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Expanded MATERIALS and METHODS
Generation and genotyping of cardiac-specific Cx43-deficient mice
All animal procedures were performed according to the NIH guidelines (Guide for the care and use of laboratory animals) and were approved by the Ethics Review Board of Tohoku University (approval reference number: 2017MdLM0-102, 2020 MdLM0-041). Cx43(Gja1)-floxed mice, which inserted LoxP sites flanking exon2, and αMHC(Myh6) promoter-driven Cre recombinase transgenic mice, which express Cre primarily in cardiomyocyte, were purchased from Jackson Laboratory. To generate cardiac-specific Cx43-deficient mice, Gja1flox/flox mice were crossed with Myh6-cre+/- mice. The offspring were intercrossed. The resulting offspring, Gja1flox/flox/ Myh6-cre+/- mice (cCx43-/- mice) and their littermates (cCx43+/+ mice) were used for experiments [16]. Animals were housed under a 12-h light and 12-h dark regimen and placed on a normal chow diet. As shown in Figure S1A, the genotype of mice was confirmed by polymerase chain reaction (PCR) amplification using primers specific for the Gja1-floxed gene (5’-CTTTGACTCTGATTACAGAGCTTAA-3’, 5’-GTCTCACTGTTACTTAACAGCTTGA-3’) and Myh6-cre+/- transgene (5’-GTTCGCAAGAACCTGATGGACA-3’, 5’-CTAGAGCCTGTTTTGCACGTTC-3’).
Dissection of mouse hearts 
cCx43-/- mice and their littermates weighing 18 to 22 g were anesthetized with intraperitoneal injection of butorphanol tartrate (2.5 mg/kg), midazolam (2 mg/kg), and medetomidine chloride (0.15 mg/kg). The adequacy of anesthesia was determined by the loss of the pedal withdrawal reflex and any other reaction of the animal in response to pinching its ear, toe, or tail [11, 15].  In addition, its respiration rate was monitored under anesthesia, and an increase in respiration rate was considered to indicate that the anesthesia was too light. After adequate anesthesia, hearts were quickly removed.  
Isolation of mitochondria and separation of the inner and outer mitochondrial membrane
Mitochondria was isolated as described in the past [4, 6]. After dissection of mouse hearts, the minced ventricular tissue was washed twice with ice-cold PBS-EDTA and incubated in ice-cold PBS-EDTA (10 mmol/L) and 0.05% trypsin for 30 minutes. Tissue was centrifuged at 200 g for 5 minutes at 4°C. The pellets were resuspended in mitochondrial isolation buffer 1 and homogenized at 1,600 rpm at 4°C. Homogenates were centrifuged at 700 g at 4°C for 10 minutes. Supernatants were centrifuged at 8,000 g at 4°C for 10 minutes, and pellets were resuspended in 1.5 mL of ice-cold mitochondrial isolation buffer 2 and centrifuged at 8,000 g at 4°C for 10 minutes. The pellets were used for separation of the inner and outer mitochondrial membrane.
[bookmark: _Hlk102467878]Mitochondrial membrane was separated into the inner and outer membrane as described in the past [13]. The pellets described above were suspended in 1 mL digitonin buffer and centrifuged at 10,000 g at 4°C for 10 minutes. The pellets were resuspended in 0.5 mL of ice-cold mitochondrial isolation buffer 2 and centrifuged at 8,000 g at 4°C for 10 minutes. The pellets were used as the inner mitochondrial membrane. To determine the expression of Cx43, connexin 43 polyclonal antibody (Invitrogen, Catalog #71-0700) was used (Figure S1B).
Preparation of mouse trabeculae and measurement of force
After dissection of mouse hearts, the coronary arteries were immediately perfused via the aorta with a HEPES buffered solution with 15 mmol/L KCl. Trabeculae (length: 0.82 ± 0.2 mm; width: 110 ± 8 µm; thickness: 84 ± 3 µm in a slack condition) were dissected from the right ventricles of mouse hearts and mounted horizontally between a force transducer and a micromanipulator (Figure S1C) in a bath on an inverted microscope (Nikon, Japan) as previously reported [12, 16]. Trabeculae were equilibrated at 0.5 Hz stimulation using parallel platinum electrodes in a bath with 5 ms pulses 50% above threshold and superfused with HEPES buffered solution at room temperature (22C). The composition of the HEPES solution for both dissection and perfusion was as follows (mmol/L): 130.8 NaCl, 5 KCl, 1.2 MgCl2, 2.8 acetate, 10 HEPES, 10 glucose, and 0.7 CaCl2; pH was adjusted to 7.4 by the addition of NaOH. The solutions were equilibrated with 100% O2. Force of trabeculae was measured using a silicon strain gauge (model AE801, KRONEX, USA), as shown in Figure S2AB.
