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ABSTRACT  

 

Rationale:  Ca2+ alternans plays an essential role in cardiac alternans that can lead to ventricular 

fibrillation, but the mechanism underlying Ca2+ alternans remains undefined. Increasing evidence 

suggests that Ca2+ alternans results from alternations in the inactivation of cardiac ryanodine receptor 

(RyR2). However, what inactivates RyR2 and how RyR2 inactivation leads to Ca2+ alternans are 

unknown.  

 

Objective: To determine the role of calmodulin (CaM) on Ca2+ alternans in intact working mouse 

hearts. 

 

Methods and Results:  We used an in vivo local gene delivery approach to alter CaM function by 

directly injecting adenoviruses expressing CaM-wild type (CaM-WT), a loss-of-function CaM mutation, 

CaM (1-4), and a gain-of-function mutation, CaM-M37Q, into the anterior wall of the left ventricle of 

RyR2 WT or mutant mouse hearts. We monitored Ca2+ transients in ventricular myocytes near the 

adenovirus injection sites in Langendorff-perfused intact working hearts using confocal Ca2+ imaging. 

We found that CaM-WT and CaM-M37Q promoted Ca2+ alternans and prolonged Ca2+ transient 

recovery in intact RyR2 WT and mutant hearts, whereas, CaM (1-4) exerted opposite effects. Altered 

CaM function also affected the recovery from inactivation of the L-type Ca2+ current, but had no 

significant impact on sarcoplasmic reticulum Ca2+ content. Further, we developed a novel numerical 

myocyte model of Ca2+ alternans that incorporates Ca2+-CaM-dependent regulation of RyR2 and the L-

type Ca2+ channel. Remarkably, the new model recapitulates the impact on Ca2+ alternans of altered 

CaM and RyR2 functions under 9 different experimental conditions. Our simulations reveal that 

diastolic cytosolic Ca2+ elevation as a result of rapid pacing triggers Ca2+-CaM dependent inactivation of 

RyR2. The resultant RyR2 inactivation diminishes SR Ca2+ release, which in turn reduces diastolic 

cytosolic Ca2+, leading to alternations in diastolic cytosolic Ca2+, RyR2 inactivation, and SR Ca2+ release 

(i.e. Ca2+ alternans). 

 

Conclusions: Our results demonstrate that inactivation of RyR2 by Ca2+-CaM is a major determinant of 

Ca2+ alternans, making Ca2+-CaM dependent regulation of RyR2 an important therapeutic target for 

cardiac alternans.  
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INTRODUCTION 

 

Cardiac alternans is a beat-to-beat alternation in the magnitude of a cardiac parameter such as the force 

of contraction (mechanical alternans), a component of the electrocardiogram (ECG) waveform (e.g. T-

wave alternans), the action potential (AP) duration (APD alternans), or the amplitude of the cytosolic 

Ca2+ transient (Ca2+ alternans). Importantly, one or more types of these cardiac alternans are frequently 

observed in various experimental settings and in patients with ischemic heart disease and heart failure1, 2. 

Therefore, cardiac alternans is a well-recognized risk factor for ventricular fibrillation (VF) and sudden 

cardiac death (SCD) 2-6. However, the molecular mechanisms underlying cardiac alternans remain 

incompletely understood. 

 

Among different forms of cardiac alternans, Ca2+ alternans is thought to play a primary role in the 

genesis of cardiac alternans 7-12. For instance, Ca2+ alternans could still be observed in cardiomyocytes 

that were voltage-clamped, suggesting that APD alternans is not required for Ca2+ alternans 8. 

Furthermore, Wan et al 13 simultaneously recorded the membrane potential and Ca2+ transients in 

isolated cardiomyocytes, and showed that Ca2+ alternans occurred in the absence of APD alternans, 

whereas, APD alternans did not occur without Ca2+ alternans. An increased body of evidence supports 

the notion that Ca2+ dysregulation has a primary role in cardiac alternans 7-11, 13-17. Therefore, 

understanding how Ca2+ alternans occurs is key to the understanding of cardiac alternans and the 

treatment of VF and SCD.  

 

It is generally believed that Ca2+ alternans results from altered intracellular Ca2+ cycling 11, 18-21. It is well 

established that the amplitude of the Ca2+ transient in cardiomyocytes as a result of Ca2+-induced Ca2+ 

release depends on (i) the L-type Ca2+ current (ICa), (ii) the SR Ca2+ content, and (iii) the activity of 

RyR2 18. Studies have consistently shown that there are no beat-to-beat alternations in the peak ICa 

during Ca2+ alternans 17, 22, 23. Further, beat-to-beat alternation in the peak ICa, when it was observed, was 

found to be a consequence rather than a cause of Ca2+ alternans 24, 25. These observations suggest that 

alternation in the peak ICa is unlikely to be a primary cause of Ca2+ alternans. Similarly, since Ca2+ 

alternans was observed in the presence or absence of beat-to-beat alternations in SR Ca2+ content 9, 23, it 

is also unlikely that alternation in SR Ca2+ content is a primary cause of Ca2+ alternans. This leaves the 

activity of RyR2 as a pivotal candidate for the occurrence of Ca2+ alternans. Consistent with this view, 

pharmacological and experimental interventions and genetic manipulations that alter the activity of 

RyR2 markedly affect the propensity for Ca2+ alternans 22, 26-28.  

 

It has been suggested that the refractoriness of RyR2 or the recovery of RyR2 from some kind of 

inactivation contributes to the induction of Ca2+ alternans 16, 23, 27, 29, 30. In support of these experimental 

observations, numerical modeling studies have also shown the importance of RyR2 refractoriness in the 

induction of Ca2+ alternans 20, 31-33. However, despite its fundamental significance, the molecular basis of 

RyR2 inactivation/refractoriness that contributes to Ca2+ alternans remains unknown.  

 

During SR Ca2+ release, the released Ca2+ binds to CaM, and the Ca2+-CaM complex inhibits RyR2 34-36. 

Hence, Ca2+-CaM dependent inactivation of RyR2 follows each SR Ca2+ release. CaM also plays an 

important role in the termination of RyR2-mediated Ca2+ release 37. Expression of CaM WT promotes 

the termination of Ca2+ release in HEK293 cells expressing RyR2, whereas, the Ca2+-insensitive CaM 

mutation, CaM (1-4) that disables all 4 EF-hand Ca2+ binding motifs, suppresses the termination of Ca2+ 

release 37. CaM has also been shown to affect the refractoriness of SR Ca2+ release 38. Thus, by 

modulating the termination and refractoriness of SR Ca2+ release, CaM likely plays a key role in the 

relaxation of cardiac muscle. Notwithstanding its physiological significance, the role of CaM in the 
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induction of Ca2+ alternans is completely undefined.  

 

In the present study, we assessed the role of CaM in the induction of Ca2+ alternans in intact working 

hearts. We performed laser-scan confocal Ca2+ imaging of cardiomyocytes in intact wild type (WT) and 

RyR2 mutant hearts infected in vivo with adenoviruses expressing CaM-WT or CaM mutants. We found 

that CaM-WT and a gain-of-function (GOF) CaM mutant (M37Q) promoted Ca2+ alternans and 

prolonged Ca2+ transient recovery, whereas, a loss-of-function (LOF) CaM mutation CaM (1-4) 

suppressed Ca2+ alternans and shortened Ca2+ transient recovery in both WT and RyR2 mutant hearts. 

Furthermore, we developed a novel numerical myocyte model for Ca2+ alternans, which incorporates the 

key feature of RyR2 inactivation by Ca2+-CaM. Remarkably, our new model recapitulates the impact of 

RyR2 and CaM mutations on Ca2+ alternans. Our numerical simulations also reveal novel and important 

insights into the induction and progression of Ca2+ alternans.  

 

 

METHODS 

 

To assess the role of CaM in Ca2+ alternans in cardiac cells in the setting of intact working hearts and to 

avoid global detrimental impact of altered CaM function, we performed local adenovirus-mediated gene 

delivery in vivo by directly injecting adenoviruses expressing the CaM-WT, CaM (1-4), and CaM-

M37Q mutants into the anterior wall of the left ventricle 39. Five days after adenovirus injection the 

hearts were isolated and Ca2+ transients were measured in Langendorff-perfused intact hearts loaded 

with Rhod-2 AM using laser scanning confocal Ca2+ imaging as described previously40, 41. The recovery 

of voltage-induced Ca2+ transients was determined by using the S1S2 stimulation protocol as described 

previously with some modifications 16, 27, 28. SR Ca2+ content was determined by measuring the 

amplitude of Ca2+ transients induced by local delivery of 20 mM caffeine. The recovery from 

inactivation of the L-type Ca2+ current was determined by using whole-cell patch-clamp recordings of 

isolated ventricular myocytes and the S1-S2 stimulation protocol as described previously 38, 42. The 

levels of adenovirus-mediated expression of CaM-WT and CaM mutants were determined by 

immunoblotting. Numerical simulations were performed using a modification of the Bondarenko model 

of a mouse ventricular myocyte 43. Adult RyR2-R4496C+/- and RyR2-E4872Q+/- heterozygous mutant 

and WT control mice (8-16 weeks) were used for all experiments. Detailed methods are provided in the 

Online Data Supplement. 

 

 

RESULTS 

 

CaM is an important determinant of Ca2+ alternans in intact hearts  

 

To assess the role of CaM in Ca2+ alternans, we determined the effect of altered CaM function on Ca2+ 

alternans. We used two CaM mutations: a loss-of-function (LOF) CaM mutation, CaM (1-4) in which all 

4 EF-hand Ca2+ binding sites are disabled, and a gain-of-function (GOF) CaM mutation, CaM-M37Q 

that enhances the CaM-dependent inhibition of RyR2-mediated spontaneous Ca2+ release 44. To study 

Ca2+ alternans in the context of intact hearts and to minimize systemic adverse effect of CaM mutations, 

we infected mouse hearts in vivo by directly injecting adenoviruses harboring the CaM-WT, CaM (1-4) 

or CaM-M37Q mutant (Suppl. Fig. S1A) into the anterior wall of the left ventricle 39. We monitored 

Ca2+ transients in ventricular myocytes near the adenovirus injection site in Langendorff-perfused intact 

hearts using confocal Ca2+ imaging. We also recorded Ca2+ transients in ventricular myocytes in the 

posterior wall of the left ventricle (away from the anterior injection site), which serves as an internal 
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control (Suppl. Fig. S1B). As shown in Fig. 1, Ca2+ alternans in intact hearts without adenovirus 

injection (control) occurred at a stimulation frequency of ~10-11 Hz (Fig. 1A, E). This threshold 

frequency at which alternans occurs was decreased to ~8-9 Hz in ventricular myocytes near the CaM-

WT adenovirus injection site in the anterior wall of the left ventricle (Fig. 1B, E). The threshold 

frequency for Ca2+ alternans in ventricular myocytes near the CaM-M37Q injection site was 

substantially decreased to ~7 Hz (Fig. 1D, E). In contrast, the threshold frequency for Ca2+ alternans in 

ventricular myocytes near the CaM (1-4) injection site was markedly increased to ~12-13 Hz (Fig. 1C, 

E). On the other hand, there were no significant differences in the alternans ratios at 6-14 Hz in 

ventricular myocytes in the posterior wall of the left ventricle (away from the adenovirus injection site) 

with or without infection with CaM-WT, CaM (1-4) or CaM-M37Q adenoviruses (Suppl. Fig. S1C). 

Furthermore, immunoblotting analysis showed a significantly increased level of CaM expression after 

infection with CaM-WT, CaM (1-4) or CaM-M37Q adenoviruses in the anterior wall around the 

injection site, but an unchanged level of CaM expression in the posterior wall away from the injection 

site, compared to control (Suppl. Fig. S1F, G). Therefore, the adenovirus-injection mediated expression 

of CaM-WT, CaM-M37Q, and CaM (1-4) and their functional impact were confined to the area near the 

injection site.  

 

To directly visualize the confined expression of locally injected CaM-WT or CaM mutant adenoviruses, 

we employed adenoviruses co-expressing CaM-WT or CaM (1-4) together with the green fluorescence 

protein (GFP) marker (Fig.2A). We performed the same local in vivo gene delivery to the mouse hearts 

by directly injecting adenoviruses expressing CaM-WT/GFP or CaM (1-4)/GFP into the anterior wall of 

the left ventricle. As shown in Fig.2, the fluorescent GFP marker was detected only in the anterior wall 

around the injection site, but not in the posterior wall away from the injection site, nor in the control 

heart (Fig.2B). We also carried out confocal Ca2+ imaging of intact hearts locally infected with or 

without the CaM-WT/GFP or CaM (1-4)/GFP adenoviruses to assess their impact on Ca2+ alternans 

(Fig.2C). As with CaM-WT and CaM (1-4) adenoviruses, we found that CaM-WT/GFP decreased the 

threshold frequency at which alternans occurs to ~8-9 Hz (from ~10-11 Hz in control), whereas, CaM 

(1-4)/GFP increased the alternans threshold frequency to ~12-13 Hz (Suppl. Fig.S2A-D). There were no 

significant differences in the alternans ratios at all stimulation frequencies (6-14 Hz) between CaM-WT 

and CaM-WT/GFP or between CaM (1-4) and CaM (1-4)/GFP adenovirus infected intact hearts (Suppl. 

