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Abstract
During heart failure, the ability of the sarcoplasmic reticulum (SR) to store Ca2+ is severely impaired
resulting in abnormal Ca2+ cycling and excitation-contraction (EC) coupling. Recently, it has been
proposed that “leaky” ryanodine receptors (RyRs) contribute to diminished Ca2+ levels in the SR.
Various groups have experimentally investigated the effects of RyR phosphorylation mediated by
Ca2+/calmodulin-dependent kinase II (CaMKII) on RyR behavior. Some of these results are difficult
to interpret since RyR gating is modulated by many external proteins and ions, including Ca2+. Here,
we present a mathematical model representing CaMKII-RyR interaction in the canine ventricular
myocyte. This is an extension of our previous model which characterized CaMKII phosphorylation
of L-type Ca2+ channels (LCCs) in the cardiac dyad. In this model, it is assumed that upon
phosphorylation, RyR Ca2+-sensitivity is increased. Individual RyR phosphorylation is modeled as
a function of dyadic CaMKII activity, which is modulated by local Ca2+ levels. The model is
constrained by experimental measurements of Ca2+ spark frequency and steady state RyR
phosphorylation. It replicates steady state RyR (leak) fluxes in the range measured in experiments
without the addition of a separate passive leak pathway. Simulation results suggest that under
physiological conditions, CaMKII phosphorylation of LCCs ultimately has a greater effect on RyR
flux as compared with RyR phosphorylation. We also show that phosphorylation of LCCs decreases
EC coupling gain significantly and increases action potential duration. These results suggest that
LCC phosphorylation sites may be a more effective target than RyR sites in modulating diastolic
RyR flux.
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Introduction
During heart failure (HF), cardiac Ca2+ cycling is disturbed, resulting in altered excitation-
contraction coupling (ECC). One of the causes of this disruption is a diminished sarcoplasmic
reticulum (SR) Ca2+ uptake rate, which hinders the ability of the SR to store adequate levels
of Ca2+ [1,2]. Additionally, it has been suggested that during HF, Ca2+ leak via ryanodine
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receptors (RyRs) increases, further limiting SR Ca2+ (CaSR) load [3–5]. The existence and
cause of this RyR leak has been debated extensively, however there is growing evidence
pointing to a critically important role of localized kinases, such as Ca2+/calmodulin-dependent
kinase II (CaMKII) [3,6] in the modulation of RyR function.

CaMKII activity is dynamically regulated by Ca2+, calmodulin (CaM) and phosphatases. It
targets a number of proteins involves in ion transport in the cardiac ventricular myocyte,
including L-type Ca2+ channels (LCCs), phospholamban (PLB) and RyRs. The large number
of potential ECC-related CaMKII targets makes it difficult to quantify how phosphorylation
of each target contributes to the integrative properties of ECC and myocyte function. This has
motivated the development of a number of computational models of CaMKII action [7–10].
This study presents a novel computational model which incorporates the interaction of CaMKII
with its major ECC targets: LCCs, RyRs and PLB. It builds upon our previous model which
describes dynamic CaMKII phosphorylation of LCCs [8] and L-type Ca2+ current (ICaL)
facilitation. The goal of this study is to use model simulations to answer the following question:
how does differential CaMKII phosphorylation of LCCs, RyRs and PLB modulate RyR
Ca2+ flux (leak), ECC and action potential (AP) duration?

Modeling the direct interaction between CaMKII and RyRs poses a challenge since there are
many conflicting experimental results regarding CaMKII-mediated changes in RyR behavior.
RyR open probability (Po) has been shown to increase [11–13] or decrease [14,15] in the
presence of CaMKII. These inconsistencies may be due to variations in methods of RyR
isolation and preparation. In addition, the high sensitivity of RyR gating to cytosolic Ca2+

concentration ([Cacyt]) and [CaSR] makes it difficult to interpret experiments in which
[Cacyt] and [CaSR] are not tightly controlled. Recently, Guo et al [12] used an experimental
protocol in which [Cacyt] and [CaSR] were tightly controlled to show that CaMKII
phosphorylation of RyRs increases Po. Their Ca2+ spark frequency (CaSpF) measurements in
the absence and presence of CaMKII, in conjunction with results from CaMKII
phosphorylation assays, are used to constrain parameters of this new model. Additionally,
CaMKII-mediated phosphorylation of PLB and the subsequent dis-inhibition of the SR Ca2+

pump (SERCA) is modeled. This mechanism, in turn, regulates [CaSR] and RyR gating.

