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ABSTRACT 

Volumetric muscle loss (VML) is characterized by a large volume of muscle tissue being 

removed from the body due to surgery or severe trauma. The remaining muscle after VML 

has poor function and unknown effects on oxidative capacity and adaptive potential during 

physical rehabilitation. We sought to investigate the oxidative capacity and plasticity of the 

remaining skeletal muscle after VML injury. We found that VML mitochondrial 

respiratory function at 3 and 7 days post injury was severely impaired (38% and 53% of 

control, P<0.001). In an attempt to correct these mitochondrial deficits, we subjected VML 

injured mice to voluntary wheel running (WR). After 4 weeks of WR, mitochondrial 

function was ~23% greater in the uninjured limb of VML+WR mice compared to VML 

without WR, but mitochondrial function in the injured limb of VML+WR mice was not 

different from VML alone, suggesting VML injury prevents oxidative adaptations to 

exercise (P<0.001). To determine if a faulty oxidative signaling cascade (i.e., PGC-1a) 

was responsible for impaired metabolic adaptation in the VML-injured muscle, direct 

muscle activation via sciatic nerve electrical stimulation was used to initiate oxidative gene 

transcription in control (CON) and VML mice. The stimulated muscle in CON mice had 



~4-fold greater PGC-1a gene expression than the unstimulated muscle; however, there was 

no effect of stimulation on PGC-1a expression in VML mice (Interaction: P<0.001) 

suggesting VML injury attenuates oxidative gene regulation. PGC-1a (CMV promoter) 

transfection was performed to bypass endogenous PGC-1a activation pathways. Forced 

expression of PGC-1a resulted in ~33% and ~31% greater mitochondrial function in 

CON+ PGC-1a and VML+ PGC-1a mice, respectively, compared to VML alone 

(P<0.001), and VML+ PGC-1a mice had 47% greater muscle strength than VML alone 

(P<0.001). In conclusion, PGC-1a activation is the limiting factor impairing oxidative 

plasticity in VML-injured muscle; and improving oxidative capacity of the remaining 

muscle after VML injury improves recovery of strength.  
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CHAPTER 1 

INTRODUCTION 

In military populations, extremity injuries comprise the majority of combat wounds 

and cost the Department of Defense $42.4 billion in initial costs, which contributes to the 

$108.8 billion in lifetime disability benefits issued to injured service members (1). Over 

half of these extremity injuries are soft-tissue wounds involving extensive damage to the 

muscle (2). This type of injury is known as volumetric muscle loss (VML) and is 

characterized by a large volume of muscle tissue being removed from the body due to 

surgery or severe trauma. Currently, the pathophysiology of VML is poorly defined (3). 

As a result, clinical rehabilitation approaches are poorly defined and have limited efficacy. 

In fact, if a clinical intervention is employed, it often starts months after the injury occurs 

and offers little in the way of functional muscle recovery (1, 4-6). This leaves individuals 

who have suffered VML injuries with chronic muscle dysfunction and a reduced quality of 

life (4, 7).  

A critical barrier to restoring muscle function in patients with VML is that the 

pathophysiology of VML has not been fully elucidated. The limited number of clinical 

trials and case studies that do describe VML pathophysiology primarily focus on the most 

notable feature of VML which is the loss of muscle strength. This strength loss is 

permanent and also out of proportion to the muscle volume removed (3), as the remaining 

tissue has 60% worse function than would be predicted for a given amount of tissue 



 

2 

removed. In addition to strength loss, VML is also characterized by extensive nerve 

damage (8), fibrotic infiltration into the injury site (4, 9, 10), as well as loss of force 

transmission through the muscle (9, 11). While these are all important aspects of VML 

pathophysiology, they may not entirely account for the suboptimal muscle function 

observed in the remaining tissue. Additional studies are needed to explore the VML 

pathophysiology at the cellular level within the remaining tissue. This area of research 

remains largely unexplored but could be critical to developing effective treatments 

strategies for VML patients. 

One reason that the pathophysiology of VML remains poorly defined is that few studies 

have actually addressed this issue. Instead, a majority of VML research has focused on 

muscle fiber regeneration strategies. Muscle fiber regeneration is not possible following 

VML because of the complete removal of muscle tissue with the injury. While the muscle 

has a remarkable ability to repair itself after injury, VML injuries require de novo muscle 

fiber regeneration beyond the natural capacity of the muscle (4, 12, 13). Previous studies 

have tried to explore ways to reconstruct functional muscle within the void created by the 

VML. Some of the techniques have included implanting muscle tissue grafts (8) and stem 

cell-infused scaffoldings or hydrogels into the void in an attempt to provide an extracellular 

matrix-like structure for new muscle cell growth (6, 8, 9, 14-16). However, these 

approaches have achieved minimal success primarily due to poor vascularization of 

implanted tissue or materials. One study recently demonstrated that progressive delivery 

of muscle cells into the VML void might overcome previous vascularization limitations 

and be a promising option for functional muscle regeneration after VML (16). The 

technique involves delivery of C2C12 cells in layers shallow enough to allow the 
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vasculature to perfuse the new muscle creating a healthy and functional layer of tissue. 

However, despite the promising results of this method, it is still far from being ready to 

implement into human patients, as its success has so far only been established in mice. One 

reason for the limited success of these studies attempting to develop muscle regeneration 

strategies is that VML pathophysiology is not fully understood. Designing effective 

treatments for VML is difficult without a proper understanding of how VML affects the 

muscle. Moving forward, the focus of VML research should shift away from regeneration 

research and instead explore the pathophysiology of VML so that better, more effective 

therapies can be created.  

With this project, I am seeking to advance the understanding of VML 

pathophysiology by investigating the oxidative plasticity of the remaining muscle after 

VML. Successful completion of this work will change concepts regarding VML because it 

will characterize the muscle oxidative capacity and plasticity of the remaining muscle after 

injury and use this information to create guidelines suggesting optimal rehabilitation 

therapies. Overall, this proposal will help to overcome the VML pathophysiology 

knowledge gap by contributing important scientific knowledge to the field of VML 

research. 

Specific Aims and Hypotheses 

Specific Aim 1: To determine the oxidative capacity and plasticity of the remaining muscle 

after a VML injury.  

Hypothesis 1: Oxidative capacity and plasticity of the remaining muscle will be negatively 

affected by VML.  
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Specific Aim 2: To improve oxidative capacity of the remaining muscle after a VML injury.  

Hypothesis 2: Improving oxidative capacity of the remaining muscle will have a positive 

effect on the function of the remaining muscle.  

Significance of Study 

A better understanding of VML pathophysiology is necessary to improve muscle 

function and quality of life in patients with VML. Therefore, the goal of this proposal is to 

determine the oxidative plasticity of the remaining muscle after VML. To accomplish this 

goal, a primary objective of this project is to characterize the oxidative plasticity of the 

remaining muscle. Understanding the oxidative plasticity of the remaining muscle will 

provide information about VML pathophysiology in the remaining muscle that is necessary 

for building a foundation upon which evidenced-based treatment strategies can be designed 

and validated. The second objective of this project is to improve the oxidative capacity of 

the remaining muscle. Understanding how improving oxidative capacity affects the 

function of the remaining muscle will shape VML treatment strategies. Greater muscle 

function after increasing oxidative capacity of the remaining muscle would indicate that 

clinicians should promote rehabilitation strategies that specifically target mitochondrial 

function. I hypothesize that the remaining muscle will have reduced oxidative plasticity 

and that improving the oxidative capacity of the remaining muscle will positively affect 

function of the remaining muscle. Overall, successful completion of this project will 

transform treatment strategies for patients with VML. 

  



 

5 

 

 

CHAPTER 2 
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Abstract 

Mitochondria are extensively involved in muscle cell physiology playing roles in energy 

homeostasis, ion balance, redox homeostasis, programmed cell death, and much more. 

Recently, mitochondria have emerged as powerful signaling centers that are capable of 

reacting to various forms of cellular stress. However, the extent to which mitochondria are 

involved in skeletal muscle stress remains unclear. In this review, we sought to 1) 

determine if mitochondria are capable of sensing skeletal muscle injury, and 2) determine 

if mitochondria can contribute to the post injury skeletal muscle response, namely 

inflammation. We demonstrate that mitochondria are indeed sensitive to skeletal muscle 

injury, in that they undergo alterations in network size and function in response to an injury. 

We also propose a role for mitochondria in which they help to coordinate the inflammatory 

response after muscle injury via stress-induced activation of the NLRP3 inflammasome. 

Overall, we conclude that mitochondria are cellular detectors of skeletal muscle stress and 

potentially important regulators of the inflammatory response after injury.   
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Introduction 

The repair process after muscle injury is very complex and requires coordination 

across multiple systems including the mitochondrial network. Mitochondria are critical to 

skeletal muscle health as they regulate energy balance, cell death, ion homeostasis, redox 

homeostasis, and much more. Recent evidence suggests that mitochondria are needed for 

cell membrane repair and normal muscle regeneration (1, 2), and a growing body of 

literature suggests that mitochondria are signaling centers when cells are under stress (3-

6). In theory, muscle injury could trigger a mitochondrial stress response where 

mitochondrial-derived signals could contribute to the characteristic skeletal muscle 

response, i.e. inflammation, observed after an injury.  

Changes in mitochondrial function in response to muscle injury as well as the 

mitochondrial involvement in the post-injury repair process have not been well 

characterized. The purpose of this review is to address the question of whether 

mitochondria are sensitive to skeletal muscle injury, and if so, whether they might serve as 

the nexus for initiation of skeletal muscle responses to the stress. We postulate that 

mitochondria are sensitive to skeletal muscle injuries, and that the mitochondria respond 

in a distinctive way to the stress which may serve as the signaling axis to initiate skeletal 

muscle responses to the stress, e.g. inflammation, membrane repair, satellite cell mediated 

muscle regeneration. In the first section of this review, we will discuss whether 

mitochondria are sensitive to muscle injuries. To address this topic, we will present the 

known literature surrounding the impact of various muscle injuries on mitochondria. In the 

second section of this review, we will explore the interaction between inflammation and 



 

8 

mitochondrial signaling, as inflammation is a common element among the various muscle 

injuries presented. Overall, this review should demonstrate to readers that mitochondria are 

indeed sensitive to muscle injury and upon sensing muscle stress they may help coordinate 

the ensuing inflammatory response. 

Overview of Mitochondrial Sensitivity to Skeletal Muscle Injury 

Skeletal muscles will undergo a number of distinct stresses throughout their 

lifetime, each impacting the muscle in a unique way. For this review, we evaluated muscle 

stresses that specifically impact muscle contractility, which is the most reliable and 

physiologically relevant measure of muscle function. The scope of this review is therefore 

narrowed to only include forms of muscle injury that result in measurable strength loss, 

and includes burn, freeze injury, myotoxic injuries, contraction induced injury, volumetric 

muscle loss, and ischemia reperfusion, as different forms of non-disease related muscle 

stress. We consolidated these injuries into three distinct categories separated by their 

mechanism of action on the muscle: 1) skeletal muscle trauma, 2) contraction induced 

injury, and 3) mechanical and myotoxic muscle injury. Upon establishing these categories 

of muscle stress, we explored the extent to which mitochondria are sensitive to the various 

muscle stressors within each category.  

Skeletal Muscle Mitochondrial Sensitivity 

For the purpose of this review, we defined skeletal muscle mitochondrial sensitivity 

as any changes that occur in mitochondrial physiology, i.e., mitochondrial content or 

mitochondrial respiratory function. These measures of mitochondrial physiology provide 
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direct assessments of mitochondrial health and make ideal metrics to assess whether 

mitochondria are sensitive to muscle injury. Changes in mitochondrial content is best 

assessed via mitochondrial enzyme activities (7). In general, mitochondrial enzyme 

activities reflect either an increase in energy demand within the muscle cell stimulating 

mitochondrial biogenesis or, conversely, a reduction in mitochondrial content due to 

damage and/or disease. Mitochondrial respiratory function is perhaps the most 

physiologically relevant marker of mitochondrial health considering that mitochondrial 

respiration accounts for approximately 90% of total oxygen consumption (8). Skeletal 

muscle mitochondrial function can be directly assessed using high-resolution respirometry 

to measure mitochondrial oxygen consumption in either live isolated mitochondria or 

permeabilized muscle fibers. One important note about mitochondrial function assessments 

is that it is highly dependent on mitochondrial content, specifically, gains or losses in 

mitochondrial function may be mirrored by gains and losses in mitochondrial content. That 

being said, mitochondrial dysfunction, a specific dysfunction in the mitochondrial 

respiratory chain irrespective of mitochondrial content, could be attributed to a number of 

factors within the mitochondria such as lower enzyme function or quantity, altered redox 

and polarization states, disrupted ion gradients, or damaged mitochondrial membranes. 

