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Abstract 1 

Cx43, a major cardiac connexin, forms precursor hemichannels that accrue at the 2 

intercalated disc to assemble as gap junctions. While gap junctions are crucial for 3 

electrical conduction in the heart, little is known on potential roles of hemichannels. Recent 4 

evidence suggests that inhibiting Cx43 hemichannel opening with Gap19 has 5 

antiarrhythmic effects. Here, we used multiple electrophysiology, imaging and super-6 

resolution techniques to understand and define the conditions underlying Cx43 7 

hemichannel activation in ventricular cardiomyocytes, their contribution to diastolic 8 

Ca2+ release from the sarcoplasmic reticulum, and their impact on electrical stability. We 9 

showed that Cx43 hemichannels are activated during diastolic Ca2+ release 10 

in single ventricular cardiomyocytes and cardiomyocyte cell pairs from mouse and pig. 11 

This activation involved Cx43 hemichannel Ca2+ entry and coupling to Ca2+ release 12 

microdomains at the intercalated disc resulting in enhanced Ca2+ dynamics. Hemichannel 13 

opening furthermore contributed to delayed afterdepolarizations and triggered action 14 

potentials. In single cardiomyocytes, cardiomyocyte cell pairs and arterially perfused 15 

tissue wedges from failing human hearts, increased hemichannel activity contributed to 16 

electrical instability as compared to non-failing rejected donor hearts. We conclude that 17 

microdomain coupling between Cx43 hemichannels and Ca2+ release is a novel, 18 

targetable, mechanism of cardiac arrhythmogenesis in heart failure.  19 
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Introduction 20 

The pumping function of the heart is coordinated by electrical waves of excitation 21 

propagating through the myocardium and initiating cardiac contraction. Propagation of 22 

action potentials (APs) between cardiomyocytes is coordinated by gap junctions (GJs) 23 

that accrete at the intercalated discs (IDs). Each GJ channel consists of two apposed 24 

hemichannels and each hemichannel is further composed of six connexin (Cx) subunits; 25 

Cx43 is the predominant Cx isotype in adult heart ventricles (1). GJs organize as channel 26 

plaques, called the ‘nexus’, at the IDs of adjacent cardiomyocytes, which are peripherally 27 

surrounded by perinexal zones where unapposed (free) hemichannels reside (2); at rest, 28 

GJs are open and hemichannels are closed. In ventricular cardiomyocytes, Cx43 29 

hemichannels need strongly positive membrane voltages (Vm > +50 mV) to open; the 30 

activation threshold is lowered when the cytoplasmic Ca2+ concentration ([Ca2+]i) is 31 

moderately increased (200-500 nM range), bringing the threshold in the +30 mV range, 32 

which may be attained during the peak and plateau phase of the cardiac action potential 33 

(3, 4). When open, hemichannels form a large conductance (~220 pS for a single Cx43 34 

hemichannel) and poorly selective ion channel and transmembrane conduit with a 35 

molecular weight cutoff of ~1.5 kDa (3-9) that allows the passage of various small 36 

molecules such as ATP, and ions such as Na+, K+ and Ca2+.  37 

 38 

Inspired by findings in non-cardiac cells where Cx43 hemichannels open in response to 39 

moderate [Ca2+]i elevation at resting Vm (7, 9), we were interested whether Cx43 40 

hemichannels in cardiomyocytes could open during sarcoplasmic reticulum (SR) Ca2+ 41 

release under conditions of Ca2+ overload and disease. Cardiomyocytes display 42 

synchronized transient [Ca2+]i elevations during systole, sparked by Ca2+ entry through L-43 
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type Ca2+ channels during the AP plateau, which triggers Ca2+-induced SR Ca2+ release 44 

via ryanodine receptors (RyRs) (10). Under pathological conditions, spontaneous SR Ca2+ 45 

release may occur, leading to delayed afterdepolarizations (DADs) during diastole as a 46 

result of Ca2+ extrusion via the electrogenic Na+/Ca2+ exchanger (NCX) that generates 47 

depolarizing inward current (11, 12). DADs in turn may lead to disturbances of heart 48 

rhythm (12, 13). We hypothesized that hemichannel-associated Ca2+ entry as well as 49 

hemichannel depolarizing current could enhance DADs. Recent work based on 50 

pharmacological inhibition of Cx43 hemichannel opening with Gap19, which renders 51 

hemichannels non-available for opening without inhibiting gap junctions (4, 14), has 52 

demonstrated antiarrhythmic effects in muscular dystrophy in mice (15, 16), prevention of 53 

atrial fibrillation in myosin light chain 4 (MYL4-)related atrial cardiomyopathy (17) and 54 

protective effects on disturbed intracellular Ca2+ homeostasis in plakophilin-2 (PKP2-) 55 

deficient mice, a model of arrhythmogenic right ventricular cardiomyopathy (18). 56 

 57 

We mimicked pathological spontaneous Ca2+ release by challenging freshly isolated 58 

single ventricular cardiomyocytes and cardiomyocyte cell pairs from mice and pig with 59 

caffeine under controlled conditions. Activation of Cx43 hemichannels resulted from 60 

microdomain coupling of Cx43 hemichannels to RyRs and SR Ca2+ release. We further 61 

found that Cx43 hemichannels contribute to spontaneous Ca2+ release events and 62 

accompanying afterdepolarizations during adrenergic stimulation. In a next translational 63 

step, we studied single human ventricular cardiomyocytes and cardiomyocyte cell pairs 64 

obtained from heart failure patients, and found that Cx43 hemichannel opening, 65 

spontaneous Ca2+ release and afterdepolarizations were increased compared to 66 

cardiomyocytes from non-failing donor hearts. In arterially perfused tissue wedges, 67 
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adrenergic stimulation increased the occurrence of DADs and triggered APs, which was 68 

clearly more pronounced in wedges from heart failure patients than from non-failing 69 

control hearts, and was suppressed by TAT-Gap19 hemichannel inhibition. Collectively, 70 

these data show that Cx43 hemichannels become more active in end-stage heart failure 71 

and contribute to arrhythmogenic triggered activities in disease, which can be suppressed 72 

by TAT-Gap19.  73 
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Results 74 

Ca2+ release from the sarcoplasmic reticulum at resting membrane potentials 75 

activates Cx43 hemichannels  76 

Freshly isolated left ventricular cardiomyocytes from mouse and pig hearts were voltage 77 

clamped at -70 mV, under physiological extracellular Ca2+ concentrations and continuous 78 

[Ca2+]i monitoring with fluo-4 (50 µmol/L), and subjected to a two-pulse caffeine stimulation 79 

protocol (Figure 1A). Caffeine stimulation (10 mmol/L) created controlled conditions of SR 80 

Ca2+ release, mimicking the spontaneous release observed in pathological conditions. 81 

Caffeine activates ryanodine receptors (19) and triggers transient SR Ca2+ release with 82 

resulting forward-mode inward NCX current (10, 20). In line with this, the first caffeine 83 

pulse triggered a [Ca2+]i transient and resulting NCX current; by contrast, the second 84 

caffeine pulse was not accompanied by [Ca2+]i elevation and NCX current, indicating Ca2+ 85 

store depletion (Figure 1B). Superimposed on the macroscopic NCX current during the 86 

first caffeine pulse, microscopic unitary current events appeared in a Ca2+ release-87 

dependent manner (Supplemental Figure 2B). Such events were absent during the 88 

second caffeine pulse and were abolished by including the Ca2+ chelator BAPTA (10 89 

mmol/L) in the pipette (Figure 1 C-E and Supplemental Figure 3). Additionally, imposing 90 

stably buffered [Ca2+]i did not induce unitary currents, indicating that unitary current activity 91 

is dependent on SR Ca2+ release rather than on caffeine or [Ca2+]i elevation itself 92 

