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 Traumatic skeletal muscle injuries that include loss of large amounts of 

muscle mass are becoming more common in today’s warfare.  Traditional 

treatments often do not prevent long term functional impairments.  Using a 

decellularized extracellular matrix (ECM) as scaffolding to replace lost muscle 

tissue allows for transmission of force through the injury site, and provides a 

suitable microenvironment receptive to myofiber growth.  Seeding the ECM with 

progenitor cells improves cellular content in the defect area.  Exercise exposes 

the muscle to improved blood flow as well as higher than normal loading.  This 

results in increased blood vessel density as well as higher levels of cellular 

content, and near complete restoration of function. 
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Introduction 

Injuries to skeletal muscle, particularly in the extremities, are among the most 

common injuries suffered by American servicemen in combat zones (Zouris et al 

2006).  This is due to changing combat environments as well as advances in 

body armor technology.  Sometimes the loss of large amounts of muscle tissue 

can necessitate amputation of the limb.  Other times when the limb can be 

saved, there is still a loss of normal function of the limb (Owens et al 2007).  

Skeletal muscle has an increased ability to respond to trauma compared to other 

tissues; however it has a limited ability to regenerate across gaps.  It follows that 

filling those gaps with artificial scaffolding may be beneficial towards muscle 

regeneration and repair.  Seeding that scaffolding with a stem cell population 

might also be beneficial, and improve muscle regeneration and repair in the 

injury area.   

 

Muscle has remarkable ability to respond to changes in functional usage as well 

in response to injury.  There are however limitations on the extent that muscle 

can regenerate when there are large gaps of tissue removed, such as in defects 

created in industrial or automobile accidents.  Injuries that are even more 

poignant are battlefield injuries to the servicemen and women of our armed 

forces, which typically involve losing large amounts of skeletal muscle mass or 
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limbs.  In current conflicts ongoing in Iraq and Afghanistan, 70% of all injuries are 

to the extremities (Owens et al 2007).   

 

When a muscle has a large amount of its mass removed through injury, the 

recovery process is often compromised and incomplete (Merritt et al. 2009a; Lin 

2004).  The span between the remnants of muscle is often too far for muscle 

tissue to regenerate across on its own, which leads to limb deformation and loss 

of function about the joint controlled by the particular muscle or muscle group.  

Without a scaffolding to bind the remnants of the musculature together, muscle 

regeneration can not occur, cut muscle fibers degrade, and the muscle changes 

shape, reflective of the amount of muscle tissue lost.  Recently, Merritt et al 

(2009a) demonstrated that decellularized extracellular matrix from homologous 

muscle would provide a scaffolding which helps in maintaining the shape and 

mass of skeletal muscle after such an injury, and would also serve as a platform 

in which stem or satellite cells might grow. 

 

Injection of mesenchymal-derived stem cells (MSCs) has been shown to improve 

muscular regeneration and repair, as well as prevent cell death after injury and 

improve function (Dezawa et al. 2005; Chacko et al. 2009; Merritt et al 2009b).  

The limiting factor to total regeneration appears to be neurogenesis and/or 

vasculogenesis, depending on the injury model studied.  While exogenous 

growth factors may stimulate these processes, delivery systems and/or biologic 
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platforms have not been developed that successfully demonstrate total muscle 

regeneration. 

 

Exercise is another modality that has long been proscribed for soft tissue injuries.  

It stimulates a mild inflammatory process, allows for increased blood flow to the 

injury site, stimulates angiogenesis, and allows for local signaling to attract 

macrophages and satellite cells, all of which are crucial for the repair process 

(Tidball 2005; Charge and Rudnicki 2004).  Load placed on the myofibers is also 

an important signal for muscular hypertrophy (Adamo and Farrar, 2006).  In 

normal, young populations, muscle fibers were not found to increase in number.  

However, during injury it has been shown that injured myofibers can grow into a 

receptive environment, such as a homologous ECM (Merritt et al, 2009a&b).  

Also, progenitor cells have been found to differentiate preferentially due to 

environment (Engler et al. 2004; Engler et al 2006).  Physical therapists and 

other rehabilitative medical practitioners have used mechanical loading through 

well-designed resistance training programs to stimulate and facilitate repair from 

muscular injury.  It follows that exposing skeletal muscle to normal loading 

patterns may have a positive effect on regeneration of tissue, as has been shown 

to happen in other tissues (Shimizu et al. 2008; Kjær 2004). 

 

To create a functional muscle defect, we used an in vivo model in Lewis rats. A 

1.0 x 1.0 cm section of the lateral gastrocnemius (LGAS) was excised and 



 4 

replaced by a muscle-derived ECM.  This area was seeded with bone-marrow 

derived stem cells, and the subject was then put through an exercise protocol.  

The subject was evaluated for exercise performance, muscle function, and 

histological characteristics.  The goal of this study was to determine the efficacy 

of an exercise regimen in regenerating muscle in the defect area, compared to 

seeding with a progenitor cell population.  We also investigated any additive 

effects between the treatments. 
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Literature Review 

 
Muscle Injury 

Large scale injuries involving the removal of a significant portion of muscle tissue 

are not extremely common civilian clinical conditions.  However, a large 

percentage of injuries related to combat are primarily to soft tissue in the 

extremities (Owens et al. 2006).  These traumas are more survivable currently 

due to advances in protective technologies and medical care.  However loss of a 

significant mass of muscle tissue usually results in incomplete recovery of 

function. Complications can range from a slightly modified gait or incomplete 

range of motion in a joint, to amputation of the limb.  Functional deficits depend 

on the severity and location of injury and amount of tissue lost (Lin et al. 2004; 

Kjorstad et al. 2007). 

 

Muscle injury involving the removal of a significant portion of tissue has several 

major outcomes.  There is a progressive loss of muscle weight and a 

corresponding decrease in muscle fiber diameter.  This leads to a decrease in 

muscle function.  There is also a remodeling of the muscle’s morphology (Merritt 

et al. 2009).  However, high isometric loads have been shown to significantly 

preserve muscle function and size in a spinal cord transection model (Goldspink 

et al. 1991).  Hind limb unloading shows similar data to denervations regarding 

muscle atrophy and fiber type changes (Oishi, 1993).  Periodic weight bearing or 

stretching produces a more desirable muscle protein profile after injury, as 
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compared to sedentary controls (Bigard et al. 1996, Laterme et al. 1994)  

However, active exercise seems to have an even more profound effect, 

particularly with contractions that contain a dynamic component (Adams et al. 

2007; Haus et al. 2007). 

 

Developing countermeasures to combat functional deficits in large scale skeletal 

muscular injuries is a pressing research problem.  Current techniques such as 

debridement, while essential to remove damaged and foreign material, do little to 

address long term recovery goals of the injured. 

 

Skeletal Muscle Regeneration 

The healing process of skeletal muscle after injury follows a well defined series of 

processes.  First, there are a series of degenerative processes.  The injury site is 

invaded by neutrophils (Tidball 2005).  These cells act as part of the 

inflammatory process, and begin degrading injured tissue.  Neutrophils have 

been demonstrated to be required for normal healing to occur (Teixeira et al. 

2003).  However, they can also cause further injury to the tissue itself (Walden et 

al. 1990).  Macrophages then migrate to the injury site after neutrophils.  They 

are initially part of the inflammatory process, but become anti-inflammatory 

agents 24-48 hours post injury (Arnold et al. 2007).  They bridge the gap 

between the degenerative and regenerative processes of skeletal muscle.   
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Regeneration of injured muscle is very similar to embryonic development.  Pax3 

is a gene that signals the beginning of the cascade involved in the production of 

myoblasts, which fuse into muscle cells (Charge & Rudnicki 2004).  Myoblasts by 

definition are proliferative cells that are positive for transcriptional factors MyoD 

and Myf5.  Myogenin and MRF4 are required for terminal differentiation of 

myoblasts (reviewed in Hawke & Garry 2001), after which they fuse and form a 

multinucleated myocyte. 

 

Satellite cells are also important in skeletal muscle repair and regeneration.  

These normally quiescent cells reside in the basal lamina of muscle tissue.  Upon 

injury or mechanical loading, IGF-I is released in a paracrine or autocrine manner 

causing the proliferation of satellite cells via mitotic division.  They differentiate 

and subsequently fuse with existing myofibers or with other differentiating 

myotubes.  Satellite cell proliferation and differentiation is critical to myofiber 

recovery (Charge & Rudnicki 2004).  Upon fusion with existing myofibers, they 

will be visible as central nuclei in the muscle cell, and as the fiber matures, they 

will migrate to the periphery.  An acceptable balance between the number of 

nuclei and cytoplasmic volume of the myofiber is maintained within a range 

called myonuclear domain (Allen et al 1995).  After any perturbation, muscle 

tissue will attempt to restore that ratio. 

