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INTRODUCTION

The transverse tubular system of rabbit ventricular myocytes consists of cell membrane
invaginations (t-tubules) that are essential for efficient cardiac excitation-contraction cou-
pling. In this study, we investigate how t-tubule micro-anatomy, L-type Ca2* channel (LCC)
clustering, and allosteric activation of Nat/CaZt exchanger by L:type Ca?* current affects
intracellular Ca2* dynamics. Our model includes a realistic 3D geometry of a single t-
tubule and its surrounding half-sarcomeres for rabbit ventricular myocytes. The effects of
spatially distributed membrane ion-transporters (LCC, Nat/Ca?* exchanger, sarcolemmal
Ca?* pump, and sarcolemmal CaZt leak), and stationary and mobile Ca2* buffers (troponin
C, ATP. calmodulin, and Fluo-3) are also considered. We used a coupled reaction-diffusion
system to describe the spatio-temporal concentration profiles of free and buffered intracel-
lular Ca?*. We obtained parameters from voltage-clamp protocols of L-type CaZ* current
and line-scan recordings of Ca?t concentration profiles in rabbit cells, in which the sar
coplasmic reticulum is disabled. Our model results agree with experimental measurements
of global Ca?t transient in myocytes loaded with 50 wM Fluo-3. We found that local Ca2*
concentrations within the cytosol and sub-sarcolemma, as well as the local trigger fluxes
of Ca?t crossing the cell membrane, are sensitive to details of t-tubule micro-structure and
membrane CaZt flux distribution. The model additionally predicts that local Ca2* trigger
fluxes are at least threefold to eightfold higher than the whole-cell Ca%* trigger flux. We
found also that the activation of allosteric Ca2*-binding sites on the Na*/Ca%t exchanger
could provide a mechanism for regulating global and local Ca2t trigger fluxes in vivo. Our
studies indicate that improved structural and functional models could improve our under-
standing of the contributions of L-type and Nat/Ca?* exchanger fluxes to intracellular Ca2*
dynamics.

Keywords: Ca* signaling, L-type Ca** channel, Na*/Ca?>* exchanger, channel clustering, allosteric regulation,
t-tubule, rabbit ventricular myocyte

however, surrounds our understanding of whether the openings

In cardiac ventricular myocytes, invaginations of the cell mem-
brane, known as t-tubules, promote rapid propagation of the
action potential (AP) in the cell interior (Savio-Galimberti et al.,
2008; Orchard et al., 2009; Smyrnias et al., 2010). The AP acti-
vates and modulates sarcolemmal Ca?* fluxes, including fluxes
through the L-type Ca®* channels (LCC), Nat/Ca>* exchang-
ers (NCX), Ca** ATPase pumps, and background sarcolemmal
Ca’* leak (Bers, 2001). The entry of Ca?* via LCC and NCX
triggers the sarcoplasmic reticulum (SR) Ca?* release via ryan-
odine receptors (RyRs). The SR provides Ca>* for the troponin
C (TnC) myofilament protein, thereby activating and regulating
myocyte contraction (Bridge et al., 1990; Bers, 2001). Controversy,

of LCCs can activate allosteric Ca*"-binding sites on NCX and
how the clustering of LCCs, the allosteric catalysis of NCX, and
cell surface shape modulate Ca?™ trigger flux controlling SR Ca**
release (Sipido et al., 1997; Litwin et al., 1998; Egger and Niggli,
1999; Inoue and Bridge, 2003; Bers and Ginsburg, 2007; Cheng
et al., 2010).

To investigate relationships between ion fluxes via LCCs and
NCXs at voltages corresponding to the early AP plateau, Sobie
et al. (2008) recently measured the time-dependent Ca®* concen-
tration profiles ([Ca?*];) in isolated rabbit ventricular myocytes.
Pharmaceutical disruption of SR activity enabled them to exam-
ine the contributions of LCC and NCX to Ca?* trigger flux, which
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otherwise would have been masked by SR-bound fluxes from RyRs
and the SR Ca?* ATPase (SERCA). The study suggests that at pos-
itive voltages (V, =430 mV), the trigger flux of Ca?™ is greater
than estimates from a simple summation of the fluxes through
LCCs and Ca™ entry via reverse NCX mode. The authors hypoth-
esized that openings of LCCs increase local ([Ca®*];) near the NCX
protein complex, which activates Ca>*-binding sites on NCX and
results in an increase of Ca?* influx via the exchanger.

Mathematical modeling complements experimental studies
by enabling the examination of Ca’" signaling and excitation-
contraction coupling (ECC) in cellular and sub-cellular environ-
ments. To this end, whole-cell models have suggested an intimate
relationship between Ca?*, Nat, KT ionic fluxes, and Ca’>* tran-
sientin rabbit ventricular myocytes (Shannon etal.,2004; Mahajan
et al., 2008; Aslanidi et al., 2010). These models permitted exami-
nation of the contribution of various cellular components to the
evolution of the Ca** transient under normal and certain patho-
logical conditions. Furthermore, recent approaches have included
approximate representations of the sub-cellular geometry to intro-
duce spatial control of the predicted local and global Ca?* tran-
sients (Langer and Peskoft, 1996; Michailova et al., 2002; Izu et al.,
2006; Koh et al., 2006; Lines et al., 2006; Means et al., 2006; Lu et al.,
2009; Soeller et al., 2009; Cheng et al., 2010, 2011, 2012a,b; Louch
etal.,2010; Hatano et al., 2011, 2012; Sato and Bers, 2011; Yu et al.,
2011; Hake et al., 2012). Lu et al. (2009) introduced a cylindrical
representation of a t-tubule of rat ventricular myocytes. Cheng
et al. (2010) extended this approach to use recently published t-
tubule structures imaged in mice; these t-tubules displayed a large
degree of branching unlike the simple cylindrical representation
used by Lu et al.