(Supplemental Figure 4) as previously noted (21). Since Ca2+ release in cardiomyocytes 93 

is not homogeneous but characterized by differences in bulk cytoplasmic and 94 

subsarcolemmal [Ca2+]i (22), we probed the involvement of [Ca2+]i microdomains in unitary 95 

current activation by plotting ensemble current versus subsarcolemmal [Ca2+]i as derived 96 

from the NCX current (23) (Supplemental Figure 2C). Ensemble currents showed no 97 
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hysteresis in a low [Ca2+]i range of NCX-derived subsarcolemmal measurements, but 98 

hysteresis became apparent at higher concentrations resulting from hemichannel closure 99 

at high [Ca2+]i (21).  100 

 101 

Unitary events in response to SR Ca2+ release could be readily observed in ~96% of 102 

mouse myocytes and ~60% of pig myocytes with a representative event count of ~38 and 103 

~6 respectively over the 8 s recording window (Supplemental Table 6). Most unitary 104 

current activity occurred within less than 100 ms after the start of the NCX current and 105 

had a ~220 pS unitary conductance in both species (Figure 1C-E), typical for Cx43 106 

hemichannel opening (3, 4, 6). A ~110 pS substate could also be resolved, especially in 107 

pig. Occasionally, we observed ‘stacked’ opening events with a conductance of multiples 108 

of ~220 pS (Figure 1C-E). Stepping Vm to different voltages during caffeine application, 109 

under conditions of K+-channel blockade, allowed us to construct IV plots with a slope 110 

conductance of ~220 pS and reversal potential ~0 mV for both species (Figure 1F-G). The 111 

zero reversal potential is a typical property of poorly selective Cx hemichannels. 112 

Increasing extracellular Ca2+ 5-fold significantly increased the slope conductance and 113 

shifted the reversal potential rightward in the direction of the increased Nernst potential 114 

for Ca2+, indicating substantial Ca2+ flow through the channel (Figure 1G). When a caffeine 115 

challenge was given at positive Vm instead of -70 mV,  the short ~8 ms unitary opening 116 

events attained a strongly prolonged character (100 – 120x increase in open time), 117 

resembling the long duration hemichannel openings observed previously (3, 4, 6) (Figure 118 

1F and Supplemental Figure 2D). Unitary current properties and interspecies differences 119 

are summarized in Supplemental Table 6. 120 

 121 
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To confirm the Cx43 hemichannel origin of the Ca2+ release-induced unitary currents, we 122 

used a combination of pharmacological and genetic approaches targeting Cx43 (Figure 123 

1H-I). Cx43 knockdown by ~80% (Supplemental Figure 5A-D) strongly and significantly 124 

reduced unitary current activities. We additionally tested a set of Cx43 targeting peptides 125 

that interfere with hemichannel function (Figure 1H-I and Supplemental Figure 6A; peptide 126 

administration and concentrations see Methods). Gap19 significantly reduced unitary 127 

current activities while the inactive mutant (4), Gap19I130A, had no effect. Conversely, the 128 

hemichannel opening enhancer CT9 (5, 24) significantly increased unitary currents. We 129 

screened for other channels with a similar biophysical profile such as Panx1, TRPP2 and 130 

TRPP5 (25, 26). Firstly, ventricular Panx1 and TRPP2/5 protein levels were unchanged 131 

or undetected in Cx43Cre-ER(T)/fl ventricles (Supplemental Figure 5E-H). Additionally, the 132 

pannexin-1 targeting peptide 10Panx1 did not affect unitary currents (Figure 1I). None of 133 

the peptides or experimental conditions affected SR Ca2+ content as determined by 134 

integrating the NCX current during caffeine superfusion (Supplemental Figure 6B).   135 

 136 

Cx43 hemichannel opening is modulated by stimulation frequency and enhanced 137 

during β-adrenergic stimulation 138 

It is well known that cardiomyocyte responses to repeated electrical stimulation or β-139 

adrenergic stimulation occur in part through alterations in [Ca2+]i signaling and SR Ca2+ 140 

content (20). We thus verified whether Cx43 hemichannel activity was influenced by  141 

increasing stimulation frequency and β-adrenergic activation. Ca2+ release-induced 142 

unitary current activity significantly and reversibly increased when increasing the 143 

stimulation frequency before caffeine application (0.5 to 4 Hz range in mouse and 0.5 to 144 

2 Hz range in pig) (Figure 2A-D). The increase was proportional to changes in the 145 
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amplitude of the caffeine-induced SR Ca2+ release (Figure 2E-F). Moreover, β-adrenergic 146 

stimulation by superfusion of isoproterenol (ISO) during the 2 min train at 1 Hz significantly 147 

increased unitary current activities (Figure 3A-D), in line with concurrent changes in SR 148 

Ca2+ content (Figure 3E).  149 

 150 

Cx43 associates with dyads at the intercalated disc where microdomain activation 151 

of Cx43 hemichannels occurs 152 

Since Cx43 hemichannels are activated by a subsarcolemmal increase in Ca2+ during 153 

caffeine-induced SR Ca2+ discharge, we hypothesized that these channels would 154 

intimately associate with cardiac dyads at the ID. We used single-molecule light 155 

microscopy (SMLM) by performing stochastical optical reconstruction microscopy 156 

(STORM) to map Cx43 distribution to dyadic nanodomains in single cardiomyocytes and 157 

cardiomyocyte cell pairs from mouse left ventricle. We first used immunolabeling of Cx43 158 

in combination with an SR marker (RyR2, Junctophilin-2 (JPH2) or total Phospholamban 159 

(tPLN)) or a sarcolemmal membrane marker (pore-forming subunit of the L-type Ca2+ 160 

channel (Cav1.2), NCX or Caveolin-3 (Cav3)). All markers showed the largest cluster 161 

density and cluster size at the cell ends of single cardiomyocytes and at the IDs of 162 

cardiomyocyte cell pairs as compared to the lateral surface or cell interior (Supplemental 163 

Figure 7A-C). By contrast, the Z-disc protein α-actinin - used as a negative control - did 164 

not follow such distribution and showed highest cluster density and size in the cell interior 165 

(Supplemental Figure 7C). Distance analysis revealed that 30-50 % of the studied markers 166 

occurred within ~20 nm of Cx43 at the cell ends of single cardiomyocytes or at the IDs of 167 

cardiomyocyte cell pairs (Supplemental Figure 7D). To exclude random association of 168 

Cx43 to these overtly abundant markers, we performed stochastic simulations on these 169 
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data to determine the interaction factor, which expresses the relation of the 170 

experimentally observed overlap versus the probability for random overlap (Interaction 171 

factor ImageJ plugin (27)). Cx43 co-localized to all markers with an interaction factor > 172 

0.6, indicating that the observed overlap is deterministic rather than random 173 

(Supplemental Figure 7E-F).  174 

 175 

We used a triple staining of Cav1.2, RyR2 and Cx43 to directly map the relation of Cx43 176 

to dyads (based on Cav1.2 and RyR2 clusters occurring < 250 nm of each other (28, 29)) 177 

(Figure 4A-B). We found that ~80% of RyR2 associated in dyads and that dyadic RyR2 178 

clusters were larger than their extradyadic counterparts. Both dyadic and extradyadic 179 

