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Abstract

Microdomains of calcium (i.e., areas on the nanometer scale that have qualitatively different calcium concentrations from that in the
bulk cytosol) are known to be important in many situations. In cardiac cells, for instance, a calcium microdomain between the L-type
channels and the ryanodine receptors, the so-called diadic cleft, is where the majority of the control of calcium release occurs. In other
cell types that exhibit calcium oscillations and waves, the importance of microdomains in the vicinity of clusters of inositol trisphosphate
receptors, or between the endoplasmic reticulum (ER) and other internal organelles or the plasma membrane, is clear.

Given the limits of computational power, it is not currently realistic to model an entire cellular cytoplasm by incorporating detailed
structural information about the ER throughout the entire cytoplasm. Hence, most models use a homogenised approach, assuming that
both cytoplasm and ER coexist at each point of the domain. Conversely, microdomain models can be constructed, in which detailed
structural information can be incorporated, but, until now, methods have not been developed for linking such a microdomain model to a
model at the level of the entire cell.

Using the homogenisation approach we developed in an earlier paper [Goel, P., Friedman, A., Sneyd, J., 2006. Homogenization of the
cell cytoplasm: the calcium bidomain equations. SIAM J. Multiscale Modeling Simulation, in press] we show how a multiscale model of a
calcium microdomain can be constructed. In this model a detailed model of the microdomain (in which the ER and the cytoplasm are
separate compartments) is coupled to a homogenised model of the entire cell in a rigorous way. Our method is illustrated by a simple

model of the diadic cleft of a cardiac half-sarcomere.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The concentration of free intracellular calcium is an
important control variable in every type of cell. In many
cells, such as secretory epithelial cells, hepatocytes, or
smooth muscle cells, the concentration of calcium oscil-
lates, often taking the form of periodic intracellular
and intercellular waves, with a period of anywhere
from a few seconds to a few minutes. In other cell types
such as skeletal and cardiac muscle, a simple rise and fall
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of calcium concentration is the signal that initiates
contraction.

In non-excitable cells, the rise in calcium concentration is
caused by the release of calcium from an internal
compartment, the endoplasmic reticulum (ER), and thus
the oscillations can occur (at least for a time) in the absence
of external calcium. In cardiac cells, an initial influx of
calcium through L-type channels is the signal that causes
the release of more calcium from the sarcoplasmic
reticulum (SR).

There are a large number of quantitative models of such
oscillations and transients (Rice et al., 1999; Snyder et al.,
2000; Soeller and Cannell, 1997, 2004). Until now, these
models have always been one of two basic types.
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Homogenised models: In these models, the cytoplasm and
the SR are assumed to coexist at every point in space. Thus,
if we let ¢ denote the concentration of calcium in the
cytoplasm, and ¢ denote the concentration of calcium in the
SR, we would have ¢(x, 7) and ¢,(x, ) defined at each point in
space, x. This gives rise to a system of differential equations
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where D, and D, are effective diffusion coefficients, Jgr
denotes all the calcium fluxes to and from the SR, and J yer
denotes all the other calcium fluxes, either to and from
calcium buffers, across the plasma membrane, or to and
from other internal organelles. Because these fluxes have
units of concentration/time, and because the volume of the
SR is different from the volume of the cytoplasm, this
formulation requires the term p, which is the ratio of
cytoplasmic to SR volume.

Separated models: In this other class of models, the
cytoplasm and the SR are treated as separate domains,
connected by common boundary fluxes. Thus, for instance,
if Q. denotes the cytoplasm, Q; denotes the SR, and 0Q
denotes their common boundary, we would have
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where Jgg is now a boundary flux, with units of moles per
unit area per unit time, and D, and Dy are actual diffusion
coefficients, not effective ones.

Separated models are necessary for modelling micro-
domains, as in such areas the localised calcium fluxes can
lead to large local calcium concentrations. However, at the
level of the entire cell, only homogenised models are
realistic. A separated model for the entire cell requires a
huge investment in computing time and model construc-
tion, for uncertain benefit.

Nevertheless, calcium in microdomains can have a
crucial effect on the calcium concentration in the rest of
the cell. In some cells, such as the cardiac cell, the majority
of the control of calcium release happens in the micro-
domain of the diadic cleft, although the contractile proteins
can only respond to the macroscopic, cytoplasmic con-
centrations. In neurons, calcium signalling in microdo-
mains as well as on a larger scale is important for
controlling neurotransmitter release (Augustine et al.,
2003). In order to study such phenomena, it is necessary
to incorporate both the microdomain and the cytoplasm in
a single unified model.

Here we show how such a model can be constructed,
using, as a particular example, the half-sarcomere of a

cardiac cell. We first present a brief description of the
method, followed by a more detailed presentation of the
specific half-sarcomere model.

Another of the aims of this project is to use our model of
the calcium dynamics in the half sarcomere to help refine
compartmental models, which divide the domain into well
mixed compartments which contain no spatial gradients
(see, for instance, Shannon et al., 2004). Typically there will
be compartments for the SR, the diadic cleft, the
subsarcolemmal space (the region immediately below the
SL membrane) and the cytosol. Our model, which includes
spatial gradients, can be used to determine if the
assumption of no spatial gradients within compartments
is justifiable and how the subsarcolemmal space, which is a
non-physical compartment, should be modelled. We also
reduce the half-sarcomere model presented here into a
compartmental model to determine the effect of the loss of
spatial information on the model results.

We have also investigated the effect of including a
buffering SR/ER calcium ATPase (SERCA) pump. When
the SERCA pump transports calcium ions from the cytosol
to the SR, the ions are first bound to pump proteins on the
cytosolic side of the membrane. The protein undergoes a
change in conformation which is powered by the energy
released from the conversion of adenosine triphosphate
(ATP) to adenosine diphosphate (ADP) and the calcium
ions are then released on the SR side of the membrane.
While the calcium ions are bound to the pump protein they
do not contribute to the calcium concentration inside the
cytosol or to the calcium concentration inside the SR, so
the calcium is being buffered by the SERCA pump. This
buffering effect may be significant, as there is a large
amount of pump protein present (Bers, 2001, estimates
15-75 umol/L Cyt in a cardiac ventricular cell).

2. Coupling the microdomain to the cytoplasm
2.1. Homogenisation

The homogenisation technique used here is described in
detail by Goel et al. (2006). Briefly, we assume the SR in
the homogenised region forms a periodic network, where
the periodic unit is as given in Fig. 1. This shows an outer
cube containing the inner SR network, which has a square
cross section. The SR need not have a square cross-section,
but can be of any shape, so long as it is periodic in each
direction. Since 7y, the ratio of cytosolic volume to SR
volume, is 18.57 here, this determines the value of k in
Fig. 1 as 0.1369. Letting the period of the network tend to
zero results in the homogenised equations.

If we ignore the effect of buffering, before homogenisa-
tion, the equations for calcium diffusion have the form

0

a_j = V.- (D,Vc) in the cytosol,
ocy .

- = V. (DsVes) in the SR,
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Fig. 1. In the homogenised region we assume the structure is given by this
periodic unit. The inner network, which has a square cross section,
represents the SR, and the remaining space between the SR and the outer
cube represents the cytosol. ¢ is the period of the SR network divided by
the assumed length of the homogenised region, and so is dimensionless.

with boundary conditions

D.Ve-n = eg(c, ),
stcs -n= 892(65 CS)'

The functions g; and g, model the various pumps and
exchangers that allow for calcium transport between the
compartments, or into or out of the cell and have units of
moles per area per time. D, and D; are diagonal matrices of
diffusion coefficients.

Letting the period of the network tend to zero, and
taking the equations to lowest order in &, then gives

% =V.-(D.Ve)+ yﬁgl(c, ¢s) in the cytosol,
Oc ~ .
a_ct‘ = V- (DsVey) + Vﬁgz(c, ¢s) 1in the SR.

Here f is the surface area of the SR in one periodic unit
after that unit has been scaled to have unit volume, y, is the
fraction of a periodic unit that is occupied by the cytosol
and y, is the fraction occupied by the SR. The effective
diffusion coefficients, D, and D are given by

DL‘ = chc'a

where
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where Q. is the region in one periodic unit that is occupied
by the cytosol and €, is the region occupied by the SR. The
variable y = x/e¢ is the small space scale and satisfies
0<y;<1 where y = (¥, 5, y3). ¢ satisfies

Vi%" =0, yeQ,
(V,Z“+1)-n, =0 for y on the SR membrane,

and is periodic in y. 2* satisfies analogous conditions.
Plots of the effective diffusion coefficients for a selection
of SR geometries can be found in Goel et al. (2006). Similar
expressions for the effective diffusion coefficients have been
used by Blum et al. (1989), El-Kareh et al. (1993), and
Chen and Nicholson (2000). Blum et al. (1989) used a
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Fig. 2. Schematic diagram of a coupled homogenised/separated model.

different method to derive this expression in the case where
the diffusion coefficient is constant, while the work of Chen
and Nicholson (2000) and El-Kareh et al. (1993) is based
on the homogenisation methods developed by Bensoussan
et al. (1978), as is our derivation.

