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ABSTRACT 

Aim 

Cardiac alternans is a dynamical phenomenon linked to the genesis of severe arrhythmias and sudden cardiac 

death. It has been proposed that alternans is caused by alterations in Ca2+ handling by the sarcoplasmic 

reticulum (SR), in both the SR Ca2+ uptake and release processes. The hypertrophic myocardium is particularly 

prone to alternans, but the precise mechanisms underlying its increased vulnerability are not known.  

Methods 

Mechanical alternans (intact hearts) and Ca2+ alternans (cardiac myocytes) were studied in spontaneously 

hypertensive rats (SHR) during the first year of age after the onset of hypertension and compared with age‐

matched normotensive rats. Subcellular Ca2+ alternans, T‐Tubule organization, SR Ca2+ uptake and Ca2+ release 

refractoriness were measured. 

Results 

The increased susceptibility of SHR to high frequency‐induced mechanical and Ca2+ alternans appeared when 

the hypertrophy developed, associated with an adverse remodelling of the T‐tubule network (6 mo). At the 

subcellular level, Ca2+ discordant alternans was also observed. From 6 mo of age, SHR myocytes showed a 

prolongation of Ca2+ release refractoriness without alterations in the capacity of SR Ca2+ removal, measured 

by the frequency‐dependent acceleration of relaxation. Sensitizing SR Ca2+ release channels (RyR2) by a low 

dose of caffeine or by an increase in extracellular Ca2+ concentration, shortened refractoriness of SR Ca2+ 

release and reduced alternans in SHR hearts. 

Conclusions 

The tuning of SR Ca2+ release refractoriness is a crucial target to prevent cardiac alternans in a hypertrophic 

myocardium with an adverse T‐Tubule remodelling. 

Key words: HYPERTENSIVE HYPERTROPHY ‐ CARDIAC ALTERNANS ‐ CALCIUM RELEASE REFRACTORINESS ‐ T‐

TUBULE ORGANIZATION ‐ ALTERNANS REVERSAL 
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INTRODUCTION 

Cardiac alternans is described as beat‐to‐beat alternation in action potential duration, contraction strength or 

amplitude of Ca2+ transient at a constant stimulation frequency 1,2. Clinically, cardiac alternans is manifest as 

T‐wave alternans, which has become an important predictor of malignant arrhythmias and sudden cardiac 

death 3. Therefore, a better understanding of the mechanisms leading to alternans would allow for the 

development of appropriate antiarrhythmic strategies. 

Several experimental conditions and interventions trigger the appearance of alternans which unveiled its 

multifactorial nature. However, evidence emerging from empirical studies and mathematical models 

ultimately supports that defects in intracellular Ca2+ handling, in particular sarcoplasmic reticulum (SR) Ca2+ 

handling, are underlying this phenomenon 1,4‐6. The increase in intracellular Ca2+ that drives contraction is the 

result of Ca2+ entry through the L‐type Ca2+ channel (LTCC) triggering the release of a larger amount of Ca2+ 

from the SR via the ryanodine receptor (RyR2). A close localization of these two proteins is ensured by the 

presence of a dense T‐tubule (TT) network, allowing for an effective excitation‐contraction coupling (ECC). 

Relaxation occurs when Ca2+ is resequestered into the SR by the Ca2+ pump (SERCA2a) and to a lesser extent 

by the efflux of Ca2+ through Na‐Ca2+ exchanger (NCX). These Ca2+ movements should be efficient and 

temporarily synchronized but when the stimulation rate increases, the capacity of the myocyte to cycle Ca2+ 

is overwhelmed.  This insufficient capacity has been linked to the genesis of cardiac alternans, which typically 

develops at faster heart rate 2. However the impaired Ca2+ dynamics present in various types of cardiac 

diseases, leads to the appearance of alternans at lower frequencies with the consequent increased risk of 

lethal arrhythmias 7,8.  