RyR2 cluster densities and number of molecules were largest at the cell ends of single 180 

cardiomyocytes and at the IDs of cardiomyocyte cell pairs as compared to the lateral 181 

surface or cell interior (Figure 4C). Only a small fraction of extradyadic RyR2 clusters 182 

occurred within ~20 nm of Cx43 while ~50% of dyadic RyR2 co-localized with Cx43 183 

(Figure 4C). Recent work has shown that closely localized RyR clusters, < 100 nm edge-184 

to-edge distance, may act cooperatively as superclusters to generate Ca2+ signals (30). 185 

These RyR superclusters preferentially organized in dyads and occurred more frequently 186 

at the cell ends of single cardiomyocytes and at the IDs of cardiomyocyte cell pairs as 187 

compared to the lateral surface or cell interior (Figure 4D). Superclusters at these sites 188 

contained more RyRs (Figure 4D). Overall, dyadic superclusters formed the majority of 189 

structures that co-localized with Cx43.  190 

 191 

Next, we used a relative localization algorithm (31, 32) to categorize dyadic Cav1.2 192 

clusters at the IDs of cardiomyocyte cell pairs as either located in the perinexus (based 193 
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on the signal overlapping with Cx43 and extending within 200 nm of Cx43 clusters) or 194 

distant from Cx43 (based on signal extending beyond 200 nm of Cx43 clusters). We found 195 

that ~80% of Cav1.2 clusters occurred in dyads; approximately 42% of these clusters 196 

overlapped with Cx43 and another ~28% occurred adjacent to Cx43, resulting in ~70% of 197 

dyads at the ID occurring in the perinexal nanodomain where Cx43 hemichannels are 198 

known to reside (Figure 4E and Supplemental Figure 8A). Cx43 and dyadic Cav1.2 199 

clusters overlapped only partially, confirming association at the edge of Cx43 clusters 200 

(Supplemental Figure 8B). In line with these observations, electron microscopy of murine 201 

cardiac ventricular tissue revealed cleft formation of SR cisterns with the perinexal 202 

nanodomain where Cx43 hemichannels reside (Figure 4F, Supplemental Video 1 and 2) 203 

(33, 34). Based on the protein structure of Cx43 channels (35), the distance to nearest 204 

neighbor in cardiac GJ plaques (36) and the lower density of Cx43 in the perinexus (37), 205 

we calculated that perinexal dyads or dyads at the cell end may contain 1-2 Cx43 206 

hemichannels per dyad (Supplemental Figure 9).  207 

 208 

To provide a functional correlate to these structural observations, we used the macropatch 209 

technique (38) to map single Cx43 hemichannel activity at discrete sarcolemmal 210 

microdomains. During caffeine-induced SR Ca2+ release, we observed single-channel 211 

currents with a conductance of ~220 pS at the cell ends of single cardiomyocytes and IDs 212 

of cardiomyocyte cell pairs. One third of patches at these sites had currents, with currents 213 

being absent in lateral membranes (Figure 5A-D, Supplemental Table 7). Open probability 214 

was highest in cardiomyocyte cell pairs. Events were inhibited by TAT-Gap19, enhanced 215 

by TAT-CT9 and abolished in cells not expressing Cx43. 10Panx1 and inactive TAT-216 

Gap19I130A had no effect (Figure 5D). We used scanning ion conductance microscopy 217 
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(SICM) to map membrane topology at the cell end and recorded ~220 pS caffeine-induced 218 

unitary current activity (including ~110 pS substate) in nanopatches (Rp ~30 MΩ, ~300 219 

nm pipette internal diameter) just distally of t-tubules at the start of the ID (Figure 5E-G). 220 

Patches contained 1-2 active channels, in line with our predictions (Supplemental Figure 221 

9 and Supplemental Table 7).  222 

 223 

Cx43 hemichannels modulate diastolic Ca2+ release during adrenergic stimulation 224 

and associated arrhythmogenic afterdepolarizations 225 

Since highly conductive and Ca2+ permeable hemichannels are localized near dyads at 226 

the ID, it is conceivable that they could contribute to diastolic SR Ca2+ release itself (11). 227 

To investigate this, we exposed the cardiomyocytes to fast pacing and β-adrenergic 228 

stimulation without caffeine, and recorded spontaneous SR Ca2+ release events and 229 

currents occurring after such stimulation (Figure 6A). Additionally, we monitored Vm 230 

changes after switching to current clamp conditions following the same stimulation 231 

protocol (Figure 6B). Compared to baseline, diastolic Ca2+ release, accompanying 232 

currents and afterdepolarizations became prominent following fast pacing and ISO 233 

exposure (Figure 6C). Gap19 and Cx43 knockdown reduced the number of diastolic Ca2+ 234 

release events and associated currents while CT9 enhanced these events, Gap19I130A 235 

had no effect (Figure 6D). Accordingly, DADs and triggered APs following a period of fast 236 

pacing and ISO stimulation (Figure 6B-C), were significantly reduced by TAT-Gap19, not 237 

affected by TAT-Gap19I130A and enhanced by TAT-CT9 (Figure 6D).  238 

 239 

We verified whether the Cx43 targeting peptides or Cx43 knockdown would perhaps affect 240 

the properties of the global [Ca2+]i transient. This was not the case, indicating absence of 241 
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gross effects of these interventions on cardiomyocyte global Ca2+ homeostasis 242 

(Supplemental Figure 10). In a next approach, we further scrutinized the occurrence of 243 

hemichannel activity following adrenergic stimulation in the time window of macroscopic 244 

NCX currents associated with spontaneous Ca2+ release. We found that ~220 pS unitary 245 

current events occurred not only during the NCX current (superimposed on it, see Figure 246 

7A) but also preceding it (Figure 8A; corresponding conductance histograms are shown 247 

in Figure 7B and 8B respectively). Event probabilities before and during NCX were 248 

comparable (compare Figure 7C with 8C) and strongly increased by pacing and ISO. 249 

Unitary current activity during adrenergic stimulation was robustly associated with larger 250 

Ca2+ transients, larger SR Ca2+ content and increased spontaneous Ca2+ release 251 

(Supplemental Figure 11). Genetic ablation and pharmacological tools had effects as 252 

observed in the caffeine-triggered responses (Figure 7D and 8D; compare to Figure 1I). 253 

As expected, charge transfer associated with these unitary hemichannel events was 254 

significantly smaller compared to charge transfer linked to the NCX current during 255 

spontaneous Ca2+ release (Figure 7E).   256 

 257 

As a control experiment, we tested whether Gap19, CT9 and their TAT-versions affected 258 

Ca2+ release via RyR2. To this end, we challenged RyR2 overexpressing HEK293 cells 259 

(39) with caffeine and quantified Ca2+ signals in the presence or absence of peptide. 260 

Overall, peptides did not influence caffeine-induced Ca2+ signals, except for acute TAT-261 

CT9 exposure which significantly increased Ca2+ release at 5 mM caffeine but not at 0.4 262 

mM; no effect was observed when TAT-CT9 was pre-incubated (Supplemental Figure 12).  263 

