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Abstract

In diaphragm muscle (DIAm), type I and IIa fibers are recruited to accomplish breathing, while 

type IIx/IIb fibers are recruited only during expulsive/straining behaviors. Thus, type I and 

IIa DIAm fibers are much more active (duty cycle of ~40%) than type IIx/IIb fibers (duty 

cycle of <1%), which we hypothesized underlies intrinsic differences in mitochondrial structure 

and function. MitoTracker Green labeled mitochondria were imaged in 3-D using confocal 

microscopy. Mitochondrial volume density (MVD, per muscle fiber volume) was higher, and 

mitochondria were more filamentous in type I and IIa DIAm compared to type IIx/IIb fibers. 

The maximum velocity of the succinate dehydrogenase reaction (SDHmax), measured using a 

quantitative histochemical technique was found to be higher in type I and IIa DIAm fibers 

compared to type IIx/IIb fibers with and without normalizing for MVD. These results are 

consistent with fiber type differences in the intrinsic structural and functional properties of DIAm 

fibers and closely match differences in energetic demands.
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1. INTRODUCTION

The diaphragm muscle (DIAm) in mammals is the primary muscle involved in inspiration, 

although it also contributes to higher force airway protective and straining behaviors. Neural 

control of the DIAm during inspiration involves recruitment of fatigue resistant slow and 

fast motor units comprising type I and IIa fibers (Sieck & Fournier, 1989; Sieck, 1991; 

Sieck et al., 1996; Fogarty & Sieck, 2019). In contrast, higher force airway protective and 
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expulsive/straining behaviors of the DIAm, require recruitment of more fatigable fast motor 

units comprising type IIx/IIb fibers (Sieck & Fournier, 1989; Sieck, 1991; Sieck et al., 1996; 

Fogarty & Sieck, 2019). Because of their recruitment during breathing, type I and IIa fibers 

are much more active with a duty cycle of ~40%, whereas type IIx/IIb fibers are infrequently 

activated with a duty cycle of <1% (Sieck & Fournier, 1989; Sieck, 1991; Fogarty & Sieck, 

2019). The varying levels of activity have markedly different energetic requirements for 

mitochondrial support.

Previously, we used 2-D electron microscopy (EM) to estimate mitochondrial volume 

densities in type identified DIAm fibers and found that type I and IIa DIAm fibers have 

higher mitochondrial volume densities than type IIx/IIb fibers (Sieck et al., 1998). These 

estimates of mitochondrial volume densities were based on a very small sample of type­

identified fibers per DIAm due to the limitations of EM. In the present study, we developed 

a technique to label mitochondria in DIAm fibers using MitoTracker, followed by 3-D 

imaging and reconstruction using confocal microscopy. Using this technique, we were able 

to evaluate mitochondrial volume density and morphology in a much larger sample of type 

identified DIAm fibers. Furthermore, in the same DIAm fibers we were able to determine 

mitochondrial function by measuring the maximum velocity of the succinate dehydrogenase 

reaction (SDHmax) using a quantitative histochemical technique (Sieck et al., 1986; Blanco 

et al., 1988). In previous studies using this technique, we found that type I and IIa DIAm 

fibers have higher SDHmax than IIx/IIb fibers (Sieck et al., 1986; Enad et al., 1989; Sieck 

et al., 1989; Sieck et al., 1995; Sieck et al., 1996; Lattari et al., 1997; Fogarty et al., 2020). 

However, in these previous studies, we did not assess whether fiber type differences in 

SDHmax were associated with mitochondrial volume density or morphology.

In skeletal muscles in mice, mitochondria in type I and IIa fibers are more filamentous 

compared to type IIx/IIb fibers (Mishra et al., 2015). In primary human skeletal muscle 

cells (hSkMCs), we found that mitochondrial fusion induced by vitamin D (1α,25(OH)2D3) 

is associated with increased O2 consumption rate determined by respirometry (Ryan et al., 
2016). Recently, in human airway smooth muscle cells exposed to tumor necrosis factor α 
(TnFα), we found that mitochondrial fragmentation is associated with reduced maximum 

O2 consumption rate even when normalized for changes in mitochondrial volume (Delmotte 

et al., 2017; Delmotte & Sieck, 2019). These results suggest there are intrinsic differences 

in mitochondrial function that depend on mitochondrial morphology. The purpose of the 

present study was to determine mitochondrial volume, mitochondrial morphology, and 

SDHmax in the same type identified DIAm fibers. We hypothesized that in type I and IIa 

DIAm fibers: 1) mitochondrial volume densities are higher, 2) mitochondrial morphology is 

more filamentous, and 3) intrinsic SDHmax (normalized for mitochondrial volume) is higher 

as compared to type IIx/IIb fibers, due to increased fusion of mitochondrial networks.

2. MATERIALS AND METHODS

2.1 Ethical approval

All procedures were performed in accordance with the American Physiological Society’s 

Animal Care Guidelines, the National Institutes of Health (NIH) guide for the use and care 
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of laboratory animals (NIH Publications #8023, revised 1978) and were approved by the 

Institutional Animal Care and Use Committee (IACUC) at Mayo Clinic.

2.2 Experimental animals

In the present study, 6 pathogen-free Sprague-Dawley rats (300–370 g) (3 males and 3 

females) were obtained from Envigo (Indianapolis, IN) and allowed at least 1 week to 

acclimate before experiments. Animals were maintained two animals of the same sex per 

cage under an alternating 12:12 h light-dark cycle with ad libitum access to rat chow and 

fresh water.