Fig. S3A). Furthermore, expression of CaM-WT/GFP or CaM (1-4)/GFP did not significantly affect the 

amplitude, time-to-peak, or decay time (at 50% or 90%) of Ca2+ transients compared to control (Suppl. 

Fig.S4). Immunoblotting analysis also showed a significantly increased level of CaM expression after 

infection with CaM-WT/GFP or CaM (1-4)/GFP adenoviruses in the anterior wall around the injection 

site, but an unchanged level of CaM expression in the posterior wall away from the injection site 

compared to control (Fig. 2D, E). Taken together, these observations indicate that enhancing CaM 

function (as in the GOF CaM mutation M37Q) promotes Ca2+ alternans, whereas suppressed CaM 

function (as in the LOF CaM mutation CaM (1-4)) diminished it. Therefore, CaM is an important 

determinant of pacing-induced Ca2+ alternans in intact hearts.  

 

CaM regulates the recovery of depolarization-induced Ca2+ transients in intact hearts 

 

Ca2+ alternans is thought to result from beat-to-beat alternations in the refractoriness of depolarization-

induced Ca2+ transients 16, 23, 27, 29, 30. Thus, CaM may affect Ca2+ alternans by modulating Ca2+ transient 

refractoriness. To test this, we assessed the effect of CaM-WT, CaM (1-4), or CaM-M37Q on the 

recovery of depolarization-induced Ca2+ transients in intact hearts. The recovery of Ca2+ transients in 

ventricular myocytes near or away from the adenovirus injection sites was determined using the S1S2 

stimulation protocol 16 in isolated Langendorff-perfused intact hearts. As shown in Fig.1, the recovery of 
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the Ca2+ transient amplitude at various S1S2 intervals (~60-160ms) was slightly (but not significantly) 

prolonged in ventricular myocytes near the CaM-WT adenovirus injection site in the anterior wall of the 

left ventricle (Fig. 1G, J, K), and was markedly prolonged in cells near the CaM-M37Q injection site 

(Fig. 1I, J, K), compared to that in ventricular myocytes without infection (control) (Fig. 1F, J, K). On 

the other hand, the recovery of the Ca2+ transient amplitude in ventricular myocytes near the CaM (1-4) 

adenovirus injection site was substantially accelerated (Fig. 1H, J, K). There are no significant 

differences in the recovery of the Ca2+ transient amplitudes in ventricular myocytes in the posterior wall 

of the left ventricle (away from the adenovirus injection site) with or without infection with CaM-WT, 

CaM (1-4) or CaM-M37Q adenoviruses (Suppl. Fig. S1D). Furthermore, the recovery of the Ca2+ 

transient amplitude at various S1S2 intervals (~75-125ms) was slightly and significantly prolonged in 

ventricular myocytes near the CaM-WT/GFP adenovirus injection site in the anterior wall of the left 

ventricle compared to that in ventricular myocytes without infection (control) (Suppl. Fig. S2E-I). In 

contrast, the recovery of the Ca2+ transient amplitude in ventricular myocytes near the CaM (1-4)/GFP 

adenovirus injection site was substantially accelerated compared to control (Suppl. Fig. S2E-I). There 

were no significant differences in the recovery of the Ca2+ transient amplitude at all S1S2 intervals (~50-

200 ms) between CaM-WT and CaM-WT/GFP or between CaM (1-4) and CaM (1-4)/GFP adenovirus 

infected intact hearts (Suppl. Fig. S3B). Collectively, these observations indicate that the GOF CaM-

M37Q mutation prolongs the recovery of Ca2+ transients, whereas the LOF CaM (1-4) mutation shortens 

it. Thus, CaM has an important role in determining the recovery of Ca2+ transients.  

 

Effects of CaM-WT and the CaM (1-4) mutant on SR Ca2+ content and the recovery from 

inactivation of the L-type Ca2+ current  

 

SR Ca2+ content is one of the key determinants of Ca2+ transient amplitude. To assess whether the 

effects of altered CaM function on Ca2+ transient alternans are secondary to CaM-dependent changes in 

SR Ca2+ content, we measured SR Ca2+ content in GFP-expressing ventricular myocytes isolated from 

tissues near the CaM-WT/GFP or CaM (1-4)/GFP adenovirus injection site in the anterior wall of the 

left ventricle. Single cell Ca2+ imaging showed that CaM WT/GFP- and CaM (1-4)/GFP-expressing 

ventricular myocytes displayed amplitude of caffeine (20 mM) induced Ca2+ release similar to that of 

control cells (Fig. 3A-D). Note that the level of fluorescence signals evoked by 20 mM caffeine was not 

saturated as a much higher level of fluorescence signals could still be detected under the same conditions 
28. Thus, adenovirus-mediated expression of CaM-WT or CaM (1-4) does not significantly alter the SR 

Ca2+ content in ventricular myocytes under our experimental conditions.  

 

In ventricular myocytes, the L-type Ca2+ current triggers Ca2+ transients. Thus, it is possible that the 

recovery from inactivation of the L-type Ca2+ current would affect the recovery of Ca2+ transients. To 

test this possibility, we assessed and compared the recovery of the Ca2+ transient amplitude and the 

recovery from inactivation of the L-type Ca2+ current in isolated CaM WT/GFP- and CaM (1-4)/GFP-

expressing ventricular myocytes and control cells using confocal Ca2+ imaging and whole cell patch-

clamp recordings, respectively. CaM-WT significantly prolonged the recovery of the Ca2+ transient 

amplitude with an average 50% recovery time of ~270 ms, compared to control (~220 ms). In contrast, 

CaM (1-4) significantly accelerated the recovery of the Ca2+ transient amplitude with an average 50% 

recovery time of ~140 ms (Fig. 3E-I). As with the recovery of the Ca2+ transient amplitude, CaM-WT 

significantly prolonged the recovery from inactivation of the L-type Ca2+ current with an average 50% 

recovery time of ~85ms compared to control (~60 ms), whereas CaM (1-4) significantly accelerated it 

with an average 50% recovery time of ~40 ms (Fig. 3J-N). However, the 50% recovery time from 

inactivation of the L-type Ca2+ current is markedly shorter than the 50% recovery time of the Ca2+ 

transient amplitude in the control, CaM-WT or CaM (1-4) expressing cells, respectively. In other words, 
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there is little or no recovery of Ca2+ transients from inactivation when the L-type Ca2+ current has 

already recovered to 50%. This implies that although the recovery from inactivation of the L-type Ca2+ 

current can influence the recovery of Ca2+ transient amplitude, it is unlikely to be the rate-limiting 

factor.  Furthermore, CaM WT or mutant did not significantly alter the peak L-type Ca2+ current (ICa) 

(Suppl. Fig. S3D), similar to those reported previously 38, 45. These observations suggest that other 

factors, for instance, the recovery from inactivation of the RyR2 channel may play a critical role in 

determining the recovery of the Ca2+ transient amplitude. Consistent with this view, experimental and 

numerical modeling studies also suggest that the recovery of RyR2 from inactivation significantly 

contributes to the induction of Ca2+ transient alternans 16, 23, 27, 29, 30, 20, 33.  

 

Effects of CaM mutations on Ca2+ alternans and Ca2+ transient recovery in intact RyR2-E4872Q 

hearts 

 

We have previously shown that the RyR2-E4872Q mutation abolishes luminal Ca2+ activation of RyR2 

and markedly promotes Ca2+ alternans 27, 28. Thus, both CaM- and luminal Ca2+-dependent regulation of 

RyR2 play an important role in Ca2+ alternans. To determine whether there is a cross-talk between the 

CaM- and luminal Ca2+-dependent regulatory mechanisms of Ca2+ alternans, we assessed the effect of 

altered CaM function on Ca2+ alternans in intact RyR2-E4872Q mutant hearts. As shown in Fig.4, Ca2+ 

alternans in intact RyR2-E4872Q mutant hearts without injection (control) occurred at a stimulation 

frequency of ~8 Hz (Fig. 4A, D), which is significantly lower than that (~11 Hz) in intact WT hearts 

(Fig. 1). As with WT hearts, CaM (1-4) increased the threshold frequency for Ca2+ alternans from ~8 Hz 

to ~10 Hz in ventricular myocytes near the injection site in the anterior wall of the left ventricle of the 

RyR2-E4872Q hearts (Fig. 4B, D), whereas, CaM-M37Q decreased the threshold frequency for Ca2+ 

alternans from ~8 to ~5-6 Hz (Fig. 4C, D). On the other hand, there are no significant differences in 

alternans ratios at 5-12 Hz in ventricular myocytes in the posterior wall of the left ventricle (away from 

the injection site) of intact RyR2-E4872Q hearts with or without infection with CaM (1-4) or CaM-

M37Q (Suppl. Fig. S5A).  

 

We also assessed the effect of altered CaM function on the recovery of Ca2+ transients in intact RyR2-

E4872Q mutant hearts. CaM (1-4) accelerated the recovery of depolarization-induced Ca2+ transient 

amplitude (Fig. 4F, H, I), whereas CaM-M37Q delayed the recovery of the Ca2+ transient amplitude in 

intact RyR2-E4872Q mutant hearts (Fig. 4G, H, I), compared to control (Fig. 4E, H, I). There are no 

significant differences in the recovery of the Ca2+ transient amplitude in ventricular myocytes in the 

posterior wall of the left ventricle (away from the adenovirus injection site) (Suppl. Fig. S5B, C). Thus, 

CaM can still modulate the Ca2+ transient recovery and Ca2+ alternans in intact RyR2-E4872Q hearts 

with diminished luminal Ca2+ regulation of RyR2.  

 

Effects of CaM mutations on Ca2+ alternans and Ca2+ transient recovery in intact RyR2-R4496C 

hearts 

 

We have also shown previously that the RyR2-R4496C mutation enhances luminal Ca2+ activation of 

RyR2 and dramatically suppresses Ca2+ alternans 28. To further investigate the cross-talk between the 

CaM- and luminal Ca2+-dependent regulatory mechanisms of Ca2+ alternans, we assessed the effect of 

altered CaM function on Ca2+ alternans in intact RyR2-R4496C mutant hearts. As shown in Fig.5, Ca2+ 

alternans in intact RyR2-R4496C hearts without injection occurred at a stimulation frequency of ~13-14 

Hz (Fig. 5A, D), which is significantly higher than that (~11 Hz) in intact WT hearts (Fig. 1). CaM (1-4) 

increased the threshold frequency for Ca2+ alternans from ~13-14 to ~15 Hz in ventricular myocytes near 

the injection site in the anterior wall of the left ventricle of the RyR2-R4496C hearts (Fig. 5B, D), 
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whereas CaM-M37Q decreased the threshold frequency for Ca2+ alternans from ~13-14 to ~8-9 Hz (Fig. 

5C, D). Similarly, there are no significant differences in alternans ratios at 8-15 Hz in ventricular 

myocytes in the posterior wall of the left ventricle (away from the injection site) of intact RyR2-R4496C 

hearts with or without infection with CaM (1-4) or CaM-M37Q (Suppl. Fig. S5D).  

 

CaM (1-4) also accelerated the recovery of the Ca2+ transient amplitude (Fig. 5F, H, I), whereas CaM-

M37Q delayed the recovery of the Ca2+ transient amplitude in intact RyR2-R4496C mutant hearts (Fig. 

5G, H, I), compared to control (Fig. 5E, H, I). There are no significant differences in the recovery of the 

Ca2+ transient amplitude in ventricular myocytes in the posterior wall of the left ventricle (away from the 

injection site) of intact RyR2-R4496C hearts with or without infection with CaM (1-4) or CaM-M37Q 

(Suppl. Fig. S5E, F). Taken together, enhanced CaM function promotes, whereas, decreased CaM 

function suppresses Ca2+ alternans. In contrast, enhanced RyR2 luminal Ca2+ activation suppresses, 

whereas, decreased RyR2 luminal Ca2+ activation promotes Ca2+ alternans. Thus, CaM and RyR2 

luminal Ca2+ activation regulate Ca2+ transient recovery and Ca2+ alternans in a counter-balanced 

manner. 

 

A novel numerical model recapitulates the action of CaM in Ca2+ alternans in intact WT hearts 

 

Previous numerical simulations have shown that RyR2 inactivation plays a key role in the induction of 

Ca2+ alternans 20, 33. However, the molecular basis for RyR2 inactivation and the induction of Ca2+ 

alternans is unknown. Given the involvement of CaM in the inactivation of RyR2, the termination and 

refractoriness of Ca2+ release 34, 37, 38, and Ca2+ alternans (Figs. 1-5), we developed a numerical model of 

Ca2+ alternans by incorporating the Ca2+-CaM dependent inactivation of RyR2 and recovery of RyR2 

from this inactivation into the Bondarenko model of mouse ventricular myocytes 43 (Fig. 6A, B; Suppl. 

Fig. S6). The L-type Ca2+ channel (LTCC) is also known to be modulated by CaM 46. Hence, we 

incorporated the Ca2+-CaM dependent regulation of LTCC as well. Furthermore, since SR luminal Ca2+ 

activation of RyR2 is important for the induction of Ca2+ alternans 27, 28, we also included the highly 

steep activation of RyR2 by SR luminal Ca2+ into the modified model (Fig. 6A, B; Suppl. Fig. S6). In 

addition, we modified the binding of Ca2+ to CaM, added the Rhod-2 dye, and included mitochondria 

Ca2+ handling in the model. Remarkably, this new model recapitulates the induction and progression of 

pacing-induced Ca2+ alternans in intact WT hearts (Fig. 6C). The alternans ratios in RyR2-WT hearts at 

different pacing frequencies predicted by the model matched very closely those observed experimentally 

(Fig. 6C, G).  

