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Abstract

Background—Cardiac alternans are proarrhythmic and mechanistically link cardiac mechanical 

dysfunction and sudden cardiac death. Beat-to-beat alternans occur when beats with large Ca2+ 

transients and long action potential duration (APD) alternate with the converse. APD alternans are 

typically driven by Ca2+ alternans and sarcoplasmic reticulum (SR) Ca2+ release alternans. But the 

effect of intercellular communication via gap junctions (GJ) on alternans in intact heart remains 

unknown.

Objective—We assessed the effects of cell-to-cell coupling on local alternans in intact Langen-

dorff-perfused mouse hearts, measuring single myocyte [Ca2+] alternans synchronization among 

neighboring cells, and effects of β-adrenergic receptor (β-AR) activation and reduced GJ coupling.

Methods and Results—Mouse hearts (C57BL/6) were retrogradely perfused and loaded with 

Fluo-8 AM to record cardiac myocyte [Ca2+] in situ with confocal microscopy. Single cell 

resolution allowed analysis of alternans within the intact organ during alternans induction. 

Carbenoxolone (25 μM), a GJ inhibitor, significantly increased the occurrence and amplitude of 

alternans in single cells within the intact heart. Alternans were concordant between neighboring 

cells throughout the field of view, except transiently during onset. β-AR stimulation only reduced 

Ca2+ alternans in tissue that had reduced GJ coupling, matching effects seen in isolated myocytes.
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Conclusions—Ca2+ alternans among neighboring myocytes is predominantly concordant, likely 

because of electrical coupling between cells. Consistent with this, partial GJ uncoupling increased 

propensity and amplitude of Ca2+ alternans, and made them more sensitive to reversal by β-AR 

activation, as in isolated myocytes. Electrical coupling between myocytes may thus limit the 

alternans initiation, but also allow alternans to be more stable once established.
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1. Introduction

Cardiac Ca2+ alternans is defined as a beat-to-beat alternation in Ca2+ transient (CaT) 

amplitude and is tightly connected with mechanical and electrical alternans. Cardiac 

alternans has been shown to be Ca2+ driven [1, 2] and CaT alternans can occur without 

action potential duration (APD) alternans, [3, 4] but the two can influence each other [5, 6]. 

Ca2+ alternans can be seen within regions of a myocyte [7, 8] as well as myocyte-wide 

alternans and both regional and whole heart alternans. Clinically, T-wave alternans (TWA) 

is an important marker for the risk of ventricular arrhythmia and is associated with Ca2+ and 

APD alternans [9, 10], and small changes in Ca2+ cycling can cause reentrant arrhythmias 

[11]. In disease models, CaT alternans can be observed long before arrhythmias or heart 

failure occurs [12]. Hence, TWA and Ca2+ alternans can be an index of propensity for 

arrhythmias and pharmacological interventions [13]. Alternans is found in numerous disease 

conditions (e.g. ischemia, heart failure and acidosis) as a prominent arrhythmogenic factor 

linked to cardiac fibrillation in humans and as a precursor of heart failure [14].

CaT alternans involves several aspects of excitation-contraction-coupling (ECC) and SR 

Ca2+ release. Changes in SR load often occur during Ca2+ alternans, but the initiation of 

alternans seems likely to encroach on ryanodine receptor (RyR) refractoriness or availability 

[2, 15]. Indeed, Ca2+ sparks and global CaT depend not only on the rate of refilling but also 

on RyR refractoriness [16, 17]. As pacing rate increases, RyR refractoriness seems to be the 

first factor to initiate alternans and it can cause both SR Ca2+ load and APD alternans at 

higher rates [18].

Cellular mechanisms of cardiac alternans are well studied. However, it is less clear how this 

is influenced in the intact heart by intercellular communication, where Ca2+ induced APD 

alternans can disperse into the surrounding tissue [17]. This voltage spread via gap junctions 

(GJ) may help synchronize subcellular Ca2+ release patterns as well as spatially discordant 

Ca2+ alternans [19, 20]. GJs may help to maintain Ca2+ homeostasis in coupled myocytes 

and partial uncoupling can induce severe arrhythmias [21, 22]. However, it is unknown how 

partial GJ uncoupling affects myocyte Ca2+ alternans in intact heart, and whether 

neighboring myocytes exhibit synchronized alternans phase.