2.2. Connecting homogenised and separated regions

Once the effective diffusion coefficients are derived, it
turns out that the boundary condition between the
homogenised and separated regions can be written in a
natural way. Suppose we have a region as shown in Fig. 2,
where one subregion, A, is homogenised, while another
subregion, B, is separated into SR (£2,) and cytoplasm (Q.).

Between the domains we require boundary conditions
that ensure conservation of calcium. If we let ¢; and ¢,
denote the calcium concentrations in the homogenised
and separated regions, respectively, then, on 0Q., this
condition is

D.Ncy -n= DCVcl - n,

where 7 is the unit normal on the boundary. This boundary
condition is easy to understand. It merely says that the flux
out of one region has to equal the flux into the other
region, where the fluxes have to be calculated using the
appropriate effective diffusion coefficient derived from the
homogenisation. Since the SR in the homogenised and
separated regions is not connected along 0€,, the correct
boundary condition there is V¢g-n =0 for the homo-
genised region.
Similarly, on 02, we have

DVesr -n= ﬁSVcS,l -n
and Ve-n=0.

3. Model of the cardiac half-sarcomere

We now illustrate our general method with a simple
model of the half-sarcomere. This model, quite deliber-
ately, does not include all the myriad complications that
have been used in previous models of calcium control in
cardiac cells (Jafri et al., 1998; Puglisi and Bers, 2001;
Shannon et al., 2004). Instead, we include only those
essential elements necessary to illustrate our method.
Nevertheless, despite its simplicity the model illustrates
some important features of calcium movement through the
cell, from microdomain to cytoplasm.
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The rise and fall of calcium concentration in cardiac
myocytes plays a vital role in excitation—contraction
coupling (ECC), which is the process by which electrical
excitation of myocytes results in the contraction of the
heart. ECC is initiated by depolarisation of the SL
membrane (see Fig. 3). The depolarisation activates L-type
calcium channels in the membrane, which allow calcium to
enter the cytosol. Alone, the calcium that enters via the
L-type channels does not raise the cytosolic calcium
concentration enough to result in contraction. Instead, it
activates the ryanodine receptors (RyR) on the membrane
of the SR, which release a larger amount of calcium from
the SR, a process called calcium-induced calcium release
(CICR). The SR is a reticulated compartment within the
cytosol and serves mainly as a calcium store. The RyR are
located on the terminal cisternae (where the SR approaches
the SL membrane) and are closely apposed to the L-type
channels. The small (about 15nm) gap between the RyR
and the SL membrane is referred to as the diadic cleft, and
it is here that CICR takes place.

Following the release of calcium from the SR, the
calcium diffuses out of the cleft, and into the rest of the
cytosol, where it binds to the myofilaments and initiates
contraction. Calcium is also bound to large proteins
(buffers), which slow diffusion and limit the amount of
calcium which is free to bind to the myofilaments. To
return to its resting state, the cell must now extract the
added calcium. The major pathways by which calcium is
extracted are the SERCA pump, the sodium—calcium
exchanger (NCX) and the SL calcium pump. The SERCA
pump uses the chemical energy produced from the
conversion of ATP into ADP to transport calcium ions
across the membrane from the cytosol to the SR, against a
concentration gradient. The NCX and SL calcium pump,
which are located in the SL membrane, transport calcium
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Fig. 3. Calcium transport in a half-sarcomere: Calcium enters through the
L-type channels, stimulating release from the RyR. Some of the calcium in
the cytosol and SR is bound to calcium buffers. The increase in calcium
concentration in the cytosol allows calcium to bind to the myofilaments,
which activates contraction. Calcium is removed from the cytosol by the
SERCA pump, SL calcium pump and the NCX.

into the extracellular space. There is also a background flux
of calcium from the extracellular space into the cytosol,
and this balances the calcium efflux at rest.

3.1. Model geometry

The geometry used in the model is shown in Fig. 4. Near
the S membrane the SR and cytosol are two distinct
compartments; we refer to this as the non-homogenised
region. In the lower region both cytosolic calcium and SR
calcium exist at all points in space; we refer to this as the
homogenised region. Calculations are performed in cylind-
rical coordinates on the plane shown in Fig. 4B, and
rotational symmetry is used to form the solution in the
three-dimensional geometry shown in Fig. 4A. Note that as
we use rotational symmetry, the L-type channels and RyR
are shaped like rings. This is inaccurate, but to break the
rotational symmetry would greatly increase the complexity
of the model and the computation time required. Con-
struction of a fully three-dimensional model which does
not rely on rotational symmetry is in progress.

3.2. Model equations

Let ¢ be the concentration of calcium in the cytosol (with
units of pmoles per liter cytosol, which we shall write as
pmol/L Cyt), and ¢, be the concentration of calcium in the
SR (with units of umoles per liter SR, which we shall write
as umol/L SR). Note that for all our concentrations and
fluxes we must be careful to specify the appropriate region
in our units. Let b, be the concentration of cytosolic
buffer and bgr be the concentration of SR buffer.

To present the model equations we discuss in turn each
of the regions and boundaries labelled in Fig. 4B. Detailed
expressions for the various pump and exchanger fluxes are
derived in Appendix A. The model equations were solved
using COMSOL Multiphysics (http://www.comsol.com),
which solves such problems using a finite element method.

3.2.1. Region I

In this region we have a homogenised model in which
each point represents both calcium in the SR and calcium
in the cytosol. There is no release of calcium from the SR
into the cytosol, only pumping by the SERCA pump,
which pumps calcium from the cytosol into the SR.
Calcium diffuses with a constant diffusion coefficient and
binds to buffers. Thus,

oc
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Fig. 4. The geometry of the half-sarcomere as used in the model: (A) the cylindrical geometry formed by rotating the plane in B and (B) roman numerals
denote regions where different model equations are used: (I) homogenised region, (II) cytosol in the non-homogenised region, and (III) SR in the non-
homogenised region. Lowercase letters denote the boundaries: (a) L-type channels, (b) NCX, SL pump and background flux, (c) RyR, (d) SERCA pump,
(e) Homogenised/non-homogenised cytosolic boundary, and (f) Homogenised/non-homogenised SR boundary. The numbered points show where

readings of calcium concentration were taken (see results).

D, and D, are the effective diffusion coefficients of
calcium in the cytoplasm and SR, respectively, and are
derived by the process of homogenisation as described
above. The values of the effective diffusion coefficients
depend on the assumed geometry of the SR, and they can
be non-isotropic if the SR is assumed to have a non-
symmetrical periodic structure.

The factor y, which is the ratio of the cytosolic to the SR
volumes, incorporates the fact that a flux out of the cytosol
(in units of moles per liter cytosol per second) must be
multiplied by y in order to get the correct SR units of moles
per liter SR per second.

The total amounts of buffer in the cytosol and SR are
denoted by B. and Bgg, respectively. Note that although
there may be multiple buffers in the cytosol and SR, we
have used a single buffer in each, to represent the effect of
all the buffers. This simplifies the model, and reduces the
amount of computation that needs to be performed in
computing buffering dynamics. In the case where the
buffering SERCA pump is used, the equations in this
region need to be modified, as described in Appendix A.

3.2.2. Region II
Region II is only cytosol (not homogenised with the SR)
and so the only reaction terms are those due to buffering.
The only influx and efflux terms occur at the boundaries
which are treated separately below. Thus,
dc )
a_l = Dcv c+ kcfb(,'yt - k(f+C(Bc - bcyt)a
dbeye
dt

= _kc—bcyr + kc+C(Bc - bcyl)~

3.2.3. Region II1

Similarly, region III is only SR (not homogenised with
the cytosol) and so the only reaction terms are again those
due to buffering:

Ocy
i DyVPe, + ksg_bsr — ksrycs(Bsr — bsr),
db

de = —ksr_bsg + ksrics(Bsg — bsr).

3.2.4. Boundary a

This boundary consists of two line segments, each
0.83nm long. The line segments begin 0.0333 and
0.0975 pm from the left edge in Fig. 4B. At this boundary
we include a calcium influx through the L-type calcium
channels. This is assumed to be a given input obtained
from experimental measurement (shown in Fig. 17 which
was obtained from Puglisi and Bers, 2001), and is assumed
to occur only at specified locations. Note that we do not
model the cell membrane potential in detail by considering
all the constitutive ionic currents, but instead assume that
the membrane potential is also just a given function of time
(Fig. 19). Thus, our model is limited by the fact that we are
unable to model feedback from the calcium concentration
to the membrane potential. However, this lets us focus
more directly on our major interest, the interaction of
the calcium dynamics in the microdomain and the
cytoplasm, independently of any secondary effects on
membrane potential. The specified L-type current is J;_;pe,
and thus

Oc
Dc a = JL—type
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at each of the two places where L-type channels are
assumed to exist (see Fig. 4B). Thus, the input through the
L-type channels is spatially heterogeneous.