Many other changes within the mitochondria can result from a reaction to muscle injury. 

Changes in membrane potential, calcium absorption, oxidative status, mitochondrial DNA 

number, or reactive oxygen species production are some of the additional mitochondrial 

reactions that can happen in response to muscle stress. Overall, mitochondrial sensitivity 

to a muscle stressor can be evaluated by assessing changes in mitochondrial function.  
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Skeletal Muscle Trauma 

Any major trauma to the skeletal muscle will cause dramatic functional disruptions 

and place an enormous stress load on the muscle. For this section, we have classified three 

traumatic skeletal muscle injuries that cause significant skeletal muscle stress indicated by 

a loss in muscle strength, and we will highlight mitochondria changes in response to these 

skeletal muscle injuries.  

Burn Injury 

Burn injuries are known to cause chronic muscle strength loss (15-20% compared 

to controls), muscle wasting, and metabolic disruptions (9, 10). The extent of burn injury 

is a factor of exposure duration and the temperature. Severe burns that exceed 30% of total 

body surface area trigger a systemic inflammatory response that can affect tissue both local 

and distant to the burn site. Following a severe burn, blood serum concentrations of 

inflammatory cytokines are dramatically elevated in burn patients compared to controls 

(11). In the areas local to the burn injury, tissue directly affected by the burn becomes 

necrotic while surrounding tissues are subject to damage from reduced tissue perfusion 

mediated by inflammatory factors (12). Skeletal muscle directly adjacent and distant to a 

burn has compromised cell membranes indicated by altered polarization states due to ion 

imbalances within the cells (12). 

All of these stressors following a burn injury have major consequences on the 

skeletal muscle mitochondria. Indeed, investigations of mitochondria in the tissue localized 

to the burn site reveal that mitochondrial function is dramatically diminished acutely after 
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the injury. Three hours after the burn the mitochondria respiration is already diminished 

respiration, while twenty-four hours after the burn, mitochondrial respiration is nearly zero 

(13). Remodeling of the mitochondrial network begins soon after the burn injury, as 

mitochondrial function starts to recover by day 4-10 following burn (13). A common side 

effect of burn injury is elevated whole-body metabolism caused by hyper-mitochondrial 

function, which has been known to persist up to a year after the initial burn (14). 

Paradoxically, after the initial impairment within the first 7-10 days, mitochondrial 

function exceeds pre-burn functional levels, and the extent to which the function exceeds 

baseline levels is determined by the burn severity (14). This hyper-mitochondrial function 

following burn is caused by mitochondrial uncoupling, meaning that the oxygen consumed 

by the mitochondrial is not coupled to ATP production (15).  

 In addition to changes in mitochondrial function, mitochondrial content is also 

altered following burn injuries. Porter et al. (15), analyzed muscle biopsies from burn 

patients approximately 7 and 21 days post burn. Compared to controls, burn patients had 

diminished mitochondrial content and mitochondrial respiratory function at both time 

points. These data indicate that the mitochondria are sensitive to burn injury indicated by 

initial reductions in content and function, followed by hyper-mitochondrial function and 

ROS due to uncoupling.  

Ischemia reperfusion injury  

Ischemia reperfusion injury (IR) is an extremity trauma that most commonly results 

from surgical or emergency tourniquet application. IR can be defined as any event resulting 

in a complete restriction of blood flow to an extremity followed by a period of 
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reoxgyenation via restoration of blood flow. The length of ischemia will determine the 

extent of the injury. Generally, 3-6 hours of ischemia is sufficient to cause significant 

muscle injury (16, 17), but muscle damage has been reported with as little as 1 hour of 

ischemia (18). Typically, skeletal muscle damage from lengthy ischemia is caused by 

depletion of ATP stores due to lack of oxygen for mitochondrial respiration. With the loss 

in energy stores, the muscle cell will become necrotic. The damage during the ischemic 

portion of IR is compounded by a secondary injury that occurs during the reperfusion (19). 

Restoration of blood flow after extended ischemia leads to edema, inflammation, and an 

uncontrolled bolus of reactive oxygen species, which further perpetuates the damage 

caused by IR.  

Skeletal muscle mitochondria function is dramatically impaired following IR, 

indicating that mitochondria are sensitive to burn-induced muscle stress. Mitochondrial 

function is impaired following IR. Three hours of ischemia and 2 hours of reperfusion lead 

to mitochondrial respiratory dysfunction to an uninjured contralateral control limb (20-22). 

Mitochondrial damage from IR occur rapidly after reperfusion. Thaveau et al. found that 5 

hours of ischemia followed by just 5 minutes of reperfusion impaired mitochondrial 

respiratory function and the activities of complexes I, II, and IV (23, 24). However, it 

should be noted that mitochondrial dysfunction after IR could be the result of the ischemia 

itself rather than the reperfusion. Brandão et al. (25) demonstrated that skeletal muscle 

mitochondria harvested immediately after 5 hours of ischemia had significantly reduced 

respiratory function as well as a reduction in membrane potential. These decrements in 

mitochondrial function may persist long after the IR injury. Just 1 hour of ischemia led to 

reductions in mitochondrial proteins 7 and 14 days after the injury, suggesting that 
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mitochondrial function is initially impacted, with decrements in mitochondrial function 

coming long after the injury. In cardiac muscle, 25 mins of ischemia followed by 30 mins 

of reperfusion resulted in mitochondrial respiration dysfunction, but mitochondrial content, 

measured by citrate synthase activity, was not immediately impacted by the IR (26).  

One of the cause for the reduction in mitochondrial function following IR is that 

mitochondrial permeability transition pore (MPTP) is opened during reperfusion. 

Following 3 hours of ischemia and 2 hours of reperfusion, the mitochondrial calcium 

retention capacity, a measure of the resistance to the MPTP to open, was lower in the IR 

injured limb compared to the contralateral control limb. Generally, opening of the MPTP 

is induced by mitochondrial stress from excessive Ca2+ absorption, ROS, alkalosis, and 

mitochondrial membrane depolarization (27). Reperfusion-induced opening of the MPTP 

is likely caused by the increase in mitochondrial ROS production during the reperfusion 

phase of IR (22, 27-29). With the opening of this pore, the mitochondria become permeable 

to small molecules, which causes mitochondrial absorption of water and subsequent 

swelling. Once open, the mitochondrial membrane potential diminishes leading to 

uncoupled respiration and additional ROS production. In addition, the mitochondria release 

Ca2+ stores and other pro-apototic factors that can further perpetuate mitochondrial 

dysfunction and eventually lead to cell death (20).  

Volumetric Muscle Loss Injury 

Volumetric muscle loss (VML) is characterized by the removal of a large volume 

of muscle tissue from the body. The largest impact of VML is obviously the frank loss of 

tissue from the muscle body, but secondary to the void created by the VML is the trauma 
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generated in the adjacent remaining muscle tissue where muscle fibers, nerves, and blood 

vessels are severed. A prolonged inflammatory response within the adjacent tissue ensues, 

further perpetuating the damage induced by the injury.  

Very little information is available regarding the effect of VML on mitochondrial 

function. In fact, to our knowledge, only our lab has directly assessed the impact of VML 

on mitochondrial content and function (Greising et al. 2018). We found that 1 month after 

injury when compared to controls, a unilateral VML injury causes a mild reduction in 

mitochondrial function in both the injured limb as well as the uninjured limb suggesting 

that VML induces mild systemic mitochondrial dysfunction. This change in mitochondrial 

function occurred independently of mitochondrial content. Given the systemic nature of 

the dysfunction, it is possible that this response is linked to the prolonged systemic 

inflammation following VML. This type of inflammation-linked mitochondrial 

dysfunction following VML is not unreasonable considering the mitochondrial dysfunction 

and elevation inflammatory profile in burn victims. Overall, the little information that does 

exist concerning the impact of VML on mitochondria suggests that the mitochondria of the 

remaining muscle are sensitive to such trauma.  

Contraction Induced Injury  

An eccentric contraction is defined as forced lengthening of the muscle while the 

muscle is actively producing tension. During an eccentric contraction, muscle fibers are 

placed under a high stress load, and for some of the fibers this results in a structurally 

compromised sarcolemma. The number of eccentric contractions performed determines the 

severity of the injury, as a greater number of fibers are injured. Eccentric contractions result 
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in immediate loss in muscle strength, caused by sarcolemma damage and an uncontrolled 

influx of Ca2+ into the cell. Aberrant intercellular Ca2+ levels initiate intrinsic degradative 

processes that begin to breakdown damaged tissue. Furthermore, elevated levels of Ca2+ 

can lead to mitochondrial absorption of Ca2+, which can trigger apoptosis. Within hours 

after the injury, invasion of inflammatory cells to the injury site contribute to the multi-day 

process of clearing post-injury debris. 

Skeletal muscle mitochondria appear to be sensitive to eccentric contraction 

induced injury, although the few studies that have directly addressed mitochondrial 

function after eccentric exercise have shown mixed results. Magalhães et al. evaluated 

skeletal muscle mitochondrial function in mice after 120 minutes of downhill running and 

found that mitochondrial respiratory function was impaired immediately after injury (30). 

Mitochondrial enzyme activities of complexes I, II, and V were all assessed, but only 

complex V activity was reported to be lower immediately after the downhill running. These 

mitochondrial changes were only transient as all alterations in mitochondrial function were 

found to have resolved by 48 hours after downhill running. Similarly, rats that were 

subjected to 90 minutes of downhill running had impaired mitochondrial respiration rates, 

but unlike the previous study, mitochondrial respiration was still impaired 48 hours after 

injury (31). On the other hand, mitochondrial respiration was not impaired when, in a 

experimentally similar but separate study, rats were subjected to a 90-minute bout of 

downhill. It should be noted, however, that there was a trend for a difference in 

mitochondrial respiration (P=0.09) between control and exercised rats (32). Another study 

assessed mitochondrial respiration function in humans after 30 minutes of eccentric 

exercise (33). Muscle biopsies were collected prior to exercise, and immediately, 2, and 4 
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days after exercise, and no differences were found in mitochondrial respiratory activity at 

any of the timepoints. The disagreement in between the previously mentioned studies could 

be due to a number of reasons including distinct responses to eccentric exercise between 

humans and rodents, duration of eccentric exercise, or the timepoint at which mitochondrial 

function was measured.   

While it is unclear whether eccentric exercise has a significant impact on 

mitochondrial respiratory function, studies reporting alterations in mitochondrial Ca2+ 

homeostasis are in better agreement. After eccentric exercise, the sarcolemma integrity is 

compromised (34) leading to a substantial Ca2+ influx into the cell. In an attempt to regulate 

the Ca2+ levels, the mitochondria start absorbing excess Ca2+ (35). When inter-

mitochondrial Ca2+ levels exceed a certain threshold, the mitochondrial permeability 

transition pore opens and causes mitochondrial respiratory dysfunction (36-38), 

mitochondrial membrane depolarization (39), ROS production (40), and release of pro-

apoptotic factors (41). Immediately after downhill running, mitochondria showed signs of 

susceptibility to MPTP opening and Ca2+ absorption (30). Mitochondrial Ca2+ 

concentration was elevated even after 48 hrs after eccentric contractions indicating 

prolonged effects of eccentric exercise on mitochondria (32). The prolonged elevated 

mitochondrial Ca2+ levels could contribute to the eccentric exercise-induced muscle 

damage. Duan et al. (35) explored the relationship between severity of eccentric 

contraction induced injury and mitochondrial Ca2+ levels and demonstrated that elevated 

mitochondrial Ca2+ levels after eccentric contraction induced injury was associated with 

fewer numbers of intact muscle fibers. Mitochondrial absorption of Ca2+ does not always 

have a detrimental effect. In fact, Ca2+ is important for regulation of mitochondrial 
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respiration (42, 43) and the mitochondria themselves may mediate plasma membrane repair 

in a Ca2+ dependent manner (1, 44). Overall, altered mitochondrial Ca2+ homeostasis after 

eccentric contractions provides evidence that mitochondria are sensitive to eccentric 

contraction induced injury. 

Inflammation could potentially cause mitochondrial damage, but there is currently 

no direct evidence to support this claim. Inflammation following muscle injury is necessary 

for initiation and guidance of the satellite cell-mediated repair (45). However, it is plausible 

that a widespread and uncontrolled inflammatory response could potentially cause damage 

to adjacent fibers that were previously uninjured (46, 47). That being said, there is minimal 

evidence for secondary force loss following injury, suggesting that inflammation may not 

cause exacerbate post-injury muscle cells damage.  