 

To model the impact of altered CaM function on Ca2+ alternans, we modified the level and/or the affinity 

of Ca2+ binding to CaM to simulate the functional impact of CaM-WT, CaM (1-4), and CaM-M37Q 

(Suppl. Materials). Importantly, our model also reproduced the effects of CaM-WT (Fig. 6D), CaM (1-

4) (Fig. 6E), and CaM-M37Q (Fig. 6F) on Ca2+ alternans at different pacing frequencies in intact RyR2 

WT hearts (Fig. 6G). Therefore, our numerical model recapitulates not only the induction and 

progression of pacing-induced Ca2+ alternans in intact hearts, but also the impact of CaM WT and 

mutants on Ca2+ alternans.  

 

Numerical simulation reproduces the effects of RyR2 and CaM mutations on Ca2+ alternans in 

intact RyR2-E4872Q and RyR2-R4496C mutant hearts 

 

The RyR2-E4872Q mutation diminishes luminal Ca2+ activation and suppresses cytosolic Ca2+ activation 

of single RyR2 channels. E4872Q also increases the LTCC current to maintain the amplitude of Ca2+ 

transients as a compensatory response to reduced SR Ca2+ release 47. On the other hand, the RyR2-
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R4496C mutation enhances the luminal Ca2+ activation, but has little effect on the cytosolic Ca2+ 

activation of single RyR2 channels 48. To determine whether our numerical model is also able to 

reproduce the effect of altered RyR2 function on Ca2+ alternans, we modified in the model the response 

of RyR2 to cytosolic and luminal Ca2+ activation to incorporate the functional impact of the RyR2-

E4872Q or RyR2- R4496C mutation. As shown in Fig. 7, the alternans ratios at different pacing 

frequencies predicted by the model are remarkably similar to those obtained experimentally (Fig. 7A, E, 

D, H). More importantly, the model also recapitulated the actions of CaM (1-4) and CaM-M37Q 

mutations in Ca2+ alternans in the RyR2-E4872Q (Fig. 7B, C, D) and RyR2-R4496C (Fig. 7F, G, H) 

mutant hearts without implanting additional modifications to the model. Thus, the model is able to 

reproduce not only the effect of altered CaM function, but also the effect of altered RyR2 function on 

Ca2+ alternans in intact hearts. Taken together, our numerical model recapitulates the induction and 

progression of Ca2+ alternans in intact hearts under 9 different experimental conditions.   

 

CaM is critical for RyR2 inactivation and Ca2+ alternans  

 

We next used the newly developed, experimentally validated numerical model to explore the mechanism 

of Ca2+ alternans. We first assessed the role of CaM in the inactivation of RyR2 and the occurrence of 

Ca2+ alternans. We analyzed the fraction of inactivated RyR2 and cytosolic Ca2+ transients at a 

stimulation frequency of 12 Hz before and after removing CaM (i.e. setting the concentration of CaM to 

0). As shown in Suppl. Fig. S7, removal of CaM from the system completely abolished RyR2 

inactivation and Ca2+ alternans (Suppl. Fig.S7A, B). Thus, consistent with previous studies 20, 33, RyR2 

inactivation and more specifically, Ca2+-CaM-dependent RyR2 inactivation is a critical determinant of 

Ca2+ alternans.  

 

Pacing-induced diastolic cytosolic Ca2+ elevation triggers Ca2+-CaM dependent RyR2 inactivation 

and provokes diastolic cytosolic Ca2+ and RyR2 inactivation alternations 

 

What then triggers Ca2+-CaM-dependent inactivation of RyR2 and how does Ca2+-CaM dependent 

RyR2 inactivation lead to Ca2+ alternans? To address these questions, we simulated the induction and 

progression of pacing-induced Ca2+ alternans using a S1S2 stimulation protocol with a basal stimulation 

(S1) at a given frequency (e.g. at the alternans threshold frequency, 10.6 Hz, as described in 

Supplemental Materials) followed by a second stimulation (S2) at various frequencies (e.g. 12 Hz) (Fig. 

8A). We analyzed the levels of diastolic cytosolic Ca2+ and diastolic fraction of Ca2+-CaM inactivated 

RyR2 in the steady state at various S2 stimulation frequencies (9-12 Hz) after switching from 10.6 Hz 

(S1) (Fig. 8B-D). We focused on the diastolic fraction of inactivated RyR2 because it determines the 

diastolic fraction of RyR2 available for activation and thus the magnitude of RyR2 mediated Ca2+ 

release and Ca2+ transients. As shown in Fig. 8C, the diastolic cytosolic Ca2+ progressively increased 

when the S2 stimulation frequency increased from 9 to 10.6 Hz (i.e. below the threshold frequency for 

Ca2+ alternans). Given the strict Ca2+ dependence of CaM dependent inactivation of RyR2, the diastolic 

fraction of Ca2+-CaM inactivated RyR2 is expected to increase as a result of increasing diastolic 

cytosolic Ca2+. That was indeed the case (Fig. 8D). Thus, pacing-induced elevation in diastolic cytosolic 

Ca2+ likely triggers Ca2+-CaM dependent inactivation of RyR2.   

 

Interestingly, when the S2 stimulation frequency increased to >10.6 Hz (i.e. above the alternans 

threshold frequency), the diastolic cytosolic Ca2+ progressively increased at one beat but decreased in the 

following beat (Fig. 8C, beats 29 and 30). Such a beat-to-beat alternation leads to a bifurcation in the 

diastolic cytosolic Ca2+ (increase at odd beats and decrease at even beats) (Fig. 8A). Similarly, we 

observed beat-to-beat alternation in the diastolic fraction of inactivated RyR2 (Fig. 8D). When the 
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pacing frequency is above the alternans threshold frequency (10.6 Hz), the diastolic fraction of 

inactivated RyR2 started to bifurcate (Fig. 8D, beats 29 and 30), corresponding to the bifurcation in the 

diastolic cytosolic Ca2+. Thus, these simulations suggest that diastolic cytosolic Ca2+ alternations play a 

key role in diastolic RyR2 inactivation alternations that drive Ca2+ alternans. 

 

Diastolic cytosolic Ca2+ alternation results from Ca2+ influx-efflux imbalance  

 

To further explore why the diastolic cytosolic Ca2+ displayed beat-to-beat alternations when the 

stimulation frequency exceeds the alternans threshold frequency, we analyzed the major Ca2+ fluxes that 

contribute to the homeostasis of cytosolic Ca2+ at different pacing frequencies (Fig. 8E-G). These 

analyses revealed that the removal of Ca2+ out of the cytosol (Ca2+
cytoOUT=Juptake+JNCX) and the influx of 

Ca2+ into the cytosol (Ca2+
cytoIN=Jrelease+JCaL) are identical at pacing frequencies below the alternans 

threshold frequency (<10.6Hz). However, at the pacing frequencies above the alternans threshold 

frequency (>10.6Hz), the removal of Ca2+ out of the cytosol (Ca2+
cytoOUT) is smaller than the influx of 

Ca2+ into the cytosol (Ca2+
cytoIN) at one beat (beat 29, Fig. 8 E-G). This imbalance leads to an elevation 

in diastolic cytosolic Ca2+ and the diastolic fraction of inactivated RyR2 (Fig. 8C, D, beat 29). In the 

next beat (beat 30), the situation is reversed; the removal of Ca2+ out of the cytosol is greater than the 

influx of Ca2+ into the cytosol at pacing frequencies above the alternans threshold frequency (>10.6 Hz) 

(Fig. 8E-G, beat 30), leading to a reduction in diastolic cytosolic Ca2+ and the diastolic fraction of 

inactivated RyR2 (Fig. 8C, D, beat 30). Thus, the imbalance between Ca2+ removal from and Ca2+ influx 

into the cytosol causes beat-to-beat alternations in diastolic cytosolic Ca2+, in the diastolic fraction of 

inactivated RyR2, and thus in RyR2-mediated Ca2+ release and in Ca2+ transients.   

 

We also analyzed the cytosolic Ca2+ transients and the fraction of inactivated RyR2 using stimulation 

frequencies (S1=7.6 Hz, S2=7.6-9 Hz) below the alternans threshold frequency (<10.6Hz) (Fig. 8H-N). 

After the system has stabilized (e.g. beats 29 and 30), there are no beat-to-beat alternations in diastolic 

cytosolic Ca2+ or in the diastolic fraction of inactivated RyR2 (Fig. 8J, K). All Ca2+ fluxes are balanced 

in the steady state (Fig. 8L-N, beats 29 and 30). Thus, there is no Ca2+ alternans when pacing frequency 

is below the alternans threshold frequency (10.6 Hz), despite the increase in the diastolic cytosolic Ca2+ 

and diastolic fraction of inactivated RyR2 with increasing pacing frequency.  

 

Ca2+-CaM dependent RyR2 inactivation drives Ca2+ flux imbalance  

 

We next explored what triggers the imbalance of Ca2+ fluxes and diastolic cytosolic Ca2+ alternation. In 

cardiomyocytes, the level of diastolic cytosolic Ca2+ is largely determined by the L-type Ca2+ channel 

mediated Ca2+ influx (JCaL), RyR2 mediated Ca2+ release (Jrelease), SR Ca2+ uptake (Juptake), and Na+/Ca2+ 

exchanger mediated Ca2+ removal (JNCX). Rapid pacing induces changes in each of these currents (Fig. 

8E, F, L, M). Since Ca2+ cycling in mouse cardiomyocytes is mainly determined by Jrelease and Juptake, the 

diastolic cytosolic Ca2+ level would be largely determined by Jrelease and Juptake. Moreover, Juptake remains 

relatively linear in response to increasing pacing frequencies (Fig. 8E, L). Hence, rapid pacing-induced 

Ca2+ flux imbalance primarily results from the non-linear changes in Jrelease (Fig. 8E, G), which is caused 

by Ca2+-CaM dependent inactivation of RyR2. Therefore, Ca2+-CaM dependent RyR2 inactivation by 

affecting Jrelease drives Ca2+ flux imbalance, diastolic cytosolic Ca2+ alternation and thus Ca2+ alternans.    

 

 

DISCUSSION 
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Experimental and mathematical modeling studies have suggested that beat-to-beat alternations in the 

inactivation/refractoriness of RyR2 plays an important role in cardiac Ca2+ alternans 20, 33. However, the 

molecular mechanism underlying RyR2 inactivation/refractoriness remains largely unknown. CaM is 

known to inhibit RyR2 and promotes termination of RyR2-mediated Ca2+ release. CaM also modulates 

the refractoriness of RyR2-mediated Ca2+ release 34, 37, 38, 44. Therefore, by virtue of its actions on RyR2 

inactivation and Ca2+ release refractoriness, CaM would play a critical role in Ca2+ alternans. To directly 

test this idea, in the present study, we altered the function of CaM in cardiomyocytes in intact working 

hearts using adenovirus-mediated gene delivery of CaM mutants in vivo and assessed the impact of CaM 

mutations on Ca2+ transients using in situ intact heart Ca2+ imaging. We found that diminishing CaM 

function (as in CaM (1-4) mutation) shortened the recovery of Ca2+ transients and protected against Ca2+ 

alternans. In contrast, enhancing CaM function (as in CaM-M37Q mutation) prolonged the recovery of 

Ca2+ transients and promoted Ca2+ alternans. These data demonstrate, for the first time, that CaM is an 

important determinant of Ca2+ alternans in intact hearts. 

 

We have demonstrated previously that activation of RyR2 by SR luminal Ca2+ plays an important role in 

Ca2+ alternans 27, 28. Inhibiting RyR2 luminal Ca2+ activation promotes Ca2+ alternans, whereas enhancing 

RyR2 luminal Ca2+ activation suppresses Ca2+ alternans. These effects of altered RyR2 luminal Ca2+ 

regulation on Ca2+ alternans are opposite to those of altered CaM function. Hence, Ca2+ alternans is 

likely to be modulated by multiple competing regulators of RyR2, including CaM, luminal Ca2+, and 

cytosolic Ca2+. To understand this complex interplay, we developed a novel numerical myocyte model 

that incorporates RyR2 inactivation by Ca2+-CaM as well as RyR2 activation by cytosolic and luminal 

Ca2+ a in a 4-state model of RyR2 49. Recently, high resolution three-dimensional structures of the CaM-

RyR2 complexes in the absence and presence of Ca2+ have been resolved 36. These structural analyses 

indicate that inactivation of RyR2 by CaM requires Ca2+ binding to CaM and the binding of the Ca2+-

CaM complex to RyR2, and that recovery of RyR2 from Ca2+-CaM dependent inactivation requires the 

dissociation of Ca2+-CaM from RyR2. To model this Ca2+-dependent CaM inactivation of RyR2 and its 

recovery from inactivation, we included an inactivation rate proportional to the concentration of Ca2+-

CaM, while the recovery rate is assumed to be constant. For RyR2 activation, we assumed cytosolic 

Ca2+ activation is proportional to the square of the cytosolic Ca2+ concentration. Given the steep 

dependence of RyR2 activation by luminal Ca2+, we modeled luminal Ca2+ activation of RyR2 with a 

large Hill coefficient (n = 6). Remarkably, our newly developed model recapitulates not only the impact 

of altered CaM function but also the impact of altered luminal Ca2+ activation of RyR2 on Ca2+ alternans 

under 9 different experimental conditions. This excellent match between experimental and simulation 

data indicates that Ca2+ alternans is largely controlled by the activity of RyR2 and is thus subjected to 

modulation by RyR2 regulators (cytosolic Ca2+, luminal Ca2+, and CaM).  

