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PGC-1α overexpression partially 
rescues impaired oxidative and 
contractile pathophysiology 
following volumetric muscle loss 
injury
William M. southern1,2, Anna S. Nichenko1,2, Kayvan F. tehrani  2, Melissa J. McGranahan1, 
Laxminarayanan Krishnan3, Anita E. Qualls1,2, Nathan T. Jenkins1, Luke J. Mortensen2, 
Hang Yin  4,5, Amelia Yin4,5, Robert E. Guldberg6, Sarah M. Greising7 & Jarrod A. Call1,2

Volumetric muscle loss (VML) injury is characterized by a non-recoverable loss of muscle fibers due to 
ablative surgery or severe orthopaedic trauma, that results in chronic functional impairments of the soft 
tissue. Currently, the effects of VML on the oxidative capacity and adaptability of the remaining injured 
muscle are unclear. A better understanding of this pathophysiology could significantly shape how 
VML-injured patients and clinicians approach regenerative medicine and rehabilitation following injury. 
Herein, the data indicated that VML-injured muscle has diminished mitochondrial content and function 
(i.e., oxidative capacity), loss of mitochondrial network organization, and attenuated oxidative 
adaptations to exercise. However, forced PGC-1α over-expression rescued the deficits in oxidative 
capacity and muscle strength. This implicates physiological activation of PGC1-α as a limiting factor in 
VML-injured muscle’s adaptive capacity to exercise and provides a mechanistic target for regenerative 
rehabilitation approaches to address the skeletal muscle dysfunction.

Oxidative capacity is a cornerstone of skeletal muscle health, and for the past 40 years, we have known that the 
most robust physiologic adaptation to regularly scheduled physical activity (i.e., exercise/overload training) is 
an increase in oxidative capacity1,2. Improvements in muscle oxidative capacity are made possible with exercise 
training through adaptations affecting the density and function of the intramuscular mitochondrial network. 
The signaling pathways that initiate and coordinate mitochondrial improvements with exercise are complex, but 
advancements in molecular biology in the last two decades have revealed many of the key players involved (see 
for review3). Most notably, the transcription factor PGC-1α (peroxisome proliferator-activated receptor gamma, 
coactivator 1 alpha) is considered a critical molecular modulator of skeletal muscle oxidative plasticity because it 
regulates gene expression patterns for expansion of the mitochondrial network (i.e., mitochondrial biogenesis), 
angiogenesis, and motor neuron associated adaptations with exercise training4–6. Expansion of the vasculature 
and mitochondrial network with exercise training enhances the functional capacity of the muscle (e.g., fatigue 
resistance), and in general, this physiologic type of acclimation is considered beneficial for human performance 
and health7,8.

Large-scale skeletal muscle trauma, such as volumetric muscle loss (VML) injury, is unique in that the mus-
cle is not able to regenerate muscle fibers with endogenous repair systems and as a result, cannot fully recover 
strength. The loss of muscle function (i.e., contractility) can exceed the loss of tissue mass9, and this permanent 
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functional deficit leaves patients with lifelong disability10 for which there is currently no corrective physical reha-
bilitation guidelines. Furthermore, the extent to which the remaining skeletal muscle can adapt to rehabilitation 
is unclear. Recent preclinical work has investigated various models of ‘physical rehabilitation’ following VML 
in the forms of voluntary wheel running11–14, forced treadmill running14, chronic-intermittent electrical nerve 
stimulation and/or passive range of motion exercises15 and collectively found modest contractile adaptations 
are possible. However, clinical reports have indicated that patients only see moderate improvements and then 
hit the ceiling where further physical therapy, no matter the type or intensity, does not result in an increase in 
function16–18. Collectively, investigations of physical rehabilitation following VML have resulted in, at best, mod-
est improvements in muscle function following VML injury without any physiological rationale or mechanistic 
understanding for the lack of significant response.

Overwhelmingly, investigations of preclinical outcome measures have focused on histologic and/or contrac-
tile aspects of the injured muscle9 with very few investigations focusing on any aspect of the oxidative plas-
ticity of the remaining muscle. Noteably, Aurora and colleagues reported a reduced metabolic gene response 
(i.e., PGC-1α and SIRT-1) in VML-injured muscle following voluntary wheel running compared to uninjured 
muscle11. Furthermore, Greising and colleagues showed that mitochondrial respiration rates measured from both 
the VML-injured and contralateral uninjured mouse muscles were less than that of injury naïve mice suggesting a 
more chronic and systemic effect of VML injury on muscle oxidative capacity15. Therefore, VML-injured patients 
may be susceptible to lifelong impairments in skeletal muscle oxidative capacity that can result in additional 
comorbidities as systemic reductions in skeletal muscle oxidative capacity are associated with an increased risk 
for a host of disorders such as diabetes19 and cardiovascular disease20.

One apparent reason for the lack of investigation into oxidative capacity of VML-injured muscle is the diffi-
culty in assessing physiological mechanisms of mitochondrial function. Herein, we combined high-resolution 
mitochondrial respirometry with mitochondrial enzyme kinetics and 2-photon microscopy to overcome this 
difficulty. The seminal work by Glancy et al.21,22 utilized 2-photon imaging to characterize the highly organized 
mitochondrial network and brought to light the importance of the network as it relates to the function of the 
mitochondria. An important innovation of the current work was the use of 2-photon microscopy to investigate 
changes in the structural integrity of the mitochondrial network as this aspect of mitochondrial physiology is 
likely disrupted following VML injury. The combination of all of these proven techniques has allowed for exten-
sive characterization of multiple aspects of mitochondrial physiology in VML-injured muscle, which provides a 
new and unique prospective of the impacts of VML on mitochondria.

Repair of VML injury has been approached extensively by biomedical engineering and regenerative medicine 
experts over the past decades23, yet no clear indication of clinically meaningful therapies capable of significantly 
improving skeletal muscle function have emerged. We posit that a dysfunctional oxidative capacity contributes 
to a poor regenerative niche within the VML-injured muscle that ultimately limits regenerative approaches. Here 
we report that the pathophysiology of the remaining muscle after VML includes widespread impairments in 
mitochondrial structure and respiratory function, and an insensitivity to physiological stimuli known to enhance 
mitochondrial structure and function (i.e., exercise). We identify the activation of the transcription factor 
PGC-1α as the limiting factor to exercise-induced adaptation and demonstrate the forced over-expression of 
PGC-1α rescue a substantial portion of the VML pathophysiology.