 264 
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Cx43 hemichannel depolarizing current, microdomain Ca2+ entry and RyR-coupling 265 

underlie hemichannel associated triggered activities 266 

To better understand these observations, we performed order of magnitude calculations 267 

within a mathematical framework (see supplemental information) incorporating the 268 

present unitary current and STORM imaging data. We reasoned that open hemichannels 269 

pass inward current and facilitate Ca2+ entry into the cell. The direct contribution of 270 

depolarizing current through a single hemichannel was determined to be ~1.6 mV (at -70 271 

mV and 37°C; Figure 9A). We further estimated the hemichannel Ca2+ current to be ~0.84 272 

and ~1.46 pA for 1.0 (mouse) and 1.8 mM (pig and human) extracellular Ca2+ respectively, 273 

corresponding to a  Ca2+ entry rate of ~4.35x10-18 and ~7.57x10-18 mol Ca2+ per second 274 

and per open hemichannel respectively. We calculated that such Ca2+ influxes do not 275 

impact global cytosolic Ca2+ (in line with experimental findings presented in Supplemental 276 

Figure 10 (40-44)), but result in a pronounced elevation of peak [Ca2+]i in the hemichannel-277 

dyad microdomain of ~0.81 and ~3.44 µmol/L respectively (Figure 9B, calculations based 278 

on a hemichannel open time τ of 8 ms derived from the open time distribution). Such Ca2+ 279 

elevation may activate significant NCX current in the order of 0.12 and 0.13 pA/pF 280 

respectively, producing ~1.28 and ~1.51 mV depolarization respectively (Figure 9A and 281 

C). Thus, during a DAD, where hemichannel opening probability is largest during peak 282 

NCX current (Figure 7F), membrane depolarization will amount to ~2.88 and ~3.11 mV 283 

per hemichannel (Figure 9A), which is in line with the experimental observation that TAT-284 

Gap19 decreases DAD amplitude by 2.83 mV (Figure 6D). Conversely, TAT-CT9 285 

increased DAD amplitude by 4.9 mV, which may be related to longer opening or 286 

occasional stacked hemichannel openings (Figure 6D). Thus, hemichannel opening will 287 
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increase the DAD peak amplitude, bringing it closer to the threshold for action potential 288 

firing.  289 

 290 

We further included a 4-state Markov RyR gating model (45) in the hemichannel-dyad 291 

microdomain to estimate the effect of hemichannel Ca2+ entry on Ca2+-induced Ca2+ 292 

release. This suggested that single hemichannel Ca2+ entry may activate a RyR 293 

supercluster at the cell end with a probability of ~0.72 and ~0.99 (for 1.0 and 1.8 mM 294 

extracellular Ca2+ respectively) thus providing a Ca2+ spark (Figure 9A). This Ca2+ spark 295 

at the intercalated disc has a ~0.99 probability of activating a neighboring RyR cluster; 296 

accordingly Ca2+ entry through a single hemichannel has a respective probability of ~0.71 297 

and ~0.98 to induce a propagating Ca2+ wave (Figure 9A, D-E) (46). Experimentally, we 298 

analyzed coupling of Cx43 hemichannel opening activity to diastolic Ca2+ release as well 299 

as the relation to the site of origin, in particular at the cell end. This analysis revealed that 300 

hemichannel currents preceded ~50% of the spontaneous Ca2+ release events following 301 

adrenergic stimulation in mice, i.e. somewhat lower than the 71% predicted; this coupling 302 

was fast (τ ≈ 10 ms) and occurred almost exclusively for waves that started at the cell end 303 

(Supplemental Video 4, Figure 8A and E) as compared to the middle (Supplemental Video 304 

3, Figure 7A and Figure 8E). Ca2+ waves originating from the cell end had a significantly 305 

higher amplitude and larger associated NCX currents as compared to those originating in 306 

the cell middle (Figure 8F).  307 

 308 

Cx43 hemichannels affect cardiac excitability in human heart failure 309 
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In human heart failure, Cx43 expression and distribution change and we asked the 310 

question whether in those conditions, as compared to healthy hearts, Cx43 hemichannels 311 

affected cardiac excitability. We examined explanted hearts from patients with end-stage 312 

heart failure; non-failing rejected donor hearts were used as controls. Patient 313 

characteristics are summarized in Supplemental Table 8. Failing hearts were 314 

hypertrophic, dilated and showed severely reduced left ventricular ejection fraction 315 

(Supplemental Table 8, Supplemental Figure 13A-B). Concurrently, isolated left 316 

ventricular cardiomyocytes from failing hearts were hypertrophied compared to controls 317 

(Supplemental Figure 13C-D). In cardiomyocytes from non-failing human left ventricles, 318 

caffeine-induced SR Ca2+ release evoked ~220 pS unitary current activity superimposed 319 

on the NCX current (Figure 10A-C). Unitary events increased with stimulation at higher 320 

frequency and were ISO sensitive (Figure 10D-G), as observed in mice and pig (Figure 321 

2). Interestingly, these unitary current activities were more frequent in cardiomyocytes 322 

from failing hearts, especially during fast pacing and adrenergic stimulation (Figure 10D-323 

I) and were inhibited by Gap19 (Figure 10H-I). In non-failing human cardiomyocytes, ~220 324 

pS unitary current activity could only be recorded at the cell ends of single cardiomyocytes 325 

or the ID of cardiomyocyte cell pairs, while in failing cardiomyocytes unitary current activity 326 

was also recorded at the lateral membrane of single cardiomyocytes and cardiomyocyte 327 

cell pairs (Figure 11A-D). In heart failure, patches contained more channels with higher 328 

open probability (Figure 11E-F). In non-failing and failing cardiomyocytes, these unitary 329 

currents were blocked by subsequent application of TAT-Gap19 (Figure 11D and F).  330 

 331 

Similar to mouse, we observed unitary current activity with ~220 pS unitary conductance 332 

preceding and during spontaneous diastolic Ca2+ release following adrenergic stimulation 333 
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(Figure 12A-C), which was inhibited by Gap19. Additionally, we found that Gap19 334 

significantly decreased spontaneous Ca2+ release and resulting NCX currents in 335 

cardiomyocytes from non-failing and failing hearts (Figure 12A, D-E). Current clamp 336 

recording revealed significantly increased frequency and amplitude of DADs and triggered 337 

APs in failing hearts as compared to non-failing hearts, and these events (induced by fast 338 

pacing and ISO stimulation) were significantly reduced by TAT-Gap19 (Figure 12F-G). 339 

Finally, monophasic action potential recordings on arterially perfused tissue wedges from 340 

failing human hearts showed the highest occurrence of DADs and triggered APs following 341 

2 Hz and ISO stimulation as compared to non-failing wedges, which was significantly 342 

reduced by TAT-Gap19 (Figure 12H-I). Neither in non-failing nor in failing hearts, did we 343 

find gross effects of Gap19 on cardiomyocyte Ca2+ transients or SR Ca2+ content 344 

(Supplemental Figure 14A). Similar to mouse, we found that Cx43 hemichannel opening 345 

was related to diastolic Ca2+ release originating from the cell end in non-failing 346 

cardiomyocytes; most interestingly, in myocytes from failing hearts hemichannel opening 347 

occurred more frequently in relation to Ca2+ release originating from the cell middle as 348 

compared to those isolated from non-failing hearts (Supplemental Figure 14D-E). Gap19 349 

attenuated both frequency and amplitude of Cx43 hemichannel-associated Ca2+ release 350 

and associated NCX currents (Supplemental Figure 14F).   351 
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Discussion 352 

Our results demonstrate that Ca2+-permeable Cx43 hemichannels can be activated by SR 353 

