result from differences in the primary downstream targets of 5-AR
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signaling in each of these studies. They also showed that the phosphorylation-
induced changes in LCC gating mode (increased gating in Mode 2) produced
by either PKA of CaMKII could function to trigger arrhythmias known as
early after-depolarizations [67]. Experimental resolution of the actions of (-
AR signaling on molecular targets, especially the RyR, and the analysis of
the consequences of these actions on the integrative function of the cardiac
myoycte remains an important goal for future model development. In addi-
tion, Saucerman et al. [70] have recently developed an experimentally-based
computational model of the cardiac 3-AR signaling pathway. The integration
of such signaling models with quantitative descriptions of the effects of phos-
phorylation of molecular targets, not only in response to PKA but to CaMKII
as well, remains an additional future goal.

5.2 Dyadic Ca%?t Dynamics

A range of theoretical and computational models predict that Ca2* concen-
tration in the dyad rises to approximately 10-100 um during the AP. A simple
calculation shows that given the estimated dimensions of the dyad (400 nm
diameter, 10nm depth), the number of Ca?* ions yielding these estimated
concentrations is very small indeed — a conservative estimate being 10-100
ions per dyad. This fact calls into question core assumptions of each of the
three EC coupling models described in this chapter, namely, that CaT levels
in the dyad involved in triggering CICR may be represented using a single
compartment of uniform concentration and that time-varying changes of Ca?*
concentration may be described using the laws of mass action. It may be the
case that the random motion of Ca?* ions within the space may contribute
an important “noise” factor to interactions between RyRs and LCCs. Fu-
ture modeling efforts must address this issue, making use of tools such as
M-Cell (www.mcell.psc.edu) to describe the microenvironment within which
the LCCs and RyRs interact as well as the trajectories of individual Ca2*
ions within that environment.

5.3 Localized Signaling within Molecular Complexes

Recordings from rat hippocampal neurons have demonstrated the existence of
a pre-assembled macromolecular signaling complex which associates the 5-AR
with the LCC [71]. The complex also contains a G protein, an adenylyl cyclase,
protein kinase A, and a phosphatase. It is also known that in cardiac my-
ocytes, a kinase-anchoring protein 15 (AKAP15) co-immunoprecipitates with
LCCs [72]. The physical association of the molecular components of 3-AR
signaling pathway elements suggests that the chain of signaling events from
receptor-ligand binding to phosphorylation of the LCC will be determined
by interactions between a small number of molecular entities within a highly
localized micro-environment. Modeling studies of systems such as these may
benefit from an approach which combines molecular dynamic, stochastic and
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deterministic methods in order to maintain detailed descriptions of local mole-
cular interactions. Furthermore, the need for implementing local molecular
interactions poses a unique challenge to the scientific community. More math-
ematically efficient ways of describing local phenomena are necessary in order
to build models that can be used to rapidly explore hypotheses and/or can
be incorporated into larger scale multicellular tissue or whole organ models.
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