  

Although it is well recognized that RyR2 inactivation underlies Ca2+ alternans, how RyR2 inactivation 

induces Ca2+ alternans remains largely undefined. Our simulation analyses reveal that the fraction of 

RyR2 available for stimulated SR Ca2+ release is determined by the diastolic fraction of Ca2+-CaM 

inactivated RyR2, which is in turn determined by the diastolic cytosolic Ca2+ level (i.e. the level of 

cytosolic Ca2+ just before stimulation). The level of this diastolic cytosolic Ca2+ is largely determined by 

the net balance of SR Ca2+ release (Jrelease) and SR Ca2+ uptake (Juptake). Increasing the pacing frequency 

(i.e. shortened cycle length) will reduce SR Ca2+ uptake, as the SR Ca2+ pump has less time to remove 

cytosolic Ca2+. Reduced SR Ca2+ uptake will result in an elevation in diastolic cytosolic Ca2+. On the 

other hand, this pacing-induced elevation in diastolic cytosolic Ca2+ will increase the level of the Ca2+-

CaM complex and the fraction of Ca2+-CaM inactivated RyR2, which will reduce the fraction of RyR2 

available for activation and thus SR Ca2+ release. Reduced SR Ca2+ release will in turn decrease diastolic 

cytosolic Ca2+. Thus, increasing the pacing frequency has two opposing effects on the diastolic cytosolic 
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Ca2+ level. It is the net effect of these two opposing forces that determines the induction of Ca2+ 

alternans. When the pacing frequency is below the alternans threshold frequency, SR Ca2+ uptake equals 

to SR Ca2+ release at the steady state (Fig. 8). As such, there are no beat-to-beat alternations in the 

diastolic cytosolic Ca2+, in RyR2 inactivation, or in RyR2-mediated Ca2+ release (i.e. no Ca2+ alternans). 

However, when the pacing frequency exceeds the alternans threshold, SR Ca2+ uptake is greater than SR 

Ca2+ release at one beat due to strong inactivation of RyR2 by the elevated diastolic cytosolic Ca2+. This 

will result in a decrease in the diastolic cytosolic Ca2+. The reduction in diastolic cytosolic Ca2+ will 

reduce the Ca2+-CaM complex and thus the Ca2+-CaM dependent RyR2 inactivation. This reduced RyR2 

inactivation will increase SR Ca2+ release and diastolic cytosolic Ca2+ on the next beat. Thus, increasing 

pacing frequency above the alternans threshold leads to imbalance of SR Ca2+ uptake and Ca2+ release, 

causing beat-to-beat alternations in diastolic cytosolic Ca2+, in RyR2 inactivation, and in RyR2-mediated 

Ca2+ release (i.e. Ca2+ alternans). Taken together, we propose that rapid pacing-induced Ca2+ alternans is 

caused by a feedback loop in which elevated diastolic cytosolic Ca2+ leads to increased Ca2+-CaM 

dependent inactivation of RyR2, reduced SR Ca2+ release, SR Ca2+ release-uptake imbalance, and 

decreased diastolic cytosolic Ca2+ (Fig. 8). This diastolic cytosolic Ca2+ alternation then drives diastolic 

RyR2 inactivation alternation and Ca2+ alternans. 

 

Although cytosolic Ca2+ has been suggested in the induction of Ca2+ alternans, the role of cytosolic Ca2+ 

in Ca2+ alternans and its underlying mechanism are unclear and controversial. Early modeling studies 

assumed the presence of cytosolic Ca2+ dependent-inactivation of RyR2 in simulating Ca2+ alternans 49. 

However, this is not universally accepted, because in in vitro experiments, cytosolic Ca2+ in the 

physiological range does not provide sufficient inactivation of RyR2. Rather, other mechanisms of 

RyR2 termination have been proposed, such as SR Ca2+ depletion or stochastic attrition 50, 51. 

Nevertheless, in vivo experiments 52 seem to support the idea of a strong inactivation of RyR2 by 

cytosolic Ca2+. Following these ideas, RyR2 inactivation has been proposed as a possible mechanism for 

alternans both in modeling 20, 32, 33 and in experimental studies 16, 23, 27, 29, 30. These studies shed light on 

how an incomplete recovery of RyR2 from inactivation (or refractoriness) can lead to alternans at fast 

pacing rates. However, the mechanism of RyR2 inactivation and its relation to the pacing rate are 

completely undefined. It is this crucial point that the present study has addressed. We demonstrate that 

pacing induced cytosolic Ca2+ elevation increases the Ca2+-CaM complex that induces RyR2 inactivation 

that drives Ca2+ alternans. 

 

Given its significant role in modulating SR Ca2+ release, impaired CaM function is expected to be 

pathological. Indeed, naturally occurring mutations in CaM cause cardiac arrhythmias and sudden death 
53. Impairing CaM inhibition of RyR2 in mice by mutating the CaM binding site in RyR2 also causes 

cardiac hypertrophy and early death 54. Reduced CaM binding to RyR2 has also been implicated in heart 

failure 35, 55. Thus, these observations suggest that enhancing CaM-RyR2 interaction may represent an 

effective therapeutic strategy for treating cardiac arrhythmias and heart failure. In support of this idea, it 

has recently been shown that the GOF CaM-M37Q mutation and enhancing CaM-RyR2 interaction are 

able to suppress spontaneous SR Ca2+ release and catecholaminergic polymorphic ventricular 

tachycardia (CPVT) 44. However, as shown in the present study, enhancing CaM function (as in CaM-

M37Q mutation) markedly promotes Ca2+ alternans that can lead to ventricular fibrillation and sudden 

death. Given that both enhancing and suppressing CaM function could lead to cardiac arrhythmias, 

normalizing the activity of CaM would be the key in protecting against CaM-mediated cardiac 

arrhythmias. 

 

The impact of CaM and CaM mutations on Ca2+ dynamics/fluxes in isolated cardiomyocytes has been 

extensively investigated38, 44, 56-60. Surprisingly, little is known about the impact of CaM and CaM 
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mutations on Ca2+ alternans. This is due, in part, to the technical difficulties of studying the effects of 

altered CaM function on Ca2+ alternans in isolated cardiomyocytes or in intact hearts. It is generally 

difficult to induce stable Ca2+ alternans in isolated cultured cardiomyocytes overexpressing CaM or 

CaM mutants at physiologically relevant pacing frequencies. It is also difficult to study the impact of 

altered CaM function globally in the intact heart without detrimental effects, given its critical roles in 

many cellular processes. To circumvent the problems associated with isolated cultured cardiomyocytes 

and global adverse effects on the heart, we employed a local in vivo gene delivery approach by directly 

injecting adenoviruses expressing CaM  or CaM mutants into the anterior wall of the left ventricle. This 

local expression allows us to assess, for the first time, the impact of altered CaM function on Ca2+ 

alternans and Ca2+ transient recovery in cardiomyocytes in the setting of intact hearts. Furthermore, there 

is evidence suggesting that the induction and mechanism of fast-pacing induced Ca2+ alternans in single 

isolated cardiomyocytes may be different from those in intact hearts. For instance, enhanced RyR2 

function has been shown to promote Ca2+ alternans in isolated cardiomyocytes where spontaneous Ca2+ 

release events are present 61-63. In contrast, we showed that enhanced RyR2 function suppresses Ca2+ 

alternans in intact working hearts 28. Although the exact reason for this difference has yet to be 

determined, one clear difference between isolated cardiomyocytes and intact hearts is the lack of 

spontaneous Ca2+ release events in intact hearts during fast-pacing that induces Ca2+ alternans 28. 

Moreover, the stimulation frequency required to trigger Ca2+ alternans in intact hearts is much higher 

than that in isolated cardiomyocytes. These observations suggest that the mechanism that contributes to 

fast-pacing induced Ca2+ alternans in intact hearts may be different from that in isolated cardiomyocytes. 

Thus, our local in vivo gene delivery technique combined with in situ intact heart Ca2+ imaging 

represents a more physiologically relevant approach to investigating the role of CaM in Ca2+ alternans as 

compared to the single-cell approach. 

 

In summary, the present study demonstrates that Ca2+-CaM dependent inactivation of RyR2 plays an 

important role in pacing induced Ca2+ alternans in intact hearts. Based on our new findings, we 

developed a novel numerical myocyte model of Ca2+ alternans. The new model recapitulates the impact 

of altered RyR2 and CaM function on Ca2+ alternans under 9 different experimental conditions. Our 

simulation analyses reveal that pacing-induced diastolic cytosolic Ca2+ elevation drives Ca2+-CaM 

dependent RyR2 inactivation, and that RyR2 inactivation, when sufficiently high, leads to SR Ca2+ 

release-uptake imbalance. This imbalanced Ca2+uptake and release results in alternations in diastolic 

cytosolic Ca2+, in RyR2 inactivation, and in SR Ca2+ release, and thus perpetuation of Ca2+ alternans.  

 

Study limitations 

 

Despite the physiological advantages of in vivo CaM manipulation and in situ intact heart imaging, our 

intact heart imaging approach does not isolate the effects of altered CaM function on specific CaM 

targets. Therefore, although RyR2 is a major target of CaM regulation of Ca2+ alternans, it is likely that 

other CaM targets are importantly involved as well. Further studies will be needed to fully understand 

the roles of different CaM targets in Ca2+ alternans in the setting of intact hearts. Given the close 

coupling between Ca2+ alternans and action potential duration (APD) alternans, the role of CaM in APD 

alternans has yet to be determined. Furthermore, since a mathematical model cannot be used as a 

definitive proof of a biological function, the fact that our mathematical model reproduces very well the 

experimental data and supports the notion that CaM-dependent inactivation of RyR2 is a key 

determinant of Ca2+ alternans does not entirely rule out that a variation of the model might also agree 

with the experiments and explain Ca2+ alternans by a different mechanism. An interesting observation in 

our simulations is that pacing at 9 Hz led to transient alternans, while pacing at 12 Hz resulted in stable 
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alternans. However, more studies will be required to fully understand the mechanism underlying 

transient and stable Ca2+ alternans at different stimulation frequencies.  
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FIGURES AND FIGURE LEGENDS 

Fig. 1 

 

 
 

Figure 1. Effects of altered CaM function on Ca2+ alternans and Ca2+ transient recovery in intact 

RyR2 WT hearts. 

 

RyR2 WT hearts without injection (A, control) or locally injected with adenoviruses expressing CaM-

WT (B), CaM (1-4) (C) or CaM-M37Q (D) were loaded with Rhod-2 AM. Ca2+ transients in intact 

Rhod-2 AM loaded hearts were elicited by pacing at different frequencies (6 to 14 Hz), and recorded 
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using line-scanning confocal imaging. Cell boundaries were indicated by short bars to the left. The 

∆F/Fo traces depict the average fluorescence signal of the scan area. (E) Alternans ratios for each cell 

that displayed alternans in the scan area were determined and averaged per cell to yield the average 

alternans ratio. Alternans ratio is defined as the ratio of the difference in amplitude between the large 

and small Ca2+ transients over the amplitude of the large Ca2+ transient. Data are mean ± s.e.m. (n 

= 7 hearts for Control, 6 hearts for CaM-WT, 6 hearts for CaM (1-4), and 7 hearts for CaM-M37Q with 

their P values indicated for each condition vs control). To determine the recovery of Ca2+ transients, 

control (F), CaM-WT (G), CaM (1-4) (H) or CaM-M37Q (I) adenovirus injected hearts were first 

stimulated at 5 Hz for 30 beats (S1), followed by a single S2 stimulation. A series of S1S2 stimulations 

were repeatedly applied with progressively reduced S1S2 intervals from 200 to 40 ms. Ca2+ transients 

were recorded using line-scanning confocal imaging. (J) The relationship between A2/A1 ratio of the 

Ca2+ transient amplitude and the S1S2 interval (*p<0.05 vs control). (K) The 50% recovery time of the 

Ca2+ transient amplitude after pacing with the S1S2 protocol. Data are mean ± s.e.m. (n = 13 hearts for 

Control, 6 hearts for CaM-WT, 8 hearts for CaM (1-4), and 6 hearts for CaM-M37Q with their P values 

indicated for each condition vs control) (Two-way ANOVA with Dunnett's post-hoc test for obtaining 

the adjusted p-values shown (E, J), and Kruskal-Wallis test with Dunn's post-hoc test for obtaining the 

adjusted p-values shown (K)). 
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Fig. 2 

 

 
 

Figure 2. Local expression of CaM-WT/GFP and CaM (1-4)/GFP in intact hearts after in vivo 

adenovirus-mediated gene delivery. 