3.2.5. Boundary b

Along this boundary we have a small influx of calcium
from outside, a small flux due to the SL pumps, and a
much larger flux due to the NCX. Thus,

oc
Dc@ = Jpack + JSLpump + Jnex-

3.2.6. Boundary ¢

This boundary consists of two line segments, each 5nm
long. The line segments begin 0.0292 and 0.095 pm from
the left edge in Fig. 4B. This is the boundary that contains
the ryanodine receptors which mediate CICR. In reality
there are around 25 receptors apposed to about four L-type
channels, but here we cluster the receptors into two groups.
The open probability of the ryanodine receptors is
calculated using the four state model of ryanodine receptor
given by Shannon et al. (2004). The exact behaviour of
the ryanodine receptor is one of the most complex
current questions in the study of cardiac calcium
dynamics. Ultimately we shall use our model to investigate
the behaviour of different receptor models, and incor-
porate stochastic properties of the receptor, but in
this initial study we just use a simple model. On this
boundary

oc
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3.2.7. Boundary d

Boundary d is the boundary between the cytosol and the
SR in the non-homogenised model, and thus the flux across
this boundary is just the flux through the SERCA pump:

oc -
Dca— = JsErca,
X
Ocy ~
Dsa—s = —JsERCA-
X

The pump flux (Jsgrca, with units of moles per volume per
second) in the homogenised model, and the boundary flux
(Jserca, with units of moles per area per second) are
related by the ratio of the surface areca of the SR to the
volume of the cytoplasm in the periodic box used for the
homogenisation. Full details are given in Appendix A.

3.2.8. Boundaries e and f

These are the boundaries between the non-homogenised
and homogenised versions of the model. On boundary e we
have the continuity condition

Cy =C—,

and the flux continuity condition

Similarly, on boundary f we have the continuity condition
Cs+ = Cs—»
and the flux continuity condition
Ocsr  ~ 005
Toy oy
Here, ¢, and c_ are the cytosolic calcium concentrations
in the non-homogenised and homogenised models, respec-

tively, on boundary e, and ¢, and ¢, are the analogous
SR calcium concentrations.

3.2.9. Other boundaries

The left hand edge of the plane in Fig. 4B uses the
condition of axial symmetry. The flux across all other
boundaries is zero.

3.3. Parameter values

In any model of this complexity, the issue of how to
choose parameter values becomes extremely important.
The parameter values are presented in full detail in Tables
2-7. Most of these are taken from previous modelling work
(particularly by Shannon et al., 2004) and the remainder
were determined by requiring physiologically reasonable
behaviour. No detailed fitting procedure was followed, and
neither has a full sensitivity analysis been performed. The
issue of parameter sensitivity is a crucial one, to be
explored in more detail in subsequent publications.

The parameters of the NCX (Table 6) were determined
by fitting the Markov state model of Fig. 16 to the
experimental data of Pogwizd et al. (1999), in the same way
that the model of Weber et al. (2001) determined the
parameters of the exchanger by fitting to this same data.

The parameters of the background flux and SL pumps
(Tables 4 and 5) were determined by requiring a resting
calcium concentration of around 0.07 umoles per liter
cytosol, and by requiring that only around 1% of the
calcium flux during a single transient was carried by the SL
pump (Bers, 2001).

The parameters of the SERCA pump (Table 3) were
constrained by the Gibbs free energy of hydrolysis of ATP.
This condition is explained further in Appendix A.

Typical values (see, for instance, Bers, 2001) are used for
the remaining parameters (Table 2).

4. Results

The model equations, with the non-buffering SERCA
pump, were solved where the input (the electrical stimula-
tion given in Fig. 19) was pulsed at a frequency of 1 Hz.
The results shown give the steady state response to this
repetitive input. Fig. 5 shows the calcium concentrations at
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Fig. 6. Fluxes integrated over time when using the non-buffering SERCA pump: (A) the time integral of the fluxes involved in relaxation, and the
percentage they contribute. These are close to the percentages found experimentally from a rabbit, as given in Bers (2001); and (B) the time integral of the

flux through the L-type channels and the flux through the RyR.

the points given in Figs. 4 and 6 shows the fluxes involved
in the model, integrated over time.

Experimental data shows that the concentration of
calcium in the cytosol reaches a peak of around
0.7 umol/L Cyt, after about 30-100ms (Bers, 2001).
Fig. 5 shows how the transient at position 4 in Fig. 4B
reaches a peak of 0.61 pmol/L Cyt after 135 ms. Bers (2001)
gives experimental results showing the contribution to the
decline in calcium of the SERCA pump, NCX and SL
calcium pump. In rabbit these contributions are given as
70%, 28% and 2%, respectively. Fig. 6A shows our model
results are close to these experimental results.

Bers (2001) gives the total amount of calcium released
through the L-type channels as 9.7 umol/L Cyt and the
total amount of calcium released through the RyR as
37pumol /L Cyt. The volume of cytosol in our half-

sarcomere model is 4.48 x 1071° L, so we expect 43.5 x
107! umol of calcium to enter through the L-type channels
and 165.8 x 107!° umol to enter through the RyR. Fig. 6B
shows that in our model, 43.5 x 107> umol of calcium
enters through the L-type channels and 89.5 x 10~!° umol
enters through the RyR. The L-type flux is in very good
agreement with the expected amounts. The gain, which is
given by the amount of calcium that enters the cytosol
through the RyR, divided by the amount that enters
through the L-type channels, is 2.1, which is considerably
lower than measured values. Based on the values given by
Bers (2001), the gain should be 3.8. Using the model of the
RyR open probability given by Zahradnikova and
Zahradnik (1996), instead of that given by Shannon et al.
(2004), we were able to attain a higher gain of 2.8 (results
not shown). It is not clear why our model has a smaller
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(D) cytosolic calcium concentration along cross section 8 and SR calcium concentration along cross section 8; and (E) the positions of the cross sections.

gain than is measured experimentally; possibly this is due
to the simplifications inherent in the model, but it is also
possible that a different choice of parameters will increase
the gain. However, we were unable to find such a
parameter set. At steady state, the model gives a cytosolic
calcium concentration of 0.07 umol /L Cyt, which is in good
agreement with the steady state concentrations determined
experimentally.

4.1. Calcium gradients

The major benefit of our model is that it resolves calcium
gradients both inside the diadic cleft, as well as outside the
cleft in the cytosol. In Fig. 7A-D we give plots of the
calcium concentration along cross sections. The positions
of the cross sections are given in Fig. 7E. Plots of the cross
sections numbered 5 and 6 in the cytosol and 1, 4, 9 and 10
in the SR are not given, as the calcium concentration along

these lines does not vary significantly (i.e., less than 5%).
Note that cross sections 1, 3, 4 and 8 are in both the cytosol
and SR as they are in the homogenised region.

The results show that, despite its small size, the diadic
cleft is not a well mixed compartment. Along cross section
2 from 0 to 0.1 pm (that is, along the radius of the diadic
cleft) there is significant change in the calcium concentra-
tion, but along cross section 6 there is very little change.
This suggests that modelling the cleft as one-dimensional
may be a better approximation than as a well mixed
compartment. The same is true for the subsarcolemmal
space, i.c., the area directly under the plasma membrane,
which is often considered a separate compartment in
compartmental models (see, for instance, Shannon et al.,
2004). Along cross section 2 there is a significant change in
the calcium concentration, but along cross section 5 there is
not. Because the subsarcolemmal space is not a physical
compartment, the height of the compartment is not fixed
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and may extend to cross sections 3 and 4. As long as
the height is chosen to be small there are no significant
gradients along these cross sections. The subsarcolemmal
space is included as a compartment in compartmental
models because it is believed that near the membrane the
calcium concentration may be significantly higher than
elsewhere in the cytosol, as it is close to the cleft where
calcium release occurs. Our results (cross sections 3 and 4)
support the idea that the calcium concentration is higher
nearer the membrane. The size of the subsarcolemmal
space which should be used in a compartmental model
depends on the sensitivity to calcium concentration of the
membrane channels. Given a limit on the variation in
calcium concentration which is considered acceptable, the
results from the three-dimensional model can be used to set
the depth of the subsarcolemmal compartment.

There are significant calcium gradients in the homo-
genised region of the cytosol, both vertically and horizon-
tally (along cross sections 1, 3, 4 and 8), and in the
homogenised region of the SR (along cross sections 3 and
8). This suggests that the assumptions that the cytosol and
SR are well mixed compartments may not be valid.
However, since there are no significant spatial gradients
in the terminal SR this compartment could be accurately
modelled as well-mixed.

4.2. A compartmental model

We have reduced the three-dimensional model into a
compartmental model to assess the effect of the loss of
spatial information. Compartmental models of calcium
dynamics in cardiac cells, such as that of Shannon et al.
(2004), typically contain four compartments. These are the
cytosol, the SR, the diadic cleft and the subsarcolemmal
space. Our model, which is depicted in Fig. 8, also includes
a compartment for the terminal SR, as results from Section
4.1, show that the calcium concentration in the SR near the
RyR is significantly lower than that further from the RyR.