Ca2+ release at resting Vm. Microdomain coupling of Cx43 to distinct dyads at the ID 354 

facilitates this activation and underlies modulation of local Ca2+ release by Cx43 at these 355 

sites. Through both these mechanisms, Cx43 hemichannels contribute to triggered 356 

activity. Cx43 hemichannels are more active in human heart failure, especially during 357 

adrenergic stimulation, and thereby contribute to electrical instability and 358 

arrhythmogenesis in heart failure.  359 

 360 

Molecular identity of the large conductance channel during SR Ca2+ release 361 

In 1990, Pott and Mechmann (47) were the first to describe the large conductance channel 362 

activated by caffeine-induced or spontaneous SR Ca2+ release in guinea pig atrial 363 

cardiomyocytes. They argued that these channels were possibly related to “cardiac gap 364 

junction hemichannels” based on their biophysical profile and pharmacology. Here, we 365 

expand and validate these findings across species, including humans, and demonstrate 366 

that Cx43 hemichannels constitute the large conductance channel using genetic and 367 

pharmacological tools to complement the  biophysical profiling. Over the years, other 368 

large-conductance channels expressed in cardiomyocytes have been proposed to 369 

underlie the spiking unitary current activities superimposed on the NCX current. 370 

Sarcolemmal RyRs have been suggested (48, 49) but our finding that unitary activity 371 

disappears upon SR depletion contradicts the possibility of sarcolemmal RyRs. Transient 372 

receptor potential (TRP) channel family members such as PKD2 (TRPP2) or PKD2L2 373 

(TRPP5) as well as Panx1 channels have also been suggested (25, 26); however, Panx1 374 

and TRPP2/5 expression were unchanged upon Cx43 knock down and 10Panx1 did not 375 
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influence unitary activity. Instead, the biophysical profile described here, combined with 376 

Gap19 hemichannel inhibition and genetic interventions, strongly point to Cx43 377 

hemichannels as the responsible large conductance channel.  378 

 379 

Importantly, this is the first study demonstrating that Cx43 hemichannels may be activated 380 

by SR Ca2+ release in cardiomyocyte cell pairs, where gap junctions are present (50, 51), 381 

indicating that functional Cx43 hemichannels are present in ventricular myocardium and 382 

are not a byproduct of cell dissociation.  383 

 384 

Cx43 hemichannels and microdomain Ca2+ signaling 385 

Cx43 hemichannel activity was modulated by stimulation frequency and  isoproterenol. 386 

High frequency and beta-adrenergic stimulation enhance microdomain Ca2+ signaling at 387 

the dyad (52, 53). Dyads are composed of junctional SR that is juxtaposed to L-type Ca2+ 388 

channels in T-tubules; EM-based evidence has indicated that junctional SR is also present 389 

at the ID (54, 55). Here, we provide structural and functional support for the existence of 390 

a Cx43 hemichannel-SR Ca2+ release signaling microdomain consisting of large dyadic 391 

RyR2 superclusters at the perinexus in healthy myocardium. Cx43 hemichannel opening 392 

had no effect on global cellular Ca2+ dynamics or SR Ca2+ content, indicating that 393 

hemichannels do not contribute to canonical excitation-contraction coupling. However, we 394 

show that Cx43 hemichannels impact cardiomyocyte electrical excitability by (i) providing 395 

direct depolarizing current and (ii) Ca2+ entry, increasing NCX current and consequent 396 

DAD amplitudes and triggered APs. A third level of impact relates to the finding that Ca2+-397 

permeable hemichannels facilitate and increase diastolic SR Ca2+ release, in particular at 398 

the ID. Numerical simulations corroborate this and indicate that single hemichannel Ca2+ 399 
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entry into dyads at the ID highly promotes Ca2+-induced Ca2+ release from neighboring 400 

RyR superclusters followed by propagating Ca2+ waves resulting in DADs. Together these 401 

observations may explain the previously observed impact of Cx43 hemichannel inhibition 402 

on adrenergic arrhythmias in muscular dystrophy (15, 16, 56), ARVC (18) and MYL4 403 

mutation-associated atrial fibrillation (17).  404 

 405 

Cx43 hemichannels as an arrhythmogenic mechanism in human heart failure 406 

In human heart failure, we observed a significant increase in hemichannel activity during 407 

SR Ca2+ release and adrenergic stimulation. Cx43 hemichannel inhibition significantly 408 

reduced adrenergically-mediated diastolic SR Ca2+ release and associated DADs and 409 

triggered APs at the cellular level as well as in arterially perfused tissue wedges from non-410 

failing and failing human left ventricle. As in mouse, Cx43 hemichannel inhibition had no 411 

gross effects on cellular Ca2+ signaling or SR Ca2+ content in non-failing and failing 412 

cardiomyocytes. Yet, hemichannels enhance diastolic SR Ca2+ release presumably 413 

through microdomain Ca2+ signaling. Interestingly, Cx43 events and the coupling to Ca2+ 414 

were observed at the cell ends as well as in the middle, reflecting a shift in Cx43 location 415 

as well as in ryanodine receptor activity (54). Indeed, macropatch recording shows that – 416 

in heart failure – hemichannel activity may redistribute from the cell ends to the lateral 417 

membranes of single cardiomyocytes and cardiomyocyte cell pairs. Taken together, these 418 

data provide evidence that Cx43 hemichannels function as a ventricular arrhythmogenic 419 

mechanism that can be targeted by Gap19 without negative impact on inotropy.  420 

 421 

A limitation of this study is that numerical simulations were based on (i) several 422 

assumptions and only give an order of magnitude of the effect, and (ii) the functional and 423 
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structural data were obtained in control cardiomyocytes, not in diseased cells. This may 424 

be the reason why the calculated probability of single hemichannel opening leading to 425 

Ca2+ waves was somewhat higher than observed in the experiments (0.71 vs 0.5). 426 

Second, in the human heart experiments, control non-failing cardiomyocytes were 427 

obtained from hearts that were not suitable for transplantation for various reasons (e.g. 428 

age, comorbidity), implying that these controls may differ from what is considered as 429 

healthy.  430 
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Methods 431 

We utilized commercially available C57/BL6 mice and healthy control pigs. Additionally, 432 

we used an established inducible Cx43 knock-down mouse model (Cx43Cre-ER(T)/fl mice 433 

(57-63)). Daily intraperitoneal injection of 3 mg 4-hydroxytamoxifen (4-OHT; Sigma-434 

Aldrich, Bornem, Belgium) dissolved in sunflower oil, for 5 consecutive days, induces Cre-435 

ER(T) activity which progressively deletes the floxed Cx43 allele in adult Cx43Cre-ER(T)/fl 436 

mice. Experimental work was performed on day 11 after the first injection. 4-OHT-treated 437 

Cx43fl/fl mice were used as controls. Animals were housed in a licensed facility and 438 

handled in accordance with European Directive 2010/63/EU. For human studies, we used 439 

rejected donor hearts as well as explanted failing hearts. Patient characteristics are 440 

summarized in Supplemental Table 8.  441 

 442 

Procedures used for cardiomyocyte isolation, cellular electrophysiology and simultaneous 443 

Ca2+ imaging in single ventricular cardiomyocytes, DNA extraction, PCR, western blots, 444 

confocal and electron and single-molecule localization microscopy, cell culture, siRNA 445 

transfection, macropatch and super-resolution patch clamp, monophasic action potential 446 

recording in ventricular tissue wedges and numerical simulations follow previously 447 

published protocols and are detailed in the Online data supplement.  448 

 449 

Synthetic peptides used in this study to interfere with Cx/Panx channel function were all 450 

obtained from Pepnome (Hong Kong, China). Gap19, Gap19I130A and CT9 were added to 451 

the pipette solution at a concentration of 100 µmol/L. TAT-Gap19, TAT-Gap19I130A and 452 