In contrast to mice, the transverse tubular system (t-system)
in rabbit ventricular myocytes exhibits a simple topology that
more closely resembles the t-system of canine and human ven-
tricular myocytes (Hayashi et al., 2009; Crossman et al., 2011;
Sachse et al., 2012). Scanning confocal microscopy has yielded
sub-micrometer resolution details of 3D structure of the rabbit
t-system (Sachse et al., 2008, 2009) including wider t-tubule cross-
sections compared to rodents, and structural variations such as
constrictions and flattening (Savio-Galimberti et al., 2008). These
large structural differences of the t-system, as well as variations in
the density and expression of proteins, suggest that the local and
global Ca?* dynamics during myocyte contraction and relaxation
may be species-dependent (Bers, 2001).

In this study we extended the model of Cheng et al. (2010),
originally developed for rodent myocytes to incorporate structural
data and model parameters specific to rabbit ventricular myocytes.
We examined local and global Ca?* dynamics under the influ-
ence of two applied transmembrane voltages (0 and +50 mV).
We included equations describing the voltage-dependent back-
ground Ca’* leak and the sarcolemmal Ca?* ATPase pump (Lu
etal., 2009). Furthermore, we evaluated a model of NCX allostery
proposed by Weber et al. (2001) against experimental data (Sobie
etal., 2008) and tested the hypothesis that the allosteric activation
of NCX augments the global trigger flux for SR Ca®* release in
rabbits. Preliminary results of this work have been presented to
the Biophysical Society in abstract form (Kekenes-Huskey et al.,
2011).

MATERIALS AND METHODS

A summary of important model properties is presented here.
Detailed methods, descriptions, definitions of variables and
abbreviations, parameter values, and model equations are pro-
vided in the Supplementary Material. The model code is avail-
able to download from http://mccammon.ucsd.edu/smol and
http://www.fetk.org, respectively.

GEOMETRIC MODEL

The model geometry was derived from the published struc-
tural data in rabbit ventricular myocytes (Sachse et al., 2008,
2009; Savio-Galimberti et al., 2008). The model contains one
repeating unit inside the cell that includes: realistic surface sar-
colemma; realistic t-tubule and its surrounding half-sarcomeres
(Figures 1A,B). The surrounding half-sarcomeres were modeled
as a rectangular-shaped box of 2.34 wm x 2.58 wm in the plane of
external sarcolemma and 5.76 pum in depth.

The t-tubule diameter varied from between 0.39 and 0.62 pm
and the length was ~4.6 wum. The constrictions occurred every
1.87 &£ 1.09 wm along the principal axis of the t-tubule and cross-
sectional area of these constrictions was reduced to an average
of 57.7 £27.5% (Savio-Galimberti et al., 2008). The volume of
the model compartment was estimated to be 0.0282 pL. The com-
partment membrane area was 15.9 jum? where the cell membrane
within t-tubule was 7.8 um? and within the external membrane
8.1 pm?.

REACTION-DIFFUSION MODEL

The effects of four exogenous and endogenous Ca’* buffers
(Fluo-3, ATP, calmodulin, and TnC) were considered (Figure 1C).
The endogenous stationary buffer TnC was distributed uniformly
throughout the cytosol, but not on the sarcolemma or the sub-
sarcolemmal space (40-50 nm in depth; Shannon et al., 2004;
Cheng et al., 2010). The free Ca’" and mobile buffers (Fluo-3,
ATP, and calmodulin) diffuse and react throughout the cytoplasm.
The outer sarcolemma and sarcomere box faces were subject to
reflective boundary conditions.

MODEL CURRENTS

We examined the contributions of four ionic currents; Icc,
INcxs Ipump, and Ipeq. Formulation of Incx was presented as
the product of an electrochemical (AE) and an allosteric fac-
tor (Allo; Weber et al., 2001). The maximum NCX rate value
(Vmax_Ncx = 0.207 wM/ms) used here was from Shannon et al.
(2004). The NCX allosteric constant (K pycaact) was fitted to 0.29
vs. 0.256 WM in Shannon et al. (2004). The Kycaact value was
adjusted to approximate the curvature of 450 mV whole-cell Ca**
transient data from Sobie et al. (2008).

Immunohistochemical studies have demonstrated that most of
the LCCs are concentrated in the t-tubules (from 3 to 9 times
more than on the external sarcolemma; Scriven et al., 2000; Soeller
et al., 2009). In this study, in agreement with the reported data,
the LCC current density was assumed to be ninefold higher in the
t-tubular membrane than in the outer cell surface. Measurements
of Ca?* sparks in rabbits and other species imply that a cluster of
LCCs is likely involved in gating a cluster of RyRs (Lipp and Nig-
gli, 1998; Bridge et al., 1999; Scriven et al., 2000, 2010; Takagishi
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FIGURE 1 | Model geometry and diagram illustrating Ca** dynamics in
rabbit ventricular myocytes with sarcoplasmic reticulum
pharmacologically disabled. (A) The cardiac sarcolemma, including external
and t-tubule membranes were visualized using scanning confocal microscopy
and labeled in Blender. Localized aggregates of L-type Ca?* channels (red
spots) were placed randomly within t-tubule membrane. (B) T-tubule mesh
and its surrounding half-sarcomeres (upper panel); external membrane and
t-tubule mouth (lower panel). (C) Schematic drawing of Ca?* entrance and
extrusion via the sarcolemma and Ca2* buffering and diffusion inside the
myocyte: LCC, L-type Ca2* current; NCX, Na*/Ca?" exchanger; Pump,

membrane Ca2* ATPase pump; Leak, background sarcolemmal Ca?* leak; SR,
sarcoplasmic reticulum; TnC, troponin C; CaM, calmodulin; ATE adenosine
triphosphate; Fluo-3, fluorescent dye. In all numerical experiments: LCC and
NCX current densities were ninefold and threefold higher, respectively, in the
t-tubule membrane; Ca** leak and pump were uniformly distributed along the
sarcolemma; LCC clusters (diameter of (~200nm) had the same current
density in the outer and t-tubular sarcolemma. The line-scan was positioned at
200 nm away from the t-tubule mouth [yellow line and yellow spot in (B)].
Local Ca?* transients were extracted at two featured spots along the scanning
line (black spots) and along the t-tubule membrane (green spots).