Two main mechanisms have been proposed to be involved in the genesis of Ca2+ alternans: slow recovery from 

refractoriness of SR Ca2+ release or beat‐to‐beat fluctuations in the SR Ca2+ content requiring a steep SR Ca2+ 

load‐release relationship together with a slow SR Ca2+ reuptake 5,6,9‐12. These alterations can occur in localized 

regions within the myocyte giving rise to subcellular Ca2+ alternans or microalternans 2,4,13. 
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Left ventricular hypertrophy (LVH) is one of the earliest cardiovascular alterations produced by hypertension, 

and it is recognized as an independent risk factor for cardiovascular disease 14. The spontaneously hypertensive 

rat (SHR) is a well‐established model of genetic hypertension which resembles the natural evolution of the 

human essential hypertension 15. Among other complications the hypertrophied myocardium of SHR shows 

an increased susceptibility for the development of Ca2+ alternans 16‐19. Although alterations in the ECC have 

been demonstrated at very early stages in SHR hearts 20,21, the mechanisms responsible for the premature 

appearance of alternans are not fully understood. We followed the progression of the hypertensive disease in 

SHR in order to dissect the molecular basis underlying its increased vulnerability of arrhythmogenic cardiac 

alternans.  
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RESULTS 

Increased susceptibility to alternans in hypertrophied hearts of SHR  

To study the occurrence of alternans in the hypertrophied myocardium, isolated Langendorff‐perfused hearts 

from SHR 3, 6 and 12 mo of age were stimulated at increasing pacing rates and compared with age‐matched 

normotensive rats (W). In accordance with our previous results 21 as early as 3 mo, SHR showed increased 

blood pressure and myocardial hypertrophy when compared to W, conditions that remained until 12 mo of 

age (Figure 1S). 

Figure 1A shows representative recordings of left ventricular developed pressure (LVDP) in W and SHR hearts 

stimulated at 4 Hz (basal) and 8.5 Hz. At all ages and in both strains, the frequency challenge produced a 

negative force‐frequency relationship depicted by the decrease in LVDP. This response was more pronounced 

in SHR hearts. In 6 and 12 mo SHR hearts, the high frequency induced mechanical alternans which sustained 

during the whole time period the stimulation was applied. This behaviour was neither observed in age‐

matched W hearts nor in 3 mo hearts of both strains.  

The magnitude of mechanical alternans, quantified as the alternans ratio (AR), at successive increments in 

stimulation frequency is shown in Figure 1B. The frequency threshold for the appearance of alternans was 11 

Hz for W hearts at all ages and for 3 mo SHR hearts. For 6 and 12 mo SHR hearts, this frequency was lower (8.5 

Hz). Moreover, the magnitude of the SHR AR was always higher than W AR. These results indicate an increased 

propensity to mechanical alternans in 6 and 12 mo SHR hearts.  

The alternans vulnerability of SHR hearts was also explored at the level of isolated myocytes by measuring 

intracellular Ca2+. Figure 2A depicts typical Ca2+ transient traces of 12 mo W and SHR myocytes obtained at 

basal frequency (0.5Hz) and after the steady state was reached at progressively increasing stimulation 

frequencies. The representative records show that SHR myocytes required a lower frequency to begin to 

alternate than W myocytes. The overall results of pacing threshold to Ca2+ alternans are shown in Figure 2B. 

At 6 and 12 mo, SHR myocytes evidenced a decreased threshold when compared to age‐matched W myocytes. 
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The results obtained at intracellular Ca2+ level, confirmed a greater rate‐sensitivity to alternans development 

of SHR myocytes.  

It has been proposed that microscopic Ca2+ alternans represents an early manifestation of global Ca2+ alternans 

13,22. To analyse subcellular Ca2+ dynamics we use line‐scan confocal microscopy. Figure 3A shows 

representative line‐scan images and Ca2+ intensity profiles of 12 mo W and SHR myocytes paced at 1 and 4 Hz. 

When stimulated at 4 Hz, SHR myocytes exhibited disorders in the Ca2+ signal which translate in Ca2+ alternans. 

Different cell zones alternate out‐of‐phase suggesting different availability of SR Ca2+ release units. This 

subcellular alternans, known as discordant alternans, was quantified by the discordance index (Figure 3B). The 

index value at 4 Hz was significantly increased in SHR when compared to aged‐matched W myocytes.  

