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ABSTRACT 

Many features of mitochondrial biogenesis are deregulated during chronic muscle disuse. 

The mitochondrial reticulum is normally maintained by the incorporation of newly 

synthesized proteins into existing organelles via the protein import system. We examined 

whether this pathway was impaired in denervated muscles of rats within the 

subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial subpopulations. Our 

results indicate that the import of proteins into the mitochondrial matrix was reduced with 

denervation, and this effect was more pronounced in the SS subtraction. Additionally, the 

protein content of various components of the import machinery was also reduced. 

Interestingly, increased oxidative stress inhibited protein import and processing in vitro. 

Finally, we observed a close correlation between protein import and state 3 respiration, as 

well as import and mitochondrial content within whole muscle. Thus, the reduction of 

mitochondrial content and function observed with muscle disuse may be partially 

attributed to reduced activity of the import pathway. 
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INTRODUCTION 
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Chronic muscle disuse results in decreased muscle size, function and endurance 

capacity. Furthermore, several adaptive changes in mitochondrial content and function 

occur during conditions of prolonged disuse such as denervation. Mitochondrial 

biogenesis involves a complex series of events involving the activation, expression and 

coordination of both the nuclear and mitochondrial genomes, along with the 

incorporation of newly synthesized proteins into existing organelles. While several 

aspects of this process are altered during denervation, this thesis was undertaken to 

evaluate potential adaptations in one particular facet of mitochondrial biogenesis during 

denervation: the precursor protein import pathway. 

The majority of mitochondrial proteins are encoded by genes found in the 

nucleus, and require the protein import pathway to be incorporated into growing 

organelles. Skeletal muscle experiencing mitochondrial biogenesis exhibits elevated rates 

of protein import. These increases in protein import kinetics are conducive for increasing 

mitochondrial content and improving functioning. However, the import system has never 

been characterized during muscle inactivity, and its role in mediating any adaptations in 

content and function are unknown. Thus, developing a better understanding of the role of 

the protein import system during muscle disuse would help elucidate some of the 

underlying mechanisms regulating alterations in skeletal muscle mitochondria. This 

requires measuring protein import kinetics, along with any changes in organelle structure 

or function which regulate this process. This includes the protein import machinery and 

respiratory chain behaviour in subsarcolemmal (SS) and intermyofibrillar (IMF) 

mitochondria. Specifically, the purposes of this thesis were to: 
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1. Investigate the effect of denervation on mitochondrial protein import in both 

SS and IMF mitochondrial subfractions; 

2. Measure the protein content of various components of the import machinery 

which are involved in mediating protein import in SS and IMF mitochondria; 

3. Evaluate the effect of reactive oxygen species (ROS) on mitochondrial 

protein import; 

4. Assess the relationship between mitochondrial respiration and protein import, 

as well as precursor import and mitochondrial content. 
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REVIEW OF LITERATURE 
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1.0 SKELETAL MUSCLE 

As the name implies, skeletal muscle is a type of muscle responsible for skeletal 

movements such as locomotion. Skeletal muscles are anchored by tendons to bone and 

are under the voluntary control of the central nervous system. A whole skeletal muscle 

consists of muscle, connective, nerve and vascular tissue. Each muscle is made up of 

large numbers of muscle fibers, which are formed from the fusion of many myoblasts 

during development. As a result, muscle fibers have multiple nuclei. In addition, these 

fibers are striated in appearance, which is due to the arrangement of the myofibrillar 

proteins actin and myosin. The interaction of actin with projections on the myosin results 

in cross-bridge cycling and the production of muscle contractions. Skeletal muscle 

constitutes 40% of body mass, and adaptations in response to genetic cues or 

environmental stimuli can result in dramatic phenotypic and functional changes. 

However in order to appreciate these alterations, it is important to understand the 

structural basis of skeletal muscle. 

1.1 Fiber types 

Skeletal muscle is classified into three classes of fibers, slow-twitch red (STR), 

fast-twitch red (FTR) and fast-twitch white (FTW) fibers. They are categorized according 

to their metabolic properties, which reflect the fuel choice used to generate energy for 

muscle contractions, and the contractile apparatus, which is denoted by the myosin heavy 

chain (MHC) expression. The majority of muscles are composed of a mixture of slow and 

fast fiber types, but it is possible to have some muscle groups that primarily comprise of 
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either fast or slow fibers. For instance the soleus muscle in rodents is considered to be 

primarily a slow-twitch muscle whereas the extensor digitorum longus (EDL) muscle 

would be an example of a fast-twitch muscle (12). Fast-twitch muscles have bigger motor 

units that innervate their fibers and they contract powerfully with more force in a shorter 

period of time when compared to slow-twitch muscles. Slow-twitch muscle fibers are 

primarily used as postural and weight bearing muscles, which requires them to be active 

over long periods of time without being fatigued. In contrast, fast-twitch fibers are 

recruited according to the size principle, when slow-twitch fibers cannot produce 

sufficient muscle contractions, or when the force requirement is high (100). There is a 

difference in the mitochondrial content among fast- and slow-twitch fibers, and this 

determines the oxidative capacity of each fiber type (130). Fast-twitch fibers have lower 

amounts of mitochondria, and rely on glycolytic metabolism to generate energy for 

contractions. This makes them more susceptible to fatigue. In contrast, slow-twitch fibers 

are more fatigue-resistant and this serves them well for their function of sustaining 

muscle activity for long durations. The heterogeneity of fiber types observed in skeletal 

muscle suggest that different fiber types adapt differentially when exposed to different 

forms of external stimuli. 

1.2 Multinucleation of skeletal muscle 

Mature skeletal muscle cells are the only organelles in the body that are 

multinucleated. This gives them a distinctive appearance as well as an unusual regulation 

system. Since most cells have their transcriptional processes controlled by one nuclei, 
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multiple nuclei in muscle cells have to work together in regulating gene expression in the 

whole muscle cell. The myonuclear domain theory is a theoretical concept used to 

explain how a fixed amount of cytoplasm is controlled by the action of a single 

myonucleus located at the periphery of the muscle cell (6). Increases in the number of 

myonuclei are governed by the activation of quiescent satellite cells which donates a 

nucleus to the muscle fiber (64). Having multiple nuclei is beneficial to the survival and 

functioning of muscle cells, as the loss of a few myonuclei does not necessarily lead to 

the death of the cell. Other myonuclei can take over the functions of the lost nuclei and 

the muscle cell can adapt by reducing its size. This property plays an important role 

during alterations in muscle contractile activity. 

1.3 Alterations in muscle contractile activity - Muscle disuse 

Skeletal muscles demonstrate enormous plasticity when subjected to differential 

states of contractile activity. The extent of these adaptations depends on the nature and 

duration of contractile activity that is administered. As mentioned in the previous section, 

there is a relationship between the cross-section area of muscle fibers and number of 

myonuclei. In response to increases in contractile activity, satellite cell activation leads to 

an increase in myonuclear number and contractile apparatus proteins (6; 64). However 

the opposite is expected with chronic muscle disuse. This section will explore some 

common models of muscle disuse, as well as the morphological and functional 

adaptations observed with reduced contractile activity. 
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1.3.1 Experimental models of chronic muscle disuse 

A variety of invasive and non-invasive techniques have been developed to induce 

skeletal muscle atrophy in animal models. Invasive techniques such as denervation, 

tenotomy and joint pinning have been historically used to understand the underlying 

causes and mechanisms of muscle atrophy (120). Non invasive techniques such as limb 

casting and body suspension has been used mainly because of the interest of the National 

Aeronautics and Space Administration in exploring the causes of and appropriate 

countermeasures for the disuse atrophy associated with exposure to space flight (113). 

This section briefly looks at some of the common techniques used to study muscle disuse 

and atrophy. 

Denervation occurs when the nerve supply to a muscle is interrupted and the 

muscle no longer receives electrical impulses from the central nervous system (107). This 

can be achieved through mechanical means (i.e. surgical sectioning or crushing) or 

chemical blocking (e.g. tetrodotoxin). Denervation is an excellent model to study both 

muscle disuse as well as neurotrophic effects (120). However the loss of innervation to 

non-muscle tissue may be a confounding variable when interpreting results for muscle 

atrophy. One common criticism is the possible contribution of altered blood flow to the 

atrophic muscle, due to interrupted neural input to vascular tissue in the local area. 

Tenotomy is the surgical procedure of cutting a tendon. In contrast to denervation, 

this process leaves neurons intact, but since the tendinous connection of muscle to bone is 

severed, the muscle length is below its optimal resting length (120; 162). All muscle 

contractions become isotonic, and the tenotomised muscle undergoes atrophy. In 
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addition, the synergetic muscles undergo hypertrophy and as a result this model is more 

commonly used as a model to study compensatory hypertrophy, in lieu of atrophy. 

Limb casting and joint pinning represent models of disuse where the muscles are 

held at a fixed length. In joint pinning, metal rods are implanted at the junction of two 

long bones so that the limb is immobilized and the researcher can control the degree of 

passive stretch by changing the angle at which the joint is immobilized (154). In contrast, 

limb cast immobilization can be used to achieve a similar effect without the implanting 

metal rods. Instead, the limb is fixed with a layer of orthopaedic or casting material to fix 

the joint (120). Both methods result in the atrophy of various hindlimb muscles 

depending on the angle of immobilization. However, one must factor in the role of 

isometric contractions while being immobilized in the interpretation of muscle atrophy. 

The hindlimb suspension (HLS) or unloading (HLU) model was developed to 

mimic spaceflight. In the 1970s, space exploration researchers wanted to design a 

ground-based model to study the effect of weightlessness on astronauts while in space 

(113). Although there have been several modifications to the technique since the model 

was first initiated in 1975, the basic concept has not changed. In this model, rodents are 

elevated to produce a head-down tilt, eliminates weight-bearing activity by the 

hindquarters (115). Animals are free to move, eat and groom with the forelimb muscles 

and the hindlimb muscles unload without paralysis. This model is intended to study the 

effects of weightlessness on different physiological systems and apply it directly to space 

flight studies (114). While unloaded muscles experience differential atrophy (168), some 



10 

researchers question whether hindlimb unloading is an appropriate model of muscle 

disuse, as electrical activity continues in muscles (106). 

The aforementioned models of disuse are all valid techniques that can be used to 

induce muscle atrophy. Each method has its strengths and weaknesses, and choosing the 

appropriate model is dependent on the desired outcome of the study. 

1.3.2 Muscle disuse-induced alterations in skeletal muscle 

With chronic disuse, there are morphological, functional and biochemical changes 

in skeletal muscles which are dependent on the type and duration of disuse. 

The most obvious morphological characteristic of muscle disuse atrophy is a reduction in 

fiber size and perhaps fiber number (4; 148). It would appear logical to suggest that 

slow-twitch fibers should be most affected by disuse, as these fibers receive continual 

neural input to maintain their weight-bearing and postural functions. However, 

experimental evidence suggests that when atrophy is present, it is more prevalent in fast-

twitch fibers (7; 152). One possible explanation is the apoptotic susceptibility of fast-

twitch fibers is higher (3; 152), and they are more readily sacrificed to adjust to lower 

metabolic levels. It must be noted that the fiber type expression patterns vary with 

extended periods of disuse, as one study reported that seventy months following spinal 

cord injury, upper motor neuron paralysed muscles lose the normal slow and fast fibre 

mosaic pattern and become predominantly composed of type II fibers (32). In addition 

several investigators have reported contrasting reports on the trends of fiber switching as 

well as the degree of restructuring. These differences may be attributed to comparing 



11 

different types of disuse atrophy as well as the location of cross sections taken within the 

muscle for examination. Nonetheless, regardless of the model or the period of disuse 

used, an overall reduction in fiber area is a hallmark feature of muscle disuse-induced 

atrophy. 

A different morphological characteristic in skeletal muscle is the consideration of 

the distribution of capillaries in relation to muscle fibers. Fiber size is reduced with 

muscle atrophy, and capillaries appear to become more concentrated (49). However in 

denervation and other forms of muscle disuse there is also a reduction in the vasculature 

around disused muscle (172). Still it must be noted that blood flow and distribution 

increases initially due to rapid decreases in muscle size, but after extended periods of 

time blood flow to disused muscles becomes attenuated (54). All in all, the overall 

capillary/fiber ratio density does not seem to be different in denervated muscles, even 

though there is elevated blood flow. 

A common functional adaptation of skeletal muscle disuse is an overall loss in 

muscle strength (26; 53; 107). There is a direct relationship between reduced cross-

section area of muscle and loss in force production. In the case of muscle disuse, 

diminished electrical activity leads to myofibrillar restructuring (131), which in turn 

affects the availability and turnover of ATP, calcium regulation and metabolite factors 

affecting muscle contractions (53). ATP and calcium ions are necessary for the 

contractile apparatus to contract and generate force. Muscles produce metabolites upon 

contracting which are then recycled. During muscle disuse, these systems are altered 

which then lead to functional impairments in force production. 
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ATP is the fuel which drives muscle contractions. During muscle disuse, the 

availability of ATP is compromised because of a reduction in the enzymes of Krebs' 

Cycle and oxidative phosphorylation (27; 183). Since the majority of ATP is aerobically 

generated using these pathways, ATP becomes less freely available for muscle 

contractions. In addition, the ATP that is present during disused condition comes from 

anaerobic sources such as glycolysis, which generates lactic acid as a by-product in order 

to replenish the factors necessary for ATP generation. The production and consequent 

build up of hydrogen ions during anaerobic metabolism interferes with the normal 

contractile apparatus and selectively competes with calcium binding sites and inhibits 

troponin and tropomyosin interactions (93). As a result muscles are unable to contract, 

and are fatigued. An overall remodelling of ATP generation within disused muscles 

contributes to muscle weakness during repeated contractions. 

As indicated above, calcium also plays a crucial role in facilitating muscle 

contractions. Calcium (Ca2+) ions are stored in sarcoplasmic reticulum (SR) freely, or 

bound to calsequestrin, and are normally released when evoked by an action potential 

(171). The rise of Ca in the muscle cytoplasm leads to increased calcium binding with 

troponin which permits muscle contractions. Upon the completion of a cross-bridge 

cycle, Ca2+ is taken up again into the SR which is facilitated by parvalbumin (171). 

Reductions in muscle electrical activity lead to decreased SR Ca2+ uptake as well as Ca2+-

ATPase activity. In addition levels of parvalubmin are under neural regulation, and 

decrease markedly during disuse. Increased cytosolic Ca2+ levels have been observed in a 
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number of different studies, and this can contribute to muscle proteolysis and 

programmed cell death (150). 

Finally, metabolites produced as a result of muscular contractions may also 

contribute to muscle weakness during conditions of muscle disuse. ADP, reactive oxygen 

species (ROS) and inorganic phosphate are produced during normal muscle contractions, 

and the accumulation of these factors can produce metabolic fatigue by interfering with 

the release of SR calcium, or by reducing the sensitivity of contractile molecules to 

calcium (9). Due to reduced electrical activity, ATP turnover is diminished during 

muscle disuse. This increases the availability of ADP and inorganic phosphate. In 

addition, muscle disuse is accompanied by an elevation in ROS which also contributes to 

muscle fatigue (135). More importantly, ROS plays a greater role in facilitating other 

catabolic processes during denervation and other models of reduced contractile activity. 

1.3.3 Mechanisms of denervation-induced atrophy 

Muscle atrophy occurs largely due to a reduction in protein synthesis and an 

increase in protein degradation (18; 53; 58; 60). The signals that regulate these two 

processes during muscle disuse are related (143), and the molecular mechanisms 

controlling this process are similar to other conditions where muscle atrophy is observed, 

such as muscle wasting diseases and sarcopenia (18; 44; 140). In addition, oxidative 

stress plays a key role in regulating these processes (78; 133; 138). 

As mentioned earlier, the myonuclear domain theory dictates that the number of 

myonuclei is related to the size of muscle fiber. Therefore it is expected that denervation-
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induced atrophy is accompanied with decreases in myonuclei (96). Myonuclei house the 

DNA which is needed for synthesizing proteins in the muscle. The lack of muscle 

contractions require less protein synthesis in the muscle, and this holds true for each 

domain of cytoplasm overseen by individual myonuclei. As a result the muscle undergoes 

a program to eliminate some of the myonuclei along with a reduction in the cytosolic 

components. This is achieved through myonuclear apoptosis, where the end product is 

DNA fragmentation and muscle cell shrinkage (3; 153). However apoptosis only 

accounts for a small portion of muscle atrophy (4), and other processes help contribute in 

remodelling the muscle. 

Protein synthesis is reduced during denervation because signalling cascades 

which initiate the translation of protein synthesis are downregulated (10; 55; 101). At the 

same time, protein degradation is increased as several components of the muscle fiber are 

targeted to be degraded (14; 15; 55). An important pathway in determining these two 

processes is the IGF-1/PI3K/Akt pathway (101). Under normal or increased conditions of 

muscle activity, IGF-1 produced through muscle contractions activates the PI3K-Akt 

pathway which enhances protein synthesis by activating S6K-mTOR pathway, while 

inhibiting protein degradation by preventing the translocation of an important 

transcription factor known as Foxo into the nucleus. The S6K-mTOR pathway activates a 

number of translation initiating factors whereas Foxo promotes the transcription of genes 

such as Atrogin, which enhances protein degradation (141; 143). The ubiquitin 

proteasome system plays a key role in mediating protein degradation, particularly the 

ubiquitin ligases MAFbx/atrogin-1 and MuRFl have been identified as crucial regulators 
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Figure 1: Effect of denervation on skeletal muscle fiber structure and function. Skeletal 
muscle fibers are multinucleated and contain two distinct subfractions of mitochondria 
which generate ATP needed by the contractile apparatus. Subsarcolemmal (SS) 
mitochondria are located peripherally near myonuclei, whereas intermyofibrillar (IMF) 
mitochondria are intermingled with myofibrils. Denervation leads to myofiber atrophy 
and an overall reduction in mitochondrial content. This is mediated by parallel increases 
in protein degradation and decreases in protein synthesis, which leads to a net decrease in 
muscle protein. Furthermore, diminished contractile activity lowers mitochondrial 
content, which reduces ATP synthesis in skeletal muscle. There is also an upregulation of 
mitochondrially-mediated pro-apoptotic events which culminates in myonuclear 
apoptosis. The combination of the aforementioned processes produce muscle atrophy, 
reduced force production and increased fatigability. 
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of muscle mass during disuse (60; 78). During muscle disuse, the absence of contractions 

does not activate the IGF-1 signalling cascade, and these result in a reduction in protein 

synthesis and increased degradation. All together, an overall reduction in protein 

synthesis concomitant with accelerated protein degradation during extended muscle 

disuse accelerates negative protein balance, and contributes to muscle atrophy. 

ROS are produced naturally during muscle contractions and participate in redox 

reactions necessary for maintaining homeostasis (135). In addition, they also act as 

important signalling molecules that help regulate normal functioning. Muscle atrophy 

induced by denervation and other disuse models produce high levels of ROS. When ROS 

molecules are systematically produced by muscles beyond basal levels, they are capable 

of causing significant damage to cell structures. Oxidative stress occurs when the muscle 

is unable to neutralize this rise in ROS with antioxidants (4; 133). The increase in ROS 

generation comes mainly from the mitochondrial electron transport chain (ETC), but 

there are also other non-mitochondrial sources such as NADPH oxidase, xanthine oxidase 

and nitric oxide synthase-induced free radicals (133). In addition to oxidizing cellular 

contents (inactivating enzymes, oxidizing amino acids) and damaging their structure 

(lipid peroxidation), ROS are involved in initiating oxidative signalling pathways that 

promote muscle atrophy. These include the onset of mitochondrially-mediated apoptosis, 

activation of apoptotic-stimulating kinase 1 (ASK1), lysosomal- (20), calpain- (150) and 

proteosome-mediated proteolysis (14; 16; 43; 119), and via NF-kB signalling (58; 133; 

175). While it is beyond the scope of this review to examine all of the aforementioned 



17 

processes, their activation by ROS are related to many of the molecular mechanisms 

which govern muscle atrophy. 

One important yet unresolved question is whether ROS are required for disuse 

muscle atrophy, or if they only act as secondary messengers in controlling the extent of 

atrophy. Several laboratories are actively investigating oxidative stress related systems, 

and although this area of research is still not well understood, it is clear that ROS play a 

crucial role in mediating denervation-induced muscle atrophy. 

2.0 MITOCHONDRIA 

Mitochondria are unique organelles as demonstrated by their structure, 

organization, and arrangement within cells (50). Furthermore, their involvement in a 

number of cellular functions, which include energy metabolism (180), thermogenesis 

(52), programmed cell death (4), steroid biosynthesis (136) and intracellular signaling 

(47; 139; 181), add to their complexity. Mitochondrial biogenesis refers to an increase in 

mitochondrial volume as well as possible changes in mitochondrial composition (68). 

Increased mitochondrial synthesis, particularly in skeletal muscle, promotes an increase 

in oxidative capacity, which can lead to higher muscle endurance (70). 

2.1 Ultrastructure and morphology 

Mitochondria were originally derived from endosymbiotic prokaryotes (61), and 

are phospholipid-dense organelles containing hundreds of proteins distributed within four 

distinct compartments (22). The sub-compartmentalization of mitochondria is an 
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evolutionary reflection of its endosymbiotic incorporation into eukaryotic cells (94). The 

mitochondrion contains two membranes which enclose the organelle from outside and 

within. The outer membrane (OM) contains different channels which allow the transit of 

both small molecules and large proteins into the organelle (122). Additionally, the OM is 

involved in the association of mitochondria with the endoplasmic reticulum, which is 

important for calcium signaling and lipid transport (62; 82). The inner membrane (IM) 

has different functional properties than the OM, but also possesses proteins for 

transporting substrates and participating in organelle morphology (36; 38). Furthermore, 

the IM houses the electron transport chain (ETC) and the ATP-synthase, which are the 

machinery used for generating ATP by oxidative phosphorylation. The spaces enclosed 

by the outer and inner membranes are called the intermembrane space and the matrix 

respectively. 

The intermembrane space (IMS) is a highly acidic and oxidizing environment 

where hydrogen ions are transitorily amassed after being pumped across the ETC during 

oxidative phosphorylation (OXPHOS). The matrix contains the majority of mitochondrial 

proteins, several of which are enzymes used in the oxidation of substrates within the 

Krebs Cycle and in the production of ATP (145). Furthermore, the internal subdivisions 

of the matrix form a cristae structure, which increases the surface area for reactions. 

Mitochondria contain its own DNA (mtDNA), which is also found in the matrix. 

Compared to the nuclear genome, mtDNA is not highly conserved, is more susceptible to 

oxidative damage (19), and encodes only 37 genes (13 proteins, 2 rRNAs and 22 tRNAs). 

mtDNA can only be inherited maternally (145), and the lack of protective histones 
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increases its susceptibility to mutations (166). These factors, coupled with its relatively 

simple structure (16.5kb), make mtDNA very appealing in the study of evolutionary 

relationships (33) and mitochondrial diseases (46). 

2.1.1 SS and IMF mitochondria 

It is possible to study mitochondrial morphology in skeletal muscle using high-

voltage electron microscopy (EM), if the muscle fibers are transversely sectioned (85). 

Mitochondria exist as a reticulum in striated muscle (heart and skeletal), intertwined with 

the cytoskeleton to form a network that is meshed underneath the sarcolemma and woven 

into the myofibrils. The main advantage of combining muscle subsarcolemmal (SS) and 

intermyofibrillar (IMF) mitochondria with the cytoskeletal organization is enhanced 

function (87), particularly in the permeability and diffusion of gases, as well as substrates 

such as lipids and ADP. The assembly of mitochondrial lattices with the cytoskeleton 

determines organelle morphology, structure and function (134). The formation and 

stability of the reticulum are particularly dependent on the combination of perpetual 

fusion and fission events which promote elongation and fragmentation, respectively (38). 

SS mitochondria primarily function to provide ATP for transmembrane ATPases 

and other sarcolemma operations such as the active transport of substrates across the 

membrane. IMF mitochondria, on the other hand, represent the majority (-80%) of 

muscle mitochondria, and are responsible for synthesizing ATP during muscle 

contractions. In addition to being localized in divergent cellular compartments, SS and 

IMF mitochondria have contrasting morphological characteristics. High resolution EM 
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pictures of skeletal muscle reveal that IMF mitochondria have a denser cristae structure 

and exist in more extensive mitochondrial networks (86). These differences may be 

comparable to differential biochemical and functional parameters, which include rates of 

ATP synthesis, precursor protein import, protein turnover, ETC activity, apoptotic 

susceptibility and membrane composition (2; 42; 45; 164). However, when exposed to 

physiological perturbations such as alterations in muscle contractile activity, SS 

mitochondria are more sensitive in responding to a common intracellular stimulus (1; 3; 

149; 163). The reasons for these discrepancies in intracellular arrangement and organelle 

function within the heterogeneous sub-populations are not clear, but may be related to 

their relative location to myonuclei as well as differences in protein turnover and import. 