et al., 2000; Inoue and Bridge, 2003; Altamirano and Bers, 2007;
Dan et al., 2007; Polédkova et al., 2008; Sobie and Ramay, 2009;
Louch et al., 2010). Furthermore, 3D visualizations of fragments
from rabbit ventricular myocytes have revealed that the majority
of RyR clusters are adjacent to the t-system and that these clus-
ters are irregularly distributed along t-tubules (Dan et al., 2007;
Sachse et al., 2009). Thus here three patches (~200 nm in diameter
with the same LCC current density) were placed randomly along
the t-tubule (Figure 1A). Data also suggest a smaller number of
RyR clusters to co-localize with LCCs on the external membrane
(Franzini-Armstrong et al., 1999; Chen-Izu et al., 2006; Dan et al.,
2007; Baddeley et al., 2011; Sachse et al., 2012). Dan et al. (2007)
measured ~2 pum longitudinal periodicity of RyR clusters on the
cell surface and Sachse et al. (2009,2012) observed irregular cluster
distributions in transverse sheets. As surface RyR cluster positions
with respect to t-tubule mouth remain controversial, in our model
we assumed that the LCC current density was continuous along the
outer membrane. Because in adult rabbits a lesser degree of clus-
tering for NCX has been demonstrated (Lin et al., 2009; Gershome
etal.,2011), we also assumed a continuous NCX distribution with
a threefold higher density along the t-tubule (Neco et al., 2010).
Here Ca?t pump and leak currents were uniformly distributed
along the model surface (Shannon et al., 2004; Lu et al., 2009;
Brini and Carafoli, 2011).

In this study, each simulation started with basal cytosolic
([Ca%*];) of 0.1 wM, and buffers in equilibrium. The extracellular
Ca?t and Nat concentrations were 2 and 140 mM, respectively,
and remained constant. The voltage-clamp protocols (holding
potential —50 mV, voltage step to 0 or +50 mV for 200 ms) were
derived from data in rabbits (Sobie et al., 2008). Each current den-
sity (ILcc, INCX> IPump» and I1eqk) was converted to Cat flux (see
Eq. A7, Supplementary Material) by using the experimentally sug-
gested surface to volume ratio (Cp,/V e ~4.54 pF/pL) in adult
rabbit ventricular myocytes (Bers, 2001). To ensure the total Ca®*
flux through L-type channels to be the same as measured at given
voltage, the model protocols for whole-cell LCC current were fitted
vs. data reported in rabbits (Sobie et al., 2008). To justify the model
predictions a solution convergence analysis has been performed.
Multiple tests, including refining the original mesh or changing the
original time-step size for integration (0.5 ms), demonstrated that
the used mesh and time step were correctly chosen (see Figure Al
in Appendix).

RESULTS

GLOBAL Ca?* SIGNALS

We validated the model against whole-cell measurements of the
L-type Ca?>* current and Ca?* transient at two voltages (0 and
+50 mV) in the presence of 50 WM Fluo-3 and [Na*t]; of 10 mM
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(Sobieetal., 2008). The voltage-clamp protocols and LCC currents
are shown in Figures 2A,B. Global NCX time-courses are shown
in Figure 2C. Calcium pump and leak fluxes are not shown here
due to their small contribution. The model predicts at 0 mV a steep
increase in global [Ca?*]; that tapers off at ~40 ms and converges
to 0.19 uM as shown experimentally (Figure 2E). At +-50 mV, a
more gradual accumulation of Ca?* is predicted until converging
to ~0.2 vs. 0.19 wM experimentally. These results indicate that our
model is a reliable representation of whole-cell Ca>* dynamics as
measured in rabbit ventricular myocytes (Sobie et al., 2008).

GLOBAL AND SUB-SARCOLEMMAL NCX FLUXES

In agreement with experiment (Sobie et al., 2008), the model
predicts that global NCX flux (Incxglobal; computed by averag-
ing local [Ca?*]; levels for the entire compartment) is in reverse
mode at both applied voltages with 10 mM [Na™]; (Figure 2C).
For [Nat]; of 0mM, the NCX reverse mode is inactivated and
an outward Ca?* flux is predicted. The contribution to the global
Ca’* transient due to NCX was largest at +50 mV and [Ca®*];
monotonically increases with time.

Figure 2D shows NCX flux calculated by averaging local
[Ca®*]; levels in the sub-sarcolemmal space (INCxsarc)- In the
presence of 10 mM [Na™];, our results demonstrate that: (1) the
overall scale of INcxsarc was ~5.6-fold greater than Incxglobals (2)
the increase in INcxsarc during I1cc upstroke relative to I NCXglobal
was much faster; (3) while Incxglobal monotonically increased over
the entire simulation, local peaks in INCXsarc are predicted at 15 ms.
Moreover, in absence of [Na™];, the model predicts a sharp rever-
sal in INCxsare @t 0 mV, whereas Incxsarc had a more gradual and
monotonically decreasing flux.