TAT-CT9 were added to the bath solution at 80 µmol/L. 10Panx1, a blocker of Panx1 453 

channels, was pre-incubated at 200 µmol/L for 30 minutes and present in the extracellular 454 
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solution during whole cell recording. For macropatch experiments, 10Panx1 was included 455 

in the pipette solution at 200 µmol/L. The identity of the peptides was confirmed by mass 456 

spectrometry and purity was ≥ 90 %.  457 

 458 

Statistics 459 

Data are expressed as mean ± standard error of the mean (SEM) unless otherwise 460 

indicated, with ‘n’ denoting the number of cells and ‘N’ denoting the number of 461 

independent experiments. Following outlier analysis (mean ± 3xSD), normality of 462 

distribution was tested and appropriate statistical test was determined for comparative 463 

statistics. Data were compared using a nested design taking into account n cells and ‘N’ 464 

animals or human hearts. A two-tailed P value < 0.05 was considered as indicating 465 

statistical significance. In the graphs, the actual P values are provided. Statistical analysis 466 

and graphical data representation was done with Graphpad Prism (v.9). 467 
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Figure 1. Caffeine-induced Ca2+ release from the sarcoplasmic reticulum activates 703 

Cx43 hemichannels at resting membrane potential. 704 
(A) Freshly isolated left ventricular cardiomyocytes were studied under voltage clamp 705 
with continuous [Ca2+]i recording. Top trace shows experimental protocol. Middle and 706 
bottom traces depict current and [Ca2+]i signals recorded in mouse.  707 
(B) Summary data illustrating abolished NCX current during second caffeine pulse as 708 

compared to first pulse (nested t-test), indicating depleted SR Ca2+ stores (N/nmouse = 709 
90/281, N/npig = 20/55).  710 
(C) Unitary current example traces during first and second caffeine applications with 711 
NCX current subtracted. ‘C’ indicates closed state; O1 corresponds to fully open state 712 
while O2 and O3 indicate multiples of fully open state.  713 

(D) Expanded trace of unitary current activity. ‘S’ indicates substate. 714 

(E) Summary dot plots and transition histograms indicate significantly reduced unitary 715 

current event probability during the second caffeine pulse (red) as compared to the first 716 
application (black) (nested t-test; N/nmouse = 90/281, N/npig = 20/55).  717 
(F) Unitary current example traces during caffeine application at different membrane 718 
voltages. Recordings under conditions of K+ channel blockade following 30 seconds of 1 719 

Hz pacing.  720 
(G) IV plots depicting linear current-voltage relationship with slope conductance ~220 pS 721 
and Erev ≈ 0 mV (black line; N/nmouse = 5/20, N/npig = 5/15). A 5-fold elevation of [Ca2+]e 722 

shifted Erev from 0 to ~9.5 mV (red line; N/nmouse = 5/20, N/npig = 5/15). 723 
(H) Unitary current example traces under control conditions and following Cx43 724 

knockdown or application of Gap19 or CT9.  725 
(I) Summary data of Ca2+ release induced unitary current event probability under 726 

conditions of Cx43 knockdown or in the presence of Gap19, inactive Gap19I130A, CT9 or 727 
10Panx1 (N/nmouse = 5-16/20-49 per condition, N/npig = 5-6/15-21 per condition). P-values 728 

indicate significance compared to control (nested one-way ANOVA).  729 
 730 



 
 

36 
 

 731 

Figure 2. Cx43 hemichannel activation is frequency dependent 732 
 (A) Top trace shows experimental protocol: cells were paced for 2 min to steady-state 733 
(mouse 0.5, 1, 2 or 4 Hz; pig 0.5, 1 or 2 Hz) followed by caffeine superfusion. Middle and 734 

bottom traces depict current and [Ca2+]i signals recorded in mouse following 0.5 (black) 735 
or 4 Hz (blue) pacing.  736 

(B) Unitary current example traces following 0.5 and 4 Hz including reversibility (NCX 737 
currents subtracted). 738 
(C) and (D) Summary graph and transition histograms indicate significant and reversible 739 
increase in unitary current event probability with increasing pacing frequency (N/nmouse = 740 

4/12, N/npig = 7/19). P-values compare to 0.5 Hz or to 2/4 Hz (nested one-way ANOVA). 741 
(E) Summary dot plot depicting significant increase in SR Ca2+ content with increasing 742 

frequency, as determined by integrating NCX current during caffeine (nested one-way 743 
ANOVA; N/nmouse = 4/12, N/npig = 7/19).  744 
(F) Summary dot plot depicting reversible increase in SR Ca2+ content with increasing 745 
frequency (nested one-way ANOVA; N/nmouse = 4/12, N/npig = 7/19). 746 
  747 
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 748 

Figure 3. Cx43 hemichannel activation is modulated by β-adrenergic stimulation. 749 
(A) Top trace shows experimental protocol: β-adrenergic stimulation (1 µmol/L 750 
isoproterenol for mouse; 10 nmol/L pig) was applied when pacing frequency was 1 Hz. 751 

Middle and bottom traces depict current and [Ca2+]i signals recorded in mouse following 752 
1 Hz pacing without (black) or with isoproterenol (red). 753 
(B) Unitary current example traces in the absence or presence of isoproterenol, 754 

including washout (NCX currents subtracted). 755 
(C) and (D) Summary graph and transition histograms indicate significant and reversible 756 
increase in unitary current event probability with isoproterenol compared to baseline 757 
(nested one-way ANOVA; N/nmouse = 20/49, N/npig = 8/20).  758 

(D) Summary dot plot illustrating reversible increase in SR Ca2+ content with 759 
isoproterenol compared to baseline (nested one-way ANOVA; N/nmouse = 20/49, N/npig = 760 
8/20). 761 
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Figure 4. Cx43 co-localizes with large dyadic RyR2 superclusters and forms 764 

microdomains at the perinexus. 765 
(A) 2D SMLM images of a murine cardiomyocyte (top) and cardiomyocyte cell pair 766 
(bottom), triple stained for Cx43 (red), RyR2 (green) and Cav1.2 (blue). Scale bar = 10 767 
µm. 768 
(B) Straightened region of interests (from yellow boxes in A) of Cx43, RyR2 and Cav1.2 769 

at different subcellular domains. Scale bar = 2 µm. 770 
(C) Heat map of RyR2 cluster density, number of molecules and co-localization with 771 
Cx43 at different subcellular domains (N = 5, n = 42 single cardiomyocytes, 16 772 
cardiomyocyte cell pairs). RyR2 clusters were classified as dyadic or extradyadic based 773 
on the proximity of Cav1.2 clusters, RyR2 clusters occurring < 250 nm of a Cav1.2 774 

clusters were categorized as dyadic. 775 

(D) Heat map of RyR2 supercluster abundance, size and co-localization with Cx43 at 776 

different subcellular domains (N = 5, n = 42 single cardiomyocytes, 16 cardiomyocyte 777 
cell pairs).  778 
(E) Relative localization overview in left ventricular mouse cardiomyocyte cell pairs. 779 
Dyadic Cav1.2 clusters were categorized as perinexal or distant based on edge distance 780 