The β-AR agonist isoproterenol (ISO) exerts inotropic effects due, in part to accelerated SR 

Ca2+ uptake and release [23, 24] and enhancement of L-type Ca2+ current [25]. The faster 

SR Ca2+ uptake accelerates SR Ca2+ refilling and relaxation (lusitropy). Indeed, β-AR 

stimulation can curtail cardiac alternans due to its effects on Ca2+ transient kinetics in both 
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ventricular [3] and atrial myocytes [26]. However, it is less clear how this translates to the 

whole heart where intercellular communication influences Ca2+ cycling and ECC.

The present study aimed to test the hypothesis that frequency induced myocyte CaT 

alternans in intact mouse heart is influenced by ISO and intercellular communication. We 

used confocal microscopy of Langendorff-perfused mouse hearts, allowing analysis of 

subcellular Ca2+ cycling within the intact heart to elucidate how mechanisms found in 

isolated myocytes translate to the organ level. Specifically we sought to evaluate the role of 

GJ coupling during alternans and the effects of β-AR stimulation on cardiac alternans on the 

tissue scale.

2. Material and Methods

2.1. Animals

All animal procedures were approved by the Animal Care and Use Committee of the 

University of California, Davis and adhered to the NIH Guide for the Care and Use of 

Laboratory Animals. Adult male C57BL/6 mice (10–20 weeks) were anesthetized with 

Isoflurane/oxygen mix (95/5). Hearts were quickly excised, cannulated and Langendorff 

perfused at 37°C in normal Tyrode’s solution (NT: NaCl 135 mM; KCl 5.4 mM; CaCl2 

2mM; MgCl2 1 mM; Glucose 10 mM; Hepes 10 mM; pH 7.35, adjusted with NaOH). 

Intrinsic heart rate was slowed to 2–4 Hz) by removing the SA-node and crushing the AV-

node. Hearts were electrically paced at the base, via two Ag/AgCl electrodes at the 

ventricular base (far from the confocal imaging site), via square pulses (5Hz or basic cycle 

length, BCL 200 ms) unless noted otherwise. The stimulation frequency was always faster 

than the remaining intrinsic heart rate after partial destruction of the AV-node.

To isolate myocytes for single cell studies, mouse hearts were perfused with a liberase-based 

Langendorff perfusion protocol as described previously [27].

2.2. Confocal Microscopy

After hearts displayed regular, albeit slowed heart rate, they were loaded at room 

temperature (RT) with Fluo8-AM (AAT bioquest, Inc., Sunnyvale, CA; 3.75 μM) and Di-4-

ANEPPS (Biotium, Inc., Hayward, CA; 5 μM) for fluorescent imaging of intracellular Ca2+ 

and Vm, respectively. To eliminate motion artifacts, blebbistatin (Abcam Biochemicals, 

Cambridge, MA; 10–20 μM) was added to the perfusion solution during recording. 

Fluorescence from 8 to 16 neighboring cells was recorded using a confocal microscope 

(FluoView™ FV1000, Olympus America Inc., Center Valley, PA) in x-y or line scan mode 

with a sampling speed of 2.1 ms per line. Experiments were performed using a 20× air 

objective. Argon laser excited (480 nm) fluorescence and emission was collected with a 510 

long pass filter for Fluo8 or two band pass filters (500–550 nm and 600–700 nm) if Fluo8 

was measured simultaneously with Di-4-ANEPPS. Excitation intensity and exposure times 

were kept as short as possible (≤20 s for a given region) to assure reasonable signal-to-noise 

values, stability of steady state Ca2+ transients and limited phototoxicity. Since Di-4-

ANEPPS has a ~10-fold lower fractional fluorescence change compared to Ca2+ indicators, 

the signal-to-noise ratio in voltage signals at the single myocyte level are expected to be 

lower.
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For single myocyte experiments, cells were loaded with Fluo-4 (Molecular Probes, Leiden, 

The Netherlands) as described previously [27] and placed on the stage of an inverted 

microscope equipped with a 40×/1.3 N.A. oil-immersion objective and a Zeiss LSM 510 

Meta confocal laser point scanning system (Zeiss, Jena, Germany) or an Olympus 

Fluoview™ 1000 confocal microscope (Olympus, Center Valley, PA, USA). Excitation and 

emission wavelengths were 488 and >515 nm, respectively. Cells were field-stimulated via 

platinum electrodes.