The model presented in this study is unique in that it simulates independent individual dyadic
Ca2+ compartments and determines the state of local Ca2+ dependent processes such as CaMKII
activity, RyR activation and LCC inactivation. Thus, simulations can be used to make
predictions about whole-cell phenomena that are governed by the dynamics of local Ca2+. The
results show that LCC phosphorylation ultimately leads to increased diastolic RyR leak and
action potential duration (APD), and that LCC and RyR phosphorylation have identifiably
distinct effects on ECC.

Materials and Methods
The CaMKII-RyR computational model builds upon our previous work [8], which described
CaMKII phosphorylation of LCCs, with model parameters carefully constrained by
experimental data, in a stochastic, local control model of the canine cardiac ventricular myocyte
[16]. It is assumed that a dodecameric CaMKII holoenzyme is tethered to each LCC, and that
LCCs, RyRs and kinase monomers respond to dyadic Ca2+ levels ([Cadyad]). The model tracks
individual LCCs, RyRs and CaMKII holoenzymes, as well as [Cadyad] and the junctional
[CaSR] ([CaJSR]) associated with each dyadic space. CaMKII is activated when bound by
Ca2+/CaM, and/or phosphorylated at T287. The CaMKII model transitions between various
conformational states, each of which is associated with a different bound and/or phosphorylated
configuration (see Figure 2 in Hashambhoy et al [8]). Each state is associated with a
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corresponding CaMKII activity coefficient, which represents the state’s phosphorylation rate
normalized to the maximum phosphorylation rate of CaMKII.

CaMKII phosphorylates LCCs and RyRs dynamically as a function of kinase activity. This
dynamic phosphorylation captures the Ca2+ feedback between LCCs and RyRs (which allow
Ca2+ to enter the dyad) and CaMKII (which is activated by Ca2+ and regulates LCC and RyR
function), thus allowing for correlation between channel openings and phosphorylation.

LCC gating is modeled as described previously [8] with voltage- and Ca2+-dependent rate
parameters. When an LCC is fully phosphorylated by CaMKII, it transitions to a highly active
mode of gating known as mode 2. Mode 2 channels exhibit a longer mean open time (resulting
from a reduced transition rate out of the open state) compared to unphosphorylated channels
which gate in mode 1, the normal mode of gating [17,18].

In the new model, CaMKII dynamically phosphorylates RyRs at a rate proportional to dyadic
CaMKII activity. A modified version of the four state RyR model presented by Shannon et al
[19] is incorporated into the local control myocyte model (see Figure 1).

The integrated Shannon model incorporates [Cadyad]- and [CaJSR]-dependent RyR inactivation
and is able to reproduce Ca2+ spark properties (such as spark duration and CaJSR depletion,
see DS “Model Validation”). In the original model, RyRs reside in one of four states: closed
(R), open (O), inactivated (I), or closed and inactivated (RI). Transitions between these states
are governed by [Cadyad] as well as [CaJSR]. The model presented here is an eight-state model
comprised of two mirrored groups of four state models, one representing unphosphorylated
RyRs, and the other representing phosphorylated RyRs. Transitions to the phosphorylated
states are governed by the dynamic rate of phosphorylation, which is dependent on dyadic
CaMKII activity. Return to the unphosphorylated states is mediated by a constant rate of
dephosphorylation.

Based on experimental results [20,21], it is assumed that CaMKII phosphorylation of RyRs
leads to heightened Ca2+ sensitivity which results in increased RyR Po. In the RyR model, this
translates to increases in the R to O and RI to I kinetic rate constants (compare
unphosphorylated and phosphorylated models in Fig. 1A). These rate constants are dependent
on both [Cadyad] and [CaJSR]. Maximal rate of CaMKII phosphorylation of RyRs is constrained
by in vitro experimental results [11]. The rate of dephosphorylation is constrained such that
under simulation of 0.1 Hz and 2 Hz pacing, RyR phosphorylation levels match those reported
in experiments at RyR site S2815, which has been shown in experiments to be a CaMKII
specific site [22].