 

(A) A schematic diagram of plasmids used to produce the adeno-associated viruses (AAV) co-

expressing CaM-WT/GFP or CaM(1-4)/GFP. (B) Merged Rhod-2 (red) and GFP (green) fluorescent 
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images of control hearts, hearts injected with Ad-CaM-WT/GFP (injected side vs non-injected side), and 

hearts injected with Ad-CaM(1-4)/GFP (injected side vs non-injected side), showing locally confined 

expression of Ad-CaM-WT/GFP or Ad-CaM(1-4)/GFP near the injection site. Scale bars, 3 mm. (C) 

Confocal line-scan x-y Rhod-2, GFP, or merged images of control hearts or hearts injected with Ad-

CaM-WT/GFP or Ad-CaM(1-4)/GFP (injected side vs non-injected side) paced at 5 Hz. Red dash-lines 

indicate Ca2+ transients. Scale bars, 50 μm. (D) Immunoblotting of tissues isolated from the anterior wall 

of the left ventricle of control hearts (no injection) or from the left ventricular anterior wall around the 

sites of injection (injected sites) of CaM-WT/GFP or CaM (1-4)/GFP adenoviruses or from the posterior 

wall (away from the injection sites, non-injected sites) of the left ventricle. (E) Quantification of CaM 

expression 5 days post adenoviral injection. Data are mean ± s.e.m. (n = 4 hearts for control, 9 hearts for 

CaM-WT/GFP, and 8 hearts for CaM(1-4)/GFP) (paired Student’s t-test, injected side vs non-injected 

site). 
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Fig. 3 

 

 
 

Figure 3. Effects of altered CaM function on SR Ca2+ content, recovery of Ca2+ transients, and 

recovery from inactivation of L-type Ca2+ current 

 

Sarcoplasmic reticulum (SR) Ca2+ contents in Rhod-2 AM loaded mouse ventricular myocytes isolated 

from RyR2 WT hearts without injection (control) (A), or from WT hearts locally injected with Ad-CaM-
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WT/GFP (B) or Ad-CaM(1-4)/GFP (C) were determined by measuring the amplitude of caffeine (20 

mM)-induced Ca2+ release (D). Data are mean ± s.e.m. (n = 47 cells from 10 hearts for control, 28 cells, 

5 hearts for CaM-WT/GFP, and 34 cells, 6 hearts for CaM(1-4)/GFP with their P values indicated for 

each condition vs control). To determine the recovery of Ca2+ transients, control (E), CaM-WT/GFP (F) 

or CaM (1-4)/GFP (G) expressing ventricular myocytes were first stimulated at 1 Hz for 10 beats (S1), 

followed by a single S2 stimulation. A series of S1S2 stimulations were repeatedly applied with 

progressively reduced S1S2 intervals from 1000 to 100 ms. Ca2+ transients were recorded using line-

scanning confocal imaging. (H) The relationship between A2/A1 ratio of the Ca2+ transient amplitude 

and S1S2 interval. (I) The 50% recovery time of the Ca2+ transient amplitude after pacing with the S1S2 

protocol. Data are mean ± s.e.m. (n = 24 cells from 8 hearts for control, 15 cells, 6 hearts for CaM-

WT/GFP, and 14 cells, 5 hearts for CaM(1-4)/GFP with their P values indicated for each condition vs 

control). To assess the recovery from inactivation of the L-type Ca2+ current, ventricular myocytes 

isolated from control hearts (J), CaM-WT/GFP (K) or CaM (1-4)/GFP (L) adenovirus injected hearts 

were first stimulated at 1 Hz for 5 beats (S1), followed by a single S2 stimulation. A series of S1S2 

stimulations were repeatedly applied with progressively increased S1S2 intervals from 20 to 400 ms. L-

type Ca2+ currents were recorded using whole cell patch-clamp recording. (M) The relationship between 

A2/A1 ratio of the L-type Ca2+ current amplitude and the S1S2 interval (*p<0.05 vs control). (N) The 

50% recovery time of L-type Ca2+ current for control, CaM-WT/GFP or CaM (1-4)/GFP expressing 

cells. Data are mean ± s.e.m. (n = 12 cells from 5 hearts for Control, 10 cells from 5 hearts for CaM-

WT/GFP, 10 cells from 5 hearts for CaM(1-4)/GFP with their P values indicated for each condition vs 

control) (Values of s.e.m. were adjusted with the hierarchical statistical method 64, One-way ANOVA 

with Bonferroni's post-hoc test for obtaining the adjusted p-values shown (D, H, I, M, N)). 
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Fig. 4 

 

 
 

Figure 4. Effects of CaM mutations on Ca2+ alternans and Ca2+ transient recovery in intact RyR2-

E4872Q mutant hearts. 

 

RyR2-E4872Q mutant hearts without injection (A, Control) and with local injection of CaM (1-4) (B) or 

CaM-M37Q (C) adenoviruses were stimulated at increasing frequencies (5-12 Hz). (D) Alternans ratios. 
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Data are mean ± s.e.m. (n = 6 hearts for Control, 6 hearts for CaM (1-4), and 7 hearts for CaM-M37Q 

with their P values indicated for each condition vs control). Recovery of Ca2+ transients in control (E), 

CaM(1-4) (F) or CaM-M37Q (G) hearts. (H) The relationship between A2/A1 ratio of the Ca2+ transient 

amplitude and the S1S2 interval (*p<0.05 vs control). (I) The 50% recovery time of the Ca2+ transient 

amplitude after pacing with the S1S2 protocol. Data are mean ± s.e.m. (n = 11 hearts for Control, 

8 hearts for CaM (1-4), and 6 hearts for CaM-M37Q with their P values indicated for each condition vs 

control) (Two-way ANOVA with Dunnett's post-hoc test for obtaining the adjusted p-values shown (D, 

H), Kruskal-Wallis test with Dunn's post-hoc test for obtaining the adjusted p-values shown (I)). 
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Fig. 5 

 

 
 

Figure 5. Effects of CaM mutations on Ca2+ alternans and Ca2+ transient recovery in intact RyR2-

R4496C mutant hearts. 

 

RyR2-R4496C mutant hearts without injection (A, Control) and with local injection of CaM (1-4) (B) or 

CaM-M37Q (C) adenoviruses were stimulated at increasing frequencies (8-15 Hz). (D) Alternans ratios. 
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Data are mean ± s.e.m. (n = 6 hearts for Control, 7 hearts for CaM (1-4), and 8 hearts for CaM-M37Q 

with their P values indicated for each condition vs control). Recovery of Ca2+ transients in control (E), 

CaM (1-4) (F) or CaM-M37Q (G) hearts. (H) The relationship between A2/A1 ratio of the Ca2+ transient 

amplitude and the S1S2 interval (*p<0.05 vs control). (I) The 50% recovery time of the Ca2+ transient 

amplitude after pacing with the S1S2 protocol. Data are mean ± s.e.m. (n = 10 hearts for Control, 

7 hearts for CaM (1-4), and 7 hearts for CaM-M37Q with their P values indicated for each condition vs 

control) (Two-way ANOVA with Dunnett's post-hoc test for obtaining the adjusted p-values shown (D, 

H), Kruskal-Wallis test with Dunn's post-hoc test for obtaining the adjusted p-values shown (I)). 
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Fig. 6 

 

 
 

Figure 6. Numerical simulation of altered CaM function on Ca2+ alternans in RyR2 WT hearts 

 

(A) The three-dimensional structure of RyR2 36 showing the locations of the cytosolic Ca2+ activation 

sites, the CaM binding site, and the putative luminal Ca2+ activation sites. For clarity, only two RyR2 
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subunits are shown.  (B) The four-state model of RyR2. The RyR2 presents Ca2+ binding domains to 

both cytosolic and luminal Ca2+, that activate the channel, and to CaM, that inactivates it. Inactivation of 

the RyR2 occurs as Ca2+ binds to CaM at the CaM binding site of the RyR2. There is a second 

inactivated state that corresponds to a RyR2 with Ca2+ bound to the CaM binding site, but not to the 

cytosolic and luminal activation sites (Supplementary Materials). The model was paced at several 

stimulation frequencies, obtaining a very good agreement with the experimental traces (C). The same 

procedure was followed for cells injected with CaM-WT (D), LOF CaM mutation CaM (1-4) (E), and 

GOF CaM mutant (M37Q) (F). (G) Comparison of the numerically obtained amplitude of alternans in 

the four cases with the experimental results, showing a very good agreement. 
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Fig. 7 

  

 
 

Figure 7. Numerical simulation of altered CaM function on Ca2+ alternans in RyR2-E4872Q and 

RyR2-R4496C mutant hearts 

 

Comparison of numerical and experimental Ca2+ traces (concentration of Ca2+ bound to Rhod-2) for 

RyR2-E4872Q (A) and RyR2-R4496C (E) mutant hearts. The model reproduces very well the 
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dynamics, both in the control case and with injected LOF CaM (1-4) (B, F), and GOF CaM-M37Q (C, 

G) mutants. The measured amplitudes agree very well in all cases for the RyR2-E4872Q (D) and RyR2-

R4496C (H) mutant hearts. 
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Fig. 8 
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Figure 8. Pacing-induced elevation of diastolic cytosolic Ca2+ causes RyR2 inactivation, Ca2+ flux 

imbalance, and Ca2+ alternans  

 

We performed S1-S2 protocols with a S1 frequency at 10.6 Hz, just below the onset of alternans, and 

with S2 frequencies ranging from 9 to 12 Hz. An example is shown with S2 = 12 Hz, where alternans 

develop in both the cytosolic Ca2+ transient (A) and the fraction of inactivated RyR2 (B). We then 

measured, at each beat after the change in frequency, the diastolic values of cytosolic Ca2+ (C) and the 

diastolic fraction of inactivated RyR2 (D). For clarity, we indicate with red dots in (A) and (B) the 

diastolic points where these values are taken. We then measured the fluxes corresponding to each beat 

and integrate the currents over the duration of the beat, corresponding to fluxes across the SR by SR 

Ca2+ release (Jrelease) or uptake (Juptake) (E), across the cell membrane by the L-type Ca2+ channel (ICaL) 

and the Na/Ca2+ exchanger (INCX) (F), and the total Ca2+ in or out of the cytosol, as the sum of the 

previous fluxes (G). We also performed S1-S2 protocols with a S1 frequency at 7.6 Hz and S2 

frequencies ranging from 6 to 9 Hz (below the alternans threshold frequency). Similarly, we analyzed 

cytosolic Ca2+ transient (H), the fraction of inactivated RyR2 (I), the diastolic cytosolic Ca2+ (J), the 

diastolic fraction of inactivated RyR2 (K), the SR Ca2+ release (Jrelease) and uptake (Juptake) (L), the L-

type Ca2+ channel (ICaL) and the Na/Ca2+ exchanger currents (INCX) (M), and the total Ca2+ in or out of 

the cytosol (N). (O) Proposed mechanism for fast pacing-induced Ca2+ alternans.  
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SUPPLEMENTARY MATERIALS 

 

Supplementary Methods 

 

Animal studies  

      

All animal studies were approved by the Institutional Animal Care and Use Committee at the University 

of Calgary and performed in accordance with the NIH guidelines. The RyR2-E4872Q and RyR2-

R4496C knock-in mutant mice were generated as previously described 47, 65. Adult RyR2-R4496C+/- and 

RyR2-E4872Q+/- heterozygous mutant and wildtype control mice (8-16 weeks) were used for all 

experiments. All animal experiments involved in adenovirus-mediated gene delivery in vivo were 

performed blindly to genotype and the type of adenoviruses. However, experiments with control animals 

(i.e. without adenovirus injection) were not blinded as they do not have scars resulted from surgery and 

injection. Animals were assigned randomly to the experimental groups, and both male and female 

animals were utilized in experiments. No animals were excluded from analyses. A minimum sample size 

(n = 6 per group) for animal studies was estimated using the G*Power3.1 program with an effect size of 

2, a significant level (alpha) of 0.05, and power of 0.8. The effect size was estimated from a pilot study 

that compared the means in the Ca2+ alternans ratio between two control hearts and two mutant hearts. 

Sample sizes and p values can be found in figures and figure legends. 

 

In vivo gene delivery and confocal Ca2+ imaging  

 

In order to determine the impact of altered CaM function on Ca2+ alternans in cardiac cells in intact 

working hearts, replication-deficient adenoviruses expressing CaM-WT,  CaM (1-4) or CaM-M37Q 

mutant or adenoviruses co-expressing CaM-WT/GFP or CaM (1-4)/GFP was directly injected into the 

anterior wall of the left ventricle using the method described previously 39. The in vivo adenovirus 

infection of cardiomyocytes was accomplished via a single localized injection on the anterior wall, while 

the posterior wall was unaffected. Five days after adenovirus injection the hearts were isolated and Ca2+ 

transients in an area ~1-2 mm away from the injection site were measured in Langendorff-perfused 

intact hearts using confocal Ca2+ imaging 40, 41. In addition to measuring Ca2+ transients in the 

adenoviral-infected anterior wall, we also measured Ca2+ transients from the non-infected posterior wall 

of the left ventricle to serve as an internal control.   

 

Determination of recovery of Ca2+ transients 

 

The recovery of voltage-induced Ca2+ transients was determined by using the S1S2 stimulation protocol 

as described previously with some modifications 16, 27, 28. Briefly, Ca2+ transients in Rhod-2 AM loaded 

hearts were first induced at 5 Hz for 5 seconds (S1), followed by a single S2 stimulation at a specific 

interval. The hearts were repeatedly stimulated by a series of S1S2 protocols with progressively 

decreased S1S2 intervals (from 200 ms to 40 ms). Ca2+ transients before and after S2 stimulation were 

continuously recorded by using the Nikon‐A1R confocal microscope in the line-scan mode. 