Results
Muscle function and oxidative deficits following multi-muscle model of VML injury. With the 
goal of developing treatment strategies capable of improving the long-term functional deficits in VML injured 
muscle tissue, we sought to elucidate the early effects of VML on contractility and oxidative capacity of the 
remaining skeletal muscle. In order to best characterize the impact of VML on skeletal muscle, we used a model 
of VML injury that has been shown to reproducibly recapitulate the injury on primary hind limb locomotor mus-
cles (i.e., the plantar flexor muscles [gastrocnemius, soleus, plantaris]) and results in a chronic functional deficit, 
which have been evaluate up to four months post-injury15. A full-thickness VML injury was created through the 
plantar flexor muscle group at the tibia mid-diaphyseal level by the removal of ~10–15% of the muscle mass. In 
agreement with prior reports24–26, muscle contractile function was reduced by ~80% when compared to uninjured 
muscles for injury naïve mice at both 3 and 7 days post-injury, even after normalizing to the injured muscle mass 
(P < 0.001; Fig. 1a,b, Table 1).

To determine if VML affects muscle oxidative capacity early after injury, mitochondrial function was assessed 
at 3 and 7 days post-VML via high-resolution respirometry of permeabilized fibers isolated from portions of the 
remaining muscle adjacent to the injury site. To account for the number of muscle fibers measured and the dif-
ferences in mitochondrial content between the muscle fibers, mitochondrial respiratory function was normalized 
by muscle fiber tissue mass and by citrate synthase activity (i.e., mitochondrial content). Mitochondrial function 
of the injured muscle was significantly reduced by ~60% and ~50% compared to the uninjured contralateral limb 
at 3 and 7 days post-injury, respectively (Fig. 1c,d). Mitochondrial function was still lower than uninjured muscle 
even after accounting for concomitant reductions in mitochondrial content (i.e., citrate synthase; Fig. 1d, Table 1). 
Together, these data indicate the pathophysiology of VML-injured muscle includes contractile and metabolic 
dysfunction independent of muscle mass or mitochondrial content.

A disproportionate loss in contractile function for the volume of muscle removed during a VML injury has 
been previously documented (see for review9), and is likely caused by the extensive disruptions in muscle archi-
tecture, vasculature, and motor neurons caused by the injury. Our results are in agreement with this position 
(Fig. 1e); however, a similar analysis between mitochondrial function and volume of tissue removed has not been 
conducted, and results from such an analysis could bolster support for investigating aspects of mitochondrial 
structural integrity as a contributor to metabolic dysfunction in VML-injured muscle. We conducted an analysis 
from previously published non-VML conditions where muscle volume decreases due to injury or disease [i.e., 
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denervation27–31, aging32–35, cachexia36–38, immobilization39, heart failure40, ischemia reperfusion injury41, and 
critical illness42]. Based on these reports, we calculated the average percent change in mitochondrial content or 
function (i.e., oxidative capacity) after a loss in muscle volume. Collectively, the deficit in oxidative capacity was 
similar to the deficit in muscle volume (ratio: 0.82:1). In contrast, we find a very large oxidative deficit in the VML 
injured muscle compared to the amount of muscle lost from the injury (Fig. 1f), suggesting that whole-muscle 
oxidative capacity disproportionately decreases in relation to the deficit in muscle tissue following VML.

Substantial structural disruptions in the mitochondrial network in the muscle remaining after 
VML injury. One of the many important determinants of mitochondrial function within muscle is the loca-
tion and structural organization of the mitochondrial network21,22,43. We posited that severe mechanical damage 
to muscle from a VML injury, likely leads to structural disruptions in the remaining mitochondrial network, 
which contributes to mitochondrial dysfunction. We utilized a transgenic mouse model with ubiquitously 
expressed mitochondrial Dendra2 green monomeric fluorescent protein44 (Jackson Laboratory, #018385) and 
quantitative 2-photon microscopy to evaluate the mitochondrial network in the remaining muscle after VML 
injury to the tibialis anterior (TA) muscle. The TA muscle was utilized here to overcome the uneven imaging 
plane and multi-pennate nature of the gastrocnemius muscle. 3D reconstructions of the mitochondrial network 
were generated for uninjured muscle and injured muscle at 3, 7, and 28 days post-injury (Fig. 2). The mitochon-
drial network was substantially disorganized, specifically at 3 and 7 days after the injury compared to uninjured 
muscle (Fig. 2b,c).

Next, we quantified the mitochondrial network organization within each 3D mitochondrial network recon-
struction. The mitochondrial network in uninjured muscle qualitatively appeared highly organized, with mito-
chondrial structures linearly aligned to two primary axes: parallel and perpendicular to muscle fiber orientation 
(Fig. 3a,b). Using this aspect of mitochondrial networks, an angular Fourier filtering (AFF) analysis method was 
developed to quantify mitochondrial structural organization by assessing the strength of structural alignment to 

Figure 1. Early, 3 and 7 days, following VML injury the muscle remaining undergoes remarkable alterations 
in both the contractile and oxidative components of the muscle. Peak isometric torque normalized to (a) body 
mass and (b) plantarflexor mass is significantly reduced at both 3 and 7 days post-VML compared to control 
(dotted line, SD indicated by shading) (different from control in both (a,b), P < 0.001). (c) Mitochondrial 
function normalized by grams wet weight of permeabilized muscle fibers (n ≥ 15 permeabilized fiber bundles 
from n = 4 mice for each group) is also significantly reduced following VML injury. (d) Mitochondrial 
respiratory function normalized to citrate synthase enzyme activity. (e) Theoretical 1:1 relationship between 
muscle mass and contractile function (black); compolation of previously published work (see9 for review) 
showing the relationship between the volume of muscle tissue removed at injury and the contractile function 
1–4 months after VML (red); experimental data collected herein showing the relationship between muscle 
mass lost 3–7 days after VML and contractile function (blue, hashed lines and dots). (f) Theoretical 0.82:1 
relationship between deficits in muscle mass and whole muscle oxidative capacity determined from various 
degenerative etiology (i.e., denervation, aging, cachexia, immobilization, heart failure, ischemia reperfusion 
injury, and critical illness) (black); the experimental data collected herein between deficits in muscle mass and 
whole muscle oxidative capacity (blue, hashed lines and dots, see Discussion). Data analyzed by one- or two-
way ANOVA, *P < 0.05. Throughout, error bars represent means ± SD.
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a given angle (Fig. S1). Our filtering method scans in a 360 degree arc and quantifies the strength of alignment of 
mitochondrial structures to various angles within the arc. With this analysis, well-connected and well-defined lin-
ear mitochondrial structures will have strong alignment to two specific angles/axes that are parallel and perpen-
dicular to the longitudinal axis of the fiber. To quantify the organization of mitochondrial structures, the ratio of 
peak and average alignment strength was then calculated across each 3D mitochondrial network reconstruction 
(Fig. 3c). Mitochondrial network organization was reduced by ~50% and 70% compared to uninjured muscle at 
3 and 7 days post-injury, respectively (P < 0.001; Fig. 3c,d), in line with reductions in mitochondrial function, yet 
more severe than reductions in mitochondrial content. Even at 28 days post-injury, the mitochondrial network 
organization was still ~45% lower than uninjured muscle, which correlates with VML-induced chronic disrup-
tions in oxidative capacity within the remaining muscle, independent of mitochondrial content (Figs 2d and 3d). 
We suspect the disruptions in mitochondrial structure following VML injury are consistent with the observed 
deficits in mitochondrial function in the remaining muscle.