2.2 Mitochondrial biogenesis 

Mitochondrial content increases through the net synthesis and assembly of 

proteins derived from both the nuclear and mitochondrial genomes. Mitochondrial 

biogenesis in skeletal muscle involves a series of complex cellular events, beginning with 

signalling pathways which bolster the activation of transcription factors, leading to 

increased mRNA expression of mitochondrial genes. Most proteins found within 

mitochondria are first translated in the cytosol, and all proteins rely on exclusive passage 

routes for the transport and assembly into various complexes in existing organelles (67). 
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2.2.1 Signaling pathways 

There have been various investigations into the signal transduction pathways that 

coordinate mitochondrial proliferation in different tissues. In skeletal muscle, there are 

three contractile-dependent messengers involved in augmenting mitochondrial content. 

These identified factors are increased 1) ATP turnover, 2) cytoplasmic calcium (Ca ) 

and 3) reactive oxygen species (ROS) production during respiration (68). All of these 

agents accelerate the transcription of mitochondrial genes by either, directly interacting 

with transcription factors (TF) or through the activation of downstream kinases or 

phosphatases (156). In either case, the underlying mechanisms governing the eventual 

increase in TF-DNA binding are post-translational modifications such as 

phosphorylation, acetylation, sumoylation and methylation of transcription factors or 

downstream agents. 

First, increased activity in the contractile apparatus of myofibers requires more 

ATP. This increase in muscle activity lead to the activation of mitogen activated protein 

kinases (MAPK) such as p38 and ERK 1/2 (95; 188), as well as the metabolic sensor, 

adenosine monophospate-activated protein kinase (AMPK) (65). This culminates in 

signalling cascades that promote the transcription of mitochondrial genes in the nucleus. 

AMPK in particular is a critical contributor to this progression. Depletions in 

intramuscular ATP can promote the association of two ADP molecules by myokinase to 

regenerate ATP and produce AMP as a by-product (125). AMP can bind to AMPK, and 

induce a conformational change in this enzyme which exposes the active site of it 
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catalytic unit. This exponentially increases AMPK activity, and plays a major role in 

increasing mitochondrial content in skeletal muscle (186). 

Second, skeletal muscle Ca2+ is stored in the sarcoplasmic reticulum, and its 

ionized form acts as an important second messenger during gene induction (34). Muscle 

depolarization releases Ca2+ into the cytosol, and this increase contributes to enhanced 

mitochondrial gene expression by the activation of multiple calcium-dependent kinases 

such as the Ca2+/calmodulin-dependent protein kinase (CaMK), calceneurin and protein 

kinase C (PKC) (40). These signalling agents promote the upregulation of transcriptional 

regulators and nuclear translocation of transcription factors such as NFAT which promote 

oxidative capacity (187). Additionally, increased Ca can also stimulate AMPK 

activation and enhance its effects in skeletal muscle (76). 

Third, ROS have been shown to mediate the activation of signalling cascades that 

are needed to promote mitochondrial synthesis. Mitochondria are the major producers of 

ROS, and the formation of ROS occur during cellular respiration when single electrons 

being transported in the ETC are inappropriately donated to oxygen (118). Large 

quantities of ROS are considered deleterious due to their role in promoting protein and 

lipid peroxidation, DNA mutations and initiating cell death (51). However, physiological 

concentrations of ROS are important for normal cell function, and modest increments in 

ROS during muscle contractions are conducive to altering the activity of downstream 

transcription factors during mitochondrial biogenesis. The mechanisms mediating these 

changes have not been effectively elucidated. However, in addition to directly interacting 

with regulators of transcription, ROS may also potentially moderate the activity of other 
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signalling molecules with their downstream targets in a synergistic fashion. One such 

example includes the intricate relationship between ROS, AMPK activation and the gene 

expression of the coactivator PGC-la (75). Increased ROS production during muscle 

contractions increases PGC-la promoter activity, both directly and via ROS-induced 

decreases in ATP levels, which activates AMPK. Increased AMPK function then acts on 

its downstream targets to supplement greater promoter activity. 

2.2.2 Transcriptional activation 

The signals discussed above lead to increased expression and activation of 

transcription factors, which then increase the transcription of nuclear genes encoding 

mitochondrial proteins (NUGEMPs) by binding to the DNA promoter elements in 

nuclear genes which encode these proteins. There is an increase in the mRNA expression 

of transcription activators, and these events precede any alterations in mitochondrial gene 

expression and content. Various genes are upregulated within a short time frame 

(minutes-hours) following the activation of kinases. Usually, the first increases are 

observed in the immediate early genes (c-fos, c-jun), early growth response gene-1 (Egr-

1) and specificity protein 1 (Spl) (68; 70). Egr-1 and Spl are involved in regulating the 

gene expression of cytochrome c, an important component of the ETC often used as an 

indicator of mitochondrial biogenesis (74). 

Soon thereafter, there is an increase in the mRNA abundance of other important 

transcriptional regulators such as the peroxisome proliferator-activated reception-y 

coactivator-la (PGC-la) (189), and the nuclear respiratory factors (NRF)-l, and -2 (24). 
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Although PGC-la is not a transcription factor, it is arguably the most critical regulator of 

mitochondrial biogenesis. PGC-la interacts with other transcription factors to coactivate 

the transcription of other regulators, including its own expression, as well as other 

NUGEMPs (176). PGC-la also moderates the expression of NRF-1 and NRF-2, which 

regulate the expression of numerous NUGEMPs. The regulation of NRF-1 by PGC-la is 

particularly important because, in addition to a variety of mitochondrial proteins, NRF-1 

also induces the expression of mitochondrial transcription factor A (Tfam) (73). Tfam is 

important for mtDNA replication, transcription and repair, and its expression determines 

the fate of all the proteins encoded by the mitochondrial genome (144). It is also 

important to note that PGC-la activity may be regulated by post-translational 

modifications. AMPK can phosphorylate PGC-la to increase its interactions with 

transcription factors. Additionally, the histone deacytelase Sirtl, which is part of the 

Sirtuin family of longevity proteins, has been shown to control the nuclear-localization of 

PGC-laby modifying its acetylation status (195). 

2.2.3 Post-transcriptional regulation 

Post-transcriptional events influencing mitochondrial biogenesis include the 

regulation of mRNA decay and synthesis of NUGEMPs in the cytosol, the import and 

assembly of proteins into multi-subunit complexes in mitochondria, along with the 

integration of mitochondrial genome expression. 

Following the increase in transcription of NUGEMPs, the nuclear export of 

mRNA into the cytoplasm increases its abundance, where it can either be translated into 
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Figure 2: Mitochondrial biogenesis in skeletal muscle. There are multiple signaling 
pathways initiated via alterations in Ca2+ flux, reactive oxygen species (ROS) production 
and the activation of AMP kinase (AMPK). These signaling pathways provoke changes 
in the transcription of nuclear genes encoding regulatory proteins such as PGC-la. Once 
synthesized, PGC-la modulates the transcription of other regulatory genes (transcription 
factors) as well as nuclear genes encoding mitochondrial proteins (NUGEMPS) such as 
mitochondrial transcription factor A (Tfam) as well as proteins involved in the electron 
transport chain (ETC). Following mRNA translation, these nuclear-encoded 
mitochondrial proteins are targeted to mitochondria via chaperones and translocated into 
the organelle via the protein import machinery, which consists of the TOM and TIM 
complexes. Nuclear- and mtDNA-transcribed proteins are assembled to form the multi-
subunit complexes (I to V) that are incorporated into the ETC where they are required for 
oxygen consumption and ATP synthesis. 
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proteins by ribosomes, or be degraded by cytosolic RNAses (66). Reducing the rate of 

mRNA decay is beneficial for facilitating mitochondrial content, as a lower rate of 

degradation increases the feasibility of generating a mitochondrial protein through 

translation. mRNA stability is regulated by the binding of stabilizing or destabilizing 

agents to non-coding regions of processed mRNA. These portions of mRNA that do not 

code for protein are present at the proximal and distal end, and are known as the 5'- and 

the 3'-untranslated regions (UTRs) (108). The 5'-UTR contains sequences important for 

initiating translation and may also contain binding sites for proteins that affect mRNA 

stability. However, it is the 3'-UTR which is believed to be more important in 

determining mRNA survival. It consists of several regulatory components that serve as 

putative binding sites for cytosolic factors. One important feature is the AU-rich element 

(ARE), whereby mRNAs possessing this sequence are far more susceptible to rapid 

degradation in the cytosol. ARE-mediated mRNA decay is initiated by deadenylation of 

the PolyA tail, and is subsequently followed by the cleavage of the entire transcript by a 

conglomerate of exonucleases termed the exosome (48). The kinetics of mRNA decay 

may be delayed if the initiation of deadenylation is offset by the transient association of 

the ARE with RNA-binding proteins (RBPs) such as the Human-antigen R (HuR). HuR 

has been known to stabilize the mRNA of a number of skeletal muscle and mitochondrial 

genes (30). On the other hand, the ARE-associated factor-1 (AUF1) is yet another RBP 

that binds to the ARE of mRNA, but in contrast to HuR, it destabilizes the mRNAs that it 

associates with. There is some evidence to suggest that both stabilizing and destabilizing 

RBPs may simultaneously compete for the same ARE binding site (92). Thus, the activity 
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and expression of antagonizing RBPs under altered physiological states represents yet 

another important determinant of mitochondrial content. 

As mentioned above, Tfam is an important regulator of mitochondrial biogenesis 

because of its role in mitochondrial genome expression (144). Since all of the proteins 

encoded by mtDNA are subunits of the respiratory chain, the regulation of ATP synthesis 

in the whole cell is partially dependent on the mitochondrial genome. Thus, the stability 

and transcriptional activity of mtDNA is critical for maintaining normal function. Tfam 

primarily functions to upregulate the mRNA expression of mitochondrial genes by 

binding to the light- and heavy-strand promoter regions within mtDNA. Additionally, 

Tfam is essential for mtDNA copy number, as it can indirectly initiate replication during 

transcription (79). Thus, Tfam expression is closely correlated to mtDNA abundance, and 

may also play a crucial role in maintaining the integrity of mtDNA by serving as a 

nucleoid structure (80). Since Tfam is a nuclear-encoded protein, it must also be 

transcribed and processed like other NUGEMPs that need to be incorporated into existing 

mitochondria. Thus the regulation of the mitochondrial genome is dependent on the 

expression and activity of Tfam, which itself is induced through nuclear-related events. 

2.3 Mitochondrial function 

The main function of mitochondria is regulating cell metabolism by producing 

ATP. They play a key role in energy conversion by oxidizing pyruvate, fatty acids or 

amino acids, transporting these oxidized metabolites into the citric acid cycle, thereby 

generating intermediates for the electron transport chain. ETC activity is used to drive the 



28 

formation of a proton motive force (AP), for the generation of ATP through the coupling 

of oxidized intermediates in the ETC with the phosphorylation of ADP molecules. In 

addition to producing ATP by OXPHOS-linked reactions, this system also plays a role in 

thermogenesis by the uncoupling of the ATP synthase to the electron transport chain, 

which unleashes the energy stored in the proton motive gradient as heat (29). 

2.3.1 Respiration 

ATP may be generated from anaerobic glycolysis, but this reaction is generally 

inefficient in meeting the cellular demands during most physiological conditions. The 

energy yield from the end-products of glycolysis may be further increased by their 

oxidation in Krebs' Cycle. A complete series of enzymatic reactions produce three 

molecules of NADH and one molecule of FADH2. The potential energy stored within 

these reduced intermediates can be released and coupled during OXPHOS to create ATP. 

During OXPHOS, the reduced intermediates generated from Krebs' Cycle are 

oxidized by the ETC where they donate electrons to the appropriate respiratory complex. 

The energy generated from transferring the electron is used to pump hydrogen ions, 

which dissociate from NADH/FADH2 and move across the IM. Respiratory enzymes of 

the electron transport chain comprise the following multisubunit holoenzymes: NADH 

dehydrogenase (complex I), succinate dehydrogenase (complex II, SDH), cytochrome bci 

(complex III) and cytochrome c oxidase (complex IV, COX) (63). Protons are only 

pumped across complexes I, III and IV, and accumulate in the IMS. The brief 

accumilation of protons creates an electrochemical gradient across the IM, which is 
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referred to as the membrane potential Q¥m). Furthermore, since the protons being pumped 

into the IMS are going against the diffusion gradient, they have a strong drive to re-enter 

the matrix, so that they may achieve equilibrium again. This propelling energy is the 

(AP). 

The proton motive force is transduced into chemical energy by the ATP-synthase 

complex, which harness this energy and converts it to a high energy phosphate bond 

between an ADP and an inorganic phosphate (Pj). Meanwhile, the coupling of the AP to 

ATP-generation dissipates *Fm. It is also feasible to decrease ^m without having ATP-

synthesis. The movement of protons in the absence of ADP-phosphorylation is refereed 

to as proton leaking (28). This process may be aided by a special family of uncoupling 

proteins, which serve as a channel for protons in the IM (29). In this case, the energy 

buildup of AP is dissipated as heat. 

Additionally, the electrons accumulated in the ETC during this reaction must be 

terminally donated to oxygen at complex IV in order to facilitate incoming oxidized 

substrates. In isolated mitochondrial preparations, oxygen consumption during the 

presence of ADP is referred to as 'active' (or state 3) respiration, whereas oxygen 

consumption in the absence of ADP phosphorylation is 'passive' (or state 4) respiration. 

State 4 respiration is essentially a measure of uncoupled respiration, and thus the ratio of 

state 3/state 4 respiration is a good indicator of ETC coupling, providing a crude 

assessment of the sample's bioenergetic status. When compared to SS mitochondria, 

isolated IMF subfractions have approximately three-fold and two-fold higher rates of 

state 3 respiration and ATP synthesis, respectively (42). This discrepancy in OXPHOS-
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related measures may be a reflection of their localized function, and this is important to 

acknowledge since respiration is coupled to many mitochondrial processes including 

protein import. 

Mitochondrial oxygen consumption is a good measure of overall organelle 

function, as the transfer of electrons from complex IV to oxygen is dependent on the 

successive completion of previous enzymatic reactions. Alternatively, other measures 

such as the maximal activity of Krebs' Cycle or respiratory chain enzymes may also be 

used to gauge mitochondrial function. Furthermore, ¥„, is a critical reflection of organelle 

viability and subsequent function/dysfunction. Proper mitochondrial function is critical 

for post mitotic cell cycle proliferation, iron sulfur biosynthesis and calcium 

signaling/storage (34; 137). Mitochondria with high ^ m are conducive to mitochondrial 

events important for mitochondrial biogenesis, such as organelle fusion and protein 

import (38; 161). On the other hand, mitochondria with low *?„, display poor coupling of 

the ETC, generate less ATP, are more likely to undergo fission events and are generally 

considered dysfunctional. 

2.3.2 ROS production 

Normally, during OXPHOS, oxygen accepts a pair of electrons at the COX 

complex and combines with protons in the matrix to form water. As referred to earlier, it 

is possible for electrons passing down the ETC to form highly unstable molecules called 

reactive oxygen species (ROS), as a result of oxygen picking up an electron in a non

terminal fashion. A small percentage of total oxygen consumption is always leaking out 
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of complexes I and III on both the matrix side and the IMS side of the ETC. However, the 

presence of antioxidants such as manganese superoxide dismutase (MnSOD), catalase 

and glutathione peroxidase (GPx) serve to neutralize the toxic effects of ROS on cellular 

components (11). 

There is an inverse relationship between mitochondrial ROS generation and 

oxygen consumption, as ROS generation is lower during state 3 respiration when 

compared to state 4 oxygen consumption (70). Additionally, comparing the two 

subtractions of mitochondria reveals higher rates of ROS production in the SS sub-

population, which also display lower rates of respiration. Greater rates of basal ROS 

production and fluctuations to physiological perbutations may contribute to the lability of 

SS mitochondria in adapting to different stimuli. 

Increased ROS production by dysfunctional mitochondria has been implicated in 

mitochondrial myopathies, sarcopenia, cell death pathways, neurodegenerative diseases 

and conditions of chronic muscle disuse. A common feature among all of these 

detrimental conditions is oxidative stress, a state when the cell's anti-oxidant mechanisms 

are unable to neutralize a sudden increase in ROS. Increased intracellular ROS can alter 

the conformation and activity of proteins by oxidizing vulnerable residues. Redox-

sensitive proteins which contain thiol residues are susceptible to ROS-mediated 

modifications (51). Alternatively, ROS can directly damage protein structures and lipid 

bilayers through carbonylation and peroxidation reactions. ROS-mediated oxidation of 

nucleic acids has also been known to cause DNA mutations (23). mtDNA is more 
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susceptible to oxidative stress-induced mutations because unlike nuclear DNA, they lack 

histones and are also closer to the site of ROS production. 

Overall, ROS are involved in nearly every instance of mitochondrial dysfunction. 

Dysfunctional mitochondria have poor coupling of the ETC and ATP production, which 

are more likely to generate ROS. Due to the close interaction of mitochondria and ER in 

regulating cellular Ca2+ levels, dysfunctional mitochondria are usually accompanied by 

impaired Ca2+ storage and functioning, which can lead to cell death (31). Increases in 

ROS and Ca2+ promote the opening of the mitochondrial permeability transition port 

(mtPTP), which leads to *Fm dissipation and mitochondrial swelling. Both of these 

processes inactivate the ATP synthase, which leads to necrosis. Additionally, the swelling 

of the matrix can dislodge harmful proteins that reside in the IMS, which can exit the 

mitochondria through the mtPTP and initiate pathways leading to apoptosis (84). 

Furthermore, ROS-induced increases in Bcl-2 family of pro-apoptotic protein signaling 

can promote OM permeabilization and the activation of caspase-dependent and 

independent apoptosis (41). Finally, the removal of mitochondria by autophagy is 

dependent on the ^V of mitochondria. Since dysfunctional mitochondria have poor 

mitochondrial function, they are more likely to undergo mitophagy (83; 127). 

2.4 Chronic muscle disuse-evoked changes in mitochondria 

Chronic disuse models like denervation are effective in rapidly reducing muscle 

mass and force production. Another characteristic feature of long-term disuse is a 

reduction in mitochondrial content and function. Electron microscope pictures of 
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chronically disused muscle reveal a disruption of the mitochondrial reticulum, and 

increased occurrences of fragmented mitochondria (35). Furthermore, key mitochondrial 

enzymes such as COX, MDH and SDH are diminished in denervated muscle, illustrating 

a reduction in oxidative capacity. Also, functional assays performed on isolated 

mitochondria from denervated muscle show reduced rates of respiration along with high 

levels of ROS production (3; 126). To help elucidate the mechanisms regulating these 

changes, it is useful to identify alterations in the regulation of mitochondrial biogenesis. 

Due to the lack of contractile activity in skeletal muscle, the normal signaling 

events regulating mitochondrial biogenesis are not activated. Reduced ATP turnover is 

apparent during muscle disuse since the contractile apparatus is not active. Although 

there is an increase in cytoplasmic calcium, these ions are involved in promoting calpain-

mediated proteolysis (158), instead of activating kinases involved in mitochondrial 

proliferation. Finally, the increase in oxidative stress is evident during dysfunction, and 

negates any signaling effects directed toward mitochondrial transcriptional activation 

which are observed with modest increases in ROS. 

At the transcriptional level, important mediators of mitochondrial biogenesis such 

as Tfam and PGC-la are severely affected. The mRNA expression of PGC-la has been 

shown to decrease by as much as 70% after just two days of denervation (142). This drop 

is critical because of its importance in regulating so many other transcription factors and 

NUGEMPs. Restoring PGC-la in denervated muscle has been shown to prevent muscle 

atrophy during disuse. Additionally, the lowered protein content of Tfam is not 

favourable for mtDNA replication and transcription (3). Other events regulating 
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mitochondrial biogenesis downstream of transcription such as adaptations in the protein 

import pathway have not been well elucidated, and require more investigation. 

Denervation of skeletal muscle produces higher rates of mitochondrial 

degradation which outweigh the rate of mitochondrial synthesis in atrophying muscle. 

Increased ROS production contributes to protein degradation, cell death pathways and 

organelle dysfunction (4). When comparing SS and IMF mitochondria isolated from 

denervated muscle, there is a greater reduction in SS, compared to IMF, mitochondrial 

content. Also, SS mitochondria generate higher amounts of ROS after denervation (3). 

The effect of prior contractile activity or the administration of antioxidants, do not 

attenuate most pro-apoptotic and other detrimental effects observed with denervation 

(126). 

3.0 MITOCHONDRIAL PROTEIN IMPORT MACHINERY 

New mitochondria cannot be produced by de novo synthesis. Mitochondria 

contain about 1500 different proteins, of which only 1% are synthesized on ribosomes 

found within the mitochondrial matrix. The majority of proteins found in this organelle 

are encoded by nuclear genes which are translated by cytosolic ribosomes, and 

subsequently imported and assembled into existing mitochondria (123). 

Recent findings have also linked the processes of mitochondrial protein import 

and assembly to that of mitochondrial morphology and dynamics (161). Additionally, this 

system may play a key role during the mediation of mitochondrially-mediated apoptosis 

(129). The mitochondrial protein import system is adaptable, and can be altered by 
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physiological perbutations in energy status and hormones (69; 71). Also, errors in the 

molecular mechanisms of protein import can lead to several diseases (98). 

All nuclear-encoded proteins enter mitochondria via the translocase machinery of 

the outer membrane (TOM complex), and are then sorted to one of the four sub-

compartments of mitochondria by the interaction of the targeting information encoded 

within the imported protein and the translocation machinery (36). The components of the 

import machinery actively interact with each other during import, processing and 

assembly. 

3.1 Mitochondrial protein unfolding and trafficking 

Before being assimilated into existing organelles, mitochondrial preproteins 

synthesized in the cytosol are termed precursor proteins. All precursor proteins contain 

targeting and sorting signals which direct them to different sorting machineries of the 

import apparatus. Furthermore, precursor proteins cannot pass the translocase machinery 

while they are folded, and require cytosolic chaperones which help unfold them into 

import competent states, and even guide them toward import receptors. 

3.1.1 Mitochondrial targeting signals 

Approximately 40% of mitochondrial precursor proteins possess a positively 

charged a-helix at the N-terminus which is cleaved after import (59). This portion of the 

precursor includes crucial mitochondrial targeting signals (MTS), whereas the remainder 

of precursor proteins that lack this a-helix have their targeting information within the 



36 

mature part (123). The MTS helps guide precursor proteins towards the organelle and 

contains information that will sort them into the outer membrane (OM), inner membrane 

(IM), intermembrane space (IMS) or the matrix. 

Cleavable presequences are typically 15-100 amino acids long and were the first 

class of presequences to be discovered (25). All precursor proteins destined to the matrix 

contain this signal. Several IM and IMS proteins also contain presequences, but they are 

not completely cleaved off (36). The targeting and sorting signals of precursor proteins 

may be further differentiated if they possess two (bipartite) or more signals, which 

require further processing. The nature of these additional second sorting signal may also 

determine the sorting of the precursor protein. For instance, proteins destined for the IM 

and IMS contain almost identical MTS and are sorted very similarly, except for a 

hydrophobic sorting signal which differentiates the two subsets (123). Finally, 

mitochondrial IMS proteins contain a special variety of internal signals rich in cysteine 

residues, which are particularly important as these proteins undergo several redox steps 

during import (169). 