Preparation of isolated single mouse cardiomyocytes
Single cardiomyocytes were prepared by a modification of a technique described by Pinz I et al. [14]. After dissection of mouse hearts, the coronary artery was perfused through the cut end of the aorta with Tyrode solution (normal Tyrode) containing (in mmol/L) 137 NaCl, 5.4 KCl, 1.8 CaCl2, 0.5 MgCl2, 10 HEPES, and 10 glucose; pH was adjusted to 7.4 by adding NaOH. After the blood was washed out, hearts were perfused for 3.5 min with nominally Ca2+-free Tyrode solution containing (in mmol/L) 135 NaCl, 4 KCl, 1 MgCl2, 10 HEPES, 0.33 NaH2PO4, 10 BDM, and 10 glucose; pH was adjusted to 7.2 by adding NaOH. Subsequently, hearts were digested for 5 min by collagenase B (0.6 mg/mL, ROCHE), collagenase D (0.3 mg/mL, ROCHE), and protease XIV (0.08 mg/mL, SIGMA) dissolved in Ca2+-free Tyrode. After the enzyme treatment, the heart was washed with modified Krebs-Henseleit (K-H) buffer (in mmol/L: 0.5 EDTA, 5.1 KCl, 0.6 MgSO4, 118 NaCl, 1.2 KH2PO4, 10 glucose, 1 NaHCO3, 10 HEPES, 2 mg/mL BSA Fraction V, Sigma, pH 7.2). The softened hearts were cut into several pieces and incubated in Erlenmeyer flasks containing 3 mL of K-H buffer. The dispersed cardiomyocytes were filtered through nylon mesh and allowed to settle by gravity for 10 min. Ca2+ concentration in the K-H buffer was increased stepwise from 0.6 µmol/L, 0.2 mmol/L to 0.7 mmol/L. The cardiomyocytes were then suspended in the normal Tyrode with 0.7 mmol/L Ca2+ concentration. Cells were always allowed to settle by gravity. This isolation procedure was carried out at 35-37°C. Ventricular cardiomyocytes were selected for measurements using following criteria: clear striation with ~2 µm periodicity, no visible lysis products or vesicles, low basal fluorescence intensity, and contractile responses to electrical stimulation. All solutions used in this experiment were gassed with 100% O2.
Measurements of 2’,7’-dichlorofluorescein (DCF) fluorescence
ROS production was estimated using DCF fluorescence from the muscle as described previously [8, 9, 10]. Isolated single cardiomyocytes were loaded for 30 minutes with a fluorescence probe, 5 M 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA), by superfusion with HEPES buffered solution containing DCFH-DA at 36°C [5].  DCFH-DA is cell permeable and is cleaved by intracellular esterase to DCFH after uptake and oxidized to the fluorescent molecule DCF by a variety of ROS [3].  Average DCF fluorescence from the muscle excited by a wave light of 450-490 nm was filtered by a 540 nm (25 nm width) band-pass filter and collected using a PMT (22ºC). DCF oxidation rate was obtained from the slope of DCF fluorescence during 0.5-Hz for 30 s and 1-Hz for 10 s electrical stimulation at 2.0 mmol/L [Ca2+]o (Figures S2AB and 4CDE). To normalize the difference of loading level, the slope of DCF fluorescence was divided by DCF fluorescence intensity just before the first stimulus of he train (Figure S2CD). 