 

Stem cells in Regeneration 
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A stem cell can be defined as a cell that is capable of both self-renewal and 

differentiation into at least one cell type (Anderson et al. 2001).  Several stem cell 

populations have been studied and have different advantages for different 

research problems.  Embryonic stem (ES) cells have the advantage of 

pluripotency, and therefore the potential to differentiate into any major cell type.  

While these characteristics are desirable they have also resulted in tumor 

formation in some models.  This, coupled with the ethical consideration of 

destroying embryos to harvest these cells has greatly limited the use of ES cells 

as a therapeutic modality.  Recently, induced pluripotent stem (iPS) cells are a 

new population that have the pluripotentcy of ES cells, but are derived from 

genetically modified somatic cells (Takahashi et al. 2007).  They also have the 

advantage of being autologous, as they can be cultured from the recipient.  

However, more studies are needed to evaluate iPS cells in a clinical setting to 

see if they are efficacious as ES cells. 

 

Adult stem cells provide several advantages in that they can be harvested from 

the recipient, expanded in clinically relevant quantities, and infused back into the 

patient providing autologous cells for muscle regeneration.  Adult stem cells can 

be derived from bone marrow and adipose tissue, and have the potential to 

differentiate into bone, nerve, muscle, and blood vessels.  Stem cells can be 

isolated by the method of Friedenstein et al (1970) or from adipose tissue (Zuk et 

al. 2007)  Mesechymal stem cells (MSCs) have relatively simple extraction and 
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expansion procedures making them excellent candidates for researchers.  These 

cells adhere well to solid surfaces in culture (Zheng et al. 2007), and are most 

often derived from bone marrow.  Clinically relevant numbers of cells can be 

generated in culture after extraction and MSCs are immune privileged when used 

to treat the original donor.  MSCs have been shown to migrate to injury sites and 

drive vasculogenesis (Lucia et al. 2009; Mace et al. 2009).  They have also been 

shown to integrate themselves into regenerating muscle (Tamaki et al. 2005; 

Dezawa et al. 2005).  In addition, previous work with this injury model was 

performed with bone marrow derived mesenchymal stem cells (BMSCs), so 

using them rather than a different population provided for an extra control on 

variance related to procedure (Merritt et al. 2009a). 

 

Extracellular Matrix in Regeneration 

Using biomaterials as scaffoldings to support tissue growth and regeneration is 

not a new idea.  Recently some techniques have centered on extracellular matrix 

powders, which are then applied to the injury site (Gilbert et al. 2005; Badylak 

2007).  These are usually isolated from submucosal linings, specifically the 

stomach.  They then dehydrate the matrix and grind it into a fine powder.  

Proposed reasoning is that local signaling and stimuli will facilitate the 

arrangement and remodeling at a microscopic level.  However, a complete intact 

extracellular matrix can be obtained by simply decellularizing skeletal muscle and 

keeping the scaffolding proteins in a hydrated matrix form such as demonstrated 
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by Kin et al in 2007.  Implantation into a muscle defect area leads to a 

corresponding increase in myofibril infiltration, length, and size as the time from 

injury increased.  However, incomplete and non-significant regeneration even 

after significant periods of time are commonly observed (Kin et al. 2007).  Critical 

to muscle regeneration in a load bearing muscle is the ability of the ECM to 

provide the transmission of force amongst the remnants of fibers and to the 

tendons for normal function and muscular force at the tendon junction.  Merritt et 

al (2009a,b) have developed a homologous model of ECM from skeletal muscle 

tissue harvested from rats.  They found that regenerating muscle fitted with a 

decellularized ECM and seeded with MSCs provided good muscle regeneration 

and ingrowth from the bordering muscular fibers, but at 42 days of recovery still 

did not have complete regeneration.  In the center of the 1cm X 1cm ECM there 

remained a small hypoxic region (approx 3mm X 3mm), which had a sparse 

repopulation of muscular cells and few blood vessels.  The physiological function 

of the muscle (specific titanic force) and muscular mass was regenerated to 95% 

and 90% respectively, when compared to the contralateral control limb values.  

This suggests that implantation of a collagen framework allows for force 

transmission across the injury site, is beneficial for myotube formation in 

regenerating muscle (Engler et al. 2004, Engler et al. 2006), and results in 

enhancement of physiological function and muscular mass.  However, it appears 

that complete regeneration and recovery are still limited by vascular supply and 

neuroregeneration.  Additional growth factors, platforms for stem cells, and/or 
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mechanical stimuli are needed to increase regeneration to pre-injury levels of 

function.   

 

Exercise and Regeneration 

Inflammation in skeletal muscle due to exercise can drive both positive and 

negative effects of neutrophils and macrophages, which are instrumental along 

with satellite cells in muscular remodeling after injury (Charge and Rudnicki, 

2004).  Low grade exercise has been shown to be beneficial to early repair of 

cardiac tissue (Herdy et al. 2008).  However, high intensity exercise has been 

shown to be a limiting factor for the attraction of circulating mesenchymal cells for 

cardiac injuries (Lucia et al. 2009).  This may be in response to a deposition of 

fibrotic tissue which may prevent differentiation into myocytes.  To date, stem 

cells have not been utilized as a strategy to enhance skeletal muscle repair in 

exercise conditions.  The mode and intensity of exercise will induce specificity of 

adaptation with eccentric exercise potentially inducing large gains in muscle 

mass as well as inducing muscle injury and upregulation of inflammatory markers 

(Tidball 2005; Hather et al. 1991).  Exercise also is widely known to drive 

angiogenesis in both resistance and endurance training (Green et al. 1998; 

Laughlin and Roseguini 2008).  This is of particular concern in tissues 

undergoing repair or regeneration in order to drive migration of cells, remove 

wastes, and provide nutrients, which allow for cellular reconstruction (Li et al. 

2007; Teixeira et al. 2003). 
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Significance of Study 

Since the start of Operation Iraqi Freedom in 2003, over 30,000 American 

servicemen and women have been wounded in action (Casualty Report).  Of 

those, most of those wounds are to the extremities (Zouris et al. 2006), and 

many involve significant losses of skeletal muscle tissue.  When combat 

wounds involve large amounts of tissue being removed, the lack of 

regeneration can lead to permanent disability (Owens et al. 2007).  Skeletal 

muscle has an increased ability to heal in many respects, but does not heal 

across large gaps well.  Current surgical practices have low success rates 

against these injuries.  If this combination of treatments is successful in 

demonstrating a return to natural function for an injured limb, the long-term 

benefits are multiple.  American military wounded would have a much smaller 

chance of permanent disability unless their injury involved a total loss of the 

limb. 

 

Not only would it allow for benefits for the military, but similar strategies could 

be utilized for civilian patients as well, even though they are less likely to 

suffer a similar type of injury.  However, similar strategies could be used in 

treating muscular dystrophies.  As exercise is a very commonly proscribed 

treatment for almost every muscular ailment, potential interactions between 

exercise and stem cell populations should be studied. 
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There is a large gap in the body of literature when it comes to the interaction 

of exercise and stem cells.  This study should broaden what is known about 

stem cells, and provide new avenues for research on how they can be used 

therapeutically. 
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Methods 

Male Lewis rats were obtained from Charles River Laboratories (Wilmington, 

MA).  Animals were between 6 and 9 months of age.  They were housed 

individually, on a reverse 12 hour light/dark cycle.  Animals were given ad libitum 

access to food and water and randomly assigned to experimental groups.  Rats 

were evaluated functionally after 49 days of recovery from initial surgery (n = 6-

8).  All animals were obtained from the Animal Resource Center at the University 

of Texas at Austin, and were treated in accordance with the guidelines set forth 

by the Institutional Animal Care and Use Committee (IACUC). 

 

Cell Culture 

Mesenchymal Stem Cells (MSCs) were isolated from donor Lewis rats.  Both 

femurs and tibias were surgically removed, and cleaned thoroughly in a sterile 

Dulbecco's Phosphate-Buffered Saline (DPBS) solution to remove remaining 

muscle and tissue from the bones.  Bone marrow was then aspirated underneath 

a sterile fume hood using a media composed of 90% Dulbecco's Modified 

Eagle's Medium (DMEM), 10% Fetal Bovine Serum (FBS), and a small amount of 

antibiotic.  The marrow was then centrifuged at 1000G for 5 minutes at a 

temperature of 4°C.  The pellet was washed in fresh media, and plated in a 

culture flask.  Incubation for 24 hours at 37°C and 5% CO2 then followed.  Every 

24 hours the media was removed, flasks were washed at least twice with DPBS 
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to remove red blood cells for the first three days.  Subsequently, media was 

changed once per day until cells demonstrate a slightly elongated shape.  Then 

media changes were performed every other day until an 80% confluence was 

reached. 