To assess the impact of VML on the mitochondrial structure across the entire muscle, we imaged a 
VML-injured muscle 7 days after injury at various distances (i.e., 0, 0.5, 1.5, 2.0 and 2.5 mm) from the border 
of the injury in the proximal direction toward the origin of the muscle (Fig. 4a–g). Compared to uninjured con-
trol muscle, the mitochondrial network organization in the VML-injured muscle was reduced by ~40–50% at 
0–2 mm away from the injury border, respectively (Fig. 4h). However, at 2.5 mm from the injury site (Fig. 4g), 
the mitochondrial organization returned to more than 90% of control, suggesting this was the outer edge of the 
mitochondrial damage from the VML. These findings suggest that the confounding impact of the VML injury on 
mitochondrial organization and function was observed beyond the border (i.e., 2 mm) of the initial defect area, 
which potentially could result in diminished oxidative capacity in a significant portion of the muscle.

VML-injured muscles have impaired oxidative but not contractile plasticity. Exercise train-
ing is the most robust physiological stimulus to improve oxidative capacity within skeletal muscle. To facilitate 
improvements in oxidative capacity of the injured muscle, early exercise-based rehabilitation was implemented 
in the form of voluntary wheel running, which began 72 hours after the injury and lasted for 4 weeks. Uninjured 
mice demonstrated expected improvements in mitochondrial function indicating that running was sufficient to 
produce oxidative adaptations (Fig. 5a,b, Table 1). However, despite the fact that the same functional load was 
placed on the muscle (i.e., similar distance run; Fig. 5c), there were no oxidative adaptations in the remaining 
muscle following VML injury, suggesting that the mitochondria in the remaining muscle are not plastic (Fig. 5a). 
Muscle contractions and subsequent intercellular perturbations in ATP homeostasis that occur from muscle load-
ing during exercise is a critical signal for mitochondrial adaptations to exercise training. As a way of indirectly 
testing whether injured mice may have had altered muscle contractile activity during wheel running, maximal 
nerve evoked plantar flexor muscle strength was assessed (Fig. 5d,e). Contractile torque was substantially greater, 
although not completely restored, in injured muscle that underwent 4 weeks of voluntary wheel running com-
pared to untreated VML-injured muscle indicating that (1) the injured muscle underwent functional loading 
during wheel running and (2) contractility of VML injured muscle is plastic. Together, these data suggest that the 
muscle remaining following VML injury is plastic in terms of contractility but not oxidative capacity.

Vascular disruptions are likely not a mechanism of impaired oxidative plasticity. Next, we 
sought to elucidate a mechanism that could explain how VML injury results in impaired oxidative plasticity 
of the remaining muscle. We first considered that inadequate vascularization of the surrounding muscle tissue 
after injury might impede oxidative adaptations to exercise. VML likely results in severe disruptions to the vas-
cular network adjacent to the injury area, which could disrupt delivery of oxygen and fuel to the mitochondria. 
Micro-CT imaging was employed to generate 3D models of the vascular network45,46 within injured and unin-
jured muscle of mice, both with and without voluntary wheel running therapy (Fig. 6a) to determine whether or 

Control VML Injured

Acute Study
VML Day 3 VML Day 7

Contralateral Injured Contralateral Injured

Gastrocnemius Mass (mg) 160.3 ± 17.1 155.1 ± 20.1 155.3 ± 9.9 129.8 ± 6.3a

Citrate Synthase (µmol/min/g) 569.9 ± 24.7 529.3 ± 29.7b 563.0 ± 16.5 539.0 ± 19.0b

Wheel Running Study
Control VML VML

No Run Run Contralateral Injured Contralateral + Run Injured + Run

Gastrocnemius Mass (mg) 174.9 ± 13.7 174.8 ± 7.4 162.3 ± 10.5 129.7 ± 5.9c 157.3 ± 12.5 130.0 ± 23.1c

Citrate Synthase (µmol/min/g) 557.8 ± 29.1 536.5 ± 91.9 487.6 ± 100.8 479.9 ± 50.2e 535.0 ± 58.6 622.8 ± 103.3d

PGC-1  Transfection Study
Control VML VML

No PGC-1 PGC-1 Contralateral Injured Injured + PGC-1

Gastrocnemius Mass (mg) 174.9 ± 13.7 176.8 ± 14.7 170.6 ± 14.0 90.8 ± 12.0f 104.4 ± 17.6f

Citrate Synthase (µmol/min/g) 557.8 ± 29.1 554.2 ± 85.8 657.8 ± 68.5g 512.4 ± 98.9 621.5 ± 89.1h

Table 1. Mouse gastrocnemius muscle masses and citrate synthase activity. Values are means ± SD; Data 
analyzed by one- or two-way ANOVA within each study. aDifferent from all other groups. bMain effect of injury: 
Contralateral > Injured. cDifferent from all uninjured limbs. dDifferent from control run, VML contralateral, 
VML injured, VML contralateral + Run. eDifferent from control no run. fDifferent from all uninjured limbs. 
gDifferent from control no PGC-1 α, control PGC-1 α, and VML injured. hDifferent from VML injured.
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not reductions in the vascular network in the muscle surrounding the injury contributes to the loss of oxidative 
plasticity. Interestingly, VML injured muscle, independent of wheel running therapy, had a significantly higher 
vascular volume compared to uninjured muscle indicating likely expansion of the vascular network after VML 