≤ or > 200 nm from edge of Cx43 cluster respectively (N = 5, n = 16 cardiomyocyte cell 781 
pairs).  782 
(F) EM images of a SR cistern forming a dyadic cleft at the perinexus in mouse 783 

ventricular myocardium. Left image shows an EM overview of a murine ventricular 784 
intercalated disc. Scale bar = 500 nm. White box is enlarged on the right. Arrows 785 

indicate electron dense particles, likely ryanodine receptors. Scale bar = 100 nm. PN = 786 
perinexus. 787 
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Figure 5. Discrete sites of Cx43 hemichannel activation at the intercalated disc 789 

during Ca2+ release from the sarcoplasmic reticulum.  790 
(A) Transmitted light images of a single cardiomyocyte (top) and cardiomyocyte cell pair 791 
(bottom). Triangle, square and circle symbols indicate cell-attached macropatch (Rp = ~2 792 
MΩ, ~2 µm pipette inner diameter) recording positions at the lateral membrane and cell 793 
end of single cardiomyocytes and intercalated disc of cardiomyocyte cell pairs 794 

respectively. 795 
(B) Example traces showing single channel currents recorded at the lateral membrane, 796 
cell end or intercalated disc. Traces recorded in mouse cardiomyocytes during caffeine 797 
superfusion (10 mM, 8 s) at indicated membrane potentials. 798 
(C) IV plots depicting linear current-voltage relationship with slope conductance of ~220 799 

pS and Erev ≈ 0 mV (N/nmouse = 5/10-18 patches per conditions, N/npig = 5/15-20 patches 800 

per condition).  801 

(D) Summary dot plots and transition histograms indicate recording of ~220 pS single 802 
channel currents at the cell end of single cardiomyocytes, but not at the lateral 803 
membrane, with significantly increased open probability at the intercalated disc of 804 
cardiomyocyte cell pairs. Comparative statistics with nested one-way ANOVA. Heat map 805 

summarizes single channel open probability at the cell end or at the intercalated disc 806 
under conditions of Cx43 knockdown or in the presence of TAT-Gap19, inactive TAT-807 
Gap19I130A, TAT-CT9 or 10Panx1 (N/nmouse = 5/10-18 patches per conditions, N/npig = 808 

5/15-20 patches per condition). 809 
(E) SICM-generated membrane topology of the cell end of a mouse left ventricular 810 

cardiomyocyte. Pipette indicates the recording position distally of the last Z-line.  811 
(F) Example trace recorded at -70 mV during caffeine superfusion.  812 

(G) Transition histogram from all experiments (N = 5, n = 35) showing a fully open state 813 
at ~220 pS and a substate at ~110 pS.  814 
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Figure 6. Cx43 hemichannel opening during adrenergic stimulation modulates 816 

spontaneous Ca2+ release from the sarcoplasmic reticulum and arrhythmogenic 817 
afterdepolarizations. 818 
(A) Freshly isolated mouse and pig left ventricular cardiomyocytes were subjected to 819 
voltage clamp experiments while [Ca2+]i was simultaneously monitored. Top trace shows 820 
experimental protocol: cells were paced to steady-state for 2 min at 1 Hz and then 821 

clamped to -70 mV. Middle and bottom traces depict resulting current and [Ca2+]i 822 
signals: final three paced Ca2+ transients and accompanying currents followed by 15 823 
seconds rest period showing spontaneous diastolic Ca2+ release with resulting NCX 824 
current. Protocols were repeated at 2 Hz with and without isoproterenol. Example traces 825 
were recorded in pig.  826 

(B) In a subset of experiments, we switched to current clamp mode following steady-827 

state pacing in voltage clamp. Example traces, recorded in the same pig cardiomyocyte, 828 

without and with TAT-Gap19 recorded in current clamp mode following 2 min pacing to 829 
steady-state at 2 Hz with isoproterenol (in voltage clamp mode). Black arrows indicate 830 
DADs, red arrow indicates a triggered action potential.  831 
(C) Summary dot plots (nested one-way ANOVA; N/nmouse = 23/75 for voltage clamp 832 

experiments and N/nmouse = 5/45 for current clamp experiments) illustrating increased 833 
frequency and amplitude of diastolic Ca2+ release with increased resulting NCX current 834 
and membrane depolarization during adrenergic stimulation (2 Hz + ISO) as compared 835 

to baseline. tAP = triggered action potential. Similar results were obtained in pig (not 836 
shown).  837 

(D) Summary data showing the impact of different interventions on diastolic Ca2+ release 838 
and resulting NCX currents and membrane depolarization (nested one-way ANOVA; 839 

N/nmouse = 5-11/15-24 per condition, N/npig = 5/15-20 per condition). Values reported as 840 
differences from the control condition.  841 

 842 

  843 
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844 
Figure 7. Spontaneous Cx43 hemichannel openings during Ca2+ waves  845 

(A) Left, NCX current during spontaneous Ca2+ release with superimposed unitary 846 
currents. Inset shows detail of unitary current activity. Right, Ca2+ images corresponding 847 

to time points indicated by dashed lines in left trace. Scale bar = 10 µm.  848 

(B) Transition histograms of superimposed unitary activity showing ~220 pS unitary 849 
conductance (N/nmouse = 23/75, N/npig = 10/30).  850 

(C) Summary dot plot illustrating increasing unitary current event probability with 851 
increasing pacing frequency and with isoproterenol (nested one-way ANOVA; N/nmouse = 852 
23/75, N/npig = 10/30).  853 

(D) Summary data showing the effect of different interventions at 2 Hz + ISO (N/nmouse = 854 
5-11/15-24 per condition, N/npig = 5/15 per condition). P-values indicate significance 855 

compared to control (nested one-way ANOVA).  856 
(E) Summary dot plot depicting relative integrals of NCX and unitary current at 2 Hz + 857 
ISO (nested t-test; N/nmouse = 23/75, N/npig = 10/30). 858 
(F) Summary dot plot depicting unitary current event probability during different phases 859 
of NCX current induced by spontaneous Ca2+ release (nested one-way ANOVA; N/nmouse 860 

= 23/75, N/npig = 10/30). These phases include the rising phase (‘rise’, 10-90%), peak 861 
and recovery (90-10%).  862 
 863 
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864 
Figure 8. Spontaneous Cx43 hemichannel openings preceding Ca2+ waves 865 
promote arrhythmogenic Ca2+ release and resulting depolarizing current.  866 
(A) Left, unitary currents preceding diastolic Ca2+ release. Inset shows detail of unitary 867 

current activity. Right, Ca2+ images corresponding to time points indicated by dashed 868 
lines in left trace. Scale bar = 10 µm.  869 
(B) Transition histograms showing ~220 pS unitary conductance of preceding unitary 870 
activity (N/nmouse = 23/75, N/npig = 10/30).  871 
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(C) Summary dot plot illustrating increasing unitary current event probability with 872 

increasing pacing frequency and with isoproterenol (nested one-way ANOVA; N/nmouse = 873 
23/75, N/npig = 10/30).  874 
(D) Summary data showing the effect of different interventions at 2 Hz + ISO (N/nmouse = 875 
5-11/15-24 per condition, N/npig = 5/15 per condition). P-values indicate significance 876 
compared to control (nested one-way ANOVA).  877 

(E) Fraction and coupling interval of Cx43 hemichannel (HC)-associated Ca2+ release 878 
(N/nmouse = 23/75, N/npig = 10/30). Left graph indicates that HC-Ca2+ release coupling to 879 
Ca2+ waves occurs at the cell end. Numbers show absolute counts. Right histogram 880 
indicates time from hemichannel opening to Ca2+ release.  881 
(F) Dot plots summarizing properties of diastolic Ca2+ release and resulting NCX 882 

currents categorized by origin (nested t-test; N/nmouse = 23/75, N/npig = 10/30).  883 