Mechanical and Myotoxic Muscle Injuries 

For this category of muscle injuries, we selected injuries that result in rapid and 

extensive degeneration of muscle fibers and near immediate strength loss (48). These 

muscle injuries are most commonly used as models to first induce and then study muscle 

regeneration (48, 49). This category of muscle injuries can be broken down into two 

distinct subcategories of muscle injuries: mechanical injuries (i.e. freeze, crush, laceration) 

and myotoxic injuries (cardiotoxin, bupivacaine, barium chloride). Each injury model 

involves directly compromising the plasma membrane, but the exact mechanism varies 

from direct mechanical destruction (i.e. freeze, crush, laceration) to toxin-mediated 

increases in membrane permeability (cardiotoxin, bupivacaine, barium chloride). A 

dysfunctional plasma membrane leads to depolarization and loss of ion gradients, 
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specifically Ca2+, which can remain at elevated levels for extended periods of time 

inducing apoptosis and eventually necrosis. Mechanical and toxic muscle injuries produce 

extensive necrosis throughout the muscle, which is followed by a large, multi-day 

inflammatory response that triggers satellite cell-mediated regeneration (37). With all of 

the extreme damage brought about by these injuries, it comes as no surprise that the 

mitochondrial are also severely impacted. 

Toxin mediated cell death causes dramatic loss in mitochondrial content and 

function that coincides with widespread muscle cell death. Bupivacaine is a local anesthetic 

that induces rapid degeneration of muscle fibers via plasma membrane lysis if injected 

directly into the muscle (50). Three days after a unilateral bupivacaine injection, 

mitochondrial function was less than 20% of the uninjured contralateral limb (51). The 

reductions in mitochondrial respiration were likely due to the nearly complete destruction 

of the mitochondrial network after the injury, as mitochondrial content was only 20% of 

the control limb at day 3. The muscle fiber degeneration that follows bupivacaine injection 

is largely mediated by elevated intracellular Ca2+ (52). Bupivacaine causes sarcoplasmic 

reticulum dysfunction (50) and an uncontrolled Ca2+ influx into the cell (53) which 

triggers opening of the mitochondrial permeability transition pore and subsequent cell 

death (52). Cardiotoxin injury, similar to bupivacaine, operates by causing intercellular 

Ca2+ disruptions. Specifically, cardiotoxin facilitates Ca2+ transport into the cell resulting 

in rapid depolarization and cell death (54). Mitochondria also suffer from cardiotoxin’s 

destructive nature. Muscle mitochondrial proteins (CoxIV and cytochrome c) started to 

decrease within 1 day of cardiotoxin injection and reached less than 50% of uninjured 

muscle around 3-7 days before starting to recover (18). In a similar injury model to 
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cardiotoxin, citrate synthase activity values were reported to be less than 10% at days 2 

and 4 after injection of notexin. Mitochondrial function and content, characterized by a 

host of mitochondrial enzyme activities, was still depressed at 14 days after cardiotoxin 

injury, suggesting that recovery after injury is slow (55).  Indeed, the complete recovery of 

mitochondrial content after notexin-induced injury took 40+ days to return to baseline. 

Overall, mitochondria undergo a dramatic decrease in content and function following 

injection of various muscle toxins indicating that mitochondria are sensitive to toxin-

induced muscle injuries.  

Unlike other injuries where damage to the mitochondrial network is a secondary 

consequence, i.e. altered Ca2+ homeostasis, ROS production, and inflammation, 

physical/mechanical injuries directly disturb and destroy muscle cell membranes as well 

as the mitochondrial network. Freeze injury is a very severe injury model that causes rapid 

and widespread damage to all structures at the injury site including mitochondria (49). 

Mitochondrial content as measured by citrate synthase was approximately 20% of control 

by day 1 and nearly 0% of control by day 3, indicating that freeze injury causes almost 

complete destruction of the mitochondrial network. Similar to freeze injury, crush injury 

causes extreme muscle damage by directly compromising muscle membrane structure (56). 

Also, similar to freeze injury, crush injury results in severe mitochondrial damage that 

almost completely destroys the mitochondrial network. Muscle mitochondrial content is 

less than 15% of control within the first 10 days after crush injury and this deficit is 

persistent, as the mitochondrial content is still not fully recovered even by day 56. Overall, 

mitochondria content is dramatically diminished following mechanical injury, 
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demonstrating that muscle mitochondria are sensitive to extreme stresses exerted on the 

muscle. 

Summary 

The goal of the first section of this review was to discuss whether mitochondria are 

sensitive to muscle injury. In this section, we presented a number of distinct muscle injuries 

that result in impaired mitochondrial function and content indicating that mitochondria are 

indeed sensitive and susceptible to muscle damage. Mitochondrial sensitivity to muscle 

injury appears to be largely dictated by altered Ca2+ homeostasis, although direct damage 

to the mitochondrial network from the injury itself is also a contributor. The inflammatory 

response that is common among all muscle injuries, could also direct mitochondrial 

sensitivity to muscle damage. In the following section of this review, we will discuss the 

interaction between mitochondria and inflammation.  

Overview of Mitochondrial Response to Skeletal Muscle Injury 

Although there are many different types of muscle injuries and each have various 

means of inducing muscle damage, one commonality among all injuries is the 

inflammatory response that ensues. Inflammation after muscle damage is necessary for 

skeletal muscle repair/regeneration after injury, and a growing body of evidence suggests 

that mitochondria could be important contributors to this inflammatory response. In this 

section of the review, we will first discuss the ways in which mitochondria can contribute 

to and potentially initiators of the inflammatory response after muscle injury. Then we will 

explore the ways in which inflammation can impact, either directly or indirectly, muscle 
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mitochondria. Overall, this section should clearly describe the mitochondrial response to 

muscle injury 

Mitochondria as Signaling Centers for Inflammation 

Over the last 20 years, research has revealed that mitochondria are far more than 

bioenergetic organelles, rather mitochondria have emerged as active signaling centers that 

communicate with the cell and help direct cellular function. Mitochondria can 

communicate with the cell via release of physical signals (i.e. ROS, cytochrome c, Krebs 

Cycle metabolites, DNA and ATP), or by deviating from their routine functions (i.e. 

reduced ATP production, or regulating intracellular Ca2+ levels) (4). Over the years, 

mitochondrial-derived signals have been discovered to play both direct and indirect roles 

in routine cell function such as cell proliferation, differentiation, and adaptation. 

Furthermore, a new body of evidence is growing around the involvement of mitochondria 

in inflammation (5). Signals from the mitochondria, known as mitochondrial-derived 

damage-associated molecular patterns (mtDAMPs) could help to coordinate inflammatory 

responses to cellular stress (57).  

Mitochondrial-Derived DAMPs 

DAMPs are molecules released in response to cell damage or death that can initiate 

inflammatory responses through direct communication with the innate immune system 

(58). DAMPs can be derived from multiple cellular sources including the nucleus, 

endoplasmic reticulum, cytosol, and plasma membrane, but for the purpose of this review, 

we will focus strictly on mitochondrial-derived DAMPs (59). Stressed, damaged, or 
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dysfunctional mitochondria can release multiple signaling factors that can modulate cell 

function. Most notably, mitochondria control cell apoptosis through the stress-induced 

formation of a pore in the outer mitochondrial membrane which results in cytochrome c 

release and subsequent caspase-mediated cell death. Moreover, recent evidence suggests 

that mitochondria can not only dictate cellular apoptosis, but inflammatory cell recruitment 

as well. Specific mtDAMPs have been shown to directly activate the NLRP3 

inflammasome, which is responsible for perpetuating cell inflammation.  

Mitochondrial Activation of NLRP3 Inflammasome 

Inflammasomes are intracellular multiprotein complexes that sense pathogens and 

initiate inflammatory responses (60). Inflammasomes can be activated by pathogens or by 

intracellular signals such as DAMPs. Upon activation, inflammasomes promote production 

and maturation of proinflammatory cytokines such as IL-1b and IL-18 and can induce 

inflammation mediated cell death termed pyroptosis (60, 61). There are many individual 

inflammasomes, each with a unique protein complex structure and function. The NLRP3 

inflammasome is specifically responsible for promoting production of IL-1b, and 

mtDAMPs have been shown to either directly or indirectly activate this inflammasome (62, 

63). We have summarized NLRP3-specific mtDAMPs and their proposed mechanism of 

activation in Table 1. In addition to secreting molecules that activate NLRP3, the 

mitochondrial outer membrane may also serve as a signaling platform for the NLRP3 

complex as well as MAVS, a key inflammatory signaling protein. In summary, 

mitochondria can help coordinate inflammation in response to cell stress through the 
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release mtDAMPs which, through activation the NLRP3 inflammasome, initiate and 

propagate inflammatory signaling.  

Potential Role of Mitochondrial-Mediated Inflammation after Skeletal Muscle Injury 

Inflammation is a common characteristic of all skeletal muscle injuries. Following 

muscle injury, happens and signals for the recruitment of inflammatory cells. Inflammation 

is a self-propagating system, as recruited inflammatory cells localized to the injury site 

recruit additional cells via secretion of proinflammatory factors. Given the role that 

mitochondria play in activation of the NLRP3 inflammasome, we postulate that injury-

induced mitochondrial stress contribute the inflammatory cell recruitment process after 

injury via NLRP3-mediated production of IL-1b (64). As previously discussed, 

mitochondria are sensitive to skeletal muscle injury, in that they present with dysfunction 

or loss of content after a muscle injury. This mitochondrial stress is likely sufficient to 

produce mtDAMPs and activation of NLRP3. For instance, mitochondrial DNA (mtDNA), 

which is released from compromised mitochondria (65), has been shown to directly 

activate the NLRP3 inflammasome (66, 67). Similarly, NLRP3 can be activated by 

cardiolipin, a mitochondrial membrane specific lipid that is mobilized from mitochondrial 

destabilization (68). Other mitochondrial-derived signals such as ROS or alterations in 

cytosol ATP or NAD+ levels could induce NLRP3 activation following skeletal muscle 

injury and mitochondrial damage (62, 69). Overall, mitochondria are sensitive to and 

directly impacted by skeletal muscle injury, and the mitochondrial response to this injury 

(i.e. mtDAMPs) could be one of the earliest initiators of the critical inflammatory response 

that follows muscle injury.  
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The Impact of Inflammatory Cytokines on Mitochondria 

 While mito-DAMPs provide strong evidence for a mitochondrial contribution to 

inflammation, it is unclear whether the inflammatory response itself either directly or 

indirectly acts on mitochondria. To better understand the cytokine mediated inflammatory 

response caused by skeletal muscle injury, we conducted a systematic review of gene array 

data across three injury types (Table 1). Upon analysis, Interleukin-6 (IL-6), chemokine 

(C-C) motif ligand 2 (MCP-1), Interleukin-1b (IL-1b), and chemokine (C-X-C motif) 

ligand 1 (CXCL1) and were found to be significantly elevated in their respective studies 

across all three injuries (48) (Greising et al. 2018). We chose to focus on these four 

cytokines based on their common expression patterns across the three distinct muscle 

injuries. We hypothesize that mitochondrial structure and function is responsive to the four 

inflammatory cytokines, and we speculate on the downstream consequences in terms of 

further amplification or attenuation of molecular signaling within the skeletal muscle fiber. 

Table 1 summarizes 13 common inflammation genes presented as fold change in gene 

expression vs. control following injury. Warren et. al (48) freeze injury and eccentric 

contraction injury data was collected across 6-hour plus 1, 3, and 7-day time points post-

injury, while Greising et. al VML injury data was collected across 3, 7, and 14-day time 

points post-injury-1. 

Interleukin-6 

 IL-6 is a well-known pleiotropic pro-inflammatory cytokine secreted by T cells and 

macrophages in response to infection and tissue injury. Systemic elevation of IL-6 has been 

known to have detrimental effects on skeletal muscle such as muscle atrophy (70), but the 
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effects of IL-6 on skeletal muscle mitochondria are less established. Studies utilizing IL-6 

overexpression (71, 72) and IL-6 receptor antibody administration (71) show a correlation 

between IL-6 levels and muscle mitochondrial dysfunction. At the transcriptional level, 

over-expression of IL-6 attenuated mitochondrial biogenesis signaling via reduced PGC-

1a mRNA expression (71). Overabundant IL-6 levels also altered mitochondrial dynamics 

as shown by decreased mitochondrial fusion proteins Mfn1 and Mfn2, and increased 

mitochondrial fission protein FIS1 (71). This is in agreement with a study on the effects of 

supplemental IL-6 treatment on human myoblasts that demonstrated a consistent reduction 

in mitochondrial fusion based on Mfn2 protein levels (72). In contrast, IL-6 inhibition via 

IL-6 receptor antibody treatment rescues the loss of mitochondrial content and biogenesis 

in mice susceptible to cachectic muscle wasting (71). These studies support the position 

that IL-6 mediates mitochondrial network size and content in skeletal muscle.  