2.3 Tissue collection and processing

Rats were deeply anesthetized with intraperitoneal injection of ketamine (80 mg/kg) and 

xylazine (20 mg/kg) and then euthanized by exsanguination. The DIAm was excised and 

placed in a tray of Rees-Simpson solution (containing, in mM: 135 Na+, 5 K+, 2 Ca2+, 1 

Mg2+, 120 Cl−, and 25 HCO3
−) bubbled with carbogen gas (95% O2-5% CO2) at room 

temperature. While in solution, an ~2 mm wide DIAm strip was dissected from the right 

mid-costal region. As previously described the DIAm strip was stretched to 150% of resting 

length to approximate L0 and fresh-frozen on cork in melting isopentane cooled by liquid 

nitrogen (Prakash et al., 1993a; Zhan et al., 1997). All measurements were made in the same 

DIAm fibers identified in alternate serial transverse sections cut at different thicknesses 

(depending on the measurement) using a cryostat (Reichert Jung Frigocut 2800 Cryostat, 

Reichert Microscope Services, Depew, NY, USA) kept at −30°C.

2.4 Muscle fiber type classification

Muscle fiber type classification was based on immunoreactivity for different MyHC 

isoforms as previously described in detail (Sieck et al., 1996; Fogarty et al., 2019). Briefly, 

10 μm sections were fixed in 4% paraformaldehyde for 10 min before being incubated 

overnight at 4°C in solutions containing primary antibodies for MyHCSlow (NBP2 (IgG), 

1:25 dilution; Novus), MyHC2A (N1551 (IgM), 1:1 dilution; Novus), and MyHC2X (NBP1 

(IgG), 1:10 dilution; Novus). To determine fiber type based on immunoreactivity for MyHC 

isoforms, three alternate serial sections were used with different fluorescently conjugated 

secondary antibodies. To visualize immunoreactivity for MyHCSlow and MyHC2A isoforms 

in the same section, IgG-Alexa-594 and IgM-Cy5 secondary antibody conjugated secondary 

antibodies were applied, respectively at a 1:200 dilution (Figure 1). In a second alternate 

section of the same fibers, immunoreactivity for the MyHC2X isoform was visualized using 

a IgG-Alexa-594 conjugated secondary antibody (1:200 dilution). Based on the pattern of 

immunoreactivity, DIAm fibers were classified as type I (immunoreactivity for MyHCSlow), 

type IIa (immunoreactivity for MyHC2A), and type IIx/IIb (immunoreactivity for MyHC2X). 

In previous studies on single dissected DIAm fibers, we found that most fibers expressed a 

single MyHC isoform (i.e., MyHCSlow and MyHC2A). However, many of the DIAm fibers 

expressing the MyHC2X isoform also expressed the MyHC2B isoform in varying proportions 

(Geiger et al., 1999; Geiger et al., 2000; Han et al., 2003; Geiger et al., 2006). Unfortunately, 

we were unable to validate the antibody for MyHC2B in DIAm fibers. Accordingly, DIAm 

fibers that were immunoreactive for MyHC2X were classified as type IIx/IIb. Fluorescence 

immunoreactivity in DIAm fibers was imaged using a 40x oil-immersion objective (NA 
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1.4) on an Olympus FV2000 laser confocal microscope capable of sequential multi-color 

fluorescence imaging. Images were captured at 16-bit resolution (1,096 gray levels) in a 

1,024 × 1,024 pixel array, with similar acquisition parameters across preparations.

2.5 Mitochondrial labeling and imaging

In 10 μm thick serial sections of the same DIAm fibers, mitochondria were labeled using 

MitoTracker Green. In this procedure, sections were placed in a solution containing 1.5 

μL MitoTracker Green in 5 mL PBS for 30 min. The sections were then washed three 

times with PBS for 10 min each wash and cover-slipped for imaging. Labeled mitochondria 

within DIAm fibers were visualized using an Olympus FV2000 laser scanning confocal 

microscope (Olympus Life Sciences Solutions, Waltham, MA) equipped with argon (488 

nm) and green HeNe (543 nm) lasers. The 3-D confocal imaging techniques used have 

been previously reported in detail (Prakash et al., 1993b, 1994; Sieck et al., 1999; Delmotte 

et al., 2017). Briefly, all images were acquired at 16-bit resolution (1,096 gray levels) in 

a 1024×1024 pixel array using a 40× Plan Apo oil-immersion objective (NA 1.40). The 

empirically calculated point spread function for the 40× objective was used to set a Z-axis 

step size of 0.5 μm, as previously reported (Prakash et al., 1993b, 1994; Sieck et al., 1999; 

Fogarty et al., 2018). Based on calibration, the voxel dimensions were 0.207 μm X-axis, 

0.207 μm Y-axis, and 0.5 μm Z-axis resulting in 0.021 μm3 voxels. Laser intensity and 

photomultiplier settings were adjusted to maintain black level of the blank sections. This 

was accomplished by defining a region of interest (ROI) in a portion of the image with 

no MitoTracker Green signal. This black level was adjusted such the gray levels were not 

saturated but also <10% of the dynamic range. Another ROI was delineated in an area 

displaying the most intense MitoTracker Green fluorescence and the gain was adjusted to 

maximize the dynamic range while preventing saturation. To improve spatial resolution 

of the images, a blind deconvolution algorithm (Point Scan Confocal, 3 iterations; NIS­

Elements; Nikon Instruments Inc., RRID:SCR_014329) was applied for each 2-D image 

in the Z-stack as previously described (Fogarty et al., 2021). This algorithm estimates the 

idealized point spread function for a given image, thus obviating the need to obtain a point 

spread function for the optical system for each image acquisition session. The deconvolution 

algorithm increases the spatial resolution approximately two-fold to ~125 nm (Fogarty et 
al., 2021). The deconvolved images were then further processed for background correction, 

ridge filter detection, skeletonization, and thresholding with ImageJ (imagej.nih.gov/ij/, Fiji, 

RRID:SCR_002285), as previously described (Donoho & Johnstone, 1994; Koopman et al., 
2005a; Koopman et al., 2005b; Koopman et al., 2006; Delmotte et al., 2017; Chaudhry et 
al., 2020; Fogarty et al., 2021). MitoTracker Green fluorescence gray levels in the images 

were thresholded to identify voxels containing MitoTracker Green fluorescence using the 

Default method in ImageJ/Fiji software and binary images created (Aravamudan et al., 2014; 

Delmotte et al., 2017; Chaudhry et al., 2020). The deconvolved, processed and binarized 

images were then reconstructed in 3-D using ImageJ and NIS-Elements.