 

Laser scanning confocal Ca2+ imaging of intact hearts 

 

RyR2 WT and mutant mouse hearts were loaded with 4.4 µM Rhod‐2 AM (Biotium, Inc. Hayward, CA) 

in oxygenated Tyrode’s buffer (118 mM NaCl, 5.4 mM KCl, 25 mM NaHCO3, 1 mM MgCl2, 0.42 mM 

NaH2PO4, 11.1 mM glucose, 10 mM taurine, 5 mM creatine, and 1.8 mM CaCl2, pH 7.4) via retrograde 

Langendorff perfusion system at 25°C for 45 minutes, as described previously 40, 41. The Langendorff-
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perfused hearts were placed in a recording chamber mounted onto the Nikon A1R microscope for in situ 

confocal imaging (line-scan) of Ca2+ signals from epicardial ventricular myocytes. The temperature of 

the heart was kept at 35C throughout the experiment with 5 µM blebbistatin (Toronto Research 

Chemicals, Toronto, ON) to prevent motion artifact. The pixel size of the resulting line-scan images 

ranged between 1.8 ms and 2 ms in the temporal dimension and between 0.1 microns to 0.4 microns in 

the spatial dimension. Ca2+ alternans in the WT and mutant hearts was induced by rapid electrical 

stimulation at increasing frequencies (5‐15 Hz, 6 V). 

 

Isolation of ventricular myocytes 

 

Mouse hearts were mounted on the Langendorff apparatus and perfused with warm (37 ℃) Krebs-

Ringers-HEPES (KRH) buffer KRH (125 mM NaCl, 5 mM KCl, 1.2 mM KH2PO4, 6 mM glucose, 1.2 

mM MgCl2 and 25 mM Hepes, pH 7.4) for 3 min to get rid of the blood. The KRH buffer was then 

switched to digestion buffer containing collagenase type II (Worthington Biochem.) and protease 

(Sigma). The heart was perfused for 7~10 min until it became soft. Bovine serum albumin (BSA) was 

added to the buffer to stop digestion. The atria and other non-cardiac tissues were removed with scissors 

and discarded. The cells were suspended by gently pipetting until most of the cells were separated. The 

cell solution was transferred after filtering (through 200 μm mesh size) into a 50 ml tube, and was 

centrifuged at 1,000 g for 1 min. Supernatant was removed, and the pellet was re-suspended in 5 ml of 

resuspension solution containing 50 nM Ca2+, and was allowed to sediment down for 7 min. This 

process was repeated 4 times. The final cell pellet was re-suspended in resuspension solutions with 

increasing Ca2+ concentration (100 nM, 250 nM, 500 nM and 1 mM). Cells were kept in solution 

containing 1 mM Ca2+ at room temperature (23 ℃) until use. 

 

Single cell Ca2+ imaging of isolated ventricular myocyte  

 

Mouse ventricular myocytes were isolated using retrograde aortic perfusion as described previously 65. 

Isolated cells were kept at room temperature (23 ℃) in Krebs-Ringers-HEPES (KRH) buffer (125 mM 

NaCl, 12.5 mM KCl, 25 mM HEPES, 6 mM glucose, and 1.2 mM MgCl2, pH 7.4) containing 20 mM 

taurine, 20 mM 2,3-butanedione monoxime (BDM), 5 mg/ml albumin, and 1 mM free Ca2+ until use. 

Freshly isolated mouse ventricular myocytes were added to glass coverslips pre-coated with 50 µg/ml 

laminin, and loaded with 5 µM Rhod-2, AM (Molecular Probes, USA) in KRH buffer containing 1 mM 

Ca2+ for 20 min at room temperature. The glass coverslip pre-mounted to a recording chamber was then 

placed onto an inverted microscope (Nikon ECLIPSE Ti) equipped with a Nikon CFI Plan Apo VC 

60xWI objective. Rhod-2 AM loaded cells were perfused with KRH buffer containing 2 mM 

extracellular Ca2+ and 5 µM blebbistatin at room temperature. The cells were paced by field stimulation 

using the S88X electrical stimulator (Grass, USA). Confocal line-scanning (512 pixels and 1.9 ms per 

line) were performed along the longitudinal axis of cells using the Nikon A1R confocal system.  The 

recovery of Ca2+ transients was determined by using the S1S2 stimulation protocol. Ca2+ transients in 

Rhod-2 AM loaded cells were first induced at 1 Hz for 5 seconds (S1), followed by a single S2 

stimulation at a specific interval. The cells were repeatedly stimulated by a series of S1S2 protocols with 

progressively decreased S1S2 intervals (from 1000 ms to 100 ms). Ca2+ transients before and after S2 

stimulation were continuously recorded by using the Nikon‐A1R confocal microscope in the line-scan 

mode. SR Ca2+ content was determined after steady state stimulation at 1 Hz for 10 seconds by 

measuring the amplitude of Ca2+ release induced by local delivery of 20 mM caffeine.   

 

Whole cell patch-clamp recording of isolated ventricular myocytes 
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Mouse ventricular myocytes were isolated from 2-4 months old WT mice infected with adenoviruses co-

expressing CaM-WT/GFP or CaM (1-4)/GFP. Ventricular myocytes were planted on cover glasses and 

perfused with recording bath solution containing (in mM) NaCl 137, CsCl 5.4, MgCl2 1, CaCl2 1.2, 

HEPES 10, Glucose 10, 4-Aminopyridine (4-AP) 2, pH 7.4 adjusted with NaOH. The intracellular 

recording pipette solution contains (in mM) CsCl 120, TEA-Cl 20, MgCl21, MgATP 5, Na2GTP 0.2, 

HEPES 10, and EGTA 0.01, pH adjusted to 7.2 with CsOH. GFP-expressing cells were identified based 

on their green fluorescence. After obtaining whole cell voltage-clamp with a gigaohm seal, whole cell 

membrane capacitance was calculated as the time integral of the capacitive response to a 10mV 

hyperpolarizing step. Cells with significant leak current (≥100 pA) were rejected (≈40%). When 

measuring whole cell L-type Ca2+ currents (depolarized every 10 s), a series of resistances and 

membrane capacitances were compensated electronically (≥75%). All recordings were performed at 

room temperature (23 ℃).  The recovery from inactivation of the L-type Ca2+ current in isolated 

ventricular myocytes was determined by using whole-cell patch-clamp recordings and the S1-S2 

stimulation protocol as described previously 38, 42 with some modifications. Briefly, for each sweep in 

the S1-S2 pacing protocol, the cells first received a S1 pacing, followed by a single S2 stimulation with 

the S1-S2 interval (when the cell was repolarized to -80 mV) ranging from 20 ms to 400 ms, in a 20 ms 

step. The interval between each sweep was 10 s. For the S1 pacing, cells were paced at 1 Hz for 5 

seconds. For each stimulus, the cells were depolarized to 0 mV from a holding potential of -80 mV for 

500 ms. For S2 stimulation, the cells were depolarized to 0 mV from -80 mV for 500 ms. 

 

Western blotting 

 

Heart tissues around the adenovirus injection site on the anterior wall of the left ventricle were collected 

and frozen in liquid nitrogen. Frozen tissues were homogenized in 6 volumes of homogenizing buffer 

containing 30 mM KH2PO4, 5 mM EDTA, 40 mM NaF, 300 mM sucrose, and a protease inhibitor 

mixture (1 mM benzamidine, 4 µM leupeptin, 0.5 mM DTT, and 100 mM PMSF). Heart homogenates 

were solubilized in a solubilizing buffer containing 50 mM Tris-HCl (pH 7.5), 3% SDS for 1 hour at 

room temperature, and then incubated at 55 °C for 10 min. Tissue lysates were obtained by centrifuging 

at 14,000 rpm for 10 min at 4 °C to remove insolubilized materials. The protein concentration was 

determined using a BioRad protein assay kit. 40 µg of proteins were subjected to 15% SDS-PAGE and 

transferred onto nitrocellulose membranes at 100 V for 1 h at 4 °C. The nitrocellulose membranes 

containing the transferred proteins were blocked with 5% non-fat dry milk in PBS for 60 min. The 

blocked membrane was incubated with anti-calmodulin antibody (Abcam, ab124742, 1:5000 dilution) or 

anti-GAPDH antibody (Sigma, G9545, 1:5000) at 4 °C overnight, and then incubated with secondary 

anti-rabbit IgG (heavy and light) antibodies conjugated to horseradish peroxidase (Invitrogen, 31460, 

1:20,000 dilution). After washing for 10 min three times, the bound antibodies were detected using an 

enhanced chemiluminescence kit (Pierce). Images were taken and analyzed using the ImageQuant LAS 

4000 (GE Healthcare/Life Sciences). 

 

Image and signal processing 

 

The signal and image processing methods were implemented using MATLAB (The Mathworks Inc., 

Boston, MA) as previously described 27. Briefly, line-scan fluorescence images were filtered according 

to the noise level estimated by the median absolute deviation of the pixel intensities. Individual cells in 

the images were manually marked and the average fluorescence in each cell obtained for further 

analysis. A wavelet peak detection algorithm was used in order to detect individual Ca2+ release events 

in the average fluorescence signals. For each event detected in each cell, we determined the peak 

amplitude (local min-max difference) and the alternans ratio (relative amplitude difference between 
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consecutive peaks). The presence of alternans periods was established when six consecutive peaks 

presented an alternans ratio above 0.05. Alternans duration was defined as the percentage of alternans 

periods over the total line-scan duration. Average magnitudes were obtained by taking the mean over 

each line-scan. Alternans ratio increases with increasing pacing frequency, and the alternans threshold 

frequency at different experimental conditions was defined as alternans ratios >15%.  

 

Statistical Analysis 

 

All data shown are mean ± s.e.m, unless indicated otherwise. For assessing the normality of distribution 

of data, Shapiro-Wilk test was performed. For normally distributed data sets, parametric tests were 

performed. For non-normally distributed data sets, non-parametric methods were used. For non-

parametric analyses, Mann-Whitney U test (two-sided) was used for two groups; Kruskal-Wallis test 

with Dunn’s post hoc test was used for 3 or more than 3 groups. For parametric analyses, Student’s t-test 

(two-sided) was used for two groups; One-way or two-way ANOVA followed by either Dunnett's or 

Bonferroni’s post hoc test was used for 3 or more than 3 groups. Factorial designs were analyzed with 

two-way ANOVA test followed by Dunnett’s post-hoc test. Although multiple comparisons in some 

experiments (alternans ratios at different frequencies and recovery at different S1S2 intervals) were 

carried out and analyzed systematically, no experiment-wide multiple test correction was performed. For 

isolated cardiomyocyte data, analyses were performed in RStudio using the hierarchical statistical 

method described by Sikkel et al. 64. Statistical analyses were performed with GraphPad Prism 8 

(GraphPad Software, CA). Sample sizes and P values can be found in figure legends and/or figures. P 

values smaller than 0.05 were considered statistically significant.  

 

Numerical modeling 

 

Overview 

Simulations are performed using a modified Bondarenko model 43 of a mouse ventricular myocyte. In 

order to assess the effects of CaM and RyR2 mutations on Ca2+ alternans, important modifications to the 

original Bondarenko model were made (Suppl. Fig. 4). The original model does not include RyR2 

inactivation by the Ca2+-CaM complex or by Ca2+ itself. Rather, inactivation is driven by the ICaL 

current. Thus, we substituted the original RyR2 model by a four-state model 49, with a close, an open, 

and two inactivated states. We also added RyR2 inactivation by the Ca2+ -CaM complex as well as a 

steep dependence of the RyR2 open probability on SR luminal Ca2+. Moreover, contrary to the original 

model, we do not assume instant binding of Ca2+ to CaM. Besides, in order to have a better 

correspondence with the experimentally measured quantities, we included mitochondrial and cytosolic 

Ca2+ dynamics and binding to the fluorescent dye Rhod-2 in our new model. All details of the new 

model can be found in the Supplementary Materials and modifications of the model can be found in 

Supplementary Tables 1-4. 

 

Different CaM and RyR2 mutations were modeled using the following modifications: (1) CaM (1-4): 

decreased amount of available CaM, (2) CaM-M37Q: reduced the dissociation of Ca2+ from CaM 44, (3) 

RyR2-E4872Q: decreased opening rate of RyR2, increased close rate, slower recovery from 

inactivation, less cooperativity in the luminal Ca2+ activation of RyR2, larger ICaL current, and increased 

Na+/Ca2+ exchanger 47, (4) RyR2-R4496C: increased opening rate of RyR2 and higher cooperativity of 

the luminal Ca2+ 48, 66. 

 

Detailed description of the model 
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We have adopted the Bondarenko model 43 of mouse ventricular myocytes with some modifications as 

described below. This model describes cellular electrical activity using an equivalent electrical circuit 

with subcellular compartmental spaces. It is assumed that there are no electrical gradients within the cell 

itself, i.e., the membrane potential is spatially homogeneous and all subcellular compartments are 

uniform or “well stirred”. 

 

The evolution of the transmembrane potential is given by the following equation: 

-Cm

dV

dt
= ICaL + I p(Ca) + INaCa + ICab + INa + INab + INaK + IKto, f + IKto,s + IK1 + IKs + IKur + IKss

               + IKr + ICl ,Ca + Istim

 

 

with the currents acting in different compartments, as indicated in the following schematic diagram from 

Bondarenko et al.43. 

