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The production and distribution of energy in skeletal muscle is critically important for 

muscle function, and is dependent on the 3D structure and function of muscle 

mitochondria. In order to understand the 3D architecture of mitochondria within skeletal 

muscle and thus the transfer of energy into tissue, we used focused ion beam scanning 

electron microscopy (FIB-SEM) to visualize the distribution of mitochondria in 3D 

throughout fixed, resin-embedded murine skeletal muscle tissue. Analysis of 

automatically segmented FIB-SEM data sets from 4 C57/Bl6 mice revealed a stunning 

spatial relationship of the mitochondria between accumulations at embedded capillaries 

and deep within myofibrils. This highly continuous reticulum of mitochondria is 

comprised of four basic morphologies, including paravascular mitochondria (PVM), I-

band mitochondria (IBM), fiber parallel mitochondria (FPM), and cross fiber connection 

mitochondria (CFCM). Our 3D imaging of such a contiguous mitochondrial network, 

combined with data indicating functional energy transfer, illustrates that energy is passed 

directly through this mitochondrial network to sites distal from the embedded capillary, 

providing energy needs for functional muscle. 

 

The four basic morphologies described above are distinct in their location and shape, and 

interconnect to create a well-organized network. PVM are elliptically-shaped, localized 

most closely to the paravascular region and near myofiber nuclei. IBM are thin, 

cylindrical-shaped mitochondria that connect to PVM, and run across I-bands in the 

intrafibrillar space. FPM were thicker mitochondria that run parallel to the muscle fibers, 

whereas CFCM are organized perpendicular to the IBM (Figure 1). In our data, nearly all 

mitochondria were coupled either directly through a continuous outer mitochondrial 

membrane or through electron dense contact sites (EDCS) between adjacent 

mitochondria. Electron dense contact sites were clearly visible at the FIB-SEM resolution 

we chose and were imaged by TEM for more detail. 9±0.1% of the PVM were connected 

to adjacent PVM by EDCS and 21.2±3.2% of PVM were directly coupled to thin 

mitochondrial tubules projecting into IBM. 99.7±0.3% of the FPM were coupled to 

adjacent FPM through EDCS while 81.7±3.6% of FPM branched directly into IBM 

projections (Figure 1).The sizes and shapes of the different mitochondria were tabulated 

and corroborated with experiments performed using super resolution on live single 

muscle fibers (Table 1).  

 

This study shows, in 3D, that mitochondria in muscle tissue directly connect the 

capillary-proximal space to distal locations in muscle fibers. This contiguous network can 

carry energy in the form of electrical potential within connected inter mitochondrial 



membrane spaces, or directly across EDCS from one mitochondrion to another, without 

the requirement for chemical messengers. This mitochondrial-based energy transmission 

network may explain how energy is transmitted more quickly into skeletal muscle fibers 

than can be explained by chemical messenger models. 

 

 
Figure 1. Muscle mitochondria form highly connected networks 
A. 25.53 X 24.06 X 4.23 um FIB-SEM volume to show spatial 

relationships between mitochondria (green), nucleus (N), capillary (V), paravascular 

mitochondria (PVM). B-D. Zoomed-in views of segmented mitochondria. 

 

PVM IBM FPM CFCM PVM IBM FPM CFCM

Mean diameter (nm) 921 318* 598*^ 333*# 894 322* 572*^ 328*#

SE (nm) 27 7 20 10 39 12 27 12

Range (nm) 436-2207 127-679 315-1495 134-565 581-1425 178-520 260-1011 167-524

n mitochondria 105 167 81 79 27 52 48 48

n fibers 8 8 8 8 8 13 12 12

n animals 4 4 4 4 3 3 3 3

Extended Data Table 1: Skeletal Muscle Mitochondrial Cross Sectional Diameters

Fixed Muscle FIB/SEM Live Cell STED

 
STED = stimulated emission depletion microscopy. Statistical test was analysis of 

variance (p<0.05). There were no significant differences between FIB-SEM and STED. 

Diameters were measured at the maximum cross-section of the short axis of the 

mitochondria. STED diameters were determined by the full width half max (FWHM) of 

the linear fluorescence intensity profile and FIB-SEM diameters were determined as the 

distance of a line drawn across a mitochondrion. 