After 3-D reconstruction of binarized images in the Z-stack, the number of voxels within a 

delineated muscle fiber boundary was used to determine fiber volume. Similarly, the number 

of binarized voxels containing MitoTracker Green labeled mitochondria within each muscle 

fiber was used to determine mitochondrial volume (Figure 2). Mitochondrial volume density 
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was calculated as the ratio of mitochondrial volume to the total muscle fiber volume (fiber 

cross-sectional area × 10 μm section thickness). These measurements were performed using 

ImageJ/Fiji Mitochondria Analyzer plug-in.

Mitochondrial morphology was assessed using the same ImageJ/Fiji Mitochondria Analyzer 

plug-in. Two morphological measurements were determined: mean branch length (μm) and 

mitochondrial complexity index (MCI) (Vincent et al., 2019). Additional measures included 

the total number of mitochondrial branches, total mitochondrial surface area and volume. 

MCI was calculated using the following equation:

MCI = SA3

16π2V 2

Where SA is total mitochondrial surface area within a muscle fiber and V is the total 

mitochondrial volume within the muscle fiber.

2.6 Quantitative histochemical procedure for measuring SDHmax

The quantitative histochemical procedure for measuring the maximum velocity of the SDH 

reaction in single muscle fibers has been previously described in detail (Sieck et al., 1986; 

Blanco & Sieck, 1987; Blanco et al., 1988; Enad et al., 1989; Watchko & Sieck, 1993; 

Proctor et al., 1995; Sieck et al., 1995; Sieck et al., 1996; Zhan et al., 1997). Briefly, 

alternate serial sections of DIAm fibers (the same fibers used for fiber type classification) 

were cut at 6 μm thickness and incubated in a solution containing 80 mM succinate, 1.5 mM 

nitro blue tetrazolium (NBT – reaction indicator), 5 mM EDTA, 0.2 mM mPMS, and 0.1 

mM azide in 0.1 M phosphate buffer (pH=7.6). In previous studies, we determined that with 

succinate concentrations >80 mM the enzymatic reaction for SDH in muscle fibers was not 

substrate limited (Sieck et al., 1986; Blanco et al., 1988). In a separate series of experiments, 

the dependency of the SDH reaction on succinate concentration was re-assessed, and 

concentrations >80 mM were found to produce the maximum velocity of the SDH reaction 

in DIAm fibers. In the quantitative histochemical procedure, the progressive precipitation of 

a diformazan with the reduction of NBT (NBTdfz) is used as the reaction indicator (Sieck 

et al., 1986; Blanco et al., 1988). Precipitation of NBTdfz was quantified using an inverted 

light microscope (Olympus IX71, Olympus America, Melville, NY) with a 60× objective 

(1.0 NA). To calibrate for densitometry, an interference filter (570 nm) was used to limit 

the spectral range of the light source to the maximum absorption wavelength of NBTdfz. 

Optical density (OD) was calibrated by imaging a series of known gray levels at 16-bit 

resolution (1,096 gray levels). The dynamic range during image acquisition was adjusted to 

take advantage of the full dynamic range while avoiding saturation of the images. A 200 μL 

solution without succinate was added to the cover slip, and a baseline image was acquired 

before adding a solution containing 80 mM succinate. Thereafter, images were repeatedly 

acquired every 15 s in a 1024 × 1024 pixel array using a digital camera (Hamamatsu 

ORCA Flash 4.0, Model C11440) (Figure 3A). The images were then processed using 

Metamorph software (Molecular Devices LLC., Sunnyvale, CA). The linearity of the SDH 

reaction was confirmed by measuring the change in OD in delineated muscle fibers every 
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15 s across a 10 min period (Figure 3B; r2>0.99). The SDHmax was calculated using the 

Beer-Lambert-Bouguer law:

d NBTdfz fumarate /dt = dOD/dt
kl

Where OD is the average OD within a region of interest (in this case the boundary of 

a DIAm fiber), k is the molar extinction coefficient of NBTdfz (26,478 mol/cm) and l is 

the path length of light absorbance (6 μm). The SDHmax within the volume of individual 

DIAm fibers (fiber cross-sectional area × 6 μm section thickness) was expressed as mmol 

fumarate/L fiber/min. The dependency of OD measurements ([NBTdfz] on path length was 

confirmed in a separate set of experiments (n=15 fibers per type) in which section thickness 

was varied from 4 to 10 μm. The relationship between OD and section thicknesses was 

linear for all fiber types.

In respirometry, basal and maximum respiratory capacity (O2 consumption rate) are 

determined using a stress test that inhibits different complexes in the ETC and uncouples 

O2 consumption from the proton (H+) gradient (Ly & Ryall, 2017; Jacques et al., 2020). 