One possible mechanism by which IL-6 impacts mitochondria structure and 

possibly function is via increased STAT3 activation (71-74). While IL-6 has a well-

characterized role as an activator of the intracellular signaling JAK/STAT pathway 

involved in basal cellular respiration (73), further evaluation (74) suggests a more nuanced 

role of JAK signaling in mitochondrial function. Specifically, JAK signaling is involved in 

a critical trigger point of STAT3 phosphorylation and subsequent mitochondrial import 

that increases ROS generation through alterations in electron transport chain (ETC) 

function (74). However, STAT3 attenuates ROS generation in hypoxic conditions (74) and 

STAT3 null cells display decreased ETC activity. The contrary roles of STAT3 may 

depend on its accumulation in the mitochondria versus its role as a transcription factor (75). 

In summary, IL-6 may mediate mitochondrial structure and function via mitochondrial-
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targeted STAT3, though it appears the relationship is context dependent and normal ETC 

function may require an optimal level of STAT3 accumulation in the mitochondria. 

Interleukin-1b and Chemokine (C-X-C motif) Ligand 1 

IL-1b is an inflammasome-dependent cytokine that functions as an endogenous 

pyrogen and mediator of the inflammatory response via promotion of cytokine secretion. 

IL-1b production requires two steps: first, inflammatory signals must stimulate 

transcription and synthesis of pro-IL-1b, followed by a separate signal (commonly the 

NLRP3 inflammasome) that activates CASP1 to proteolytically cleave pro-IL-1b into its 

mature and secretable form (76, 77). Given the role of mitochondria in activating the 

NLRP3 inflammasome, it is not unlikely that IL-1b could directly interact with the 

mitochondria. Indeed, hypersecretion of IL-1b, mimicked via isoprenoid-deficient 

monocytes, demonstrated increased mitochondrial transmembrane potential, reduced 

mitochondrial stability measured by MitoTracker fluorescence, accumulation of damaged 

mitochondria due to impaired mitophagy, and reduced antioxidant capacity (measured with 

normalized ROS production values) (78). Consistent with these findings, IL-1b receptor 

gene knockout (IL-1R1-/-) in diabetic mice demonstrated attenuated mtDNA damage, 

mitochondrial superoxide production (e.g. ROS), and cytochrome c leakage compared to 

WT diabetic mice (79). This evidence suggests that IL-1b directly impairs healthy 

mitochondrial function; however, the relevance of this relationship specifically in the 

context of skeletal muscle stress needs to be investigated.  
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CXCL1 is a small cytokine belonging to the CXC family involved primarily in 

neutrophil attraction (80). To our knowledge, there have not been any direct studies on the 

relationship between CXCL1 levels and skeletal muscle mitochondria. Interestingly, 

models of acute arthritis (81), dermatitis (64), and group B streptococcus (82) have found 

IL-1b to induce production of CXC chemokines, including CXCL1, which suggests the 

existence of a “IL-1b /CXCL1/2/ Neutrophil Axis” responsible for a potential feedforward 

relationship between IL-1b and CXCL1. Further evidence for this feedforward relationship 

comes from IL-1b deficient mice, which have severely deficient CXCL1/2 production and 

neutrophil levels, Conversely, Ritzman et al. found that CXCL1 mediates neutrophil 

recruitment independent of IL-1b  in a lyme arthritis/carditis model (83). Thus, it is unclear 

in which circumstances IL-1b-induced production of CXCL1 exists. Our analysis of 

muscle injuries revealed highly correlated levels of CXCL1 and IL-1b, which suggests a 

that the feedforward relationship may exist in the context of skeletal muscle stress.  

Chemokine (C-C motif) Ligand 2 

CCL2, also commonly referred to as monocyte chemoattractant protein 1 (MCP-

1), is a small cytokine in the CC family that exhibits chemotactic activity for monocytes 

and macrophages to sites of inflammation (84). Importantly, skeletal muscle injury studies 

utilizing MCP-1 knockout mice (85) have established that MCP-1 expression is necessary 

for macrophage recruitment and repair of acute skeletal muscle injury. However, Zhang et 

al. (86) found MCP-1 administration to have a pathogenic role beyond chemotaxis, 

including direct mitochondrial damage and pro-apoptotic effects mediated by the p53-

dependent mitochondrial pathway (86). Specifically, human umbilical vein epithelial cells 
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treated with MCP-1 had decreased mitochondrial mass, greater release of cytochrome c (a 

mitochondrial derived activator of apoptosis), reduced transmembrane potential, and 

upregulated p53, suggesting MCP-1 over-expression may be detrimental to the 

mitochondria (86).  

 While the specific interaction of MCP-1 in the skeletal muscle mitochondria is not 

known, it is possible that an IL-6/MCP-1 positive feedback loop reported in vascular 

inflammation studies (87, 88) may exist in the context of skeletal muscle stress. Activation 

of IL-6 production stimulates local monocyte recruitment and thereby induce MCP-1 

expression, which appears to coordinate stress-induced production of additional IL-6 (87, 

88). This hypothesis is supported by evidence of reduced IL-6 found in MCP-1 null cells 

compared to normal hepatocytes. In the context of skeletal muscle injury, an amplification 

loop between MCP-1 and IL-6 would further exacerbate the inflammatory response acting 

on the mitochondria as described above in the previous IL-6 section. Notably, a study on 

neurite growth found CCL2 overexpression to operate via a STAT3 dependent mechanism, 

which supports the proposed link between MCP-1 and IL-6 (89). Overall, the IL-6/MCP-1 

positive feedback loop poses as a potential mechanism for exacerbating the inflammatory 

response which could directly impact mitochondrial function and recovery from injury.  

Conclusion 

In this review, we conclude that mitochondria are sensitive to skeletal muscle stress 

in that they undergo alterations in network size and function in response to various muscle 

injuries. Moreover, upon sensing stress, mitochondria are power signaling centers that are 

capable of reacting to stress by secreting proapoptotic and proinflammatory signals. 
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Through this stress-induced signaling, mitochondrial can contribute to coordination of the 

inflammatory response after injury. Overall, mitochondria are sensitive cellular detectors 

of skeletal muscle injury and potentially may be one of the earliest initiators of post-injury 

skeletal muscle inflammation.   
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Figure Legends 

Figure 2.1: The relationship between skeletal muscle injury, mitochondrial stress, and 

inflammation. Skeletal muscle stress triggers a stress response in the 

mitochondria that stimulates release of mitoDAMPs from the mitochondria.  

Release of mitoDAMPs have been associated with activation of the NLRP3 

inflammasome, which is involved in IL-1b activation and a neutrophil-

mediated inflammatory response. The mitoDAMP-initiated inflammatory 

response may also affect mitochondrial function, which could potentially 

create a positive feedback loop further exacerbating the mitochondrial stress 

response. This figure was generated using Smart Servier Medical Art 

(www.smart.servier.com).  
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Table 2 – Effects of Inflammatory Cytokines on Mitochondria 
Cytokine Direction Reference 

IL-6   

     Mitophagy ­ [71] 
     Biogenesis (PGC-1a) ¯ [71] 
     ROS ­ [71] 
     Fusion (Mfn1 and Mfn2) ¯ [71,72] 
     Fission (FIS1) ­ [71] 
IL-1b   

     Mitophagy ¯ [78] 
     ROS ­ [79] 
     ETC dysfunction ­ [78] 
CCL2   
     ETC dysfunction ­ [86] 
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Figure 2.1 
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CHAPTER 3 

PGC-1a OVEREXPRESSION CORRECTS IMPAIRED MITOCHONDRIAL 

DYSFUNCTION AND BIOGENESIS AND 

PARTIALLY RESCUES STRENGTH FOLLOWING VOLUMETRIC MUSCLE 
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Abstract 

Volumetric muscle loss (VML) is characterized by a large volume of muscle tissue being 

removed from the body due to surgery or severe trauma. The remaining muscle after VML 

has poor function and unknown effects on oxidative capacity and adaptive potential during 

physical rehabilitation. We sought to investigate the oxidative capacity and plasticity of the 

remaining skeletal muscle after VML injury. We found that VML mitochondrial 

respiratory function at 3 and 7 days post injury was severely impaired (38% and 53% of 

control, P<0.001). In an attempt to correct these mitochondrial deficits, we subjected VML 

injured mice to voluntary wheel running (WR). After 4 weeks of WR, mitochondrial 

function was ~23% greater in the uninjured limb of VML+WR mice compared to VML 

without WR, but mitochondrial function in the injured limb of VML+WR mice was not 

different from VML alone, suggesting VML injury prevents oxidative adaptations to 

exercise (P<0.001). To determine if a faulty oxidative signaling cascade (i.e., PGC-1a) 

was responsible for impaired metabolic adaptation in the VML-injured muscle, direct 

muscle activation via sciatic nerve electrical stimulation was used to initiate oxidative gene 

transcription in control (CON) and VML mice. The stimulated muscle in CON mice had 

~4-fold greater PGC-1a gene expression than the unstimulated muscle; however, there was 

no effect of stimulation on PGC-1a expression in VML mice (Interaction: P<0.001) 

suggesting VML injury attenuates oxidative gene regulation. PGC-1a (CMV promoter) 

transfection was performed to bypass endogenous PGC-1a activation pathways. Forced 

expression of PGC-1a resulted in ~33% and ~31% greater mitochondrial function in 

CON+ PGC-1a and VML+ PGC-1a mice, respectively, compared to VML alone 
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(P<0.001), and VML+ PGC-1a mice had 47% greater muscle strength than VML alone 

(P<0.001). In conclusion, PGC-1a activation is the limiting factor impairing oxidative 

plasticity in VML-injured muscle; and improving oxidative capacity of the remaining 

muscle after VML injury improves recovery of strength.  
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Introduction 

Oxidative capacity is a cornerstone of skeletal muscle health, and for the past 40 

years we have known that the most robust adaptation to regularly scheduled physical 

activity (i.e., exercise training) is an increase in oxidative capacity (1, 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 very complex, but advancements in molecular biology in the last two decades have 

revealed many of the key players involved. Most notably, the transcription factor PGC-1a 

is considered a critical molecular modulator of skeletal muscle oxidative plasticity because 

it regulates gene expression patterns for mitochondrial, vascular, and motor-neuron 

associated adaptations with exercise training (3-5). Expansion of the vascular bed and 

mitochondrial network with exercise training enhances the functional capacity of the 

muscle (e.g., fatigue resistance), and in general this type of acclimation is considered 

beneficial for human performance and health (6, 7).    

 Large-scale skeletal muscle trauma, such as volumetric muscle loss (VML) injury, 

is unique in that: 1) the loss of muscle function (i.e., contractility) exceeds the loss of tissue 

mass, and 2) the muscle does not fully recovery strength (8). The permanent loss of muscle 

function leaves patients with lifelong disability (9), and there are currently no guidelines 

for physical rehabilitation to help correct the functional deficits. Furthermore, the extent to 

which the remaining skeletal muscle can adapt to rehabilitation is unclear. We recently 

employed a multi-muscle VML injury in the mouse model to investigate the contractile 
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plasticity of the remaining muscle with early rehabilitation intervention using electrical 

stimulation. We reported modest gains in muscle strength indicating contractile plasticity 

can be accomplished; however, we were most intrigued by a finding that suggested VML 

injury produced systemic and detrimental effects on muscle oxidative capacity. 

Specifically, the mitochondrial respiration rates of muscle fibers analyzed from the injured 

and uninjured muscles of VML-injured mice were less than the mitochondrial respiration 

rates of muscle fibers from completely injury naïve mice. Systemic reductions in skeletal 

muscle oxidative capacity are associated with an increased risk for a host of disorders such 

as diabetes (10) and cardiovascular disease (11-13) and therefore can have major 

ramifications on whole body health. The overall goal of this project was to determine the 

oxidative capacity and plasticity of the remaining muscle after VML injury. We 

hypothesized that VML injury would adversely affect oxidative capacity of the remaining 

muscle, but early intervention with physical rehabilitation would lead to corrective 

oxidative adaptations in the VML injured muscle.  