GLOBAL AND LOCAL Ca®* TRIGGER FLUXES

The whole-cell trigger flux reported by Sobie et al. (defined as
dF/dt ma) quantifies the maximum inward Ca?* flux. By nor-
malizing dF/dtmax and Ircc to 1.0, it was suggested that the
relative contribution of global NCX flux can be estimated (Sobie
et al., 2008). Here we first calculated our global trigger flux
(d[Ca**) global/ dt, Figure 2F) from the predicted global Ca®* tran-
sient. We then normalized I1cc and d [Ca2+]global/dt based on
their maximum values, which both occur at 15 ms for 0 mV. In
the presence of 10mM [Na*];, our results show that at +50 mV,
d [C32+]globa1/dtmax is ~30% of the value at 0 mV while experi-
mental value is reported as 45%. Furthermore, I1cc constitutes
70% of the trigger flux at +50 mV in comparison to 50% mea-
sured (Figure 2F Inset vs. Figure 2 in Sobie et al.). For zero [Na™];,
in agreement with experiment (Figure 2F Inset vs. Figure 3 in
Sobie et al.), there is negligible impact on d [Ca2+]global/dtmax
at 0mV (~10% reduction) and at +50 mV, a ~30% reduction
in d[Ca®*t]giobal/dtmax is predicted relative to a measured 50%
decline.

The model also provides estimates of local Ca®* trigger fluxes
within the sub-sarcolemmal space. At 0 mV, the model predicts
an approximately threefold increase in d[Ca®"]/dt .y near the
t-tubule mouth relative to the global trigger flux (Figures 2EG).
Moreover, the local d[Cat]/dtmayx at the cell exterior and distal
end of t-tubule (adjacent to LCC cluster) were very different: 3 vs.
9uM/s at 0 mV; 1.3 vs. 2.5 wM/s at +50 mV (Figures 2G,H). At

+50mV aroughly 30% drop in d[Ca?* ] outh/dfmax was predicted
in the absence of [Na*];.

LOCAL Ca?* SIGNALS

In Sobie’s et al. (2008) experiment in rabbits the sarcolemma were
not labeled and the fluorescence signal was recorded along the
single scan lane at unknown orientations (Sobie personal com-
munication). Due to these experimental limitations, we assumed
the scanned line oriented in transverse cell direction (Figure 1 in
Sobie et al., Figure 1B yellow line) to probe contributions of the
realistic surface and t-tubule shape to local Ca®* profiles. The cal-
culated line-scan images and local Ca®* time-courses are shown in
Figures 3A-H. In agreement with experiment with 10 mM [Na*];
non-uniform Ca?* distributions for both voltages are predicted
(Figures 3E,G vs. Figure 1 in Sobie et al.). The contribution of a
LCC cluster located ~2 pm away from upper surface is evident as
a spike in the line-scan images. At +50 mV a slight Ca>* gradient
is predicted in transverse cell direction (Figure 3G). In addition,
results in Figures 3A,D show that local Ca?t transients at both
locations along the scanning line (1.5pum red and blue circles;
5.3 wm red and blue triangles) follow the same trends as the global
Ca?™ transients.

The model also predicts that local Ca?* transients in the prox-
imity of a t-tubule (Figure 1B green spots) differ considerably with
respect to local cytosolic Ca?T transients. Adjacent to the LCC
cluster located at the t-tubule distal end (Figure 1A), the local
Ca?t transients closely resembles the Itcc profiles with times
to peak ~15ms followed by a decay to the cytosolic [Ca®*]; by
200 ms (Figures 3A-D black triangles). Toward the cell surface,
the trends depend on the applied voltage (Figures 3A-D black
circles). At 0mV, the [Ca2t]; peak at the cell surface is nearly
half of the transient at the LCC cluster and occurs ~10 ms later.
At +50 mV, the sub-membrane [Ca?*]; initially increases faster
than the cytosolic analog (for t <20 ms) and thereafter [Ca%t];
increases at the same rate as local cytosolic. We should mention
here, that such local Ca?* signals are difficult to resolve experi-
mentally due to optical blurring and noise. Thus, our modeling
study is one more example that computational models may serve
as powerful tools for prediction and analysis on how local Ca**
dynamics is regulated.

The most compelling evidence of the voltage and [Na™];-
influenced [Cat]; transient is shown in Movie S1 in Supple-
mentary Material. Consistent in all movies is the predicted large
and steep Ca?* gradient in the narrow sub-sarcolemmal region.
In these movies, the LCC clusters are clearly evident as local-
ized regions of enhanced local [Ca2t],. Comparison of the 0
vs. +50mV cases (fop and bottom rows) demonstrates that at
both voltages [Ca®"]; increases heterogeneously in transverse cell
direction as suggested by experiment (Sobie et al., 2008). A sponta-
neous increase in sub-membrane [Ca?t]; at 450 mV propagating
within the cell late in the simulation is predicted also, while
initiation and propagation of Ca’?* gradients at both voltages
has not been observed during experiment. Additional interesting
results in the presence 10mM [Na™]; are that: (1) Ca®t gradi-
ent traveling from the external membrane to the cell interior is
predicted at both voltages when LCCs were continuously distrib-
uted along the t-tubule (Movie S2 in Supplementary Material,
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right column); and (2) lesser inwardly propagating Ca?t gradient
was observed at +50 mV when using the non-allosteric model of
NCX (e.g., Allo=1; Movie S3 in Supplementary Material, lower
left panel).

The interaction between adjacent Ca?* release units (CRU,
local functional unit where LCC and RyR clusters reside) has been
suggested to be critically dependent on the distance between one
unit and its immediate neighbor (Franzini-Armstrong et al., 1999;
Scriven et al., 2000; Izu et al., 2006; Dan et al., 2007; Hayashi et al.,
2009). To test this, we held fixed the LCC cluster placed ~2 pm
away from upper surface while placing the other two clusters at
various inter-cluster spacings. These spacings include ~0.57,~0.8,

1.07, and ~1.8 um, whereas 0.78 £ 0.21 wm for the nearest end-
to-end CRU distance was measured in rabbits (Dan et al., 2007;
Savio-Galimberti et al., 2008). We found that predicted spatial
[Ca?T]; distributions are highly sensitive to the spacing between
LCC clusters (Movie S4 in Supplementary Material).