Since T‐tubule structure is an important determinant of the synchrony of SR Ca2+ release 23‐25, we next 

investigated if TT network heterogeneities were underlying the subcellular impairment in Ca2+ handling and 

the premature appearance of Ca2+ alternans in SHR myocytes. TT density, measured by confocal microscopy, 

was not different in 3 mo SHR myocytes when compared to W myocytes. However, 6 and 12 mo SHR myocytes 

showed a structural remodelling of the TT system, with TT loss at discrete and local regions in comparison with 

age‐matched W myocytes. Typical confocal images of 6 mo myocytes are shown in Figure 4A. The peak power 

value, used as a quantitative index of TT integrity, decreased in SHR myocytes (Figure 4B). Moreover, a further 

analysis of the geometrical organization of the TT system revealed a greater fraction of longitudinal vs. 

transverse components in SHR myocytes (Figure 4C). This rearrangement was not associated with changes in 

the expression of caveolin‐3 and junctophilin‐2, two proteins involved in the structure and maintenance of the 

T‐tubule system (Figure 2S).  

Role of SR in determining Ca2+ alternans in SHR myocytes 

It has been reported that alterations in SR function can underlie the initiation of Ca2+ alternans 4,10,11,26,27.We 

next investigated if modifications in SR Ca2+ uptake and/or release were involved in determining the greater 

propensity to Ca2+ alternans of SHR myocytes. To study the contribution of SR Ca2+ uptake we evaluated the 

frequency‐dependent acceleration of relaxation of the Ca2+ transient (FDAR). FDAR relies on the fact that 
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SERCA2a‐mediated SR Ca2+ uptake increases at higher frequencies, a physiological mechanism that ensures 

proper ventricular diastolic filling with increasing heart rates.  Myocytes were simulated at 0.5 Hz (basal) and 

3 Hz, a frequency at which Ca2+ alternans was normally absent in both strains. Ca2+ transient decline was faster 

at 3 Hz than at 0.5 Hz in W as well as in SHR myocytes (Figure 5A). The average data shows that the magnitude 

of the high frequency‐induced decrease in the time constant of the single exponential decay of Ca2+ transient 

(Tau) was similar in W and SHR myocytes, suggesting that SR Ca2+ uptake was not impaired in 6 and 12 mo SHR 

myocytes (Figure 5B). Similar results were observed with the frequency‐induced relaxant effect measured by 

the decrease in half relaxation time (t1/2) in intact hearts (Figure 3S). 

An alternative cellular mechanism potentially involved in the genesis of Ca2+ alternans is the rate of SR Ca2+ 

release recovery, known as refractoriness 11,26,27. To investigate this mechanism, we compared refractoriness 

of SR Ca2+ release in myocytes from W and SHR applying premature electrical pulses at different time intervals 

during the regular pacing‐induced Ca2+ transients. Figure 6A shows typical recordings of cytosolic Ca2+ 

transients at various S1‐S2 coupling intervals from 6 mo W and SHR myocytes. The average restitution curve 

of SR Ca2+ release was significantly right‐shifted (Figure 6B) and the time interval to 50% recovery increased in 

SHR myocytes when compared to W myocytes (Figure 6C), indicating a slowing in the recovery of SR Ca2+ 

release. Similar results were observed in 12 mo myocytes (Figure 4S). Caffeine at low dose, which has been 

used to enhance RyR2 activity by reducing the threshold for luminal Ca2+ activation 28, was able to accelerate 

the recovery of SR Ca2+ release in SHR myocytes (Figure 6B and 6C). Furthermore, caffeine also rescued SHR 

myocytes from high frequency‐induced alternans (Figure 6D) and reduced the Ca2+ AR (Figure 6E). Treatment 

with caffeine also suppressed mechanical alternans in perfused SHR hearts (Figure 5S A and B). 