Methods 

Experimental Design 

C57BL/6 mice were housed at 20-23°C on a 12:12-h light-dark cycle, with food and water 

provided ad libitum. For study 1, 9-week-old mice (n=6) were randomized to either 

unilateral VML+3 days) or unilateral VML+7 days. For study 2, 9-week-old mice (n=5-7) 

were randomized to unilateral VML alone (VML), unilateral VML + 4wks of wheel 

running (VML+WR), and uninjured control + 4wks of wheel running (CON+WR). WR 

mice were given access to wheels 72hrs after VML injury. For study 3, 9-week-old mice 
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(n=4-5) were randomized to unilateral VML + empty vector (i.e. saline) (VML), bilateral 

VML + PGC-1a plasmid (VML+PGC-1a), and control + PGC-1a plasmid (CON+PGC-

1a). All outcome measures were also collected in in an uninjured, untreated control group 

(CON, n=7) and was used as a reference group across all three studies. For study 3, 

electroporation and PGC-1a plasmid transfection were conducted at the time of VML 

injury. To determine if WR affected muscle and mitochondrial function following VML 

injury, plantarflexor peak isometric strength and gastrocnemius (GAS) mitochondrial 

respiration were measured after 3 and 7 days (study 1), 4 weeks of WR (study 2), and after 

4 weeks of PGC-1a overexpression (study 3) in mice with and without VML injury. 

Immediately after assessment of peak strength, the GAS muscle was harvested and 

prepared for mitochondrial respiration measurements and mitochondrial enzyme assays.  

All procedures were approved by the Institutional Animal Care and Use Committee at the 

University of Georgia. 

VML injury 

VML injury was conducted on the posterior compartment of anesthetized (isoflurane 1.5 – 

2.0%) mice as previously described (14). Briefly, 30 mins prior to surgery, all mice 

received administration of buprenorphine-SR (1.2 mg/kg; s.c.) for pain management. Blunt 

dissection was used to remove skin, fascia, and hamstrings to expose the gastrocnemius 

muscle. A small metal plate was inserted behind the gastrocnemius and soleus muscles and 

a 4mm biopsy punch was used to remove ~20% of muscle volume from the center of the 

gastrocnemius muscle. Following the VML, the incision was sutured closed (6-0 silk).  
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Wheel running 

VML+WR and CON+WR mice were housed individually and given free access to a 

running wheel (Columbus Instruments, Columbus, Ohio), while sedentary VML mice were 

housed in a standard mouse cage without access to a running wheel.  Daily running totals 

were calculated from wheel revolutions collected at 5 min intervals.   

Active and Passive Torque and Fatigue 

In vivo peak isometric torque of the ankle plantarflexors was assessed as previously 

described (14, 15).  Briefly, anesthesia was induced using an induction chamber and 5% 

isoflurane in oxygen. Anesthesia was maintained using 1.5% isoflurane at an oxygen flow 

rate of 0.4L/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 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). To account for differences in body size among mice, 

torques (mN●m) was normalized by body mass (kg). Fatigability of the plantarflexors 

muscles was assessed as previously described (15). Briefly, 120 submaximal isometric 

contractions were performed in 2 min using 330 ms stimulations at 50 Hz.  
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Acute stim 

To assess the integrity of mitochondrial biogenesis signaling in VML injured muscle, a 30 

min 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 

11-week-old uninjured control mice (n=6) and bilateral VML injured mice (n=6). Electrical 

stimulation was used instead of voluntary exercise 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 consisted of 10 sets of 1800 contractions (parameters: pulse frequency 

=100, pulse width=0.1, pulses per train = 1, train frequency = 10hz) conducted over 30 

mins. 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. 

Mitochondrial Respiration Assay 

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 7.23mM K2EGTA, 2.77mM Ca K2EGTA, 20mM imidazole, 20mM taurine, 

5.7mM ATP, 14.3mM PCr, 6.56mM MgCl2-6H2O, 50mM k-MES. Muscles were carefully 

dissected <1mg bundles of muscle fibers as reported by Kuznetsov et al. (16). Fiber bundles 

were permeabilized via an incubation (i.e. rocking) in buffer X and saponin (50 µg/ml) at 

4°C for 30 mins. Following permeabilization, muscle fiber bundles were rinsed for 15 

minutes in buffer Z (105mM k-MES, 30mM KCl, 10mM KH2PO4, 5mM MgCl2, 0.5 mg/ml 
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BSA, 1mM EGTA) at 4°C. All respiration 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 (10mM) and 

malate (5mM). State 3 respiration (respiration coupled to ATP synthesis) was initiated by 

the addition of ADP (2.5mM) and succinate (10mM). Cytochrome c (10µM) was added to 

measure the integrity of the outer mitochondrial membrane. State 3 uncoupled respiration 

(respiration uncoupled from ATP synthesis) was initiated by the addition of FCCP 

(0.5µM). Mitochondrial respiration was terminated by the addition of cyanide (250 mM). 

Respiration rates were expressed 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.  

Mitochondrial Enzyme assays 

Approximately 20mg of gastrocnemius muscle was homogenized in ~800ul of 33mM 

phosphate buffer (pH 7.0). Citrate synthase (CS), β-hydroxy acyl-CoA dehydrogenase (β-

HAD), and succinate dehydrogenase activity (SDH) were assessed as previously described 

(15, 17). Enzyme activities were normalized to mg of tissue in the sample homogenate.   
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Plasmid and Transfection 

The GFP-PGC1 plasmid expressing eGFP-tagged mouse PGC1a was acquired from 

Addgene (#4) (18). For in vivo eletroporation, GFP-PGC1 plasmid was prepared by cesium 

chloride density-gradient centrifugation and isopropanol precipitation as previous reported 

(19). In vivo eletroporation of mouse gastrocnemius muscles was performed as previously 

reported (20). Briefly, 20 µl of GFP-PGC1 plasmid (concentration = 2.8 µg/µL) was 

injected at 2 sites: medial and lateral GAS. Electroporation was conducted on an BTX 

ECM 830 electroporation system equipped with 5 mm 2-needle arrays. The following 

settings of the electronic pulses were use: LV = 500V/99msec, set voltage = 100 V, set 

pulse length = 50 msec, 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. 

Gene Expression 

cDNA generation and qRT-PCR was conducted as previously described (15). 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 Software (Andersen et al. 2004, PMID:15289330) was used to 

identify the most stable reference gene between 18s, 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.  
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Micro-CT Angiography 

 A subset of 8-week old C57Bl/6 mice were randomly assigned to either VML alone 

or VML plus 4 weeks of wheel running therapy (VML + WR). Unilateral VML injury was 

performed on the posterior compartment of all mice. Four weeks after injury, micro-CT 

angiography was used to quantitatively evaluate hind limb vasculature as previously 

reported (21, 22). Briefly, 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.  

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 

attenuation 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. 
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2-Photon Scanning Microscopy 

Unilateral VML injury was performed on the left tibialis anterior (TA) muscle of 

8-week old C57Bl/6 mice ubiquitously expressing mitochondrial Dendra2 green/red 

photoswitchable monomeric fluorescent protein (Jackson Laboratory). We elected to use 

the TA for the imaging rather than the GAS because of its accessibility and lack of 

pennation. Imaging was performed immediately, 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 Respiration), 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. Our 2-photon microscope is a homebuilt system explained in (23). We used a 

Ti:Saphire laser, with 840nm and 940nm wavelength for excitation of the inherent Denra2 

fluorescent protein of the mouse. For collection of fluorescent light, we used a 525/50nm 

filter. For each muscle, we imaged within an area of approximately 1.0mm2 in the 

proximity of the injury site. The ROIs for the injured muscle were determined prior to 

imaging with the goal to image fibers directly adjacent to the injury site. Within each ROI, 

we collected multiple z-stacks (n>10), with resolution and pixel size small enough to 

satisfy the Nyquist sampling theorem, to characterize mitochondrial structure and 

organization with and without VML.  

To analyze the mitochondrial network organization, we developed an angular 

Fourier filtering (AFF) method. Fourier transform is a method to describe spatial or 

temporal information through a complete set of sine and cosine waves. Transforming an 
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image from the spatial domain to the Fourier domain, 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 (figure x) with a gaussian profile (w.r.t. φ in 

cylindrical coordinates ρ,φ) to collect information about features at an angle α: 

  (1.1) 

where σ is the standard deviation of gaussian filter (fig. 1 E). We then calculate the 2D 

Fourier transform of each image i at depth z:  

  (1.2) 

We rotate the filter from 0 to 180 degrees for each optical 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 calculated using: 

  (1.3) 

where M is a mask determined by the numerical aperture of the microscope NA and the 

wavelength of the emitted light λ,  

    (1.4) 
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An intact mitochondrial network has a very periodic structure, which makes AFF an ideal 

analysis, as it will detect 2 dominant angles of alignment in uninjured muscle: 1) 

mitochondrial network alignment that is parallel to muscle fiber orientation and 2) 

mitochondrial network alignment that is perpendicular to muscle fiber orientation. We 

applied AFF to each frame from a Z-stack to produce 3D mesh plots (Fig. 3.2 C). 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 we calculated the ratio of peak alignment strength of a given z-

stack and its average alignment strength across the entire z-stack (Fig. 3.2 D), which we 

call alignment ratio (AR): 

  (1.5) 

Statistical Analysis  

Data are presented in the results as mean ± SD.  A multi-factor repeated measures analysis 

of variance (ANOVA) was used to analyze assessments wheel running performance, where 

the between-subject factors were control and VML and the repeated measure factor was 

time.  A multi-factor repeated measures ANOVA was also used to analyze data from the 

acute VML study, where the between-subject factors were day 3 and day 7 and the within-

subject factors were injured and uninjured limbs. Gene expression data was analyzed using 

nonparametric tests in REST 2009 Software (M. Pfaffl, Technical University Munich, and 

QIAGEN). A two-way ANOVA was used to analyze torque in studies 2 and 3 as well as 

fatigue resistance after PGC-1α transfection, where the between-subject factors were group 
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(control and VML) and treatment (WR and no WR or PGC-1a and no PGC-1a). All other 

data were analyzed using 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 

(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.   

Results 

Study 1: Effect of VML on injured muscle function and mass acutely after injury 

To determine the impact of VML on muscle function acutely after injury, we 

performed in vivo functional analysis of plantarflexor muscles at 3 and 7 days post VML. 

VML mice were 86% and 76% weaker than uninjured control mice at 3 and 7 days after 

injury, respectively. (Fig. 3.1A). GAS mass at day three was 101% of the uninjured limb 

despite removal of nearly 15% of the total muscle volume 3 days prior indicating the 

presence of severe edema in the injured limb. By day 7, however, the GAS mass was down 

to 84% of the uninjured limb, suggesting that the edema in the injured limb had subsided 

(Fig. 3.1C).  

Study 1: Effect of VML on mitochondrial function  

To determine the extent to which VML affects muscle oxidative capacity acutely 

after injury, we assessed mitochondrial function and content at 3 and 7 days post VML. 

Mitochondrial function was 62% and 47% lower than the uninjured limb at 3 and 7 days 
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post injury, respectively (Fig. 3.1 D). By day 7, mitochondrial function was 27% greater 

than on day 3 (Interaction: P=0.016, Fig. 3.1 D). CS and SDH (proxies for mitochondrial 

content) in VML injured limbs were 6% and 25% lower than the uninjured contralateral 

limbs, respectively (Main effect of injury, CS and SDH: P<0.001, Fig. 3.1 E,G). 

Normalizing mitochondrial function to mitochondrial content (i.e. CS activity) only 

accounted for ~5-10% of the total deficit in respiration, which is not surprising considering 

the relatively minor effect (6%) of VML on CS activity (P=0.008, Fig. 3.1F). To assess the 

hypothetical broad impact of the mitochondrial deficits on the whole body, we extrapolated 

the respiration rate for 1 mg of muscle tissue to the mass of the entire GAS. Similar to the 

other mitochondrial metrics, this measure of whole muscle oxygen consumption was 39% 

and 50% lower at 3 and 7 days post injury compared to contralateral controls (Fig. 3.1H). 

Together, these data suggest that VML injury has an adverse effects on muscle 

mitochondria. 