 

Extracellular Matrix Preparation 

Extracellular Matrix (ECM) was prepared from donor Lewis rats.  The lateral and 

medial gastrocnemius (GAS) muscles were surgically removed and placed in 

deionized water for 24 hours.  They were then placed in chloroform for 72 hours.  

The muscles were then placed in a 2% sodium dodecyl sulfate (SDS) solution on 

a shaker rack, and allowed to decellularize, leaving the collagenous intracellular 

matrix.  The SDS solution was changed approximately twice a week.  Once the 

tissue was devoid of color, it was washed in deionized water for 48 hours, also 

on a shaker rack.  The deionized water was changed every 2 to 3 hours in order 

to facilitate the removal of the SDS.  Tissues were then placed in 0.1M tris 

buffered saline (TBS, pH = 12.0) for 12 hours, and then stored in phosphate 

buffered saline (PBS) with 1% penicillin/streptomycin (Sigma-Aldrich; St. Louis, 

MO) at 4°C until implantation. 

 

Surgical Procedures 

Prior to surgery, animals were randomly assigned to one of four groups.  

Implantation of the ECM only(SED), Implantation of the ECM followed by BMSC 
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injection (SEDSC), Implantation of the ECM followed by an exercise protocol 

(EX), and Implantation of the ECM followed by BMSC injection and an exercise 

protocol (EXSC).  Additionally, all rats were familiarized with the exercise 

protocol regardless of group.  This consisted of 3 days of exercise prior to the 

defect surgery.  Each day of familiarization consisted of walking for 5 minutes at 

13.5 meters per minute on a treadmill.  Rats were allowed to rest in their cages 

for 30 minutes, and then completed 5 unweighted ladder climbs (1 meter in 

length, 85° incline), with 3 minutes of rest between each climb.  All surgeries 

were performed in aseptic conditions.  Subjects were anesthetized with sodium 

pentobarbital (65mg/kg body weight) administered via intraperitoneal injection. 

 

Defect Implantation 

All subjects underwent surgery to remove a portion of the lateral gastrocnemius 

(LGAS), and had a homologous portion of ECM implanted in place of the 

removed muscle tissue.  After shaving the lower leg and cleansing with alcohol, a 

small incision (2 cm) was made parallel and slightly posterior to the tibia.  The 

biceps femoris was separated from the tibia, exposing the lateral edge of the 

LGAS.  After separating the LGAS from surrounding tissue, including the soleus, 

a 1 by 1 cm piece of muscle was excised from the middle third of the LGAS.  The 

muscle was then repaired by a cut-to-size portion of ECM, oriented such that 

myofiber orientation was parallel to native orientation of the muscle.  The ECM 

was secured in place by a 5-0 Prolene suture, using a modified Kessler’s stitch, 
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as well as 3 simple interrupted sutures (rear border of defect, as well as superior 

and inferior lateral edges) to allow for later visual identification.  The biceps 

femoris was then repaired via simple interrupted sutures, and the skin was 

closed via the same technique. 

 

BMSC Injection 

Subjects who received BMSC injection (SEDSC and EXSC) underwent surgery 7 

days post-defect surgery to allow for the implantation of the cells.  This time point 

was selected as most phagocytotic cells have down-regulated, and BMSCs are 

less likely to be destroyed (Tidball 2005).  After administration of anesthesia as 

before, stitches were removed from the skin and biceps femoris, exposing the 

defect area.  Approximately 1.5 x 106 BMSC in passages 3-8 were suspended in 

2 mL of PBS and injected into 3 sites in the defect area (superior, middle and 

inferior).  The injury was then closed as before. 

 

Force Measurements 

All subjects underwent in situ functional measurements 49 days post defect 

surgery on both experimental and contralateral legs.  After administration of 

anesthesia as previously described, both hind limbs were shaved.  A small 

incision (~2 cm) was made just below the hip.  A smaller incision was made 

through the biceps femoris, exposing the sciatic nerve.  The tibial nerve branch 

was then isolated so as to stimulate only the LGAS.  The calcaneus was then 
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cut, allowing for isolation of the Achilles tendon.  The soleus and plantaris were 

then isolated distally from the Achilles tendon.  A 1/16th inch drill bit was then 

inserted through the tibia.  This was then placed in a force lever system (Aurora 

Scientific).  The tibial nerve was then stimulated to elicit maximal tetanic 

contraction.  To prevent the muscle from losing moisture, mineral oil was used.  

The muscle was also maintained between 36.5 and 37.5°C via heatlamp.  

Optimal length was determined and set with a micrometer, and stimulation 

frequency was 7V at 0.5 Hz for maximal twitch tension.  Maximal contraction was 

obtained by stimulating the nerve at 150 Hz and the minimal voltage necessary.  

Maximal contractions were separated by 2 minutes of rest.  Total force and 

specific tension were then calculated.  Measures were then repeated for the 

contralateral leg.  The animal was then sacrificed and tissues excised for both 

hind limbs.  This included medial and lateral gastrocnemi, as well as solei and 

plantari.  Tissues were weighed and LGAS were measured for length.  All 

muscles were then frozen in isopentane maintained at -150°C by immersion in 

liquid nitrogen. 

 

Exercise Protocols 

Subjects who received exercise treatments (EX and EXSC) began their protocols 

11 days post defect surgery.  This was to allow for ECM adhesion and 

engraftment to occur into the injury site, and allowing for force transmission 

across the defect (Kaariainen et al. 1998, Kjaer 2004).  It also allowed for any 
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inflammatory response to the cell injection surgery to subside.  Subjects were 

walked for the every other day until day at 13.5 meters/min at 0° incline on a 

treadmill.  They were encouraged via electric stimulation at .3 mA.  Subjects had 

minimum and maximum goal times, starting at 5 and 10 minutes respectively, 

and increasing by 5 minutes each day.  The 6th and final walking bout was to 

voluntary exhaustion.  Subjects were then allowed two days of rest, followed by 

nine lifting workouts, separated by two rest days each (Fig 3). The first lifting 

workout was ladder climbs of 25, 35, 45, and 50% of body weight, followed by up 

to 4 additional lifts.  The additional lifts were increased by 30g from the previous 

repetition.  The weights were attached to the proximal tail with tape (3M Conan), 

and the animals were encouraged to climb by gently touching the tail.  In 

between climbs the animals were allowed 3 minutes rest in a simulated home 

cage at the top of the ladder apparatus.  For every successive lifting bout, the 

weights were set at 50, 75, 90, and 100% of previous maximum lifted, after which 

weight was added in 30g increments until failure or a maximum of 8 repetitions 

were reached. 

 

Histological Analysis 

Staining 

Experimental LGAS were sectioned into 5 µm sections perpendicular to muscle 

fiber orientation with a Leica CM1900 cryostat microtome (Leica Microsystems; 

Wetzlar, Germany) at -20°C.  Sections were taken at the superior, central and 
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distal portions of the defect and allowed to dry at least 24 hours.  Masson’s 

trichrome (Sigma-Aldrich; St. Louis, MO) was used to define cellular material as 

compared to collegenous remnants of the ECM.  Blood vessels were identified 

via a rabbit anti-human polyclonal antibody against von Willebrand factor (vWF, 

1:300: Dako; Carpineria, CA).  Streptavidin-HRP was used along with 

biotinylated polyclonal goat-anti-rabbit IgG to improve the signal.  After 

incubation, 3,3-diaminobenzidine (DAB) was used to develop color. 

 

For immunofluorescent analysis, sections were first permeabilized with 2N HCl, 

then washed with tris-buffered solution containing 0.5% Tween 20 (TBST) and 

blocked with 10% normal donkey serum in TBS that contained 1% bovine serum 

albumin (BSA).  Except where noted, all following supplies were obtained from 

Santa Cruz Biotechnologies, Santa Cruz, CA.  Sections were then incubated with 

primary antibodies for desmin (1:400, goat polyclonal), and then detected by a 

donkey anti-goat IgG-FITC fluorescein (1:100, λ = 495 nm).  Sections were then 

incubated with a primary antibody against laminin β-1 (1:400, mouse 

monoclonal), which was detected by donkey anti-mouse IgG-TRITC fluorescein 

(1:100, λ = 546 nm).  Sections were then counterstained with Hoescht 33258 

(1:1000, λ = 395 nm: AnaSpec; San Jose, CA) to identify nuclei.  Sections were 

then washed in TBS, and allowed to dry. 
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Prior to imaging, all sections were mounted with Permount mounting medium 

(Fisher Scientific; Waltham, MA). 