2.3. Temperature

Experiments were performed at RT (22–25°C). Alternans is temperature dependent and at 

lower temperature the frequency needed to evoke Ca2+ alternans changes, but it does not 

change the alternans pattern [3, 28, 29]. RT allows applying less stressful, but longer 

protocols and thereby more reliable information can be collected from the hearts. 

Furthermore indicator retention by the myocytes is greatly improved at RT vs. 37°C.

2.4. β-AR and electrical stimulation and GJ uncoupling

The β-AR agonist isoproterenol (ISO; Sigma-Aldrich, St. Louis, MO; 10 μM) and partial 

GJ-uncoupler Carbenoxolone (CBX; Sigma-Aldrich, St. Louis, MO; 25 μM) was delivered 

by global perfusion. For single cell experiments the delivery of the β-AR agonist 

isoproterenol was achieved by bath perfusion and thus could be reduced to 30 nM

2.5. Data Analysis

Data analysis was performed with ImageJ (NIH, Bethesda, MD) for image analysis and 

IgorPro (WaveMetrics Inc., Lake Oswego, OR) for Ca2+ transient analysis. To quantify 

alternans amplitude, an alternans ratio r was calculated (r = 1 – S/L) where S and L are 

amplitudes of the small and large transient [8, 30]. Resulting ratios are between 0 and 1, 

where 0 indicates no alternans and 1 is where every other AP fails to activate a Ca2+ 

transient. Cells with r> 0.08 were considered alternating (i.e. exceeding noise levels in the 

recordings).

Statistics were calculated with GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). 

Comparisons between two groups of data were made using Student’s t-test and multiple 

comparisons were made using one- or two-way analysis of variance (ANOVA) with Dunn’s 

post-hoc-testing. P<0.05 was considered statistically significant.

3. Results

3.1. Measuring [Ca2+]i in intact mouse heart with confocal microscopy

The left ventricular epicardium of Fluo8-loaded heart was put into focus on a laser scanning 

confocal microscope. For 2-dimensional images (Fig 1A), the area is scanned line by line, 

starting from the upper left corner. The time to record a single pixel on that line was 2 μs, 

and a complete line 2.1 ms, so the whole frame was recorded in 1.1 s. During this time four 

Ca2+ transients are visible as bright lines of fluorescence intensity across all cells in the field 

of view. For line scans, the line was always positioned perpendicular to the long axis of the 

cells. This ensures visualization of many myocytes during each 2 ms line scan, providing 

Hammer et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



high temporal resolution (Fig 1B). All cells within the field of view are expected to be 

activated simultaneously independent of the orientation. That is, even for transverse 

propagation velocity in mouse (340 mm/s [31]), all myocytes would be activated in ≤1 ms. 

Along this line the scan (2 ms per line), individual Ca2+ signals from all twelve myocytes 

are obtained for further analysis (Fig 1B).

3.2. Pacing-induced Ca2+ alternans in intact hearts

Pacing frequency was progressively increased from 5 to 10 Hz (1 Hz increments) and the 

BCL at which stable Ca2+ alternans was assessed. Under control conditions (NT) at 5 Hz 

11.6% of the cells exhibited Ca2+ alternans, but 100% of cells displayed alternans at 7Hz 

stimulation (Fig 2A). Hearts not electrically stimulated had intrinsic rates between 2 to 4Hz, 

most likely due to residual activity of the AV-node or HIS bundle region of the hearts.

At 5 Hz steady state pacing, addition of ISO had no effect on alternans (Fig 2B; 11.6 ±6.6% 

of control cells vs. 15.2 ±2.8% after β-AR). This contrasts with reports from single mouse 

myocytes, where β-AR can reduce or abolish alternans (see myocyte studies below). This 

suggests an influential role of intercellular communication on the maintenance of Ca2+ 

cycling and alternans within cardiac myocytes in situ.