Figure 2. Significant changes and structural disruptions in the muscle remaining following VML injury. 
The effects of VML on mitochondrial organization were evaluated at various time points in control muscle 
and muscle remaining after VML injury. Two biological replicates representative 3D reconstructions of the 
mitochondrial network as observed in uninjured control muscle (a) and from the injury boundary in VML 
injured muscle at (b) 3, (c) 7, and (d) 28 days post-VML. Longitudinal striations are visible in uninjured control 
muscle indicating the high level of mitochondrial network organization, which is absent in the VML-injured 
muscle at 3 and 7 days after the injury.
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Figure 3. The mitochondrial network organization is altered by VML injury. (a) Schematics representing 
control and VML injured TA muscle, showing the region of interest evaluated during imaging and 
representative 2D images from the respective regions from transgenic mice that ubiquitously expressed 
mitochondrial Dendra2 GFP. (b) Representative 3D reconstruction of mitochondrial network adjacent to 
the VML injury site from control and VML injured TA muscles. (c) Representative 3D surface plots showing 
angle and alignment strength of the 3D mitochondrial network depicted. (d) Quantification of mitochondrial 
network organization (peak alignment/average alignment) at various time points after injury (n > 10 z-stacks 
per muscle, per group). Data analyzed by one-way ANOVA, *P < 0.05. Error bars represent means ± SD.
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Figure 4. Structural alterations in mitochondrial network extend well beyond the site of VML injury. The 
effects of VML on mitochondrial organization in control and muscle remaining 7 days after VML injury were 
evaluated at various distances from the injury site, two representative 3D reconstructions of mitochondrial 
networks are presented for each experimental condition. Representative images from (a) uninjured control 
and (b) 0 mm, (c) 0.5 mm, (d) 1.5 mm, (e) 2.0 mm, and (f) 2.5 mm away from proximal VML injury border. 
(g) Schematic showing an injured TA with boxes to indicating the imaging sites at increasing distances from 
the border of the VML injury toward the origin of the muscle. (h) Quantification of mitochondrial network 
organization (peak alignment/average alignment) at various distances from VML injury site (control n = 10, 
0 mm; 0.5 mm, 1.5 mm n = 6; 2.0 mm, 2.5 mm n = 3 z-stacks per muscle). Data analyzed by one-way ANOVA, 
*P < 0.05. Error bars represent means ± SD.
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(Fig. 6b). While the viability of those vessels is unknown, it appears a reduction in the vascular network is not a 
limiting factor for oxidative capacity, prompting us to pursue another more viable hypothesis.

Mitochondrial biogenesis as a mechanism for impaired oxidative plasticity. Mitochondrial bio-
genesis is the cellular process of expanding the mitochondrial reticulum by the creation of new organelles and 
is responsive to cellular stimuli such as an increase in energy demand. Because mitochondrial biogenesis is a 
primary adaptation to exercise training and is necessary for exercise-induced increases in mitochondrial func-
tion and content, we thought that impaired mitochondrial biogenesis in VML injured muscle could potentially 
explain the lack of oxidative plasticity. To test this, we designed an acute stimulation protocol that would mimic a 
short bout of overload exercise capable of generating a stimulus for mitochondrial biogenesis47–49. To control for 
any potential differences in voluntary activation of the hindlimb between VML injured and control mice, direct 
in vivo stimulation of the sciatic nerve for complete activation the plantar flexor muscles was used. PGC-1α gene 
expression was measured after 30 minutes of unilateral stimulation on bi-laterally VML injured mice 14 days after 
injury as well as injury naïve mice. As expected, PGC-1α gene expression was ~3-fold greater in the stimulated 
limb of injury naïve mice compared to the unstimulated limb (Fig. 7a). However, in the stimulated limb of VML 
injured mice, PGC-1α gene expression did not increase after the stimulation indicating that mitochondrial bio-
genesis signaling was altered (Fig. 7a). This finding suggests that the lack of oxidative adaptations in VML injured 
tissue after therapeutic exercise is due to impairments in mitochondrial biogenesis signaling within the injured 
muscle, potentially due to inadequate neural activation of the muscle during exercise.

Overexpression of PGC-1α can correct oxidative deficits and partially rescue contractile defi-
cits in the muscle remaining after VML injury. Our findings suggest that impaired exercise-induced 
activation of PGC-1α gene expression is a potential limiting factor to mitochondrial biogenesis and the lack 
of oxidative plasticity following exercise in the muscle remaining after VML injury. To explore this, we tested if 
bypassing exercise-dependent PGC-1α activation (i.e., electrical stimulation and wheel running) could rescue 
the oxidative capacity phenotype in the remaining muscle. Control and VML injured muscle were transfected 
with GFP-tagged PGC-1 plasmid driven by a CMV promoter by electroporation immediately after the VML 
injury50 (Fig. 7b,c). Four weeks after transfection and injury, all mice, including VML-injured mice, had 25–35% 
greater mitochondrial function and content compared to non-transfected and vehicle (i.e., saline) transfected 
control mice indicated by state 3 respiration (function) and citrate synthase activity (content) (Fig. 7d–f, Table 1). 
Interestingly, the improvements in oxidative capacity were also concomitant with greater torque production and 
contractile fatigue resistance in VML-injured mice (Fig. 7g,h). In fact, PGC-1α overexpression rescued ~32% of 
the torque deficit in VML injured mice after accounting for plantar flexor muscle mass, although a ~10% defi-
cit verses control still remained (Fig. 7i). These results highlight the potential benefit of developing treatment 
strategies targeted to restoration of mitochondrial biogenesis and by extension oxidative capacity in the muscle 
remaining after VML injury, as they may also be a useful therapeutic for restoring contractile function.

Figure 5. The effects of VML and voluntary wheel running on muscle strength and oxidative capacity 4 weeks 
post injury. (a) Mitochondrial respiratory function normalized by grams wet weight of permeabilized muscle 
fibers (n ≥ 12 permeabilized fiber bundles from n = 6 mice for each condition) did not adapt to exercise training 
in the VML injured limb. (b) Mitochondrial respiratory function normalized to citrate synthase enzyme activity 
(see Table 1). (c) Wheel running distance of control and VML injured mice. Peak isometric torque normalized 
to (d) body mass and (e) plantarflexor mass in the VML injured limb was significantly greater after voluntary 
wheel running. Data analyzed by one-way ANOVA, *P < 0.05. Error bars represent means ± SD.
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Discussion
Current research on treatments for VML injury focus primarily on two areas: (1) designing physical bioengi-
neered constructs with or without cellular and growth factor components to fill the void and facilitate endoge-
nous or exogenous regeneration of lost muscle, and/or (2) designing structured physical therapy programs that 
strengthen the remaining muscle. Our study uncovered an important and novel aspect of VML pathophysiology, 
namely mitochondrial dysfunction, which is expected to provide critical contributions to both the development 
and evaluation of various treatment approaches for VML injury. Herein, we first identified mitochondrial net-
work disorganization and dysfunction as a muscular complication (i.e., comorbidity) caused by VML injury. 
These complications, in addition to other comorbidities to injury, are expected to contribute to a hostile local and 
systemic environment that should be accounted for during the development and implementation of regenerative 
medicine approaches for VML. Second, we demonstrated that VML-injured muscle lacks the ability to oxidatively 
adapt to exercise, which is potentially a mechanism responsible for the limited efficacy of functional rehabilitation 
following VML.