We next explore whether cardiac alternans in SHR hearts can be overcome by increasing extracellular Ca2+ 

concentration. It has been shown that duplicating normal extracellular Ca2+ concentration in mice myocytes 

enhances SR Ca2+ content without changing diastolic Ca2+, thus favouring RyR2 opening by the increase in SR 

luminal Ca2+ 29. We confirmed that in 6 mo SHR myocytes, increasing extracellular Ca2+ concentration in the 

perfusion buffer from 1 mM to 2.5 mM, enhanced SR Ca2+ content without modifying diastolic Ca2+ (Figure 7A 

and B). This enhancement in extracellular Ca2+ shortened Ca2+ release refractoriness and reduced the time to 
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50% recovery of Ca2+ release (Figure 7C and D), alleviating Ca2+ alternans (Figure 7E) and decreasing Ca2+ AR 

(Figura 7F). Increasing extracellular Ca2+ also suppressed mechanical alternans in perfused SHR hearts (Figure 

5S C and D). The fact that both caffeine and the increase in extracellular Ca2+ concentration corrected the 

abnormal refractoriness of Ca2+ release and effectively suppressed the premature appearance of mechanical 

and Ca2+ alternans in SHR, allow us to propose that the prolonged refractoriness of SR Ca2+ release is a key 

determinant of the greater susceptibility to alternans of aged SHR. 
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DISCUSSION 

Cardiac alternans is recognized as an important substrate for life‐threatening arrhythmias. In the present 

study, we investigated the susceptibility to cardiac alternans and the mechanisms involved in its appearance 

in the SHR model during the first year of age after the onset of hypertension.  The results demonstrate that 

SHR hearts from 6 mo of age showed an increased vulnerability to mechanical, global and subcellular Ca2+ 

alternans when compared with age‐matched normotensive rats. The appearance of an earlier onset of 

alternans occurs associated with a structural modification of the TT membrane system and an increased 

refractoriness of SR Ca2+ release, with no significant differences in the speed of SR Ca2+ uptake. 

Consistently with previous studies from our laboratory, cardiac hypertrophy was present shortly after the 

development of hypertension in the SHR model (3 mo of age) 21 and the level of hypertrophy did not differ 

from that observed at older ages (6 and 12 mo). However, a lower threshold for cardiac alternans appeared 

only when the hypertrophy occurred associated with a remodeling of the TT system. The TT remodeling 

included a decreased regularity of the transverse organization and an increased fraction of longitudinally 

oriented elements, a feature observed in immature and failing cardiomyocytes, which has been associated to 

an impaired of critical excitation‐contraction Ca2+ handling mechanisms 30,31. 

Cardiac alternans is known to occur when heart rate exceeds the ability of the cells to effectively handle 

intracellular Ca2+, being the SR Ca2+ cycling the major rate‐limiting process 2,3. During Ca2+ alternans the amount 

of Ca2+ released by the SR alternates on beat‐to‐beat basis. This could be due to either oscillations in the SR 

Ca2+ content or an increased refractoriness of SR Ca2+ release. These two mechanisms, that are not mutually 

exclusive, can acquire different relevance as precursors of alternans, depending on: pathophysiological 

conditions, cell type (atrial vs. ventricular cells) and temperature 5,18,32,33. 

SR Ca2+ release refractoriness is a complex phenomenon primarily governed by RyR2 properties such as luminal 

Ca2+ modulation, Ca2+‐calmodulin dependent inactivation, phosphorylation, and oxidation, among others 34. 

Abnormalities in SR Ca2+ release refractoriness is an important factor determining different types of arrhythmic 

substrates.  An abbreviated refractoriness leads to the appearance of Ca2+ triggered arrhythmias while a 

prolongation has been associated to Ca2+ alternans. Ablation and mutations of calsequestrin ‐a direct regulator 
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of luminal Ca2+ modulation of RyR2‐, CaMKII‐dependent phosphorylation, oxidation and gain‐of‐function 

mutations of RyR2 have been described to shorten SR Ca2+ release refractoriness, promoting Ca2+ waves, 

delayed afterdepolarizations and triggered arrhythmias in the setting of catecholaminergic polymorphic 

ventricular tachycardia and heart failure 26,35‐38. On the other hand, loss‐of‐function mutations of RyR2 and 

interventions such as tetracaine, intracellular acidification and metabolic inhibition, that decrease RyR2 

activity, prolonged SR Ca2+ release refractoriness and enhanced propensity for Ca2+ alternans 39‐42. The slowed 

recovery from refractoriness of SR Ca2+ release detected in 6 and 12 mo SHR myocytes in the present 

experiments could be the result of an unknown alteration of intrinsic properties of RyR2 or the consequence 

of the disruption of the TT system. At low TT density, a lower number of RyR2 can be directly activated by LTCC 

leaving orphaned RyR2, which can be later activated by Ca2+ released from neighbouring RyR2 25. Nivala et al. 