Measurements of tetramethylrhodamine methylester (TMRM) fluorescence
The mitochondrial membrane potential was estimated using TMRM fluorescence from the muscle [9]. Isolated single cardiomyocytes were loaded for 30 minutes with TMRM, by superfusion with HEPES buffer containing 250 nmol/L TMRM at room temperature. Average TMRM fluorescence from the muscle excited by a wave light of 515-555 nm was filtered by a 565-660 nm filter and collected using a PMT (22ºC). TMRM fluorescence change was obtained from the percent change in TMRM fluorescence before and after 0.5-Hz for 30 s and 1-Hz for 10 s electrical stimulation at 2.0 mmol/L [Ca2+]o. To reduce photobleaching, the excitation light was turned off during electrical stimulation.
Measurements of rhod-2 fluorescence
Ca2+ within the mitochondria was estimated using rhod-2 fluorescence from the muscle. For the measurement of rhod-2 fluorescence, we used mouse trabeculae, but not isolated single cardiomyocytes, because isolated single cardiomyocytes were fragile to measure the fluorescence at high extracellular Ca2+ ([Ca2+]o) such as 4 or 6 mmol/L. To examine whether rhod-2 was actually loaded within the mitochondria in trabeculae, trabeculae were first loaded with not only rhod-2 [1] and but also MitoTracker Green [2] and observed distribution of rhod-2 using confocal microscopy, as described below.
Mouse trabeculae were loaded for 50 minutes with10 µmol/L rhod-2 AM and then loaded for 20 minutes with 0.2 µmol/L MitoTracker Green at room temperature. After the loading, trabeculae were superfused for 1 hour with HEPES buffer for washout. Fluorescence images of the trabeculae were recorded using resonance scanning confocal microscopy (Model A1R, Nikon, Japan). Trabecula was placed in an experimental chamber mounted on the stage of the microscope (Nikon, ECLIPSE Ti), and the fluorescence was monitored using a 60x Nikon Apo oil immersion objective (na:1.4). For the measurement of MitoTracker Green fluorescence, excitation light was provided by a 488 nm laser diode (Sapphire, Coherent), and the emitted light was filtered at 500-550 nm and directed to the detector of A1R. For the measurement of rhod-2 fluorescence, excitation light was provided by a 561 nm laser diode, and the emitted light was filtered at 570-620 nm and directed to the detector of A1R. Collected images were averaged 4 times, as shown in Figure 5A (upper and middle panels).
To investigate the effect of [Ca2+]o on Ca2+ within the mitochondria, averaged rhod-2 fluorescence from the trabeculae excited by a wave light of 515-555 nm was filtered by a 573-613 nm band-pass filter and collected using a PMT (22ºC). Rhod-2 fluorescence and force were measured during 0.5-Hz electrical stimulation at [Ca2+]o of 0.2, 0.7, 1, 2, 4, and 6 mmol/L (Figure 5BC).
Measurement of Ca2+ sparks
The cardiomyocytes were loaded with fluo-4 acetoxymethylester (AM) (Dojin Chemical) at a concentration of 0.1 mmol/L for 20 min. After loading, extracellular fluo-4 AM was washed out, and the cardiomyocytes were suspended in fresh normal Tyrode. This loading procedure was carried out at room temperature. The cells were stimulated at 0.5 Hz and continuously superfused with oxygenated HEPES buffered solution at 24ºC. The stimulation was delivered by 2 silver electrodes (length: 2 mm) connected to a stimulator. Prior to measurements, 5 stimulation test pulses (duration, 20 ms; amplitude, 10% above the activation threshold) were delivered to the cells to activate [Ca2+]i cycling and make the Ca2+ load within the sarcoplasmic reticulum uniform among the cells.
Fluorescence images of cardiomyocytes were recorded using resonance scanning confocal microscopy described above [9]. A small number of fluo-4 loaded cardiomyocytes were placed in an experimental chamber mounted on the stage of the microscope. Excitation light was provided by a 488 nm laser diode. Emitted light was filtered at 500-550 nm and directed to the detector of A1R. Full resolution images (512 x 128 pixels) were collected at 30 frames per second.
As shown in Figure S3A, regions of interest (ROIs, 10 pixel width: 3 µm) were set vertically along a cardiomyocyte every 10 pixels. Ca2+ sparks were counted between 3 and 6 s after the last electrical stimulus within the ROIs (Figure S3B). In the present study, Ca2+ spark frequency was determined as the number of Ca2+ sparks within the ROIs per 100 µm per 1 second at 0.7 mmol/L [Ca2+]o.