One important characteristic of VML injury is the large loss in muscle contractile function for a relatively 
small loss in muscle tissue removed during the injury (see for reviw9). Similarly, in this study, there was a signif-
icant reduction in oxidative capacity acutely after VML, but it was unclear whether the loss in oxidative capacity 
for the muscle as a whole was proportionate to the reduction in muscle volume. To explore this relationship, we 
generated an estimate of whole-muscle oxidative capacity, by extrapolating the mitochondrial oxygen consump-
tion rate per mg of muscle to the entire muscle. This analysis revealed that the VML injured muscle had signif-
icantly greater reduction in oxidative capacity (~60%) compared to the amount of muscle tissue removed with 
VML (~10–15%; Fig. 1f). To determine if this relationship between oxidative capacity and muscle tissue volume 

Figure 6. Changes in the vasculature networks is not altered following VML injury and wheel running. (a) 
Representative 3D reconstructions with vessel diameter mapping of vasculature in the posterior compartment 
of contralateral control and VML injured limbs. Additionally, mice were given access to running wheels (or 
remained sedentary) for one month following injury. (b) Quantification of blood vessel volume normalized 
to total volume. Data analyzed by two-way ANOVA; P = 0.007 for main effect of muscle injury. Error bars 
represent means ± SD.
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occurs in other conditions of muscle loss, we performed an analysis of 15 studies spanning multiple conditions 
that are associated with a loss in muscle volume [i.e., denervation27–31, aging32–35, cachexia36–38, immobilization39, 
heart failure40, ischemia reperfusion injury41, and critical illness42]. On average, there was a ~29% loss in oxidative 
capacity after an average loss in muscle mass of ~36%, which suggests that oxidative capacity in VML injured 
muscle is disproportionately reduced in relation to the loss in muscle tissue. This finding is in line with the mito-
chondrial respiratory and structural deficits observed acutely after VML, and reveals the potential impact of the 
extensive mitochondrial damage throughout the remaining muscle.

The disproportionate reduction in oxidative capacity that is observed after VML is partially due to the 
mechanical damage from the injury itself, as muscle architecture is likely disrupted by the injury. However, the 
extent of VML-indcued architectural damage is still unclear and is not expected to explain the extensive mito-
chondrial structural and functional abnormalities that occur after VML. Inflammation has been associated with 
mitochondrial dysfunction51,52 and an excessive inflammatory response, like the one that occurs after VML, could 
be a potential contributor to the mitochondrial damage in the remaining muscle. Generally, following a mus-
cle injury, the inflammatory response is important for initiating endogenous recovery of muscle function and 
typically resolves within 3–7 days53 depending on injury severity. However, following VML injury, the inflam-
mation could potentially exacerbate the injury as it is heightened and prolonged, likely lasting for well more 
than a month25,54. The quantitative 2-photon scanning microscopy provided evidence that suggests the damaging 
effects of VML injury on mitochondrial organization and function extend well beyond the borders of the injury 
(Fig. 4). This widespread effect of VML injury could be due to the excessive inflammatory response or even 
fiber architectural damage that may be occuring after injury. Collectively, this could support the notion of an 
inflammation-based bystander injury in the myofibers surrounding the initially injured area55,56. However, future 
work is necessary to systematically undersand the complex relationship between the comordibites and pathophi-
ology following VML injury.

The mitochondrial defects in VML-injured muscle may be an important contributor to the disproportionate 
loss in muscle function after VML. We expect that the extensive mitochondrial structural and functional dispari-
ties observed after VML creates an inhospitable environment to endogenous skeletal muscle regeneration, which 
perpetuates the chronic disproportionate loss in muscle function. This notion is supported by several lines of 
evidence that suggest mitochondria have an important role in skeletal muscle regeneration. First, mitochondrial 
biogenesis coincides with the time course of muscle regeneration57,58. Second, mitochondrial quality is necessary 
for successful regeneration, as Jash et al. demonstrated that restoring mitochondria with polycistronic RNAs 
after muscle injury can lead to greater activation and proliferation of endogenous satellite cell populations59. 
Lastly, enhancing mitochondrial capacity is sufficient to accelerate recovery of muscle function suggesting that 

Figure 7. Effect of PGC-1α overexpression on oxidative capacity and plantarflexor muscle strength 4 weeks 
after VML injury. (a) PGC-1α gene expression 3 hours after completion of stimulation protocol (30 minutes 
of stimulation) for stimulated and non-stimulated limbs of control and VML injured mice; two-way ANOVA, 
interaction P < 0.001, # indicates significantly different from all other experimental groups. (b) Representative 
images of whole gastrocnemius muscles with (bottom) and without (top) PGC-1α overexpression showing 
increased red hue in PGC-1α transfected muscle, indicating greater oxidation. (c) Representative images of 
muscle with and without GFP-PGC-1α transfection showing GFP fluorescence in PGC-1α transfected muscle. 
(d) Mitochondrial respiratory function normalized by grams wet weight of permeabilized muscle fibers (n ≥ 15 
permeabilized fiber bundles from n = 5 mice for each condition). (e) Mitochondrial respiratory function 
normalized to citrate synthase enzyme activity. (f) Plantarflexor torque loss following a fatiguing bout of 120 
contractions; two-way ANOVA, P = 0.014 for both main effects of PGC-1α (*) and group (#). Peak isometric 
torque normalized to (g) body mass and (h) plantarflexor mass was partially rescued in the VML injured 
limb after PGC-1α overexpression. Data analyzed by one-way ANOVA unless specified otherwise, *P < 0.05. 
Throughout, error bars represent means ± SD.
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the functional quality of the mitochondrial network is important for the regeneration potential of the muscle60. 
Given this evidence, it is not surprising that extensive damage to the mitochondrial network after VML would 
be associated with extreme loss in muscle function. Indeed, the data presented herein show that both muscle 
oxidative capacity and structure are reduced by similar magnitudes which supports the argument that damaged 
mitochondria in VML-injured muscle may be a major contributor to muscle dysfunction after VML.

In a recent publication, Glancy et al.61 highlighted structural differences in mitochondrial network across 
glycolytic, oxidative, and cardiac muscle, with glycolytic muscles having lower mitochondrial volume and fewer 
and smaller intermitochondrial junctions than oxidative and cardiac muscle. The authors hypothesized that 
intermitochondrial junctions are important for mitochondrial signal communication and distribution across 
the network as well as restricting the spread of network dysfunction. These structural differences in muscle mito-
chondrial networks may be of importance when considering the detrimental effects of the VML injury on the 
mitochondrial network within the TA muscle, which is primarily a glycolytic muscle. For example, differences in 
intermitochondrial junction number and size may alter the extent to which mitochondrial dysfunction spreads 
throughout the network after VML injury in oxidative versus glycolytic muscle. Future experiments should take 
advantage of the recent advances in mitochondrial imaging to explore the potential differential effects of VML on 
glycolytic and oxidative muscle.

The VML-injured muscle is an obvious candidate for rehabilitative therapy due to expected benefits of greater 
strength, fatigue resistance, and a healthier more favorable cellular environment for regenerative medicine 
approaches (e.g., biomaterial, stem cell, and growth factor-based therapies). However, VML-injured muscle does 
not only have compromised oxidative capacity, but also compromised oxidative plasticity, and physical rehabili-
tation interventions are pointless endeavors if the tissue is unable to remodel and adapt. Certainly, the parameters 
(i.e., optimal frequency, duration, and intensity) of post-VML rehabilitative care need to be validated, but iden-
tification of the mechanisms of limited plasticity in VML-injured muscle must be uncovered before specific and 
effective treatment regimens can be created.