Finally, to gain further insights on the role of NCX flux in
regulating local Ca?" dynamics, we tested how the changes in
NCX allosteric constant (Kmcaact) and maximum exchanger rate
(Vmax_Ncx) affect the results. Our data indicate that local Ca?t
profiles are highly sensitive to Kmcaact and Vmax ncx alter-
ations (Movie S5 in Supplementary Material vs. Movie S1 in
Supplementary Material left lower panel).
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DISCUSSION

MODEL GEOMETRY AND L-TYPE Ca** CHANNELS CLUSTERING
Numerical studies of Ca>* signaling in rodent cardiomyocytes
that consider non-trivial geometries have shown that the spatial
Ca’* dynamics depends on myocyte micro-structure, including
the branching of t-tubules (Lu et al., 2009; Soeller et al., 2009;
Cheng et al., 2010; Hake et al., 2012; Hatano et al., 2012). There-
fore, we hypothesized that details specific to rabbits, e.g., the linear
t-tubule structure with varying diameter and eccentricity, provide
unique control of the Ca?T transient (Sachse et al., 2008; Savio-
Galimbertietal.,2008). Our studies indicate that these factors may
contribute to a spatially non-uniform [Ca2T]; distribution (Sobie
et al., 2008; Bridge and Sachse, personal communication) while in
rats, the measured [Ca’*]; profiles were more evenly distributed
with SR activity disabled (Cheng et al., 1994).

In this study, we also assumed a clustered distribution for LCCs
along the t-tubule based on a random distribution. The model
predicts that clustering of LCCs resulted in more uniform [Ca®*];
profiles along the transverse cell direction relative to a continu-
ous LCCs distribution. This greatly reduced the amplitude of the
outer sarcolemmal compared to the continuous LCCs distribu-
tion (Movie S2 in Supplementary Material). New findings are also
that local Ca?™ levels are highly sensitive to LCC cluster positions
along the t-tubule (Movie S4 in Supplementary Material). In the
model LCCs were also uniformly distributed on the cell surface,
yet RyR distribution data suggest a small number of LCC clus-
ters may also co-localize on the external membrane (Chen-Izu
et al., 20065 Dan et al., 2007; Sachse et al., 2009, 2012). Thus, we
placed two LCC clusters within the surface membrane near the t-
tubule mouth but found that the LCC cluster placement intensified
the under-membrane [Ca2t]; non-uniformity (data not shown).
We speculate here that the localization of two LCC clusters along
the cell surface within the half-sarcomere micro-domain proba-
bly overestimates the outer sarcolemma contribution (two outer
LCC clusters vs. three t-tubule LCC clusters). In addition, our
assumption of identical current profiles for each LCC cluster may
be inappropriate, since the cluster shape and size, and the num-
ber of L-type channels involved in single spark triggering will
certainly modulate the local current and local [Ca?t]; profiles
(Franzini-Armstrong et al., 1999; Chen-Izu et al., 2006; Hayashi
et al., 2009; Louch et al., 2010; Scriven et al., 2010). Although
our concept of LCC clustering is quite rudimentary, this is a
first attempt to examine the effects of LCC clusters, incorporated
in more realistic membrane shapes, on local Ca?* dynamics in
light of evidence that LCC clusters exist in junctional clefts and
form part of the couplon. A more appropriate description may
require modeling LCC patches comprised of LCC “sub-clusters,”
given their suggested involvement in the triggering of RyRs in the
dyadic junction (Louch et al., 2010). Labeling techniques capable
of resolving the localized positions of LCC clusters would permit
a more detailed analysis of LCC and NCX contributions to Ca**
trigger flux (Jayasinghe et al., 2009).

ALLOSTERIC CATALYSIS OF Na*-Ca** EXCHANGER AND CA2*+ TRIGGER
FLUXES

A unique feature of the presented model was its ability to directly
examine the role of catalytic Ca’*-binding sites on NCX in

regulating local and global Ca?™ trigger fluxes. Here our stud-
ies indicate that upon depolarization, the non-allosteric NCX
rapidly entered reverse mode and contributed a substantial con-
stant inward flux during the entire simulation with 10 mM
[Na?*]; [Incxglobal(0mv) ~ 3 WM/s, INCxglobal(+50mv) ~ 8 WM/s,
INCXsarc(0mv) ~ 9 WM/S,  INCXsarc(+-50mv) ~ 22 WM/s]. At 0mV,
when the LCC flux was dominant, a modest decrease in
d[Ca®* | mouth/ dfmax (2.5 vs. 3 WM/s) was predicted. At 4+50mV,
when NCX contributes a significantly larger fraction of the total
Ca?* transient, the effects of NCX allostery were more evident.
Assumption of a non-allosteric NCX model resulted in a approx-
imately twofold drop in d[Ca®"]nouth/dtmax and lesser inwardly
propagating Ca?t gradient at +50 mV (Movie S3 in Supplemen-
tary Material lower left panel vs. Movie S1 in Supplementary
Material lower left panel). These data reveal that the allosteric catal-
ysis of NCX can augment the local trigger fluxes as well (Litwin
etal., 1996; Ramirez et al., 2011). No visible changes, however, were
detected in d[Ca’t]eng/dtmax and d[Ca®t] global/dtmax at both
applied voltages (data not shown). A possible reason for the negli-
gible predicted effects of NCX allostery on d [Ca®t]end/ dtmax and
d[Ca®t] global/ @t max, which is at odds with experimental estimates
of the global trigger fluxes (Figure 2F), might be the assumed con-
tinuous NCX distribution along the cell membrane. We speculate
that the NCX allosteric effect would be much more pronounced,
if reverse-mode Ca®* entry were localized to a smaller region typ-
ical of a cluster, which could then activate Ca*" binding to NCX
to a greater degree (Jayasinghe et al., 2009). Moreover, the rela-
tive spacing between an NCX cluster and LCC and alterations in
normal NCX maximum rate and allosteric constant (Movie S5
in Supplementary Material) could modulate the amplitude of the
NCX reverse mode.