To confirm that SDHmax reflected the maximum respiratory capacity of DIAm fibers, a 

similar stress test was used. The SDH reaction (with and without 80 mM succinate across 

a 10 min period) was assessed in three alternate serial sections (6 μm each) of DIAm fibers 

that were: untreated, treated with FCCP (1 mM to disrupt the proton gradient), and treated 

with rotenone (1 mM) to inhibit complex I of the ETC) and antimycin A (1 mM to inhibit 

complex III of the ETC) (Figure 3C). In each DIAm fiber type, treatment with FCCP, had 

no effect on SDHmax (Figure 3C). In contrast, treatment with a combination of rotenone 

and antimycin A, markedly slowed SDHmax across all DIAm fiber types (p<0.002 for all 

combinations, Bonferroni post hoc tests; n=15 fibers per type per animal; Figure 3C).

2.7 Statistical analysis

To ensure unbiased sampling of DIAm fibers, we used a stereological method in which 

image fields were initially selected at lower magnification (20X objective) to represent the 

entire thickness of the DIAm starting at the thoracic surface (top left corner of the image 

field) and moving in a diagonal direction toward the abdominal surface. Within the selected 

higher magnification image field, only DIAm fibers whose borders were contained within 

the image were sampled starting in the top left corner and moving in a diagonal direction 

to the lower right corner. Using this sampling method, approximately 8 fibers per higher 

magnification image field were sampled. Sampling continued until a total of 15 DIAm fibers 

per fiber type were included for each analysis. Previously, we found that 15 DIAm fibers 

per fiber type per animal is sufficient to detect differences in SDHmax of >25 % across fiber 

types (α=0.05, β=0.8) (Sieck et al., 1996; Lattari et al., 1997; Zhan et al., 1997; Fogarty et 
al., 2020). Although sex as a biological variable cannot be excluded, we previously observed 

no sex difference in the SDHmax of DIAm fibers (Fogarty et al., 2020). However, sex was 

included as a biological variable in the statistical design and analysis. No sex differences 

were also observed in the present study, so data from both sexes were collapsed into single 

groups in the presentation of results. Data points that were greater than twice the standard 
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deviation from the mean were considered outliers and were excluded from analysis of this 

data.

We used Prism 8 for all data analyses (Graphpad, Carlsbad, CA). Each data set was assessed 

for normality with D’Agostino and Pearson tests. For comparisons between two groups, 

unpaired two-tailed Student’s t-tests were used. For comparisons between three groups, one­

way ANOVA, with Tukey’s post hoc tests were performed. In cases where there were groups 

and factors, two-way ANOVA with Bonferroni post hoc tests were used. For comparisons 

of distributions, Kolmogorov-Smirnov tests were used. In order to determine if relationships 

between SDHmax and mitochondrial parameters were multi-modally distributed (i.e., were 

clustered in two or more groups), a runs test was performed. All data are reported as 

the mean ± 95% confidence interval of the mean, unless otherwise specified. Statistical 

significance was established at the p<0.05 level.

3. RESULTS

3.1 DIAm fiber type classification

Classification of type I and IIa DIAm fibers in the rat was unambiguous with clear 

immunoreactivity for the anti-MyHCSlow and anti-MyHC2A antibodies, respectively (Figure 

1A). However, a clear distinction between type IIx and IIb DIAm fibers was not possible 

based on immunoreactivity for the anti-MyHC2X and anti-MyHCAll-but-2X antibodies. 

We were unable to validate an anti-MyHC2B antibody for use in rat DIAm fibers. 

Some DIAm fibers that displayed immunoreactivity for the anti-MyHC2X antibody also 

showed immunoreactivity for the anti-MyHCAll-but-2X antibody. These DIAm fibers likely 

co-express the MyHC2B isoform with MyHC2X isoform, consistent with previous studies 

examining MyHC isoform expression in single dissected DIAm fibers in the rat, where we 

showed that MyHC2X was singularly expressed in some fibers but typically co-expressed 

with MyHC2B in varying proportions (Geiger et al., 1999; Geiger et al., 2000; Han et al., 
2003; Geiger et al., 2006). Within the DIAm, ~36 ± 2% were classified as type I, ~31 ± 3% 

as type IIa, and ~33 ± 5% as type IIx and/or IIb.

3.2 DIAm fiber cross-sectional area / fiber volume

Average cross-sectional areas varied across DIAm fiber types (F(2.177)= 59.1, p<0.0001, 

one-way ANOVA; Figure 1B), with type I (604 ± 130 μm2) and type IIa (678 ± 132 μm2) 

fibers having a smaller cross-sectional area compared to type IIx/IIb fibers (3,070 ± 563 

μm2; p<0.0001 for both comparisons, Tukey’s post hoc tests; Figure 1B). We observed no 

difference in cross-sectional area between type I and type IIa fibers (p=0.47, Tukey’s post 
hoc tests; Figure 1B). Thus, the muscle fiber volumes of type IIx/IIb DIAm fibers were 

~4.5–5.0 fold larger than those of type I and IIa fibers.

3.3 Mitochondrial volume across fiber types

Mitochondrial volume was measured in 15 fibers per type per DIAm from 6 animals (3 

males, 3 females), and found to vary across fiber types (F(2,267)=1302.0, p<0.0001, one-way 

ANOVA; Figure 4A). Mitochondrial volumes in type I (178 ± 41 μm3) and type IIa (195 

± 34 μm3) were lower than type IIx/IIb (622 ± 100 μm3; p<0.0001 for both comparisons, 
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Tukey’s post hoc tests; Figure 4A). There was no significant difference in mitochondrial 

volume between type I and type IIa fibers (p=0.22; Figure 4A).