PGC-1α gene expression did not increase with an acute bout of electrical stimulation, which provides a 
potential mechanism for the attenuated oxidative adapations to exercise training in VML-injured muscle. This 
phenomenon, the lack of response in PGC-1α gene expression, is likely the result of inadequate muscle activa-
tion during exercise. Damage to descending axons, intramuscular nerves, and neuromuscular junctions (NMJs) 
downstream of the directly activated sciatic nerve could impede complete muscle activation. Indeed, Beltran et al. 
reported that ~20% of VML patients suffer peripheral nerve injuries concurrently with the injury62, and a recent 
report highlighted significant chronic motor neuron axotomy that occurs in VML-injured muscle24. Furthermore, 
overexpression of PGC-1α induced greater oxidative capacity in the VML-injured muscle, which suggests that the 
mitochondrial biogenesis signaling pathway is intact and oxidative adaptations are possible if mitochondrial bio-
genesis is stimulated independent of contractile activity. These data support a framework in which VML-induced 
nerve damage likely limits muscle fiber activation and motor unit recruitment during exercise in the muscle tissue 
adjacent to the injury site, thus preventing oxidative adaptations.

Four weeks of PGC-1α overexpression in VML-injured muscle nearly completely rescued muscle strength 
normalized to muscle mass. These data indicate that PGC-1α plays an important role in recovery of muscle func-
tion after VML, but it remains to be seen exactly how PGC-1α overexpression mechanistically leads to greater 
strength. There are several possible ways that PGC-1α overexpression could improve contractility in VML-injured 
muscle. First, mitochondria have been shown to aid in muscle fiber sarcolemmal repair after injury63,64, meaning 
that myofibers with more mitochondria (i.e., PGC-1α overexpression) may be more resistant to cell death after 
injury. Second, PGC-1α overexpression has been shown to enhance structure and innervation of the NMJ, in 
particular the pre-synaptic integrity of the NMJ4, which could partially compensate for neural damage caused 
by VML by facilitating retrograde neurotrophic signaling to motor neurons. Third, PGC-1α overexpression has 
been shown to prevent muscle atrophy, which is a common side effect of VML, by inhibiting FoxO3 signal-
ing65. Overall, our data show that PGC-1α overexpression and the resulting increases in oxidative capacity are 
associated with improved muscle strength after VML injury, but the exact mechanism or mechanisms by which 
PGC-1α overexpression causes greater muscle strength remains unclear and should be a focus of future research.

The improvements in functional capacity following PGC-1α overexpression are promising in that VML 
injured muscle was capable of oxidative adaptations and suggests that mitochondria may play an important and 
unaddressed role in the recovery of muscle strength after VML. Thus, future research and treatment strategies 
should be expanded to address limitations in oxidative adaptations to exercise and rehabilitation to potentially 
exploit the role of mitochondria in recovery of muscle function after VML. In conclusion, this work uncovers a 
novel element of VML pathophysiology and provides valuable insight for development and optimization of future 
VML treatment strategies.

Methods
experimental design. Male C57BL/6 mice were housed at 20–23 °C on a 12:12-hr light-dark cycle, with 
food and water provided ad libitum. At the time of randomization to experimental groups all mice were 9 weeks 
of age. For the acute study, (n = 8) mice were randomized to unilateral VML injury for either 3 or 7 days. For 
the wheel running study, (n = 5–7 per group) mice were randomized to uninjured control and 4 weeks of wheel 
running (Control + Run), unilateral VML alone (VML Contralateral; VML Injured), or unilateral VML and 4 
weeks of wheel running (VML Contralateral + Run; VML Injured + Run). Mice within running groups were 
given access to voluntary running wheels 72 hours after VML injury. For the PGC-1α transfection study, (n = 4–5 
per group) mice were randomized to uninjured control and PGC-1α plasmid (Control + PGC-1α), unilateral 
VML and empty vector (i.e., saline) (VML Contralateral + Saline; VML Injured + Saline), or bilateral VML and 
PGC-1α plasmid (VML Injured + PGC-1α). All outcome measures were also collected in an uninjured, untreated 
control group (Control, n = 7) and was used as a reference group across studies. Plantarflexor peak isometric 
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strength and gastrocnemius mitochondrial respiration were measured after 3 and 7 days (acute study), after 4 
weeks of voluntary running (wheel running study), and after 4 weeks of PGC-1α overexpression (PGC-1α trans-
fection study). Plantarflexor fatigability was also measured after 4 weeks of PGC-1α overexpression (PGC-1α 
transfection study). Immediately after assessment of peak strength, the gastrocnemius muscle was harvested and 
prepared for mitochondrial respiration measurements and mitochondrial enzyme assays. All procedures were 
approved and performed in accordance with relevant guidelines and regulations by the Institutional Animal Care 
and Use Committee at the University of Georiga.

surgical creation of VML injury. VML injury was conducted on the posterior compartment of anesthe-
tized (isoflurane 1.5–2.0%) mice. All mice received administration of buprenorphine-SR (1.2 mg/kg; s.c.) for pain 
management 30 minutes prior to surgery. A posterior incision was made to expose the posterior compartment 
muscles, and blunt dissection was used to remove the fascia and hamstrings to expose the gastrocnemius muscle. 
A small metal plate was inserted behind the gastrocnemius and soleus muscles and a 4-mm biopsy punch was 
used to remove 22.1 ± 2.9 mg of muscle volume (~10–15% of uninjured gastrocnemius mass) from the center 
of the gastrocnemius muscle. In a subset of mice a TA muscle VML injury was made for evaluation of 2-photon 
imaging of mitochondrial structure. Under the same induction and pain management techniques, an anterior 
incision was made to expose the TA muscle and the fascia was removed. A 3-mm biopsy punch was used to 
surgically create the VML injury in the middle of the muscle (7.46 ± 1.2 mg removed). For both procedures, 
following the VML, the skin incision was sutured closed (6–0 silk). There were no adverse events noted in any of 
the experimental groups.

Voluntary wheel running. Injured and control mice in the one month wheel running study, were housed 
individually and given free access to a running wheel (Columbus Instruments, Columbus, Ohio). Sedentary VML 
mice were housed in a standard mouse cage without access to a running wheel. Daily running totals were cal-
culated from wheel revolutions collected at 5 min intervals and are presented as a daily average of distance ran.