Signal anchor proteins such as the OM receptors, Tom20 and Tom70, contain a 

non-cleavable MTS at the C-terminus. Unlike the precursor variants of the IM and IMS 

mentioned earlier, it is possible to have a presequence-like internal signal present after 

the hydrophobic region (123). 
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Figure 3: Protein import and sorting in mitochondria. Nuclear gene-encoded 
mitochondrial proteins (NUGEMPs) and are synthesized on cytosolic ribosomes as 
precursor proteins. They contain targeting signals that are either internalized or located at 
the N-terminus of the precursor. These signals guide precursor proteins to one of the four 
mitochondrial compartments: outer membrane (OM), intermembrane space (IMS), inner 
membrane (IM) or the matrix. Precursor proteins form complexes with cytosolic 
chaperones which transport them to the mitochondrial surface. Preproteins possessing N-
terminal mitochondrial targeting sequences (MTS) interact with Tom20. The translocase 
of the outer membrane (TOM complex) is the general entry gate for all NUGEMPS. The 
sorting and assembly machinery (SAM complex) is committed to the insertion of /3-barrel 
proteins in the OM, after they are chaperoned through the IMS by small Tim proteins. 
Hydrophobic inner membrane proteins with internal targeting sequences are guided 
through the IMS by small Tim proteins towards the TIM22 complex, where they are 
inserted into the inner membrane. Proteins encoded by mitochondrial DNA (mtDNA) are 
synthesized on ribosomes found in the matrix, and are incorporated into the inner 
membrane via the OXA complex. The majority of imported proteins are processed by the 
TIM23 complex, which either translocates precursor proteins into the matrix or laterally 
sorts preproteins into the inner membrane. Matrix-destined proteins are actively 
translocated into the compartment by the ATP-driven import motor (PAM), where 
mtHsp70 is the central component. Upon arrival in the matrix, the MTS is cleaved off by 
mitochondrial processing peptidases (MPP). The processed mature protein is then 
refolded to its native state by matrix chaperonins. 
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3.1.2 Cytosolic chaperones 

As stated previously, precursor proteins need to be in proximity to the 

mitochondria, and in an import-competent state, in order to successfully transverse the 

outer membrane. The translocation and unfolding of preproteins is performed by one or 

more cytosolic chaperones, which include the cytosolic heat shock protein 90 (Hsp90), 

heat shock protein 70 (Hsp70), and the mitochondrial import stimulation factor (MSF) 

(90; 120). 

Hsp90 is believed to exclusively chaperone preproteins that only contain an 

internal targeting sequence (71). On the other hand, Hsp70 has the ability to bind to 

precursors with, or without, the N-terminal targeting sequence. Hsp70 activity is 

determined, in part, by its interactions with additional cytosolic factors that act as co-

chaperones (173). For instance, the type I DnaJ homologues, DjAl and DjA2, enhance 

the binding of Hsp70 to presequence containing precursors, and subsequently transfer 

them to the mitochondrial outer membrane. Interestingly, Hsp70 acts in conjunction with 

Hsp90 when guiding proteins without a presequence (56). The role of chaperones in 

guiding proteins with C-terminal targeting sequences is not known. 

Both Hsp70 and Hsp90 require ATP to actively unfold and guide substrates to the 

mitochondria, although there is some debate surrounding the energy requirements for 

matrix-destined precursor translocation (13). Finally, MSF also acts in an ATP-dependent 

process, and has been suggested to have a higher affinity for precursor proteins with an 

internal targeting sequence (128). However, unlike Hsp70 and Hsp90, its properties have 

not been well documented. 
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3.2 Protein import machinery of the outer membrane 

At the outer mitochondrial surface, all precursor proteins must interact with 

protein translocases located on the outer membrane in order to enter the organelle. The 

outer membrane houses the translocase of the outer membrane (TOM) complex, which is 

the entry gate for almost all precursor proteins, along with the sorting and assembly 

machinery (SAM) responsible for aggregating /3-barreled proteins into the outer 

membrane. The outer membrane also contains a few proteins such as Miml, Tom37 and 

Tom34 which are involved in import and sorting, but are not components of the SAM and 

TOM complexes. 

3.2.1 TOM complex 

The TOM complex is composed of the general import pore (GIP) and the primary 

receptors, Tom20 and Tom70 (25). Tom40 and Tom22 form the major foundation of the 

GIP as a highly stable structure with unusual resistance to cytosolic perturbations such as 

urea and alkaline pH (104). The inclusion of three small Tom proteins: Tom7, Tom6 and 

Tom5, completes the composition of the GIP (71; 123). 

At the outer mitochondrial membrane, precursor proteins with cleavable 

presequences interact with Tom20, whereas Tom70 acts as a receptor for preporteins with 

internal signals (36; 159). Both Tom20 and Tom70 transfer precursors to Tom22 and 

eventually Tom40, but do so using different mechanisms. In the first instance, precursors 

with cleavable presequences undergo a series of sequential binding reactions: Tom20-

Tom22-Tom5-Tom40-Tom7-Tom22 (IMS domain). This chain of binding events 
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continues with the translocase proteins of the inner membrane. This series of events is 

referred to as the "binding chain" hypothesis (57). Alternatively, with OM and IMS 

proteins, there is a second mechanism called the "translocation in loop formation", where 

the series of transfers is simply Tom70-Tom22-Tom40. However, both the C- and N-

termini of precursors of carrier proteins are exposed to the cytosol, whereas the middle 

portion reaches the IMS first (185). 

It is important to note that Tom22 possesses receptors for preproteins at both the 

outer and inner sides of the outer membrane (194). Additionally, its membrane domain 

regulates the organization and integrity of the TOM complex by interacting with Tom40. 

Tom40 is the core of the TOM complex, and it forms the channel used by precursors to 

enter the organelle (36; 123; 161). Finally, Tom5, Tom6 and Tom7 are believed to 

participate in the assembly and dynamics of the TOM complex, along with the transfer of 

precursors from the receptor to Tom40. 

3.2.2 SAM complex 

The SAM complex is responsible for the insertion and sorting of /3-barrel proteins 

and possibly a-helical proteins into the outer membrane. /3-barrel proteins such as VDAC 

and Tom40 have segments that transverse the outer membrane, and its insertion is 

dependent on a number of protein complexes that mediate its insertion (91). The SAM 

complex is composed of Sam50, Sam35, Sam37 and MdmlO. 

Sam50 is the central component of the SAM complex, which is responsible for 

the insertion of /3-barrel proteins into the lipid bilayer (89). /3-barrel proteins designated 

for the outer membrane interact with Sam35 (metaxin2), which has a recognition site for 
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the C-terminals of these proteins (110). The integrity of the SAM complex is maintained 

by Sam37 (metaxinl), which stabilizes Sam50. Additionally, Sam37 has been shown to 

serve as a docking site for MSF-mediated precursor proteins (88). MdmlO is an assembly 

protein which is especially important in the assembly of the TOM complex (103). 

/3-barrel proteins initially enter the IMS via the TOM complex, where IMS 

chaperones direct precursors to the SAM complex (91). However the mechanisms 

regulating other ohelical proteins with N-signal and C-terminal anchors, as well as 

multiple transmembrane segments, are not well elucidated, and there is no evidence 

linking them to SAM activity. 

3.2.3 Other receptors 

Translocases involved in the import and assembly of outer membrane proteins 

which are not members of either the TOM or SAM complex include Miml, Tom37 and 

Tom34. Miml plays an important role in the efficient assembly of the TOM complex (97; 

178). Specifically it is required for the insertion of Tom20 and Tom70, a-helical proteins 

whose assembly into the TOM complex has not been fully elucidated (21; 72). 

Additionally, Miml also associates with the SAM complex during Tom40 biogenesis 

where it supports the integration of the Tom40 precursor into the outer membrane. 

Tom37 is believed to be a docking site for precursors chaperoned by MSF (71), 

whereas Tom34 is portrayed as a peripheral OM protein with a primarily cytosolic 

domain (88; 116). Furthermore, Tom34 contains a tetratricopeptide domain, similar to 

that found in Tom70 (39), and may influence the import of Tom70-dependent proteins 
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like metabolite carriers. However, Tom34"" mice showed no differences in mitochondrial 

import when compared to wild type mice, and thus this protein does not appear to be a 

critical regulator of the import process (167). 

3.3 Presequence pathway and translocase coupling 

The majority of mitochondrial proteins are found in the matrix, and are co-

ordinately imported by the TOM complex and the TIM23 complex. This was also the 

first discovered mitochondrial import pathway. Matrix-destined protein import utilizes 

both ATP and I'm as driving forces for translocation. The TIM23 complex translocates all 

matrix proteins, most IM proteins along with several IMS proteins (177). All of the 

preproteins imported by the TIM23 complex contain a cleavable presequence. In addition 

to being one of the major sorting complexes in mitochondria, the TIM23 complex is 

arguably the most dynamic and sophisticated amalgamation within the entire protein 

import and assembly system. 

When inactive, the TIM23 complex is simply composed of four components: 

Tim23, Tim50, Tim 17 and Tim21. However, the introduction of precursor proteins with 

cleavable N-terminal sequences from the IMS to the IM activates the TIM23 complex, 

which culminates in the formation of a TOM-TIM super-complex (37). Here, the TIM23 

complex is capable of assuming one of two distinct forms: 1) association with the motor 

apparatus, dedicated to driving preproteins into the matrix, and 2) association with 

complexes III and IV of the ETC for the lateral sorting of precursors into the inner 
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membrane. The TIM23 complex has the capacity to dynamically switch from one state to 

another (112). 

Tim50 is the IMS receptor of the TIM23 complex, and it acts as a gateway to the 

Tim23 channel, keeping it closed in the absence of precursor proteins to prevent the 

leakage of ions across the inner membrane (102; 191). Tim23 is the main translocase 

protein of this complex, and all the precursor proteins pass through its channel pore. 

Tim 17 is involved during both lateral sorting of preproteins, as well as during motor 

recruitment of the PAM complex (37; 99). 

Precursor proteins containing a hydrophobic sorting signal downstream of the 

matrix-targeting signal get arrested during transit by Tim 17, and are released into the 

inner membrane by the lateral opening of the Tim23 channel (99). Tim21 modulates 

Tim23 activity by interacting with the TOM complex, as well as complexes III and IV of 

the respiratory chain. Interestingly, Tim21 acts as a link connecting the TIM23 complex 

to the respiratory chain during the lateral sorting of precursors, and is also the only fully 

dissociated protein during matrix translocation (111). The import pathway of inner 

membrane and matrix proteins is distinguished by the presence of a hydrophobic 

sequence within the precursor. 

3.3.1 Association with import motor (TIM23-PAM) 

Most proteins entering the TIM23 complex are imported into the matrix, which is 

mediated by the matrix import motor. The ATP-driven import motor (PAM) consists of 

the mitochondrial matrix chaperone Hsp70 (mfHsp70) which is associated with the 
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adaptor protein Tim44. The family of J-proteins: Paml8, Paml6 and Paml7, along with 

the nucleotide exchange factor, mtGrpE complete the motor (36). 

Protein translocation into the matrix is mediated by mtHsp70, which binds to 

precursor proteins in an ATP-dependent and sequential manner (147). There are two 

models proposed for how mtHsp70 drives protein translocation into the matrix. In the 

Brownian ratchet model, mtHsp70 molecules bind to the precursor protein during import 

to prevent retrograde transport (193). This is followed by another mtHsp70 molecule 

which directs an inward movement of the protein. Alternatively, the power stroke model 

states that mtHsp70 is tethered to Tim44, which changes its conformation every time 

mtHsp70 actively pulls the preprotein into the matrix (146). This model also uses several 

mtHsp70 molecules to import proteins into the matrix. Functional studies using yeast 

mutants to verify the two hypotheses have provided sound evidence for each hypothesis 

(170; 174). It is likely that a combination of pulling and trapping mechanisms govern the 

matrix motor during import. 

J-proteins are a class of molecular chaperones that serve to stimulate the activity 

of Hsp70s and are abundant in locations where Hsp70 is needed in performing cellular 

functions (81; 190). Paml6 is a J-like protein, which forms a module with and controls 

DnaJC19 (Paml8) activity (182). In mammals, the ortholog of Paml6 has been reported 

as mitochondria-associated granulocyte macrophage colony stimulating factor signalling 

molecule (or Magmas). Magmas plays a critical role in positioning J-proteins with 

Paml8, and thereby potentially regulating the import motor activity in mammalian 
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systems (151). Magmas has been proposed to function as a signalling molecule that may 

also control anaerobic metabolism and apoptotic susceptibility (77). 

Recently, a protein called Tam41 has been identified near the TIM23-PAM 

complex which may be important for the maintenance of the motor complex (90). 

Additionally, Tam41 is involved in cardiolipin biosynthesis. The TIM23 complex is 

embedded within a cardiolipin-rich lipid bilayer, and is an important determinant of 

protein import (67). 

One example of a mitochondrial protein that is imported through the TIM23-PAM 

complex is ornithine transcarbamylase (OCT). OCT is part of an enzyme system that 

converts ammonia, a toxic by-product of amino acid metabolism, to urea. Specifically, 

OCT catalyzes the reaction of ornithine with carbomyl phosphate to form citrulline (165). 

The OCT precursor protein has a N-terminal extension of 32 amino acids, which is 

cleaved off by a matrix protease to a transient intermediate, and eventually to the mature 

protein (124). 

3.3.2 Association with ETC (TIM23-SORT) 

Precursor proteins traveling through the TIM23 complex containing a 

presequence-like internal signal are sorted through Tim23 into the inner membrane. As 

alluded to earlier, the hydrophobic sorting signal present in this presequence arrests 

matrix import, and causes a conformational switch from the TIM23-PAM to the TIM23-

SORT pathway (37). Tim21 serves as a gateway to the respiratory chain and the lateral 

opening of the Tim23 channel subsequently delivers precursor protein into the inner 
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membrane (132). This mechanism also supports the hypothesis of protein import being 

coupled to ETC activity. 

3.4 Inner membrane carrier pathway (TIM22 complex) 

Proteins responsible for the exchange of metabolites are found in the inner 

membrane. The import and consequent insertion of these precursor proteins are different 

than the presequence-containing proteins (116; 159). After being recognized by Tom70 

and subsequently entering the TOM complex, the small Tim chaperones of the IMS 

shuttle the preproteins toward the TIM22 complex (71). This complex consists of Timl8, 

Tim22, Tim54, and a membrane-bound chaperone complex composed of Tim9, TimlO, 

and Tim 12. The precursor proteins are inserted into the inner membrane by the channel-

forming Tim22 protein in a membrane potential (A^-dependent manner. 

Several metabolite carrier proteins, such as the phosphate carrier (PiC) can be 

sorted to either the TIM22 pathway or the TIM23 pathway for its import (192). Normally 

the import of PiC requires the Tim9-Timl0 and TIM22 complex in order to be inserted 

into the inner membrane. However, the presence of a conserved internal latent signal 

allows for sorting through the TIM23 pathway in the event of reduced interactions with 

Tim9-Timl0 complex, or when the import competence of the TIM22 complex is 

compromised (56). 
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3.5 Mitochondrial intermembrane space chaperones and import 

The intermembrane space between the outer and inner mitochondrial membranes 

mainly functions as a reservoir for protons as they are pumped across the matrix during 

oxidative phosphorylation (67). Additionally, during protein import, several hydrophobic 

precursor proteins are guided through the IMS by a group of small redox-sensitive Tim 

chaperones (169). These IMS chaperones, along with other resident redox proteins, 

contain disulfide bonds. The formation of disulfide bonds is mediated by the import of 

cysteine-rich proteins by the mitochondrial intermembrane space assembly (MIA) 

pathway (36). 

3.5.1 Intermembrane space import chaperones 

There are several Tim proteins organized in complexes which mediate 

intermembrane space import. The main chaperone complexes include Tim9-Timl0, 

Tim8-Timl3 and Timl2-Tim9-Timl0 (184). Both the Tim9-Timl0 and Tim8-Timl3 

complexes are involved in guiding hydrophobic inner membrane proteins with internal 

targeting sequences, such as metabolite carrier proteins, through the IMS. 

Additionally, Tim9-Timl0 is the major chaperone complex facilitating j8-barrel 

precursors to the SAM complex (91). Finally, the complex composed of Tim9, TimlO 

and Tim 12 is bound to the TIM22 complex, and it guides the insertion of proteins into the 

channel-forming Tim22 protein in a \|/m-dependent manner (37; 123). The Tim9-Timl0 

and Timl2-Tim9-Timl0 chaperone complexes are essential in mediating protein import, 

and are assembled by the MIA pathway (109). 
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3.5.2 Mitochondrial intermembrane space assembly (MIA) pathway 

The import of intermembrane space proteins with disulfide bonds relies on the 

mitochondrial intermembrane space assembly (MIA) pathway (169). Precursors are 

imported via a disulfide exchange relay with two main components, Mia40 and Ervl, 

along with the support of Hotl3, a zinc-binding protein (105). However, this pathway has 

never been characterized in mammalian cells. 

Proteins containing cysteine-rich residues are imported into the IMS, oxidized by 

Mia40, which forms disulfide bonds in these IMS precursors. This substrate then 

participates in a series of disulfide exchange reactions through Ervl, where electrons are 

donated to different acceptors (117). Eventually this cycle is terminated when the 

exchange reactions generate an assembled complex, and Mia is re-oxidized by Ervl, 

which is mediated by Hot 13 (160). 

Additionally, the electrons generated in this pathway may either be shuttled to 

cytochrome c, and eventually to the ETC, or the electrons may bypass the requirement of 

the ETC, and instead be directly donated to oxygen to generate ROS. The eventual 

outcome is dependent on the protein being processed and function of the ETC. This 

feature of the MIA pathway is particularly intriguing, as organelle redox status and 

intermembrane space proteins are important for apoptosis (4), and have been implicated 

in oxidative-stress related disorders such as Parkinson's disease (17; 155) and Human 

Deafness Dystonia Syndrome (5). 
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3.6 Mitochondrial export machinery 

All 13 proteins encoded by mtDNA are subunits of components of the ETC or the 

ATP synthase (179). These proteins are embedded in a hydrophobic environment, which 

necessitates a route of export from the matrix in order to reach their final destination. 

Additionally, a number of nuclear-encoded proteins are imported into the matrix where 

they are processed, but unlike most other matrix proteins, they are subsequently exported 

into other compartments of the mitochondria. These proteins also require an export route 

to exit the matrix. 

The Oxa complex mediates protein export in mitochondria, and Oxal is the core 

chaperone of this machinery (36). Oxal assembles proteins translated from mitochondrial 

ribosomes and can incorporate them into the inner membrane in a co-translational manner 

(121). Oxal relies on other intermediates such as Oxa2 for facilitating membrane 

insertion and interactions with matrix ribosomes. This complex is particularly crucial for 

the assembly of the cytochrome c oxidase and NADH dehydrogenase holoenzymes (8; 

157). 

3.7 Mitochondrial processing peptidases and protein folding 

After being driven into the matrix by the TIM23-PAM complex, N-terminal 

targeting signals are proteolytically cleaved by the matrix-processing peptidase (MPP) 

(59). Additionally, since preproteins are unravelled during the import process, they need 

to be subsequently refolded in order to be functional components of the organelle. A 

family of matrix chaperones which includes mfHsp70, and the Hsp60/Hspl0 chaperonins 
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perform this function (71). It must also be noted that not all imported preproteins are 

refolded by these proteins in the matrix, but they are nevertheless essential components of 

the organelle. 

4.0 PURPOSES OF THE PRESENT STUDY 

Skeletal muscle adaptations in the mitochondrial protein import system in 

response to chronic muscle disuse are not known. Characterizing the role of this pathway 

during blunted mitochondrial biogenesis requires measuring changes in the rates of 

protein import, along with the underlying mechanisms which govern this process. 

Therefore, the purposes of this study were to 1) establish whether denervation-induced 

decrements in contractile activity elicit a differential response in protein import kinetics, 

and 2) relate changes in protein import to alterations in mitochondrial respiration and 

content within the mitochondrial subtractions. The protein content of several components 

of the protein import machinery was also determined to characterize any underlying 

alterations in import during reduced contractile activity. Finally, in an effort to provide a 

more comprehensive assessment of the import system's function during oxidative stress, 

protein kinetics were evaluated in the presence of hydrogen peroxide, since denervated 

muscle generates higher levels of ROS than control. 

4.1 Hypothesis 

We hypothesized that denervation will diminish protein import kinetics in both 

mitochondrial subtractions, with the decrease being greater in SS mitochondria. We base 
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this hypothesis on previously reported accounts of relative lability in response to various 

physiological perbutations among the two subfractions. We also hypothesize that the 

protein expression of various components of the import machinery will be diminished. 

Furthermore, we hypothesize a close association between alterations in mitochondrial 

function, characterized by respiration and ROS production, with protein import kinetics. 

Finally, we also hypothesize that if protein import function is altered by muscle disuse, 

corresponding changes in COX activity will be demonstrated. 
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ABSTRACT 

This study was conducted to determine whether chronic muscle disuse affects the 

mitochondrial protein import system, which is vital for the assembly of nuclear-derived 

proteins into existing organelles. We measured adaptations in protein import using a 

model of unilateral peroneal nerve denervation in rats for 3, 7 or 14 days. We compared 

the import of preproteins into the matrix of subsarcolemmal (SS) and intermyofibrillar 

(IMF) mitochondria, isolated from the denervated and the contralateral control tibialis 

anterior muscles. Denervation led to 50% and 29% reductions in protein import after 14 

days of disuse in SS and IMF mitochondria, respectively. This was accompanied by 

significant decreases in mitochondrial state 3 respiration, muscle mass and whole muscle 

cytochrome c oxidase activity. To investigate the mechanisms involved, we assessed 

disuse-related changes in 1) protein import machinery components and 2) mitochondrial 

function, reflected by reactive oxygen species (ROS) production. Denervation reduced 

the expression of Tim23, Tom20 and mfHsp70, especially in the SS subfraction. Chronic 

disuse also resulted in elevated ROS generation, and exogenous ROS was found to 

markedly reduce protein import. Thus, our data indicate that protein import kinetics are 

closely related to alterations in mitochondrial respiratory capacity, and are negatively 

impacted by ROS. Changes in the protein import system likely facilitate the reduction in 

mitochondrial content and the increase in organelle dysfunction during chronic disuse, 

ultimately contributing to muscle atrophy. 
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INTRODUCTION 

Chronic muscle disuse results in biochemical alterations that affect the endurance 

performance of muscle, which is particularly dependent on mitochondrial content (4; 20; 

30). Skeletal muscle mitochondrial content is determined by the net synthesis and 

degradation of organellar proteins. Muscle disuse accelerates the rate of protein 

degradation, with concomitant decreases in the synthesis of mitochondrial proteins (29). 

The principle pathway for mitochondrial assembly involves the import of newly 

synthesized preproteins from the cytosol into existing mitochondria (7; 21; 26). These 

preproteins are actively transported into existing organelles by the protein import 

machinery (PIM). The important components of the import pathway include the 

translocases, which aid in the movement of preproteins across membranes (16). These 

translocases are localized in the outer membrane (TOM complex), or the inner membrane 

(TIM complex). During mitochondrial import, Tom20 is important for the recognition 

and binding of cytosolic preproteins possessing targeting presequences, as well as for 

transferring them into the general import pore (17). Matrix-destined proteins have to be 

channeled through Tim23 (5; 40), and they are actively pulled into the matrix by the 

mitochondrial heat shock protein 70 (mtHsp70) motor complex in an ATP-dependent 

fashion (39). 

In skeletal muscle, mitochondria exist as a reticular membrane network. The 

subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria are located in distinct 

subcellular regions, and they possess subtle differences in biochemical and functional 

properties which are characterized by their anatomical locations (2; 10; 38). Furthermore, 
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alterations in contractile activity exert a differential response within these two 

subpopulations of mitochondria. In the case of chronic muscle disuse, these changes 

include reductions in mitochondrial oxygen consumption and increased reactive oxygen 

species (ROS) production (3; 28), which may have an impact on muscle performance (15; 

31; 41), apoptosis (14; 28; 36) or gene expression (27; 33). However, it remains to be 

determined if muscle inactivity regulates the activity of precursor protein import. 

We recently showed that the protein content of mitochondrial Tim23 decreased 

significantly after 7 days of denervation (28). Given the prominent role of this protein in 

regulating the import of matrix proteins (7; 21), a reduction in Tim23 might suggest a 

decline in the kinetics of protein import in denervated muscle. This is consistent with 

evidence of higher protein import rates observed in skeletal muscle when PIM expression 

is increased during conditions of increased mitochondrial biogenesis, such as during 

chronic contractile activity (18; 23; 37), thyroid hormone treatment (11; 12; 34) and the 

onset of muscle differentiation (19). 

Thus, the overall purpose of this study was to evaluate the relationship between 

mitochondrial content and the protein import system during chronic muscle disuse. We 

hypothesized that protein import dynamics would correlate closely with alterations in 

mitochondrial content and function. Our results indicate that the components and kinetics 

of the import machinery in skeletal muscle are subject to adaptations under conditions of 

inactivity, and that the altered mitochondrial phenotype evident in denervated muscle 

may be partially attributed to a reduced capacity to import proteins. 
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METHODS 

In vivo denervation protocol. Male Sprague-Dawley rats were anesthetized with 

an intraperitoneal injection of Ketamine-Xylazine (0.2 mls/lOOg of body weight). The 

tibialis anterior (TA) and extensor digitorum longus (EDL) muscles were denervated by 

exposing the left common peroneal nerve and excising a 5-mm section. The incision was 

sutured after administration of sterile ampicillin. The contralateral leg served as an 

internal control for each animal. After surgery, the skin was closed with metal clips and 

the day of surgery represented day 0 of the time course. Denervated animals were given 

amoxicillin in their drinking water for 1 week after surgery (0.025% w/v). All procedures 

involving animals were approved by the York University Animal Care Committee, in 

accordance with the Canadian Council on Animal Care. 