The equations governing the calcium concentrations
in each compartment, and the buffer concentrations

L-type Background NCX SL Pump
T 1 1
Cleft cleft/sub Subsar colemmal
X space
RyR X
J sub/cyt
Terminal h 4
SR
1 J sr/term
Cytosol
SR _SERCA
N

Fig. 8. Diagram of the compartments and fluxes in the compartmental
model.

are given by

des 1
d;/ = (JRyR =+ JL—[ype - J(,‘left/sub)

Vol. Cleft’
dcsub
dr = (Jback + JNCX + JSLpump + Jc/eft/sub - Jsub/cyt)
1
X m + kc—bsub - kc+csub(Bc - bsub)n
deeys 1
- Tt fent) - lee_bey
T (Jserca + sub/c}t)vol. Cyt + vt
— keqcep(Be — beyy),
dCSR 1
a4 = (=JsErca — JSR/rerm)m + ksr-bsr — ksr

+ csr(Bsr — bsr),

dct rm 1
det = (_JRyR + JSR/rerm) m + ksr—bierm — ksr
+ Cterm(BSR - bterm)»
db
ib - _k(?—bxub + kc’—t-cxub(Bc - bsub)a
dt
db,,
Tﬂ = —ke_beyt + Ky Cop(Be — bey),
db
de = —ksr-bsr + ksrycsr(Bsr — bsr),
db erm
C{l = _kSR—bterm + kSR + Cterm(BSR - bterm)~

The calcium concentrations in the cleft, subsarcolemmal
space, cytosol, SR and terminal SR are given by c.r, o,
Ceprs €sR And ¢y, respectively. The buffer concentrations
are labelled analogously. B, gives the buffer concentration
in the cytosol and subsarcolemmal space. Bsg gives the
buffer concentration in the SR and terminal SR. J,/, gives
the diffusion from compartment x to compartment y, and
is given by

Jx/y = rx/y(cx - Cy),

where ¢, and ¢, are the calcium concentrations in
compartments x and y.

The volumes of each compartment are calculated from
Fig. 4B, and are given in Table 1. The terminal SR and
subsarcolemmal space are both assumed to end where the
homogenised region begins. Note that the SERCA pump
flux term between the terminal SR and the subsarcolemmal
space has not been included in the model, as it is small and
has little effect on the results.

The models giving the fluxes through the L-type
channels, SERCA pump, NCX, RyR, SL pump and
background flux are all the same as those used in the
three-dimensional model. The flux terms from the three-
dimensional model have been integrated over the area or
volume where they occurred, which has resulted in some
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altered parameter values. These parameter values are given
in Table 1. Note that parameter values have different units
to those used in the three-dimensional model, as the fluxes
now have units of pmol/ms. Apart from these altered
parameters, all parameter values in the flux and buffering
terms are taken from the three-dimensional model.

Using the compartmental model and only varying the
parameters governing the diffusion of calcium between
compartments (that i, Feefi/subs Fsubjeyr A0d 'SR /rerm) WE WeTE
able to obtain results in good agreement to those from
Fig. 5 where the three-dimensional model is used. To

Table 1
Parameters for the compartmentel model

Parameter Value (unit)

Vol. Cleft 1.5 x 1077 (L)

Vol. Cyt 1.328 x 10757 (L)

Vol. Term 8.5x 1077 (L)

kin 1.114 x 107 (umol/ms mV)
kncx 122 x 10777 (L)

Vol. Sub 9.9 x 10777 (L)

Vol. SR 7.15 x 10777 (L)

kRryr 1.5504 x 10~z (L/ms)
Vimaxst 5.4 x 1077 (umol/ms)
P, 70 x 10~57 (umol)

T cleft/sub 4321 x 10717 (L/ms)
I'SR/1erm 2.301 x 10~'% (L/ms)
Fsubeyt 1.573 x 1071 (L/ms)

The parameters in the lower section are those varied when fitting the
model to the results in Fig. 5.
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perform the fit, we constructed a function which calculates
the squared difference between results from the two models,
and then used the simplex search method (Matlab’s
fminsearch function) to minimise the function. The com-
partmental model results, along with those from the three-
dimensional model, are shown in Fig. 9. The parameter
values for the fitted parameters are given in the lower section
of Table 1. Note that these parameter values are dependent
on the size of the compartments, as well as the locations
where we chose to measure and compare the calcium
concentration in the three-dimensional model. We also
compared the compartmental model to the average values
calculated over each region in the 3-d model (computations
not shown). The fits were very similar, with the resultant
values of Feppi/sup = 5.397 x 1077 L/mS, Fypje = 2.127 x
107" L/ms and rsgysem = 2.362 x 107'* L/ms.

To determine whether the best-fit values of the transport
coefficients depend on the type of stimulus, we redid the fits
for a variety of L-type channel fluxes and membrane voltage
transients. These inputs are not of physiological type, being
designed only to test the robustness of the fit to different
inputs. We then compared the results from the compart-
mental model and the three-dimensional model, using the
values of refijsub> Ysubjeyr a0 I'sgyierm given in Table 1. The
results are shown in Figs. 10-12. In Figs. 10 and 12 changing
the input has had little impact on the agreement between the
two models. In Fig. 11 the changed input has significantly
affected the agreement. In the original fit in Fig. 9 the
compartmental model has less total calcium than in the
three-dimensional model. Pulsing the input at a higher
frequency as in Fig. 11 has amplified the loss of calcium.
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Fig. 9. The compartmental model results compared to the three-dimensional model results.
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Fig. 10. A comparison of the compartmental model results and the three-dimensional model results, where the membrane voltage is fixed at —84.39 mV
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Fig. 11. A comparison of the compartmental model results and the three-dimensional model results, where the membrane voltage is fixed at —84.39 mV
and the L-type flux is as given in the figure.

The performance of the compartmental model is cleft become more important. The compartmental model
dependent on sensitivity to spatial gradients. If the RyR results, with the original fit parameters, are no longer in
channel distribution is very different to the L-type channel such good agreement with the three-dimensional model
distribution, as in Fig. 13, then the radial gradients in the  results. To try and improve this fit, we divided the cleft into
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[Ca®*] (umol/ L Inner Cleft)

[Ca®*] (umol/ L Cyt)

Inner Cleft Outer Cleft
% 50
80 4 Compartmental E 40
J model (1 cleft) f‘..:)
60 o 30
Compartmental ) \
40 model (2 clefts) 2 20 \
g
X
20 4 3D model T
L]
<
0 T T T T 1 < 0 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
time (ms) time (ms)
Cytosol SR
= 800
0.5 4 3}4
= 700§
0.4 4 3
‘ £ 600 A
=/
031 = 500
NGS
0.2 S 400 A
T T T T 1 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
time (ms) time (ms)
L-t
[ Cleft
T
Inner compartment I' Outer compartment
<“— 005um  —>€— 0.05um >

Sub SL
-
%)
£
5
%)
|
3
=
2
&
<
9
T T T T 1
0 200 400 600 800 1000
time (ms)
Terminal SR
> |
o
« 800 ‘ /
E /
& 700
|
= 600
£ |
= 500
4400 |
B T T T T T 1
0 200 400 600 800 1000
time (ms)
RyR
_/

Fig. 13. The three-dimensional model results with the RyR and L-type channels shifted as shown in the figure, compared to the compartmental model
results from Fig. 9 and compartmental model results where the cleft is modelled as two separate compartments.



E.R. Higgins et al. | Journal of Theoretical Biology 247 (2007) 623-644

’f;: 0.6 _ Non-buffering pump (P, =52.7 umol/L Cyt)
©]
= 05
g
2 0.4 - ffering pump (P, = 52.7 umol/L Cyt)
§ ffering pump (P, = 105.4 pmol/L Cyt)
<
- -
£ 03
9}
|5}
=
g 0.2+
T T T T 1
0 200 400 600 800 1000
time (ms)

635

w

Non-buffering pump (P, = 52.7 umol/L Cyt)

& 900 \
g
) -
g 880
Z
= 860
=]
‘g Buffering pump
£ 840 (P, =52.7 umol/L Cyt)
3 820 Buffering pump (P, = 105.4 ymol/L Cyt)
T T T T .
0 200 400 600 800 1000
time (ms)

Fig. 14. Results when using the non-buffering SERCA pump, the buffering SERCA pump with P, = 52.7 umol/L Cyt and the buffering SERCA pump
with P, = 105.4 pmol/L Cyt. The calcium concentration has been measured at position 4 in Fig. 4B: (A) cytosolic calcium concentration; and; (B) SR

calcium concentration.

two compartments, adding a sixth compartment to the
compartmental model, and refitted the model using the
transfer rates from the inner to the outer cleft and from the
outer cleft to the subsarcolemmal space as fit parameters.
However, we were not able to improve significantly upon
the results from when the cleft was modelled as one
compartment. The radial calcium gradients in the terminal
SR are very shallow, even with the RyR positioned as in
Fig. 13, and so modelling the terminal SR as two
compartments does not improve upon the fit to the three-
dimensional model.

