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Cardiomyocytes represent specific type of cells, which constantly and rapidly cycle through contraction-

relaxation, consuming massive amount of energy, for which the fuel is ATP derived from the 

mitochondria. The mitochondrial ATP output needs to follow abrupt increases in energy demand, like 

the fight or flight response, and for this, amplitude and frequency-modulated calcium signals that trigger 

the muscle contraction also propagate to the mitochondrial matrix to ‘tune’ ATP production to the 

demand (excitation-contraction-bioenergetic coupling, ECB). This regulatory loop in the 

cardiomyocytes is enabled via close membrane contacts between two organelles: sarcoplasmic reticulum 

(SR), from which the Ca2+ is released, and mitochondria (mito). The membrane contacts are secured by 

protein tethers. Tether proteins have multiple functions; thus, genetic studies on the structural-functional 

role of SR-mitochondria tethers have been difficult to interpret.  

 

To that end, we engineered a dedicated tether (linker) composed of a red fluorescent protein (mRFP) 

fused with membrane targeting sequences to the outer mitochondrial membrane and ER/SR to its N and 

C termini, respectively, via spacer sequences that keep the overall tethering distance around 10-12 nm.  

Transgenic cardiac muscle-specific linker expression, starting after birth, leads in adult mouse hearts to 

development of left ventricular hypertrophy without signs of fibrosis. Airyscan (Zeiss LSM880) imaging 

of the linker distribution in freshly isolated primary cardiomyocytes showed an mRFP ring around most 

of the mitochondria. Interestingly, linker expression seemed to increase the mitochondrial mass in the 

cells, leading to the formation of large tightly packed mitochondrial clusters. SR Ca2+ release units 

seemed to be excluded from these clusters, bringing it to question if the linker could be beneficial for the 

ECB coupling.  

 

Via 2D TEM at the level of cardiomyocytes we observed increased mass of mitochondria that occupied 

more than 50% of sarcoplasmic area. Intermyofibrillar and perinuclear mitochondrial cross-sections 

formed huge clusters, often reaching almost the intercalated disc (the ‘end of the cell’). Individual 

mitochondrial shape can also be highly variable in 3D; the mitochondrial population in the cell can be 

luminally interconnected or fragmented. The mitochondrial inner membrane foldings (cristae) that host 

the respiratory complexes can also vastly vary in size, shape and low-nanoscale patterns that they form. 

To compare the 3D details of individual mitochondria and the interconnectedness of the mitochondrial 

population as well as the membrane contacts with the SR, we reconstructed cardiomyocyte subvolumes 

in chemically fixed, resin-embedded cardiac muscle samples using FIB SEM at high (4-5 nm) isotropic 

voxel resolution. We adapted a fixation, contrasting and embedding protocol for serial block-face 

sectioning [1]. 25-340 um2 areas were subjected to FIB-SEM slice and view across 2.5-13 um volume 

thickness with 4-5 nm thin slices using Thermo Helios NanoLab G4 Dual Beam and Zeiss CrossBeam 



550 systems. Image sets were aligned/registered using the Amira (Thermo), Atlas (Zeiss) and/or FIJI 

softwares while reconstructions and segmentations were done with Amira or ORS DragonFly). We 

found that mito in the ‘linker cardiomyocytes’ often formed ‘nanotunnel’-type intermitochondrial 

connections (Fig.). There were multiple nanotunnels between mitochondria in two reconstructions from 

linker cardiomyocytes while in the subvolumes of control cardiomyocyte, there were none. 2D TEM of 

several longitudinally sectioned myocytes showed that in every linker-expressing cardiomyocyte there 

were at least two nanotunnel like cross-sections (Fig.). 3D reconstructions also revealed a rich network 

of SR. 2D TEM analysis showed that the length of junctional SR in close contact with the transversal 

side of intermyofibrillar mitochondria was increased in the linker cardiomyocytes. The mean and 

minimum distances between the mitochondrial outer and junctional SR membranes also decreased.  

 

Echocardiography showed no change in stroke volume or heart rate in the linker hearts, although the 

basal fractional shortening and ejection fraction were larger. Challenge of linker hearts to exercise 

(treadmill running) or acute stress by high-dose beta adrenergic stimulation (Isoproterenol single 150 

mg/kg i.p.) did not show any differences between control and linkers. However, 1-2 weeks after the 

pathologically high-dose of isoproterenol treatment, in control hearts the stroke volume dropped below 

the resting levels, while in the linker-expressing hearts it gradually returned to the baseline, suggesting a 

protective role of the artificial linker following excessive beta-adrenergic activation.  

 

Thus, selective enhancement of mitochondria-SR tethering by a transgenic engineered linker in the 

murine heart brings about profound structural-functional alterations, which altogether are rather 

beneficial for the cardiac performance and may enhance resistance to adrenergic stress injury. Although 

the formation of large mitochondrial clusters kept away a portion of the mitochondria (inside the cluster) 

from the junctional SR with the Ca2+ release channels, the increased nanotunnel-type mitochondrial 

connectivity,  revealed by FIB SEM tomography, likely allowed the implementation of excitation-

bioenergetics coupling throughout the cluster. 
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Figure 1. Nanotunnels occurrence in linker expressing cardiomyocytes. A – 3D reconstruction of 

nanotunnel, mito1-4 represents single mitochondrion, mito3 showing also “inside” of mitochondrion – 

cristae. B – 2D appearance of nanotunnel - in different dimension, the nanotunnel would probably 

continue the way shown in 3D reconstruction. 

  