In Vivo muscle function. Prior to assessment of in vivo peak isometric torque of the ankle plantarflexors, 
mice were anaesthetized using 1.5% isoflurane at an oxygen flow rate of 0.4 L/min. The left hindlimb was depilated 
and aseptically prepared and the foot placed in a foot-plate attached to a servomotor (Model 300C-LR; Aurora 
Scientific, Aurora, Ontario, Canada). The left peroneal nerve was severed and platinum-iridium needle electrodes 
(Model E2–12; Grass Technologies, West Warwick, RI) were placed on either side of the sciatic nerve to elicit iso-
lated contraction of the plantarflexor muscles. Peak isometric torque was defined as the greatest torque measured 
during a 200-ms stimulation using 1-ms square-wave pulses at 300 Hz and increasing amperage 0.6 to 2.0 mA 
(models S48 and SIU5; Grass Technologies). Fatigability of the plantarflexors muscles was assessed using 120 
submaximal isometric contractions were performed in 2 min using 330 ms stimulations at 50 Hz.

Stimulation of exercise bout. To assess the integrity of mitochondrial biogenesis signaling in VML 
injured muscle, a 30 minute in vivo electrical stimulation protocol was used to simulate an acute bout of exercise. 
The stimulation protocol was performed two weeks after VML injury on the left limb of age-matched control 
mice (n = 6) and bilateral VML injured mice (n = 6). Electrical stimulation was used instead of voluntary exer-
cise to ensure activation of the injured gastrocnemius muscles. Prior to the start of the stimulation protocol, 
platinum-iridium needle electrodes were placed around the sciatic nerve of anesthetized (isoflurane 1.5–2.0%) 
mice and electrical current was optimized for peak torque generation. The electrical stimulation protocol con-
sisted of 10 sets of 1800 contractions (parameters: pulse frequency = 100, pulse width = 0.1, pulses per train = 1, 
train frequency = 10 Hz) conducted over 30 minutes. At the end of the protocol, gastrocnemius muscles were 
quickly harvested, flash frozen in liquid nitrogen, and stored at −80 °C for later qRT-PCR analysis.

Gene expression. RNA was isolated from frozen gastrocnemius muscles using an RNeasy kit (QIAGEN) 
and cDNA was generated using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). iQ 
SYBR Green Supermix (Bio-Rad) and the following sequence-specific primer was used to assess mRNA levels 
for PGC-1α, (For: 5′-AGC CGT GAC CAC TGA CAA CGA G-3′; Rev: 5′-GCT GCA TGG TTC TGA GTG 
CTA AG-3′). NormFinder Software66 was used to identify the most stable reference gene between 18 s, Hprt, 
and Hsp90. Hprt (For: 5′-TCAACGGGGGACATAAAAGT-3′; Rev: 5′-TGCATTGTTTTACCAGTGTCAA-3′) 
was identified as the most stable gene in this VML model and therefore was the reference gene of choice for this 
analysis. Relative gene expression was calculated using the 2−ΔΔCT method.

Mitochondrial assays. Immediately following sacrifice, the medial and lateral gastrocnemius muscles from 
uninjured and injured limbs were dissected on a chilled aluminum block in 4 °C buffer X containing 7.23 mM 
K2EGTA, 2.77 mM Ca K2EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM ATP, 14.3 mM PCr, 6.56 mM MgCl2-
6H2O, 50 mM k-MES. Muscles were carefully dissected < 1 mg bundles of muscle fibers as reported by Kuznetsov 
et al.67. Fiber bundles were permeabilized via an incubation (i.e., rocking) in buffer X and saponin (50 μg/ml) 
at 4 °C for 30 minutes. Following permeabilization, muscle fiber bundles were rinsed for 15 minutes in buffer Z 
(105 mM k-MES, 30 mM KCl, 10 mM KH2PO4, 5 mM MgCl2, 0.5 mg/ml BSA, 1 mM EGTA) at 4 °C. All respira-
tion measurements were performed using a Clark-type electrode (Oxygraph Plus System, Hansatech Instruments, 
UK) at 25 °C. Prior to each experiment, the electrode was calibrated according to the manufacturer’s instructions 
and 1 ml of oxygen infused buffer Z was added to the chamber. Muscle fiber bundles were weighed (~2.5 mg for 
all samples) and added to the chamber. State 4 respiration (leak respiration in the absence of ADP) was initiated 
by the addition of glutamate (10 mM) and malate (5 mM). State 3 respiration (respiration coupled to ATP synthe-
sis) was initiated by the addition of ADP (2.5 mM) and succinate (10 mM). Cytochrome c (10 μM) was added to 
measure the integrity of the outer mitochondrial membrane (data not shown). Respiration rates were expressed 
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relative to the mg of tissue loaded into each oxygraph chamber as well as to citrate synthase activity to account for 
differences in mitochondrial content between samples.

Citrate synthase activity was measured using a protocol modified from Srere68, Briefly, ~20 mg of gastrocne-
mius muscle was homogenized in ~800 µl of 33 mM phosphate buffer (pH 7.0). 5 µl of homogenate, 173.74 µl of 
100 mM Tris buffer (pH 8.0), 17.51 µl of DTNB, 8.75 µl of acetyl CoA, and 20 µl of oxaloacetate were combined in 
a well of a 96 well plate. Absorbance was measured at 405 nm every 10 seconds for 3 minutes and citrate synthase 
activity was determined from the change in optical density over that time. Enzyme activities were normalized to 
mg of tissue in the sample homogenate.

Micro-Ct angiography. A subset of C57Bl/6 mice were randomly assigned to either VML (VML 
Contralateral; VML Injured) or VML and 4 weeks of wheel running (VML Contralateral + Run; VML 
Injured + Run). Unilateral VML injury was performed on the posterior compartment of all mice. Four weeks 
after injury, micro-CT angiography was used to quantitatively evaluate hindlimb vasculature45,46. After animal 
euthanasia, the vasculature was cleared with 0.9% saline, perfusion fixed with 10% neutral buffered formalin, 
rinsed again with saline, and injected with Microfil contrast agent (MV-122, Flow Tech Inc.). Samples were stored 
at 4 °C overnight to allow for polymerization of the contrast agent. Hind limbs were harvested and stored in PBS 
at 4 °C until imaging.

For imaging, samples were oriented with long axis of the tibia extending in the z-direction for micro-CT 
scanning (µCT50, Scanco Medical). Scans were performed on the lower leg with an applied electric potential of 
55 kVp, a current of 145 μA, and an isometric voxel size of 20 μm. After automated reconstruction to 2D slice 
tomograms, contouring was performed on slices to mark a total muscle volume of analysis that excluded bones 
and only selected the musculature in the posterior compartment of the lower hindlimb. A global X-ray attenua-
tion threshold was applied for segmentation of Microfil perfused vasculature, and a Gaussian low-pass filter was 
used for smoothing and noise suppression. This produced 3D images and volumetric quantifications (using direct 
distance transformation methods included in Scanco software) for vascular anatomy with the outcome measure 
of vascular volume normalized to total volume. All investigators involved in scanning and analysis were blinded 
to experimental groups.