 

 

Imaging 

Masson’s trichrome and vWF were imaged under a Nikon Diaphot microscope 

connected with an Optronix Microfire digital camera.  Immunofluorescence was 

imaged with a Leica DM LB2 fluorescent microscope equipped with a Leica 

DFC340FX digital camera (Leica Microsystems; Wetzlar, Germany).  

Quantification was performed at each level of the ECM (top, middle, and bottom) 

and within the boundaries of the ECM.  Three images were taken at 200x 

magnification and analyzed.  LabView was used to express the percentage of 

cellular material.  Investigators who were blinded to groups were used to count 

vWF-positive structures that had an internal lumen of 20 µm diameter or greater.  

This was used to calculate the blood vessel density. 

 

Statistical Analysis 

Data has been represented as mean ± SEM.  Two-way ANOVA was used for 

analysis of group samples.  Comparisons were made using a priori student’s t-

tests and Tukey’s post hoc tests.  Statistical significance is defined as p < 0.05. 
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Results 

 

Morphological Analysis 

Average muscle tissue removed from the LGAS was 164 ± 4 mg wet muscle 

weight.  This constituted approximately 15% of the muscle’s total mass.  No 

significant differences were found in between or within groups.  This constitutes 

enough tissue removal to be a significant opportunity for repair and regeneration 

through an implanted ECM. 

 

Visual morphology of the muscle was maintained in all groups.  This is consistent 

with previous work in this model by Merritt et al.  The injured LGAS had 98% of 

the mass of the contralateral LGAS at the end of 49 days of recovery.  In 

addition, there were no significant differences in the injured LGAS mass between 

or within groups. 

 

No significant differences were found in the mass of the Flexor Hallucis Longus. 

 

Functional Analysis 

Implantation of the ECM alone resulted in a reduced maximal isometric titanic 

force (PO).  Subjects in the SED group produced 77.9 ± 3.9% of the contralateral 

LGAS force in the injured limb.  Exercised subjects were found to have 
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significantly higher percent contralateral force as compared to sedentary subjects 

(Figure 3).  No other between or within group comparisons were significant. 

 

Normalizing the force produced in a muscle to the total cross sectional area of 

that muscle is referred to as specific tension (SPo).  Significant increases of 29.8 

and 29.3% were seen between the means of EXSC compared to the SED and 

SEDSC groups, respectively.  The differences between EX and EXSC were 

significant (p = .05), as evidenced by the relative means (81.1 ± 3.8 and 94.9 ± 

5.5, respectively). (Figure 3) 

 

Walk time to exhaustion and total time walked proved to be non-significant as 

predictors of force or specific tension recovery.  Maximum weight lifted was a 

much better predictor, but still was not significant (p = .077).  Additionally there 

were no significant differences between EX and EXSC groups. 

 

Histological Analysis 

Histological Analysis of the defect area in the LGAS following 49 days recovery 

showed the presence of regenerating myofibers and blood vessels.  Using 

Masson’s trichrome staining on healthy sections of the muscle yielded a cellular 

content of 98 ± 0.5% of the image area (Figure 5).  All treatment groups were 

significantly different from the healthy control.  All groups were significantly 

different from each other, with the exception of SED from SEDSC (Figure 4).  
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Consistent with muscle force measurements, EX and EXSC groups were 

significantly different from both SED and SEDSC groups in all levels of the 

defect.  Interestingly, EX and EXSC groups were also significantly different from 

each other in all levels.  This combined with the functional measures suggest 

portions of the cellular material present is non-contractile. 

 

Vascular Analysis 

Analysis of the blood vessel content of the defect area showed significant 

differences again between both exercise groups compared to either sedentary 

group.  There were no differences between exercise groups (Figure 6).  The 

proximal and ends of the defect also had significantly greater blood vessel 

density than the middle area for SEDSC, EX, and EXSC groups.  Most likely this 

is due to the combined effect of angiogenesis from existing blood vessels 

growing into the region and vasculogenesis from progenitor cells, whereas the 

middle region must rely upon vasculogenesis for a longer temporal period. 

 

The presence of regenerating myofibers was further confirmed with 

immunohistochemical analysis.  Colocalization of desmin with laminin was 

observed in the regenerated muscle cells in the defect area.  The presence of 

central nuclei illustrated by Hoechst 33258 confirms them as regenerating 

myofibers (Figure 7). 
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Discussion 

This study confirms previous work showing a functional deficit in muscle after a 

significant period of time (Merritt et al. 2009).  Much of this deficit can be 

attributed to a lack of contractile tissue in the defect area.  As others have shown 

BMSCs being capable of myogenic differentiation and regeneration (Ferrari et al. 

1998, Dezawa et al. 2005), we also were able to demonstrate improved cellular 

content in the defect area. The percentage of cellular material lessened from top 

to bottom sections for all treatments, suggesting that cellular growth into the ECM 

proceeds in accordance to the amount of nervous stimulation seen by the tissue, 

which in this case would be highest at the superior border.  EX treatments were 

significantly improved by treatment with BMSCs, but SED were not.  This merits 

further study into the interaction of progenitor cells and exercise.  

 

The formation of vasculature is essential to the regeneration of muscle, 

especially in our model, as the ECM is entirely devoid of blood supply at 

implantation.  Injection of BMSCs had a significant effect only on vascular growth 

in the top border of the defect in between SED treatments.  Conversely, exercise 

significantly increased the number of blood vessels in all levels of the defect.  

There did not seem to be any additive effect between exercise and stem cell 

treatments.  The lack of synergistic effects is curious.  It is possible that the mild 

inflammation that accompanies exercise negates any anti-inflammatory or 



 26 

growth-factor-like effects of the BMSCs, which have been proposed as a 

mechanism of action (Prockop 2009). 

 

Previous studies have shown our model of ladder climbing to induce muscle 

hypertrophy only in the flexor hallucis longus (FHL) of the exercised rats 

(Hornberger & Farrar 2004).  We saw no significant changes in the FHL muscle, 

but it must be noted the resistance training had half the time period of the original 

investigation.  This shortened time period was selected for its relevance to the 

muscle’s ability to heal, rather than the optimum time period to produce strength 

gains.  This exercise protocol is desirable for LGAS investigation as the muscle 

does not hypertrophy.  We saw no significant differences between GAS weight 

for exercise treatments as opposed to sedentary.  It is important to note that 

while the muscle does not hypertrophy, it is loaded during this exercise.  We did 

see significant improvement in lifting ability over the course of the 4 weeks of 

lifting.  Most subjects ended lifting close to or above their body weight.  The lack 

of significant hypertrophy suggests that neurological changes are responsible for 

this increase.  It also suggests that extremely high exercise intensities (greater 

than 80% of one repetition maximum (1RM)), while advantageous for 

hypertrophy, might not be necessary for regeneration.  It is likely that a higher 

than normal, but still sub-maximal loading of the muscle (50-70% 1RM), will 

promote growth into an ECM implanted in skeletal muscle. 
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It is important to note that the rat exhibits a very high level of activity after defect 

implantation.  This may influence the amount of stimulation the muscle receives 

as compared to a comparable human subject.  The start of exercise protocols 

were delayed to allow for the inflammatory process to subside and ECM 

engraftment into the edges of the defect. 

  

To our knowledge, this study is the first of its kind.  While the demonstration that 

muscle load is a driving factor in muscle regeneration and repair is not surprising, 

this study demonstrates the ability of an implanted ECM to be subjected to an 

exercise protocol, as well as serve as a platform for the delivery of progenitor 

cells.  These treatments lead to improved measures of form and function.   