LIMITATIONS OF THE MODEL
Although we demonstrate good correlation with whole-cell experi-
mental data using a relatively small sub-cellular geometric domain,
this assumption implies that all domains are identical in shape and
flux distribution. T-tubule data in rabbits from Savio-Galimberti
et al. (2008), however, suggest considerable variety both in terms
of the diameter, shape, and arrangement of tubules, as well as
the shape of the cell exterior. Including such details could permit
investigation into coupling between adjacent tubules in rabbits.
Furthermore, we restrict our model to Ca?t and Ca?*t-buffer
dynamics, whereas additional ions, namely Na™ and K™, play a sig-
nificant role in modulating ECC coupling (Despa et al., 2003; Bers
and Despa, 2009; Torres et al., 2010). In particular, our results sug-
gest that changes in [Na*]; modulate NCX activity independent
from any Ca?*-dependent allosteric effects (Movie S3 in Supple-
mentary Material). By explicitly including the primary fluxes for
Na*t and Kt (Ina, Inak), intracellular Nat diffusion and buffer-
ing, and distributions of Na™ channels and Na*/K* pumps along
the sarcolemma we may further examine the role of NCX allostery
due to LCC opening, especially early in the AP. We further antic-
ipate that the allosteric interaction between NCX and LCCs will
be more nuanced during an AP, given that the fast Nat promotes
activation of the exchanger before many LCCs have opened (Tor-
res et al., 2010). In this study also, the mitochondrial Ca** fluxes
were omitted (Dash et al., 2009; Pradhan et al., 2010). These are
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likely to have important impact on predicted Ca?* profiles as well
(Nguyen etal.,2007; Cortassa and Aon, 2012; Dedkova and Blatter,
2012).

CONCLUSION

We developed and validated a 3D reaction-diffusion model of
Ca’* signaling in rabbit ventricular myocytes. The model incorpo-
rates realistic t-tubule and cell surface topologies, as well as clusters
of LCCs along the t-tubule membrane. The key findings are: (1)
the linear t-tubule topology and the punctuate spatial distribu-
tion of LCC along the sarcolemma function to inhibit inwardly
propagating Ca’>* gradients; (2) local trigger fluxes of Ca’* are
at least threefold to eightfold higher than whole-cell Ca®* trig-
ger flux; and (3) the activation of allosteric Ca**-binding sites
on Nat/Ca?* exchanger could provide a mechanism that regu-
lates local and global Ca®* trigger fluxes in vivo. We concluded
that improved models representing the localized positions and the
functional diversity of LCC clusters could help to improve our
understanding of I1cc and Incx contributions to global and local
Ca’* trigger fluxes.
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APPENDIX

EXPERIMENTAL AND SIMULATION PROTOCOLS

CONFOCAL IMAGING, POST-PROCESSING, AND GEOMETRIC
MODELING

Myocytes were superfused with membrane-impermeant dextran
conjugated to fluorescein and imaged with a BioRad MRC-
1024 laser-scanning confocal microscope (Savio-Galimberti et al.,
2008). Image data were devonvolved, corrected for background
signals, and depth dependent attenuation. Single or groups of t-
tubules were segmented using region-growing and stored together
with an associated segment of outer sarcolemma. A modified
Marching cube algorithm was used to create an initial triangu-
lation from the segmented data (Heiden et al., 1993). A GAMer
plugin to Blender was used to assign markers for the cell sur-
face, t-tubule, and interior boundaries (Yu et al., 2008a). Tet-
Gen was then used to convert the surface mesh into a tetra-
hedralized mesh suitable for finite-element solution (http://wias-
berlin.de/software/tetgen/). The created geometric model con-
tained realistic surface sarcolemma, realistic t-tubule, and its
surrounding half-sarcomeres.

CURRENTS AND CALCIUM CONCENTRATION SIMULATION PROTOCOLS
The voltage-clamp protocols (holding potential —50 mV, voltage
step to 0 or +50mV for 200 ms) and whole-cell LCC currents
were derived from data in rabbit ventricular myocytes with RyR
Ca?™ release and SERCA Ca?" uptake disabled pharmacologically
(Sobie et al., 2008).

Model simulation protocols for [Ca2T]; resemble the protocols
applied previously in experimental studies where the cells, incu-
bated with ryanodine and thapsigargin, were loaded with 50 uM
Fluo-3, and confocal line-scan recordings of fluorescence ratio
(F/F,) reflecting the changes of Ca?t concentration in time were
made concurrently (Sobie et al., 2008). This allowed simultaneous
measurements of whole-cell LCC current and the total transmem-
brane flux of Ca?* under conditions promoting Ca** entry via
NCX; positive potentials and [Na*t]; of 10 mM Sobie’s et al. data
indicate: (1) thatat Vi, > 20 mV, dF/dt . was larger with 10 mM
[Na™]; than that measured with 0 mM [Na™]; (zero Na™ prohibits

Ca’* entry through NCX), suggesting that reverse-mode NCX
augments Ca?" trigger flux at positive voltages; and (2) that under
control conditions (10 mM [Na™]; and Vi, > +30mV) dF/dtmax
is much greater than a simple sum of fluxes due to LCC current and
reverse-mode NCX, suggesting possible activation of an allosteric
NCX Ca’*-binding site.

MODEL PARAMETERS

Table A1 | Physical constants and cell geometry parameters.