Alternans amplitude was observed with r ranging from 0 to 1. We found different patterns of 

alternans that are illustrated by two examples depicted in Fig 2C. Some cells had an 

apparent 2:1 pattern in their CaT alternans (r=1) but often a small, transient Ca2+ increase 

(or inflection) was visible in the [Ca2+]i decay, consistent with an AP-induced small Ca2+ 

increase during that phase. Fig 2D shows representative CaT with alternans ratios from 0 to 

1, where the asterisks indicate the electrical stimulus. The timing (and spatial synchrony) of 

the small transient [Ca2+]i increase in trace with ratio 0.8 indicates that this is due to the 

electrical stimulus. To verify that these events were indeed attributable to APs (not 

afterdepolarizations or excitation failures), especially for cells with r=1 (2:1) alternans, we 

tested for the presence of APs. We simultaneously recorded Ca2+ and membrane voltage 

(Vm) with Di-4-ANEPPS in addition to Fluo-8 in five hearts. Fig 2E shows a representative 

2-dimensional snapshot of cardiac tissue with double staining (red is Di-4-ANEPPS and 

green is Fluo-8). The Vm traces in double-stained tissue confirmed that at least up to 7 Hz, 

every stimulus led to a voltage signal, even when Ca2+ transients were only apparent at 

alternate stimuli.

3.3. Reduced GJ coupling alters the incidence and amplitude of CaT alternans

As we found that intercellular communication may influence Ca2+ cycling in myocytes 

within the intact heart, we tested whether partial uncoupling with CBX has any effect on 

CaT kinetics. The CaT in cells from normally coupled tissue had a shorter time to peak 

compared to cells with reduced GJ coupling (25.3 ±0.6 vs 31.5 ±1.9 ms) while the decay 

time was unaltered by GJ inhibition by CBX (144 ±13.5 ms vs 155 ±20.7 ms in CBX, Fig 

3A) even with β-AR stimulation (94.5 ±7.2 ms vs 99.2 ±12.0 ms in CBX, Fig 3A). Upon 

reduction of coupling efficacy the electrical signal can less easily be spread among 

neighboring cells which may slightly alter the rate of rise of the APs. That would slow the 

time to peak values of the Ca2+ transients. Consistent with this, we previously showed that 
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25 μM CBX slowed conduction velocity by 25% in rabbit hearts , and in pilot experiments 

in mouse this reduction was 16–20% (not shown). In our hands, all Ca2+ transients within 

the field of view were initiated at the same time (Fig 3B). Reduced GJ coupling also affected 

the incidence and ratio of CaT alternans at 5 Hz (Fig 3C). A much higher number of cells 

displayed alternans in partially uncoupled tissue (81.5 ±13.8% vs. 11.6 ±6.6%) and the 

alternans ratio was also much higher (0.47 ±0.04 0.17 ±0.03), indicating that electrical 

coupling between cells in the heart limits alternans in the myocytes. Partial uncoupling may 

make the cells behave more like isolated myocytes with respect to alternans induction, so we 

also examined isolated myocytes.

3.4. β-AR stimulation inhibits alternans induced by GJ uncoupling

Single myocyte experiments have shown that β-AR stimulation has inhibitory effects on the 

occurrence and intensity of Ca2+ alternans [3, 26]. We tested whether β-AR stimulation 

would curtail myocyte alternans in intact tissue more effectively when GJs are partially 

uncoupled. While reduction of alternans incidence with β-AR was not significant (68.8 

±22.5% under ISO vs. 81.5 ±13.8% in control; Fig 4A), there was a 50% reduction in 

alternans amplitude observed (r was reduced from 0.47 ±0.04 to 0.23 ±0.03; Fig. 4A) similar 

to the value in normally coupled tissue with ISO (0.21 ±0.03; Fig 2B).

To test whether totally uncoupled myocytes from our mouse hearts would show β-AR 

reduction of alternans, we studied effects of ISO on isolated mouse ventricular myocytes 

stimulated at 5 Hz at RT. ISO completely abolished the alternans ratio in isolated cells (Fig 

4B–C). The alternans ratios found in single cells were comparable to those found in cells 

within the intact tissue (0.22 ±0.14; Fig 2B) and these values also translated into contractile 

alternans of the isolated cells (0.19 ±0.04). The observed contraction alternans was also 

abolished by the application of ISO.

3.5. Transition to stable alternans depends on GJ coupling

During steady state stimulation we found that all cells within a field of view were spatially 

concordant and displayed stable alternans at 7 Hz (Fig 2A). Here we sought to evaluate how 

cells transition into alternans upon a change in BCL within intact tissue. We switched 

stimulation frequency from 5 to 7 Hz and measured [Ca2+]i in the myocytes.