Transition rates in the phosphorylated RyR model are identical to those in the unphosphorylated
model, except for the addition of a multiplicative factor CaShift in the horizontal Ca2+-
dependent rates, which simulates an increase in Ca2+ sensitivity in the RyR opening rate and
the rate from state RI to state I (in order to maintain macroscopic reversibility). In the Shannon
et al RyR model [19], luminal Ca2+ modulates RyR affinity for [Cacyt]; thus an alteration in
the sensitivity to luminal Ca2+ also alters RyR sensitivity to [Cacyt] (and vice versa). Thus,
altering either [Cadyad] or [CaJSR] sensitivity results in the same net effect of increased RyR
sensitivity, and are therefore qualitatively indistinguishable in this model. A Nelder Mead
Simplex algorithm (MATLAB, The Mathworks, Inc.) was used to calculate the optimal value
for CaShift that would result in a steady state RyR Po increase matching the CaSpF augmentation
reported by Guo et al [12] in wild type (WT) and PLB knockout (PLB-KO) myocytes.
CaShift was optimized to a value of 1.3, which yields steady state RyR Po increases of 129%
and 69% for the WT and PLB-KO cases, respectively (the data show 150% and 98% increases
in CaSpF [12]).
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The Ca2+ spark results in the “ECC Gain” section are derived from simulations performed 5
times at each membrane potential in each scenario. In each simulation, individual LCC and
RyR fluxes were analyzed from 250 functional release units.

Additionally, the model describes cytosolic CaMKII phosphorylation of PLB. Binding of PLB
to the SERCA pump has been shown to decrease SR Ca2+ uptake by reducing the affinity of
the pump for Ca2+. Phosphorylation of PLB relieves its inhibition of SERCA [23], and Ca2+

affinity returns to that in the PLB-unbound state. The PLB-SERCA model is a modified version
of the SERCA pump model presented by Shannon et al [24]. Fractional PLB phosphorylation
and dephosphorylation are described using Michaelis-Menten equations, where Vmax and
Km are derived from in vitro experiments [25,26]. A full description of the complete model
can be found in the Data Supplement (DS). One way ANOVA significance tests were used to
calculate all p values and data are presented as mean ± S.E.M.

Results
CaSpF Simulation

The CaSpF protocols employed by Guo et al [12] were simulated in the stochastic model. In
the presence of CaMKII, CaSpF is 54.34 sparks/pL/s. This is 168% higher than that CaSpF in
the absence of CaMKII (20.26 sparks/pL/s). In the presence of CaMKII, Ca2+ sparks depleted
CaJSR by 32% on average, which is in agreement with reported Ca2+ blink results [27] (data
not shown). Simulation details, including plots of typical Ca2+ sparks, can be found in the DS.

SR Leak
“SR Ca2+ leak” is defined as loss of Ca2+ from the SR under resting conditions [28]. The
mechanisms involved in SR Ca2+ leak remain unclear, and this poses a challenge in formulating
a mathematical model that describes the relevant leak mechanism(s). Shannon et al [19]
introduced a passive SR Ca2+ leak pathway to their common pool myocyte model in order to
match experimentally observed diastolic leak.

This model achieves experimentally measured levels of SR Ca2+ leak in the absence of a
separate passive leak. The SR leak measurement protocol employed by Shannon et al [29] was
simulated in the absence of external Na+ and Ca2+. At a free [CaSR] level of 0.7 mmol/L SR,
the model SR Ca2+ leak is 4.8 µmol/L cytosol/s. These results are in good agreement with
Shannon et al [29], who reported a value of 5 µmol/L cytosol/sec at this SR load.

