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Abstract

During systole, Ca2* is released from the sarcoplasmic reticulum (SR) through ryanodine
receptors (RyRs) while, simultaneously, other ions (specifically K*, Mg2*, and CI-) provide
counter-ion flux. These ions move back into the SR during diastole through the SERCA pump and
SR K* and CI~ channels. In homeostasis, all ion concentrations in different cellular regions (e.g.,
junctional and non-junctional SR, dyadic cleft, and cytosol) are the same at the beginning and end
of the cardiac cycle. Here, we used an equivalent circuit compartment model of the SR and the
surrounding cytoplasm to understand the heart rate dependence of SR ion homeostasis. We found
that the Ca2*, Mg2*, K*, and CI~ concentrations in the SR and the cytoplasm self-adjust within
just a few heartbeats with only very small changes in Mg2*, K*, and CI~ concentrations and
membrane voltages (just a few percent). However, those small changes were enough to
compensate for the large heart-rate-dependent changes in SR and cytoplasmic Ca2* concentrations
in the new steady state. The modeling suggests that ion adaptation to increases in heart rate is
inherent to the system and that physiological changes that increase contractility and cardiac output
are accommodated by the same self-adjusting mechanism of producing small changes in ion
driving forces. Our findings also support the long-held hypothesis that SR membrane potentials
are small (~1-2 mV).
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1. Introduction

Heart rate can vary dramatically with physical activity or stress levels. Doing that requires
rapid adaptation from the tissue level down to the single protein level to maintain excitation-
contraction (EC) coupling. For example, Ca2* is released from the sarcoplasmic reticulum
(SR) through ryanodine receptors (RyRs) each time the heart beats. After the RyRs close,
the sarco/endoplasmic reticulum Ca2* ATPase (SERCA) pump works to restore the Ca2*
concentration inside the SR back to its pre-release level. The time SERCA has to accomplish
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this task decreases as the heart rate increases, and therefore SR Ca2* load changes with heart
rate.

This variation in SR Ca2* homeostasis with heart rate is well-established and has been
thoroughly studied [1,2]. During and between Ca?* release events, other ions (specifically
K*, Mg2*, and CI") also move across the SR membrane. These ions provide the counter-ion
flux during Ca?* release required to maintain the trans-SR Ca2* driving force. Currently,
little is known about the heart rate dependence of the SR K*, Mg?*, or CI~ homeostasis.

The K*, Mg2* or CI~ move into and out of the SR through ion channels. These include the
SR K* and CI~ channels [3,4], as well as the RyR which conducts Ca2*, Mg?*, and K* [5,6].
Homeostasis requires that the number of K*, Mg2*, and CI~ ions that flow out of (or into)
the SR during Ca?* release must go back in (out) between release events. Failure to achieve
homeostasis for all ions from heartbeat to heartbeat would result in the SR steadily
accumulating or losing K*, Mg2*, or CI~, compromising SR membrane potential stability,
counter-ion availability, and/or EC coupling with potentially pathological consequences
(e.g., as in K* channel-knockout mice [7]).

To better understand the heart rate dependence of SR ion homeostasis, we developed an
equivalent circuit compartment model of the SR and the surrounding cytoplasm. This model
permits us to quantify how Ca2*, Mg?*, K*, and CI~ concentrations and electrochemical
potentials between various compartments change and adapt with heart rate. We found that
Mg?2*, K*, and CI~ concentrations in the SR and the cytoplasm self-adjust to achieve
homeostasis within just a few heartbeats, consistent with recent experiments [2]. All the ion
concentrations are interdependent on each other; Ca2* concentrations changes affect Mg?*,
K*, and CI~ concentrations. The net result, from a cardiac function point of view, is large,
heart-rate-dependent effects on SR and cytoplasmic Ca2* concentrations.

The capacity of the SR to achieve Mg?*, K*, and CI~ homeostasis was remarkably robust;
even with very large parameter changes, Ca?* release and ion homeostasis was always
achieved, indicating it is something inherent to the simplified system we study and probably
to the physiological system as well. It also suggests that physiological changes designed to
increase contractility and cardiac output (e.g., phosphorylation of RyR or regulation of the
SERCA pump by phospholamban) are accommodated by the same self-adjusting
mechanism of producing small changes in ion driving forces.