4.3. The buffering SERCA pump

In Fig. 14 we show the effect of switching from the non-
buffering to the buffering SERCA pump with the
concentration of pump protein kept constant at
P, = 52.7umol/L Cyt, and then increasing the concentra-
tion of pump protein used in the buffering pump to
105.4 pmol /L Cyt. When we increase P. we decrease the
pump speed s so that their product remains constant, as
explained in SERCA Pump in Appendix A. Note that the
SERCA pump flux across boundary d in Fig. 4 is given by
the non-buffering SERCA pump as this boundary is small
and has little effect on the results. When P,=
52.7umol/L Cyt, s = 1, and when P, = 105.4 pmol/L Cyt,
s = 0.5. The electrical stimulation is pulsed at 1 Hz and we
give the steady state response to this input. Switching from
the non-buffering SERCA pump to the buffering SERCA
pump has resulted in a large decrease in the amplitude of
the calcium transient in the cytosol and SR, as some of the
free calcium is now bound to the pump protein. Increasing
the concentration of pump protein used in the buffering
pump has caused a further decrease in the calcium
transient, as the pump is able to buffer more calcium.

If we reduce the turnover rate of the pump (that is, if we
further reduce s) and compensate by increasing P, in the
same manner as above, then the pump has a greater
buffering capacity and the amplitude of the calcium
transients is further reduced. Reducing the turnover while
keeping P, constant also results in lower amplitude

transients in the cytosol and SR. The total flux through
the SERCA pumps is reduced, and this results in reduced
RyR flux and increased NCX flux. Hence, the decrease in
the calcium transient is due to loss of calcium to the cell
exterior.

Previously to doing this work, we predicted that using
the buffering SERCA pump in place of the non-buffering
SERCA pump would reduce the rate at which the SR
calcium concentration dropped at the beginning of the
transient, because calcium ions would be released from the
pump into the SR as the SR emptied. If this were a
significant effect it would help prevent depletion of the SR,
and increase the overall rate of calcium release from the
SR. However, although such an effect certainly exists
(computations not shown) we saw no evidence that this
was occurring to any significant extent. The difference
caused by a buffering calcium pump in the rate of calcium
release from the SR is too small to be physiologically
significant, even at high pump densities.

5. Discussion

Using a model that combines both homogenised and
non-homogenised regions, we have shown how a model of
a calcium microdomain can be coupled to a homogenised
model of the cytoplasm. This allows for the incorporation
of microdomains into whole-cell models, and detailed
investigations of how the dynamics inside a microdomain
can affect whole-cell behaviour. To our knowledge, this is
the first construction of a joint homogenised/non-homo-
genised model of a calcium microdomain.

We illustrated our technique with a simple model of a
cardiac half-sarcomere in which the diadic cleft is coupled
to the rest of the cytoplasm. We chose this example as the
diadic cleft is one of the best understood -calcium
microdomains with a clearly defined role in the overall
cellular response. Although our model of the diadic cleft is
highly simplified with respect to many of the biophysical
mechanisms (such as control of the membrane potential, or
diffusion of other ions such as sodium) nevertheless
it demonstrates some important features of calcium
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microdomains. Once we know how to construct unified
models that include a calcium microdomain, incorporation
of additional biophysical complexity is a relatively simple
matter (although, of course, fitting it to data is not!).

In summary, we showed how:

e ncither the microdomain nor the cytoplasm is well-
mixed. Despite its small size, significant gradients exist
within the microdomain, and significant gradients also
exist in the cytoplasm;

e for a given physiological input the unified model can be
well approximated by a simpler compartmental model,
in which the cell is approximated by a series of
connected compartments. By careful selection of the
intercompartmental transport coefficients (with no
changes to any other model parameters), the average
cytoplasmic transient remains almost unchanged; and

e although the simpler compartmental model can provide
an excellent fit to the full 3-dimensional model for a
given input, it does not agree well with the full model for
a wider variety of inputs.

We conclude that, at least in the present context,
compartmental models can be used to model microdo-
mains only with considerable care. Given a careful choice
of the intercompartmental transport coefficients the
compartmental model can reproduce the behaviour of the
full model with considerable accuracy, but can do so only
for a given input. If the input is changed (for instance, if the
frequency of the input is changed from 1 to 5Hz) there is
no guarantee that the compartmental model will continue
to be a close approximation of the full model.

Soecller and Cannell (2004) discuss three classes of
models of cardiac calcium dynamics. These are common
pool models, local control models and integrated local
control models. Common pool models, such as that of
Snyder et al. (2000), are characterised by having a single
well mixed compartment where calcium from the L-type
channels and RyR is released. These models are unable to
reproduce both high gain as well as graded release, which
are properties of ECC that have been identified by
experimentalists (Stern, 2000). Gain is given by the ratio
of RyR flux to L-type channel flux and graded release
means that SR calcium release is under tight control by the
L-type current, rather than exhibiting all-or-none beha-
viour as the L-type current is varied.

Local control models (Soeller and Cannell, 1997; Stern,
1992) are based on the idea that rather than the whole cell
RyR release being controlled by the whole cell L-type
channel current, calcium induced calcium release takes
place at individual diadic clefts. The whole cell behaviour is
then given by the collective behaviour over many
functional release units (FRUs). Integrative local control
models contain a large number of FRUs, which collectively
should exhibit the calcium dynamics associated with ECC,
in particular, high gain and graded release.

A variety of approaches have been taken when
constructing integrative local control models. Rice et al.
(1999) and Greenstein and Winslow (2002) ignored spatial
gradients in the diadic cleft, whereas the model of Stern et
al. (1999) incorporated diffusion inside the cleft. Rice et al.
modelled the ensemble behaviour with uncoupled FRUs.
Greenstein and Winslow coupled FRUs by using average
cytosolic calcium metabolism and membrane currents and
Stern et al. used the aggregate calcium fluxes produced by
the FRUs as input to a lumped-compartment model of
global cytosolic and SR calcium dynamics. In all such
models, however, the spatial relationship between the
FRUs has not been taken into consideration. As a result,
the models cannot be used to study the progression from
non-regenerative behaviour to calcium wave propagation
which results from SR calcium overload (Soeller and
Cannell, 2004).

Here we model calcium-induced calcium release in a
FRU, including the spatial gradients within the diadic cleft.
This is coupled to the spatial and temporal dynamics in the
rest of the half sarcomere, so that the behaviour in the
space between FRUs is also considered. The combination
of homogenised and non-homogenised schemes has
allowed us to model the structure of the terminal SR and
subsarcolemmal space, without needing to model the
structure elsewhere. This is useful, as the SR forms a
complicated network, the precise geometry of which is
unknown and would be difficult to implement in compar-
ison to our homogenised scheme. We have not yet coupled
multiple FRUs to model cell wide behaviour. Neither do
we take the stochastic nature of each ryanodine receptor
into account, and thus our model cannot give graded
release by recruitment of release sites. Incorporation of
both these features will rely on the construction of simpler
models from the one shown here. Once the complete
numerical solution is known, simplified models can be
constructed with greater confidence that they do indeed
incorporate the essential behaviours of the complete model.

Following proposals that there exist micro-domains of
calcium inside the cell, many groups began constructing
compartmental models of myocytes (Puglisi et al., 2004).
Jafri et al. (1998) modelled the intracellular space and the
diadic cleft as separate compartments, and Shannon and
Bers (2001) added a subsarcolemmal space based on
experimental evidence that membrane channels see a higher
calcium concentration than that elsewhere in the cytosol.
These compartmental models are based on the assumption
that there are not significant calcium gradients within each
compartment, so they can be treated as well mixed.

Our results indicate that there are significant gradients
within the compartments. The diadic cleft contains
gradients in the radial direction, but does not have
significant gradients longitudinally, so it may be appro-
priate to model this region in one-dimension. Any long-
itudinal gradients have a greater effect on the solution than
do the radial gradients, since the RyR are separated
longitudinally from the L-type channels. In our model the
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longitudinal calcium gradients in the cleft are small, as
most of the RyR calcium release occurs after the L-type
channels close, allowing the sharp gradients in the long-
itudinal direction to collapse. Thus, since the most
important spatial gradients are small, the compartmental
model agrees well with the full model. The subsarcolemmal
space also does not contain significant longitudinal
gradients, provided it is narrow enough, but as with the
cleft, it does contain significant radial gradients. The SR
and cytosol contain significant spatial gradients both
longitudinally and radially.

Our model agrees with the experimental evidence that
there is a higher calcium concentration near the membrane
than elsewhere in the cytosol. The size of the subsarco-
lemmal space in a compartmental model will depend on the
importance of the spatial gradients in the specific problem
being investigated. For example, if channels on the SL
membrane are highly sensitive to the calcium concentra-
tion, then the subsarcolemmal space should be modelled as
being narrow.