plasmid and transfection. Electroporation and PGC-1α plasmid transfection were conducted at the time 
of VML injury. GFP-PGC1 plasmid expressing eGFP-tagged mouse PGC1a was acquired from Addgene50. For in 
vivo electroporation, GFP-PGC1 plasmid was prepared by cesium chloride density-gradient centrifugation and 
isopropanol precipitation as previous reported69. In vivo electroporation of mouse gastrocnemius muscles was 
performed as described by Aihara et al.70. Briefly, 20 μl of GFP-PGC1 plasmid (concentration = 2.8 μg/μL) was 
injected at 2 sites: medial and lateral gastrocnemius muscles. Electroporation was conducted with a BTX ECM 
830 electroporation system equipped with 5 mm 2-needle arrays. The following settings of the electronic pulses 
were use: LV = 00 V/99 msec, set voltage = 100 V, set pulse length = 50 m sec, set number of pulses = 3 pulses. 
When 3 pulses were done, the 2-needle array was reversed, and 3 addition pulses were applied to the muscle with 
the above settings. Transfection efficiency was assessed primarily by an increase in OCR in the transfected tissues 
and secondarily by post hoc qPCR analysis of PGC-1α, Ndufb2, Ndufa8, and ATP5h genes, the latter three being 
indirect targets of PGC-1α, from portions of the lateral and medial gastrocnemius muscle that remained after 
tissue harvest. All genes trended toward significance (p ≤ 0.09) and there was a signicant ~2-fold increases in 
ndufa8 (p = 0.002) and ATP5h (p = 0.008) (data not shown). Notably, this post hoc analysis came from the portion 
of the lateral and medial gastrocnemius outside of the specific transfection area. A technical limitation of this 
work is the use of saline injection instead of a proper empty plasmid vector as a control for the PGC-1α plasmid.

2-Photon scanning microscopy. Unilateral VML injury was performed on the left TA muscle of C57Bl/6 
mice ubiquitously expressing mitochondrial Dendra2 green/red photoswitchable monomeric fluorescent protein 
(Jackson Laboratory, #018385). We elected to use the TA for the imaging rather than the gastrocnemius muscle 
used for other studies herein, because of its accessibility and lack of pennation differences across medial and 
lateral aspects of the muscle. Imaging was performed immediately (data not shown), 3, 7, and 28 days after VML 
injury, and the contralateral limb was imaged at each timepoint as a control.

Prior to imaging, the TA was extracted, placed in buffer X (see Methods: Mitochondrial Assays), and secured 
to a dissection gel with pins. 2-photon microscopy was used to characterize the mitochondrial network of the 
muscle fibers remaining after VML. We used a Ti:Sapphire laser (Coherent Chameleon Ultra II), with 840 nm 
and 940 nm wavelength and 130 fs pulses duration for excitation of the Dendra2 fluorescent protein, with an 
NA = 1.1 objective lens (Olympus LUMFLN 60XW) and a 509/22 nm filter for fluorescence collection. For the 3, 
7, and 28-day time points, we imaged within an area of approximately 1.0 mm2 in the proximity of the injury site. 
Within each area, we collected multiple z-stacks (n > 10), with resolution and pixel size small enough to satisfy 
the Nyquist sampling theorem (dx = dy = 0.3125 μm, dz = 1 μm). Additional z-stacks (n = 3–6) were collected 
proximal to the border of the injury at increasing distances (0 mm, 0.5 mm, 1.5 mm, 2.0 mm, and 2.5 mm) away 
from the injury site toward the origin of the muscle.

To analyze the mitochondrial network organization, we developed an angular Fourier filtering (AFF) method, 
based on a Fourier metric previously used for sensorless Adaptive Optics71. Transforming an image from the 
spatial domain (Fig. S1a,c) to the Fourier domain (Fig. S1b,d), converts it to an array of weighted coefficients that 
include information such as periodicity and angle of the features in the image. Our method uses a wedge filter ψ 
with a gaussian profile w.r.t. ϕ in cylindrical coordinates ρ, ϕ, (Fig. S1E) to collect information about features at 
an angle α:
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Where σ is the standard deviation of gaussian filter. We then calculate the 2D Fourier transform of each image i 
at depth z:
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We rotate the filter from 0 to 180 degrees for each optically sectioned image at depth z to produce a histogram 
of the angle of alignment and periodicity of the structure. Each point in the generated 2D histogram AFF is cal-
culated using:

α
ρ ϕ ρ ϕ α ρ ϕ ρ ϕ

ρ ϕ ρ ϕ ρ ϕ
=

× Ψ × →

× →
∬

∬
AFF z

I z M d d

I z M d d
( , )

( ( , , ) ( , , ) ( , ))

( ( , , ) ( , ))
,

2

2

where M is a mask determined by the numerical aperture of the microscope NA,the wavelength of the emitted 
light λ, and the frequency lower bound ξ (to suppress features larger than twice the mitochondrial network 
period):
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AFF is an ideal analysis for assessing mitochondrial structural organization because it can detect the 2 dom-
inant angles of alignment in uninjured mitochondrial networks: (1) mitochondrial network alignment parallel 
to muscle fiber orientation and (2) mitochondrial network alignment perpendicular to muscle fiber orientation. 
AFF was used in each frame from a z-stack to produce 3D mesh plots (Fig. 2). The magnitude of the peaks within 
the 3D mesh plots represents the strength of alignment of mitochondrial structures to a particular angle. To 
quantify the organization of mitochondrial structures the ratio of peak alignment strength of a given z-stack and 
its average alignment strength across the entire z-stack was calculated (Fig. 3c,d), which we call the alignment 
ratio (AR):

α
α

= −AR AFF z
avg AFF z
max( ( , ))

( ( , ))
1,

where max and avg are functions returning the maximum and the average of the arrays, respectively.

statistical analysis. Data are presented in the results as mean ± SD and represented graphically as dot plots. 
A multi-factor repeated measures analysis of variance (ANOVA) was used to analyze assessments wheel run-
ning performance (injury group by time, repeated). A multi-factor repeated measures ANOVA was also used to 
analyze data from the acute VML study (time post injury by experimental limb). Gene expression data was ana-
lyzed using nonparametric tests in REST 2009 Software (M. Pfaffl, Technical University Munich, and QIAGEN). 
A two-way ANOVA was used to analyze torque as well as fatigue resistance after PGC-1α transfection (group 
by treatment). All other data were analyzed using one-way ANOVA. All data were required to pass normality 
(Shapiro-Wilk) and equal variance tests (Brown-Forsythe F test) before proceeding with the ANOVA. Differences 
among groups are only reported where significant interactions were observed and subsequently tested with 
Tukey’s post hoc test using JMP statistical software (version 13, SAS, Cary, NC). Group main effects are reported 
where significant interactions were not observed. An α level of 0.05 was used for all analyses.

Data Availability
The datasets used and/or analyzed during the current study are primarily presented in the current manuscript 
and are available from the corresponding author on reasonable request. The executable code used to analyze mi-
tochondrial network organization is available upon request.
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