2. Theory and methods

2.1. Equivalent circuit

To build our compartment model we considered a 32 pL cell with ~20,000 SR Ca?* release
units (CRUS), where cytosol, mitochondria, and the endo/sarcoplasmic reticulum occupy
66%, 30.3%, and 3.7% of the cell volume, respectively [8,9]. We modeled the space around
a single CRU using five compartments: junctional SR (JSR), non-junctional SR (NSR),
endoplasmic reticulum (ER), junctional cleft subspace (SUB) and the surrounding cytosol
(CYT) (Fig. 1, left panel). We used the abbreviations in parentheses in mathematical
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symbols. Each compartment was a cylinder with dimensions based on experimental data [8]
(Table 1).

For each ion species (Ca2*, Mg?*, K* and CI7), the total number of ions was fixed in the
system as a whole. However, the concentrations of each ion type fluctuated independently in
the various compartments as ions moved between compartments. Ca2* buffering was
modeled as an increase in the effective compartment volume “seen” by Ca?* (Table 1). We
also included non-CI™ anions in each compartment as an additional ionic species, X™. These
represent all the charge neutralizing anions that must exist in each compartment (e.g.,
proteins and phosphates). Their concentration in the cytosol and ER always neutralized
those compartments and flowed between the others (see below).

lons flowed from compartment to compartment down electrochemical potential gradients
produced by differences in concentration and/or voltage. lons moved either through ion
channels across capacitive membranes (the JSR-SUB, CYT-NSR, and CYT-ER membranes
with capacitance per area 0.01 pF/um? [10]) or via bulk electrodiffusion between contiguous
compartments (the CYT-SUB, NSR-JSR, and ER-NSR interfaces). Ca2* also crossed the
NSR-CYT membrane through SERCA pumps, for which we use the model of Shannon et al.
[9]. At high heart rates, the SERCA pump rate increases due to dissociation of
phospholamban [11,12]. The role of this phenomenon was explored by doubling SERCA
pump rate while keeping all other parameters the same.

K* and CI- currents carried by SR K* and Cl- channels followed Ohm's law:
T 1
[2=gl? (V1=2 LI (%))
zZie C; (1)

where the current of ion species 7 between compartments 1 and 2 (IZ,LQ) depends on the
conductance g}’Q, the potential difference between compartments 1 and 2 (14:2), and the

concentration in each compartment (¢! and (7). z;is the valence of ion species / and &, 7,
and eare the Boltzmann constant, absolute temperature, and elementary charge, respectively.
The SR K* and CI~ channels both had conductances of 100 pS. The Ca2*, Mg?*, and K*
currents through the RyR followed the Goldman-Hodgkin-Katz current formula [13]. The
permeabilities were chosen to reproduce the individual ionic currents at 0 mV in
physiological ion conditions, as calculated using the Gillespie ion permeation model [14].
The salient ion current/voltage curves were previously published [5].

Bulk electrodiffusion currents followed Eq. (1). We used 10 nS for all X~ bulk conductances
so that they could move quickly to provide electroneutrality, since they are all the charge
neutralizing anions already in each compartment and those that move with the cations. The
particular choice of the X~ conductances did not significantly affect our results (data not
shown). For all other ions, the SUB-CYT conductance was 250 pS. Both the ER-NSR and
NSR-JSR conductances were 10 pS, which were tuned so that the time needed to refill the
JSR is in agreement with experimental data [15] (data not shown). The ER was included
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because, in the cell, it is connected to the SR where it can serve as a reservoir of ions to
replenish the NSR in addition to the SERCA pump [16]. The model results are generally
insensitive to the specific choice of flux rate, except under the extreme circumstance of the
SERCA pump being off (not shown).

In our equivalent circuit model, the concentration of each ion species and the voltage in each
compartment (Fig. 1, right panel) evolved over time to satisfy Kirchhoff's current laws. This
initial-value system of algebraic-differential equations (the initial ion concentrations are
listed in Table 1) was solved using Mathematica 8.0.1 (Wolfram Research, Champaign, IL)
with Runge-Kutta methods.