 

 
 

In this equation, V is the transmembrane potential, Cm is membrane capacitance, INa is the fast Na+ 

current, ICaL is the L-type Ca2+ current, IKto,f  is the rapidly recovering transient outward K+  current, IKto,s 

is the slowly recovering transient outward K+ current, IKr is the rapid delayed rectifier K+  current 

(mERG), IKur is the ultra-rapidly activating delayed rectifier K+ current, IKss is the non-inactivating 

steady-state voltage-activated K+ current, IK1 is the time-independent inwardly rectifying K+ current, IKs 

is the slow delayed rectifier K+ current, INaCa is the Na+/Ca2+ exchange current, Ip(Ca) is the Ca2+ pump 
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current, INaK is the Na+/K+ pump current, ICl,Ca is the Ca2+-activated Cl- current, ICab and INab are the 

background Ca2+ and Na+  currents, respectively, and Istim is the externally applied stimulation current.  

 

Ca2+ in the Bondarenko model is considered to be in four compartments:  

 

The cytosol, with Ca2+ concentration, [Ca2+]I, varying according to: 

d[Ca2+ ]i

dt
= Bi Jleak + Jxfer - Jup - Jtrpn - (ICab - 2INaCa + I p(Ca))

AcapCm

2VmyoF

ì
í
ï

îï

ü
ý
ï

þï
 

where ICab, INaCa and Ip(Ca) are transmembrane currents, Jleak is a leak current from the SR, Jxfer is due to 

Ca2+ diffusion from the subsarcolemmal space, Jup is the current due to SERCA and Jtrpn takes into 

account the binding and unbinding with troponim. 

 

The subarcolemmal space, with concentration [Ca2+]ss, and time variation according to 

 

d[Ca2+ ]ss

dt
= Bss Jrel

VJSR

Vss

- Jxfer

Vmyo

Vss

- ICaL

AcapCm

2VssF

ì
í
î

ü
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where Jrel is the release current from the SR, ICaL is the L-type Ca2+ current, Jxfer is the diffusive current 

between the subsarcolemmal and cytosolic spaces, VJSR, Vss, Vmyo are the volumes of the junctional SR, 

subsarcolemmal and cytosolic spaces, and F Faraday’s constant.  

 

In the former two equations Bi and Bss appear due to the instantaneous buffering to CaM, and are given 

by: 

Bi = 1+
[CMDN ]tot Km

CMDN

(Km

CMDN + [Ca2+ ]i )
2

ì
í
î

ü
ý
þ

-1

, Bss = 1+
[CMDN ]tot Km

CMDN

(Km

CMDN + [Ca2+ ]ss )
2

ì
í
î

ü
ý
þ

-1

 

where [CMDN]tot it the total amount of CaM and KCMDN
m the binding constant. In the Bondarenko 

model, these equations assume that Ca2+ binding to CaM is in equilibrium, i.e., instantaneous binding of 

Ca2+ to CaM.  

 

The network SR space, with  

d[Ca2+ ]NSR

dt
= Jup - Jleak{ }

Vmyo

VNSR

- Jtr

VJSR

VNSR

 

with Jup the current into the SR due to SERCA, Jleak a leak current from the SR into the cytosol, Jtr a 

diffusive current between the junctional and network SR spaces, Vmyo the volume of the cytosol, and 

VNSR and VJSR the volumes of the network and junctional SR spaces. 

 

The junctional SR space, with 

d[Ca2+ ]JSR

dt
= BJSR Jtr - Jrel{ } 

with Jrel the release current from the junctional SR into the cytosol. The term BJSR is due to the binding 

to calsequestrin, that is also assumed to be instantaneous, so 

BJSR = 1+
[CSQN ]tot Km

CSQN

(Km

CSQN + [Ca2+ ]JSR )2

ì
í
î

ü
ý
þ

-1
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The constant [CSQN]tot is the total amount of calsequestrin and KCSQN
m the binding constant of Ca2+ to 

CSQN. 

 

The main modifications made to the model are the followings: 

 

Dynamics of the buffers: 

 

In our model we have introduced dynamics of binding and unbinding of Ca2+ to CaM. This is important 

to simulate some of the experimental conditions (gain-of-function CaM, with CaM-M37Q, see below) 

where these rates are modified. The binding of Ca2+ to CaM given by: 

 
d[Ca ×CaM ]

dt
= kon[Ca2+ ]([CaM ]tot - [Ca ×CaM ])- koff [Ca ×CaM ] 

with rates kon=0.01ms-1µM-1, koff=0.06ms-1. From these, we obtain the binding constant 

KCMDN
m=koff/kon=6 µM. 

 

Besides, in order to compare with the experimental results, we have included dynamics of binding to the 

fluorescent dye Rhod-2. 

 

Dynamics of the RyR2 

 

In the original Bondarenko model, the release current from the SR is given by: 

Jrel =n1(PO1
+ PO2

)([Ca2+ ]JSR - [Ca2+ ]ss )PRyR
 

where v1 is the conductance of the RyR2 channel, and the terms PO1 and PO2 are the fraction of RyR2 in 

two possible open states, according to the model of the RyR2 developed by Keizer & Levine 67 in the 

context of bullfrog sympathetic neurons, and adapted to cardiac myocytes by Jafri et al 68. 

 

 
The term PRyR is just a term introduced by the authors to obtain graded release. It is given by: 

 

dPRyR

dt
= -0.04PRyR - 0.1

ICaL

ICaL,max

e
-(V-50)2

648.0  

This model of the RyR2 does not present inactivation per se. A type of inactivation is hidden in the 

dynamics of PRyR, which needs some time to recover after Ca2+ entry from the extracellular space. 

However, inactivation is driven by the ICaL current and not directly by Ca2+. That is, a Ca2+ increase 

linked to ICaL would produce inactivation, but a Ca2+ increase due to release from the SR would not. This 

may not be the case. Therefore, we have completely rewritten the SR release current and the dynamics 

of the ryanodine receptor gating. The release current is now in the form 
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Jrel = grelPO([Ca2+ ]JSR -[Ca2+ ]ss ) 

where grel is the conductance of the RyR2 channel, PO its open probability, [Ca2+]JSR the Ca2+ 

concentration at the junctional SR and [Ca2+]ss the Ca2+ concentration at the subsarcolemmal (or dyadic) 

space. To calculate the RyR2 open probability we consider a four state model based on Stern et al 49 of 

the form  

 

 
 

From the original model by Stern et al 49, we have introduced several modifications to include RyR2 

inactivation by Ca2+ bound to CaM, luminal Ca2+ regulation of the RyR2 and the possibility of having 

alternans due to inactivation of the RyR2. 

  

We assume that inactivation of the RyR2 (rate ki) is not mediated by free Ca2+ but by Ca2+ bound to 

calmodulin, so 

 

This is the main hypothesis of this work, which will be tested by comparison to the experimental results. 

   
 

Activation of the RyR2 (rate ko) is dependent on free Ca2+ at the dyadic space, and also on the junctional 

SR Ca2+ concentration. We thus introduce regulation of RyR2 by luminal Ca2+ 47, 69. We assume that the 

open rate of the RyR depends on SR luminal Ca2+, so the activation rate ko is 

 
 

The sigmoidal dependence on the junctional SR Ca2+ concentration, with an exponent typically of n=4-8, 

is what we call the booster. This agrees with the results by Shannon et al. 70, who found that the SR 

fractional Ca2+ release increased slowly and linearly with the increase in SR Ca2+ content (free [Ca]SR 

and total Ca2+) but then rose very steeply when [Ca]SR exceeded a threshold concentration about 500μM. 

 

We have included also a random variable (t) (distributed between -0.5 and 0.5), so the opening is not 

completely deterministic. 

 

The rate of recovery from inactivation kim is considered slow (of the order of 100-200 ms). This is 

necessary to obtain alternans due to a slow recovery of the RyR2 from inactivation 20, 30.  

 

Effect of the mitochondria 

 

In order to obtain a proper comparison with the experimental results, where Ca2+ is measured by levels 

of fluorescence, we have included the binding of Ca2+ to the Ca2+ indicator Rhod 2, both in the cytosol 
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and at the mitochondria. To do the latter, we have included a model for Ca2+ in the mitochondria as 

described previously 71. The equation for Ca2+ in the mitochondria is given by: 

 
where Vuni is the Ca2+ uniporter and VNaCa the Na+/Ca2+ exchanger across the mitochondrial membrane. 

 

Simplification of Ca2+ extrusion 

 

We have simplified Ca2+ extrusion from the cytosol, eliminating the IpCa current and modifying the 

formulation of the NCX exchanger, now given by  

INaCa = nNaCa

[Ca2+ ]ss

nh

KmCa

nh + [Ca2+ ]ss

nh

1

KmNa3 + Nao

3

1

1+ ksat e(h-1)za
(ehza Nai

3Cao - e(h-1)za Nao

3[Ca2+ ]ss )  

with za =V
m
F / RT  

 

All the parameters corresponding to the previous modifications can be found in Supplementary Table 1. 

 

Changes in parameters 

 

As a result of the changes in the gating of the RyR2 with respect to the original model by Bondarenko et 

al. 43 the release current shape is slightly modified. Then, in order to reproduce the same calcium 

transients as in the original model, we had to fine tune also some of the parameters of the SERCA and 

LTCC functions (see Supplementary Table 2). We were especially careful to reproduce the increase in 

pre-systolic calcium load as the pacing frequency increases before the onset of alternans within the 

physiological range of frequencies. 

    

Mutations 

 

The different mutations are modeled by doing the following modifications in the model (Supplementary 

Table 3): 

 

Gain-of-function CaM (CaM-M37Q): reduced dissociation of Ca2+ from CaM, i.e., decreased koff. It 

should be noted that both overexpression of CaM-WT and CaM-M37Q would lead to an increase in the 

level of the CaM-WT and CaM-M37Q protein in relation to the level of endogenous CaM. Thus, to 

model the functional impact of overexpression of CaM-WT and CaM-M37Q, we increased the level of 

the total CaM for these cases, considering a level of total CaM that is the double of endogenous CaM. 

We also consider that a higher level of CaM increases the Ca2+-dependent inactivation of the LTCC. 
 

Loss-of-function CaM (CaM (1-4)): In the case of overexpression of the LOF CaM (1-4) mutation, the 

total CaM level is also increased. However, the CaM (1-4) protein is expected to bind to the same CaM 

binding site on the RyR2 as the endogenous CaM and hence prevent the binding and the effect of the 

endogenous CaM on RyR2 function. Thus, functionally, the effect of CaM (1-4) would be equivalent to 

a reduction in the total level of endogenous CaM, and in the model, we considered the effective CaM 

level in CaM(1-4) infected cells to be an half of the original value (i.e. the levels of endogenous CaM 

and CaM (1-4) are similar). Conversely, this also decreases the Ca2+-dependent inactivation of the 

LTCC. 
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The mutants that modify RyR2 activity are modeled using parameters described in Supplementary Table 

4. 

 

Loss-of-function RyR2 E4872Q: decreased activity of the RyR2, decreasing the opening rate of the 

RyR2 (ko), increasing the close rate (kc), slower recovery from inactivation, less cooperativity in the 

luminal Ca2+ activation of RyR2 (booster), larger ICaL current and increased Na+/Ca2+ exchanger. 

 

Gain-of-function RyR2-R4496C: increased activity of the RyR2, increasing the opening rate of the RyR2 

(ko) and the cooperativity of the booster (n) 48, 66. 

 

Determination of alternans threshold frequency in the model 

 

To determine the alternans threshold in the model, we paced it at different frequencies and measured the 

alternans amplitude (defined as the peak difference between two consecutive Ca2+ transients), as shown 

in the figure below. Among the modifications we did to the original Bondarenko model was the 

inclusion of a certain amount of stochasticity on the release to match what is observed in the 

experiments. That means that, close to the threshold of alternans, beat-to-beat alternations oscillate in 

amplitude with time. In Figs. 4 and 5 we thus show average values of the alternans ratio over a given 

(sufficiently large) time. A possibility to define the onset of alternans would have been to define a 

threshold amplitude for this ratio, as done in the experiments. Instead of doing that, that is somehow 

arbitrary, we have removed the stochasticity in the model, so we obtained a very well defined value of 

the frequency at which alternans appears, as can be observed in the figure below. This is how we have 

defined the threshold in the mathematical model. 

 

 
 

Onset of alternans as a function of frequency. Alternans amplitude (measured as the difference in 

cytosolic Ca2+ peak in two consecutive transients, in µM) as a function of pacing frequency. The 

amplitude is nearly zero up to a frequency of 10.6Hz, where it starts to grow, indicating the onset of 

alternans, in the form of a supercritical pitchfork bifurcation. 
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Supplementary Table 1: Parameters of the model. 