We expected that the sudden shortening of the diastolic interval would set the phase of 

alternans in all cells equally, since the first CaT after frequency increase would have less SR 

Ca2+ and RyR available for release (favoring a small beat). Indeed, the first beat was smaller 

in amplitude, but alternans was not immediately induced. A brief compensated state of Ca2+ 

cycling was characterized by non-alternating, albeit smaller, CaT amplitudes (Fig 5A). That 

was followed by a decompensated state during which the alternans developed, and CaT 

amplitude of the large transients increased and the smaller transients decreased (Fig. 5A). In 

cases where Ca2+ alternans already occurred at 5 Hz a comparable pattern was observed (Fig 

5B). Upon frequency increase, alternans ratio was maintained or slightly reduced with 

overall smaller CaT amplitudes during the compensated state, followed by a decompensated 

state with increased alternans ratio (more than 0.1 increase compared to the initial ratio) and 

larger CaT amplitude of the large transients (Fig 5B). The duration of the compensated 
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phase of Ca2+ cycling was not affected by β-AR stimulation (1.4 ± 0.1 s vs. 1.2 ± 0.2 s) but 

CBX significantly decreased the compensated phase with or without ISO (0.5 ± 0.2 s vs 0.5 

± 0.05 s, Fig. 5C).

In a subset of measurements, GJ uncoupling led to a severely decompensated Ca2+ handling 

after frequency increase. In these cases, tissue displayed no CaT’s, only spontaneous Ca2+ 

release in form of Ca2+ waves. These waves were not synchronized among neighboring cells 

nor did they cross the cell borders. Reducing stimulation frequency restored normal Ca2+ 

cycling (Fig 5D).

3.6. Spatially discordant alternans occurs transiently upon β-AR stimulation

In all of our experiments neighboring cells exhibited spatially synchronized alternans phase 

among neighbors during steady state pacing, and spatially discordant alternans was not 

observed. This raised the following question. If alternans phase was not locked uniformly by 

the initial shortened diastolic interval (compensated phase), do individual cells start 

alternans phase randomly with respect to their neighbors? Only during β-AR stimulation did 

we see a subset of cells that transiently displayed spatially discordant alternans during the 

early stage of alternans (Fig 6). However, even in these cases spatial concordance was 

restored over the course of just a few beats, typically over the course of 2 to 3 transients. 

The eventually dominant cells seem to shorten the small CaT duration and quash the large 

CaT (asterisks in Fig 6C, right), until synchronization was reached and all cells displayed 

concordant alternans.

Upon frequency increase, all of the control cells were concordant with their neighbors and 

only 17% of the ISO treated cells were discordant with respect to their neighbors (Fig 6E). 

In this case GJ coupling did not seem to matter (18% with ISO and CBX). Thus, ISO and 

the acceleration of [Ca2+]i decline and SR Ca restitution may have been critical to the 

appearance of spatial discordance, while cell-cell coupling (even with CBX) was sufficient 

to strongly drive spatial concordance.

4. Discussion

In the present study we analyzed pacing-induced CaT alternans in intact mouse hearts. We 

found that frequency-induced alternans is spatially concordant among neighboring 

epicardial, left-ventricular myocytes. Partial GJ uncoupling increased the amplitude of Ca2+ 

alternans, but did not alter local concordance among neighboring cells. This emphasizes that 

alternans as a proarrhythmic factor would be enhanced in disease states with reduced GJ 

coupling. β-AR activation inhibited alternans only after partial GJ uncoupling, and in 

isolated ventricular myocytes. We infer that normal spatial electrical coupling of myocytes 

can limit alternans and thereby reduce the ability of β-AR stimulation to suppress alternans.

4.1. Pacing-induced Ca2+ alternans in intact hearts follows distinct patterns

CaT and alternans analysis was performed over a range of stimulation frequencies using a 

formula described before [8, 30]. At 5 Hz only a low percentage of cells displayed alternans, 

but at 7 Hz virtually all cells exhibited alternans. To ensure large alternans ratios did not 

result from failed APs, we simultaneously measured [Ca2+]i with Fluo-8 and Vm with Di-4-
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ANEPPS. These data indicate that even at 7 Hz stimulation, every electrical stimulus led to a 

local AP. At higher rates there might be reduced AP fidelity, but we confined analysis to ≤7 

Hz. We believe the alternans seen here is a result of Ca2+ refractoriness, in particular RyR 

refractoriness as previously described [15, 18]. This agrees with the finding that in whole 

heart optical mapping studies Ca2+ alternans with large ratios can be seen even if APD 

alternans is small [18].