2.2. Membrane channels and Ca?* release

RyRs were localized only in the JSR-SUB membrane and SERCA pumps only in the NSR-
CYT membrane. 320 SR K* channels and 320 SR CI~ channels were distributed over the
whole SR membrane, with a 80 on each membrane (i.e., JSR-SUB, JSR-CYT, NSR-CYT,
ER-CYT). Open RyRs conduct Ca%*, Mg2*, and K* while open SR K* and CI~ channels
conduct only their namesake ions. The SR K* channel was recently identified [17] as the
trimeric intracellular cation (TRIC) channel [7].

The K* and CI~ channels were assumed to be always open and the SERCA pumps always
active. The RyRs were initially closed and then opened to initiate the release of Ca2*.
Specifically, we used a smooth RyR gating function of a Gaussian with mean 25 ms and
variance 2.7 ms and amplitude 0.33; the gating function both initiates and terminates RyR-
mediated Ca2* release. This gave a time course of CaZ* current from a single CRU (Fig. 2A,
red line) that was in reasonable agreement with experiments by Santiago et al. [18].

To compare our model result to other models, Fig. 2B shows the predicted time course of
[Ca?*];sr, [Ca%*]sup, and [Ca?*]cyT during a Ca2* transient at a heart rate of 60 beats per
minute (bpm). The [Ca?*];sr drops rapidly to ~15% of its steady-state diastolic level,
consistent with previous modeling studies [19]. The [Ca?*]syg, and [Ca2*]cyT suddenly
increase, reaching a peak of 3.5 uM and 1.2 uM, respectively. This is also in agreement with
experimental results [20] and previous computational models [9,21]

2.3. Changing heart rate

All simulations were started with the initial concentrations listed in Table 1 and with all
membrane potentials set to 0 mV. At the start of the simulation, the RyR gating function was
turned on and the system evolved with the RyRs opening once per second (60 bpm) until
Ca?*, Mg?*, K*, and CI~ concentrations at the beginning and end of a 1 second interval were
the same to four significant figures (i.e., ion homeostasis was achieved at that heart rate).
The pacing was then stepped to the desired new rate and the simulation continued until a
new ion homeostasis was reached at the new heart rate.
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2.4. What is and is not in the model

Compartment models by their nature are necessarily highly approximate; spatial
inhomogeneity within a region is completely ignored and compartment homogenization
occurs instantaneously. Beyond that, our model in particular makes further approximations:

Buffering, like the homogenization of the compartments' ion concentrations, is
instantaneous by giving Ca?* an effective larger volume for each compartment;
while both processes are generally fast, the exact microsecond and location
dependent results are missed. This was done because the exact rate constants of
the buffers are unknown, especially for the highly unusual [Ca2*] binding
dependence of calsequestrin [22]. We used experimentally measured equivalent
buffering volumes when possible [1].

Not all cellular Ca2* signaling pathways are included in the model, especially the
sarcolemmal Na*/Ca2* exchanger and dihydropyridine receptors (DHPRs). Other
potential SR Ca?* leak pathways (e.g., IP3 receptors and TRP channels) are also
not included. The model has been reduced to only those fluxes relevant to
address our hypothesis. As the model only addresses change in response to SR
Ca release, no sarcolemmal fluxes were included in the model. For instance,
analysis of the parameter space indicates that no realistic change in SR Ca?*
release due DHPR-dependent variation in excitation-contraction coupling or to
realistic changes in SR [Ca?*] will alter the numbers, but not our conclusions.

RyR gating is imposed through the gating function to mimic the response of
Ca?* influx through the DHPRS, rather than in response to actual Ca2* influx
through DHPRs. Moreover, the RyRs are insensitive to subspace [Ca2*] and
therefore do not exhibit Ca?* leak out of the SR through stochastic openings.
Ca?* release due to SR Ca2* leak is extremely slow relative to action potential-
induced release. To simulate leak, we performed calculations with 1 of the ~50
RyRs always open and none of the results changed substantially (data not
shown).

The goal of this work is not an exact quantitative model. By including the major SR ion
pathways, we have created a model with which one can begin to qualitatively understand ion
movements during the cardiac cycle.

3. Results

Fig. 3 illustrates the predicted SR Ca2* load changes due to triggered Ca?* release events at
3 different heart rates (60, 180, and 360 bpm; 1, 3, and 6 Hz, respectively). The time course
of [Ca2*];sr shown in the figure illustrates five important features that we will analyze
further later:

Our model produces the expected rhythmic pattern of the SR Ca?* release-uptake
cycle in a system driven solely by the periodic opening and closing of the RyRs.