Cytochrome c oxidase (COX) activity. Pulverized EDL muscles were diluted in 

muscle extraction buffer (100 mM KH2P04, 100 mM Na2HP04, 2mM EDTA, pH 7.2) 

and sonicated 3x5 seconds on ice. Supernatant fractions were added to a test solution 

containing fully reduced cytochrome c, and this reaction was carried out within a 96-well 

plate at 30 °C using a Synergy-HT microplate reader. COX activity was assessed by the 

maximal rate of reduction in absorbance at 550nm. 

Tissue extraction and mitochondrial isolation. Animals were anesthetized, and 

both denervated and contralateral TA muscles were excised, minced, and briefly 

homogenized using an Ultra-Turrax polytron at 40% power output. The intermyofibrillar 

(IMF) and subsarcolemmal (SS) mitochondrial subtractions were isolated by differential 

centrifiguation as described previously (10). Freshly isolated mitochondria were used for 
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protein import, respiration and ROS emission assays. Aliquots of each mitochondrial 

sample were also frozen for future use in immunoblotting assays. The EDL muscles were 

clamp frozen in liquid nitrogen and used for cytochrome-c oxidase (COX) activity 

measurements. 

In vitro transcription, translation and import of OCT. The full length cDNA clone 

for ornithine transcarbamylase (OCT) was a generous gift from Dr. Gordon Shore 

(McGill University, Montreal, Canada). This cDNA was transcribed and translated in 

vitro as previously described (12). Briefly, the vector containing the OCT cDNA was 

linearized using Sad and subsequently phenol extracted and ethanol precipitated. OCT 

was in vitro transcribed at 40 °C for 90 minutes using SP6 RNA polymerase, followed by 

in vitro translation in the presence of 35S-methionine within a rabbit reticulocyte lysate 

system. 

The mitochondrial protein import assay was performed as outlined previously (34; 

38). Briefly, mitochondria were preincubated for 10 min at 30 °C prior to the import 

assay. For experiments investigating the effect of ROS on protein import, the appropriate 

volume of H2O2 was added to the reaction so that the final concentration of H2O2 was 

either 5(iM or lOuM. For 0 uM of ROS, H2O2 was substituted with water. Translation 

mix (12 uL per 25 (j,g of mitochondrial protein) was added to the mitochondria and the 

import incubation was allowed to proceed at 30 °C for 20 minutes. After 20 minutes, 

import was halted by adding an aliquot of the mitochondrial-translation mix to an ice-

cold sucrose cushion (600 mM sucrose, 100 mM KC1, 20 mM HEPES, 2 mM MgCl2). 

Mitochondria were pelleted by centrifugation for 15 minutes at 16,000 g (4°C) and 
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resuspended in 20 (xL of ice-cold breaking buffer (600 mM sorbitol, 20 mM HEPES, pH 

7.4). The samples were then denatured at 95°C in the presence of lysis buffer for 5 

minutes, quick cooled on ice, and then resolved through a 12% SDS-polyacrylamide gel. 

Gels were processed and dried as described elsewhere (12; 34). Images and subsequent 

quantification were obtained with electronic autoradiography (Quantity One, BioRad, 

Hercules, CA). Imported mature OCT was distinguished from precursor OCT because of 

its lower molecular weight. The percentage of available protein that was imported was 

calculated based on ratio of the intensity of the mature OCT and total OCT (sum of 

mature and precursor bands). 

Mitochondrial respiration assay. Fifty microliters of isolated mitochondrial 

samples were incubated with 250 uT of VO2 buffer (250 mM sucrose, 50 mM KC1, 25 

mM Tris, 10 mM K2HPO4, pH 7.4) in a Clark oxygen electrode respiratory chamber 

(Strathkelvin Instruments, North Lanarkshire, Scotland) with continuous stirring at 30°C. 

Mitochondrial oxygen consumption was measured in the presence of exogenously added 

10 mM glutamate to assess state 4 respiration, followed by 0.44 mM ADP to elicit state 3 

respiration. In addition, NADH was added during state 3 measurements to evaluate the 

integrity of the inner mitochondrial membrane. 

Mitochondrial ROSproduction. SS and IMF mitochondria (75 ng) were incubated 

with 50 uM dichlorodihydroflurescein diacetate (H2DCDA) and V02 buffer at 37°C for 

30 minutes in a 96-well plate. ROS production is directly proportional to fluorescence 

emission between 480 and 520 nm measured using a multidetection microplate reader 

(Synergy HT; Bio-Tek Instruments, Winooski, VT). ROS emission was assessed during 
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state 4 and state 3 respiration, and the microplate data were compiled and analyzed using 

KC4(v3.0). 

Immunoblotting. Isolated SS and IMF mitochondrial protein extracts were 

separated by performing 15% SDS-PAGE and subsequently electroblotted onto 

nitrocellulose membranes. After transfer, membranes were blocked for 1 hour in IX 

TBST containing 5% skim milk. Blots were then incubated in blocking buffer with 

antibodies detected against Tim23 (1:500), Tom20 (1:500), mtHSP70 (1:1000) and ANT 

(1:2000) overnight at 4°C. Antibodies were obtained from Santa Cruz (Tom20, sc-

11415), BD Biosciences (Tim23, 611222) and Assay Designs (mtHSP70, SPS-825F). 

The ANT antibody was generously provided by Dr. K.B. Freeman (McMaster University, 

Hamilton, Ontario). After three washes for 5 minutes, blots were incubated for 1 hour at 

room temperature with the appropriate secondary antibody coupled to horseradish 

peroxidase and washed again three times for 5 minutes each. Antibody-bound protein 

was revealed using the ECL method. Films were scanned and analyzed using SigmaScan 

Pro 5.0 software (Aspire Software, Ashburn, VA). 

Statistical Analysis. Data were expressed as means ± SEM. Paired Student's t-

tests were used for comparisons between IMF and SS mitochondria isolated from control 

muscle. A one-way or two-way analysis of variance was used for all denervation time 

points, followed by Bonferroni's post hoc test to assess differences within groups. 

Statistical differences were considered significant if P < 0.05. 
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RESULTS 

Relationship of mitochondrial function and protein expression to protein import 

in mitochondrial subfractions. State 3 respiration was 2.5-fold greater in IMF 

mitochondria (P < 0.05; Fig. I A). In contrast, ROS production during state 3 respiration 

was 4.3-fold higher in SS mitochondria, compared to the IMF subfraction (P < 0.05; Fig. 

IB). pOCT import was two-fold greater in IMF mitochondria than those observed in the 

SS mitochondrial subfraction (P < 0.05; Fig. 1Q. mtHSP70 protein levels were 30% 

lower in IMF mitochondria, compared to the SS subfraction (P < 0.05; Fig. ID), while 

levels of Tim23 and Tom20 expression were not different between IMF and SS 

mitochondria (data not shown). 

Effect of denervation on muscle mass and mitochondrial content. Denervation of 

the TA muscle resulted in significant reductions of muscle mass by 7, 33, and 65% after 

3, 7 and 14 days respectively, compared to control muscle (P < 0.05; Fig. 2A). COX 

activity, a typical marker of mitochondrial content, decreased by 32, 35 and 48%, 

respectively, during the same time frame (P < 0.05; Fig. IB). These data confirm that 

denervation effectively reduced mitochondrial content per gram of muscle. 

Effect of denervation on mitochondrial respiration. Mitochondrial function from 

denervated muscle was assessed by measuring oxygen consumption in the presence (state 

3) or absence (state 4) of ADP in SS and IMF subfractions. There was a main effect of 

denervation in both SS and IMF mitochondrial state 3 respiration. State 3 respiration was 

reduced by 40-45% in SS mitochondria, whereas IMF mitochondrial oxygen 

consumption was decreased by 16, 39 and 45% following 3, 7 and 14 days respectively 
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(P < 0.05; Fig. 3A). State 4 respiration was not affected by denervation in IMF 

mitochondria, but was decreased by 17% and 26% at 3 and 7 days respectively in SS 

mitochondria (P < 0.05; Fig. 3B). 

Effect of denervation on ROS production. Mitochondrial ROS production was 

assessed in SS and IMF subfractions during state 3 and state 4 respiration. State 3 ROS 

production was increased by 3.7-fold in SS mitochondria after 14 days of denervation, 

whereas IMF mitochondria generated 4.2-, 2.8- and 5.5-fold higher levels of ROS after 3, 

7 and 14 days respectively (P < 0.05; Fig. AA). State 4 ROS emission in SS mitochondria 

was elevated by 1.8- and 3.9-fold following 7 and 14 days respectively. Finally IMF 

mitochondrial state 4 ROS emission was enhanced by 1.9- and 2.9 fold after 3 and 14 

days of denervation (P < 0.05; Fig. 45). 

Effect of denervation on mitochondrial protein import. OCT import was blunted 

in both the SS and IMF subfractions during all three time periods of denervation. Protein 

import in SS mitochondria from denervated muscle was reduced by 29, 42 and 

50%, whereas IMF mitochondrial protein import was reduced by 13, 19 and 29% 

at 3, 7 and 14 days, respectively (P < 0.05; Fig. 5). 

Effect of denervation on mitochondrial protein import machinery expression. 

Corresponding to the deceleration of OCT import in denervated muscle, there was a 

decrease in the protein expression of mitochondrial import machinery components, 

Tim23, Tom20 and mtHSP70. Tim23 levels were reduced by 40% following 14 days of 

denervation in IMF mitochondria, whereas SS Tim23 expression was decreased by 45, 46 

and 21% after 3, 7 and 14 days respectively (P < 0.05; Fig. 6). In contrast, Tom20 was 
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not affected by denervation in IMF mitochondria, but was reduced by 45 and 33% at 7 

and 14 days respectively in SS mitochondria (P < 0.05; Fig. 7). Finally, mtHSP70 was 

decreased in SS mitochondria by 49, 40 and 66% following 3, 7 and 14 days respectively, 

whereas IMF mitochondrial mtHSP70 protein levels had declined by 37 and 68% 

subsequent to 3 and 14 days of denervation respectively (P < 0.05; Fig. 8). 

Assessment ofROS on protein import. To investigate the effect of ROS on protein 

import, we incubated mitochondria and OCT preprotein in the presence of either 5 or 10 

uM hydrogen peroxide. Protein import in SS mitochondria was reduced by 36 and 

64%, whereas IMF mitochondrial protein import was reduced by 33 and 67% in 

the presence of 5 and 10 uM of hydrogen peroxide respectively (P< 0.05; Fig. 9). 
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DISCUSSION 

A hallmark feature of skeletal muscle disuse-induced atrophy is a decrease in 

mitochondrial biogenesis (3; 36). Our previous work has characterized reduced muscle 

performance and mitochondrial enzyme activity (41), altered blood flow (15), and 

increased mitochondrially-mediated cell death during denervation (3; 27; 28). The 

majority of mitochondrial proteins are nuclear-encoded, and mitochondrial biogenesis 

requires the protein import machinery to transport these cytosolic proteins into the 

organelle (7; 21). Our previous work has illustrated the adaptability of this pathway in 

skeletal muscle mitochondria responding to various physiological perbutations such as 

chronic contractile activity (18; 22; 37), ageing (13; 22), thyroid hormone treatment (11; 

12; 34) and muscle differentiation (19). However, the adaptation of the protein import 

system in response to chronic muscle disuse has never been previously investigated. In 

addition, skeletal muscle comprise two subpopulations of mitochondria, subsarcolemmal 

(SS) and intermyofibrillar (IMF), which are found in different cellular compartments, 

possessing subtle differences in functional and biochemical properties. These 

characteristics could be accounted for, in part, by divergent rates of protein import within 

the two sub fractions (20). Thus, the main purposes of the present study were to 1) 

evaluate denervation-induced adaptations in protein import within skeletal muscle SS and 

IMF mitochondria, and 2) to relate these changes to alterations in the expression of 

import machinery components and mitochondrial function. 

First, we wanted to relate any basal differences in SS and IMF mitochondrial 

protein import to organelle function and the expression of import machinery components. 
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Current results confirm higher rates of state 3 respiration along with lower ROS 

generation in IMF, compared to SS mitochondria, in agreement with previously reported 

values (3; 28; 41). Enhanced ETC activity in IMF mitochondria was accompanied by a 

two-fold higher rate of OCT import in the IMF subfraction. We also measured the protein 

expression of Tim23, Tom20 and mtHsp70, which are critical components of the import 

machinery governing matrix-destined proteins (8). Although, we found no differences in 

SS and IMF mitochondrial Tom20 and Tim23 content, mtHsp70 protein levels were 

significantly higher in the SS subfraction. This pattern of PIM expression is similar to our 

previous observations (18; 19; 38). Clearly, this lower expression of mtHsp70 in IMF 

mitochondria could not account for the higher rate of import in this subfraction, but other 

components of the import machinery, not measured in this study, may be higher in IMF 

mitochondria to compensate for this effect. 

Next, our goal was to characterize denervation-induced changes in mitochondrial 

content in relation to alterations in protein import and organelle respiration. The 

application of a cell-free in vitro import assay permitted the conclusion that impaired 

matrix protein import occurs independent of precursor protein availability. Additionally, 

the import of radiolabelled pOCT into muscle mitochondria, where the background of 

processed OCT is negligible, provides a useful model to study the import of matrix-

destined proteins. Once imported into the matrix, the 39kDa translation product of OCT 

is cleaved and processed to the mature 36kDa form of the enzyme (6). OCT protein 

import was blunted in both SS and IMF mitochondria from denervated muscle, and the 

extent of reduction closely paralleled the denervation-induced decline in whole muscle 
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cytochrome c oxidase (COX) activity, which was measured to confirm an overall 

reduction in muscle oxidative capacity. This is supported by the close correlation 

between the rate of protein import and whole muscle COX activity (Fig 1CL4). Of the two 

mitochondrial subfractions, import kinetics were reduced to the greatest extent in SS 

mitochondria, confirming the concept that this subpopulation of mitochondria is more 

labile during conditions of chronic muscle use and disuse (1; 3; 4; 25). Additionally, 

differences in import rates between IMF and SS mitochondria from denervated muscle 

were well matched with alterations in state 3 respiration (Fig \0B). These data reinforce 

the contention (38) that protein import is closely related to the rate of ATP formed by 

respiration, which is used to internally to drive the translocation of the precursor into the 

matrix. 

Our data also suggest the existence of a dissociation between the rate of muscle 

atrophy and changes in mitochondrial content during different periods of muscle disuse. 

For example, after 3 days of denervation, COX activity was reduced by 30% but there 

was only a 9% decline in muscle mass. This early adaptation in mitochondrial content 

may be necessary to initiate the catabolic activities that are associated with denervation 

(9). In addition, the extent of muscle atrophy was greater than the reduction in oxidative 

capacity during 7 and 14 days of denervation. These data demonstrate that changes in 

mitochondrial content are not critical determinants of muscle mass during disuse atrophy 

(29; 32). This reduced mitochondrial content was coupled with mitochondrial 

dysfunction in denervated muscle, as demonstrated by reduced state 3 respiration in both 

subfractions. This is indicative of a lower capacity for ATP synthesis as a result of altered 
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mitochondrial components. Mitochondrial dysfunction was also reflected by an increase 

in ROS production in both SS and IMF mitochondria. Mitochondrial ROS generation is 

inversely related to mitochondrial respiration (2; 35), and this increase in oxidative stress 

is likely caused by a combination of reduced antioxidant activity, as well as impaired 

function of complexes within the ETC. These alterations in respiration and ROS 

production were more pronounced in SS mitochondria, suggesting a greater sensitivity 

and response to denervation in this mitochondrial subfraction. 

Since the protein import machinery mediates the import process, we also 

determined the expression of selected components within SS and IMF mitochondria from 

denervated muscle to evaluate their potential roles in disuse-mediated changes in protein 

import. The content of all components investigated (Tim23, Tom20 and mtHsp70) 

decreased in SS mitochondria during the time course of denervation. This response was 

different in IMF mitochondria, where mtHsp70 and Tim23 were significantly reduced at 

specific time points. Clearly, components of SS mitochondrial import machinery were 

more vulnerable to denervation-induced organelle remodelling, and these heterogenous 

adaptations could be related to altered cardiolipin content, since this phospholipid is 

critical for embedding components of the import machinery (20). A greater loss of 

cardiolipin in SS mitochondria could account for the reduced topology of import proteins. 

However, this mechanism requires further investigation. 

One important implication of the present study relates to the potential redox 

modulation of the mitochondrial protein import machinery during oxidative stress. Since 

large quantities of ROS are responsible for initiating several harmful events within cells, 
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they may inappropriately signal the arrest of precursor protein import. Indeed, the greater 

ROS production evident in SS mitochondria (2) may serve to attenuate protein import 

compared to IMF mitochondria under steady state conditions. In addition, because 

denervated muscle mitochondria produce more ROS and display reduced protein import, 

we hypothesized that exogenous ROS would inhibit protein import in mitochondria. 

Wright and colleagues have previously used a superoxide generating agent to inhibit 

OCT import in liver mitochondria, and promote subsequent precursor degradation (42). 

Our data illustrate that muscle mitochondria incubated in the presence of H2O2 exhibited 

reduced protein import in a dose-dependent manner. In all likelihood, this reduction in 

import is related to the redox-modulation of import machinery components with cysteine-

or thiol-rich residues. The mitochondrial intermembrane space machinery, which imports 

and assembles cysteine-rich proteins in a disulfide relay system inside the intermembrane 

space, is highly susceptible to oxidative stress (24). Other constituents of the import 

pathway are also likely to be affected by oxidative stress, but future studies are required 

to identify the mechanisms governing the inhibition of protein import by ROS. 

In summary, we have shown for the first time that skeletal muscle responds to 

chronic muscle disuse by reducing the rate of mitochondrial precursor protein import, 

which is mediated in part by a reduced capacity for ATP production, as well as 

modifications in the expression of critical components of the import machinery (Fig 11). 

Decreased protein import is likely a strong contributor to the reduction in mitochondrial 

content evident with denervation. In addition, we have provided some evidence for the 

inhibition of mitochondrial precursor protein import by oxidative stress in muscle 
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mitochondria. This work sets the stage for future studies designed to evaluate the 

physiological role of the protein import pathway during oxidative stress conditions in 

skeletal muscle. 
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Fig. 1. Differences in subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial 
function and protein import. A: Oxygen consumption during ADP stimulated respiration 
(state 3). B: ROS production during state 3 respiration. C: Rate of pOCT protein import. 
A representative autoradiograph is shown, and D: expression of mitochondrial heat 
shock protein 70 (mtHSP70) protein levels. A typical western blot is illustrated. (n=23-
26). *P<0.05 SS vs. IMF. Values are means ± SEM. 
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Fig. 2. Effect of 3, 7 and 14 days of denervation on muscle atrophy and mitochondrial 
content. A: Tibialis anterior (TA) muscle mass corrected for body weight (BW) (n=10-14 
per group) . B: Cytochrome c oxidase (COX) activity in response to different periods of 
denervation (n=8-10 per group). * P<0.05 control vs. denervated; ]f P < 0.05 vs. 3 day, € 
P < 0.05 vs. 7 day. Values are means ± SEM. 
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Fig. 3. SS and IMF oxygen consumption following 3, 7 and 14 days of muscle 
denervation. Oxygen consumption was measured in the presence of lOmM glutamate 
(State 4) and 0.44 mM ADP (state 3) in a dark oxygen electrode. Graphical 
representation of (A) state 3 respiration and (B) state 4 respiration, which was expressed 
as a fraction of control, non-denervated muscle mitochondria. (n=6-12). Values are 
means ± SEM. *P < 0.05, control vs. denervated. 
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Fig. 4. Fold increase in SS and IMF ROS production over control following 3, 7 and 14 
days of muscle denervation. ROS (arbitrary fluorescence units) per natom of oxygen 
consumed per minute was measured during (A) state 3 respiration and (B) state 4 
respiration, which was expressed as a fraction of control, non-denervated muscle 
mitochondria.. (n=6-8). Values are means ± SEM. *P < 0.05, control vs. denervated. 
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Figure 5 
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Fig. 5. Mitochondrial protein import of OCT in skeletal muscle denervated for 3, 7 and 
14 days. A: Representative autoradiograms from the mitochondrial protein import assay 
for 3, 7 and 14 days of denervation. SS, subsarcolemmal mitochondria; IMF, 
intermyofibrillar mitochondria; Con, control; Den, denervated; TL, 5 JUL of translation 
product. Below, B: quantification of protein import was expressed as a ratio of 
control/non-denervated muscle mitochondria in SS and IMF subtractions (n=7-8 per 
group). C: Reduced protein import in denervated muscle SS and IMF mitochondria 
expressed as a ratio of percentage reduction of OCT import/days of denervation (n = 23) 
Values are means ± SEM. 
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Fig. 6. Effect of denervation on Tim23 protein content in subsarcolemmal and 
intermyo fibrillar mitochondria. A: Typical western blots (30 ug protein/lane) comparing 
SS and IMF mitochondria from 3-, 7- and 14 day denervated TA muscles. SS, 
subsarcolemmal mitochondria; IMF, intermyofibrillar mitochondria; Con, control; Den, 
denervated. Below, B: Associated quantification of repeated experiments (n=8-10) *P < 
0.05, control vs. denervated. Values are means ± SEM. 
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Fig. 7. Effect of denervation on Tom20 protein content in subsarcolemmal and 
intermyofibrillar mitochondria. A: Typical western blots (30 \xg protein/lane) comparing 
SS and IMF mitochondria from 3-, 7- and 14 day denervated TA muscles. SS, 
subsarcolemmal mitochondria; IMF, intermyofibrillar mitochondria; Con, control; Den, 
denervated. Below, B: Associated quantification of repeated experiments (n=6-8) *P < 
0.05, control vs. denervated. Values are means ± SEM. 
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Figure 8 
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Fig. 8. Effect of denervation on mfHsp70 protein content in subsarcolemmal and 
intermyofibrillar mitochondria. A: Typical western blots (30 u£ protein/lane) comparing 
SS and IMF mitochondria from 3-, 7- and 14 day denervated TA muscles. SS, 
subsarcolemmal mitochondria; IMF, intermyofibrillar mitochondria; Con, control; Den, 
denervated. Below, B: Associated quantification of repeated experiments (n=8) *P < 
0.05, control vs. denervated. Values are means ± SEM. 
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Figure 9 
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Fig. 9. Effect of ROS on pOCT protein import in SS and IMF mitochondria. A: 
Mitochondria from control muscles were incubated with 5 or lOuM of H202 during the 
import reaction. A representative autoradiogram is shown for the import assay. SS, 
subsarcolemmal mitochondria; IMF, intermyofibrillar mitochondria; TL, translation 
product. Below, B: graphical representation of repeated experiments where protein import 
was expressed as a percentage of mature protein over total protein imported. *P<0.05 vs. 
OuM (n=4-7). Values are means ± SEM. 
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Fig. 10. Correlation between mitochondrial content, protein import and state 3 
respiration. A: Relationship between whole muscle COX activity and SS mitochondrial 
protein import (n=23) and B: SS and IMF mitochondrial OCT import and state 3 
respiration (n=21) from control and denervated muscles, on the basis of acquired data. 
Values are means ± SEM. 
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Figure 11 
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Figure 11: Summary of chronic disuse-related events leading to alterations in muscle 
mitochondria and atrophy. Protein import kinetics are mediated by components of the 
protein import machinery (PIM) complex and mitochondrial function. Denervation 
reduces the rate of protein import in mitochondria by decreasing the expression of 
various PIM components, as well as state 3 respiration. Furthermore, denervation-
induced decreases in antioxidant enzymes, along with alterations in electron transport 
chain activity simultaneously elevate ROS generation in muscle. This increase in 
oxidative stress further reduces mitochondrial protein import. An overall decline in the 
assembly of nuclear-encoded proteins in the mitochondria lowers whole muscle 
mitochondrial content which contributes towards muscle atrophy. Furthermore, 
alterations in organelle function, denoted by mitochondrial respiration and ROS 
production, can also directly affect muscle mass. Reduced state 3 respiration lowers ATP 
content in the cell, which condenses cytoplasmic volume per myonucleus. Excessive 
ROS production promotes the activation of proteolytic pathways that culminate in 
myofibrillar degradation. Alternatively, higher levels of intracellular ROS can also 
initiate a cascade of pro-apoptotic events which lead to myonuclear apoptosis. All of 
these factors contribute towards chronic muscle disuse-induced fiber atrophy. 
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SUMMARY AND FUTURE WORK 
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The results obtained from this thesis are important for our understanding of 1) the 

molecular mechanisms which regulate mitochondrial protein import, as well as 2) the 

pathophysiology of muscle inactivity-related ailments such as spinal muscular atrophy. 