Study 1: Effect of VML on mitochondrial organization 

To assess whether mitochondrial dysfunction was associated with mitochondrial 

network disorganization after VML, we imaged the mitochondrial network around the 

injury site at immediately, 3, 7, and 28 days post injury. Mitochondrial network 

organization was 48% and 31% lower than control at 3 and 7 days post injury, respectively 

(P<0.001, Fig. 3.2C-D and Fig. 3.3). Immediately after injury, mitochondrial organization 

was only 23% lower than the control (P<0.001) suggesting that the further deterioration of 

the mitochondrial network at later time points (i.e. 3 and 7 days) was due to an indirect 

impact of VML on the remaining muscle such as inflammation. This notion is further 
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supported by the qualitative observation of what appeared to be mononuclear inflammatory 

cells at the injury site 3 and 7 days post injury (Fig. 3.2 A-B and Fig. 3.3). By day 28, the 

mitochondrial network organization was 40% higher than day 7, but not any higher than 

day 3 (Fig. 3.2D). Qualitatively assessment of 3D mitochondrial network reconstructions 

at day 28 shows more disorganization in the arrangement of muscle fibers than 

mitochondrial network, which may cause our analysis to underestimate the mitochondrial 

improvements (Fig. 3.3). To assess the extent of the impact of VML injury on 

mitochondrial disorganization across the entire muscle, we imaged 7 days post injury at 

various distances away from the injury site. Our qualitative results suggest that the greater 

the distance from the injury site, the more organized the mitochondrial network (Fig. 3.4). 

That being said, even at 2mm away from the injury site, there was still qualitative evidence 

of an inflammatory cell presence, suggesting that the impact of VML extends well beyond 

the bounds of the injury. Together, this data indicates that the mitochondrial network is 

severely disrupted following VML injury, and that this disruption is potentially mediated 

by a widespread inflammatory response.  

Study 2: Effect of voluntary wheel running on muscle mass and function  

To determine the therapeutic impact of WR on muscle function after VML, 

plantarflexor contractility was assessed prior to sacrifice. VML mice were substantially 

weaker (~62%) than CON and CON+WR mice, but after 4 weeks of WR therapy, 

VML+WR mice were moderately stronger (38% greater) than VML mice, suggesting that 

WR therapy was beneficial for muscle function (Interaction: P=0.017, Fig. 3.5A). 

However, even though the remaining muscle in VML+WR mice was stronger after 4 weeks 
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of WR, it was still ~44% weaker than uninjured control mice (Fig. 3.5A). Four weeks after 

the injury, the GAS mass in VML mice was 20% lower than the uninjured contralateral 

control, indicating that the ~20mg muscle defect removed during the injury had not been 

replaced (Fig. 3.5C). Four weeks of wheel running had no effect on GAS mass, as the GAS 

mass of VML+WR mice was still ~20% lower the uninjured contralateral limbs (Fig. 

3.5C). To account for the smaller muscle mass, we normalized the torque by the 

plantarflexor mass and found that the strength deficits in VML and VML+WR mice were 

still present (VML: 54% lower than control, VML+WR: 32% lower than control, 

Interaction: P=0.045, Fig 3.5B). VML injury and wheel running therapy had no effect on 

body mass (P=0.126). Daily wheel running distance was recorded to determine if VML 

mice would run to the same extent as uninjured controls. Despite being injured, VML mice 

did not run less distance than control mice (P=0.541, Fig. 3.5D). Together, these data 

suggest that WR can partially restore muscle function after VML, despite the GAS muscle 

mass not recovering following injury.  

Study 2: Effect of voluntary wheel running on VML injured muscle mitochondria 

To determine whether VML injury impacts the metabolic plasticity of the 

remaining muscle, we assessed mitochondrial respiratory function in permeabilized fibers 

as well as various mitochondrial specific enzymes 4 weeks after VML and VML+WR. 

Significant ANOVAs were observed for mitochondrial function (P<0.001, Fig. 3.5E), CS 

activity (P<0.001, Fig. 3.5F), and SDH activity (P<0.001, Fig. 3.5H). Compared to CON, 

mitochondrial function, CS activity, and SDH activity were not impaired in VML injured 

muscle 4 weeks after injury suggesting that VML injury does not cause chronic metabolic 
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dysfunction in the remaining muscle. Mitochondrial function and SDH activity were 

greater in CON+WR mice compared to CON, VML injured, and VML uninjured mice, 

confirming that 4 weeks of WR is sufficient to produce oxidative adaptations (P<0.05, Fig. 

3.5E, H). Interestingly, the uninjured limb and not the injured limb of VML+WR mice had 

26% greater mitochondrial function than the injured limb of VML mice suggesting that the 

injured limb did not undergo mitochondrial adaptations to WR (Fig. 3.5E). In contrast, CS 

activity was actually greater only in the injured limb of VML+WR mice compared to 

CON+WR mice and the injured and uninjured limbs of VML mice (Fig. 3.5F). Together, 

these data suggest that mitochondrial content is elevated in the VML injured limb after 

WR, but that the respiratory function of those mitochondria is impaired. To determine if 

WR induced changes in mitochondrial function were the result of changes in mitochondrial 

content, we normalized mitochondrial function to CS activity (Fig. 3.5G). Normalization 

of mitochondrial function further supported mitochondrial dysfunction in the injured limb 

of VML+WR mice as mitochondrial function was 41% lower than CON+WR and 42% 

lower than the uninjured limb of VML mice. All other differences between groups in 

mitochondrial function were eliminated after normalization, indicating that mitochondrial 

WR adaptations in VML+WR and uninjured limb of VML+WR mice were due to changes 

in mitochondrial content Fig. 3.5G). Calculation of whole muscle oxygen consumption 

reflected a lack of mitochondrial adaptations to WR in the VML injured limb. Interestingly, 

this measure also revealed the potential for an oxidative deficiency in the VML injured 

limb compared to control, which is not surprising considering that the mitochondrial deficit 

is being compounded by the reduction in muscle mass (P<0.001, Fig. 3.5I).  
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Study 2: Effect of VML on muscle vasculature 

 Poor vascular perfusion is a potential cause of impaired oxidative plasticity, so we 

imaged injured and uninjured vasculature in the posterior compartment of sedentary and 

WR trained mice. Surprisingly, we found a main effect for VML injured limbs having 

higher vessel volume compared to uninjured control limbs independent of WR (P=0.007) 

(Fig. 3.6A,B). This data suggests that limitations in vascular perfusion are probably not 

contributing to the impaired oxidative plasticity after VML. 

Study 2: Effect of VML on muscle mitochondrial biogenesis capacity 

Impaired mitochondrial biogenesis is a potential explanation for the lack of 

mitochondrial adaptations in the injured limb of VML+WR mice. To explore whether 

mitochondrial biogenesis was impaired in VML injured muscle, we subjected uninjured 

control mice and VML injured mice to a unilateral 30-minute electrical stimulation 

protocol to stimulate mitochondrial biogenesis after VML injury. Initial torque production 

was 57% lower in VML compared to control mice, but all mice began to fatigue shortly 

after initiation of the stimulation protocol. After several minutes, both VML and control 

mice plateaued at substantially lower but similar torque values. Despite the VML mice 

being initially weaker (P<0.001, Fig. 3.7A,B), the torque x time integral calculated over 

the course of the stimulation protocol was not different between VML and control mice 

(P=0.733, 3.7C), suggesting that both groups of mice received a similar exercise stimulus. 

To assess mitochondrial biogenesis capacity, PGC-1a gene expression, a well-established 

marker of mitochondrial biogenesis, was measured in both the stimulated and unstimulated 

limbs of control and VML mice. There was a significant interaction between group and 

limb for PGC-1a expression (P<0.001, Fig 3.7D). The stimulated limb of control mice had 
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4-fold greater PGC-1a expression compared to the unstimulated limb, indicating a robust 

stimulus for mitochondrial biogenesis following the acute bout of exercise. However, PGC-

1a expression in the stimulated limb of the VML mice was not significantly different from 

the unstimulated limb, suggesting that VML injury impairs oxidative gene expression (Fig. 

3.7D). Together, these data suggest that VML injured muscle has impaired mitochondrial 

biogenesis, which is potentially leading to poor mitochondrial adaptations in the injured 

muscle of VML+WR mice.  

Study: Effect of PGC-1a overexpression on VML injured muscle mitochondria 

Given the apparent impaired mitochondrial biogenesis in VML injured muscle, we 

next wanted to test whether it was possible to improve the oxidative capacity of the 

remaining muscle. To accomplish this, we bypassed endogenous PGC-1a activation 

pathways via forced expression of PGC-1a. Four weeks after PGC-1a transfection, 

CON+PGC-1a mice and VML+ PGC-1a mice had 26% and 33% greater mitochondrial 

respiratory function compared to non-PGC-1a transfected mice (P<0.001, Fig. 3.8A,B). 

Similarly, SDH activity was 69% and 48% elevated in CON+ PGC-1a and VML+ PGC-

1a mice, respectively, compared to the injured limb of VML mice (P<0.001, Fig. 3.8C). 

CS activity was also greater in VML+ PGC-1a compared to the injured limb of VML mice 

(P=0.006, Fig. 3.8D). CS activity had relatively small differences between groups, and as 

a result, when mitochondrial function was normalized to CS, many of the same group 

differences were present (Fig 3.8E). A two-way ANOVA yielded a main effect of group 

(VML and Control) (P=0.014) and treatment (PGC-1a transfection) (P=0.014) for muscle 

fatigue resistance (Fig. 3.8F). A main effect of group was found for muscle fatigue 
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resistance where CON mice were 43% higher than VML mice (P=0.014). Additionally, a 

main effect of treatment revealed PGC-1a overexpression mice had 42% greater fatigue 

resistance than untreated mice (P=0.014). Our calculated measure of whole muscle oxygen 

consumption again revealed a potentially large deficit (45% of control) in oxidative 

capacity of VML injured muscle (Fig. 3.8G). PGC-1a overexpression rescued some 

muscle oxidative capacity, but because the deficit is compounded by a lower GAS mass, 

the deficit could not be completely restored. Together these data demonstrate that PGC-1a 

overexpression was sufficient to overcome the impaired mitochondrial biogenesis in VML 

injured muscle and improve the oxidative capacity.  

Effect of PGC-1a overexpression on muscle function after VML injury 

To determine if enhancing oxidative capacity of the remaining muscle via PGC-1a 

overexpression would improve functional recovery after VML injury, we assessed GAS 

mass and plantarflexor contractility 4 weeks after VML injury and PGC-1a transfection. 

Plantarflexor strength in VML mice was on average ~65% lower than CON and 

CON+PGC-1a mice (P<0.001, Fig 3.8H). VML+ PGC-1a mice were 38% stronger than 

VML mice and only ~45% weaker than CON+PGC-1a mice, suggesting that PGC-1a 

overexpression partially rescued muscle function in VML injured muscle (P=0.007). GAS 

mass was 61% lower in the injured limb of VML mice compared to the uninjured limb of 

VML mice (P<0.001, Fig. 3.8J). PGC-1a overexpression did not alter this deficit, as the 

GAS mass was still 40% lower in VML+ PGC-1a mice compared to the uninjured limb of 

VML mice (P<0.001). After accounting for the smaller muscle mass in VML mice, 

VML+PGC-1a mice were 27% stronger than VML mice, only slightly weaker (13%) than 

CON+PGC-1a mice, and not different from CON mice, suggesting that PGC-1a 
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overexpression rescued VML injured muscle function (Interaction: P<0.035), Fig. 3.8I). 

Overall, these data demonstrate that PGC-1a overexpression in VML injured muscle is 

associated with enhanced recovery of muscle function.  

Discussion 

A core principle of physical rehabilitation is the assumption that the body tissues, 

specifically the skeletal muscle, are plastic and capable of being remodeled in response to 

an intervention. Without the ability to remodel and adapt, physical rehabilitation 

interventions are pointless endeavors. VML is an obvious candidate for rehabilitative 

therapy, but the plasticity of the remaining muscle is not well characterized, and as a result, 

there are no post-VML standard of care guidelines. We and others have previously 

demonstrated that the remaining muscle is plastic with regards to contractile function 

following early interventions (14, 24), but the oxidative plasticity of the remaining muscle 

has yet to be fully explored. More research is necessary to find the optimal type (endurance 

vs. resistance vs. combination) and timing (early vs. late) of rehabilitation therapy for 

individuals with VML. With this study, we sought to determine the plasticity of the 

remaining muscle after VML, specifically pertaining to the oxidative plasticity with the 

hope that we could inform future guidelines of post-VML rehabilitation.  

VML Impairs Oxidative Plasticity 

Oxidative plasticity is necessary for rehabilitation induced remodeling of muscle 

oxidative capacity, and in this study, we found that VML potentially impairs the oxidative 

plasticity of the remaining muscle. We initially hypothesized that inadequate vascular 
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perfusion was limiting oxidative adaptations because delivery of oxygen and fuel to the 

muscle is critical to oxidative function. Contrary to our hypothesis, we found increased 

vessel density around the injury site suggesting that vascular perfusion was likely not a 

contributor. We next hypothesized that VML could alter signaling pathways associated 

with mitochondrial biogenesis. Exercise-induced mitochondrial biogenesis is activated 

through several signals including increased intramuscular Ca2+ levels, activation of the 

cellular energy sensor AMPK, and contraction induced ROS production (25). All of these 

signals work together to increase PGC-1a gene expression (26), which we found to be 

blunted after exercise in VML injured muscle. This data suggests that VML alters the 

mitochondrial biogenesis signaling pathway. However, after overexpression of PGC-1a, 

the oxidative capacity of the muscle was found to be greater in VML injured muscle, 

suggesting that the mitochondrial biogenesis signaling pathway was not compromised. 