At each pacing rate, both the systolic and diastolic values of all ion concentrations
and membrane voltages reach a steady state within a small number of heartbeats (the
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peak and trough values are consistent). Moreover, the vast majority of adaptation
occurs during the first beat.

The systolic and diastolic SR Ca2* levels are heart rate dependent. For example, the
diastolic SR Ca2* load (maxima) at 360 bpmis ~60-70% of the 60 bpm load.

lon re-equilibration occurs spontaneously. There is nothing in the model to make this
happen. It occurs no matter how heart rate is changed (60 to 30, 60 to 360, or even 60
to 900 bpm; latter not shown).

The changes in the concentrations of all ion species except Ca2* are quite small
(generally <3%), but those differences are enough to establish zero net flux at the
new pacing rate.

3.1. SERCA contribution

Fig. 3 also shows that doubling of the SERCA pumping rate (“SERCA x 2”) does not
substantially alter the SR Ca2* load (dashed blue line) at heart rates <180 bpm. The small
increase at 180 bpm translates into a slight (<10%) increase in the number of Ca%* ions
released (Fig. 4). Doubling SERCA pump rate had a more substantial action at 360 bpm.
This is representative of our subsequent finding, and therefore we include the “SERCA x 2”
results in all figures with dashed lines.

3.2. lon concentration and membrane potential adaptation

Like the JSR Ca2* concentration shown in Fig. 3, the concentrations of Ca?*, Mg2*, K*, and
CI™ in all compartments reached new steady-state levels at all the heart rates we tested. How
quickly this homeostasis was achieved varied with heart rate, as shown in Fig. 5. Each line
shows the number of beats needed to reach steady-state after starting with a heart rate of 60
bpm (1 Hz). Under all conditions, it always took <25 beats and <6 s (hot shown) to reach the
new steady state.

Fig. 6 shows the pacing rate dependence of the steady-state diastolic and systolic ion
concentrations in the JSR (panel A: CaZ*, B: Mg2*, C: K*, D: CI7). With the exception of
the SR Ca2* load, the changes to steady-state ion concentrations were very small, even with
the slower SERCA pump. Compared to 60 bpm, the largest changes were always in the
diastolic values with the slower SERCA model. For example, Mg2* changed by <0.04 mM
(~4% of the 60 bpm diastolic value), K* by <3 mM (~2.5%), and CI~ by <0.15 mM (~3%).
The faster SERCA pump significantly reduced these diastolic changes, and the largest
changes were now in the systolic values; Mg2* changed by at most <0.03 mM (~2.6% of the
60 bpm systolic value), K* by ~1.5 mM (~1.2%), and CI~ by ~0.06 mM (~1.3%).

The changes in JSR membrane potential ( V4,) were similarly small (Fig. 7). The end
diastolic JSR VW, (Fig. 7, black) was near 0 mV at 60 bpm and —0.75 mV at 360 bpm. The
peak systolic JSR V4, (Fig. 7, red) was ~—2 mV for all pacing rates. Thus, the JSR VW,
change evoked by each individual Ca2* release event was always <2.25 mV. This small
amplitude change in the JSR V4, is the result of robust counter-ion flux during Ca2* release

[5].
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The only large changes in concentration were for Ca2*. In the JSR, Fig. 6A shows that the
diastolic Ca%* load decreased substantially with pacing rate because there was insufficient
time for the SERCA pump to take up more Ca2*. There was a concomitant increase in
cytosolic CaZ* concentration, as shown in Fig. 8.

3.3. Robustness

In order to understand the sensitivity of the model to its parameters, we systematically
adjusted key variables to extreme values. Parameters were generally paired together; the
number of K* and CI~ channels were paired, as were initial [K*] and [Mg?*] (equal in all
compartments) and K* and Mg2* permeability through RyR. Within each pairing, all
permutations of the multiplying factors 1.0, 0.5, 0.1, and 0.0 were applied to normal values.
SERCA pump rate was also varied as an independent parameter with the same factors. The
model was run for all of these conditions at 60 and 600 bpm. In some cases, computational
issues arose when using the exact value 0, in which case 108 was used instead.