43 using a mathematical model showed that under these conditions, refractoriness of SR Ca2+ release is the 

primary mechanism for alternans development and TT disruption could lead to Ca2+ alternans even in the 

absence of the dysfunction of Ca2+ handling proteins. Our results are in line with these findings. SERCA2a 

function in SHR hearts is not altered, as suggested by the conserved FDAR, and no modifications in the 

expression of major Ca2+ handling proteins were observed in the SHR model within the age range studied 21. 

A slowed restitution of SR Ca2+ release in association with an increased vulnerability to Ca2+ alternans was 

shown by Kapur et al. 16 in the SHR model at 7.5 and 9 mo. However, these alterations were not studied early 

in the hypertrophied myocardium of SHR and no examination of TT network was simultaneously performed. 

We showed that the greater susceptibility to mechanical and Ca2+ alternans is already present in 6 mo SHR 

hearts together with the prolongation in the SR Ca2+ release refractoriness and a remodelling of the TT system.  

In agreement with our results, Mitsuyama et al. 44  have shown an increased susceptibility to Ca2+ alternans in 

the SHR model at 18‐24 weeks. However, they attributed this finding to the activation of Ca2+ calmodulin 

dependent protein kinase (CaMKII). Our previous results showed that CaMKII is indeed activated in the SHR 

hearts 21, however this activation is present from 3 mo of age, time at which in the current experiments no 

increased susceptibility to alternans was detected. 
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In order to prevent pacing‐induced mechanical and Ca2+ alternans in SHR hearts we used two interventions: 

an acute sensitization of RyR2 by a low dose of caffeine and an increase in extracellular Ca2+. These two 

manoeuvres were able to shorten the refractoriness of SR Ca2+ release and to reduce the alternans ratio in 

SHR myocytes.  While caffeine induced these effects under normal or low SR Ca2+ content 45, the beneficial 

effects of the enhancement of extracellular Ca2+ occurred with an increase in SR Ca2+ content. Therefore, 

improvement of SR Ca2+ release refractoriness in the presence of TT disruption, independently of SR Ca2+ load, 

is sufficient to alleviate cardiac alternans in a well‐established hypertrophic myocardium. It has been reported 

that increments in extracellular Ca2+ can either attenuate or aggravate mechanical and Ca2+ alternans 33,46. In 

our conditions when we further increased extracellular Ca2+ from 1.35 to 5 or 7.5 mM, severe arrhythmias 

such as tachycardia and fibrillation were observed (data not shown).  

Overall, the novelty of our findings was to point out that the improvement of SR Ca2+ release refractoriness is 

determinant in alleviating Ca2+ alternans in the SHR hypertrophic myocardium, even in the presence of TT 

disruption. Our results indicate the potential utility of targeting the tuning of SR Ca2+ release refractoriness for 

the treatment of cardiac alternans, which is considered a strong predictor of severe arrhythmias and sudden 

cardiac death. 
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MATERIALS & METHODS 

Animals 

Experiments were performed in male SHR and age‐matched normotensive Wistar rats of 3, 6 or 12 months 

(mo) of age (200‐450 g body weight). Echocardiographic characterization of both strains was previously 

performed 21. Animals were inbred and maintained in our animal facilities in accordance with the Guide for 

the Care and Use of Laboratory Animals. The protocols were approved by the Institutional Animal Care and 

Use Committee (CICUAL) of School of Medicine, National University of La Plata, Argentina (Nro T05022014). 

Rats were anticoagulated (heparin 2.5 units/g body weight) and anesthetized with urethane (i.p. 1.2‐1.4 g/kg). 

After phase III of anesthesia was reached, hearts were immediately removed  and mounted in a Langendorff 

apparatus. 