Combining exercise and BMSC injection leads to a significantly larger amount of 

cellular material present throughout all regions of the defect.  Exercise treatments 

also significantly increased blood vessel density as compared to either sedentary 

group.  Combined exercise and BMSC treatments also had near complete 

recovery of force in the defect leg, as well as near complete recovery of specific 

tension.  This study also demonstrates that traditional muscle rehabilitation 

programs involving high but not intense loads may be a good prescription for 

injuries repaired via implanted ECM.  It is hoped that this work may lead to 

clinical interventions that allow for near complete recovery of injured military 

personnel. 
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A    B    C 

   

Figure 1 - Defect implantation diagram. [A] Defect.  [B] Defect with ECM.  Blue 

lines represent sutures. [C] Defect with ECM and injection of BMSCs. 
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Figure 2 – Surgery and Treatment Schedule 

 

Day Procedure Day Procedure 

-3 Familiarization 24 Lift 1  

-2 Familiarization 25  

-1 Familiarization 26  

1 Defect Surgery 27 Lift 2 

2  28  

3  29  

4  30 Lift 3 

5  31  

6  32  

7  33 Lift 4 

8 Stem Cell Injection 34  

9  35  

10  36 Lift 5 

11 Walk 1 (5-10 minutes) 37  

12  38  

13 Walk 2 (10-15 minutes) 39 Lift 6 

14  40  

15 Walk 3 (15-20 minutes) 41  

16  42 Lift 7 

17 Walk 4 (20-25 minutes) 43  

18  44  

19 Walk 5 (25-30 minutes) 45 Lift 8 

20  46  

21 Walk 6 (Exhaustion) 47  

22  48 Lift 9 

23  49 Force Measures and Sacrifice 
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Figure 3 – Force and Specific Tension graph.  * denotes significantly greater than 

SED and SEDSC groups (p < 0.05).  & denotes significantly greater than all other 

groups (p < or = 0.05). 
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Figure 4 – Histological Data for % Cellular Material.  * denotes significantly 

greater than SED and SEDSC groups at all levels (p < 0.05).  # denotes 

significantly greater than EX group. (p < 0.05) 
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SED         SEDSC 

 

EX         EXSC 

 

Figure 5 – Histological comparison for cellular material between groups.  Stained 

with Masson’s trichrome. All Images 49 days post defect, taken in the top region 

of defect.  Magnification 400x.  Scale bars = 50µm 
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Figure 6 – Histological comparison between groups for blood vessel infiltration.   

* denotes significance to SED and SEDSC groups.  # denotes significance to 

middle area of defect (p < 0.05).  Representative pictures are all from the top 

level.  Stained with von Willebrand factor.  Magnification 400x.  Scale bars = 

50µm. 
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SED     SEDSC 

  

  
 
EX     EXSC 

  

  
Figure 7 – Immunohistochemical identification of regenerating myofibers, 

compared across groups.  Colocalization of desmin/laminin.  Green areas 

indicate desmin, yellow indicates laminin, and blue indicates nuclei (Hoescht).  

Note: EXSC was taken inside defect area as confirmed by suture placement.  

Magnification 400x.  Scale bar = 50 µm. 
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APPENDIX A: INSTRUMENTATION 

 

A. Dual-Mode Muscle Lever System: Series 310B-LR, Aurora Scientific, Inc. 

- Measurement and control of the dynamic physical properties, including 

length and force, of all types of muscle and connective tissue; can operate 

isotonically, isometrically or auxotonically. 

B. Isolated Pulse Stimulator: Model 2100, A-M Systems. 

- Physiological stimulation of neurological structures, used in conjunction 

with the dual-mode muscle lever system. 

C. Rapid Sectioning Cryostat: Leica CM1900, Meyer Instruments, Inc. 

- Reproducible sectioning of frozen skeletal muscle tissue for use in 

histological and immunohistological analysis. 

D. Inverted Tissue Culture Microscope: Nikon Daiphot, Nikon Instruments, Inc. 

- Magnification and visualization of histologically identifiable structures 

contained by frozen tissue sections obtained from the cryostat. 

E. Fluorescent Microscope: Leica DM LB2, Leica Microsystems, Inc. 

- Magnification and visualization of immunofluorescent structures contained 

by frozen tissue sections obtained from the cryostat. 

F. Digital Microscope Camera: Microfire, Optronics. 

- Acquisition and collection of images visualized by the Nikon Diaphot 

inverted tissue culture microscope. 

E. Digital Microscope Camera: Leica DFC340FX, Leica Microsystems, Inc. 
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- Acquisition and collection of images visualized by the Leica DM LB2 

fluorescent microscope. 
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APPENDIX B: MESENCHYMAL STEM CELL ISOLATION & 

CULTURE 

 

Mesenchymal stem cell (MSC) isolation is based upon the adherence of cells to 

the solid surface of a culturing flask.  At first, the population is small and 

heterogeneous.  However, this can be altered following their expansion and 

passaging in culture.  Differentiation can be prevented by growing the cells in a 

controlled media.  Clinically relevant numbers of homogeneous cells can be 

developed that that maintain an undifferentiated state until implantation in vivo. 

 

Bone Marrow-Derived Stem Cell Isolation 

Protocol 

- Note strain, age, sex and weight of the animal; 2-4 mo. old animals are 

preferred. 

- Anesthetize animals via intraperitoneal (IP) injection of sodium pentobarbital, 

65 mg/kg body weight. 

- Shave hind limbs and make incisions into the skin at the lateral side of the 

lower and upper leg parallel to the femur and tibia. 

- Separate surrounding muscle groups and surgically remove the femur and 

tibia. 

- Remove surrounding tissues from the bone and place in Dulbecco’s 

phosphate-buffered saline (DPBS) to facilitate further cleaning. 
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- Place tibial and femoral bones in fresh DPBS within scientific hood and 

remove the epiphyses to gain access to the bone marrow cavities. 

- Using an 18G needle attached to a 10 mL syringe, flush out whole bone 

marrow plugs using 10 mL control media per bone. 

- Control medium composed of 90% Dulbecco’s modified eagle medium 

(DMEM) and 10% fetal bovine serum (FBS) with 1% antibiotic/antimycotic 

(AA) solution. 

- Place bone marrow from each bone in a 50 mL centrifuge tube. 

- Mechanically digest the bone marrow by using a series of smaller syringes to 

draw up and pump out control media containing bone marrow. 

- Transfer media into 15 mL centrifuge tubes; centrifuge at 1000g for 5 min at 

4°C. 

- Aspirate supernatant and resuspend pellet with 5 mL control media. 

- Plate cells in a 25 cm2 culturing flask, incubate at 37°C and 5% CO2. 

- Following 24 hours incubation, remove the old media and replate the non-

adherent fraction at a 1:2 ratio. 

- Rinse initial flasks with DPBS twice to remove red blood cells (RBCs). 

- Change media 24 and 48 hours following replating until cells have stabilized 

and begun to undertake a slightly elongated, fibroblastic morphology.  

- Change media every 2-4 days until flasks have reached 80% confluency, 

upon which splitting procedures must be performed. 
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Mesenchymal Stem Cell Culture 

Protocol 

− Observe cells under the microscope and note confluency. 

− If under 80% confluency: 

+ Aspirate media from culture flasks using 5 mL pipette tip. 

+ Rinse twice with DPBS if cellular debris is present. 

+ Place 10 mL fresh control media in 25 cm2 flask; 75 mL in 150 cm2 

flask. 

− If at or above 80% confluency: 

+ Aspirate media from culture flasks using 5 mL pipette tip. 

+ Rinse twice with DPBS. 

+ Place 3 mL or 15 mL 0.25% trypsin containing 

ethylenediaminetraacetic acid (EDTA) in a 25 cm2 or 75 cm2 flask and 

place in the incubator for 5 min. 

+ Tap the flask to induce detachment of the cells from the flask bottom. 

+ Remove the cell suspension and place in 15 mL sterile centrifuge 

tubes; obtain remaining cells by rinsing flasks twice with DPBS and 

aspirating the resulting suspension. 

+ Centrifuge at 1000g for 5 min at 4°C. 
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+ Aspirate supernatant and resuspend pellet with 5 mL control media; 

use a 5 mL pipette tip to gently break up the pellet. 

+ Split and replate the cells at a 1:3 ratio, add control media and 

incubate at 37°C and 5% CO2. 
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APPENDIX C: EXTRACELLULAR MATRIX PREPARATION 

 

The extracellular matrix (ECM) is derived from skeletal muscle and therefore 

retains the collagen structure of this tissue.  This procedure does not alter the 

composition of the matrix, which maintains a natural microenvironment for the 

ingrowth of myofibers. 

 

Protocol 

- Obtain medial or lateral gastrocnemius (MGAS or LGAS) muscles from an 

animal of the same species. 

- Place in 50 mL centrifuge tubes filled with deionized water for 24 hours at 

4°C. 

- Replace deionized water with chloroform and continuously agitate for 72 

hours at 21°C. 

- Replace chloroform with 2% sodium dodecyl sulfate (SDS) and continuously 

agitate until all cellular material has been removed. 

- Change 2% SDS 2-3 times per week; the tissue should being to lose its 

color, eventually appearing white or opaque. 

- Rinse the resulting extracellular matrix (ECM) in deionized water every 4-6 

hours over a 48 hour period. 

- Replace deionized water with a 0.1 M tris buffer solution (TBS, pH = 9.0) for 4 

hours at 21°C. 
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- Replace TBS with phosphate buffered saline (PBS) containing 1% 

penicillin/streptomycin; expose the ECM to UV light for ≥12 hours and store at 

4°C until its implantation. 
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APPENDIX D: IN SITU FORCE MEASUREMENTS 

 

In situ measurements were performed on both the experimental leg and the 

contralateral (internal control) leg following 49 days recovery to assess the level 

of functional recovery within the extracellular matrix (ECM).  Using the peak 

tension, length and weight of the lateral gastrocnemius, the cross sectional area 

(CSA) and specific tension (SPO) of the muscle were calculated and expressed 

as a percentage of the same measurement derived from the contralateral limb. 