In general, we observed that the model is resilient to such changes in two key ways. First,
the model itself always reaches homeostasis, although more extreme changes generally
require more beats to achieve it. Second, the results are quantitatively similar to the normal
case, but vary in physiologically important ways. To illustrate, we describe in more detail
varying the total number of K* and CI~ channels. For the case with 10% of the normal
number of K* channels and 100% of the number of CI~ channels, the maximum ion
concentrations across all compartments change by 5% or less, while the peak voltages are
double that of the normal case. When K* channels are removed completely and CI~ channels
remain at 100% (i.e., the total knockout of TRIC channels [7]), [Ca2*] in each compartment
varies only by several percent from the normal case. While Ca?* release appears normal,
peak voltages across all membranes increase by a factor of ~20. The total removal of K*-
selective channels requires all K* ions to move through the RyR, which requires larger
driving forces (voltage) than normal to maintain Ca2* release. Similarly, in the most extreme
permutation when both K* and CI~ channels are completely removed, the peak membrane
voltages increase by a factor of ~2500, while [Ca2*] in all compartments are still within
several percent of the normal case.

For the cases we studied, we observed that voltages adjust much more readily than ion
concentrations; ion concentrations generally stay within a factor of 2 of their normal value,
and often much less for [Ca2*]. The exception to this is varying the SERCA pump rate,
which has the strongest effect on [Ca2*], as expected. With SERCA pump rate turned off,
[CaZ*] in the SR becomes fully depleted, and Ca2* release stopped with micromolar [Ca2*]
in all compartments and voltages <3mV. Taken together, these results show that a JSR-to-
subspace Ca?* concentration gradient produced by a working SERCA pump always
produces Ca?* release and that the feedback loops of the system (e.g., voltage changes
opposing large charge movements and therefore large concentration gradients) adjust to
accommodate this release.

Overall, we found that Ca2* release was strikingly similar in many cases, but there were
large changes in membrane potentials while concentrations were not changed significantly;
the one major exception was when the SERCA pump was turned off and Ca2* release was
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not possible. Fig. 9 shows examples of this, specifically when the initial [K*] and [Mg%*]
were changed. Ca2* release is generally unaffected (Fig. 9A), but the JSR-SUB membrane
potential varied widely (Fig. 9B), as did other potentials.

4. Discussion

Our equivalent circuit model of a single Ca2* release unit is, to our knowledge, the first such
model of cardiac Ca2* release to include compartment voltages and to include all salient
ions (Ca2*, Mg2*, K* and CI™) and their channels. Our goal was a reductionist Ca2* release
model using experimental numbers whenever possible, which required using data from
several species (e.g., cell and SERCA pump parameters from rabbit [1,9], RyR permeation
data from dog [23], and K* channel data from sheep [17]). Because of this and the
approximate nature of compartment models, our aim was not quantitative accuracy for a
specific species, but rather a qualitative understanding of how ion concentrations and
membrane voltages adjust to instantaneous changes in heart rate.

4.1. New heart rate: Small changes, big effects

The forces that move ions between compartments are their concentration gradients and
voltage differences. These must be the same at the end of the contraction as at the beginning.
This requires zero net flux for each ion species into and out of all compartments during each
cycle. In our model, the only large variations that occur are in the Ca2* concentrations in the
JSR, subspace, and cytosol. Zero net K*, Mg2*, and CI~ flux occurs because there are small
adjustments in the diastolic and systolic intercompartment voltages and concentration
gradients.

If there is enough time between beats, during diastole the various SR ions will be in
equilibrium with their local concentration gradients and the voltage differences producing
zero net flux between the different compartments. (Even the SERCA pump flux is zero
because in the model by Shannon et al. [9] this occurs when [Ca2*]nsr/[CaZt]cyT is ~6900.
Also, our model does not include diastolic SR Ca2* leak.) In our system, this special case
occurs only at pacing rates less than ~30 bpm. At higher pacing rates, there is a net flux of
ions during diastole because the SERCA pump is still moving Ca2* back into the NSR,
leaving a lower JSR concentration and higher cytosolic concentration, as compared to 30
bpm (Figs. 6A and 8, black lines). Overall, the changes in the K*, Mg2*, and CI~
concentrations and voltages are relatively small. This is exemplified by the JSR
concentrations and JSR-subspace voltage in Figs. 6B—C and 7 (black lines), respectively;
JSR concentrations differ by <3% at all pacing rates compared to 60 bpm. All concentrations
and voltages throughout the system are changed to a similar extent (data not shown). That
major changes in Ca2* concentrations (and contractility) are accommodated by small
relative changes in the levels of other ionic species makes sense because small relative
changes in these ions are enough to compensate for the change in total charge moved during
Ca?* release, since Ca2* concentration is much smaller (especially compared to K*).