Effects of LCC and RyR Phosphorylation on ECC Gain
ECC gain is defined as the ratio of peak RyR flux to peak LCC flux [30] and varies with
membrane potential. Figure 2 shows ECC simulations performed in the presence or absence
of CaMKII-mediated phosphorylation of LCCs and/or RyRs. Measurement of ECC gain is
preceded by voltage clamp pacing, to activate CaMKII. Since pacing loads the SR and affects
Cacyt levels (Figure 2A and 2C), gain simulations were repeated with initial [CaSR] and
[Cacyt] reset to matched values ([CaSR]=0.75 mM and [Cacyt]=75 nM) in order to isolate the
changes in ECC gain that could be attributed to altered kinetics of the phosphorylated channels
(Figure 2B and 2D). Panels A and B of Figure 2 show ECC gain curves, in the absence of LCC
phosphorylation, in which the maximum RyR phosphorylation rate was varied in order to
control the fraction of phosphorylated RyRs. Since this is a stochastic model, multiple
simulations were performed at each test voltage. Figure 2A shows that increased RyR
phosphorylation (black line) results in an increase in ECC gain. Figure 2B demonstrates an
even greater effect of RyR phosphorylation on ECC gain. The smaller change in gain in Figure
2A as compared to Figure 2B results from the compensatory reduction in CaSR that occurs
during the preceding pacing protocol in response to increased RyR activity (data not shown).
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In both cases, the increase in gain with RyR phosphorylation is more pronounced at depolarized
potentials, where LCC unitary current is relatively small, and the phosphorylation-mediated
increase in RyR Ca2+ sensitivity improves the fidelity of local coupling between LCCs and
RyRs. The observed relationship between ECC gain and the extent of RyR phosphorylation is
consistent with the change in the number of Ca2+ sparks underlying the SR release flux. For
all simulations, sparks were counted over a 32 ms time window centered at the time of peak
RyR flux. For the protocol of Figure 2B, there is a modest increase in CaSpF with increased
RyR phosphorylation at hyperpolarized potentials (4416 vs. 3750 sparks/pL/s at −30 mV
depolarization, p<0.01). The prominent increase in gain at depolarized potentials is consistent
with a greater number of Ca2+ sparks (3076 vs. 2311 sparks/pL/s at +50 mV depolarization,
p<0.01), and a greater SR release flux without an increase in ICaL (as shown in DS Figure DS2).
While the increase in the number of sparks is a major driving force behind the observed
increases in ECC gain, RyR phosphorylation also causes an increase in RyR recruitment (see
Figure DS3 for a full analysis). In the model, phosphorylation increases RyR Ca2+ sensitivity,
therefore increased RyR recruitment is expected and is consistent with the increases in spark
duration observed by Guo et al[12].

A very different shift in the ECC gain curve results from varying the degree of LCC
phosphorylation in the absence of RyR phosphorylation, as is shown in panels C and D of
Figure 2. At hyperpolarized potentials, LCC phosphorylation results in larger ICaL (as
demonstrated previously [8]), but with minimally enhanced Ca2+ release, which translates to
reduced ECC gain. Similar changes in gain are predicted with (panel C) and without (panel D)
matched values of [CaSR] and [Cacyt]. In panel D, the increase in ECC gain with 6.4% LCC
phosphorylation compared to that with 0.6% phosphorylation at depolarized potentials arises
from augmented Cacyt and SR Ca2+ loading. While LCC phosphorylation increases LCC Po,
it does so by prolonging open duration. At hyperpolarized potentials, unitary ICaL is relatively
high, therefore RyR recruitment already occurs with high fidelity and is therefore affected
minimally by LCC phosphorylation (see DS Figure DS2). At −30 mV, for the protocol of
Figure 2D, increased vs. decreased LCC phosphorylation results in no significant difference
in CaSpF (3873 sparks/pL/s) or the number of RyRs recruited per spark. However, peak
ICaL is ~50% higher in the 6.4% LCC phosphorylation case compared to 0.6% LCC
phosphorylation (see DS Figure DS2D), therefore the net result of increased LCC
phosphorylation is decreased ECC gain. At depolarized potentials, the increased LCC
phosphorylation does not significantly affect the CaSpF (2155 sparks/pL/s at +50 mV) or RyR
recruitment, and there is no significant difference in ECC gain (Figure 2D) because of the very
small increase in ICaL (see DS Figure DS2F). Over the full range of potentials, the ECC gain
curve becomes more shallow with increased LCC phosphorylation due to the dominant effect
of increased ICaL resulting from mode 2 LCC gating.