 

Protocol 

− Weigh animal and anesthetize via intraperitoneal (IP) injection of sodium 

pentobarbital, 65 mg/kg body weight. 

− Shave hind limb of the experimental leg and make an incision into the skin at 

the lateral side of the upper thigh, perpendicular to the femur. 

− Separate muscles of the upper thigh to reveal the sciatic nerve; isolate and 

sever the peroneal nerve, leaving intact the tibial nerve. 

+ Severe the sciatic nerve as proximal to it’s origin as possible. 

− Make bilateral incisions into the skin on the medial and lateral sides of the 

lower limb between the knee and ankle; remove skin and hamstring from the 

posterior side of the lower limb to expose the plantar flexors. 

− Prevent excessive bleeding by tying off all major veins using a non-

absorbable polypropylene 5-0 suture. 
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− Functionally isolate the lateral gastrocnemius (LGAS) by severing the branch 

of tibial nerve innervating the medial head of the gastrocnemius (GAS). 

− Separate the posterior compartment containing the gastrocnemius, plantaris 

and soleus from the rest of the lower limb using tweezers; detach the 

calcaneus from the Achilles tendon. 

− Separate the distal portion of the GAS from the plantaris and soleus. 

− Insert a 1/16 inch drill bit perpendicular to the tibia into the tibial condyles. 

− Place and secure the lower limb to the force measurement apparatus using 

the 1/16 drill bit. 

− Attach the Achilles tendon using 3-0 silk thread to a servomotor muscle lever 

system.   

+ Throughout this process, keep the LGAS wet in mineral oil and 

maintain muscle temperature between 36.5°C and 37.5°C using a 

radiant heat lamp.  

− Contact the severed end of the sciatic nerve to an isolated pulse stimulator, 

used in conjunction with the servomotor muscle lever system. 

− Adjust the muscle to optimal length with micrometer; verify by determining 

maximal twitch tension via submaximal stimulation at 0.5 Hz and 7 V. 

+ Stimulating the muscle at various lengths while recording twitch 

tension will result in the development of a length-tension curve, from 

which the user can determine the optimal length of the muscle for 

maximal isometric tetanic contraction. 
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− Stimulate the sciatic nerve at 150 Hz and the minimum voltage necessary to 

elicit maximal isometric tetanic contraction. 

+ After each contraction, rest the muscle for 2 min and repeat this 

process until the user is certain the greatest possible peak tension 

value has been recorded. 

− Excise and record the wet weight of the muscle as described in Appendix E, 

as well as the length of the lateral gastrocnemius. 

− Repeat this procedure to obtain functional measurements from the 

contralateral leg. 
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APPENDIX E: TISSUE HARVESTING 

 

Tissue Extraction & Freezing 

Protocol 

- Excise the lateral and medial gastrocnemius, plantaris, soleus and flexor 

hallucis longus from animal and remove excess fat or connective tissue. 

- Clean and place extracted muscles in 0.9% saline solution. 

- When ready to weight tissue, remove from saline solution and gently blot dry. 

- Place on digital scale and record the wet weight of each tissue. 

- Prepare labeled aluminum foil squares to contain each frozen tissue. 

- Set up freezing apparatus by obtaining liquid nitrogen within a Styrofoam tub. 

- Partially submerge a container of isopentane in the liquid nitrogen and let cool 

for 1-2 min, until the isopentane begins to condense. 

- Orient the tissue, one at a time, within an empty muscle cassette using 

tweezers. 

- Place closed cassette in isopentane partially using large tongs, for 15 sec; 

longer may damage tissue while less will result in non-uniform freezing. 

- Remove cassette from isopentane and transfer partially frozen muscle, using 

chilled tweezers, into prepared aluminum foil wrap. 

- Transfer frozen tissue to -80°C freezer and store until ready for sectioning. 
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Tissue Sectioning 

We carried out all tissue sectioning in a cryostat.  It was refrigerated to -22°C and 

sections were taken at widths of 5 µm transverse to muscle fiber orientation for 

histochemical and immunohistochemical examination.   

 

Protocol 

− Transport frozen tissue from -80°C freezer to the cryostat and place on quick-

freeze shelf, maintained at -45°C using chilled forceps. 

− Using single-edge razor blades, remove healthy tissue perpendicular to 

existing myofibers to leave only the defected area for sectioning. 

− Mount tissue onto specimen disks using optimal cutting temperature 

compound (OCT). 

− Insert specimen disk into specimen head and orient specimen head if 

necessary. 

− Initially adjust base of the blade holder to bring blade close to tissue using 

coarse feed settings and handwheel. 

− Begin sectioning tissue, ensuring sections are sliding under the anti-roll plate. 

+ If tissue appears shredded, (1) make sure the blade angle is set to 

4.5%, (2) adjust microtome blade horizontally to work with a sharper 

area, and (3) replace microtome blade if necessary. 

− “Grab” sectioned tissue from blade holder using a microscope slide; two 

tissue sections are placed on each microscope slide. 
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− Properly label microscope slide and place in slide holder for future use. 
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APPENDIX F: HISTOLOGICAL ANALYSIS 

 

Masson’s Trichrome Staining 

Masson’s trichrome is a three-color staining protocol used to distinguish cells 

from surrounding connective tissue.  The procedure following produces red 

keratin and muscle fibers, blue collagen and bone, light red or pink cytoplasm, 

and dark brown or black cell nuclei.  It is produced by immersion into Bouin’s 

solution, Weigert’s iron hematoxylin, Beibrich scarlett acid fuchshin, 

phosphotungstic/phosphomolybdic acid, aniline blue and acetic acid. 

 

Protocol 

- Immerse slides in Bouin’s solution contained in Columbia staining jars 

overnight; this entire protocol is performed at room temperature. 

- Pour out solution and gently rinse slides with tap water. 

- Immerse sections in working Weigert’s iron hematoxylin for 5 min. 

- Pour out solution and gently rinse slides in tap water; rinse in deionized water. 

- Immerse sections in Beibrich scarlett acid fuchshin for 5 min. 

- Pour out solution and gently rinse slides in tap water; rinse in deionized water. 

- Immerse sections in working phosphotungstic/phosphomolybdic acid for 5 

min. 

- Pour out solution and immerse sections in Aniline blue for 5 min. 

- Pour out solution and immerse sections in 1% acetic acid for 2 min. 
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- Pour out solution and gently rinse slides in tap water. 

- Dehydrate sections sequentially exposing to a series of solutions for 15 sec: 

- 70% ethanol, 100% ethanol, and xylenes twice. 

- Dry slides for 30 min, then mount slides by pipetting several drops of 

mounting medium onto slides and covering with coverslips. 
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Von Willebrand Staining 

Von Willebrand factor (vWF) is a glycoprotein found in the blood and involved in 

hemostasis.  Produced constitutively in the endothelium and subendothelial 

connective tissue, vWF can be used to identify blood vessels by staining the 

endothelial wall of a vessel.  Here, endogenous peroxidase activity is first 

quenched following incubation in a peroxidase solution.  A two-step biotin/avidin 

system is then used to increase amplification of the signal.  Peroxidase-labeled 

streptavidin will (essentially) irreversibly bind to multiple sites on biotinylated link 

antibody with a high affinity.  Staining is completed after incubation with a 

substrate-chromogen solution. 

 

Protocol 

- Immerse slides in preheated Dako target retrieval solution contained in a 

Coplin jar and submerged in a heated water bath for 40 min at 95-99°C. 

- Remove entire jar with slides and solution; allow to cool to room temperature. 

- Decant target retrieval solution, rinse slides in tris-buffered saline (0.05% 

Tween 20, pH 7.6, TBST) 3 times for 5 min at 21ºC. 

- Dry slides for 5 min, place in humid boxes. 

- Incubate sections with 3% peroxidase for 5 min at 21ºC. 

- Wash slides with deionized water, then TBST; each for 5 min. 

- Dry slides for 5 min, place in humid boxes. 
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- Incubate sections with von Willebrand factor: 1:400 in 1x phosphate-buffered 

saline (PBS, 1.0% BSA) for 30 min at 21ºC. 

- Wash slides with TBST twice for 5 min. 

- Dry slides for 5 min, place in humid boxes. 

- Incubate sections with biotinylated link in PBS for 30 min at 21ºC. 

- Wash slides with TBST twice for 5 min. 

- Dry slides for 5 min, place in humid boxes. 