While many studies have demonstrated that mitochondrial content and function are 

reduced by chronic muscle disuse, these changes have been mainly attributed to 

alterations in the transcriptional activity of genes involved in mitochondrial biogenesis, or 

catabolic events such as apoptosis, which are associated with muscle atrophy. There have 

not been many investigations into the post-translational processes governing 

mitochondrial synthesis during muscle disuse, which includes adaptations in the protein 

import complex. 

Therefore, the purposes of this thesis were to establish whether denervation 

induces a differential response in modulating protein import between subsarcolemmal 

(SS) and intermyofibrillar (IMF) mitochondria, and to relate how changes in 

mitochondrial function affect import kinetics in determining mitochondrial content. Since 

protein import is conducted by the import machinery, the protein expression of several 

important components involved in this pathway were also investigated. Our results 

provide evidence of a partial role for the protein import pathway in the dysregulation of 

mitochondrial biogenesis in SS and IMF subtractions. This decrease in import kinetics is 

mediated by the combination of reduced import machinery expression, increased 

oxidative stress and impaired mitochondrial respiration. Given the present findings, 

future studies should focus on the following: 
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1. A determination of whether denervation-induced adaptations in import kinetics 

are protein specific. Our experiments should be validated with the use of 

preproteins other than OCT. Furthermore, using proteins such as the 

mitochondrial transcription factor A (Tfam), which decreases with muscle disuse, 

as well as the apoptosis inducing factor (AIF), which increases in expression will 

allow us to establish if the import process adapts in a protein-specific manner. 

2. The role of cytosolic factors in mediating protein import may be demonstrated in 

vitro by supplementing our import reaction with cytosolic extracts from control 

and denervated muscles. Using western blot analysis, alterations in import may be 

attributed to expression of key chaperones such as Hsp70 and MSF, or mediators 

of protein degradation such as the proteosome. 

3. A third research path that deserves exploration is the investigation of specific PIM 

components in the regulating protein import during basal conditions as well as 

circumstances of altered contractile activity. This may be demonstrated by 

measuring precursor import in mitochondria isolated from transgenic mice such as 

the recently characterized Tim23 heterozygous knockout mouse. The in vitro cell 

culture model of C2C12 myotubes may be alternatively employed to knockdown 

the expression of various components of the PIM using siRNA to complement the 

in vivo results. 

4. Previous work, along with the results in this thesis, have demonstrated that 

precursor import activity is affected by alterations in ROS and respiration. To 
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further elucidate the mechanisms by which mitochondrial function regulates 

protein import, the following experiments should be conducted: 

a. The reactions where protein import is inhibited by ROS should be 

supplemented with an antioxidant such as N-acetyl-L-cysteine (NAC) to 

see if the effect of ROS is attenuated; 

b. The redox status of PIM components with cysteine-rich thiol residues 

should be examined by the incorporation of radiolabeled PIM into 

mitochondria, which are then subjected to oxidative stress in vitro as 

performed in our experiments. Alterations in S-thiolation as visualized by 

autoradiography following SDS-PAGE would then be used to link protein 

oxidation status to the inhibition of import by ROS; 

c. The P̂m and ATP synthesis in mitochondria are controlled by respiration, 

and have been previously linked to precursor protein import. However, the 

relative contribution of cardiolipin content and state 3 respiration in 

altering import has never been functionally characterized. The use of 

adriamycin to inhibit cardiolipin, and varying the concentration of ADP in 

the import reaction could be used to achieve this. 
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APPENDIX A 

Data tables and statistical analyses 



Table l.A 
IMF and SS mitochondrial state 3 respiration rates 

(natoms Ch/min^mg) 

N 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

X ± S E 

SS control 

74.21 
89.54 
63.28 
87.14 
57.33 
102.40 
89.26 
65.56 
64.90 
114.83 
141.15 
124.83 
98.91 
71.49 
74.13 
66.19 
135.91 
86.43 
102.85 
75.32 
94.14 
106.22 
71.01 
70.53 
68.81 
92.12 

88.02 ± 4.47 

IMF control 

246.51 
162.23 
218.98 
124.25 
113.35 
178.22 
312.26 
245.86 
196.32 
338.19 
239.42 
208.30 
214.53 
176.23 
277.17 
249.87 
172.59 
235.56 
253.40 
188.52 
177.82 
164.22 
179.34 
179.73 
334.12 
200.29 

214.90± 11.24 

IMF control/ 
SS control 

3.32 
1.81 
3.46 
1.43 
1.98 
1.74 
3.50 
3.75 
3.02 
2.95 
1.70 
1.67 
2.17 
2.47 
3.74 
3.78 
1.27 
2.73 
2.46 
2.50 
1.89 
1.55 
2.53 
2.55 
4.86 
2.17 

2.58 ± 0.18 

Paired t test 
SS control vs. IMF control 
Two-tailed P value < 0.0001 

t= 10.70 
df=25 



Table. 1. B 
IMF and SS mitochondrial ROS production during 

state 3 respiration (AFU/natoms 02«min_1) 

n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
X ± S E 

SS control 

17 

19 

43 

17 

57 

43 

23 

21 

13 

40 

30 

36 

24 

30 

63 

17 

46 

38 

32 

21 
31.50 ± 3.14 

IMF control 

3 

2 

3 

7 

11 

6 

4 

2 

3 

10 

26 

10 

4 

9 

7 

11 

6 

3 

2 

3 
6.60± 1.24 

IMF control/ 
SS control 

0.18 

0.11 

0.07 

0.41 

0.19 

0.14 

0.15 

0.08 

0.20 

0.25 

0.88 

0.28 

0.15 

0.29 

0.11 

0.65 

0.13 

0.08 

0.06 

0.14 

0.23 ± 0.05 

Paired t test 
SS control vs. IMF control 
Two-tailed P value < 0.0001 

t = 7.93 
df=19 



Table 1. C 
pOCT protein import in isolated mitochondrial 

(% of mature protein/available pOCl 

n 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 
11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 
X ± S E 

SS control 

29.85 

44.34 

35.62 

17.84 

24.43 

32.76 n 

25.16 

17.75 

16.78 

16.71 

31.04 

21.28 

44.04 

32.47 

25.2 

45.29 

30.25 

49.35 

16.33 

22.59 

43.79 

40.72 

32.93 
30.28 ± 2.18 

IMF control 

63.42 

54.34 

67.3 

44.31 

61.45 

46.23 

34.23 

43.11 

39.43 

32.97 

72.4 

58.51 

67.89 

75.25 

59.25 

69.36 

46.74 

57.38 

64.52 

43.63 

66.7 

63.53 

66.93 
56.47 ± 2.62 

subfractions 

IMF control/ 
SS control 

2.12 

1.23 

1.89 

2.48 

2.52 

1.41 

1.36 

2.43 

2.35 

1.97 

2.33 

2.75 

1.54 

2.32 

2.35 

1.53 

1.55 

1.16 

3.95 

1.93 

1.52 

1.56 

2.03 
2.01 ± 0.13 

Paired t test 
SS control vs. IMF control 
Two-tailed P value < 0.0001 

t= 11.24 
df=22 



Table 1. D 
mtHSP70 protein expression in isolated mitochondrial subfractions (AU) 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

X ± S E 

SS control 

0.51 
0.70 
0.97 
1.36 
3.47 
0.93 
2.74 
2.31 
1.90 
0.79 
1.63 
1.73 
0.85 
1.75 
1.58 
1.35 
1.52 
1.46 
1.25 
0.47 
1.64 
1.63 
1.50 
1.11 

1.47 ± 0.14 

IMF control 

0.21 
0.56 
0.90 
2.34 
0.59 
0.50 
0.65 
0.86 
1.00 
0.83 
0.66 
0.81 
0.61 
0.68 
0.27 
0.70 
1.53 
1.89 
1.28 
0.96 
0.74 
0.67 
0.42 
0.68 

0.85 ± 0.10 

IMF control/ SS 
control 

0.41 
0.79 
0.92 
1.72 
0.17 
0.54 
0.24 
0.37 
0.52 
1.05 
0.40 
0.47 
0.72 
0.39 
0.17 
0.52 
1.01 
1.29 
1.03 
2.06 
0.45 
0.41 
0.28 
0.61 

0.69 ± 0.09 

Paired t test 
SS control vs. IMF control 
Two-tailed P value = 0.002 

t = 3.59 
df=23 



Table 2. A 
Tibialis anterior muscl 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

X ± S E 

3 day control 

1.68 
1.66 
1.88 
1.84 
1.90 
1.75 
1.65 
1.85 
1.86 
1.81 

1.79 ± 0.03 

e mass / body weight (mg/g) 
3 day 

denervated 
1.64 
1.55 
1.77 
1.70 
1.74 
1.60 
1.58 
1.70 
1.73 
1.66 

1.67 ± 0.02 

3 day 
den/con 

0.98 
0.94 
0.94 
0.93 
0.92 
0.91 
0.96 
0.92 
0.93 
0.92 

0.94 ± 0.01 

Paired t test 
Control vs. 3 day denervated 

Two-tailed P value = 0.002 
t = 4.28 

df=9 

Tibialis anterior muse 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

X ± S E 

7 day control 

1.76 
1.79 
1.82 
1.89 
1.99 
1.98 
1.75 
1.94 
1.85 
1.89 
1.68 
1.66 

1.83 ± 0.03 

e mass / body weight (mg/g) 
7 day 

denervated 
1.14 
1.29 
1.37 
1.38 
1.33 
1.30 
1.21 
1.27 
1.25 
1.20 
1.06 
1.04 

1.24 ± 0.03 

7 day 
den/con 

0.65 
0.72 
0.75 
0.73 
0.67 
0.65 
0.69 
0.65 
0.67 
0.63 
0.63 
0.63 

0.67 ± 0.01 

Paired t test 
Control vs. 7 day denervated 
Two-tailed P value < 0.0001 

t=8.27 
df=8 
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Table 2. A (cont) 
Tibialis anterior muscle mass / body weight (mg/g) 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

X ± S E 

14 day 
control 

1.83 
1.88 
1.89 
1.90 
1.82 
1.87 
1.94 
1.88 
1.83 
1.87 
1.81 
1.78 
2.14 
1.96 

1.89 ± 0.02 

14 day 
denervated 

0.47 
0.55 
0.50 
0.80 
0.66 
0.61 
0.71 
0.65 
0.79 
0.86 
0.61 
0.66 
0.91 
0.94 

0.69 ± 0.04 

14 day 
den/con 

0.26 
0.29 
0.27 
0.42 
0.36 
0.33 
0.36 
0.35 
0.43 
0.46 
0.34 
0.37 
0.42 
0.48 

0.37 ± 0.02 

Paired t test 
Control vs. 14 day denervated 

Two-tailed P value = 0.001 
t = 5.22 
df=7 

Tibialis anterior muscle mass 
(denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

X ± S E 

3 day 
0.98 
0.94 
0.94 
0.93 
0.92 
0.91 
0.96 
0.92 
0.93 
0.92 

0.94 ± 0.01 

7 day 
0.65 
0.72 
0.75 
0.73 
0.67 
0.65 
0.69 
0.65 
0.67 
0.63 
0.63 
0.63 

0.67 ± 0.01 

14 day 
0.26 
0.29 
0.27 
0.42 
0.36 
0.33 
0.36 
0.35 
0.43 
0.46 
0.34 
0.37 
0.42 
0.48 

0.37 ± 0.02 

One-way ANOVA 
Main effect of days of denervation 

Sig? 
Yes 

F(df) 
380.7 (2,33) 

Bonferroni posttests 
3 day vs. 7 day 
3 day vs. 14 day 
7 day vs. 14 day 

t 
12.21 
27.32 
15.46 

P 
< 0.001 
< 0.001 
< 0.001 



Table 2. B 
EDL cytochrome c Oxidase activity (U/g muscle) 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

X ± S E 

3 day 
control 

5.89 
6.42 
6.57 
5.77 
11.92 
8.45 
7.74 
9.68 
7.08 
7.65 

7.72 ± 1.90 

3 day 
denervated 

5.2 
5.17 
6.69 
3.38 
5.86 
4.39 
5.19 
5.27 
5.21 
5.63 

5.20 ± 0.28 

3 day 
den/con 

0.88 
0.81 
1.02 
0.59 
0.49 
0.52 
0.67 
0.54 
0.74 
0.74 

0.70 ± 0.05 

Paired t test 
Control vs. 3 day denervated 

Two-tailed P value = 0.002 
t = 4.28 
df=9 

EDL cytochrome c Oxidase activity (U/g muscle) 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

X ± S E 

7 day 
control 

7.37 
8.95 
7.89 
8.26 
11.26 
7.84 
9.83 
10.76 
7.45 

8.85 ± 0.48 

7 day 
denervated 

6.15 
6.87 
4.01 
5.18 
8.44 
5.34 
5.36 
6.02 
4.21 

5.73 ± 0.45 

7 day 
den/con 

0.83 
0.77 
0.51 
0.63 
0.75 
0.68 
0.55 
0.56 
0.57 

0.65 ± 0.04 

Paired t test 
Control vs. 7 day denervated 
Two-tailed P value < 0.0001 

t=8.27 
df=8 



Table 2. B (cont) 
EDL cytochrome c Oxidase activity (U/g muscle) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

±SE 

14 day 
control 

5.94 
6.02 
7.3 
5.6 

9.05 
7.45 
13.11 
12.14 

8.32 ± 1.02 

14 day 
denervated 

4.66 
3.3 

3.89 
2.8 

4.19 
4.69 
5.38 
5.74 

4.33 ± 0.35 

14 day 
den/con 

0.78 
0.55 
0.53 
0.50 
0.46 
0.63 
0.41 
0.47 

0.54 ± 0.04 

EDL muscle cytochrome c oxidase activity 
(denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

X ± S E 

3 day 
0.88 
0.81 
1.02 
0.59 
0.49 
0.52 
0.67 
0.54 
0.74 
0.92 

0.70 ± 0.05 

7 day 
0.83 
0.77 
0.51 
0.63 
0.75 
0.68 
0.55 
0.56 
0.57 

0.65 ± 0.04 

14 day 
0.78 
0.55 
0.53 
0.5 
0.46 
0.63 
0.41 
0.47 

0.54 ± 0.04 

One-way ANOVA 
Main effect of days of denervation 

Sig? 
No 

F(df) 
2.97 (2,24) 

Paired t test 
Control vs. 14 day denervated 

Two-tailed P value = 0.001 
t = 5.22 
df=7 
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Table 3. A 
Mitochondrial state 3 respiration (natoms CVmin^mg"1) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

Average 

3 day SS 
control 
74.21 
89.54 
63.28 
87.14 
57.33 
102.40 
89.26 
65.56 

78.59 ± 5.59 

3 day SS 
denervated 

41.19 
36.24 
29.82 
54.22 
33.39 
71.69 
66.29 
41.20 

46.76 ± 5.51 

3 day SS 
den/con 

0.56 
0.40 
0.47 
0.62 
0.58 
0.70 
0.74 
0.63 

0.59 ± 0.04 

3 day IMF 
control 
246.51 
162.23 
218.98 
124.25 
113.35 
178.22 
312.26 
245.86 

200.20 ± 24.04 

3 day IMF 
denervated 

187.25 
174.28 
136.59 
109.29 
108.30 
144.51 
259.65 
197.26 

164.60 ± 17.99 

3 day IMF 
den/con 

0.76 
1.07 
0.62 
0.88 
0.96 
0.81 
0.83 
0.80 

0.84 ± 0.05 

Paired t test 
State 3 control SS vs. 3 day 

Two-tailed P value < 
denervated SS 
0.0001 

t = 9.25 
df=7 

Paired t test 
State 3 control IMF vs. 3 day denervated IMF 

Two-tailed P value = = 0.01 
t = 3.22 
df=7 

Mitochondrial state 3 respiration (natoms Ch/min^ing"1) 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Average 

7 day SS 
control 
64.90 
114.83 
141.15 
124.83 
98.91 
71.49 
74.13 
66.19 
135.91 
86.43 
102.85 
75.32 

96.41 + 7.94 

7 day SS 
denervated 

42.09 
36.36 
117.40 
102.67 
37.56 
65.43 
39.27 
33.89 
43.72 
45.69 
53.43 
66.31 

56.99 ± 7.83 

7 day SS 
den/con 

0.65 
0.32 
0.83 
0.82 
0.38 
0.92 
0.53 
0.51 
0.32 
0.53 
0.52 
0.88 

0.60 ± 0.06 

7 day IMF 
control 
196.32 
338.19 
239.42 
208.30 
214.53 
176.23 
277.17 
249.87 
172.59 
235.56 
253.40 
188.52 

229.20 ± 13.69 

7 day IMF 
denervated 

80.02 
242.76 
118.16 
160.29 
120.09 
124.90 
87.38 
91.09 
116.39 
172.59 
188.82 
145.86 

137.40 ± 13.70 

7 day IMF 
den/con 

0.41 
0.72 
0.49 
0.77 
0.56 
0.71 
0.32 
0.36 
0.67 
0.73 
0.75 
0.77 

0.61 ± 0.05 

Paired t test 
State 3 control SS vs. 7 day denervated SS 

Two-tailed P value = 0.0003 
t = 5.12 
df= 11 

Paired t test 
State 3 control IMF vs. 7 day denervated IMF 

Two-tailed P value < 0.0001 
t = 6.76 
df= 11 
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Table 3. A (cont) 
Mitochondrial state 3 respiration (natoms (Vmin^mg"1) 

n 

1 
2 
3 
4 
5 
6 

Average 

14 day SS 
control 

94.14 
106.22 
71.01 
70.53 
68.81 
92.12 

83.81 ± 6.44 

14 day SS 
denervated 

27.85 
78.82 
31.85 
55.19 
24.98 
61.61 

46.72 ± 8.90 

14 day SS 
den/con 

0.30 
0.74 
0.45 
0.78 
0.36 
0.67 

0.55 ± 0.08 

14 day IMF 
control 

177.82 
164.22 
179.34 
179.73 
334.12 
200.29 

205.90 ± 26.07 

14 day IMF 
denervated 

94.28 
116.56 
111.68 
152.98 
80.62 
73.54 

104.90 ± 11.80 

14 day IMF 
den/con 

0.53 
0.71 
0.62 
0.85 
0.24 
0.37 

0.55 ± 0.09 

Paired t test 
State 3 control SS vs. 14 day denervated SS 

Two-tailed P value = 0.003 
t=5.22 
df=5 

Paired t test 
State 3 control IMF vs. 14 day denervated IMF 

Two-tailed P value = 0.03 
t = 3.01 
df=5 

State 3 mitochondrial respiration (denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 
9 
11 
11 
12 

X ± S E 

SS mitochondria 
3 day 
0.56 
0.40 
0.47 
0.62 
0.58 
0.70 
0.74 
0.63 

0.59 ± 0.04 

7 day 
0.65 
0.32 
0.83 
0.82 
0.38 
0.92 
0.53 
0.51 
0.32 
0.53 
0.52 
0.88 

0.84 ± 0.05 

14 day 
0.30 
0.74 
0.45 
0.78 
0.36 
0.67 

0.55 ± 0.08 

IMF mitochondria 
3 day 
0.76 
1.07 
0.62 
0.88 
0.96 
0.81 
0.83 
0.80 

0.61 + 0.05 

7 day 
0.41 
0.72 
0.49 
0.77 
0.56 
0.71 
0.32 
0.36 
0.67 
0.73 
0.75 
0.77 

0.57 ± 0.08 

14 day 
0.53 
0.71 
0.62 
0.85 
0.24 
0.37 

0.55 + 0.09 

Two-way ANOVA 
State 3 respiration (denervated/control) 

Interaction 
Main effect of days of denervation 

Main effect of mitochondrial subfraction 

SiS? 
Yes 
No 
No 

F(df) 
3.44 (2,23) 
2.53 (2, 23) 
3.62 (1,23) 
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Table 3. B 
Mitochondrial state 4 respiration (natoms Ch/min^mg"1) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

Average 

3 day SS 
control 
16.17 
8.23 

23.56 
30.24 
12.45 
5.87 
9.42 
12.45 

14.80 ± 2.93 

3 daySS 
denervated 

12.39 
10.47 
12.39 
22.54 
10.46 
7.37 
5.80 
7.41 

11.10 ±1.85 

3 day SS 
den/con 

0.77 
1.27 
0.53 
0.75 
0.84 
1.26 
0.62 
0.60 

0.83 ± 0.10 

3 day IMF 
control 
28.42 
21.59 
26.38 
39.45 
31.25 
24.09 
42.17 
21.69 

29.38 ± 2.76 

3 day IMF 
denervated 

25.41 
27.69 
33.21 
25.18 
22.95 
19.47 
28.39 
17.66 

25.00 ± 1.77 

3 day IMF 
den/con 

0.89 
1.28 
1.26 
0.64 
0.73 
0.81 
0.67 
0.81 

0.89 ± 0.09 

Paired t test 
State 4 control SS vs. 3 day denervated SS 

Two-tailed P value = 0.05 
t = 2.35 
df=7 

Paired t test 
State 4 control IMF vs. 3 day denervated IMF 

Two-tailed P value = 0.16 (NS) 
t= 1.57 
df=7 

Mitochondrial state 4 respiration (natoms CVniin^mg"1) 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Average 

7 day SS 
control 

8.17 
11.67 
28.15 
14.24 
12.25 
22.97 
6.21 
10.67 
24.72 
14.53 
21.42 
18.90 

16.16 ± 2.01 

7 day SS 
denervated 

15.78 
10.83 
11.24 
7.29 
8.88 

29.82 
4.53 
6.48 
5.48 
4.90 
12.43 
10.80 

10.71 ± 2.00 

7 day SS 
den/con 

1.93 
0.93 
0.40 
0.51 
0.72 
1.30 
0.73 
0.61 
0.22 
0.34 
0.58 
0.57 

0.74 ± 0.14 

7 day IMF 
control 
25.13 
33.24 
28.59 
26.77 
28.85 
24.47 
27.17 
32.91 
38.44 
36.24 
29.92 
21.45 

29.43 ± 1.44 

7 day IMF 
denervated 

33.75 
39.25 
25.90 
23.58 
21.84 
15.14 
32.82 
27.52 
26.06 
28.17 
21.94 
13.87 

25.82 ± 2.12 

7 day IMF 
den/con 

1.34 
1.18 
0.91 
0.88 
0.76 
0.62 
1.21 
0.84 
0.68 
0.78 
0.73 
0.65 

0.88 ± 0.07 

Paired t test 
State 4 control SS vs. 7 day 

Two-tailed P value = 
denervated SS 
= 0.04 

t = 2.33 
df= 11 

Paired t test 
State 4 control IMF vs. 7 day denervated IMF 

Two-tailed P value = 0.09 (NS) 
t= 1.84 
df= 11 
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Table 3. B (cont) 
Mitochondrial state 4 respiration (natoms O^min^mg"1) 

n 

1 
2 
3 
4 
5 
6 

Average 

14 day SS 
control 
10.91 
14.86 
9.46 

22.17 
26.94 
11.08 

15.90 ± 2.90 

14 day SS 
denervated 

5.60 
23.04 
14.95 
19.59 
17.58 
5.39 

14.36 ± 3.00 

14 day SS 
den/con 

0.51 
1.55 
1.58 
0.88 
0.65 
0.49 

0.94 ± 0.20 

14 day IMF 
control 
21.94 
27.65 
32.38 
43.19 
44.21 
23.99 

32.23 ± 3.91 

14 day IMF 
denervated 

16.19 
31.99 
15.16 
39.80 
18.47 
13.75 

22.56 ± 4.38 

14 day IMF 
den/con 

0.74 
1.16 
0.47 
0.92 
0.42 
0.57 

0.71 ± 0.12 

Paired t test 
State 4 control SS vs. 14 day denervated SS 

Two-tailed P value = 0.6 (NS) 
t = 0.55 

df=5 

Paired t test 
State 4 control IMF vs. 14 day denervated IMF 

Two-tailed P value = 0.07 (NS) 
t = 2.22 

df=5 

State 4 mitochondrial respiration (denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 
9 
11 
11 
12 