Effect of LCC and RyR Phosphorylation on Action Potential
Figure 3A displays the effects of LCC and RyR phosphorylation on APD. “LCC and RyR
Phosphorylation” refers to the case in which both LCCs and RyRs are dynamically
phosphorylated by CaMKII activity; “LCC Phosphorylation Only” is the case where LCCs are
dynamically phosphorylated and RyRs cannot be phosphorylated; “RyR Phosphorylation
Only” is the case where RyRs are dynamically phosphorylated and LCCs cannot be
phosphorylated; “No Phosphorylation” means that neither LCCs nor RyRs are phosphorylated.
The average APD at 90% repolarization (APD90) over 50 beats is significantly larger with LCC
phosphorylation (compare the LCC Phosphorylation Only (374 ms) and LCC and RyR
Phosphorylation (380 ms) cases with RyR Phosphorylation Only (296 ms) and No
Phosphorylation (281 ms) cases). Even though there is only a modest difference in peak ICaL
due to LCC phosphorylation, there is a significant increase in sustained ICaL. LCC
phosphorylation increases the number of channels operating in mode 2 gating [8] which results
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in increased ICaL during the plateau phase of the AP (compare the grey and black lines in Figure
3B). This results in increased APD. Physiological levels of RyR phosphorylation have no
significant effects on APD.

Effect of LCC and RyR Phosphorylation on Ca2+ Dynamics during AP Pacing
Figure 4 presents Ca2+ cycling properties underlying APs at 1 Hz pacing. Figure 4A shows
[CaSR]. Prior to application of the stimulus current, [CaSR] is ~0.72 mM. ICaL triggers RyR
openings and Ca2+ release from junctional SR (JSR). Figure 4B shows [Cacyt]. At the beginning
of the pulse, RyR flux (Figure 4C) is greater than SERCA flux (Figure 4D) and [CaSR] depletes
to ~0.43 mM. Subsequently, SERCA flux dominates and SR refills to its prestimulus level.
From Fig. 4A, it is clear that in the presence of LCC phosphorylation, [CaSR] is elevated
(compare the solid black line to the dark grey line). It is not immediately apparent whether the
shifts in [CaSR] are due to changes in a) SR Ca2+ uptake via SERCA, b) RyR behavior in
response to trigger ICaL, or c) RyR leak. The effects of these factors will be addressed in order.

Since LCC phosphorylation results in mode 2 gating, the apparent rate of inactivation of
ICaL decreases (as discussed in a previous study [8]) which results in an increase in Ca2+ flux
into the cell, and the observed augmentation of peak Ca2+ transient (see Figure 4B).
Additionally, LCC phosphorylation results in large increases in sustained ICaL (which
contributes to increases in APD as well as increases in Cacyt, and CaSR.). Figure 4D shows that
Ca2+ flux into the SR is increased with LCC phosphorylation (dotted and solid black lines).
This increase in Ca2+ flux is sensible, since [Cacyt] is significantly increased in the presence
of LCC phosphorylation (see Figure 4B), and the rate of SR Ca2+ uptake increases with
[Cacyt]. [CaSR] is increased by augmented SERCA function when LCCs are phosphorylated.

Figure 4E shows the diastolic RyR leak under various conditions. For the purpose of this study,
diastolic leak is defined as the RyR flux during the second half of each pacing cycle. LCC
Po was measured for every AP in each 1Hz pacing simulation. In every case, there are 0 LCCs
open during the 500 – 1000 ms time period after initial stimulus. Thus, diastolic leak (as defined
in this study) occurs in the absence of trigger ICaL.

In the absence of any phosphorylation, diastolic RyR leak averages 6.8 µmol/L/s (dark grey
line). In the presence of RyR phosphorylation only, diastolic leak increases significantly to 9.7
µmol/L/s (light grey line). However, in the presence of LCC phosphorylation alone, RyR leak
increases to a much greater extent, to 24.9 µmol/L/s (black line). LCC and RyR phosphorylation
results in an average leak of 28.2 µmol/L/s (dotted black line).

These results show that SR leak via RyRs is affected to a greater extent by the indirect
consequences of CaMKII-mediated LCC phosphorylation than by RyR phosphorylation. Even
when all RyRs are phosphorylated, diastolic RyR leak does not significantly increase above
11 µmol/L/s in the absence of LCC phosphorylation (data not shown). To further illustrate the
effect of LCC phosphorylation on RyR leak, additional simulations were performed in which
the fraction of phosphorylated LCCs was varied (see Figure 4F). Diastolic RyR leak rises
significantly as the fraction of LCCs gating in mode 2 increases.