Parameters of RyR2  Value Units 

   

Opening rate constant  (ko) 55/10000 µM-2 ms-1 

Half-Ca2+ luminal opening activation Kjsr 600 µM 

Hill coefficient of luminal activation 6 - 

Closing rate (kc) 0.2 ms-1 

Inactivation rate constant (ki) 15/10000 µM-1 ms-1 

Recovery from inactivation rate (kr) 1/200 ms-1 

RyR2 conductance grel 1 ms-1 

   

Parameters Ca2+ Mitochondria   

   

Volume factor 0.3 - 

Conductance mit. uniport (guni) 5 ms-1 

Half-Ca2+
cyt activation uniport Ka 0.2 µM 

Reduction factor of the uniporter (L) 50 - 

Hill coefficient uniporter 3 - 

Maximum mit. NCX uptake (vm
ncx) 0.15 µM /ms 

Half-Ca2+
cyt activation NCX (Kc

nx) 0.5 µM 

Half-Nacyt activation NCX (Kn
nx) 10 mM 

   

Parameters buffers   

   

Total amount of calmoudlin 22 µM 

On rate of Ca2+-CaM binding 0.01 µM-1 ms-1 

Off rate of Ca2+-CaM binding 0.06 ms-1 

Total amount of Rhod2 20 µM 

On rate of Ca2+- Rhod-2 binding 0.1 µM-1 ms-1 

Off rate of Ca2+- Rhod-2 binding 0.15 ms-1 

Total amount of SR binding sites 25 µM 

Affinity 0.5 µM 

   

Parameters NCX   

   

Maximum strength (NaCa) 2 A/(F µM) 

Half-Ca2+cyt activation (KmCa) 0.35 µM 

Hill coefficient NCX activation 3 - 
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Supplementary Table 2: Modification in other parameters of the model 

 

List of modified parameters Orig Mod. Units 

    

SERCA maximum uptake (up) 0.45 0.35 µM/ms 

SERCA half-activation (Kmup) 0.5 0.3 µM 

Maximum LCC conductance (per unit capacitance gCaL) 0.17 0.15 mS/µF= ms-1 

Maximum time constant for Ca2+-induced inactivation of LCC 

(Kpc,max) 
233 52 s-1 

Half-saturation constant for Ca2+-induced inactivation of LCC 

(Kpc,half) 
20 6 µM 

 

 

Supplementary Table 3: Parameters of the CaM mutants 

 

Parameter WT WT(inj) CaM(1-4) CaM-M37Q 

     

Total Amount Calmodulin (µM) 22 45 12 45 

On rate of Ca2+-CaM binding (µM-1 ms-1) 0.01 0.01 0.01 0.01 

Off rate of Ca2+-CaM binding (ms-1) 0.06 0.06 0.06 0.035 

Maximum time constant for Ca2+-induced 

inactivation of LCC (s-1) 
52 68 48 68 

Half-saturation constant for Ca2+-induced 

inactivation of LCC (µM) 
6 6 6 3.5 

 

 

Supplementary Table 4: Parameters of the mutants that modify RyR2 activity 

Parameter WT R4496C E4872Q 

    

Opening rate constant  (µM-2 ms-1) 55/10000 60/10000 38/10000 

Inactivation rate constant (µM-1 ms-1) 15/10000 25/10000 15/10000 

Hill coefficient of luminal Ca2+ activation 6 7 4 

Recovery from inactivation rate (ms-1) 1/200 1/125 1/260 

Maximum LCC conductance (ms-1) 0.15 0.15 0.2 

Maximum strength NCX (A/(F µM)) 2 2 4 
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Unedited immunoblots 
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Supplementary Figures: 

 

Figure S1 

 

 
 

Supplementary Figure S1. Spatially limited impact and expression of locally injected CaM 

adenoviruses in intact RyR2 WT hearts  
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(A) A schematic diagram of plasmids used to produce the adeno-associated viruses (AAV) expressing 

CaM-WT, CaM(1-4), or CaM-M37Q. (B) A schematic diagram of in vivo local gene delivery through 

injection of CaM WT or CaM mutant adenoviruses into the anterior wall of the left ventricle and in situ 

imaging of Langendorff-perfused intact hearts. (C) Ca2+ transients in the posterior wall (away from the 

injection site) of the left ventricle of the intact Rhod-2 loade control or virus-injected hearts were 

recorded using line-scanning confocal imaging and analyzed to determine the average alternans ratios 

after pacing at increasing frequencies (6-14 Hz). Data are mean ± s.e.m. (n = 7 hearts for 

Control, 6 hearts for CaM-WT, 6 hearts for CaM (1-4), and 6 hearts for CaM-M37Q with their P values 

indicated for each condition vs control). (D) The recovery of Ca2+ transients and (E) the 50% recovery 

time of the Ca2+ transient amplitude after pacing with the S1S2 protocol. Data are mean ± s.e.m. (n 

= 13 hearts for Control, 6 hearts for CaM-WT, 6 hearts for CaM (1-4), and 7 hearts for CaM-M37Q with 

their P values indicated for each condition vs control). (F) Immunoblotting of tissues isolated from the 

anterior wall of the left ventricle of control hearts or from the left ventricular anterior wall around the 

sites of injection (injected sites) of CaM-WT, CaM-M37Q, or CaM (1-4) adenoviruses or from the 

posterior wall (away from the injection site, non-injected sites) of the left ventricle. (G) Quantification 

of CaM expression 5 days post adenoviral injection. Data are mean ± s.e.m. (n = 4 hearts for 

Control, 6 hearts for CaM-WT, 7 hearts for CaM (1-4), and 7 hearts for CaM-M37Q) with their P values 

indicated for each condition vs non-injected site) (Two-way ANOVA with Dunnett's post-hoc test for 

obtaining the adjusted p-values shown (C, D), Kruskal-Wallis test with Dunn's post-hoc test for 

obtaining the adjusted p-values shown (E), and paired Student’s t-test, injected side vs non-injected site 

(G)). 
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Figure S2 

 

 
 

Supplementary Figure S2. Effects of CaM-WT/GFP and CaM (1-4)/GFP on Ca2+ alternans and 

Ca2+ transient recovery in intact RyR2 WT hearts. 

 

RyR2-WT hearts without injection (A, Control) and with local injection of CaM (1-4)/GFP (B) or CaM-

WT/GFP (C) adenoviruses were stimulated at increasing frequencies (6-15 Hz). (D) Alternans ratios. 
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Data are mean ± s.e.m. (n = 9 hearts for Control, 9 hearts for CaM (1-4)/GFP, and 9 hearts for CaM-

WT/GFP with their P values indicated for each condition vs control). Recovery of Ca2+ transients in 

control (E), CaM (1-4)/GFP (F) or CaM-WT/GFP (G) hearts. (H) The relationship between A2/A1 ratio 

of the Ca2+ transient amplitude and the S1S2 interval (*p<0.05 vs control). (I) The 50% recovery time of 

the Ca2+ transient amplitude after pacing with the S1S2 protocol. Data are mean ± s.e.m. (n = 9 hearts 

for Control, 9 hearts for CaM (1-4)/GFP, and 8 hearts for CaM-WT/GFP with their P values indicated 

for each condition vs control) (Two-way ANOVA with Dunnett's post-hoc test for obtaining the 

adjusted p-values shown (D, H), Kruskal-Wallis test with Dunn's post-hoc test for obtaining the adjusted 

p-values shown (I)). 
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Figure S3 

 

 
 

Supplementary Figure S3. Comparison of the impact between CaM-WT and CaM-WT/GFP and 

between CaM (1-4) and CaM (1-4)/GFP, and effects of CaM-WT/GFP and CaM (1-4)/GFP on the 

peak L-type Ca2+ current 

 

(A) Alternans ratios in CaM-WT, CaM-WT/GFP, CaM (1-4) and CaM (1-4)/GFP adenovirus infected 

hearts stimulated at increasing frequencies (6-14 Hz). Data are mean ± s.e.m. (n = 7 hearts for Control 

1, 9 hearts for Control 2, 6 hearts for CaM-WT, 8 hearts for CaM-WT/GFP, 6 hearts for CaM (1-4), 
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and 9 hearts for CaM (1-4)/GFP with their P values indicated for each comparison) (B) The relationship 

between A2/A1 ratio of the Ca2+ transient amplitude and the S1S2 interval. (C) The 50% recovery time 

of the Ca2+ transient amplitude after pacing with the S1S2 protocol. Data are mean ± s.e.m. (n 

= 13 hearts for Control 1, 9 hearts for Control 2, 6 hearts for CaM-WT, 8 hearts for CaM-WT/GFP, 

8 hearts for CaM (1-4), and 9 hearts for CaM (1-4)/GFP with their P values indicated for each 

comparison). (D) The averaged peak L-type Ca2+ current densities in control, CaM-WT/GFP and CaM 

(1-4)/GFP adenovirus expressing cells. Data are mean ± s.e.m. (n = 12 cells from 6 hearts for Control, 

10 cells from 5 hearts for CaM-WT, and 10 cells from 5 hearts for CaM (1-4) with their P values 

indicated for each condition vs control; Values of s.e.m. are adjusted with hierarchical statistical 

methods 64, One-way ANOVA with Bonferroni's post-hoc test for obtaining the adjusted p-values shown 

(D) (Two-way ANOVA with Bonferroni’s post-hoc test for obtaining the adjusted p-values shown (A, 

B), Kruskal-Wallis test with Dunn's post-hoc test for obtaining the adjusted p-values shown (C)). 
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Figure S4 

 

 
 

Supplementary Figure S4. Effects of altered CaM function on Ca2+ transient properties of intact 

RyR2 WT hearts 

 

RyR2 WT hearts without injection (A, control) or locally injected with adenoviruses expressing CaM-

WT (B), CaM (1-4) (C) or CaM-M37Q (D) were loaded with Rhod-2 AM. Ca2+ transients in intact 

Rhod-2 AM loaded hearts were elicited by pacing at 5 Hz and recorded using line-scanning confocal 

imaging. Cell boundaries were indicated by short bars to the left. The ∆F/Fo traces depict the average 

fluorescence signal of the scan area. (E) Amplitude, (F) time to peak, (G) time to 50% decay of Ca2+ 

transients, and (H) time to 90% decay of Ca2+ transients at 5 Hz. Data shown are mean ± s.e.m. (n 

= 9 hearts for Control, 7 hearts for CaM-WT, 8 hearts for CaM (1-4), and 6 hearts for CaM-M37Q with 

their P values indicated for each condition vs control) (Kruskal-Wallis test with Dunn's post-hoc test for 

obtaining the adjusted p-values shown (E-H)). 

 

 

 



 

 56 

Figure S5 

 

 
 

Supplementary Figure S5. Spatially limited impact of locally injected CaM adenoviruses in intact 

RyR2-E4872Q and RyR2-R4496C hearts 

 

Langendorff-perfused intact RyR2-E4872Q or RyR2-R4496C hearts without injection (control) or 

locally injected with adenoviruses expressing CaM(1-4) or CaM-M37Q into the anterior wall of the left 
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ventricle were loaded with Rhod-2 AM. Ca2+ transients in the posterior wall (away from the injection 

site) of the left ventricle of the intact Rhod-2 loaded hearts were recorded using line-scanning confocal 

imaging. (A) The average alternans ratios after pacing at increasing frequencies (5-12 Hz) on RyR2-

E4872Q hearts. Data are mean ± s.e.m. (n = 6 hearts for Control, 7 hearts for CaM (1-4), and 7 hearts for 

CaM-M37Q with their P values indicated for each condition vs control). (B) The relationship between 

A2/A1 ratio of the Ca2+ transient amplitude and the S1S2 interval on RyR2-E4872Q hearts. (C) The 

50% recovery time of the Ca2+ transient amplitude after pacing with the S1S2 protocol on RyR2-

E4872Q hearts. Data are mean ± s.e.m. (n = 11 hearts for Control, 7 hearts for CaM (1-4), and 7 hearts 

for CaM-M37Q with their P values indicated for each condition vs control). (D) The average alternans 

ratios after pacing at increasing frequencies (8-15 Hz) on RyR2-R4496C hearts. Data are mean ± s.e.m. 

(n = 6 hearts for Control, 6 hearts for CaM (1-4), and 6 hearts for CaM-M37Q with their P values 

indicated for each condition vs control). (E) The relationship between A2/A1 ratio of the Ca2+ transient 

amplitude and the S1S2 interval on RyR2-R4496C hearts. (F) The 50% recovery time of the Ca2+ 

transient amplitude after pacing with the S1S2 protocol on RyR2-R4496C hearts. Data are mean ± s.e.m. 

(n = 6 hearts for Control, 6 hearts for CaM (1-4), and 6 hearts for CaM-M37Q with their P values 

indicated for each condition vs control) (Two-way ANOVA with Dunnett’s post-hoc test for obtaining 

the adjusted p-values shown (A, B, D, E), Kruskal-Wallis test with Dunn's post-hoc test for obtaining 

the adjusted p-values shown (C, F)). 
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Figure S6 

 

 
 

Supplementary Figure S6. Schematic illustration of the major components of the cardiac cell 

model for simulating Ca2+ alternans 

 

Modified Bondarenko model with various compartments and currents. In red we show the modifications 

made in the current work. We have modified the form of the ICaL and SR release currents. For the 

former, we have considered that its Ca2+-dependent inactivation depends on the level of CaM. For the 

latter, we have considered a four-state model of the RyR2 that incorporates activation by luminal Ca2+, 

and inactivation by Ca2+ bound to CaM. Due to the importance of CaM we have incorporated its binding 

dynamics to Ca2+, which was assumed to be in equilibrium in the original model. Besides, to get a better 

comparison with experiments, we have incorporated the fluorescent Ca2+ dye Rhod-2, and its binding to 

Ca2+, as well as the dynamics of Ca2+ at the mitochondria, that also gives a contribution to the 

fluorescence signal.  
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Figure S7 

 

 
 

Supplementary Figure S7. Role of CaM in RyR2 inactivation and Ca2+ alternans 

 

At a stimulation frequency of 12 Hz, the model presents sustained alternans. To assess the role of CaM, 

we set the concentration of CaM to zero (A). After this, the fraction of inactivated RyR2 decreases to 

zero, as they recover from the inactivated state, and cannot be inactivated again. This lack of 

inactivation results in an instant removal of alternans (B). 

 

 

 

 

 

 

 

 

 

 