3.4 Mitochondrial volume density across fiber types

Mitochondrial volume density was calculated in 15 fibers per type per DIAm from 6 animals 

(3 males, 3 females) by normalizing mitochondrial volume for muscle fiber volume (fiber 

cross-sectional area × 10 μm section thickness). Mitochondrial volume density varied across 

fiber types (F(2,267)=176.9, p<0.0001, one-way ANOVA; Figure 4B), with type I (30 ± 6%) 

and type IIa (30 ± 5%) fibers having a greater mitochondrial volume density than type 

IIx/IIb fibers (16 ± 5%; p<0.0001 in both combinations, Tukey’s post hoc tests; Figure 4B). 

There was no significant difference in mitochondrial volume density between type I and type 

IIa fibers (p=0.84, Tukey’s post hoc test; Figure 4B).

3.5 Mitochondrial morphology across fiber types

Mitochondrial morphology (mean branch length and MCI) was measured in 15 fibers per 

type per DIAm from 6 animals (3 males, 3 females). Mean branch length varied across fiber 

type (F(2,268)=292.0, p<0.0001, one-way ANOVA; Figure 4C), being greater in type I (17.6 

± 4.2) and type IIa fibers (18.6 ± 5.2) compared to type IIx/IIb (5.0 ± 2.9; p<0.0001 in 

both combinations, Tukey’s post hoc tests; Figure 4C). There was no significant difference 

in mean mitochondrial branch length between type I and type IIa fibers (p=0.21, Tukey’s 

post hoc test; Figure 4C). MCI varied across fiber type (F(2,268)=197.1, p<0.0001, one-way 

ANOVA), with MCI in type I (26.3 ± 6.9) and type IIa fibers (27.8 ± 7.2) greater than that 

in type IIx/IIb fibers (11.3 ± 3.9; <0.0001 in both combinations, Tukey’s post hoc tests; 

Figure 4D). The MCI was comparable between type I and IIa (p=0.20, Tukey’s post hoc 
test; Figure 4D). taken together, the higher mean branch length and MCI, indicated that 

the mitochondrial morphologies of type I and IIa fibers were more filamentous, while the 

mitochondrial morphology of type IIx/IIb was more fragmented.

3.6 SDHmax per DIAm fiber volume

SDHmax (normalized per muscle fiber volume) was measured in 15 fibers per type per 

DIAm from 6 animals (3 males, 3 females), and SDHmax was found to be dependent on 

fiber type (F(2,267)=348.5, p<0.0001, one-way ANOVA; Figures 5A). The SDHmax of type 

I and IIa fibers was significantly greater than that of type IIx/IIb fibers (p<0.0001 in both 

comparisons, Tukey’s post hoc test; Figures 2B and 5A). There was no significant difference 

in SDHmax between type I and type IIa fibers (p=0.95, Tukey’s post hoc test Figures 5A).

3.7 SDHmax per mitochondrial volume

SDHmax was also normalized for mitochondrial volume in 15 fibers per type per DIAm 

from 6 animals (3 males, 3 females) and found to vary across fiber types (Figure 5B). The 

SDHmax per mitochondrial volume was higher in type I and IIa DIAm fibers compared to 

type IIx/IIb fibers (F(2,267)=407.4, p<0.0001, one-way ANOVA; p=0.01, Tukey’s post hoc 
test; Figure 5B). Importantly, no difference in SDHmax per mitochondrial volume was found 

between type I and type IIa fibers (p>0.99, Tukey’s post hoc test).
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Within DIAm fibers, SDHmax was compared to different mitochondrial parameters including 

mitochondrial volume, volume density, mean branch length, and MCI. When comparing 

SDHmax per fiber volume to each of the mitochondrial parameters, two distinct clusters 

of DIAm fibers were apparent, type I and IIa fibers versus type IIx/IIb fibers. Type I and 

IIa DIAm fibers had higher SDHmax per fiber volume and higher mitochondrial volume 

densities as compared to type IIx/IIb fibers (p<0.0001, runs test; Figure 6A). Type I and 

IIa DIAm fibers had lower total mitochondrial volume than type IIx/IIb fibers, but the 

~5-fold difference in fiber cross-sectional areas (Figure 1) resulted in significantly larger 

mitochondrial volume densities in type I and IIa fibers (p<0.0001, runs test) (Figure 

6A). The higher SDHmax per mitochondrial volume in the type I and IIa DIAm fibers 

was associated with a higher MCI, indicative of more filamentous mitochondria, while 

mitochondrial in type IIx/IIb fibers were more fragmented (lower mean branch length and 

lower MCI (p<0.0001, runs test) (Figure 6B).

4. DISCUSSION

The major novel findings of the present study are: i) mitochondrial volume density is higher 

in type I and type IIa compared to type IIx/IIb fibers, ii) mitochondria in type I and IIa 

fibers are more filamentous than in type IIx/IIb fibers, iii) SDHmax reflects the maximum 

respiratory capacity of DIAm fibers and is higher in type I and type IIa fibers compared 

to type IIx/IIb fibers, iv) SDHmax per mitochondrial volume is higher in type I and IIa 

fibers than type IIx/IIb fibers, reflecting intrinsic differences in mitochondrial respiratory 

capacity across fiber types. Our novel results combining measures of mitochondrial function 

(SDHmax) and mitochondrial structure in the same fibers provide clear evidence that 

mitochondrial structure and function vary across different DIAm fiber types consistent with 

differences in their activation history.

4.1 Confocal imaging-based measurements of mitochondria in DIAm fibers

The present study utilized a confocal imaging-based technique for identifying and 

quantifying mitochondrial morphology in type identified DIAm fibers. MitoTracker Green, 

which was used to label mitochondria, accumulates in the mitochondrial matrix based on 

the proton gradient, where it covalently binds to mitochondrial thiol groups. MitoTracker 

Green labeling is dependent on an intact cell membrane and membrane potential. Thus, the 

mitochondria labeled using MitoTracker Green have to be functional, which depending on 

the research question may be either beneficial or a limitation.