Further analysis on Ca2+ transients revealed that in the absence of LCC phosphorylation, when
the RyR phosphorylation rate was increased by 50%, Ca2+ transients decreased significantly
(p<0.05) from a peak of 710 nM to 694 nM. This corresponded to change in leak from 6.8 µM/
s to 9.59 µM/s diastolic leak. At 100% RyR phosphorylation, the average Ca2+ transient
reached a peak of 646 nM, approximately 10% decrease from the case in which there was no
RyR phosphorylation. These small changes in leak occur, in part, as a result of decreases in
SR Ca2+ load that accompany increased RyR phosphorylation.
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Mechanisms of RyR Leak
Results from Figure 4 show that LCC phosphorylation leads to a notable increase in RyR
diastolic leak (compare the black and dark grey lines in Fig. 4E), however these data alone do
not reveal the mechanisms altering leak. To isolate the influence of individual factors on RyR
behavior, steady state RyR flux is calculated analytically as a function of [Cacyt] and [CaJSR]
(see DS Figure DS4 for surface plots of RyR flux.) An analysis of the directional derivatives
of RyR flux with respect to [Cacyt] and [CaJSR] demonstrates that RyR flux is far more sensitive
to [Cacyt] than to [CaJSR]. Thus, the LCC phosphorylation mediated increase in diastolic RyR
leak can be attributed to the augmented [Cacyt] resulting from mode 2 LCC gating.

Action Potentials Under Abnormal Conditions
Experiments have shown that during HF, CaMKII levels are elevated [3,31,32] and RyR-bound
phosphatase levels are reduced [3,4]. Simulations were performed to isolate the effect of
increased CaMKII phosphorylation of LCCs on APD by increasing the maximum rate of LCC
phosphorylation. APD increases with enhanced fractional LCC phosphorylation (see Figure
3C). In addition, increased levels of LCC phosphorylation lead to generation of early-after
depolarizations (EADs), in agreement with the results of Tanskanen et al [33], who found that
EAD frequency increased with fractional mode 2 gating. Figure 5 illustrates an example of
simulated EADs under elevated levels of LCC phosphorylation (4.8%), as may occur during
CaMKII overexpression.

PLB Phosphorylation
Simulation results show that under normal physiological conditions at 1 Hz pacing, the fraction
of PLB phosphorylated by CaMKII is minimal (~0.5%, data not shown) and has no significant
effect on RyR leak or APD. This fractional phosphorylation is consistent with experimental
approximations, which estimate that PLB phosphorylation is less than 5% at 2 Hz pacing
[22].

Discussion
This study investigates how dynamic phosphorylation of three CaMKII targets, LCCs, RyRs,
and PLB, affects SR Ca2+ leak and APD. The model is constrained by the results of various
biochemical and Ca2+ spark frequency experiments. It is unique in that it describes the behavior
of individual LCCs and RyRs responding to local CaMKII activity and [Cadyad]. Simulation
results are able to replicate increases in Ca2+ spark frequency and RyR leak values that are in
good agreement with those measured experimentally.

How is SR Ca2+ Leak Affected by LCC and RyR Phosphorylation?
Simulations show that RyR phosphorylation alone leads to decreased [CaSR] and unchanged
[Cacyt] (compare the dark grey and light grey lines in Figs. 4A and 4B). This result is not
surprising when one considers findings from caffeine experiments. Exposure to caffeine results
in increased RyR sensitivity to Ca2+, the same response assumed to be induced by CaMKII
phosphorylation. In experiments on rat cardiac myocytes, Trafford et al [34] observed that low
level caffeine application resulted in transient increases in systolic Ca2+, which increased
[Cacyt] and increased the amount of Ca2+ pumped out of the cell through NCX, thus reducing
[CaSR]. By solely increasing RyR Ca2+-sensitivity, they found that they were unable to induce
sustained alterations in the systolic Ca2+ transient. Their findings are mirrored by our
simulation results, which show that phosphorylation of RyRs does not have a large sustained
response on the systolic Ca2+ transient (see Fig. 4C).
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The results from this study suggest that CaMKII phosphorylation of LCCs has a much larger
effect on SR Ca2+ leak than phosphorylation of RyRs during pacing (Fig. 4). This finding has
significant implications. Currently, there is debate regarding how CaMKII phosphorylation of
RyR affects receptor function. Our simulation results suggest that even if RyR phosphorylation
increases Ca2+ spark frequency in quiescent myocytes, the effect on diastolic SR Ca2+ leak is
minimal compared to the effects resulting from LCC phosphorylation.