Ex vivo experiments: intact hearts  

Isolated hearts were perfused at constant temperature (37°C), heart rate (4Hz) and flow (14 ml/min) with a 

buffer solution containing (in mM): 128.3 NaCl, 4.7 KCl, 1.35 CaCl2, 20.2 NaHCO3, 0.4 NaH2PO4, 1.1 MgSO4, 11.1 

glucose and 0.04 Na2EDTA (pH adjusted to 7.4 with 95% O2‐5% CO2), as previously described 47. A balloon 

connected to a pressure transducer (ADInstruments MLT 0380, CO, USA) was introduced to the left ventricle 

(LV) to assess mechanical activity. The balloon was filled with aqueous solution to an end diastolic pressure 

(LVEDP) of 5‐10 mmHg. LV contractility was evaluated using the developed‐pressure (LVDP) and relaxation 

was assessed by half relaxation time (t 1/2). 

Myocytes isolation 

Myocytes were isolated by enzymatic digestion as previously described 48. Briefly excised hearts were perfused 

at 37 °C with Hepes Buffer Solution (HBS) containing (in mM): 146.2 NaCl, 4.7 KCl, 1.0 CaCl2, 10.0 Hepes, 0.35 

NaH2PO4, 1.05 MgSO4, 10.0 glucose (pH adjusted to 7.4 with NaOH). The solution was continuously bubbled 

with 100% O2. After a stabilization, hearts were perfused with nominally Ca2+‐free HBS solution with 0.1 mM 

EGTA for 4 min, then proceeded with added collagenase (130‐145 U/mL) and 1% bovine serum albumin (BSA), 

in HBS containing 50 μM CaCl2 until the heart became flaccid (15‐25 min). They were then removed from the 

perfusion apparatus and the desegregated myocytes were separated from the undigested tissue and rinsed 
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several times with a HBS solution containing 1% BSA and 50 μM CaCl2. Ventricular myocytes were allowed to 

sediment several times while extracellular Ca2+ concentration was progressively increased to 1 mM. Only rod‐

shaped myocytes showing clear striations and contraction in response to electrical stimulation, were used. 

Cell capacitance, as an index of total surface area, and cross‐sectional area were enlarged in SHR myocytes 

when compared to W myocytes 49.  

Intracellular Ca2+ measurements  

Isolated myocytes were loaded with Fura‐2‐AM (5 μmol/L for 15 min) (Invitrogen). After removal of residual 

extracellular dye by centrifugation, intracellular Ca2+ was measured with an epifluorescence system (Ion Optix 

Corp., Milton, MA, USA). Myocytes were placed in a chamber on the stage of an inverted microscope (Nikon.TE 

2000‐U), superfused at a constant flow (1 mL/min) and stimulated via two‐platinum electrodes on either side 

of the cell bath (0.5 Hz‐5Hz). Experiments were performed at room temperature (20‐22°C). Intracellular Ca2+ 

was assessed from the ratio of the Fura‐2 fluorescence at 510 nm in response to alternate excitation at 340 

and 380 nm. Data were stored and analized using IonWizard software (IonOptix Corp., Milton, MA, USA). 

Average of 10‐15 Ca2+ transients for each time period was used for analysis. Ca2+ transient amplitude, time 

constant of Ca2+ transient decay (Tau) and diastolic Ca2+ were measured. Figure 6S shows these parameters at 

3, 6 and 12 mo in both stains at basal frequency (0.5 Hz).  

SR Ca2+ content was assessed by rapid application of 50 mM caffeine as previously described 21.  

Alternans protocol 

Cardiac alternans was induced by incrementally increasing the pacing frequency (4‐11 Hz in isolated hearts, 

0.5‐6 Hz in isolated myocytes). The minimal frequency that produces stable alternans, sustained for at least 

30 sec, was considered as threshold. The degree of alternans was quantified as the ratio (large ‐ short/large) 

where large and short are the amplitudes of LVDP or Ca2+ transient of two consecutive stimulations in isolated 

hearts and myocytes respectively. The presence of alternans was considered when the alternans ratio (AR) 

was higher than 0.1. Low doses of caffeine (100 μM) and high extracellular Ca2+ concentration (2.5 mM) were 

tested for their ability to reverse alternans. 