Determination of the minimal [Ca2+]o, at which arrhythmias are induced by electrical stimulation
To examine arrhythmia susceptibility, the minimal [Ca2+]o ([Ca2+]o,min), at which arrhythmias are induced by electrical stimulation with 0.3-s intervals for 30 s, was determined as previously described [9]. [Ca2+]o was increased in 1 mmol/L steps from 1 to 7 mmol/L in the presence of 0.1 µmol/L isoproterenol until arrhythmias were induced by electrical stimulation (Figure S2AB). When arrhythmias did not appear after stimulation even at 7 mmol/L [Ca2+]o, the [Ca2+]o,min was defined as 8 mmol/L.
Data acquisition
Data of force, DCF fluorescence, TMRM fluorescence, and rhod-2 fluorescence in the present study were recorded on a personal computer through a 16-bit data acquisition system (PowerLab, ADInstruments).
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FIGURE LEGENDS

Figure S1. 
A. Genotyping by PCR on genomic DNA isolated from tails of Cx43+/+, Cx43-/-, and Cx43+/- mice.
B. Expressions of Cx43 and adenine nucleotide translocator (ANT) in the inner mitochondrial membrane. ANT is the abundant protein of the mitochondrial inner membrane.
C. Representative trabecula dissected from the right ventricle of a mouse heart.

Figure S2. 
A. Representative recordings of force during the last three electrical stimuli (arrows with ST, 0.3-s stimulus intervals for 30 s) and after the electrical stimulation in the absence (upper panel) and presence of 100 μmol/L DZX (lower panel) in trabeculae from cCx43+/+ mice (Ex 180511). Electrical stimulation did not induce contractions in the absence and presence of DZX even at 7 mmol/L [Ca2+]o with 0.1 μmol/L isoproterenol.
B. Summary data concerning the effect of DZX on [Ca2+]o,min in cCx43+/+ mice  (0.1 μmol/L isoproterenol).  
[bookmark: _Hlk110850660][bookmark: _Hlk110850727]C. The left panel shows the summary data of the DCF slope during 0.5-Hz electrical stimulation in isolated single cardiomyocytes from cCx43-/- (14 cardiomyocytes from 4 mice) and cCx43+/+ mice (17 cardiomyocytes from 4 mice) at 2 mmol/L [Ca2+]o. The middle panel shows the effect of DZX on the DCF slope during 0.5-Hz stimulation in cardiomyocytes from cCx43-/- (DZX(-), 14 cardiomyocytes from 4 mice; DZX(+), 10 cardiomyocytes from 3 mice). The right panel shows the effect of DZX on the DCF slope during 0.5-Hz stimulation in cardiomyocytes from cCx43+/+ (DZX(-), 17 cardiomyocytes from 4 mice; DZX(+), 18 cardiomyocytes from 2 mice). **P<0.01 vs. Cx43+/+ and DZX(-).
D. The left panel shows the summary data of the DCF slope normalized by DCF fluorescence intensity during 0.5-Hz electrical stimulation in isolated single cardiomyocytes from cCx43-/- (14 cardiomyocytes from 4 mice) and cCx43+/+ mice (17 cardiomyocytes from 4 mice) at 2 mmol/L [Ca2+]o. The middle panel shows the effect of DZX on the normalized DCF slope during 0.5-Hz stimulation in cardiomyocytes from cCx43-/- (DZX(-), 14 cardiomyocytes from 4 mice; DZX(+), 10 cardiomyocytes from 3 mice). The right panel shows the effect of DZX on the normalized DCF slope during 0.5-Hz stimulation in cardiomyocytes from cCx43+/+ (DZX(-), 17 cardiomyocytes from 4 mice; DZX(+), 18 cardiomyocytes from 2 mice). **P<0.01 vs. Cx43+/+ and DZX(+).

Figure S3. Measurement of Ca2+ sparks
A. Analysis of Ca+ sparks in isolated single mouse cardiomyocytes. Regions of interest (ROIs, 10-pixel width) were vertically set every 10 pixels along a cardiomyocyte. 
B. Within the ROIs, Ca2+ sparks indicated by white circles were counted between 3 and 6 s after the last stimulus of electrical stimulation with 2-s intervals. 
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