Symbol Definition Value Reference

PHYSICAL CONSTANTS

F Faraday constant 96.5°C mmol~’ Physical
constant

T Temperature 295K Physical
constant

R Universal gas constant 8.314Jmol~' K~ Physical
constant

WHOLE-CELL GEOMETRY

Veell Cell volume 30.4pL Satoh et al.
(1996)

Cm Cell capacitance 138 pF Satoh et al.
(1996)

COMPARTMENT AND t-TUBULE GEOMETRIES

Vs Compartment volume 2.82e—2pL Estimated

Sme Compartment surface 15.9 um? Estimated

Smetubule  Ftubule surface area 78 um? Estimated

ding Longitudinal cell direction  2.58 um Estimated

ax Axial cell direction 2.34m Estimated

dir Transverse cell direction 5.76 um Estimated

Iubule Ttubule radius 0.2-0.31pum Savio-
Galimberti
et al. (2008)

ltubule T-tubule length 4.6 pm Savio-
Galimberti
et al. (2008)
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Table A2 | Calcium and buffer reaction-diffusion parameters.

Table A3 | Membrane calcium fluxes parameters.

Symbol Definition Value Reference Symbol Definition Value Reference
Ca?*, Na*, AND BUFFER CONCENTRATIONS L-TYPE Ca?t CURRENT
[CaZt], Extracellular Ca2* 2000 uM Sobie et al. aomv) Constant 3.28e-08 Estimated
concentration (2008) biomv) Constant —1.388e—05 Estimated
[Ca2*]y  Resting Ca?* 0.1 M Sobie et al. clomv) Constant 0.002 Estimated
concentration (2008) domv) Constant —0.136 Estimated
[Na*], Extracellular Na* 140 mM Sobie et al. eomv) Constant 3.71 Estimated
concentration (2008) ai+50mv) Constant 3.366e—09 Estimated
[Na™lo Resting Na™ 10mM Sobie et al. b+50mv) Constant —1.426e—06 Estimated
concentration (2008) C(+50mV) Constant 0.000 Estimated
[TN] Total troponin 70uM Shannon et al. d(+50mv) Constant —0.019 Estimated
concentration (2004) €(+50mV) Constant 0.981 Estimated
[ATP] Total free ATP 260 uM Cheng et al. Bca Scaling constant 28.5 Estimated
concentration (2010) Na*/Ca?t EXCHANGE CURRENT
[CaM] Total calmodulin 24 M Shannon et al. V max_NCX Maximum NCX 0.207 uMms™! Shannon et al.
concentration (2004) rate (2004)
[Fluo] Total Fluo-3 50 uM Sobie et al. K mcCaAct Allosteric constant ~ 0.29 uM Estimated
concentration (2008) Kincao Extracellular Ca2+ 1.3e=3uM Shannon et al.
DIFFUSION CONSTANTS (AT 22°C) dissociation (2004)
Dea Diffusion coefficient 0.39umZ ms™! Cheng et al. constant
for Cat (2010) Kmca, Intracellular Ca2+ 3.59uM Shannon et al.
Dcario Diffusion coefficient 0.1pm2ms™! Cheng et al. dissociation (2004)
for CaFluo (2010) constant
DcanTp Diffusion coefficient 0.168 um2 ms™" Cheng et al. KenNa, Extracellular Na* 875e—3uM Shannon et al.
for CaATP (2010) dissociation (2004)
Dcacam  Diffusion coefficient 0.025pm2ms™! Cheng et al. constant
for CaCaM (2010) KiNa; Intracellular Ca2™ 12.29e—-3uM Shannon et al.
RATE COEFFICIENTS AND DISSOCIATION CONSTANTS (AT 22°C) dissociation (2004)
kGe™ Ca’* on-rate constant ~ 0.04puM~"ms="  Shannon et al. constant
forTN (2004) n Voltage-dependent  0.35 Shannon et al.
kGe™ Ca®* off-rate constant ~ 0.04ms™" Shannon et al. factor (2004)
for TN (2004) Ksat Low potential 0.27 Shannon et al.
KIN Ca?* dissociation Y Shannon et al. saturation factor (2004)
constant for TN (2004) Bnex Scaling constant 28.5 Estimated
kGeATP Ca?* on-rate constant ~ 0.225uM~"ms~"  Cheng et al. SARCOLEMMAL Ca2t ATPase PUMP
for CaATP (2010) V max_Pump Maximum pump 2.2e—3puMms~! Shannon et al.
kCaATP Ca?t off-rate constant ~ 45ms™’ Cheng et al. rate (2004)
for CaATP (2010) Kmpump Half-saturation 0.5uM Shannon et al.
kéTP Ca?t dissociation 200 M Cheng et al. constant (2004)
constant for ATP (2010) NHil Hill coefficient 1.6 Shannon et al.
kGeCaM  Ca?* on-rate constant  0.125uM~"ms~!  Shannon et al. (2004)
for Cal (2004) Brump Scaling constant 28.5 Estimated
kCaCaM  Ca2+ off-rate constant  0.2975ms ™" Shannon etal. | ' SARCOLEMMAL Ca?t LEAK
for Cal (2004) wm’\ﬁ[N? I Conductance 0.001984 uMms~!  Estimated
kSaM Ca?+ dissociation 2.38uM Shannon et al. n(;ar;,\’/][zz . B .
constant for Cal (2004) Vinax_Leak Conquctance 0.004382 uM ms Estfmated
kGaFluo Ca?* on-rate constant ~ 0.23uM~"ms™! Cheng et al. BLeak Scaling constant 285 Estimated
for CaFluo (2010)
K CaFluo Ca?* off-rate constant ~ 0.17 ms™' Cheng et al.
for CaFluo (2010)
kEiue Ca?* dissociation 0.739 1M Cheng et al.
constant for Fluo (2010)
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MODEL EQUATIONS
Reaction-diffusion equations
3[Ca2+], 3
—— = =DaV[Ca¥ ], = 3 R, = Rp + e, (AD
m=1
3 [CaB
% — Dcap, V2 [CaBy] + R, (A2)
3 [CaB]
— A3

” B, (A3)
Rg, = k' ([Bm] — [CaBn]) [Ca®"], — k" [CaBn] (A4)
Rp, = k. ([Bs] — [CaBi]) [Ca**], — K’ [CaB] (A5)

where [Bp,] represents the concentration of mobile buffer Fluo-
3, ATP, or calmodulin; [Bs] is the concentration stationary buffer
troponin C.