Restitution protocol 
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Restitution curves were obtained by applying premature electrical pulses (S2) at different times with respect 

to the regular pacing pulses (S1) (Figure 6A). The kinetics of the recovery of Ca2+ transients was analyzed by 

changing the time interval between electrical stimulations (S1‐S2). Fractional recovery ratios (%A2/A1), where 

A2 and A1 are amplitudes of Ca2+ transient at S2 and S1 respectively, were plotted as function of the time 

interval (S2‐S1). The time interval to 50% of recovery of Ca2+ transient was calculated. 

Detection of cytosolic Ca2+ by confocal microscopy 

W o SHR ventricular myocytes were loaded with Fluo‐4‐AM (10 μM for 10 min) (Invitrogen). Cells were 

mounted in a chamber placed into an inverted microscope equipped with a 63× 1.4NA objective, superfused 

at constant flow (1 mL/min) and stimulated at 0.5‐5 Hz. After a stabilization of 3‐5 min, confocal line‐scan 

images (512 × 512 pixels/frame) at a speed of 4.3 ms/line were collected along the longitudinal axis of 

myocytes, avoiding nuclei, using a Zeiss LSM 410 confocal system (Axiovert 100). The fluorescent dye was 

excited at 488 nm (argon laser) and emissions were collected at 500‐550 nm. 

To determine the discordance index (DI), a region of interest (ROI) of 66 µm was manually selected within each 

cell and maintained in subsequent images taken from the same cell. Within this ROI, local Ca2+ transients were 

defined by dividing the line‐scan into narrow regions (2 µm), which corresponds approximately to the size of 

an individual CRU 24,50. Amplitudes of two consecutive local Ca2+ transients were used to determine local AR 

and DI was calculated as the standard deviation of AR values for 33 local Ca2+ transients per image. 

Cell membrane and T-tubular system imaging 

Isolated myocytes were loaded with di‐8‐aminonaphthylethenylpyridinium (Di‐8‐ANNEPS, Molecular Probes) 

(5 µM for 10 min). The fluorescent probe was excited at 488 nm with an argon laser and emission was collected 

at 560 nm. In Di‐8‐ANNEPS‐stained myocytes, quantitative analysis of T‐tubular organization was performed 

using the TTorg plugin for ImageJ 52. Cardiomyocyte size and the fraction of transverse and longitudinal 

oriented elements of the T‐tubule system were calculated using the program Tubulator 53. Cardiomyocyte area 

was significantly greater in SHR group (5431.16 ± 509 µm2 vs. 985.94 ± 270 µm2, n=33/4 and 17/2 for 6 mo 

SHR and W respectively). 

Statistics 
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Data are expressed as mean ± SEM. Statistical significance was determined by Student’s test for paired or 

unpaired observations as appropriate, and ANOVA when different groups were compared. The Newman‐Keuls 

test was used to examine statistical differences observed with the ANOVA. A P value <0.05 was considered 

statistically significant. 
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FIGURE LEGENDS 

Figure 1. Rate-dependent mechanical alternans in W and SHR perfused hearts. A) Representative left 

ventricular developed pressure (LVDP) recordings from W and SHR perfused hearts at 3, 6 and 12 mo of age 

at 4 Hz (basal) and 8.5 Hz. B)  Average mechanical alternans ratio (AR) obtained by increase in stimulation 

frequencies (4 to 11 Hz) (n = 4‐6 hearts). *P<0.05 vs. age‐matched W at the same frequency calculated by two‐

tailed Student's T‐test. 

Figure 2. Rate-dependent Ca2+ alternans in W and SHR myocytes. A) Typical cytosolic Ca2+ transients 

recordings of 12 mo W and SHR myocytes stimulated at progressively greater frequencies. B) Overall results 

of threshold pacing frequency to induce Ca2+ alternans in 3, 6 and 12 mo W and SHR myocytes (n = 7‐30, from 

2‐5 hearts). *P<0.05 vs. age‐matched W.  All groups were compared by one‐way ANOVA followed by Newman‐

Keuls test.   