 884 
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Figure 9. Modeling based estimations of electrical and Ca2+ consequences of 886 

single hemichannel opening. 887 
(A) Schematic overview of electrical and Ca2+ consequences of single hemichannel 888 
opening. The 15.9 pA electrical current is a measured value while the 0.8 pA and 1.5 pA 889 
Ca2+ currents are calculated estimates using 1.0 and 1.8 mM of extracellular Ca2+ 890 
respectively. Panels B to E further explore the impact of a range of hemichannel Ca2+ 891 

currents. Note that the values given are only valid at -70 mV membrane potential and 892 
37°C. Further modeling details can be found in supplemental information.  893 
(B) Peak elevation of subsarcolemmal [Ca2+]i as a function of single hemichannel Ca2+ 894 
current (ICa,HC).  895 
(C) Membrane depolarization associated with Ca2+ entry associated NCX activation. 896 

Black and red points indicate hemichannel Ca2+ current estimates, which are close to or 897 

in the plateau phase of the curve.  898 

(D) Probability of activation of RyR superclusters as a function of single hemichannel 899 
Ca2+ current.  900 
(E) Probability of Ca2+ wave propagation as a function of single hemichannel Ca2+ 901 
current.   902 
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Figure 10. Identification and regulation of Cx43 hemichannels in non-failing and 906 

failing human ventricular cardiomyocytes. 907 
(A) Unitary current example traces during first and second caffeine applications, NCX 908 
current subtracted. Recorded in non-failing left ventricular human cardiomyocyte. 909 
(B) Summary dot plot and transition histogram indicating significantly reduced unitary 910 
current event probability during the second caffeine pulse (red) as compared to the first 911 

(black) (nested t-test; N/nNF = 20/64). 912 
(C) IV plots depicting linear current-voltage relationship with slope conductance ~220 pS 913 
and Erev ≈ 0 mV (NNF/nNF = 4/14). 914 
(D) Ca2+ release-induced unitary current example traces following 0.5 and 2 Hz pacing 915 
in non-failing and failing human cardiac myocytes (NCX currents subtracted). 916 

(E) Summary graph and transition histograms indicate significant increase in unitary 917 

current event probability with increasing pacing frequency (nested t-test; N/nNF = 5/25, 918 

N/nHF = 5/25). This effect is significantly stronger at 2 Hz in failing as compared to non-919 
failing cardiomyocytes (nested t-test). 920 
(F) Ca2+ release-induced unitary current example traces in the absence and presence of 921 
isoproterenol (10 nmol/L) in non-failing and failing human cardiac myocytes (NCX 922 

currents subtracted). 923 
(G) Summary graph and transition histograms indicate significant increase in unitary 924 
current event probability with isoproterenol as compared to baseline (nested t-test; 925 

N/nNF = 5/13, N/nHF = 5/14). The effect is significantly stronger with ISO in failing as 926 
compared to non-failing cardiomyocytes (nested t-test). 927 

(H) Ca2+ release-induced unitary current example traces during fast pacing and 928 
adrenergic stimulation in non-failing and failing human cardiomyocytes. Including Gap19 929 

in the pipette solution abolished unitary current activity (NCX currents subtracted). 930 
(I) Summary dot plot and transition histogram illustrating increased event probability in 931 

failing as compared to non-failing myocytes. Gap19 significantly reduced event 932 
probability in non-failing and failing cardiomyocytes  (nested one-way ANOVA; N/nNF = 933 
4/15, N/nHF = 5/15).  934 

  935 
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 936 

Figure 11. Microdomain specific activation of Cx43 hemichannels in non-failing 937 
and failing human cardiomyocytes.  938 
(A) Transmitted light images of single cardiomyocyte (top) and cardiomyocyte cell pairs 939 
(middle, bottom). Triangle, square, circle and diamond symbols indicate cell-attached 940 
macropatch positions at the lateral membrane and cell end of single cardiomyocytes, 941 

and intercalated disc and side-side of cardiomyocyte cell pairs respectively. 942 
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(B) Example traces showing single channel currents recorded at the different 943 

macropatch recording positions. Traces recorded in non-failing and failing human 944 
cardiomyocytes during caffeine superfusion (10 mM, 8 s) at -70 mV.  945 
(C) IV plots depicting linear current-voltage relationship with slope conductance of ~220 946 
pS and Erev ≈ 0 mV (N/nNF = 3/10-15 per recording position, N/nHF = 3/10-15 per 947 
recording position).  948 

(D) Example traces showing single channel currents recorded at the different 949 
macropatch recording positions following TAT-Gap19 superfusion.  950 
(E) Summary histograms depicting number of channels per patch for the different 951 
macropatch recording positions (N/nNF = 3/10-15 per recording position, N/nHF = 3/10-15 952 
per recording position). Black and red bars indicate recordings in non-failing and failing 953 

human cardiomyocytes respectively.  954 

(F) Heat map summarizing single channel open probability at different macropatch 955 

recording positions with and without TAT-Gap19 in non-failing and failing human single 956 
cardiomyocytes and cardiomyocyte cell pairs (N/nNF = 3/10-15 per recording position, 957 
N/nHF = 3/10-15 per recording position). 958 
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Figure 12. Contribution of Cx43 hemichannels to spontaneous Ca2+ release and 960 

afterdepolarizations in human heart failure.  961 
(A) Example traces of spontaneous diastolic Ca2+ release and resulting NCX currents 962 
recorded in failing human left ventricular cardiomyocytes following fast pacing and 963 
adrenergic stimulation with or without Gap19.  964 
(B) and (C) unitary current detail and associated confocal line scan images during and 965 

preceding spontaneous Ca2+ release respectively. Red line on cartoons indicate scan 966 
line position. Dot plots show significant increase in unitary current event probability in 967 
failing as compared to non-failing cardiomyocytes. Gap19 abolished unitary current 968 
activities (nested one-way ANOVA; N/nNF = 5/13, N/nHF = 5/14).  969 
(D) and (E) Summary dot plots illustrating increased frequency and significantly 970 

increased amplitude of spontaneous Ca2+ release and associated NCX currents in 971 

human heart failure. Gap19 abolished Ca2+ release and NCX currents, especially in 972 

heart failure (nested one-way ANOVA; N/nNF = 5/13, N/nHF = 5/14).  973 
(F) Example traces of delayed afterdepolarizations and triggered action potentials 974 
recorded in a failing human left ventricular cardiomyocytes at baseline and after TAT-975 
Gap19 superfusion. Black arrows indicate DADs, red arrows indicate triggered action 976 

potentials. 977 
(G) Summary dot plots showing significantly increased frequency and amplitude of 978 
DADs and triggered action potential frequency in failing as compared to non-failing 979 

cardiac myocytes. TAT-Gap19 abolished DADs and triggered action potentials, 980 
especially in human heart failure (nested one-way ANOVA; N/nNF = 6/22, N/nHF = 5/22).  981 

(H) Example ECG (top traces) and monophasic action potential traces (lower traces) 982 
recorded during adrenergic stimulation (baseline and following TAT-Gap19) in an 983 

arterially perfused left ventricular tissue wedge prepared from failing human heart. Red 984 
arrows indicate triggered action potentials. 985 

(I) Summary dot plots showing significantly increased frequency and amplitude of DADs 986 
and triggered action potential frequency in failing as compared to non-failing tissue 987 
wedges. TAT-Gap19 abolished DADs and triggered action potentials, especially in 988 

human heart failure (nested one-way ANOVA; N/nNF = 5/10, N/nHF = 4/9).  989 
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