If VML injury does not blunt oxidative adaptations through limited vascular 

perfusion or altered mitochondrial biogenesis signaling, then perhaps altered muscle 

activation after VML plays an important role. Indeed, Beltran et al. reported that ~20% of 

VML patients suffer motor neuron injuries (27). Motor unit recruitment is necessary for 

muscle contraction, breakdown of ATP, and by extension, mitochondrial activation and 

adaptation. Thus, reduced motor unit recruitment caused by motor neuron axotomy from 

VML could potentially explain the lack of oxidative adaptations to WR therapy as well as 

blunted exercise-induced PGC-1a gene expression. Further research is needed to fully 

elucidate the reason for blunted oxidative adaptations in VML injured muscle, but no  
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matter the mechanism, impaired oxidative plasticity is a critical problem for whole muscle 

function.  

In order to appreciate the broad implications of the mitochondrial respiration 

deficits after VML, we assumed the mitochondrial deficit was muscle wide and calculated 

the hypothetical oxygen consumption rate of the entire muscle. The oxidative deficit in the 

injured muscle was compounded due to the smaller muscle mass after injury, revealing that 

whole-body oxidative capacity could potentially be greatly reduced in patients with VML. 

Given that reduced oxidative capacity has been implicated in numerous diseases such as 

aging (28), cardiovascular disease (29), and diabetes (30), it is critical to correct oxidative 

deficits in VML injured muscle to prevent long term health complications in patients with 

VML. With this in mind, we overexpressed PGC-1a in to determine if forcing an increase 

in oxidative capacity was possible and if so, what effects would it have on muscle function 

after VML. Intriguingly, we found that 4 weeks of PGC-1a overexpression in VML injured 

muscle almost completely rescued muscle strength normalized to muscle mass (Fig. 3.8I). 

This data indicates that PGC-1a plays an important role in recovery of muscle function 

after VML, but it remains to be seen exactly how PGC-1a overexpression leads to greater 

strength.  

There are several possible ways that PGC-1a overexpression could strengthen 

VML injured muscle. First, mitochondria have been shown to aid in muscle fiber 

sarcolemmal repair after injury (31, 32), meaning that myofibers with more mitochondria 

(i.e. PGC-1a overexpression) may be more resistant to cell death after injury. Second, 

PGC-1a overexpression has been shown to enhance pre- and post- synaptic NMJ 
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morphology and function, which could partially compensate for motor neuron damage 

caused by VML (3). Third, PGC-1a overexpression has been shown to prevent muscle 

atrophy, which is a common side effect of VML, by inhibiting FoxO3 signaling (33). 

Overall, our data shows that PGC-1a overexpression and the resulting increases in 

oxidative capacity are associated with greater muscle strength after VML injury. However, 

the exact mechanism by which PGC-1a overexpression causes greater muscle strength 

remains unclear and should be a focus of future research. 

Mitochondrial Role in VML Pathophysiology 

One of the reasons that rehabilitation guidelines do not exist for patients with VML 

is that the pathophysiology of VML is poorly understood. In this study, we investigated 

mitochondrial function, which up to this point, was an uncharacterized area of VML 

pathophysiology. We found that VML severely impacts mitochondrial organization and 

function acutely after injury, which is not surprising considering the trauma inflicted on 

the muscle fibers immediate to the injury area. Disrupted intracellular Ca2+ homeostasis is 

the potential mechanism for the mitochondrial impairments following VML, as Ca2+-

induced mitochondrial dysfunction has been well documented after other severe skeletal 

muscle injuries (34-36). After mechanical muscle damage, such as VML where myofibers 

are completely severed, sarcolemmal integrity is compromised resulting in Ca2+ flooding 

into the cell, which the mitochondria try to correct by absorbing some of the Ca2+. 

Excessive mitochondrial Ca2+ absorption leads to declines in mitochondrial respiration 

(37), opening of the mitochondrial permeability transition pore (38), and release of 

proinflammatory (39) and proapoptotic factors (40). Overall, the mitochondrial 
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impairments that we are reporting are potentially caused by Ca2+ overload within the 

muscle cell, which likely contributes to the extensive cell death of severed myofibers after 

VML.  

Normally, inflammation after muscle injuries is important for initiating recovery of 

muscle function, but inflammation after VML may actually exacerbate the injury (41, 42). 

Our 2-photon scanning microscopy experiments provide semi-quantitative evidence that 

suggests the effects of VML injury on mitochondrial organization extend well beyond the 

borders of the injury (Fig 3.3 and 3.4). This widespread effect of VML injury could be due 

to the excessive inflammatory response that occurs after the injury. Generally, following a 

muscle injury, the inflammatory response resolves within 3-7 days (43, 44), however, in 

VML, inflammation is prolonged, potentially lasting for several weeks (41, 42). Chronic 

inflammation of this nature has been linked to mitochondrial dysfunction (45) and impaired 

muscle regeneration (46, 47), supporting the notion that the inflammatory response after 

VML may injure myofibers that otherwise would be unaffected by the injury.  

Technical Considerations 

 Several technical details should be considered when interpreting our results, 

specifically pertaining to the mitochondrial function assay. Our 2-photon data indicates 

that 7 days after injury mitochondrial disorganization is more severe than day 7 

mitochondrial respiratory dysfunction, where day 7 seems to be recovering after injury. A 

possible explanation for this discrepancy is a selection bias at day 7 where we can only 

select higher functioning fibers due to the complete disintegration of other fibers closer 

(i.e. the fiber pool probably used for selection on day 3) to the injury. Thus, we may be 
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underestimating the mitochondrial respiratory dysfunction at day 7 and possibly day 28 

post injury. We could also be underestimating the impact of VML on mitochondrial 

content, as the CS assay was performed on a muscle homogenate that comprised of the 

entire GAS and not the muscle fiber bundles used for the mitochondrial respiration assay. 

As a result, CS values may reflect mitochondrial contributions from inflammatory cells as 

well as muscle. This information is especially relevant to interpretation of the 

mitochondrial respiration rates normalized to CS. Overall, our results indicate that VML 

causes mitochondrial dysfunction and loss of content, but because of inhomogeneities in 

the injury level across the muscle, these measures may be underestimating the true impact 

of VML on the remaining muscle.  Finally, we would like to note that our mitochondrial 

organization analysis cannot account for disorganization among of muscle fibers. 

Immediately after the injury as well as 28 days post injury, muscle fibers were not as 

organized as the control, while the mitochondrial network within the fibers was seemingly 

intact and well organized. This effect will likely cause our analysis to underestimate 

mitochondrial network organization.  

Considerations for Future VML Treatments 

 Current research on treatments for VML focus primarily on two areas: 1) designing 

structured physical therapy programs that strengthen the remaining muscle (48) and 2) 

designing physical constructs fill the void and facilitate regrowth of muscle in the wound 

area (41, 48-52). This study has uncovered an important aspect of VML pathophysiology, 

namely mitochondrial dysfunction, that we believe can provide several novel contributions 

to the both areas of VML treatment research. 1) Our PGC-1a overexpression experiments 
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describe a potential important role for mitochondria in the recovery of muscle strength after 

VML. Thus, we propose that rehabilitation programs should combine resistance exercise 

with endurance exercise to potentially benefit from synergistic adaptations of muscle 

strength. 2) In this study, for the first time, we have identified mitochondrial network 

disorganization and dysfunction as muscular complications caused by VML injury. These 

complications, in addition to other factors like limited vascular perfusion, motor neuron 

axotomy, and excessive inflammation, will likely create a hostile environment that should 

be accounted for during the development and implementation of physical constructs for 

treatment of VML. In conclusion, we believe that our study can provide valuable insight 

for development and optimization of future VML treatment strategies.  

Conclusion 

 Collectively, our results indicate that VML injury causes mitochondrial dysfunction 

and diminished oxidative plasticity in the remaining muscle, which is not good news for 

patients with VML. However, the good news is that forcibly increasing oxidative capacity 

in the remaining muscle is associated with moderate improvements in muscle strength. 

This finding provides rationale for designing rehabilitation programs that combine both 

resistance and endurance exercises with the hope of maximizing the functional recovery of 

the remaining muscle.  
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Figure Legends 

Figure 3.1: The effects of VML on plantarflexor muscle strength and oxidative capacity at 

3 and 7 days after injury. A) Peak isometric torque normalized to body mass. B) 

Peak isometric torque normalized to plantarflexor mass. C) GAS mass presented 

as percent of the uninjured contralateral control limb. D) Mitochondrial 

respiratory function normalized by grams wet weight of permeabilized muscle 

fibers (n>15 permeabilized fiber bundles from n=4 mice for each condition). E) 

Citrate synthase enzyme activity; P<0.001 for main effect of limb (n>8 

replicates from n=4 mice for each condition). F) Mitochondrial respiratory 

function normalized to citrate synthase enzyme activity. G) Succinate 

dehydrogenase activity; P<0.001 for main effect of limb (n>12 replicates from 

n=4 mice for each condition). H) Extrapolation of mitochondrial respiration 

rates (panel D) to entire muscle mass (panel C). *P<0.05  

Figure 3.2: The effects of VML on muscle mitochondrial network organization. A) 

Schematics showing regions of interest and representative 2D images from 

control and injured TA muscles. B) Representative 3D reconstruction of 

mitochondrial network near VML injury site from control and injured TA 

muscles. C) Representative 3D surface plots showing angle and alignment 

strength of the 3D mitochondrial network depicted in panel B. D) Quantification 

of mitochondrial network organization (peak alignment/average alignment) in 

control and injured muscle at various time points after injury (n>10 z-stacks 

from n=1-2 mice for each time point). *P<0.05 



 

90 

Figure 3.3: The effects of VML on mitochondrial organization in control and injured 

muscle at various time points after injury. Representative 3D reconstructions of 

mitochondrial networks from control (A), and VML injured muscle. VML 

injured muscle was imaged immediately (B), 3 days after injury (C), 7 days after 

injury (D), and 28 days after injury. 

Figure 3.4: The effects of VML on mitochondrial organization at various distances from 

the injury site. Representative 3D reconstruction of mitochondrial networks 

from injured muscle at 0mm (A), <0.5mm (B), 1.5mm (C), and 2mm (D) away 

from the injury site.   

Figure 3.5: The effects of VML and voluntary wheel running on muscle strength and 

oxidative capacity 4 weeks post injury. A) Peak isometric torque normalized to 

body mass. B) Peak isometric torque normalized to plantarflexor mass. C) GAS 

mass presented as percent of the uninjured contralateral control limb. D) Wheel 

running distance of control and VML injured mice. E) Mitochondrial respiratory 

function normalized by grams wet weight of permeabilized muscle fibers (n>12 

permeabilized fiber bundles from n=6 mice for each condition). F) Citrate 

synthase enzyme activity, (n>12 replicates from n=6 mice for each condition). 

G) Mitochondrial respiratory function normalized to citrate synthase enzyme 

activity. H) Succinate dehydrogenase enzyme activity, (n>18 replicates from 

n=6 mice for each condition). I) Extrapolation of mitochondrial respiration rates 

(panel E) to entire muscle mass (panel C). *P<0.05 

Figure 3.6: The effect of VML on muscle vasculature. A) Representative 3D 

reconstructions with vessel diameter mapping of vasculature in the posterior 
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compartment of VML and VML+WR mice. B) Quantification of blood vessel 

volume normalized to total volume; P=0.007 for main effect of muscle injury. 

Figure 3.7: The effect of VML on mitochondrial biogenesis signaling after exercise. A) 

Muscle torque normalized to body mass prior to starting stimulation protocol. 