In a previous study in rat DIAm fibers, we used 2-D EM to estimate mitochondrial volume 

densities in different fiber types (Sieck et al., 1998). In this study, using 2-D EM, we found 

that type I and IIa DIAm fibers had mitochondrial volume densities of ~25%, whereas type 

IIx/IIb fibers had mitochondrial volume densities of ~3%. These results were qualitatively 

similar to differences in mitochondrial volume densities across fiber types reported by other 

groups (Mathieu et al., 1981; Mathieu-Costello et al., 2002; Gamboa & Andrade, 2010). In 

contrast, using 3-D confocal imaging of MitoTracker Green in the present study, we found 

the mitochondrial volume densities of type I and IIa DIAm fibers were comparable at ~30%, 

whereas the mitochondrial volume densities of type IIx/IIb fibers were higher at ~17%. 
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Measuring mitochondrial volume density using 2-D EM is very labor-intensive, which 

limits sample size. A major advantage of the confocal fluorescence microscopy technique 

is that many more fibers can be analyzed, and fiber type can be readily determined. In 

contrast, 2-D EM does not allow for direct assessment of fiber type. Since 2-D EM does 

not depend on an intact mitochondrial membrane and proton gradient, it does not distinguish 

between functional and non-functional mitochondria, which is another major advantage of 

the confocal technique based on MitoTracker Green labeling of mitochondria.

Mitochondrial morphology varied across fiber types. Mitochondria in type I and IIa DIAm 

fibers were more filamentous (increased mean branch length and MCI) than those in type 

IIx/IIb fibers. It has been reported that mitochondrial morphology can affect mitochondrial 

respiratory capacity (Peterson et al., 2012; Ryan et al., 2015; Ryan et al., 2018; Vincent 

et al., 2019; Delmotte et al., 2021). For example, in a previous study, we found that 

maximum O2 consumption rate of mitochondria in human airway smooth muscle (hASM) 

cells was higher when mitochondrial morphometry was more filamentous (Delmotte et al., 
2021). In another study, it was suggested that mitochondrial morphology is a distinguishing 

characteristic across muscle fiber types with type I and IIa being more filamentous and type 

IIx/IIb being more fragmented (Mishra et al., 2015). Other studies found that filamentous 

morphology was the standard state in highly active tissues (Trewin et al., 2018; Chaudhry 

et al., 2020). Filamentous mitochondria have a higher surface area compared to volume 

(increased MCI), which suggests that there is also a higher inner mitochondrial membrane 

surface area, the structural substrate for O2 consumption and oxidative phosphorylation. We 

propose that our observations of greater mitochondrial respiratory capacities (SDHmax per 

mitochondrial volume) of type I and IIa fibers in the DIAm are due to their incessant activity 

in supporting breathing.

4.2 SDHmax measurements in DIAm fibers

The method for measuring SDHmax was developed in our laboratory and first reported 

in 1986 (Sieck et al., 1986), with greater detail provided in a subsequent publication 

(Blanco et al., 1988). The quantitative histochemical technique uses 1-methoxyphenzaine 

methosulfate (mPMS) as an exogenous electron carrier and azide to inhibit cytochrome 

oxidase (Complex IV) and thereby reduce non-specific reduction of NBT in the reaction. 

As previously reported (Sieck et al., 1986; Blanco & Sieck, 1987; Blanco et al., 1988; 

Enad et al., 1989; Sieck et al., 1989; Watchko & Sieck, 1993; Proctor et al., 1995; Sieck 

et al., 1995; Sieck et al., 1996; Zhan et al., 1997), we confirmed that the SDH reaction 

is highly linear over a 10 min period, limited by substrate (succinate) availability and 

dependent on pathlength (tissue section thickness). The present study extends the validation 

of this quantitative histochemical technique by showing that SDHmax is insensitive to FCCP­

mediated disruption of the mitochondrial proton gradient, and is inhibited by rotenone, a 

Complex I inhibitor and antimycin A, a Complex III inhibitor. The SDHmax technique has 

also been validated in other labs, notably, by Powers et. al (Powers et al., 1993). Thus, there 

is converging evidence that this technique is rigorous and reproducible and that SDHmax 

provides an excellent surrogate for measurements of maximum mitochondrial respiration, 

similar to that obtained using respirometry. Using pharmacological techniques similar to 

those used in respirometry studies, SDHmax was identical to rates obtained using FCCP, 
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which decouples cellular respiration from the proton gradient and allows for determination 

of the maximum O2 consumption rate (Gullans et al., 1982; Sipos et al., 2003). In the 

present study, we also showed that the SDHmax measurements within a single DIAm fiber 

varied by ~10–15% along the length of the entire fiber.

In the present study, both type I and IIa fibers in the rat DIAm had higher SDHmax than 

type IIx/IIb fibers. This is consistent with past reports in the rat DIAm (Sieck et al., 1989; 

Johnson & Sieck, 1993; Sieck et al., 1995; Lattari et al., 1997; Zhan et al., 1997; Fogarty et 
al., 2020) as well as the cat DIAm (Sieck et al., 1986; Enad et al., 1989; Sieck et al., 1991). 