Figure 3. Subcellular Ca2+ alternans. A) Typical confocal line‐scan images of cytosolic Ca2+ transients and 

intensity profiles of 12 mo W (up) and SHR (down) myocytes stimulated at 1 and 4 Hz. B) Overall results of 

discordant index (DI) measured at 4 Hz in 12 mo W and SHR myocytes (n = 9‐11 cells, 3‐4 hearts). *P<0.05 vs. 

W calculated by unpaired Student's T‐test. 

Figure 4. T-Tubule organization. A) Typical confocal images of 6 mo W and SHR myocytes stained with Di‐8‐

ANNEPS. B) Average results of the index of TT regularity (TT power) in 6 mo W and SHR myocytes (n = 18‐33 

cells, from 2‐4 rats). C) Overall results of transverse and longitudinal T‐tubule expressed as percentage of all 

T‐tubule. * P<0.05 vs. W calculated by unpaired Student’s T‐test . 

Figure 5. Evaluation of SR Ca2+ uptake in W and SHR myocytes. A) Representative superimposed Ca2+ transient 

traces of 12 mo W and SHR myocytes at 0.5 Hz (solid line) and 3 Hz (dashed line). B) Overall results of the time 

constant of single exponential decay of Ca2+ transient (Tau) at 0.5 and 3 Hz in 6 and 12 mo W and SHR myocytes 

(n = 13‐20 cells, from 3‐4 hearts). *P<0.05 vs. 0.5 Hz calculated by paired Student’s T‐test. 

Figure 6. Restitution of Ca2+ release in W and SHR myocytes. A) Typical Ca2+ transient recorded in 6 mo W and 

SHR myocytes in response to the experimental protocol shown in W: additional stimulation pulses (S2) were 
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applied at different times with respect to the regular pulse (S1) and their respective amplitudes (A2 and A1) 

were used to calculate the fractional recovery. B) Average restitution of Ca2+ release curves, obtained by 

plotting fractional recovery (%A2/A1) at different S1‐S2 intervals, in 6 mo W, SHR and SHR myocytes treated 

with low doses of caffeine (100 μM, caff). C) Time interval to 50% of recovery of Ca2+ transients of the same 

cells (n = 10‐30 cells from 2‐5 rats). * P<0.05 vs. W, # P<0.05 vs. SHR. One‐way ANOVA followed by Newman‐

Keuls test was used for analysis. D) Typical alternating cytosolic Ca2+ transients recordings of SHR myocytes 

before and after caff treatment. E) Overall results of AR in SHR myocytes with or without caff treatment (n = 

5 cells from 4 rats). * P<0.05 vs. SHR before caff treatment. Paired Student’s T‐test was used for analysis. 

Figure 7. Effects of increased extracellular Ca2+ concentration on Ca2+ alternans. A) Representative traces of 

caffeine‐induced Ca2+ transient to evaluate SR Ca2+ load in 6 mo SHR myocytes at 1 mM and 2.5 mM 

extracellular Ca2+ concentrations. B) Summary data for the amplitude of caffeine‐induced Ca2+ transients of 

the same groups as an indicator of SR Ca2+ content (n = 7‐9 cells, from 2‐3 hearts). * P<0.05 vs. 1 mM Ca2+ 

analyzed by paired Student’s T‐test. C) Average restitution of Ca2+ release curves from 6 mo SHR myocytes at 

1mM or 2.5 mM Ca2+. * P<0.05 vs. 1 mM Ca2+ analyzed by paired Student’s T‐test. D) Time interval to 50% of 

recovery of Ca2+ transients of the same cells (n = 5‐6, from 2 hearts). * P<0.05 vs. 1 mM Ca2+. E) Typical cytosolic 

Ca2+ transient recordings of 6 mo SHR myocytes at high pacing frequency to induce alternans showing the 

effects of superfusion of 2.5 mM Ca2+. F) Overall results of AR in 6 mo SHR myocytes at 1 mM and 2.5 mM 

extracellular Ca2+ concentrations (n = 9 cells, from 3 hearts). * P<0.05 vs. 1 mM Ca2+ analyzed by paired 

Student’s T‐test. 
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