B) Torque production for control and VML injured mice throughout the 

stimulation protocol. C) Calculated area under the curves shown in panel B for 

control and VML injured mice. D) PGC-1a gene expression 3 hours after 

stimulation protocol for stimulated and non-stimulated limbs of control and 

VML injured mice. *P<0.05, **indicates significantly different from all, P<0.05 

Figure 3.8: Effect of PGC-1a overexpression on oxidative capacity and plantarflexor 

muscle strength 4 weeks after VML injury. A) Representative images of GAS 

muscles with and without PGC-1a overexpression showing increased red hue in 

PGC-1a muscle. B) Mitochondrial respiratory function normalized by grams 

wet weight of permeabilized muscle fibers (n>15 permeabilized fiber bundles 

from n=5 mice for each condition). C) Succinate dehydrogenase enzyme 

activity, (n>18 replicates from n=5 mice for each condition). D) Citrate synthase 

enzyme activity, (n>12 replicates from n=6 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; P=0.014 for both main effects of PGC-1a and group. G) 

Extrapolation of mitochondrial respiration rates (panel B) to entire muscle mass 

(panel J). H) Peak isometric torque normalized to body mass. I) Peak isometric 
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torque normalized to plantarflexor mass. J) GAS mass presented as percent of 

the uninjured contralateral control limb. *P<0.05 
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CHAPTER 4 

DISSCUSSION AND CONCLUSIONS 

Identifying and understanding mechanisms underlying the cause of a disease is one 

of the first steps for developing effective treatments specific to that disease. Similarly, we 

must fully understand the pathophysiology of volumetric muscle loss (VML) injury so that 

we can design appropriate and specific treatment strategies for patients with VML. 

Currently, there are no standard guidelines of care for patients with VML, which is largely 

due to the fact that every injury is unique and therefore needs unique treatment. This 

problem is further compounded by the fact that VML pathophysiology is poorly understood 

(3), which makes designing broad but effective treatments an extremely challenging task. 

In the present study, we have 1) identified mitochondrial dysfunction as an element of 

VML pathophysiology, and 2) identified a role for the mitochondria in recovery of muscle 

function after VML. We believe that this research provides valuable insight into VML 

pathophysiology and can inform future post-VML treatment strategies. 

Directions for Future Research  

This body of research extensively explored a novel area of VML pathophysiology, 

namely oxidative capacity and plasticity of the remaining muscle. As is common with 

research, extensive exploration of one area in the hopes of answering one question, often 

yields multiple new questions. Upon reflection of this work, three new important questions 

arise: 1) What is the mechanism by which VML injury causes such severe mitochondrial 

disturbances? 2) What is the mechanism by which VML injury impairs oxidative plasticity 
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of the remaining muscle? 3) What is the mechanism by which PGC-1a overexpression 

leads to greater in strength in the remaining muscle? Answering these three questions 

would provide important mechanistic insight into VML pathophysiology and potential 

treatment strategies. 

Question 1: What is the mechanism by which VML injury causes such severe 

mitochondrial disturbances?  

In this study, we reported that VML caused severe mitochondrial dysfunction and 

disorganization early after the injury that may still persist at 4 weeks post injury. While we 

did not specifically address the mechanism for the mitochondrial dysfunction it is likely 

multifaceted and dependent on the proximity of the mitochondrial network to the injury 

site. Myofibers that were directly impacted by the VML injury, i.e. severed, most likely 

suffered from loss of Ca2+ homeostasis due to complete loss of sarcolemma structural 

integrity. However, our 2-photon data suggested that the myofibers and mitochondria 

directly adjacent to the injury site were not the only casualties of the injury, as 

mitochondrial organization was still disrupted several hundred microns away from the edge 

of the VML. This is further supported by the mitochondrial dysfunction assay which is 

requires ~15 milligrams of muscle fibers to perform. While we selected myofibers from 

regions directly adjacent to the injury site, it is likely that only a fraction of the selected 

fibers suffered direct mechanical damage from VML injury, which supports the notion that 

VML-induced mitochondrial damage extends well beyond the bounds of the injury site. 

 Considering that inflammation has been previously implicated in mitochondrial 

dysfunction (17), it is likely that inflammation is a contributor to the VML-induced 

mitochondrial dysfunction. The inflammatory response after VML is excessive and 
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prolonged as it does not completely resolve even weeks after the injury (18, 19), which is 

in contrast to other injuries where the inflammatory response typically resolves within 3-7 

days (20, 21). Furthermore, the inflammatory response after VML also extends beyond the 

injury site as our 2-photon data revealed what appeared to be blanket of mononuclear 

inflammatory cells distributed all across the muscle early after the injury. Together, this 

data suggests that inflammation is a type of indirect VML injury that causes mitochondrial 

dysfunction in myofibers that would otherwise be unharmed by the VML. Future research 

should determine if modulation of the inflammatory response after VML would preserve 

mitochondrial function in muscle fibers not mechanically impacted by VML.   

Question 2: What is the mechanism by which VML injury impairs oxidative plasticity of 

the remaining muscle? 

 In this study, we reported that VML injured muscle did not adapt to 4 weeks of 

voluntary wheel running, which suggested that VML injury potentially limits oxidative 

plasticity of the affected muscle. In an attempt to tease out a mechanism for how VML 

injury would impair oxidative adaptations, we performed several experiments, the first of 

which focused on muscle vasculature and the second focused on mitochondrial biogenesis. 

The first experiment, demonstrated that muscle vessel volume was actually higher after 

VML, which put to rest our hypothesis that blood perfusion deficiencies after VML could 

limit adaptations to exercise. On the other hand, when we examined mitochondrial 

biogenesis, we found that PGC-1a expression did not increase after exercise in VML 

injured muscle, which suggests that VML injury either somehow disrupts the 

mitochondrial biogenesis pathway. Given that vascular perfusion is not an issue, there are 

three other candidate explanations for how VML injury would disrupt mitochondrial 
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adaptations to exercise. 

 The first possible explanation of how VML could limit oxidative adaptations to 

exercise is through direct disruptions in the mitochondrial biogenesis signaling pathway. 

Considering that we found blunted PGC-1a expression after exercise and increased 

oxidative capacity after PGC-1a overexpression in VML injury muscle, it is logical to 

assume that if VML was affecting mitochondrial biogenesis signaling it would be upstream 

of PGC-1a. Increased PGC-1a expression, and by extension mitochondrial biogenesis, is 

initiated by several main signals that include, increased intracellular Ca2+, contraction 

induced ROS production, and activation of AMPK (22). Besides our PGC-1a 

overexpression experiments, we do not have any data that specifically examines the effect 

of VML on these upstream activators of PGC-1a, therefore, we can only speculate on how 

VML would affect mitochondrial biogenesis. Logically, VML-induced disruption of PGC-

1a activators is unlikely because intramuscular disturbances after VML reflect more of a 

pro- rather an anti-mitochondrial biogenesis environment (i.e. increased Ca2+, 

inflammation-induced ROS production, and mitochondrial dysfunction-induced AMPK 

activation). Obviously, this seemingly pro-mitochondrial biogenesis environment does not 

actually translate to mitochondrial biogenesis, but rather initiating cell survival or death 

pathways (i.e. mitochondrial permeability transition pore opening from mitochondrial Ca2+ 

overload, apoptosis, or necrosis). Overall, there is not an obvious reason to believe that 

VML would disturb molecular activators and signaling pathways upstream of PGC-1a. 

The second possible explanation of how mitochondrial biogenesis could limit 

oxidative adaptations is biomechanical alterations of the hindlimb. In order for 

mitochondrial adaptations to exercise to take place, muscle contraction must occur (23). In 
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this study, the VML injury could have restricted muscle movement to the point where the 

muscle is rendered useless. If that was the case, the muscle would not have been used 

during wheel running and the mitochondria, even though all signaling pathways were 

intact, would not have adapted. In the present study, we did not directly assess hindlimb 

biomechanics in VML injured mice, but indirect evidence points to the notion that both the 

injured and the uninjured hindlimbs were used during voluntary wheel running. First, VML 

injured mice ran the same distance as uninjured mice suggesting that they were not 

hindered by major biomechanical issues. The second and most convincing piece of 

evidence that the injured limb was activated during wheel running is that muscle strength 

was greater in VML injured muscle compared to controls after wheel running. Overall, 

biomechanical abnormalities probably did not play a large role in limiting oxidative 

adaptations to exercise in VML injured muscle.  

The third possible explanation of how mitochondrial biogenesis could limit 

oxidative adaptations is lack of muscle activation due to motor neuron axotomy. Previous 

studies have reported that around 20% of VML patients suffer motor neuron injuries (24), 

which undoubtedly contributes to the significant strength deficits observed after VML (25). 

Muscle activation is necessary for mitochondrial activation and adaptation to exercise, so 

it is plausible that muscle fibers around the injury site (i.e. muscle fibers selected for 

mitochondrial respiration analysis) were not activated during wheel running and did not 

adapt to the exercise. In conclusion, we have ruled out vascular limitations, alterations in 

mitochondrial biogenesis signaling, and biomechanical abnormalities as potential 

mechanisms by which VML impairs oxidative adaptations. Rather, lack of muscle 

activation from damage to motor neurons appears to be the most reasonable explanation. 
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To test this hypothesis, future studies could attempt to stimulate mitochondrial biogenesis 

by directly depolarizing VML injured muscle thereby bypassing motor neuron damage. 

Question 3: What is the mechanism by which PGC-1a overexpression leads to greater in 

strength in the remaining muscle? 

 In this study, we used plasmid transfection to overexpress PGC-1a in VML injured 

muscle so that we could 1) determine if the mitochondrial biogenesis signaling pathway 

was intact downstream of PGC-1a, and 2) to determine if increasing the oxidative capacity 

of the VML injured muscle is of any benefit to recovery of muscle function. Oxidative 

capacity of VML injured muscle was indeed greater after PGC-1a overexpression 

indicating that mitochondrial biogenesis signaling downstream of PGC-1a was fully 

functioning. We also found that muscle strength was greater in the VML injured muscle 

after PGC-1a overexpression. In fact, when strength from VML injured muscle was 

normalized to muscle size, the strength deficit was almost completely abolished. This data 

suggests that mitochondria play an important role in the recovery of muscle function and 

should be the incorporated into VML treatment strategies.  

There are a number of ways by which PGC-1a overexpression could elicit strength 

improvements in VML injured muscle. The first of which is by mitochondrial mediated 

membrane repair. Recently, a role has been described for mitochondria in mediating 

muscle fiber sarcolemmal repair after injury (26, 27). Considering that VML injury 

involves severe mechanical damage to the sarcolemma, we postulate that bolstering 

mitochondria in myofibers after VML injury could provide resistance to cell death via 

enhanced sarcolemmal repair. Essentially, greater resistance to cell death after VML would 
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effectively increase the number of myofibers that survive after VML and possibly reduce 

the number of fibers affected by inflammation, which could potentially lead to better 

strength outcomes 4 weeks after injury. A second way in which PGC-1a overexpression 

could lead to higher muscle strength after VML, is through neuromuscular junction (NMJ) 

modulation. PGC-1a overexpression has been shown to enhance pre- and post- synaptic 

NMJ morphology and function in a similar fashion to exercise training (28). Considering 

that motor neuron damage is a common effect of VML (24), enhancing NMJ function after 

VML may help to partially compensate for this shortcoming leading to an overall stronger 

muscle. Lastly, PGC-1a overexpression may help to prevent muscle atrophy, which is 

common after VML (29). PGC-1a overexpression has been shown to inhibit muscle 

atrophy by blocking FoxO3 signaling (30). Given that atrophied muscles tend to be weaker, 

PGC-1a-mediated prevention of atrophy could be an important factor in VML injured 

muscle producing more torque. However, it should be noted, that analysis of gastrocnemius 

mass 4 weeks after injury did not reveal 1) any signs of muscle atrophy in the VML injured 

limb and 2) any signs of PGC-1a-mediated prevention of atrophy, i.e. VML+ PGC-1a 

mass was not different from VML alone. In conclusion, our results clearly demonstrate that 

PGC-1a overexpression leads to greater muscle strength after VML, but it is not clear 

whether this is due to enhancements in mitochondria, NMJ function, or anti-atrophy 

signaling. 

Implications for Clinical Practice 

This study presents several novel findings regarding VML pathology that are 

relevant to clinical practice as it relates to treatment of VML. First, we demonstrated that 

oxidative capacity is severely reduced acutely after VML and, although to a much lesser 
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extent, this effect may still be present 4 weeks after the injury. Mitochondrial dysfunction 

can lead to a number of complications within the muscle, that if left untreated, could lead 

to a number of metabolic related diseases such as diabetes (31). In light of this information, 

we propose that future rehabilitative guidelines should contain objectives that specifically 

aim to improve the oxidative capacity of the remaining muscle. Secondly, we demonstrated 

that oxidative plasticity of VML injured muscle is impaired, which could limit the efficacy 

of mitochondrial specific rehabilitation programs. We believe that the most reasonable 

explanation for VML limiting oxidative plasticity is lack of muscle activation due to motor 

neuron damage. Therefore, we propose that current physical therapy guidelines for 

rescuing muscle function after nerve damage be combined with endurance type exercises 

that would help to promote motor neuron innervation and improve oxidative capacity of 

the remaining muscle.   
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