There are also similar differences in SDHmax across fiber types in other skeletal muscles of 

the rat (Watchko & Sieck, 1993; Blanco et al., 1995) and other species (Blanco et al., 1991; 

Lewis et al., 1992; Howell et al., 1995; Sieck et al., 1996) including humans (Proctor et al., 
1996). Although in all cases, the SDHmax of type I and IIa fibers was reported to be higher 

than that of type IIx/IIb fibers, there are differences in SDHmax within a fiber type. For 

example, the SDHmax of type I and IIa fibers in the DIAm is higher than that of type I and 

IIa fibers in the medial gastrocnemius muscle. The type IIx/IIb fibers were less consistent 

when comparing to DIAm.

The higher SDHmax of type I and type IIa DIAm fibers is consistent with their frequent 

activation (~40% duty cycle) in sustaining breathing and ensuring adequate ventilation 

(Sieck & Fournier, 1989; Sieck, 1991; Fogarty & Sieck, 2019). Similarly, the substantially 

lower SDHmax in type IIx/IIb DIAm fibers is consistent with their infrequent activation 

(<1% duty cycle) only during expulsive behaviors (Sieck & Fournier, 1989; Sieck, 1991; 

Fogarty & Sieck, 2019). Accordingly, energy requirements are likely to differ greatly across 

DIAm fiber types.

4.3 Concurrent measurements of mitochondrial volume density and SDHmax in DIAm 
fibers

In the present study, sequential sections measuring SDHmax, mitochondrial volume density, 

and MyHC fiber typing allows for measurements of all these properties within the same 

fiber. This nuanced evaluation of the DIAm in type-identified fibers allows us to relate 

mitochondrial function (SDHmax) with mitochondrial content (mitochondrial volume). In 

a previous study using Sprague-Dawley rats, we evaluated mitochondrial volume density 

using EM according to fiber types established by MyHC expression in serial sections (Sieck 

et al., 1998). When comparing that prior study to the present study, we see a good agreement 

in type I and IIa fibers, with mitochondrial volume density of type I fibers being ~28% 

(Sieck et al., 1998) and ~30%, respectively. Similarly, negligible differences were observed 

in type IIa fibers, with mean mitochondrial volumed densities being ~22 % for EM (Sieck 

et al., 1998) compared to ~30% for fluorescence. By contrast more variability was observed 

in type IIx and/or IIb fibers, with mitochondrial volume density being ~3% in EM (Sieck 

et al., 1998) estimates compared to ~16% for fluorescence. The difference between these 

measurements is likely due to sampling. In the EM data, eight fibers of each type were 

sampled across five rats. In the confocal fluorescent microscopy measurements, fifteen fibers 

of each type were sampled from six rats of both sexes. Regardless, the only significant 

changes are those observed between type I and IIa fibers compared to IIx and/or IIb fibers. 
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Measuring mitochondrial volume using fluorescent confocal microscopy provides distinct 

benefits compared to EM, and in our current study, it allows us to measure the mitochondrial 

volume within the same fibers that we measure SDHmax.

4.4 Maximum mitochondrial respiratory capacity (SDHmax) varies across fiber types

Our results confirmed that the SDHmax measurement reflected the maximum respiratory 

capacity of muscle fibers. SDHmax of different DIAm fiber types varied independently of 

mitochondrial volume. Type IIx/IIb DIAm fibers had higher total mitochondrial volumes 

than type I and IIa fibers, but their SDHmax. In contrast, because of their smaller cross­

sectional areas, the mitochondrial volume densities of type I and IIa DIAm fibers were 

greater as compared to type IIx/IIb fibers. When directly comparing SDHmax to either 

mitochondrial volume or mitochondrial volume density no correlation existed, but two 

clusters of fibers were apparent. Type I and IIa fibers clustered with higher SDHmax and 

mitochondrial volume densities (or lower total mitochondrial volumes). When SDHmax 

was normalized to mitochondrial volume to reflect the maximum respiratory capacity 

per mitochondrial volume, type I and IIa DIAm fibers have much greater SDHmax per 

mitochondrial volume as compared to type IIx/IIb fibers. This implies that there are inherent 

differences between mitochondria in type I and IIa DIAm fibers vs type IIx/IIb fibers. One 

possibility relates to the differences in mitochondrial morphology across fiber types.

4.5 Conclusions

In conclusion, we found that SDHmax and mitochondrial volume density are higher in type 

I and IIa fibers in the rat DIAm compared to type IIx/IIb fibers. In addition, we found that 

mitochondria are more filamentous in type I and type IIa DIAm fibers than type IIx/IIb 

fibers. Importantly, SDHmax per mitochondrial volume was higher in type I and IIa DIAm 

fibers, which may relate to the increased duty cycle of these fibers in sustaining breathing.
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Highlights:

• Mitochondrial volume density is higher in type I and IIa than type IIx/IIb 

fibers

• Mitochondria in type I and IIa fibers are more filamentous than type IIx/IIb 

fibers

• SDHmax per unitary mitochondrial volume is higher in type I and IIa than 

type IIx/IIb fibers
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Figure 1: 
A. DIAm fibers were classified based on immunoreactivity to anti-MyHCSlow, 

anti-MyHC2A, anti-MyHC2X, and anti-MyHCAll-but-2X. The photomicrograph shows 

representative immunoreactivity to anti-MyHCSlow and anti-MyHC2A in the same 

DIAm section using an IgG-Alexa-594 (red) and IgM-Cy5 (green) secondary antibody, 

respectively. Type IIx/IIb fibers were classified based on immunoreactivity to anti-MyHC2X 

and no or partial immunoreactivity to anti-MyHCAll-but-2X. Laminin immunoreactivity 

(blue) was used to help define muscle fiber sarcolemma. B. Cross-sectional areas varied 

across DIAm fiber types (p<0.001; one-way ANOVA). The cross-sectional areas of type I 

and IIa DIAm fibers were comparable and signficantly small than those of type IIx/IIb fibers 

(p<0.001; Tukey’s post hoc test). For each comparison n=15 fibers per type per animal (6 
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animals – 3 females and 3 males) with females indicated by grey shading. * denotes p< 0.05. 