4.2. Reduced GJ coupling alters myocyte alternans and response to β-AR stimulation

β-AR stimulation in isolated cardiac myocytes has been shown to suppress Ca2+ alternans 

[32] and that is also seen in intact rabbit hearts [18]. This is generally attributed to the 

combination of ISO-induced effects on myocyte Ca2+ handling (increased Ca2+ current, 

faster SR Ca2+ uptake and consequent shorter RyR restitution) [15, 23–25]. Thus we were 

quite surprised that in normally coupled hearts ISO failed to reduce the number of 

alternating cells or alternans amplitude, especially at this alternans threshold range of 5 Hz 

here. This is not a simple matter of species difference, because we observed that ISO 

suppressed alternans in both isolated mouse myocytes and partially uncoupled hearts. There 

are other reports of weak β-AR effects on alternans in the whole heart [32], raising the 

possibility that strong electrical coupling in the intact heart may limit the ability of ISO to 

suppress alternans. We do not have a clear mechanistic explanation for this, but it is possible 

that once alternans is established and stabilized spatially in the well coupled heart, ISO is 

not as effective in terminating the alternans.

In contrast, the GJ inhibitor CBX increased Ca2+ alternans, and restored the expected ability 

of ISO to suppress alternans. We assume that the CBX effects are primarily via electrical 

communication between cells (rather than on Ca2+), because Ca2+ crosses from cell to cell 

slowly, Ca2+ waves normally cannot propagate from myocyte to myocyte, and high local 

[Ca2+]i can reduce GJ conductance [33–35]. In poorly coupled tissue, β-AR stimulation 

suppressed CaT alternans occurrence and ratio, albeit less completely than in totally 

uncoupled single myocytes. Cx43 is affected by adenosine receptor stimulation through 

phosphorylation by PKC leading to its degradation [36] or increase of the GJ closed state 

[37]. There is evidence that GJ function can be altered by β-AR stimulation in the short term 

or the long term [38]. Our findings indicate that normal electrical coupling plays a pivotal 

role in limiting the onset of alternans in the heart, and thus electrical feedback onto local 

CaT may mediate this effect. Even small local changes in diastolic Vm can influence Ca2+ 

handling such as Ca2+ sparks and waves [39].

Gender differences have been described in the capacity to respond to β-AR stimulation, with 

a reduced effect of β-AR agonists and a reduced arrhythmic activity in females [40]. 

Interestingly, higher expression levels of Cx43 were found in females compared to males 

[41], but a direct link has not been proven yet.

Na+-channels provide the current necessary for the generation of an AP that propagates 

between cells via GJs, and a reduction of Cx43 expression leads to loss of Na+-current 

amplitude [42]. Also cell-cell transfer of charge might also occur through an electric field 

mechanism [43], highlighting the influence of GJ-conductivity on AP shape.
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We found a high degree of synchrony of release between neighboring cells within a field of 

view and within single cells, but the time-to-peak of the CaT was prolonged upon partial 

uncoupling. The slowed CaT rise time is most likely because of changes in the local AP 

shape, because even small changes in AP shape could alter CaTs. Partial GJ uncoupling 

reduces conduction velocity [44, 45] but does not alter CaT duration [46]. CBX does not 

alter ICa, INa or IK [44], but can prolong APD in the intact heart [47]. The slower rate of AP 

rise because of slowed conduction could be responsible for the small slowing of [Ca2+]i rise, 

because of slightly less synchronous SR Ca2+ release. That would have less effect on [Ca2+]i 

decline, in which we did not find significant changes upon CBX addition.