Phosphorylation and HF
Many groups have found that RyRs are hyper-phosphorylated during HF, and have suggested
that block of RyR phosphorylation may reduce SR Ca2+ leak [3,4,35] This hypothesis is
attractive, however SR Ca2+ leak studies are primarily based on RyR Po experiments in lipid
bilayers and CaSR leak measurements under controlled [Cacyt] and [CaSR] conditions. Our
results predict that under physiological conditions, reducing CaMKII phosphorylation of LCCs
may be a more effective approach to decreasing diastolic SR Ca2+ leak than reducing CaMKII
phosphorylation of RyRs.

Many studies have linked CaMKII to arrhythmogenesis. Anderson et al. [36] demonstrated
that inhibition of CaMKII activity significantly decreased likelihood of EADs in rabbit hearts
and Sag et al showed that CaMKII inhibition reduces cardiac arrhythmogenesis [37]. While
the cause of this behavior is unknown, our study suggests that RyR phosphorylation is not the
culprit. In simulations, even the phosphorylation of all RyRs does not result in EAD generation
(data not shown). This prediction confirms the findings of Venetucci et al [38] who were unable
to produce arrhythmogenic behavior by increasing RyR Po alone. However, we were able to
reproduce EADs by hyper-phosphorylating LCCs (see Fig. 5), corroborating the modeling
findings of Tanskanen et al [33], who showed that EADs can result from the clustered gating
of LCCs in mode 2. This suggests that reduced likelihood of EAD generation on inhibition of
CaMKII may be related to a reduction in LCC mode 2 gating rather than to effects on RyRs.

EC Coupling Gain
Experimental studies have shown that at hyperpolarized potentials, ECC gain is very high
[30]. Very few LCCs open at such low voltage; however, since the membrane potential is so
much lower than the Ca2+ Nernst potential, LCC unitary current is large, thus RyRs in the
vicinity of an open LCC are more likely to open (RyR activation increases with [Ca]dyad), thus
resulting in RyR regenerative release and large ECC gain. At depolarized potentials, greater
numbers of LCCs open, however the reduced unitary current has a lower probability of
triggering RyR regenerative release. Thus, ECC gain decreases as membrane potential
increases.

Simulation results from this study suggest that CaMKII phosphorylation modifies the ECC
gain curve. In their experiments on rat ventricular myocytes, duBell et al [39] showed that
exposure to increased amounts of PP1 and PP2A results in decreased ECC gain. This indicates
that increased phosphorylation of ECC proteins results in increased gain. PP1 and PP2A target
numerous proteins, including CaMKII, LCCs and RyRs, therefore making it difficult to infer
the mechanism by which the phosphatases modulate gain. Nevertheless, assuming that
increased phosphatase levels result in decreased LCC and RyR phosphorylation by CaMKII,
Fig. 2 shows that the model is able to reproduce the qualitative features of the experimental
results at positive potentials. The gain shifts reported from simulations are subtle compared to
those presented in experiments. It is likely that other proteins are also responsible for shifts in
ECC gain.
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Model Assumptions and Limitations
A number of assumptions are made in the model. As in Greenstein and Winslow [16], it is
assumed that there are 20 RyRs and 4 LCCs per CaRU. The number of RyRs modeled within
each CaRU is quite conservative compared to the measurements recorded by Franzini-
Armstrong et al [40], however it is close to the values recently observed by Hayashi et al
[41] using 3D electron microscopy. If the CaRUs were modeled with a greater number of LCCs
and RyRs in close proximity to each other, then it is possible that there would be even more
RyR regenerative release and that diastolic leak and ECC gain would increase [42]. Despite
these limitations, normalized simulated CaSpF displays a bell-shaped dependence on voltage,
as seen in experiments [43] (see Figure DS2G).

A limitation of the model is that it is unable to replicate delayed after depolarizations (DADs),
which are linked with CaMKII overexpression [37]. Generation of a DAD requires a large
scale spontaneous Ca2+ release event to drive sufficient Na+- Ca2+ exchanger current to
underlie sufficient membrane depolarization. In this model, increased CaSR load will increase
both the amplitude and frequency of resting Ca2+ sparks. However, since there is no detailed
spatial tracking of Ca2+ concentration within the cell (i.e. no possibility of Ca waves), the model
lacks the necessary mechanism by which spontaneous release events can rapidly trigger release
from adjacent release sites in the absence of LCC triggers. Therefore, spontaneous
synchronized large scale Ca2+ release events, and hence DADs, due not occur in this model.