In the model we assume: (1) isotropic diffusion for Ca?* and
all mobile buffers (Soeller et al., 2009); (2) Ca?* binds to Fluo-
3, calmodulin, ATP, and TN without cooperativity; (3) the initial
total concentrations of the mobile buffers are spatially uniform;
(4) the diffusion coefficients of Fluo-3, ATP, or calmodulin with
bound Ca’* are equal to the diffusion coefficients of free Fluo-3,
ATP, or calmodulin.

MODEL CURRENTS

The total Ca?t flux across the t-tubule and external membrane is

described as:

Jcage, = JLoc + INex + Jpump + JLeak (A6)
Each current density was converted to Ca?t flux by

using the experimentally suggested surface to volume ratio

(Cm / Vel ~4.54 pF/ pL) in adult rabbit ventricular myocytes

(Satoh et al., 1996; Bers, 2001):

1 Cyh V,
Ji=Bi (* - ms)L’

2F Vcell Sms
where Vs and Sy, are total surface and volume of the real or
ideal model compartment and f; scaling constant.

(A7)

L-type Ca?+ current (ly¢c)
L-type Ca?* current density was parameterized to fit the current
profiles recoded at 0 mV and 450 mV (Sobie et al., 2008):

Locomy) (8) = a@mvyt* + bomnt® + co mvyt
+domvyt + eomv) (A8)
Lo+ 50mv) (B) = acs0mvyt* + bgsomv) £ + (450 mvy £
+ d450 mv)t + €450 mv) (A9)
Nat/Ca?*t exchanger current (Iycx)

The steady-state relation between [Ca?t]; and Incx is described
as in Weber et al. (2001):

Incx = Allo x Bind x Elect (A10)

Allo = % Al
v (feet)
Bind = 3 1
chaﬂ [Na ! ]i + KmNaoa[Caz * ]i + I<mNai3|:Ca2 * ]0
13
(1 + %) + Kinca; [Na+ ]i (1 + [I?II:Nai]; ) +
o T [ ], + [N [,

(A12)

Elect [Na* ] [Ca?*] e"VF/RT — [Na* ]’ [Ca?+] eM—DVFIRT

ect =

1 + kegeM—DVE/RT
(A13)

The three factors are: Allo-allosteric regulation by [Ca?*];,
which is not transported; Bind-competitive binding of Na*
and Ca?t as substrates; Elect-effects of membrane potential.
The latter two combined give an electrochemical term, i.e.,
AE =Bind x Elect.

Sarcolemmal Ca’* ATPase pump (lpump)
The equation and describing Ipymp dependence on [CaT];is from
Shannon et al. (2004):

nHil
Vinax — Pump <Km Pump) (A14)
1

[Ca*]

i

Sarcolemmal Ca? leak (ljcax)
The equation for I dependence on [Ca®*]; is as in Shannon
et al. (2004):

I =V 14 g | [C32+]0
Leak = Vmax —Leak - oF n [Ca”]

i

(A15)

At rest the Ca®* influx via background Ca™ leak is adjusted to
match the Ca?T efflux via NCX and Ca?t ATPase so that no net
movement across the cell membrane to occurred.

NUMERICAL ALGORITHMS AND SOFTWARE

In finite-element methods, a complex domain needs to be dis-
cretized into a number of small elements (such as triangles or
tetrahedra). This process is usually referred to as mesh generation
(Yu et al., 2008a,b). Although different types of meshes may be
generated depending on the numerical solvers to be employed, we
restrict ourselves to triangular (surface) and tetrahedral (volumet-
ric) mesh generation as commonly used in biomedical simulation.
In the present simulation, the number of finite-element nodes and
tetrahedral elements are 4274 and 13,673, respectively.

The non-linear reaction-diffusion system was solved by a
finite difference method in time and finite-element method in
space using our SMOL software tool (Smoluchowski Solver,
http://mccammon.ucsd.edu/smol/) with the time step of 0.5 ms.
It takes around 60 min to run 200 ms snapshots with a single Intel
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FIGURE A1 | Solution convergence analysis. Upper panel: refining the original mesh. Lower panel: changing the original time step of 0.5 ms. Global Ca?*
transients experimentally measured (symbols). Membrane voltage at 0 mV (red lines and symbols) and at +50 mV (blue lines and symbols). [Na*]; 10 mM.

Xeon X5355 processor. The SMOL program utilizes libraries from
the finite-element tool kit (FETK), which previously has been
used in several molecular level studies (Cheng et al., 2007a,b,
2008). One bottleneck for dynamic 3D simulation of non-linear
reaction-diffusion system is the computing complexity involved in
solving the problem. Here we successfully extended SMOL to solve
multiple coupled partial differential equations with non-linear
ordinary equations. Multiple tests demonstrate that our SMOL

program is quite robust and flexible for various boundary and
initial conditions. The simulation results were visualized using
GMV mesh viewers (Ortega, 1996). Post-processing and data
analyses were implemented by customized Python, MATLAB
2008b (The MathWorks, Natick, MA, USA) scripts and Xmgrace
software (Vaught, 1996). A version control system, subversion, was
used to monitor the development of software (Collins-Sussman
et al., 2002).
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