- Incubate sections with streptavidin peroxidase for 30 min at 21ºC. 

- Wash slides with deionized water, then TBST; each for 5 min. 

- Dry slides for 5 min, place in humid boxes. 

- Incubate sections with a substrate-chromogen solution for 5 min at 21ºC. 

- Wash slides with tris-buffered saline (TBS), twice for 5 min. 

- Dry slides for 30 min, then mount slides by pipetting several drops of 

mounting medium onto slides and covering with coverslips. 
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APPENDIX G: IMMUNOHISTOLOGICAL ANALYSIS 

 

Indirect immunofluorescence is a technique that allows the visualization of a 

specific protein by binding to a specific antibody, later to be recognized by a 

secondary antibody chemically conjugated with to a fluorescent dye.  Performed 

on tissue sections fixed to microscope slides, stained samples are examined 

under a fluorescence microscope.  Upon the appropriate ultraviolet light 

absorption, the fluorochrome will emit its own light at a longer wavelength and 

allow the visualization and localization of the antibody-antigen complexes.  Here 

we were able to simultaneously identify two primary proteins by using both 

fluorescein- and rhodamine-conjugated secondary antibodies.  Each emit at 

different wavelengths, fluorescein at 495 nm and rhodamine at 570 nm.   

Additionally, sections were incubated with Hoechst 33258 as it emits at 395 nm.  

These different excitation wavelengths allowed us to separately image all 

proteins and overlay those images, creating a composite image spatially locating 

all three proteins.   

 

Blocking agents bovine serum albumin (BSA) and normal serum derived from the 

source of the primary antibody were used to inhibit non-specific binding of 

antibodies during staining procedures.  Additionally, BSA served to stabilize 

enzymes and enzymatic reactions while preventing adhesion of enzymes to 

equipment surfaces.   
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Desmin is an early structural cytoskeletal protein arranged in a sarcomeric 

fashion within a myofiber.  Although present in small quantities during early 

stages of muscle development, its expression increases as the cell nears 

terminal differentiation and can be used to identify mature muscle cells 

(Bornemann & Schmalbruch 1992).  Myosin heavy chain (MHC) is a highly 

conserved and ubiquitously expressed motor protein present in skeletal muscle.  

Composing part of the sarcomere, it can be used to identify mature myofibers 

that are well developed and capable of contraction.  Laminin is a structural non-

collagenous glycoprotein and a major component of the basal lamina 

surrounding a myofiber.  Its presence along the entire boundary of a myofiber 

does much to substantiate this identity.  Finally, central nuclei are well-known 

characteristic of newly regenerating myofibers and can be identified, along with 

all nuclei, by Hoechst 33258, a fluorescent DNA-binding compound.   

 

Protocol 

- Begin antigen exposure and retrieval by immersing slides in 2 M 

hydrochloric acid (HCl) for 45 minutes at 21ºC. 

- Immerse slides in tris-buffered saline (0.1% Tween 20, TBST) for 30 min 

at 21ºC. 

- Immerse slides in 10% normal serum in 1x TBS (1.0% BSA) for 2 hours at 

21ºC. 
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- Dry slides for 5 min, place in humid boxes to prevent drying during 

incubation 

- Incubate sections with chosen primary antibody for 2 hours at 21ºC: 

+ Desmin, goat polyclonal IgG: 1:400 in 1x phosphate-buffered saline 

(PBS, 1.0% BSA). 

+ Myosin Heavy Chain (MHC), goat polyclonal IgG: 1:400 in 1x PBS 

(1.0% BSA). 

- Wash slides with TBST, 3 times for 5 min. 

- Dry slides for 5 min, place in humid boxes. 

- Incubate sections with F(ab’)2 donkey anti-goat IgG fluorescein: 1:200 in 

PBS for 60 min at 21ºC (slides must be protected from light from this point 

forward). 

- Wash slides with TBST, 3 times for 5 min. 

- Dry slides for 5 min, place in humid boxes. 

- Incubate sections with laminin, mouse monoclonal IgG: 1:400 in 1x PBS 

(1.0% BSA) for 2 hours at 21ºC. 

- Wash slides with TBST, 3 times for 5 min. 

- Dry slides for 5 min, place in humid boxes. 

- Incubate sections with F(ab’)2 donkey anti-mouse IgG rhodamine: 1:200 in 

PBS for 60 min at 21ºC. 

- Wash slides with TBST, 3 times for 5 min. 

- Dry slides for 5 min, place in humid boxes. 
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- Incubate sections with Hoechst 33258 (pentahydrate bis-benzimide, 

1:1000 H2O) for 45 min at 21ºC. 

- Wash slides with tris-buffered saline (TBS), 3 times for 5 min. 

- Dry slides for 30 min, then mount slides by pipetting several drops of 

mounting medium onto slides and covering with coverslips. 
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Appendix H: Raw Data 

Mass and Force Measurement Data 

Animal Group Mass: Surgery (g) Mass: Cells (g) 
Mass: 
FM (g) 

        

SED    

DRT 08 SED 545 --- 596 

DRT 02 SED 584 --- 638 

DRT 01 SED 563 --- 588 

DRT 09 SED 554 --- 631 

DRT 31 SED 570 --- 659 

DRT 13 SED 534 --- 591 

Mean:  561.2 --- 617.2 

SEM:  5.6 --- 12.1 

     

SED + BMSC     
DRT 03 SED+BMSC 462 451 508 

DRT 07 SED+BMSC 524 529 564 

DRT 04 SED+BMSC 574 578 640 

DRT 06 SED+BMSC 561 557 584 

DRT 10 SED+BMSC 572 580 635 

DRT 12 SED+BMSC 492 497 549 

DRT 14 SED+BMSC 604 592 626 

DRT 05 SED+BMSC 605 601 622 

Mean:  549.3 548.1 591.0 

SEM:  12.6 18.5 16.9 

     

Exercise     
DRT 11 EX 524 --- 551 

DRT 16 EX 555 --- 553 

DRT 17 EX 546 --- 603 

DRT 20 EX 573 --- 583 

DRT 26 EX 574 --- 601 

DRT 33 EX 513 --- 556 

Mean:   550.6 --- 574.5 

SEM:  6.7 --- 9.9 
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Exercise + BMSC     
DRT 22 EX + BMSC 602 596 643 

DRT 24 EX + BMSC 600 592 636 

DRT 23 EX + BMSC 560 565 580 

DRT 28 EX + BMSC 626 620 669 

DRT 29 EX + BMSC 566 566 579 

DRT 18 EX + BMSC 515 509 536 

DRT 19 EX + BMSC 622 625 642 

Mean:  584.4 581.9 612.1 

SEM:  10.2 15.0 18.0 
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Defect (Right) Leg     

Defect 
Mass 
(mg) 

Def 
LGAS 
Mass 
(mg) 

Def 
MGAS 
Mass 
(mg) 

Def 
SOL 
Mass 
(mg) 

Def 
PLAN 
Mass 
(mg) 

Def FHL 
Mass 
(mg) 

Def 
LGAS 
Length 
(mm) 

       

SED      

157 1288 1154 208 482 611 28 

210 1273 1273 249 612 651 27 

177 1329 1329 245 487 671 29 

121 1374 1374 283 643 769 28 

168 1264 1285 226 511 625 31 

143 1394 1056 227 468 602 26 

162.7 1320.3 1245.2 239.7 533.8 654.8 28.2 

12.4 22.2 48.3 10.6 30.4 25.1 0.7 

       

SED + BMSC      

124 944 988 168 454 540 28 

171 1150 1363 202 531 600 33 

135 1235 1124 281 496 599 28 

151 1123 1113 228 452 731 28 

130 1213 1208 263 540 665 28 

175 1186 1033 177 426 468 25 

180 1237 1072 194 450 679 28 

113 1156 1054 222 462 605 24 

147.4 1155.5 1119.4 216.9 476.4 610.9 27.8 

9.0 33.5 41.9 14.1 14.6 29.2 0.9 

       

Exercise      

172 1283 1210 187 475 761 27 

183 1372 1158 208 520 666 28 

150 1350 1323 268 560 653 30 

202 1048 1089 217 475 615 27 

169 1393 1310 246 549 760 30 

191 1136 1062 228 456 601 26 

177.8 1263.7 1192.0 225.7 505.8 676.0 28.0 

7.5 57.5 44.7 11.7 17.7 28.4 0.7 
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Exercise + BMSC      

190 1220 1461 256 562 688 27 

163 1592 1506 330 637 728 29 

178 1237 1100 226 490 522 29 

160 1193 1325 235 494 664 29 

187 1193 1303 291 542 805 28 

180 994 1189 258 481 658 26 

128 1523 1440 318 592 715 28 

169.4 1278.9 1332.0 273.4 542.6 682.9 28.0 

8.1 78.5 56.4 15.2 22.2 32.7 0.4 
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Def 
LGAS 
CSA 
(cm