The Shannon model was chosen over other RyR representations because it reproduces Ca2+

spark properties well, and it accounts for the role of [CaSR] in RyR gating. It is a
phenomenological representation of RyR gating, since the mechanisms underlying RyR
inactivation are still not well understood. Early experiments show that increased [Cacyt] results
in decreased RyR open probability [44–47], while more recent studies have indicated that
[CaJSR] plays a more important role in termination of SR Ca2+ release [27,48–50]. As new
data emerge, it will become possible to formulate better mechanistically based RyR models,
and further improve understanding of CICR.

Final Thoughts and Predictions
In this study, it is assumed that CaMKII phosphorylation results in increased RyR sensitivity
to Ca2+. Interestingly it appears that under physiological conditions, this increase in sensitivity
has only a minor impact on function. While there has been a great deal of interest in RyR
phosphorylation and HF, the results from this study predict that attention should also be paid
to the RyRs’ neighbors across the dyad, the LCCs. Direct inhibition of LCC phosphorylation
by CaMKII reduces mode 2 gating and diastolic RyR flux. Such inhibition may be the real key
to reducing diastolic SR Ca2+ leak.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RyRs state model. Unphosphorylated RyR states are on the left and phosphorylated states are
on the right. Transition rates within each sub-group are a function of [Cadyad] and [CaJSR],
similar to the dependence on [Cacyt] and [CaSR] in Shannon et al [19]. Phosphorylated RyRs
have an increased affinity for Ca2+, represented by the factor CaShift. The phosphorylation rate
is a function of local CaMKII activity.
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Figure 2.
Simulated ECC Gain under varying degrees of LCC and RyR phosphorylation. To load the SR
with Ca2+, membrane potential was clamped to 0 mV for 200 ms from a holding potential of
−70 mV repeatedly at 0.5 Hz for 10 s. Membrane potential was then clamped to a variable test
potential for 200 ms. ECC gain is calculated using peak LCC and RyR flux obtained during
the test potential. The simulation was performed 20 times at each membrane potential. Results
are presented as mean ± S.E.M. (A) ECC gain in the absence of LCC phosphorylation, with
varying degree of RyR phosphorylation. The maximum RyR phosphorylation rate was altered
to 25% or 1000% of normal to obtain 4.4% or 66% RyR phosphorylation, respectively. (B)
Same protocol as panel A where prior to the test pulse, CaSR was set to 0.75 mM and Cacyt
was set to 75 nM. (C) ECC gain in the absence of RyR phosphorylation, with varying degree
of LCC phosphorylation. The maximum LCC phosphorylation rate was altered to 50% or 150%
of normal to obtain 0.6% or 6.4% LCC phosphorylation, respectively. (D) Same protocol as
panel C where prior to the test pulse, CaSR was set to 0.75 mM and Cacyt was set to 75 nM.
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Figure 3.
Simulated Results from a 1Hz AP pacing protocol under different phosphorylation conditions.
Every second, a current with −100 pA/pF amplitude and 0.5 ms duration is applied to the
membrane to stimulate APs. For each condition, 50 s of pacing is simulated and the results
from all 50 APs are averaged and presented. Average results are presented. (A) APs and (B)
ICaL. (C): APD as a function of average LCC phosphorylation levels.
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Figure 4.
Simulated Results of Ca2+ dynamics under a 1Hz AP pacing protocol under different
phosphorylation conditions. The protocol is the same as in Fig. 3. (A) [CaSR] (mmol/L SR).
(B) [Cacyt] (mmol/L cytosol) (C) RyR Flux (µmol/L cytosol/s). (D) SERCA flux, i.e., net
Ca2+ pumped into the SR via SERCA (µmol/L cytosol/s). (E) Diastolic RyR Flux (zoomed in
plot of (C)). (F) Average Diastolic RyR Flux at varying levels of LCC phosphorylation (these
levels were modified by varying LCC phosphorylation rates).
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Figure 5.
A simulated EAD under a 1Hz pacing protocol where the LCC phosphorylation rate is increased
by 10%.
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