X ± S E 

SS mitochondria 
3 day 
0.77 
1.27 
0.53 
0.75 
0.84 
1.26 
0.62 
0.60 

0.83 ± 0.10 

7 day 
1.93 
0.93 
0.40 
0.51 
0.72 
1.30 
0.73 
0.61 
0.22 
0.34 
0.58 
0.57 

0.74 ± 0.14 

14 day 
0.51 
1.55 
1.58 
0.88 
0.65 
0.49 

0.94 ± 0.20 

IM 
3 day 
0.89 
1.28 
1.26 
0.64 
0.73 
0.81 
0.67 
0.81 

0.89 ± 0.09 

J mitochondria 
7 day 
1.34 
1.18 
0.91 
0.88 
0.76 
0.62 
1.21 
0.84 
0.68 
0.78 
0.73 
0.65 

0.88 ± 0.07 

14 day 
0.74 
1.16 
0.47 
0.92 
0.42 
0.57 

0.71 ± 0.12 

Two-way ANOVA 

State 4 respiration (denervated/control) 
Interaction 

Main effect of days of denervation 
Main effect of mitochondrial subfraction 

Sig? 
No 
No 
No 

F(df) 
1.77(2,23) 
0.07 (2, 23) 
0.01 (1,23) 
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Table 4. A 
Mitochondrial state 3 ROS production (AFU/natoms 02'min"1) 

n 

1 
2 
3 
4 
5 
6 

Average 

3 day SS 
control 

17 
19 
43 
17 
57 
43 

32.67 ± 7.03 

3 day SS 
denervated 

45 
43 
28 
28 
33 
41 

36.33 ± 3.12 

3 day SS 
den/con 

2.65 
2.26 
0.65 
1.65 
0.58 
0.95 

1.46 ± 0.36 

3 day IMF 
control 

3 
2 
3 
7 
11 
6 

5.33 ± 1.38 

3 day IMF 
denervated 

11 
12 
18 
19 
35 
23 

19.67 ± 3.58 

3 day IMF 
den/con 

3.67 
6.00 
6.00 
2.71 
3.18 
3.83 

4.23 ± 0.58 

Paired t test 
State 3 control SS vs. 3 day denervated SS 

Two-tailed P value = 0.6 (NS) 
t = 0.43 
df=5 

Paired t test 
State 3 control FMF vs. 3 day denervated IMF 

Two-tailed P value = = 0.002 
t = 6.11 
df=5 

Mitochondrial state 3 ROS production (AFU/natoms Oz^min"1) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

7 day SS 
control 

23 
21 
13 
40 
30 
36 
24 
30 

27.13 ± 3.06 

7 day SS 
denervated 

35 
60 
19 
32 
30 
41 
39 
52 

38.50 ± 4.55 

7 day SS 
den/con 

1.51 
2.82 
1.49 
0.80 
1.01 
1.15 
1.67 
1.75 

1.53 ± 0.22 

7 day IMF 
control 

4 
2 
3 
10 
26 
10 
4 
9 

8.50 ± 2.75 

7 day IMF 
denervated 

24 
2 
7 

32 
42 
22 
10 
11 

18.75 ± 4.84 

7 day IMF 
den/con 

6.86 
1.17 
2.76 
3.18 
1.62 
2.16 
2.94 
1.30 

2.75 ± 0.65 

Paired t test 
State 3 control SS vs. 7 day denervated SS 

Two-tailed P value = 0.06 (NS) 
t = 2.23 
df=7 

Paired t test 
State 3 control IMF vs. 7 day 

Two-tailed P value 
denervated IMF 
= 0.01 

t = 3.43 
df=7 
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Table 4. A (cont) 
Mitochondrial state 3 ROS production (AFU/natoms 02«min_1) 

n 

1 
2 
3 
4 
5 
6 

Average 

14 day SS 
control 

63 
17 
46 
38 
32 
21 

36.17 ± 7.03 

14 day 
SSdenervated 

157 
75 
135 
157 
122 
87 

122.20 ± 14.20 

14 day SS 
den/con 

2.49 
4.41 
2.93 
4.13 
3.81 
4.14 

3.65 ± 0.31 

14 day IMF 
control 

7 
11 
6 
3 
2 
3 

5.33 ± 1.38 

14 day IMF 
denervated 

23 
19 
18 
12 
35 
11 

19.67 ± 3.58 

14 day IMF 
den/con 

3.29 
1.73 
3.00 
4.00 
17.50 
3.67 

5.53 ± 2.42 

Paired t test 
State 3 control SS vs. 14 day denervated SS 

Two-tailed P value = 0.0002 
t = 9.69 
df=5 

Paired t test 
State 3 control IMF vs. 14 day denervated IMF 

Two-tailed P value = = 0.02 
t = 3.64 
df=5 

State 3 mitochondrial ROS production (denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

SS mitochondria 
3 day 
2.65 
2.26 
0.65 
1.65 
0.58 
0.95 

1.46 ± 0.36 

7 day 
1.51 
2.82 
1.49 
0.80 
1.01 
1.15 
1.67 
1.75 

1.53 ± 0.22 

14 day 
2.49 
4.41 
2.93 
4.13 
3.81 
4.14 

3.65 ± 0.31 

IMF mitochondria 
3 day 
3.67 
6.00 
6.00 
2.71 
3.18 
3.83 

4.23 ± 0.58 

7 day 
6.86 
1.17 
2.76 
3.18 
1.62 
2.16 
2.94 
1.30 

2.75 ± 0.65 

14 day 
3.29 
1.73 
3.00 
4.00 
17.50 
3.67 

5.53 ± 2.42 

Two-way ANOVA 
State 3 ROS (denervated/control) 

Interaction 
Main effect of days of denervation 

Main effect of mitochondrial subtraction 

Sig? 
No 
No 
Yes 

F(df) 
0.32 (2,23) 
3.30 (2, 23) 
5.89(1,23) 
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Table 4. B 
Mitochondrial state 4 ROS production (AFU/natoms 02«min_1) 

n 

1 
2 
3 
4 
5 
6 

Average 

3 day SS 
control 

112 
309 
153 
119 
216 
308 

202.80 ± 36.64 

3 day SS 
denervated 

213 
185 
296 
132 
517 
544 

314.50 ± 71.74 

3 day SS den/con 

1.90 
0.60 
1.93 
1.11 
2.39 
1.77 

1.62 ± 0.26 

3 day IMF 
control 

57 
71 
36 
29 
31 
44 

44.67 ± 6.72 

3 day IMF 
denervated 

95 
81 
56 
69 
83 
74 

76.33 ± 5.44 

3 day IMF 
den/con 

1.67 
1.14 
1.56 
2.38 
2.68 
1.68 

1.85 ± 0.23 

Paired t test 
State 4 control SS vs. 3 day denervated SS 

Two-tailed P value = 0.1 (NS) 
t = 1.78 
df=5 

Paired t test 
State 4 control FMF vs. 3 day denervated FMF 

Two-tailed P value = = 0.003 
t = 5.16 
df=5 

Mitoc 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

7 day SS 
control 

160 
201 
116 
178 
118 
222 
145 
131 

158.90 ± 13.76 

liondrial state 4 ROS production 
7 day SS 

denervated 
421 
366 
162 
392 
222 
222 
254 
198 

279.60 ± 34.81 

7 day SS den/con 

2.63 
1.82 
1.40 
2.20 
1.88 
1.00 
1.75 
1.51 

1.77 ± 0.18 

AFU/natoms 02»min_1) 
7 day IMF 

control 
22 
48 
27 
62 
32 
30 
32 
34 

35.88 ± 4.57 

7 day IMF 
denervated 

13 
65 
24 
90 
111 
35 
34 
52 

53.00 ± 11.96 

7 day IMF 
den/con 

0.61 
1.37 
0.89 
1.44 
3.45 
1.18 
1.06 
1.52 

1.44 ± 0.31 

Paired t test 
State 4 control SS vs. 7 day 

Two-tailed P value = 
denervated SS 
= 0.006 

t = 3.90 
df=7 

Paired t test 
State 4 control EVIF vs. 7 day denervated EVIF 

Two-tailed P value = 0.1 (NS) 
t = 1.74 
df=7 
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Table 4. B (cont) 
Mitochondrial state 4 ROS production 

n 

1 
2 
3 
4 
5 
6 

Average 

14 day SS 
control 

306 
129 
317 
119 
74 
137 

180.30 ± 42.45 

14 day SS 
denervated 

879 
364 
712 
418 
463 
771 

601.20 ± 87.03 

14 day SS 
den/con 

2.87 
2.82 
2.25 
3.51 
6.26 
5.63 

3.89 + 0.67 

Paired t test 
State 4 control SS vs. 14 day denervated SS 

Two-tailed P value = 0.001 
t = 6.66 
df=5 

AFU/natoms 02«min_1) 
14 day IMF 

control 
109 
47 
42 
23 
21 
64 

51.00 ± 13.31 

14 day IMF 
denervated 

139 
73 
163 
64 
98 
191 

121.30 ± 20.87 

14 day IMF 
den/con 

1.28 
1.55 
3.88 
2.78 
4.67 
2.98 

2.86 ± 0.53 

Paired t test 
State 4 control IMF vs. 14 day denervated IMF 

Two-tailed P value = 0.01 
t = 3.80 
df=5 

State 4 mitochondrial ROS production (denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 

X + SE 

SS mitochondria 
3 day 
1.90 
0.60 
1.93 
1.11 
2.39 
1.77 

1.62 ± 0.26 

7 day 
2.63 
1.82 
1.40 
2.20 
1.88 
1.00 
1.75 
1.51 

1.77 ± 0.18 

14 day 
2.87 
2.82 
2.25 
3.51 
6.26 
5.63 

3.89 ± 0.67 

IMF mitochondria 
3 day 
1.67 
1.14 
1.56 
2.38 
2.68 
1.68 

1.85 ± 0.23 

7 day 
0.61 
1.37 
0.89 
1.44 
3.45 
1.18 
1.06 
1.52 

1.44 ± 0.31 

14 day 
1.28 
1.55 
3.88 
2.78 
4.67 
2.98 

2.86 ± 0.53 

Two-way ANOVA 
State 4 ROS (denervated/control) 

Interaction 
Main effect of days of denervation 

Main effect of mitochondrial sub fraction 

Sig? 
No 
Yes 
No 

F(df) 
2.11(2,23) 
9.08 (2, 23) 
2.43 (1,23) 
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Table 5. A 
Rate of OCT import in isolated mitochondria (% of available OCT) 

n 

1 
2 
3 
4 
5 
6 
7 

X ± S E 

3 day SS 
control 
29.85 
44.34 
35.62 
17.84 
24.43 
32.76 
25.16 

30.00 ± 3.26 

3 day SS 
denervated 

17.42 
35.98 
25.42 
18.48 
12.45 
23.52 
16.57 

21.41± 2.93 

3 day SS 
den/con 

0.58 
0.81 
0.71 
1.04 
0.51 
0.72 
0.66 

0.72 ± 0.07 

3 day IMF 
control 
63.42 
54.34 
67.3 

44.31 
61.45 
46.23 
34.23 

53.04 ± 4.53 

3 day IMF 
denervated 

58.43 
44.93 
53.9 

46.75 
48.97 
43.23 
28.23 

46.35± 3.62 

3 day IMF 
den/con 

0.92 
0.83 
0.80 
1.06 
0.80 
0.94 
0.82 

0.88 ± 0.04 

Paired t test 
Control SS vs. 3 day denervated SS 

Two-tailed P value = 0.002 
t = 5.21 
df=6 

Paired t test 
Control IMF vs. 3 day denervated IMF 

Two-tailed P value = 0.02 
t = 3.18 
df=6 

Rate of OCT import in isolated mitochondria (% of available OCT) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

7 day SS 
control 
17.75 
16.78 
16.71 
31.04 
21.28 
44.04 
32.47 
25.2 

25.66 ± 3.42 

7 day SS 
denervated 

11.89 
16.58 
6.84 
9.74 
10.58 
18.97 
23.13 
20.5 

14.78± 2.06 

7 day SS 
den/con 

0.67 
0.99 
0.41 
0.31 
0.50 
0.43 
0.71 
0.81 

0.60 + 0.08 

7 day IMF 
control 
43.11 
39.43 
32.97 
72.4 

58.51 
67.89 
75.25 
59.25 

56.10 ± 5.62 

7 day IMF 
denervated 

27.41 
32.25 
31.52 
59.55 
39.6 
51.96 
71.82 
51.56 

45.71± 5.51 

7 day IMF 
den/con 

0.64 
0.82 
0.96 
0.82 
0.68 
0.77 
0.95 
0.87 

0.81 ± 0.04 

Paired t test 
Control SS vs. 7 day denervated SS 

Two-tailed P value = 0.008 
t = 3.68 
df=7 

Paired t test 
Control IMF vs. 7 day denervated IMF 

Two-tailed P value = 0.002 
t = 4.62 
df=7 
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Table 5. A cont 
Rate of OCT import in isolated mitochondria (% of available OCT) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

14 day SS 
control 
45.29 
30.25 
49.35 
16.33 
22.59 
43.79 
40.72 
32.93 

35.16 ± 4.12 

14 day SS 
denervated 

29.48 
14.08 
22.08 
7.66 
8.04 
15.6 
16.67 
28.21 

17.73 ± 2.93 

14 day SS 
den/con 

0.65 
0.47 
0.45 
0.47 
0.36 
0.36 
0.41 
0.86 

0.50 ± 0.06 

14 day IMF 
control 
69.36 
46.74 
57.38 
64.52 
43.63 
66.7 

63.53 
66.93 

59.85 ± 3.44 

14 day IMF 
denervated 

53.47 
44.44 
37.61 
8.43 

22.07 
69.13 
50.64 
52.57 

42.30 ± 6.81 

14 day IMF den/con 

0.77 
0.95 
0.66 
0.13 
0.51 
1.04 
0.80 
0.79 

0.71 ± 0.10 

Paired t test 
Control SS vs. 14 day denervated SS 

Two-tailed P value = 0.0007 
t = 5.79 
df=7 

Paired t test 
Control IMF vs. 14 day denervated IMF 

Two-tailed P value = 0.03 
t = 2.82 
df=7 

OCT protein import in isolated mitochondrial subfractions (denervated/control) 

N 
1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

SS mitochondria 
3 day 
0.58 
0.81 
0.71 
1.04 
0.51 
0.72 
0.66 

0.72 ± 0.07 

7 day 
0.67 
0.99 
0.41 
0.31 
0.5 
0.43 
0.71 
0.81 

0.60 ± 0.08 

14 day 
0.65 
0.47 
0.45 
0.47 
0.36 
0.36 
0.41 
0.86 

0.50 ± 0.06 

IMF mitochondria 
3 day 
0.92 
0.83 
0.8 
1.06 
0.8 

0.94 
0.82 

0.88 ± 0.04 

7 day 
0.64 
0.82 
0.96 
0.82 
0.68 
0.77 
0.95 
0.87 

0.81 ± 0.04 

14 day 
0.77 
0.95 
0.66 
0.13 
0.51 
1.04 
0.8 
0.79 

0.70 ± 0.10 

Two-way ANOVA 
Mitochondrial OCT import (denervated/control) 

Interaction 
Main effect of days of denervation 

Main effect of mitochondrial subtraction 

Sig? 
No 
No 
Yes 

F(df) 
0.07 (2,23) 
3.42 (2, 23) 
13.33(1,23) 



Reduction in import corrected for days of denervation 
([l-den/con]/days of denervation%) 

n 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

X ± S E 

SS mitochondria 
14.00% 
6.33% 
9.67% 
-1.33% 
16.33% 
9.33% 
11.33% 
4.71% 
0.14% 
8.43% 
9.86% 
7.14% 
8.14% 
4.14% 
2.71% 
2.50% 
3.79% 
3.93% 
3.79% 
4.57% 
4.57% 
4.21% 
1.00% 

6.06 ± 0.90 

IMF mitochondria 
0.03 
0.06 
0.07 
-0.02 
0.07 
0.02 
0.06 
0.05 
0.03 
0.01 
0.03 
0.05 
0.03 
0.01 
0.02 
0.02 
0.00 
0.02 
0.06 
0.04 
0.00 
0.01 
0.02 

2.86 ± 0.50 

Paired t test 
SS mitochondria vs. IMF mitochondria 

Two-tailed P value = 0.0004 
t = 4.19 
df=22 



122 

Table 6 
Tim23 protein expression in isolated mitochondrial subfractions (A.U) 

n 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

X + SE 

3 day SS 
control 

0.50 
0.68 
0.88 
0.85 
0.71 
0.60 
0.88 
0.76 
0.42 
0.38 

0.67 ± 0.06 

3 day IMF 
denervated 

0.47 
0.59 
0.61 
0.25 
0.18 
0.06 
0.96 
0.04 
0.08 
0.38 

0.36 ± 0.09 

3 day SS 
den/con 

0.95 
0.87 
0.69 
0.30 
0.25 
0.10 
1.09 
0.06 
0.20 
0.99 

0.55 ± 0.13 

3 day IMF 
control 

0.60 
0.57 
1.56 
1.26 
0.37 
0.77 
1.21 
1.86 
0.25 
0.32 

0.88 ± 0.18 

3 day IMF 
denervated 

0.48 
0.83 
1.21 
0.59 
0.62 
0.43 
1.89 
0.86 
0.17 
0.33 

0.74 ± 0.16 

3 day IMF 
den/con 

0.80 
1.45 
0.78 
0.47 
1.67 
0.55 
1.56 
0.46 
0.69 
1.01 

0.94 ± 0.15 

Paired t test 

Control SS vs. 3 day denervated SS 

Two-tailed P value = 0.008 
t = 3.37 
df=9 

Paired t test 

Control IMF vs. 3 day denervated IMF 

Two-tailed P value = 0.4 (NS) 
t = 0.89 
df=9 

Tim23 protein express 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

7 day SS 
control 

1.23 
1.04 
1.00 
2.14 
1.12 
0.96 
0.80 
1.02 

1.16 ±0.15 

7 day IMF 
denervated 

0.64 
0.35 
0.16 
0.39 
0.93 
0.58 
1.01 
0.51 

0.57 ± 0.10 

on in isolated mitochondrial subfractions (A.U) 

7 day SS den/con 

0.52 
0.34 
0.16 
0.18 
0.83 
0.60 
1.27 
0.50 

0.55 ± 0.13 

7 day IMF 
control 

1.09 
1.35 
0.90 
1.56 
1.36 
1.20 
1.08 
1.47 

1.21 ± 0.08 

7 day IMF 
denervated 

0.89 
1.03 
0.19 
0.53 
1.09 
1.53 
1.21 
0.89 

0.92 ± 0.15 

7 day IMF den/con 

0.82 
0.76 
0.21 
0.34 
0.80 
1.28 
1.12 
0.61 

0.74 ± 0.13 

Paired t test 
Control SS vs. 7 day denervated SS 

Two-tailed P value = 0.02 
t = 2.94 
df=7 

Paired t test 
Control IMF vs. 7 day denervated IMF 

Two-tailed P value = 0.07 (NS) 
t = 2.12 
df=7 
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Table 6 fcont) 
Tim23 protein expression in isolated mitochondrial subfractions (A.U) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

14 day SS 
control 

0.72 
1.48 
1.27 
1.59 
2.67 
1.23 
2.71 
2.50 

1.77 ± 0.27 

14 day IMF 
denervated 

1.00 
1.28 
1.04 
0.91 
1.60 
0.79 
1.82 
1.90 

1.29 ± 0.15 

14 day SS 
den/con 

1.39 
0.86 
0.82 
0.57 
0.60 
0.64 
0.67 
0.76 

0.79 ± 0.09 

14 day IMF 
control 

1.02 
0.53 
1.72 
0.78 
0.52 
1.43 
2.17 
0.71 

1.11 ±0.21 

14 day IMF 
denervated 

1.35 
0.25 
0.68 
0.66 
0.17 
0.82 
0.65 
0.45 

0.63 ± 0.13 

14 day IMF 
den/con 

1.32 
0.48 
0.40 
0.84 
0.33 
0.57 
0.30 
0.63 

0.61 ± 0.12 

Paired t test 

Control SS vs. 14 day denervated SS 

Two-tailed P value = 0.02 
t = 3.15 
df=7 

Paired t test 

Control IMF vs. 14 day denervated IMF 

Two-tailed P value = 0.04 
t = 2.37 
df=7 

Tim23 protein expression in isolated mitochondrial subfractions (denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

X ± S E 

SS mitochondria 
3 day 
0.95 
0.87 
0.69 
0.30 
0.25 
0.10 
1.09 
0.06 
0.20 
0.99 

0.55 ± 0.13 

7 day 
0.52 
0.34 
0.16 
0.18 
0.83 
0.60 
1.27 
0.50 

0.55 ± 0.13 

14 day 
1.39 
0.86 
0.82 
0.57 
0.60 
0.64 
0.67 
0.76 

0.79 ± 0.09 

IMF mitochondria 
3 day 
0.80 
1.45 
0.78 
0.47 
1.67 
0.55 
1.56 
0.46 
0.69 
1.01 

0.94 ± 0.15 

7 day 
0.82 
0.76 
0.21 
0.34 
0.80 
1.28 
1.12 
0.61 

0.74 ± 0.13 

14 day 
1.32 
0.48 
0.40 
0.84 
0.33 
0.57 
0.30 
0.63 

0.61 ± 0.12 

Two-way ANOVA 
Tim23 (denervated/control) 

Interaction 
Main effect of days of denervation 

Main effect of mitochondrial subtraction 

Sig? 
No 
No 
No 

F(df) 
2.62 (2,23) 
1.67(2,23) 
0.32(1,23) 
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Table 7 
Tom20 protein expression in isolated mitochondrial subfractions (A.U) 

n 

1 
2 
3 
4 
5 
6 

X ± S E 

3 day SS 
control 

1.95 
1.35 
0.96 
1.34 
1.09 
1.00 

1.28 ± 0.15 

3 day IMF 
denervated 

1.21 
1.06 
1.15 
1.17 
0.31 
1.24 

1.02 ± 0.14 

3 day SS 
den/con 

0.62 
0.78 
1.20 
0.87 
0.29 
1.24 

0.83 ± 0.15 

3 day IMF 
control 

0.88 
0.96 
1.71 
2.20 
1.56 
1.74 

1.51 ± 0.21 

3 day IMF 
denervated 

1.31 
1.31 
2.75 
1.96 
1.21 
1.81 

1.73 ± 0.24 

3 day IMF 
den/con 

1.49 
1.36 
1.61 
0.89 
0.78 
1.04 

1.19 ± 0.14 

Paired t test 
Control SS vs. 3 day denervated SS 

Two-tailed P value = 0.2 (NS) 
t=1.44 
df=5 

Paired t test 
Control IMF vs. 3 day denervated IMF 

Two-tailed P value = 0.3 (NS) 
t = 1.04 
df=5 

Tom20 protein expression in isolated mitochondrial subfractions (A.U) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

7 day SS 
control 

1.05 
1.02 
1.71 
2.44 
1.72 
1.33 
1.59 
1.23 

1.51 ±0.16 

7 day IMF 
denervated 

0.72 
0.48 
0.94 
1.06 
1.05 
0.55 
1.24 
0.51 

0.82 ± 0.10 

7 day SS 
den/con 

0.69 
0.48 
0.55 
0.43 
0.61 
0.41 
0.78 
0.41 

0.55 ± 0.05 

7 day IMF 
control 

0.97 
0.85 
1.51 
2.18 
1.15 
1.04 
1.43 
1.13 

1.28 ± 0.15 

7 day IMF 
denervated 

1.01 
0.86 
2.28 
1.53 
1.18 
0.72 
0.92 
1.17 

1.21 ± 0.18 

7 day IMF 
den/con 

1.04 
1.00 
1.51 
0.70 
1.03 
0.69 
0.65 
1.03 

0.96 ± 0.10 

Paired t test 
Control SS vs. 7 day denervated SS 

Two-tailed P value = 0.0006 
t = 5.95 
df=7 

Paired t test 
Control IMF vs. 7 day denervated IMF 

Two-tailed P value = 0.6 (NS) 
t=0.48 
df=7 
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Table 7 cont 
Tom20 protein expression in isolated mitochondrial subfractions (A.U) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