We have reduced the three-dimensional model of the
calcium transients in a half-sarcomere of a cardiac cell, into
a compartmental model. We showed that significant
calcium gradients occur in all compartments used in our
compartmental model, apart from the terminal SR. This
suggests that making the assumption that compartments
are well mixed may not be a valid approach. However, by
modifying only the parameters governing diffusion be-
tween compartments, we were able to find a good fit to the
results from the three-dimensional model. This shows that
despite the fact that spatial variation in calcium concentra-
tion is present within compartments, compartmental
models are capable of producing results very similar to
those from more complex models that take into account
this spatial variation.

However, such agreement is not robust to changes in the
input. In Fig. 11 we increased the frequency of the L-type
channel current, and compared the three-dimensional and
compartmental model results using the original fit para-
meters, and found the agreement between the two models
had been significantly reduced. Also, in Fig. 13 we shifted
the RyR and L-type channels so they were no longer
aligned, and this reduced the agreement between the two
models. This shows that care needs to be taken when using
compartmental models as their accuracy can be affected
when model components are modified.

We determined the parameters governing diffusion
between compartments in the compartmental model by
fitting to the results of the three-dimensional model. We
can estimate these parameters using the formula r,/, =
DA/L from Keener and Sneyd (1998), where D is the
diffusion coefficient, 4 is the area through which diffusion
occurs and L is the distance which the substance diffuses
across.  These estimated values —are  ref/oup =
471 x 107" L/ms,  rupjen =7.61 x 107'°L/ms  and
ISR/term = 2.19 X 107" L/ms. These estimates are smaller
than the values found by fitting to the three-dimensional

model. This is because the estimates assume that there are
no calcium gradients in the compartments. In the three-
dimensional model there are significant calcium gradients,
and these help to drive the diffusion of calcium between
compartments. The steep calcium gradients that occur
across the cleft to the subsarcolemmal space and across the
SR to the terminal SR cause the estimates for /s and
rsr/werm to differ from the fitted values by approximately a
factor of ten. The gradients between the subsarcolemmal
space and the cytosol are shallower, and so the estimate for
Taubjeye differs from the fitted value by only a factor of
approximately two.

Peskoff and Langer (1998) developed a model of calcium
movement within a half sarcomere, which is also based on
a cylindrical geometry, simplified by assuming rotational
symmetry. Inside the diadic cleft, they assume calcium is
only dependent on the radial coordinate, because diffusion
in the radial direction is orders of magnitude slower than
diffusion in the longitudinal direction. The cleft is modelled
as a small cylinder, located at the top centre of the larger
cylinder, which represents the cytosol. The concentration
of calcium inside the SR is not modelled. Our model
includes spatial information in the longitudinal direction
inside the cleft. We have included a compartment inside the
half-sarcomere which represents the SR, and have mod-
elled the calcium concentration inside it. Release of calcium
from the SR in the model of Peskoff and Langer is fixed,
and is given by the amount estimated to achieve near
maximum force. In our model, SR calcium release is
dependent on the calcium concentrations in the SR and the
cleft, as well as the open probability of the receptor.

Rice et al. (1999) include stochastic models of the flux
through the RyR. This is achieved by assigning transitional
probabilities between the states of the RyR model, and
running Monte Carlo simulations. This enables the model
to reproduce calcium sparks, which are localised releases of
calcium from the SR. Inclusion of a stochastic model of the
RyR within our model is intended for future work.

Bers (2001) shows that at a concentration of
15 umol/L Cyt, there is, on average, only one free calcium
ion inside the diadic cleft. This suggests that rather than
modelling calcium in the cleft as a continuous quantity, as
we have done, the stochastic behaviour of individual ions
should be modelled. Soeller and Cannell have constructed a
Monte Carlo model of calcium movement and bindings
inside the diadic cleft, along with a stochastic model of the
RyR, to study variability in the time course of calcium
sparks. Because such computations are extremely time-
consuming, we shall compare the results of our model to
the results of the full Monte Carlo simulation to determine
how well the discrete reality can be approximated by a
continuous model. One possibility is to construct coupled
discrete/continuous homogenised/non-homogenised mod-
els, in which the calcium concentration in the cleft is
modelled discretely, the calcium in the cytosol is modelled
continuously, while the homogenised/non-homogenised
nature of the present model is retained.
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In the past the model of the SERCA pump has
frequently been a simple Hill equation (Dupont and
Goldbeter, 1993; LeBeau et al., 1999; Schuster et al.,
2002), or the Hill equation with modifications to account
for modulation by SR (or ER in non-excitable cells)
calcium concentration (Favre et al., 1996; Sneyd et al.,
2003). Higgins et al. (2006) have used a four state model of
the SERCA pump, and have investigated the effect of
including the buffering effect of the pump, in a compart-
mental model of a non-excitable cell. When the pump
transports calcium ions between the cytosol and the SR/
ER, some of the ions are bound to the pump protein. They
are neither in the cytosol or the SR/ER, so are being
buffered by the pump. Higgins et al. (2006) found that the
buffering SERCA pump slowed calcium oscillations and
significantly reduced their amplitude. Here we have
included the same buffering SERCA pump in our three-
dimensional model of a half-sarcomere in a cardiac cell.
Again we see that using the buffering SERCA pump in
place of the non-buffering SERCA pump, with the same
concentration of pump protein, has resulted in a large
decrease in the amplitude of the transient. Increasing the
concentration of pump protein has resulted in a further
decrease. Note that here the oscillation frequency is not
affected as it is controlled by the electrical stimulation.
Further exploration of a buffering SERCA pump model
can be found in Higgins et al. (2006).

In our model of the NCX, the allosteric effect of calcium
is assumed to act instantaneously. To be more accurate, it
should contain a kinetic delay. We found that adding a
delay to the allosteric factor had almost no effect on the
results, because the value of K,,caue: used here is small
compared to the calcium concentration attained during a
transient (computations not shown). We increased K,,caucr
to 0.2 umol/L Cyt and then found that adding a delay to
the allosteric factor caused the peak in NCX current to be
reduced, provided the delay was not small compared to the
time to peak of the calcium transient. This is because the
NCX were not able to react immediately to the increase in
cytosolic calcium concentration. Note that the value of
Kcauer used depends on the positioning of the NCX. For
example, Hilgemann et al. (1992) use a much higher value,
which may be more appropriate if the NCX are located
primarily in the diadic cleft, where higher calcium
concentrations are attained.
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Appendix A. Fluxes used in the model equations
A.1. SERCA pump

To derive the model for the flux through the buffering
SERCA pump, we begin with the diagram in Fig. 15A,
which gives the state diagram for the SERCA pump. We
use this to write down the equations for the pump states
and the boundary condition across the SR membrane. We
use a quasi-steady state approximation to reduce the pump
model to a two-state system, and then apply the homo-
genisation method given by Goel et al. (2006) to form the
equations in the homogenised region.

Using Fig. 15A, the equations for the pump states and
the SR boundary condition are given by

dx
d_tl =k Y —k_4X| — ki PX 1+ k_ 1 X2,
X
—dd[2 = k102X1 — kleZ + k72 Y2 - kzXz,
Y
%: k3Y2 —k73C§Y1 —k4Y1 +k—4X1>
%:kQXQ—kszz—k3Y2+k73C%Yl>
aC 2
D,— = -2kic° X +2k_1X>, (6)
ox
0.2 —2ky ¥y — sy (7)
say = 2T 3¢, Y,

where X1+ X, + Y+ Y, =Py = PS(S/O'). P, gives the
concentration of pump protein in a cube with side length ¢
as shown in Fig. 1. ¢/ = &’ /a¢? gives the ratio of volume
to SR surface area in the cube in Fig. 1. P,(¢/0) then gives
the surface density of pump protein on the SR membrane.
Using our geometry, ¢ = 12k(1 — k).

This system of equations models a SERCA pump which
is able to buffer calcium. We know the transitions between
X and X, and between Y, and Y, are fast, and we can use

A B
ky ™ 2¢5
SR I, — Y, v
k2 +k 4K kK2 +k,y
ky| ko k4 ky
K +c? v (1+K;5¢2)
k.
—>
cYT. o ——— 7 X X
ky =
2¢

Fig. 15. (A) State diagram of the SERCA pump. X gives the surface
density of pump protein on the cytosolic side with no calcium bound, X»
gives the surface density of pump protein on the cytosolic side with two
calcium ions bound and Y, and Y, are analogous on the SR side. (B)
Reduced state diagram of the SERCA pump, formed by assuming the rate
constants ky, k_y, k3 and k_j are fast. X gives the surface density of pump
protein on the cytosolic side, and Y gives the surface density on the
SR side.
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this knowledge to simplify the system. Because the
transitions are fast, we use a quasi-steady state approxima-
tion. We assume kic>X; =k_1X, and k3Y, =k_32Y,
and let X=X, +X,, Y=Y+ Y2, K} =k_/k and
K% = k_3/k;. The state diagram for the new system is
shown in Fig. 15B.