Scale Bar = 10 μm.
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Figure 2: 
Mitochondria in DIAm fibers were labeled using MitoTracker Green (upper 

photomicrograph) in alternate serial sections (same fibers used for fiber type classification 

and SDHmax measurements) cut at 10 μm thickness. MitoTracker Green fluorescence 

was visualized using Olympus FV2000 laser scanning confocal microscope and 

fluorescence intensity thresholded to create binary images of labeled mitochondria (middle 

photomicrograph). Representative binarized images of mitochondria in type I, IIa and IIx/IIb 

DIAm fibers are shown in the lower photomicrographs.
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Figure 3: 
In the SDH reaction, the acccumulation of [NBTdfz] in muscle fibers was measured every 

15 s across a 10 min period as the change in OD at 570 nm. A. Pictomicrographs 

show a representative example of the change in OD in type I, IIa and IIx/IIb DIAm 

fibers at 0, 5, and 10 min during the SDH reaction. B. In each DIAm fiber, the 

SDH reaction was linear (across the 10-min period (r2>0.99) and the maximum veolicty 

of the SDH reaction (SDHmax) was calculated using the Beer-Lamber-Bouger law: 

d NBTdfz fumarate = dOD
kl . Where the average OD within a DIAm fiber measured every 

15 s is divided by the molar extinction coefficient of NBTdfz (k; 26,478 mol/cm) times the 

path length of light absorbance (l; 6 μm in this study). C. In type identified DIAm fibers, 

the SDH reaction (change in OD with time) was measured after addition of 1 mM carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), which disrupts the proton gradient 

uncoupling O2 consumption from the electron transport chain (ETC). Note that FCCP had 

no effect on SDHmax in any fiber type. Treatment with 1 mM rotenone to inibit complex 

I of the ETC and 1 mM antimycin A inhibit complex III of the ETC markedly inhibited 

the SDH reaction in all DIAm fiber types (p<0.0001; Bonferroni post hoc test) providing 

a measure of basal [NBTdfz] accumulation. In respirometry, changes in O2 consumption 

rate after addition of FCCP, rotenone and antimycin A provide a measure of maximum 

mitochondrial respiratory capcity. The SDHmax (in untreated and after FCCP treatment) 

varied across DIAm fiber types (p<0.0001; two-way ANOVA). The SDHmax of type I and 

IIa DIAm fibers were comparable but both were significantly higher than the SDHmax of 

type IIx/IIb fibers (p<0.0001; Bonferroni post hoc test). For each comparison n=15 fibers 

per type per animal (6 animals – 3 females and 3 males). * denotes p< 0.05.
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Figure 4: 
A. Mitochondrial volume varied across DIAm fiber types (p<0.0001; one-way ANOVA). 

The mitochondrial volumes of type IIx/IIb fibers were significantly larger than those of both 

type I and IIa fibers (p<0.0001; Tukey’s post hoc test) Mitochondrial volumes of type I 

and IIa fibers were not different. B. Mitochondrial volume density varied across fiber types 

(p<0.0001; one-way ANOVA). Mitochondrial volume densities in type I and type IIa DIAm 

fibers were comparable and significantly higher than mitochondrial volume density in type 

IIx/IIb fibers (p<0.0001; Tukey’s post hoc test). C. The mean branch length varied across 

DIAm fiber types (p<0.001; one-way ANOVA). The mean branch lengths of type I and 

IIa were comparable but significantly longer than those of type IIx/IIb fibers (p<0.0001; 

Tukey’s post hoc test). D. The MCI varied across DIAm fiber types (p<0.001; one-way 

ANOVA). The MCIs of type I and IIa were comparable but significantly larger than those of 

type IIx/IIb fibers (p<0.0001; Tukey’s post hoc test). For each comparison n=15 fibers per 

type per animal (6 animals – 3 females and 3 males) with females indicated by grey shading. 

* denotes p< 0.05.
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Figure 5: 
A. SDHmax (per fiber volume) varied across fiber types (p<0.0001; one-way ANOVA). The 

SDHmax of type I and type IIa DIAm fibers were comparable but significantly higher than 

that in type IIx/IIb fibers (p<0.0001; Tukey’s post hoc test). B. SDHmax was normalized for 

mitochondrial volume in each DIAm fiber. SDHmax per mitochondrial volume varied across 

fiber types (p<0.0001; one-way ANOVA). The SDHmax per mitochondrial volume of type I 

and IIa fibers were comparable but significantly higher than that of type IIx/IIb (p<0.0001; 

Tukey’s post hoc test). For each comparison n=15 fibers per type per animal (6 animals – 3 

females and 3 males) with females indicated by grey shading. * denotes p< 0.05.
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Figure 6: 
A. Across DIAm fibers, the relationship between SDHmax per fiber volume and 

mitochondrial volume density identified two distinct clusters of fibers. In one group (type I 

and type IIa fibers), SDHmax per fiber volume and mitochondrial volume densities were 

higher, whereas in the second distinct group of type IIx/IIb fibers, SDHmax per fiber 

volume and mitochondrial volume densities were lower (p<0.0001, runs test). B. Across 

DIAm fibers, the relationship between SDHmax per mitochondrial volume and MCI also 

identified two distinct clusters of fibers. In the type I and type IIa DIAm fibers, SDHmax 

per mitochondrial volume and MCI were higher compared to values for type IIx/IIb fibers 

(p<0.0001, runs test). For each comparison n=15 fibers per type per animal (6 animals – 3 

females and 3 males) with females indicated by grey shading.
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