14 day SS 
control 

1.73 
1.90 
1.44 
1.73 
1.92 
2.02 
1.66 
1.23 

1.70 ± 0.09 

14 day IMF 
denervated 

1.30 
1.40 
1.67 
0.63 
1.22 
0.68 
1.09 
0.90 

1.11 ±0.13 

14 day SS 
den/con 

0.75 
0.74 
1.16 
0.37 
0.64 
0.34 
0.66 
0.73 

0.67 ± 0.09 

14 day IMF 
control 

1.72 
1.97 
1.42 
1.33 
1.50 
1.57 
1.22 
1.19 

1.49 ± 0.09 

14 day IMF 
denervated 

1.88 
1.41 
1.03 
0.80 
1.57 
1.56 
1.04 
1.57 

1.36 ± 0.13 

14 day IMF 
den/con 

1.09 
0.72 
0.72 
0.60 
1.05 
0.99 
0.85 
1.32 

0.92 ± 0.08 

Paired t test 
Control SS vs. 14 day denervated SS 

Two-tailed P value = = 0.01 
t = 3.50 
df=7 

Paired t test 
Control IMF vs. 14 day denervated IMF 

Two-tailed P value = 0.3 (NS) 
t= 1.10 
df=7 

Tom2 

n 
1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

) protein expression in isolated mitochondrial subfractions (denervated/control) 
SS mitochondria 

3 day 
0.62 
0.78 
1.20 
0.87 
0.29 
1.24 

0.83 ± 0.14 

7 day 
0.69 
0.48 
0.55 
0.43 
0.61 
0.41 
0.78 
0.41 

0.55 ± 0.05 

14 day 
0.75 
0.74 
1.16 
0.37 
0.64 
0.34 
0.66 
0.73 

0.67 ± 0.09 

IMF mitochondria 
3 day 
1.49 
1.36 
1.61 
0.89 
0.78 
1.04 

1.19 ± 0.13 

7 day 
1.04 
1.00 
1.51 
0.70 
1.03 
0.69 
0.65 
1.03 

0.96 ± 0.09 

14 day 
1.09 
0.72 
0.72 
0.60 
1.05 
0.99 
0.85 
1.32 

0.92 ± 0.08 

Two-way ANOVA 
Tom20 (denervated/control) 

Interaction 
Main effect of days of denervation 

Main effect of mitochondrial subfraction 

Sig? 
No 
No 
Yes 

F(df) 
0.48 (2,19) 
3.09(2,19) 

20.41 (1,19) 
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Table 8 
mtHsp70 protein expression in isolated mitochondrial subfractions (A.U) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

3 day SS 
control 

0.51 
0.70 
0.97 
1.36 
3.47 
0.93 
2.74 
2.31 

1.62 ± 0.38 

3 day IMF 
denervated 

0.21 
0.45 
0.47 
0.22 
1.46 
0.66 
1.71 
1.52 

0.84 ± 0.22 

3 day SS 
den/con 

0.41 
0.63 
0.48 
0.16 
0.42 
0.71 
0.62 
0.66 

0.51 ± 0.06 

3 day IMF 
control 

0.21 
0.56 
0.90 
2.34 
0.59 
0.50 
0.65 
0.86 

0.83 ± 0.23 

3 day IMF 
denervated 

0.19 
0.77 
0.66 
1.14 
0.36 
0.09 
0.31 
0.22 

0.47 ± 0.13 

3 day IMF 
den/con 

0.91 
1.37 
0.74 
0.49 
0.61 
0.18 
0.48 
0.25 

0.63 ± 0.14 

Paired t test 
Control SS vs. 3 day denervated SS 

Two-tailed P value = 0.008 
t = 3.68 
df=7 

Paired t test 
Control IMF vs. 3 day denervated IMF 

Two-tailed P value = 0.04 
t = 2.39 
df=7 

mtHsp70 protein expression 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

7 day SS 
control 

1.90 
0.79 
1.63 
1.73 
0.85 
1.75 
1.58 
1.35 

1.45 ± 0.15 

7 day IMF 
denervated 

1.25 
1.05 
1.36 
1.58 
0.62 
0.21 
0.28 
0.07 

0.80 ± 0.21 

in isolated mitochondrial subfractions (A.U) 
7 day SS 
den/con 

0.66 
1.33 
0.84 
0.91 
0.73 
0.12 
0.18 
0.05 

0.60 ± 0.16 

7 day IMF 
control 

1.00 
0.83 
0.66 
0.81 
0.61 
0.68 
0.27 
0.70 

0.70 ± 0.07 

7 day IMF 
denervated 

1.21 
0.72 
0.71 
0.69 
0.42 
0.62 
0.04 
0.03 

0.56 ± 0.14 

7 day IMF 
den/con 

1.21 
0.87 
1.08 
0.85 
0.69 
0.91 
0.15 
0.04 

0.73 ± 0.15 

Paired t test 
Control SS vs. 7 day denervated SS 

Two-tailed P value = 0.03 
t = 2.78 
df=7 

Paired t test 
Control IMF vs. 7 day denervated IMF 

Two-tailed P value = 0.2 (NS) 
t= 1.55 
df=7 
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Table 8 cont 
mtHsp70 protein expression in isolated mitochondrial subfractions (A.U) 

n 

1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

14 day SS 
control 

1.52 
1.46 
1.25 
0.47 
1.64 
1.63 
1.50 
1.11 

1.32 ± 0.14 

14 day IMF 
denervated 

0.05 
1.01 
0.05 
0.87 
0.04 
0.02 
0.03 
0.03 

0.26 ± 0.15 

14 day SS 
den/con 

0.04 
0.69 
0.04 
1.85 
0.03 
0.01 
0.02 
0.03 

0.34 ± 0.23 

14 day IMF 
control 

1.53 
1.89 
1.28 
0.96 
0.74 
0.67 
0.42 
0.68 

1.02 ± 0.18 

14 day IMF 
denervated 

0.51 
1.09 
1.10 
0.59 
0.02 
0.02 
0.02 
0.03 

0.42 ± 0.17 

14 day IMF 
den/con 

0.33 
0.58 
0.86 
0.62 
0.03 
0.03 
0.05 
0.04 

0.32 + 0.12 

Paired t test 
Control SS vs. 14 day denervated SS 

Two-tailed P value = 0.004 
t = 4.27 

df=7 

Paired t test 
Control IMF vs. 14 day denervated IMF 

Two-tailed P value = 0.0004 
t = 6.31 
df=7 

mtHsp70 protein expression in isolated mitochondrial subfractions (denervated/control) 

n 
1 
2 
3 
4 
5 
6 
7 
8 

X ± S E 

SS mitochondria 
3 day 
0.41 
0.63 
0.48 
0.16 
0.42 
0.71 
0.62 
0.66 

0.51 ± 0.06 

7 day 
0.66 
1.33 
0.84 
0.91 
0.73 
0.12 
0.18 
0.05 

0.60 ± 0.15 

14 day 
0.04 
0.69 
0.04 
1.85 
0.03 
0.01 
0.02 
0.03 

0.34 ± 0.23 

IMF mitochondria 
3 day 
0.91 
1.37 
0.74 
0.49 
0.61 
0.18 
0.48 
0.25 

0.63 ± 0.14 

7 day 
1.21 
0.87 
1.08 
0.85 
0.69 
0.91 
0.15 
0.04 

0.73 ± 0.14 

14 day 
0.33 
0.58 
0.86 
0.62 
0.03 
0.03 
0.05 
0.04 

0.32 ± 0.12 

Two-way ANOVA 
mtHsp70 (denervated/control) 

Interaction 
Main effect of days of denervation 

Main effect of mitochondrial subfraction 

Sis? 
No 
No 
No 

F(df) 
0.24(2,21) 
1.90(2,21) 
0.57(1,21) 
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Table 9 
Mitochondrial OCT import in the presence of H202 (% mature OCT/ total OCT) 

n 
1 
2 
3 
4 
5 
6 
7 

X ± S E 

SS mitochondria 
OuM 
25.2 
39.19 
31.83 
38.85 
25.52 

32.12 ± 3.06 

5uM 
19.95 
17.79 
24.96 
20.01 

20.68 ± 1.52 

lOuM 
18.06 
21.2 
15.8 

14.57 

17.41 ± 1.46 

IMF mitochondria 
OuM 
62.44 
60.05 
41.82 
47.15 
50.64 
54.38 
50.14 

52.37 ± 2.72 

5uM 
43.91 
27.43 
38.51 
31.16 

35.25 ± 3.69 

lOuM 
43.82 
10.7 
27.3 
31.25 
29.12 

28.44 ± 5.30 

Two-way ANOVA 
Interaction 

Main effect of [H2O2] 
Main effect of mitochondrial subfraction 

Sig? 
No 

Yes 
Yes 

F(df) 
1.01 (5,23) 

18.81 
29.34 

Bonferroni posttests 
0uMSSvs.5uMSS 
OuMSSvs.lOuMSS 
5uMSSvs. I O U M S S 

OuM IMF vs. 5uM IMF 
OuM IMF vs. IOUMDVIF 

5uMIMFvs. I O U M I M F 

t 
11.44 
14.71 

3.27 (ns) 

17.12 
23.94 

6.81 (ns) 

P 
P < 0.05 
P<0.01 
P > 0.05 

P < 0.05 
P < 0.01 
P > 0.05 
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APPENDIX B 

Additional data 



Fig. 1. mtHsp70 import in IMF mitochondria. Autoradiograph showing import of 
varying concentrations of mtHsp70 lysate and IMF mitochondria. Lane 1, 12 ul 
lysate: 25 ug mitochondria. Lane 2, 25 ul lysate: 25 ug mitochondria. Lane 3, 25 
ul lysate: 50 ug mitochondria. Lane 4, 50 ul lysate: 50 ug mitochondria. Lane 5 
(positive control), 12 ul OCT lysate: 25 ug mitochondria. 
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APPENDIX C 

Experimental protocols 
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Surgery for denervation of skeletal muscle 

1. Sterilize surgical instruments in autoclave machine for 20 minutes. 
2. Anaesthetize rat with 0.2 mls/lOOg body weight of Ketamine/Xylazine. 
3. Shave animal's right hindlimb close to the skin. 
4. Wipe the shaved area with 1% topical iodine antiseptic solution. 
5. Make a 2 cm incision in the skin approximately 1 cm posterior and 1 cm inferior 

to the knee. 
6. Carefully blunt dissect through the exposed superficial muscle until the 

common peroneal nerve is visualized. This nerve innervates the tibialis anterior 
(TA) and extensor digitorum longus (EDL) muscles. 

7. Cut out a small 5mm section of the nerve. This ensures that the nerve endings 
will not regenerate during the experiment and thus effectively denervates the 
TA and EDL muscles. 

8. Inject a small volume (-O.lmls) of sterile ampicillin in the local incision site. 
9. Using the 5.0 surgical silk, suture close the superficial muscle tear. Seal the 

overlying skin on the hindlimb using surgical staples. 
10. Monitor the animal over the next 24 hours to ensure recovery. The animal is 

free to move about the cage and feed/drink ad libitum. 
11. Recovering animals are given amoxicillin in their drinking water (0.025% w/v) 

for 1 week after surgery. 

Peroneal nerve .sectioned 

y 

Tibialis anterior 

X) \ 
1^ v-

v- 'Extensor Digitorum 
Longus 1 
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Alkaline lysis plasmid DNA preparation 

The purpose of this method is to isolate plasmid DNA from bacteria. It results in DNA 
which can be used both for in vitro and in vivo transfections. The DNA may or may not 
be good enough for in vitro transcription. The entire procedure takes 3 or 4 days 
depending on the length of the ethanol precipitations. Usually 4 plasmids samples are 
done together. 

Solutions 

1. LB medium: 10 g tryptone 
5 g yeast extract 
lOgNaCl 
Make up to 1000 ml with H2O (it is not necessary to pH). 
Autoclave 

2. Ampicillin stock: 50 mg/ml in sterile H20. Store at -20 °C. Use 1 Dl/ml LB + 
agar to make AMP plates. 

3. M9 medium (1 OX): 30 g Na2HP04 

15gKH2P04 

5 g NH4CI 
2.5 g NaCl 
480 ml H20 

Autoclave, cool and use 48 ml along with the volumes of supplements below for a 
total volume of 500 ml. 

The addition of the following supplements gives you supplemented M9 medium 
which is used on Day 2, step 1. First autoclave 437 ml H20 in a 2 litre Erlenmeyer 
(1 erlenmeyer/plasmid), then add the following sterile M9 supplements to each 
flask: 

48 ml 10X M9 medium 
10 ml 20% (w/v) casamino acids 
2.5 ml 40 % (w/v) glucose 
2.5 ml 1 mg/ml thiamine 
0.5 ml 1 M MgS04 

1.0ml50mMCaCl2 

Stock solutions 

100 g/500 ml, autoclave 
20 g/100 ml, filter sterile 
filter sterile, store at 4°C 
12.04 g/100 ml, autoclave 
5.55 g/1000 ml, autoclave 
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4. Solution I: 
20 ml 0.25 M EDTA (pH 8.0) 
12.5 ml of 1M Tris-HCl (pH 8.0) 
456 ml H20 

Stock solutions 
9.31 g /100 ml, pH to 8, autoclave 
12.11 g/100 ml, pH to 8, autoclave 

Autoclave, then add: 11.25 ml 40% glucose 40 g/100 ml, filter sterile 

5. Lysozyme: make fresh the day of the experiment. 
28 mg/ml (Sigma L-6876) in solution I. Use 6 mis (168 mg) for 4 plasmids. 

6. Solution II: make fresh the day of the experiment. No sterilizing. 
70 ml H20 
1.6mllOMNaOH 
8.0 ml 10% SDS 

7. Solution III: no sterilizing. 
180 ml 5M potassium acetate 
34.5 ml glacial acetic acid 
85.5 ml H20 

Stock solution 
122.7 g/250 ml 

8. Solution IV: no sterilizing. 
16.7 ml 3 M sodium acetate (pH 6.0) 
25 ml 1 M Tris-HCl (pH 8.0) 
458 ml H20 

Stock solutions 
12.3g/50ml 
12.11 g/100 ml, pH to 8, autoclave 

Check that final the pH = 8.0 (if around 7.9, then add 1.5 ml 1 M NaOH). 

9. Lithium chloride: 84.8 g/250 ml, autoclave. 

10. RNAse A: 10 mg /ml pancreatic RNAse (Sigma R-5503, 100 mg) in 50 mM sodium 
acetate (pH 4.8). Dissolve heat in boiling H20 for 10 min and cool at room 
temperature. Aliquot and store at -20 °C. 

11. TEN: 
5 ml 1 M Tris-HCl (pH 8.0) 
2 ml 0.25 M EDTA (pH 8.0) 
1 ml 5 M NaCl 

Stock solutions 
12.11 g/100 ml, pH to 8, autoclave 
9.31 g/100 ml, pH to 8, autoclave 
29.22 g/100 ml, heat and adjust the 
volume as close as possible to 100 
ml to dissolve 

Add around 450 ml H20, pH to 7.5, and then make up to 500 ml. Autoclave. 

12. Ethanol: Keep a stock of 500 ml of 100% ethanol (unmatured) from stores at -20 °C. 
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Protocol 

Dayl 
1. Inoculate 10 ml of LB medium containing the selective antibiotic (e.g. 10 Dl of 

50 mg/ml AMP). Shake overnight at 37°C in a 250 ml Erlenmeyer flask. 

Day 2 
1. Pour the 10 ml growth culture evenly into 500 ml of supplemented M9 medium in 

a 2 litre flask. 
2. Grow with vigorous shaking (200 rpm) at 37°C until the OD600 = 0.4 (2-3 hours). 

Check the OD by removing 1 ml aliquots with a sterile 1 ml pipette. 
3. Add 0.5 ml of either: a) 135 mg/ml streptomycin (dissolved in H20) 

Or b) 170 mg/ml chloramphenicol (dissolved in ethanol) 
This step is done to stop chromosome replication and protein synthesis, and 
amplify the plasmid replication to thousands of copies/cell. 

4. Incubate overnight at 37°C with shaking (200 rpm). 

Day 3 
1. Distribute each plasmid culture into 2 X 50 ml sterile centrifuge bottles. 
2. Spin 5 min at 11,000 g (11,500 rpm in JLA 10.50 rotor). Discard supernate and 

drain the pellets on a paper towel. 
3. Resuspend the 2 pellets in a total of 6 ml of solution I (i.e. add 6 ml to one bottle, 

resuspend by pipetting up and down, transfer to the second bottle. Resuspend the 
pellet, and transfer to the third bottle. Resuspend the third pellet.). 

4 Transfer to a 50 ml sterile Nalgene tube. 
5. Add 1.5 ml of lysozyme solution to each tube (1 rube/plasmid). Vortex and 

incubate on ice 30 min. 
6. Add 18 ml of solution II to each tube. Close tube, and invert the tubes Rently to 

mix several times (3-4). Avoid excessive agitation as this will shear chromosomal 
DNA. Yellowish and clear layers will form. Incubate on ice 5 min. 

7. Add 14 ml of solution III to each tube. Cover again and invert sharply several 
times (7-8). A white clot of genomic DNA will form. Incubate on ice 20 min. 

8. Spin at 27,000 g (19,500 rpm in JA 25.50 rotor) for 20 min to pellet cell debris 
(the failure to form a compact pellet is usually a consequence of inadequate 
mixing of the bacterial lysate with solution III). Pour the supernate into a fresh 
labelled tube. Cover and invert several times. Sometimes suspended materials and 
precipitates form upon mixing. 

9. Split the supernate into two 50 ml tubes (2 tubes/plasmid). Balance and add 25 ml 
cold 95% ethanol to each tube. Cover with parafilm and mix well. 

10. Incubate overnight at -20°C. 
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Spin at 23,000 g (18,500 rpm in JA 25.50 rotor) for 15 min. 
Discard the supernate and drain the pellet on a paper towel. 
Add 4.5 ml of solution IV to one tube. Resuspend and transfer to second tube. 
Resuspend by pipetting. 
Add 3 ml 8M LiCl to each tube (1 tube/plasmid, now 4 tubes total). 
Incubate on ice 20 min. 
Spin at 23,000 g (15,000 rpm in JA 25.50 rotor) for 15 min. 
Transfer the supernates to new 50 ml tubes (1 tube/plasmid) and add 25 ml cold 
95% ethanol. Cover with parafilm and mix well. Store at -20 °C overnight. 

Spin at 23,000 g (18,000 rpm in JA 25.50 rotor) for 15 min. 
Discard the supernate and drain the pellet on a paper towel. Resuspend each pellet 
in 3 ml TEN. Transfer each to a 15 ml Corex tube (1 tube/plasmid). 
Add 12.5 Dl pancreatic RNAse A per tube and incubate at 37 °C for 20 min. 
Add 1 volume of phenol (3 ml), vortex and spin for 5 min at 5,000 g (7,000 rpm 
in 870 rotor). 
Transfer the upper aqueous phase to a new tube and add 1 volume of P:C:I 
(25:24:1, v/v/v). Vortex and spin as above. 
Repeat PCI step again (Total of 2 PCI reactions) 
Transfer the upper aqueous phase to a new tube and add 1 volume of CT (24:1, 
v/v). Vortex and spin as above. 
Transfer the upper aqueous phase to a new tube and add 1 volume ether. Vortex 
and spin as above. 
Discard the upper ether phase and add 1 volume of ether. Repeat 2 times more (3 
ether extractions in total). 
Add 150 Dl 5M NaCl + 5 ml cpM 95% ethanol. Cover with parafilm and mix 
well. 
Store at -20 °C overnight. 

Spin at 16,000 g (13,000 rpm in 870 rotor) for 15 min. 
Discard the supernate and vacuum dry the pellet (it takes approximately 10-15 
min to dry the pellet). 
Resuspend in 0.4-1 ml of TE buffer (pH 8.0). For example, use 0.2 ml for 
resuspension, transfer to an eppendorf tube, and wash the tube with 0.2 ml and 
spin to recover the volume. Combine the volumes. 
Measure the DNA concentration. 
Check the plasmid on a gel. 
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Cytochrome c oxidase activity assay 

Reagents 
- 100 mMKP04 buffer 

O.IMKH2PO4 
0.1MK2HPO4'3H2O 
Mix equal portions of above, pH to 7.0 

- 10 mMKP04 buffer 
Dilute the 100 mM KP04 buffer 1:10 with ddH20. 

- Sodium dithionite (Fisher, S-310) 
10 mg/ml in 10 mM KPO4 buffer 

- Test solution (prepare in tinted jar) 
20 mg horse heart cytochrome c (Sigma, C-2506) 
lml 10 mMKP04 buffer 
40 ul sodium dithionite 
8 ml ddH20 
1 mi l 00 mMKP04 buffer 

- Muscle extraction buffer 
100mMNa/KPO4 

2 mM EDTA 
pH to 7.2 

Procedure 
1. Add ~5-10 ug of frozen, powdered muscle tissue to 10-200 ul (to obtain a 80-fold 

dilution) of extraction buffer in an Eppendorf tube. 
2. Add a micro stir bar to the tube and stir the tissue extract for 15 min on ice. Make 

the Test solution during this time and wrap the tinted jar in foil. 
3. Sonicate each sample 3 X 3 s. 
4. Pipette 250 ul of the Test solution into a 96 well plate and incubate them at 30 °C 

for 10 min. 
5. In a second 96 well plate, pipette 30 ul of sample into 4-8 empty plates. Using the 

multipipette, quickly draw up the test solution and pipette into the wells with the 
sample extracts. 

6. Place well plate into microplate reader and start recording the change in 
absorbance at 550 nm for 1 min. 

7. Calculate cytochrome c oxidase enzyme activity (umol/min/g or U/g) using the 
following formula: 

A Abs/min x total volume (ml) x 80 (dilution) 
18.5 Abs/umol x sample volume (ml) 



138 

Mitochondrial isolation 

Reagents 
All buffers are set to pH 7.4 and stored at 4 °C 

Buffer 1 
lOOmMKCl 
5 mM MgS04 

5 mM EDTA 
50 mM Tris base 

Buffer 2 
lOOmMKCl 
5 mM MgS04 

5 mM EGTA 
50 mM Tris base 
1 mM ATP 

Nagarse protease (Sigma, P-4789) 
10 mg/ml in Buffer 2 
Make fresh for each isolation, keep on ice 

Procedure 
1. Remove the tibialis anterior (TA) muscle from the rat, and put it in a beaker 

containing 5 ml Buffer 1, on ice immediately. 
2. Place TA on a watch glass that is also on ice and trim away fat and connective 

tissue. Proceed to thoroughly mince the muscle sample with forceps and scissors, 
until no large pieces are remaining. 

3. Place the minced tissue in a plastic centrifuge tube and record the exact weight of 
tissue. 

4. Add a 10-fold dilution of Buffer 1 + ATP to the tube. 
5. Homogenize the samples using the Ultra-Turrax polytron with 40% power output 

and 10 s exposure time. Rinse the shaft with 0.5 ml of Buffer 1 + ATP to help 
minimize sample loss. 

6. Using a Beckman JA 25.50 rotor, spin the homogenate at a centrifuge setting of 
800 g for 10 min. This step divides the IMF and SS mitochondrial subtractions. 
The supernate will contain the SS mitochondria and the pellet will contain the 
IMF mitochondria. 

Buffer 1 + ATP 
Add 1 mM ATP to Buffer 1 

Resuspension medium 
lOOmMKCl 
10 mM MOPS 
0.2% BSA 
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SS mitochondrial isolation: 
7. Filter the supernate through a single layer of cheesecloth into a second set of 50 

ml plastic centrifuge tubes. 
8. Spin tubes at 9000 g for 10 min. Upon completion of the spin discard the 

supernate and gently resuspend the pellet in 3.5 ml of Buffer 1 + ATP. Since the 
mitochondria are easily damaged, it is important that the resuspension of the 
pellet is done carefully. 

9. Repeat the centifugation of the previous step (9000 g for 10 min) and discard the 
supernate. 

10. Resuspend the pellet in 200 ul of Resuspension medium, being gentle so as to 
prevent damage to the SS mitochondria. Some extra time is needed during this 
final resuspension to ensure the SS pellet is completely resuspended. 

11. Keep the SS samples on ice while proceeding to islolate the IMF subfraction. 

IMF mitochondrial isolation: 
7. Gently resuspend the pellet (from step 6) in a 10-fold dilution of Buffer 1 + ATP 

using a teflon pestle. 
8. Using the Ultra-Turrax polytron set at 40% power output, polytron the 

resuspended pellet for 10 s. Rinse the shaft with 0.5 ml of Buffer 1 + ATP. 
9. Spin at 800 g for 10 min and discard the resulting supernate. 
10. Resuspend the pellet in a 10-fold dilution of Buffer 2 using a teflon pestle. 
11. Add the appropriate amount of nagarse. The calculation for the appropriate 

volume is 0.025 ml/g of tissue. Mix gently and let stand exactly 5 min. 
12. Dilute the nagarse by adding 20 ml of Buffer 2. 
13. Spin the diluted samples at 5000 g for 5 min and discard the resulting supernate. 
14. Resuspend the pellet in a 10-fold dilution of Buffer 2. Gentle resuspension is 

with a teflon pestle. 
15. Spin the samples at 800 g for 10 min. Upon the completion of the spin, the 

supernate is poured into another set of 50 ml plastic tubes (on ice), and the pellet 
is discarded. 