The differential equation for the pump variable X is
derived in the following way:

dx
o =k oYs—kaXo+ kY| — k_4X,
ko K32Y ks Y
K+ 1) (1+K3D)
k262 k_4K%

(KP4 (K4 D)
. k,2K§C§ + k4( _X)— k262 + k,4K% 3%
= & o (K3 + )

The boundary condition on the cytosolic side is derived by
writing Eq. (6) as the pump flux at steady state, minus the rate
at which cytosolic calcium is bound to the pump. That is, if
the pump did not buffer calcium and therefore each of the
four transitions in the cycle took place at the same rate, then
the flux into the cytosol could be written as 2k_, Y, — 2k, X5.
However, because we wish to model a pump which buffers
calcium, we subtract from this term the rate at which
cytosolic calcium is buffered by pump, namely 2(dX,/d¢).
Here, the four transitions do not in general take place at the
same rate, and so calcium is able to accumulate on the pump.
We give the final form of the boundary condition with the
factor of ¢ multiplying the right hand side. This is so it is in
the correct form for applying the homogenisation technique
given by Goel et al. (2006). Here X = X,(¢/0):

Oc dX2
Do—=2k_»Y, =2k, X, —2——=,
Ox 242 — 2472 dl
Oc K232Y
= Dc_ — _ T 3s
Ox ? Kic2+1
X d / X
— 2k —2—(——
21K dt(c2+1<§)’
oc K23 (Py — X) X
= De— =2k _,—3 35" -2
“ox K+ LK
202 dX 4cXK3 dc
A+ K7 dt (2 KHPOr
o _ 20Kilka—k.4)
Cax - (K2 + C2)
 2APks — k2 K3KTC)
(1 + K3e2)(K? + LZ)
4cXK? dc
x(Pyg = X) — 1 %8

(> + KDt
202K%(k2 - k74)
(K7 + )

&

Ooc ¢
=D—=2"|-
“dx o(

2(02](4 — k_ngK%CE)
(1 + K3c3)(K? + ¢2)
4CX,;K% 66)

xX(P,— X)) ——————
( v K})* ot
Similarly, the boundary condition on the SR side is derived
by writing Eq. (7) as the pump flux at steady state, minus
the rate at which SR calcium is bound to the pump.
dc dY,
Dy— =2k X, —2k Y, —2——=
5 242 2 ¥ ar
de; X K32y
= D,— =2k 3t
T ey e

_,d K32y
de\K3c2+1)°

2 2.2 _
%_2k2 26 X 2k_2K3C.y(de X)

+ K7 Kic2+1
2K32 dX

4¢,K3 ey
K§c2 + 1dr

= D,

T2ty (Psa = X) 7

5D, ey _ _ 2AKiGk_aKi — kac?)
ox (1+ K3A)(KT + ¢?)
5 K3c2(ky — k_3)

(1 + K3e2y
2

- (K;ccglfl)z (Pa = X)%’

L pls_t <_ UKk _4K? — krc?)
ox o\ (1+ K3)(KT + )
5 K3c2(ky — k_3)

(1 + K3e2y
4csK§ 6q>

7P8_X87
K+ 1 "

(Psd_X)

€

X(Péi _Xs:) -

We now use the homogenisation technique given by Goel
et al. (2006) to give the SERCA flux in the homogenised
region. Here f(c, ¢;) and F(c, ¢,) denote all the other reactions
in the cytosol and SR, respectively, namely diffusion and
buffering. The diffusion coefficients in the homogenised
region are given by D. and Dy and are calculated from the
diffusion coefficients in the non-homogenised region. After
homogenisation, the differential equation for ¢ is

ycal_ycf(c Cv)+ﬁ (—2621{%(/(2_]{4)

(K2 + c2)?
27 2 2 32
ALK, )
(1+ K3 2)(K c?)
B 4eX K3 ac ®
(24 K3)* ot

where 8 gives the surface area of the SR in the cube in
Fig. 1, after it has been scaled to have unit volume.
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Therefore, f = ¢g. 7, gives the fraction of the cube in Fig. 1
that is occupied by the cytosol.

We now use X, = X,/y, and P, = P;/y. (so P. and X,
are cytosolic concentrations) to rewrite Eq. (8) as

dc 4¢K?
—1+—=—1=x,
ot ( (K} + ) >
202[(%(](2 - k,4)
_f(('a (‘S) (K% + C2)2 c

2(Pky — k2 K3K3c?)

_ P.— X,).
(1 + K3e2)(K3 + ¢2) ( )

Similarly, after homogenisation, the differential equation
for ¢ is

e
hg) = 1)
N B 2Kick 4Ki — ko) 5 K32 (ks — k_»)
o\ (I+Ke)(K+¢2) ° (14 K3¢2)?
4¢,K>% Ocy
X(Ps _Xs)_ﬁ(l)s _Xf)a_ 5
(K224 1) t

which we rewrite as

Oc,
— 11
ot (

ZF(C,CS)—'V<

+ LK%(P — X )

(K2 +1 ¢ ¢
2(K§C§k_4K% — kzcz)
(1 4+ K2e2)(K3 + ¢2)

c

K%C%(k4 - kfz)

+2
(1 + K3¢2)?

(P(,‘ - X(f)) 5

where 7y, gives the fraction of the cube in Fig. 1 that is
occupied by the SR and y=y,/y,. The differential
equations in the homogenised region are then:

dc 4eK?
—[1+—=—15x.
ot ( (KT + ¢’ )
262K%(k2 - k74)
=flc,c5) ———————
f(e) (K3 + 2)?

2Pk — k5 K3KTC))
(1 + K3e)(KT + ¢2)

¢y
hatl B
ot (

=F(C,Cs)—'y<

(PC_XC)a

4¢,K32
+ %(Pc - X0
(K5¢2+1)
2(K§C§k_4K% — szz)
(1 + K2e2)(K3 + ¢2)

2K§C§(k4 - kfz)

(1+ K22’

dX, kK32 +ky
de (K1)

(Pc_Xc)>’

k202 + k,4K%
(KT +c2)

(Pc‘_Xc)_

Ce

To derive the model for the non-buffering SERCA
pump, we take the limit as the rate constants kj, k_», k4
and k_4 tend to infinity, while the concentration of pump
protein, P,, tends to zero. The details are given by Higgins
et al. (2006). The non-buffering SERCA pump model is
given by

JSERCA
_ A~k K32k _4K3 + kac’ks)P.
T 2Ky + ko) 4 Allea 4+ k) + CKIK2 (ko + ke_g) + K2 (kg + e_g)’

Oc

P = f(c,¢) — Jsercas
oc

a—; = F(c, ¢5) + yJ sercas

in the homogenised region. To calculate the boundary
flux on the SR boundary (boundary d in Fig. 4) in the
non-homogenised region, we need to assume a value for &.
We choose length / in Fig. 1 to be the height of the
terminal SR in the non-homogenised region (that is, the
length of boundary d in Fig. 4), which is 0.085 um. Py, is
then given by P.y.(¢/o) where &/6 =0.1389 and the
boundary flux for the non-buffering SERCA pump is
given by

jSERCA
_ 2(7](,21{%(‘;2](,41(% + k262k4)P5,{
T 2K ey + k_a) 4 Alles + k) + CKIK ey + k) + Kaky + e _g)”

Oc ~
D, i —JSERCAS
X

Oc,  ~
Ds—a > = JsErca-
X

Note that when the buffering SERCA pump is used in
the model, the flux across the SR boundary in the non-
homogenised region (boundary d in Fig. 4) is given by the
non-buffering SERCA pump as this boundary is small and
has little effect on the results.

The SERCA pump rate constants are determined as
follows:

P, = Isc/s,

k> = Io[ATP]s = 6.66 x 10725,

k4 = kys = 4.44 x 1072,

k_4 = k_4[ADP][P]s = 1.33 x 10745,

i 376 X 10”Kokas
- k_4KK?
The dimensionless parameter s represents the speed of the
buffering SERCA pump. The SERCA pump rate constants
ki, k_3, k4 and k_4 are each proportional to s. We keep the
pumping capacity, which we define as the product of s with
P, constant. When P, is given a value, this determines the
value of s, which in turn determines the value of the rate
constants. The flux though the non-buffering SERCA
pump is not affected by the value of s. [ATP] is the

= 0.107s.
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concentration of adenosine triphosphate, [ADP] is the
concentration of adenosine diphosphate and [P] is the
concentration of phosphate.