4.3. GJ uncoupling enhances alternans

Partial GJ inhibition did have a strong effect on CaT alternans, significantly increasing the 

occurrence and intensity. Presumably in this state, weakened electrical communication with 

other cells allows individual cells to exhibit alternans more readily. The implication is that 

strong coupling normally suppresses those cells from exhibiting alternans. This may be 

another manifestation of strong feedback between Vm (which has a long spatial influence) 

and Ca2+ which is more locally regulated. That is, normal Vm coupling may suppress Ca2+ 

alternans, in the same way that when alternans are present, they are almost always spatially 

concordant (which would not be expected for Ca2+ release by itself). Put another way, Vm 

coupling may cause a smoothing of the Ca2+ signal over many cells, both preventing 

alternans, but also making them spatially concordant when they exist. This behavior is also 

expected to translate into mechanical alternans, and the feedback from alternans to APD and 

T-wave alternans that are clinically diagnostic for arrhythmia propensity. Our findings are 

supported by experiments in ischemic hearts [48] as well as studies on cardiac syncytium 

[49], where opening of the gap junctions has antiarrhythmic effects.

4.4. Alternans occurs at lower rates with GJ uncoupling and is spatially concordant

Under steady state conditions, we observed only alternans that were in-phase among 

neighboring myocytes, independent of GJ coupling. We also evaluated the onset of 

frequency-induced alternans. We found that even after increasing the pacing frequency all 

cells are synchronized already at the onset of alternans, but that this phase-locking is not 

dictated by the initially short diastolic interval. Rather phase-locking is driven by electrical 

coupling, after a short compensated phase where alternans is absent. This is reminiscent of 

the positive feedback process of Ca2+ and voltage that is responsible for regional 

synchronization of alternans in tissue as described in a mathematical model by Sato et al. 

[50]. They also found that spatially discordant alternans is Ca2+ dependent via interaction 

with Vm, and can occur over a time course of seconds to minutes.

The brief compensated phase may reflect a period where cells can cope (perhaps 

energetically) with a higher demand, but at some point RyR refractoriness may initiate 

alternans. β-AR stimulation (which should have energetic consequences) did not alter the 

window of compensated Ca2+ cycling, so that does not clarify the mechanism. Alternans 

also depends on stimulation history and site [51]. Conduction velocity (CV) restitution has 

long been proposed to be an important factor in the development of alternans, and cardiac 

memory during alternans development can slow APD accommodation [52–54], and thus 
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delay the onset of CaT alternans. The fact that GJ uncoupling reduced this window of 

compensated Ca2+ handling by two thirds, leads us to infer that intercellular communication 

may play a pivotal role in this transition behavior with respect to Ca2+ cycling pattern 

(rather than subcellular factors). Reduced GJ coupling alters CV restitution [55] and that 

might be more impactful at the onset of alternans in poorly coupled tissue.

4.5. Limitations

For the confocal studies presented here, it was crucial to eliminate motion artifacts using 

blebbistatin, although we are aware that this might prevent mechanical feedback to Ca2+ 

handling and electrophysiology in myocytes [56, 57]. But at least blebbistatin appears not to 

alter Ca2+ handling [58, 59] and we could not find blebbistatin effects [60] in our setup.

We performed our study at room temperature, in part because alternans is more readily 

induced at lower temperature, but also because the myocytes lose the Ca2+ indicator more 

rapidly at 37°C. Myles et al. [61] have recorded alternans at various temperatures and 

Pastore et al. [10] studied alternans at both 27 and 37°C and found no mechanistic 

differences.

Myocytes in culture can electrically couple to fibroblasts and that may have potential pro-

arrhythmic effects [62, 63]. Modeling studies have also shown that fibroblast-myocytes 

coupling can enhance or inhibit alternans [64]. However, we cannot draw conclusions from 

our experiments here as to any particular role of fibroblast-myocyte coupling in alternans.

4.6. Conclusions

Alternans in tissue is strongly dependent on electrotonic coupling between cells via GJ, and 

that provides a protective mechanism for cardiac Ca2+ instabilities. In contrast to findings in 

single cells, β-AR stimulation did not curtail alternans in the whole organ with normal GJ 

coupling, but reduced alternans in partially uncoupled tissue. We hypothesize that 

electrotonic coupling in the heart normally provides stabilization against alternans, but that 

β-AR stimulation only limited alternans when coupling was reduced (as occurs under 

pathological conditions). The initiation of alternans on the organ level does not depend on 

the preceding diastolic interval per se, but rather on Ca2+ instabilities that develop over a 

defined time course and regional electrical coupling. Taken together, our data suggest that 

cardiac Ca2+ alternans on the tissue level is intimately linked to cell-to-cell electrical 

coupling via gap-junctions. Thus, GJ uncoupling is critical in developing more severe 

proarrhythmic events in the heart.
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Highlights

• Ca2+ alternans were measured via confocal imaging of neighboring myocytes 

within the whole heart.