16. Spin the supernate at 9000 g for 10 min. The supernate is discarded and the pellet 
is resuspended in 3.5 ml of Buffer 2. 

17. Spin samples at 9000 g for 10 min and discard the supernate. 
18. Gently resuspend the pellet in 300 ju.1 of Resuspension medium. 
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Bradford protein assay 

Reagents 

- Extraction buffer 
lOOmMNa/KPCU 
2 inM EDTA 
pH to 7.2 

- 5 X Bradford dye 
250 ml 85% Phosphoric acid 
250 ml 100% Ethanol 
500 ml ddH20 
0.235 g Coomassie Brilliant Blue G250 

- Bovine Serum Albumin (BSA) 
2 mg/ml in ddHaO 

Procedure 

1. Prepare the test tubes allowing for duplicates of each sample. 
2. Add 95 ul of extraction buffer to each tube. 
3. Add 5 ul of sample to each tube containing the extraction buffer. 
4. To generate the standard curve, add the following volumes (in ul) of extraction 

buffer: BSA, each in separate tubes - 100:0, 95:5, 90:10, 85:15, 80:20, 75:25. 
5. Pipette 5 ml of 1 X Bradford reagent into each tube and mix by gentle vortexing. 
6. In duplicate, add 0.2 ml of each test tube to 96 well plate wells. 
7. Measure absorbance of wells at 595 nm with a microplate reader. 
8. Calculate the protein concentration of each sample using the standard curve. 



SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Reagents 

- Polyacrylamide solution 
30% (w/v) Acrylamide 
0.8% (w/v) Bisacrylamide 
Filter and store at 4 °C 

Under Tris buffer 
1 M Tris'HCl 
pH to 8.8, store at 4 °C 

- Ammonium Persulfate (APS) 
10% (w/v) in ddH20 
Store at 4 °C 

Sodium Dodecyl Sulfate (SDS) 
10%(w/v)inddH2O 

Over Tris buffer 
1 M Tris'HCl 
Spatula tip of Bromophenol Blue 
pH to 6.8, store at 4 °C 

15% Acrylamide separating gel 
5 ml 30% acrylamide 
1.8mlddH20 
3 ml Under Tris 
0.1 ml SDS 
0.1 ml APS 
O.OlmlTEMED 

TEMED (Sigma, T-9281) 
Store at 4 °C 

Electrophoresis buffer 
25 mM Tris 
192 mM Glycine 
0.1% (w/v) SDS 
pH to 8.3 

3% Acrylamide stacking gel 
0.5 ml 30% Acrylamide 
3.75 ml ddH20 
0.625 ml Over Tris 
0.05 ml SDS 
0.05 ml APS 
7.5 ul TEMED 

Lysis buffer 
10% (w/v) glycerol 
2.3% (w/v) SDS 
62.5 mM Tris-HCl 
pH to 6.8 
add 5% /3-mercaptoethanol 

Sample dye 
40% (w/v) sucrose in electrophoresis buffer 
spatula tip of Bromophenol Blue 
store at -20 °C 
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Procedure 

1. Prepare the separating gel solution and pour it between the glass plates of a gel 
apparatus assembly. 

2. Add 100 ul of Tert-amyl alcohol overlay and allow 30 min for gel 
polymerization. 

3. Prepare the stacking gel. 
4. Once the separating gel has polymerized, pour off the Tert-amyl alcohol, insert 

the lane comb, and pipette the stacking gel around the comb. Allow 30 min for 
the stacking gel to polymerize. 

5. Turn on the block heater to 95 °C. 
6. Mix each sample with a 1:1 volume of lysis buffer. 
7. Add 10 ul of sample dye to each sample and mix by tapping. 
8. Denature the samples at 95 °C for 5 min, followed by a quick cool on ice and a 

brief spin. 
9. Remove the comb and place the gel in the electrophoresis chamber. Fill the 

chamber with electrophoresis buffer. 
10. Add 10 ul of protein molecular weight marker to the first lane. 
11. Load the samples into the remaining lanes by slowly ejecting the entire sample 

volume at the bottom of the lane. 
12. Run the gel for 2 hr at 120 V. 

Once the Bromophenol Blue band has reached the bottom of the gel, turn off the power 
supply and remove the gel. The gel slab is ready for electroblotting (see Western Blot) 
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Western Blot 

Reagents 

- Transfer buffer 
0.025 M Tris'HCl 
0.15 M Glycine 
20% Methanol 
pH to 8.3 

- Ponceau stain (Sigma) 
Dilute with 150 ml ddH20 

Wash buffer 
lOmMTris'HCl 
lOOmMNaCl 
0.1%TWEEN 
pH to 7.5 

Blocking buffer 
% skim milk powder in wash buffer 

- Enhanced chemiluminescence (ECL) fluid (Santa Cruz) 
Store at 4 °C 

Procedure 

I. Remove the gel from the electrophoresis chamber, and separate the glass plates 
from the gel slab, keeping the gel moist at all times with transfer buffer. 
Place three sheets of Whatman paper soaked in transfer buffer onto the plastic 
sandwich, with a scrubbie. These sheets must be cut to the exact dimensions of 
the gel slab. 
Carefully place the gel on top of the Whatman paper. 
Cut a piece of nitrocellulose membrane to the exact specifications of the gel, soak 
it in ddEbO, and place it on top of the gel slab. 
Stack three more sheets of transfer buffer-soaked Whatman paper (same 
dimensions as gel) on top of membrane. Roll out any air bubbles with a glass rod. 
Secure the top of the sandwich with a scrubbie soaked in transfer buffer. 
Transfer the proteins from the gel to the membrane for 1.5 hours at 120V. 
Once the transfer is complete, place the membrane in Ponceau stain and gently 
agitate. Pour off the stain and rinse with ddHaO until the protein bands on the 
blot are revealed. 
Wrap the membrane in plastic wrap and scan. 

10. Remove the membrane from the wrap and rinse off the stain with wash buffer. 
II . Pour off the wash buffer and block the membrane in blocking solution on a shaker 

for 1 hour at room temperature. 
12. Incubate the membrane with primary antibody diluted in blocking buffer 

overnight at 4°C. This is done by placing the membrane face-down on a pool of 
the antibody solution. 

13. The following morning, wash the membrane with rotation 3 X 5 min in wash 
buffer. 

2. 

3. 
4. 

6. 
7. 
8. 

9 
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14. Incubate the membrane with the appropriate secondary antibody for 1 hr at room 
temperature. This is done by laying the membrane face-up and pipetting the 
secondary antibody solution on top of it. 

15. Wash the membrane with rotation 3 X 5 min in wash buffer. 
16. In the dark room, apply ECL fluids (1:1) to the membrane for 2 min. 
17. Remove the membrane from the ECL fluid, wrap the membrane in plastic wrap, 

turn off the lights, and expose the blot to film. 
18. Develop until bands are visualized and place the film into fixer fluid for 2 min. 



145 

Mitochondrial respiration 

Reagents 

- V02 buffer 
250 mM sucrose 
50 mM KC1 
25 mM Tris base 
10mMK2HPO4 

pH to 7.4, store at 4 °C 

- 10 mM Glutamate (Sigma, G-1501) 

- 0.44 mM ADP (Sigma, A-2754) 

- 30 mM NADH (Sigma, N-9534) 

Procedure 
1. Set water circulation temperature through respiration chambers to 30 °C. Place a 

stir bar in a chamber. 
2. Add 250 ul of respiration buffer to the chamber, and begin stirring. Allow the 

buffer to equilibrate to the chamber temperature for 5-10 min. 
3. Cease spinning and pipette 50 ul of the mitochondrial suspension into the 

chamber. 
4. Carefully close the chamber, ensuring no air bubbles remain. Resume spinning. 
5. Set the Strathkelvin 782 oxygen consumption software to begin recording data. 
6. Once a steady state VO2 is reached, add glutamate through the electrode port to 

initiate state 4 respiration. 
7. After a satisfactory gradient has been achieved (~3 min later), add ADP to begin 

state 3 respiration. 
8. To assess the integrity of the inner membrane, add NADH during state 3 

respiration. 
9. Calculate state 4 and state 3 respiration rate (natoms CVmin/mg) as follows: 

respiration rate (%/min) 
Respiration rate (%/mg/min) = 

([protein] (ug/ul) x sample vol. (ul)) / 1000 

followed by: 

respiration rate (%/mg/min) x 112.5 (natoms O2) 
Respiration rate (natomsCVmin/mg) = 

100% 
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Mitochondrial ROS production 

Background: Mitochondria are the primary source of reactive oxygen species (ROS) to 
the cell. It is estimated that about 2% of total cellular oxygen is converted ROS by the 
inappropriate reduction of molecular oxygen by intermediate members of the electron 
transport chain (ETC). ROS are damaging molecules that are capable of compromising 
the integrity of macromolecules within the mitochondria and may lead to overall 
organelle dysfunction. In particular, mtDNA may be prone to attack by ROS because 1) 
mtDNA is located in close proximity to the ETC, 2) mtDNA lacks the protective sheath 
of histones compared to nuclear DNA and, 3) mitochondria have an insufficient repair 
system for mtDNA mutations. ROS can exist in a variety of molecular permutations 
such as superoxide (O2), hydroxyl radical (OH") and hydrogen peroxide (H2O2). 

DCF (2, 7,-dichloro-fluorescein; Fig.l) is a reagent that is non-fluorescent until 
the acetate groups are removed by intracellular esterases and oxidation occurs within the 
mitochondria (Fig.l). DCF is oxidized by all of the different forms of ROS and this can 
be detected by monitoring the increase in fluorescence with a fluorometric plate reader. 
The appropriate plate reader filter settings for fluorescein are the following: 

Excitation 485/20 and Emission 528/20 (See fig.2). 
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KC4 Software Settings: The Settings icon in the upper left corner allows the alteration of 
various parameters. Once clicked, another window appears, click on the Wizard Icon. In 
this window there will be a variety of components that can be altered. The following are 
the parameters that need to be changed in order to utilize the DCF and measure time-
dependent ROS production from isolated mitochondria: 

1) Top Middle Panel- Absorbance, Fluorescence, Luminescence- choose Fluorescence 
2) Top Left Panel- End Point, Kinetic, Spectrum- choose Kinetic 
3) Top Middle Panel- Click on larger box labeled Kinetic to set parameters- Run Time 
0:30:00, Interval 0:30 (takes a measure every 30 seconds), click on box labeled Allow 
Well Zoom during Read, and also click on box labeled Individual Well Auto Scaling-
The Well Zoom and Auto scaling allows for monitoring each individual well during the 
experiment and scales it appropriately. 
4) Middle Panel-Filter Set- Choose #1, then set the excitation to 485/20, and emission to 
528/20 as described above. The optics position should be set to the TOP (i.e. readings 
are taken from the top of the well) and the sensitivity is set at 50 (depending upon the 
amount and/or nature of the sample). 
5) Plate-Type-choose 96-well plate, choose which wells are to be read i.e. A1-C12. 
6) Shaking-Intensity set at 1, Duration set at 15s and then click the box that is labeled 
before every reading (it shakes the samples for 15 s before every reading). 
7) Temperature Control- Click on the box indicating YES , also click on box labeled pre
heating, and put 37°C into the temperature box. 

DCF Reagent and VO? Buffer 
DCF (2 J,-dichlorodihvdrofluorescein diacetate) reagent (Molecular Probes D-399) 

l°STOCK- Make up 50mM Stock Solution in EtOH- 24 mg/ml- only make about 500ul 
i.e. 14 mg per 500ul EtOH. Wrap stock solution in aluminum foil and limit exposure to 
light since DCF is light-sensitive. 
Working Stock Solution-2° STOCK- Dilute 50mM by 100-fold by taking lOul and 
adding 990ul of EtOH to attain a 500uM DCF Stock Solution. This will be the DCF 
concentration used to add to the reaction mixture. 

VO? Buffer- refer to mitochondrial respiration protocol 
10 mM Glutamate (Sigma, G-1501) 
0.44 mM ADP (Sigma, A-2754) 

Procedure 
1. SS and IMF mitochondria are isolated as described in the mitochondrial isolation 

protocol. 
2. Determine the volume necessary for 75ug of mitochondria. Typical volumes should 

range between 5-40ul depending upon concentration of mitochondrial extracts. 
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3. Final concentration of DCF is 50uM. The total volume of the reaction mixture is 
250ul. Thus, 25ul of DCF is used in the reaction mixture since this represents a 10-
fold dilution. Set up table (as shown below) and determine the amount of VO2 buffer 
necessary to make each of the reaction mixtures equal to 250 ul. (Remember to 
include a control with only V02 buffer and DCF reagent as in Well #1 shown below) 

ug mito 

ul mito 

glutamate(lOmM) 

ADP (0.44 mM) 

V0 2 Buffer 

DCF (50uM) 

Total Volume 

SS/IMF mitochondria 

Blank 

Well #1 

0 

0 

0 

0 

225 

25 

250 

Control 

State 4 

Well #2 

75 

11.77 

10 

0 

203.23 

25 

250 

Denervated 

State 4 

Well #3 

75 

9.8 

10 

0 

205.2 

25 

250 

Control 

State 3 

Well #4 

75 

11.77 

10 

10 

193.23 

25 

250 

Denervated 

State 4 

Well #5 

75 

9.8 

10 

10 

195.2 

25 

250 

4. Once table is complete and volumes for all samples have been determined, place the 
frozen (already thawed) or fresh mitochondria, VO2 buffer and DCF (500uM) into a 
37°C circulating water bath for 5-10 min. 

5. Pipette the volume of VO2 buffer required for each of the samples followed by the 
mitochondrial samples into the appropriate wells of a 96-well plate. In addition, 
include a well (usually in the corner well) with only 250 ul of VO2 buffer to monitor 
temperature (see below). Place the 96-well plate with the VO2 buffer and mitochondria 
into a 37°C incubator. Using the YSI temperature probe, place the recording electrode 
into the well with buffer only and monitor the temperature until 37°C is reached. 
During this time, be sure that the KC4 software is set up and that the microplate reader 
is pre-heating to 37°C. 

6. Once mitochondria and buffer have reached temperature (37°C), take the substrates 
and DCF out of the circulating water bath (37°C) and quickly add the reagents 
accoding to the pipette planto each of the reaction mixtures. Following addition of 
DCF, promptly place the plate into the Biotek plate reader for fluorescence 
measurement and start the KC4 program by pressing READ plate on the upper left 
portion of the computer screen. Kinetic program will operate for 30 min. 



Mitochondrial protein import 

Reference: Takahashi and Hood, J. Biol. Chem. (1996) 271, 27285-27291 

The majority of nuclear-encoded mitochondrial proteins require a mechanism of 
import. Proteins destined for this organelle also require a presequence. This will provide 
a "passport" containing instructions for the final destination for that protein. Once the 
protein has reached its final destination, the presequence is cleaved, leaving a "mature" 
protein. By taking advantage of this change in protein size, we are able to establish a 
means by which imported proteins can be discerned. This can be accomplished by 
radiolabelling the precursor proteins in vitro then allowing them to be imported. The 
samples can be electrophoresed on a polyacrylamide gel and will appear as two bands 
(precursor and mature) when the gel is exposed to film. 

A. In Vitro Transcription And Translation 

1. Linearize DNA 
Combine the following in an eppendorf: 

40 ul DNA at 5 u.g/n.1 (200 ug) 
5 ul lOx Enzyme buffer 
5 ul Restriction enzyme 

Incubate for 1 hour at 37°C. 

2. Phenol extraction / ethanol precipitation 
a) Add appropriate volume of sterile dH20 so that the final volume equals 400 ul. 
b) Add 400 ul phenol. 
c) Mix by inversion and spin in microfuge for 30 sec. 
d) Withdraw and save upper phase. 
e) Add 400 ul Phenol:Chloroform:Isoamylalcohol (25:24:1, v:v:v). 
f) Mix by inversion and spin in microfuge for 30 sec. 
g) Withdraw and save the upper phase. 
h) Add 400 ul ChloroformTsoamylalcohol (24:1, v:v). 
i) Mix by inversion and spin. 
j) Withdraw and save the upper phase 
k) Add 40 ^1 3 M Na Ac (1/10 vols) and 1 ml of-20 °C 100% ethanol (2.5 vols). 
1) Mix by inversion and precipitate at -70 °C overnight. 
m) Spin 10 min. at 4 °C and discard the supernate. 
n) Gently wash pellet with 400 ul 70% ethanol. 
o) Spin 3 min. at 4°C, discard the supernate. 
p) Dessicate pellet. 
q) Resuspend the pellet in 30-50 ul TE, pH 8.0. 
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3. Measure 1DNA1 
Read the O.D. at A260 to determine the concentration of DNA. 
Dilute the DNA to 0.8 ug/ul in TE (pH 8.0). 

4. Transcription 
Combine the following in the order indicated: 

60.8 ul plasmid (0.8 ug/ul in TE) 
8.4 ul dH20 
5.2ulNTP(10mM) 
10.0ulATP(10mM) 
11.6ul7-MGG(lmM) 
15.6 ul Mix 1 
5.2 ul RNA guard 
4.8 ul of appropriate RNA polymerase 
121.6 ul total volume 

Incubate for 90 min. at the optimum temperature for the polymerase (37°C 
for T7, 40 °C for SP6). 

5. Phenol extraction / ethanol precipitation 
Bring volume up to 400 ul with sterile dE^O (using 280 ul) 
Proceed exactly as described in step 3, above. 
Resuspend the pellet in 25-40 ul sterile dEbO 

6. Measure fmRNAl 
Read the O.D. at A260 to determine the concentration of mRNA Dilute 
mRNA to 2.8 ug/ul in sterile dH20. Store at -20 °C in 50 ul aliquots. 

B. In vitro translation 

ice: Promega Technical Manual: 

Combine the following: 
Promega lvsate 
Lysate 
AA(-met) 
st. dH20 
35S-met 
mRNA 

64.1% 
2.2% 

21.6% 
7.2% 

5.4% 

(F( 

"Rabbit Reticulocyte 

)r 1 reaction -
11.8 
0.4 
3.97 
1.33 
1.0 

- in ul) 

Lysate System" 

For lOulofTL 
6.38 
0.22 
2.15 
0.72 
0.54 

18.5 ul 
Notes: i) The Promega manual suggests that lysate should be thawed slowly on ice. It also suggests that 

the number of freeze/thaw cycles be limited to two. 
ii) The volume of mRNA can be adjusted to optimize translational efficiency by altering the dH20 
volume accordingly. 

2. Incubate for 30 min. at 30 °C (note: time may vary with mRNA) 
3. Record 35S use (10 uCi/ul). 
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Protein Import 

1. Preincubate both the mitochondria and lysate for 10 minutes @ 30°C, and then 
combine lysate and mitochondria to initiate import reaction. 

2. Incubate at 30°C for the times indicated. 
3. To stop reaction, place eppendorfs on ice 
4. To recover the mitochondria following import, spin the entire volume through a 

20% sucrose gradient (600 ul) for 15 minutes at 4°C. 
5. Remove the supernate with a 1ml pipette and discard in liquid radioactive waste 
6. Resuspend mitochondrial pellet in 20ul of breaking buffer 
7. Add 20ul of IX lysis buffer and lOul of sample dye 
8. Denature samples for 5 minutes at 95 °C, then quickly cool on ice 
9. Apply samples to a 12% SDS-polyacrylamide gel and run until blue marker 

reaches the bottom of the gel. 

Fluorography 
Remove gel from chamber and cut out the appropriate section of the gel. Identify 
the orientation of the gel. 
Boil the gel in approximately 200 ml of 5% TCA for 5 min. in metal container, 
over the Bunsen burner in the fume hood. 
Using a spatula, transfer the gel to a radioactive tupperware container and rinse 
the gel briefly in dHaO (approximately 30 seconds). 
Wash in 10 mM Tris-base for 5 min. on shaker (approximately 100 ml). 
Wash in 1 M salicylic acid for 30 min. on shaker (approximately 100 ml). 
Dry the gel for 1 hr. at 80°C. 

Solutions for Transcription and Translation 

Note: because mRNA is involved in both transcription and translation, sterile 
conditions should be adhered to at all times. Use sterile glassware, eppendorfs, 
dH^O, etc. Autoclave or sterile filter solutions where indicated. 

10 X Proteinase K buffer For 10 ml 
500 mM NaCl 0.2922g or 5 ml of 5 M NaCl 
50 mM EDTA 0.1861gor 0.5 ml of 0.5 M EDTA, pH 8 
100 mM Tris-HCl 0.1576g or 1 ml of 1 M Tris, pH 8 
pHto8.0 3.5 ml sterile dH20 

20 mM HEPES Use 0.4766g/100 ml, pH to 7.0, autoclave. 
1 M HEPES Use 23.83 g/lOOml, pH to 7.9, autoclave. Store at RT. 

NTPs MW(g/mol) For 50 mM (stocks) 
CTP 483.2 24.16 mg/ml 
GTP 523.2 26.16 mg/ml 
UTP 484.1 24.21 mg/ml 
ATP 551.1 27.56 mg/ml 
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Note: These NTPs should be made up in 20 mM HEPES. Make up 1 ml of each as stock and filter 
sterile (using sterile acrodisk). 

10 mM NTPs 
lOmMGTP 
lOmMCTP 
lOmMUTP 
20 mM HEPES (pH 7.0) 
- Store in 50 ul aliquots at -20 °C 

10 mM ATP 
lOmMATP 
20 mM HEPES (pH 7.0) 
Store in 50 ul aliquots at -20 °C 
(pH 7.0) 

- Store in 50 ul aliquots at -20 °C 

For 500 ul 
100 ul of 50 mM GTP stock 
100 ulof50mMCTP stock 
100 ulof50mMUTP stock 
200 ul of 20 mM HEPES (pH 7.0) 

For 500 ul 
100ulof50mMATP 
400 ulof20mM HEPES 
(pH 7.0) 

7-MGG (Pharmacia 27-4635-02) 
1 mM stock is made from Pharmacia pellet. 25U is ordered; added to this is 1208 ul of 20 mM 
HEPES (pH 7.0), yielding a 1 mM stock. Aliquot into 300 ul, store at -20 °C. 

Mixl 
0.167 M HEPES (pH 7.9) 
0.083 M MgAc2 

1.667 MKAc 
1.667 mM spermidine 
0.042 M DTT 
(Store in 100 ul aliquots at -20 ' 

RNA guard - Pharmacia #27-0815-01 
35S-met - Amersham SJ-1515 

' Q 

For 1200 ul 
200 ul of 1 M HEPES (pH 7.9) 
100ulof lMMgAc 2 

500 ul of 4MKAc 
100 ul of 20 mM spermidine 
100ulof0.5MDTT 
200ulofdH2O 

Lysate — Fisher (Promega) L4960 
T7 RNA Polymerase - Boehringer 881767 (20 U/ fi\) 

SP6 RNA Polymerase ~ Boehringer 1487671 (20 U/ /xl) 

Solutions for Import 

PMSF 
Prepare stock of 130mM in DMSO (i.e. 22.65 mg PMSF / ml DMSO). Store at -20 °C. 
Breaking Buffer (can leave up to 1 month) 
0.6 M Sorbitol 
20 mM HEPES 

for 100ml 
25 ml of 2.4 M Sorbitol -store at 4 °C 
2 ml of 1 M Hepes (pH 7.4) 
72 ml dH20 

2.4 M Sorbitol Use 43.73 g /100 ml. Store at 4 °C. 
2.5 M KC1 Use 18.64 g /100 ml. Store at 4 °C. 
1 M MgCl, Use 2.033 g /10 ml. Store at 4 °C. 
1 M HEPES (pH 7.4) Use 238.3 mg/ml, pH to 7.4. Store at 4 °C. 

Sucrose cushion (make fresh per experiment) 
0.6 M Sucrose 
0.1MKC1 
2 mM MgCl2 

20 mM HEPES 

for 25 ml 
5g 
lmlof2 .5MKCl 
50 ul of 1 M MgCl2 

0.5 ml of 1 M HEPES (pH 7.4) 