We have used the Gibbs free energy of hydrolysis of ATP
to constrain the SERCA pump rate constants, and this
results in the expression for k_, given above. The
constraint is given by

~ ~ 0
K2R K2R, = " Oate/RT

where AGOATP is Gibbs free energy for the hydrolysis of
ATP, R is the universal gas constant, 7 is temperature,
K2=k_2/k2 and K4=k_4/k4. We use AG?\TP=
—50kJ/mol, R=8314x10°kJ/(molK) and T =
310K, so the condition becomes
kook_4KIK:
kaky
- 376 x 107k
:>k_2=—~x 3 22 4.
k_4KiK5

k_, 1s then lg,zs.

e—50/(8.314—3x310) ~3.76 x 10~°

A.2. Background flux

The background flux is assumed to be a simple linear
function of the potential difference across the cell
membrane, and is given by

Jback = kin(ECa - V))

where

RT c
Ec,=—1o (—0)
C=oF & c
is the Nernst potential of calcium. ¢, is the extracellular
calcium concentration, R is the universal gas constant, 7 is
temperature, F' is Faraday’s constant and 7 is voltage (see
membrane voltage).

A.3. SL pump

Because the SL calcium pump is of so little importance,
pumping at most around 2% of the total calcium during a
transient, we just model it with a simple Hill equation, with
Hill coefficient Hg;:

VmaxSL

J =
SLpump 1 T (KSL/C)HSL

A.4. Sodium—calcium exchanger

We use a Markov state model for the NCX, similar to
widely used models of the sodium—potassium exchanger
(Apell, 1989; Smith and Crampin, 2004). The flux through
the NCX is derived from Fig. 16 by assuming the system is
in steady state. We have included the allosteric factor
(Allo), which is given in Weber et al. (2001) and models the

. ngkl . ky
A, = > E, — > B
o kil o Cok_z o
ky| kg k{ ks
ks kg
A > E — > B;
ks cike

Fig. 16. State diagram of the NCX model: E denotes the carrier protein, 4
denotes the carrier protein with three bound sodium ions and B denotes
the carrier with one bound calcium ion. The subscript o refers to the
outside of the cell, and i to the inside.

allosteric regulation of the exchanger current by cytosolic
calcium. The flux is given by

Jncx = (Allo)(J),
1

Allo=———5—,
1+ <KmCaact>”HI”
4
J=k k,lk,zk,gk,ztk,sk,ﬁcun? - /(1/(21(31(41(51(()611?J
TN Z I ¥ Zoc+ Zam + Zaco + Zsnde, + Zemic + Zomind + Zgeoc
where

Zy = k_sk_1k_4(k_3k_¢ + kaks + k_gk»),
Z> = kokake(k_1ks + k_1k_4 + kaks),
Z3 = kskaky(k_3k_¢ + koks + k_gk>),
Zy =k sk _ok_s(k_1ks + k_1k_4 + ksks),
Zs = k_sk_y(k_ak_sk_¢ + k_¢k_1k_4 + k_1k_3k_¢

+ k_1k_ak_3 + ksk_1k_4 + k_s3ksk_¢),
Ze = keki(kaksky + ksksko + kskaks + k_3ksks

+ kokaks + kakak_y),
Z7 = kik_s(k_4 + ka)k_3k_¢ + kaks + k_ck2),
Zy = k_ske(k_1ks 4+ k_1k_4 + kaks)(ks + k_3).
¢, 1s the extracellular calcium concentration and »; and n,
are the cytosolic and extracellular sodium concentrations,
respectively, which are assumed to be fixed and known.

A conformational change (i.e., a change from the inside

to the outside, or vice versa) of the protein requires that a
free energy barrier be crossed. Therefore, the rate constants
ks, k_3, kg4 and k_4, are dependent on the membrane

potential, V. The dependence is as given in Keener and

Sneyd (1998).
ks = Ra@?FVIPRT  f L = iy 2FV/RT

kg = ey 3FVPRT g = i, FVIRT

Fis Faraday’s constant, R is the universal gas constant and
T is temperature. The membrane potential, V, is given in
membrane voltage.

A.5. L-type channel current

This is given as input and is shown in Fig. 17,
which gives the combined flux through all L-type channels.
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Fig. 17. The flux through the L-type calcium channels integrated over
boundary a, which is used as an input into the model. The LabHEART
model has been used to generate the data. (Puglisi and Bers, 2001).

hisre Kim| | kisre

hoSRC2
RI «— 1
om

Fig. 18. The RyR gating scheme given by Shannon et al. (2004). O gives
the open probability of the RyR and there is no calcium release in the
other three states. ¢ gives the calcium concentration in the cleft.

That is, it gives the L-type flux integrated over boundary a
in Fig. 4B.

A.6. Ryanodine receptors

The model of the RyR open probability is based on
the gating scheme given by Shannon et al. (2004) shown in
Fig. 18, where

koSR = k()/kCSR)
kiSR = kikCSRn

hoSR = hO/kCSR7
hisg = hik sr,
MaxSR — Mil’lSR

k.sr = Maxgp —
oK T R (BC )T

The gating scheme is used to form the following system of
equations, which governs the RyR dynamics:

C:i—? = koSRCZR + Kimd — (Kom + kisrc)O,

(11_]: = komO + hinRI — (k,srC* + hisr)R,
dr 2

a = kiSRCO + hoSRc RI — (hom + k[m)la

R+O+I1+RI=1.

O gives the RyR open probability, and the flux through the
RyR is given by

Jryr = kpyrO(cs — ).

40 A
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Fig. 19. Voltage across the SL membrane, which is used as an input into
the model. The NCX current and background flux are dependent upon the
membrane voltage. The LabHEART model has been used to generate the
data (Puglisi and Bers, 2001).

Table 2

Parameter values for the model equations

Parameter Value (unit)

D, 0.25 (um?/ms)

D. 0.2398 (um?/ms)

y 18.57

Vs 0.0511

ket 4.096 x 107" ((umol/L Cyt)~' ms~")
ksr- 1.26 x 1072 (ms™!)

Bsr 6000 (umol/L SR)

Dy 0.25 (um?/ms)

D, 0.0978 (um?/ms)

Ve 0.9489

ke 2456 x 107! (ms™")

B. 55 (umol/L Cyt)

ksr+ 2.0 x 107° ((umol/L SR) ™' ms™")
Table 3

Parameter values for the SERCA pump

Parameter Value (unit)

P, 52.7 (umol/L Cyt)

ks 2.22 x 10~° ((umol/L Cyt)™' ms™)
ke 4.44 x 1072 (ms™")

[ATP] 3000 (umol/L Cyt)

[P] 3000 (umol/L Cyt)

K3 0.7 ((umol/L Cyt)?)

K3 11111 x 10~ ((umol/L SR)™?)
ks 4.44 x 107 ((umol/L Cyt) > ms™!)
[ADP] 10 (umol/L Cyt)

Table 4

Parameter values for the background flux

Parameter Value (unit)

kin 1.125 x 107> (um pmol/L Cyt/ms/mV)
T 302 (K)

Co 1.8 x 10° (umol/L Cyt)
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A.7. Membrane voltage

The NCX and the background flux both depend on the
voltage across the membrane. This is given as a fixed input,
which is shown in Fig. 19.

Table 5
Parameter values for the SL pump

Parameter Value (unit)

V imaxSL 5.455 x 10~ (um pmol/L Cyt/ms)
Ksp 0.5 (umol/L Cyt)

Hsp 2

Table 6

Parameter values for the sodium—calcium exchanger

Parameter Value (unit)

kncx 1.23 x 1072 (um)

N 1.6722

ki 2.0211 x 107 (umol/L Cyt/ms)
k_» 3.6422 x 10* (ms™")

ks 5.1319 x 10° (umol/L Cyt/ms)
ks 2.6458 x 107 (umol/L Cyt/ms)
k_s 2.3161 x 107" ((umol/L Cyt)> ms™")
k_s 4.6971 x 10* (umol/L Cyt/ms)
ny 1.4 x 103 (umol/L Cyt)

T 302 (K)

Kincaaer 8.530 x 1072 (umol/L Cyt)

ky 4.072 x 107 ((umol/L Cyt)~>ms™")
ky 6.9226 x 107 (umol/L Cyt/ms)
i 4.2357 x 10° (umol/L Cyt/ms)
k4 2.8857 x 10° (umol/L Cyt/ms)
ks 3.5971 x 10* (umol/L Cyt/ms)
ke 8.7734 (ms™")

n; 7.0 x 10° (umol/L Cyt)

Co 1.8 x 10 (umol/L Cyt)

Table 7

Parameter values for the RyR model

Parameter Value (unit)

ko 2.2 x 107 ((umol/L Cyt) > ms~1)
Kom 0.06 (ms™")

ho 2.2 x 107* ((umol/L Cyt) > ms~1)
om 0.06 (meI)

MaxSR 15

EC 450 (pnmol/L SR)

kryr 12 (um/ms)

ki 5% 107 ((umol/L Cyt)™' ms™")
Kim 333 x 1073 (ms™!)

hi 5% 107 ((umol/L Cyt) ™' ms™")
Dim 333 x 1073 (ms™!)

MinSR 1

H 2.5

A.8. Parameter values

Tables 2-7 give the parameter values used in the model
equations and the flux terms.
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