At the end of systole, all ion concentrations and voltages reach either a minimal or maximal
value in each compartment before returning to their diastolic value. In the JSR, for example,
Ca%*, Mg?*, and CI~ have minima (Fig. 6A,B,D, red lines) while K* has a maximum (Fig.
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6C, red lines). The JSR-subspace voltage is most negative (Fig. 7, red lines). Each of these
values changes with pacing rate, but as with the diastolic values, they change only a few
percent.

These multiple small changes in both diastolic and systolic concentrations and voltages
combine to produce the necessary zero net flux of all ions over the time course of the
contraction. (This was numerically verified.) Our model also reveals that the vast majority of
these adjustments occurs during the first beat following an abrupt change in heart rate. For
example, Fig. 3 shows that an instantaneous change from 60 to 360 bpm caused only very
minor changes in JSR Ca2* concentration after the first beat at the new faster rate. In Fig. 5
we show the number of beats needed to reach the new concentrations of all ions to within
0.01%. Even with this exacting standard, the concentration adjustments occur very quickly.
This same quick adjustment has recently been shown experimentally in whole heart optical
mapping of SR Ca2* load [2].

4.2. Robustness of SR Ca?* release and ion homeostasis

Fig. 9 shows that in general none of the changes to parameters we tried (except turning off
the SERCA pump) produced significant changes in SR Ca?* release, either its dynamics or
net Ca2* release, but they did produce significant changes in membrane potentials. The
mechanism behind this robustness of SR Ca2* release is the following: when the RyRs are
closed during diastole, the SERCA pump produces a high concentration of Ca?* in the SR;
when the RyRs open, there is a large concentration gradient (equivalent to ~120 mV [5]) and
Ca?" is necessarily released since the JSR to subspace voltage never becomes large enough
to oppose it; if there is a reduction in the number of avenues for countercurrent to flow,
counterions still move because charge in the form of Ca2* has crossed a membrane, but that
charge causes larger membrane potentials since the same amount of charge is moved but
there is more resistance to counterion flow.

Therefore, it is the large Ca2* concentration gradient between the JSR and the subspace that
always produces robust SR CaZ* release, unless there is no pump to produce the gradient.
The robustness of ion homeostasis then follows from the fact that the Ca2* diffusing from
the subspace into the cytoplasm depletes the SR membrane potentials, reversing the driving
forces of the K* and CI~ ions so that they re-equilibrate before the next release. If heart rate
jumps, a new steady state of ion concentrations and voltages is reached because as less Ca?*
is released during systole (because less was pumped back into the SR, Fig. 6A), the
membrane potentials are only slightly altered because the membranes are large and thus
have a relatively high capacitance. Therefore, even a large jump in heart rate results in only
small changes in the K* and CI~ ions' driving forces which, over the next few cycles, can
readjust to new values.

4.3. lon concentration and membrane potential changes during muscle contraction

The main aim of this paper is to understand the cycling of ions into and out of the SR in
response to changes in heart rate. A detailed description of the driving forces and
countercurrents across the membranes is beyond the scope of this paper, but will be
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addressed in future publications. We do, however, wish to briefly discuss some aspects of
ion driving forces within the SR.

So far we considered how voltages and concentrations change between diastole and systole.
(An example was already shown in Fig. 2B.) These changes are also relatively small for K*,
Mg?*, and CI~. (The changes in Ca2* concentrations in, for example, the cytosol and the
JSR are already well-known [1].) Focusing on the JSR (Fig. 6), the largest absolute change
is the ~5-8 mM change in K* concentration (a ~4-7% change). The largest relative change
was the ~6-8% (~0.06-0.8 mM) change in JSR Mg2* concentration, while CI~ changed ~4—
7% (~0.2-0.35 mM), depending on the pacing rate.