• These local alternans were virtually always concordant (in-phase) among 

neighboring myocytes, independent of the diastolic interval prior to alternans 

initiation.

• Partial gap junction uncoupling increased the propensity for alternans, and made 

alternans more susceptible to suppression by β-adrenergic activation.

• Cell-cell electrical communication appears to be essential in synchronizing the 

phase of alternans among neighboring myocytes in the whole heart.
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Figure 1. Confocal Ca2+ in single myocytes within intact heart
Two-dimensional image of observed area on left ventricular (LV) surface recorded with a 

point scanning confocal microscope shows position of selected scan line on the epicardial 

LV surface (A). During image acquisition several Ca2+ transients are visible as increased 

fluorescence from top to bottom (as time elapses). The scan line image is used to analyze 

Ca2+ transients in individual single cells (B).
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Figure 2. Pacing induced Ca2+ alternans
Langendorff-perfused mouse hearts under control conditions (NT) or under β-AR 

stimulation (ISO) were electrically stimulated at increasing frequencies and percentage of 

cells exhibiting alternans was assessed (A). At 5 Hz the percentage of cells with alternans 

and alternans ratio were unaffected by β-AR stimulation (B). Two examples of high 

alternans ratio are displayed. The bar at right of image indicates the cell from which signals 

were taken and the asterisks indicate stimuli (C). Representative transients from tissue 

stimulated at 5 Hz are displayed for no alternans (ratio = 0), maximal alternans (ratio = 1) 

and substantial alternans (r= 0.8; D). 2D image of a heart loaded with both with Ca2+ and 

voltage sensor (E, left). Correspondence of voltage (Vm) with Ca2+ from the same cell 

during 6 stimulated beats confirms action potential occurrence at missing Ca2+ transients 

(for r=1; E).
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Figure 3. Ca2+ release with partial electrical uncoupling
Partial GJ uncoupling slightly prolongs Ca2+ transient time to peak, but not [Ca2+] decline 

(A). Initiation of CaT among neighboring cells is synchronous in NT and with CBX (dashed 

lines; B). Alternans incidence and amplitude are increased by partial GJ uncoupling (C).
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Figure 4. β-AR activation limits alternans amplitude during reduced GJ coupling
In intact heart with partial GJ uncoupling (25 μM CBX) β-AR agonist ISO reduces alternans 

amplitude, but not incidence (A). In isolated myocytes stimulated at 5 Hz, ISO abolished 

Ca2+ and contractile alternans (B). Exemplar traces from myocytes stimulated at 5Hz in NT 

(±ISO) for Ca2+ (left) and contraction (right, C).
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Figure 5. Transition from normal Ca2+ cycling to stable alternans
An example of tissue in ISO during increase in stimulation frequency from 5 to 7 Hz with 

intensity plot for the cell marked with a bar (A). Dashed lines indicate frequency change and 

transition to decompensated Ca2+ handling (alternans). B another example where alternans 

was already present at 5 Hz (r = 0.454) and upon frequency increase (first dashed line) the 

ratio was slightly reduced to r = 0.417, but then increased to r= 0.55 and 0.85 after 

decompensation (at second dashed line). Time frame until decompensation was reduced by 

GJ uncoupling in NT and ISO similarly (C). During β-AR stimulation some episodes of 

decompensated Ca2+ handling were observed where cells only recovered upon frequency 

decrease (D).
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Figure 6. Transition from spatially discordant to concordant behavior
Exemplar recording in ISO with a frequency increase from 5 to 7 Hz, showing 3 phases (A–
C) with intensity profiles of two neighboring cells. The first beat at shorter BCL is reduced 

and quickly transitions to concordant alternans (A), which devolves into discordant alternans 

(B) before reverting (*) to stable concordant alternans (C). Spatially discordance was only 

observed in a subset of β-AR stimulated hearts and was independent of partial GJ 

uncoupling (D).

Hammer et al. Page 21

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