These concentrations change quickly in time, and therefore so do the ions' driving forces,
specifically the inter-compartment concentration ratios and the voltages. These time courses
are shown in Fig. 10 for the NSR and JSR interface. We use this as an example because the
NSR is the compartment that refills the JSR with Ca?* and the voltage aspect of this refilling
has not been considered before. In general, the JSR-NSR voltage does not contribute much
to the Ca?* refill since the —0.75mV at peak is small compared to the driving force of the
concentration gradient; the voltage is equivalent to a concentration gradient of ~0.97
(JSR:NSR), as compared to actual concentration gradient of ~0.25 for Ca* (Fig. 10B). For
other ions like K*, Mg?*, and CI~, however, the voltage component of the driving force is
comparable to the concentration gradient. The importance of this effect will be studied
further in future work.

Fig. 10B and C show some unexpected movements of Ca2* and Mg2*, respectively, between
the JSR and NSR. Specifically, the JSR:NSR Ca?* concentration ratio for the two SERCA
pump models intersect and the Mg2* concentration ratio exhibits biphasic behavior.

At first glance, the intersection of the two JSR:NSR Ca?* concentration ratios might
counterintuitively indicate that the faster SERCA pump model is at times slower in refilling
the JSR than the regular SERCA pump model. During Ca2* release, the JSR Ca2*
concentration has approximately the same time course for both pump models. However, the
NSR Ca2* concentration time courses are very different because the SERCA pumps are
located only on the NSR-CYT membrane, with the faster pump filling the NSR faster (data
not shown) to produce the initial lower JSR:NSR Ca?* concentration ratio seen in Fig. 10B.

The biphasic behavior of the Mg2* diffusion driving force shown in Fig. 10C is also at first
counterintuitive. During the initial stages of Ca?* release, Mg2* exits the JSR into the
subspace (causing the initial decrease seen in Fig. 10C) and, during the final stages, reenters
the JSR from the subspace (data not shown). This is the opposite of what had been
hypothesized to happen [5]; MgZ* does not act as a countercurrent to Ca2* release, but
actually initially accompanies the exiting Ca2*. Whereas previous countercurrent
calculations assumed an equal concentration of Mg2* across the SR membrane [5], here the
pacing rate of the heart induces a diastolic Mg2* concentration gradient where the JSR Mg2*
concentration is larger than in the subspace. This gradient is a consequence of ion
homeostasis; it is necessary for Mg2* to have zero net flux during the cardiac cycle. Mg2*
countercurrent and countercurrent in general will be described in more detail in future work.
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4.4. Implications

Our results indicate that SR ion homeostasis is robust and rapidly self-adjusting. This is a
general property of the system; even when changing some parameters to extremes (e.g.,
setting the number of K* and CI~ channels to 0), the system always reaches homeostasis of
all ions and voltages and produces significant Ca?* release, unless the SERCA pump is
blocked. This is consistent with the continued SR Ca2* release observed in pathological
conditions like the knock-out of half of the TRIC channels [7] or changes in cytosolic
[Mg?2*] due to ATP use or diseases like heart failure [24]. What is different in the
physiological case is that the membrane potentials tend to be very small, on the order of ~1-
2 mV, while pathological cases tend to have larger membrane potentials. This is because
there are both a large number of ions, especially K*, and a large number of transmembrane
pathways for those ions. Large membrane potentials can then be avoided by moving a
relatively small number of ions through many channels instead a limited number of
channels.

Under physiological conditions, the system responds to large beat-to-beat changes in SR and
cytosolic Ca2* concentrations with a series of small shifts in membrane potential, intra-SR
voltages, and SR K*, Mg2*, and CI~ concentrations. These small changes together
counteract the sudden30—-40% changes in JSR Ca2* load (Fig. 6A) and ~500% changes in
cytosolic Ca2* concentration (Fig. 8), assuring the SR achieves net ion homeostasis within
just a few beats (Fig. 5). While our model does not include all ion movements (e.g., diastolic
Ca?" leak, the Na*/Ca?* exchange pump, L-type Ca2* channels), these are unlikely to
change the SR's robust ion self-adjusting behavior we found.

The ability of the system to self-adjust in response to changes in pacing rate (or other
perturbations as our analysis found) is inherent in the mathematical properties of the system,
as it includes a number of natural negative-feedback mechanisms. This is similar to what
other modeling studies have found generally (e.g., [25]) as well as Eisner's general
“autoregulation” of SR load [26].

Our results also validate the assumption that the SR V4, is near 0 mV and remains largely
unchanged during SR Ca?* release. For example, we found that the SR Ca?* release at high
heart rates has almost no effect on JSR V. Also, modeling generally assumes that the
voltage across the SERCA pump is small and can be ignored. Our model corroborates this
assumption; in our model the NSR-JSR potential even at its peak is <0.75 mV (Fig. 10, red
line).

Most of the changes we found, either in voltage or concentration, would not be
experimentally detectable. Somlyo et al. [27] did measure ion movements into and out of the
SR, but by comparing ion SR contents before and after a sustained skeletal muscle tetanus.
These measurements cannot, however, reveal the changes in SR K*, Mg2*, and CI~ levels
evoked by individual SR Ca?* release events. Modeling like that done here is the only way
to ascertain this information and to provide new insights into the SR ion homeostasis that
underlies and supports the Ca2* release cycle.
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5. Conclusion

The equivalent circuit model of ion movement during cardiac muscle contraction described

here reveals fast self-adjusting ion concentrations and intercompartment voltages that occur
in response to systolic SR Ca?* release. No element of our model has “knowledge” of the
desired global end result of ion re-equilibration. Rather, this occurs because local ion
movements across individual membranes are inherently coupled: (a) each compartment is
connected to at least one other, (b) local ion movements change compartment concentrations
and voltages, and (c) these changes affect ion currents across other membranes. We showed
that these interconnections permits multiple small changes in multiple factors to compensate
for large dynamic fluctuations in SR Ca2* levels.
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Fig. 1.

(Color online) (left) Sketch of the compartment model. lon fluxes between compartments
are indicated by the arrows. (right) Equivalent circuit of the compartment model.
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Fig. 2.

(A?) Total Ca2* current from a single CRU. (B) During systole JSR Ca2* concentration
decreases rapidly (red line) and increases both in the SUB (black line) and in the CYT (blue
line). After Ca2* release ends, systolic concentrations are restored slowly. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3.

The SR Ca?* load ([Ca?*];sR) as a function of time for the indicated heart rates. The solid
black lines are for the regular SERCA model and the dashed blue lines for the SERCA x 2
model. The new steady-state diastolic and systolic Ca* concentrations are indicated for the
standard SERCA model at 360 bpm. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4.

Tr?e number of Ca2* ions released by a CRU during one heartbeat as a function of pacing
rate for the regular SERCA model [9] (solid black line) and the phospholamban-enhanced
model with twice the pumping rate (dashed blue line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5.
(Color online) The number of beats needed to reach new steady-state. These are the number

of beats it took for all simulated concentrations in all compartments to have a difference of
<0.01% from the previous beat. The simulation started at a pacing rate of 60 bpm (1 Hz)
and, after steady state was reached, was instantaneously increased to the heart rate on the x-
axis.
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The steady-state ion concentrations in the JSR as a function of pacing rate for (A) Ca2*, (B)
Mg?2*, (C) K*, and (D) CI~. Diastolic concentrations are shown in black and systolic
concentrations in red. The solid lines are for the regular SERCA model and the dashed lines
for the SERCA x 2 model. Systolic [Mg?*] was the minimum during the cycle. (For
interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 7.
The peak junctional SR membrane potential. Diastolic values are shown in black and the

largest during systole in red. The solid lines are for the regular SERCA model and the
dashed lines for the SERCA x 2 model. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Tr?e cytosolic Ca2* concentration as a function of pacing rate. Diastolic concentrations are
shown in black and systolic concentrations in red. The solid lines are for the regular SERCA
model and the dashed lines for the SERCA x 2 model. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9.
(A) The JSR Ca?* concentration as a function of time at 60 bpm for different combinations

of 0, 10%, 50%, and 100% of normal [K*] and [Mg2*]. (B) The JSR-SUB membrane
potential for the same cases.
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Fig. 10.
(Color online) Driving forces of ions from the NSR to the JSR. (A) Electrostatic potential

difference. (B—C) Concentration ratios of Ca2*, Mg?*, and K*.
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