2
) 

Def 
Max 
Force 
(N) 

Def 
Specific 
Tension 
(N/cm

2
) 

    

SED   

1.13338 13.86 12.2289 

1.16167 15.2 13.0846 

1.12914 15.1 13.3731 

1.20906 18.4 15.2184 

1.00463 11.4 11.3475 

1.32102 17.9 13.5502 

1.2 15.3 13.1 

0.0 1.1 0.5 

   

SED + BMSC  

0.83068 11.6 13.9645 

0.85862 14.8 17.2369 

1.08675 15.8 14.5388 

0.98819 15.2 15.3816 

1.06739 11.2 10.4929 

1.16886 17.9 15.314 

1.08851 17.9 16.4446 

1.18677 15.6 13.145 

1.0 15.0 14.6 

0.0 0.9 0.7 

   

Exercise  

1.16167 24.6 21.1764 

1.12914 13.6 12.0446 

1.20906 18.2 15.053 

1.00463 11.4 11.3475 

1.32102 19.8 14.9884 

1.15496 15 12.9875 

1.2 17.1 14.6 

0.0 1.9 1.5 
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Exercise + BMSC 

1.11331 21.6 19.4016 

1.08675 32.2 29.6297 

0.98819 15.8 15.9888 

1.06739 16.1 15.0836 

1.16886 14.1 12.063 

1.08851 13.9 12.7698 

1.18677 24.5 20.6443 

1.1 19.7 17.9 

0.0 2.6 2.3 

 



 63 

 
Contralateral/Control (Left) Leg   

Con 
LGAS 
Mass 
(mg) 

Con 
MGAS 
Mass 
(mg) 

Con 
SOL 
Mass 
(mg) 

Con 
PLAN 
Mass 
(mg) 

Con 
FHL 
Mass 
(mg) 

Con 
LGAS 
Length 
(mm) 

      

SED     

1323 1188 179 495 604 29 

1365 1059 187 530 648 28 

1274 1186 223 484 680 29 

1542 1319 252 560 714 30 

1372 1337 219 462 615 38 

1143 1045 204 471 668 28 

1339.2 1189.2 217.0 501.4 665.0 30.3 

65.4 61.8 10.8 18.7 16.5 1.6 

      

SED + BMSC     

1026 992 152 430 552 32 

1092 1084 187 456 610 29 

1206 1086 235 433 520 30 

1070 1411 212 520 610 31 

1395 1142 243 527 656 30 

1184 964 175 408 442 30 

1042 1092 178 450 556 27 

1150 1098 203 434 596 30 

1145.6 1108.6 198.1 457.3 567.8 29.9 

42.5 47.9 11.0 15.3 23.4 0.5 

      

Exercise     

1283 1157 206 477 653 27 

1224 1104 196 490 597 30 

1405 1221 255 477 644 30 

1308 1027 250 511 674 28 

1288 1254 236 546 690 30 

1251 1023 200 439 596 27 

1293.2 1131.0 223.8 490.0 642.3 28.7 

25.4 39.6 10.7 14.7 15.9 0.6 
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Exercise + BMSC     

1507 1128 232 550 636 29 

1433 1277 221 538 780 30 

1178 1091 217 456 544 28 

1255 1198 205 492 738 29 

1181 1078 232 470 670 30 

1041 1101 196 420 567 27 

1447 1327 238 564 707 27 

1291.7 1171.4 220.1 498.6 663.1 28.6 

65.4 37.2 5.8 20.3 32.9 0.5 
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Con 
LGAS 
CSA 
(cm

2
) 

Def 
Max 
Force 
(N) 

Con 
Specific 
Tension 
(N/cm

2
) 

   

SED   

1.12404 16 14.2344 

1.20114 20.3 16.9006 

1.08241 23.3 21.5261 

1.26643 20.8 16.4241 

0.88959 16.4 18.4355 

1.00579 21.5 21.3762 

1.1 19.7 18.1 

0.1 1.2 1.2 

   

SED + BMSC  

0.78998 13.7 17.3422 

0.92778 16.1 17.3533 

0.99048 19.4 19.5865 

0.85044 24.1 28.3384 

1.1457 17.8 15.5363 

0.97241 21.5 22.11 

0.95087 19.4 20.4023 

0.94449 18.4 19.4815 

0.9 18.8 20.0 

0.0 1.1 1.4 

   

Exercise  

1.1708 30.3 25.8798 

1.00526 15 14.9215 

1.15392 26.9 23.3119 

1.15098 14.2 12.3373 

1.05782 18 17.0161 

1.1416 18.6 16.293 

1.1 20.5 18.3 

0.0 2.7 2.1 
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Exercise + BMSC 

1.28037 23.2 18.1198 

1.17691 33.8 28.7192 

1.03659 17.8 17.1717 

1.06626 17.9 16.7876 

0.96995 13.9 14.3307 

0.94996 16 16.8428 

1.32046 23.1 17.494 

1.1 20.8 18.5 

0.1 2.5 1.8 
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LGAS Mass (% 
Contralateral) 

SOL Mass (% 
Contralateral 

FHL Mass (% 
Contralateral 

Def Force (% 
Contralateral) 

Specific 
Tension (% 
Contralateral) 

     

SED 

97.3545 116.201 101.159 86.625 85.9107 

93.2601 133.155 100.463 74.8768 77.4208 

104.317 109.865 98.6765 64.8069 62.1249 

89.1051 112.302 107.703 88.4615 92.6593 

92.1283 103.196 101.626 69.5122 61.5526 

121.96 111.275 90.1198 83.2558 63.3889 

99.7 114.3 100.0 77.9 73.8 

4.9 4.1 2.3 3.9 5.5 

     

SED + BMSC  

92.0078 110.526 97.8261 84.6715 80.5232 

105.311 108.021 98.3607 91.9255 99.3291 

102.405 119.574 115.192 81.4433 74.2288 

104.953 107.547 119.836 63.0705 54.2784 

86.9534 108.23 101.372 62.9213 67.538 

100.169 101.143 105.882 83.2558 69.2628 

118.714 108.989 122.122 92.268 80.6016 

100.522 109.36 101.51 84.7826 67.474 

101.4 109.2 107.8 80.5 74.2 

3.3 1.8 3.5 4.1 4.7 

     

Exercise  

100 90.7767 116.539 81.1881 81.8259 

112.092 106.122 111.558 90.6667 80.7199 

96.0854 105.098 101.398 67.658 64.5722 

80.1223 86.8 91.2463 80.2817 91.9773 

108.152 104.237 110.145 110 88.0842 

90.8074 114 100.839 80.6452 79.712 

97.9 101.2 105.3 85.1 81.1 

4.8 4.2 3.7 5.8 3.8 
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Exercise + BMSC  

80.9555 110.345 108.176 93.1034 107.074 

111.096 149.321 93.3333 95.2663 103.17 

105.008 104.147 95.9559 88.764 93.1113 

95.0598 114.634 89.9729 89.9441 89.8495 

101.016 125.431 120.149 101.439 84.176 

95.4851 131.633 116.049 86.875 75.8176 

105.252 133.613 101.132 106.061 118.008 

99.1 124.2 103.5 94.5 95.9 

3.7 5.9 4.4 2.7 5.5 
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Run Time 
to 
Exhaustion 
(min) 

Total 
Run 
Time 
(min) 

Maximum 
Weight 
Lifted (g) 

   

SED 
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 

   
   

   

SED + BMSC  
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 
--- --- --- 

   
   

   

Exercise  
57 161 590 
26 130 615 
41 121 713 
76 156 778 
25 86 448 
32 68 505 

42.8 120.3 608.2 
8.2 15.2 50.5 

   

Exercise + BMSC  
50 150 536 
36 111 420 
42 107 510 
25 95 578 
25 92 502 
62 155 722 
40 132 450 

40.0 120.3 531.1 
5.0 9.7 37.4 
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Masson’s Trichrome Quantification 
  Image: Muscle (%) Defect: Muscle (%) 
Animal Image Top Mid Bot Top Mid Bot 
        

Sed       
DRT 02 1 29.0173 25.0715 19.3303 31.6685 24.4163 18.8497 
 2 30.9135 17.6195 15.9215    
 3 35.0748 30.5579 21.2974    
DRT 08 1 33.0414 32.7069 21.0167 31.5078 29.9474 20.7714 
 2 30.0267 32.0572 26.0396    
 3 31.4553 25.078 15.2578    
DRT 09 1 32.3507 26.722 29.2001 32.3536 27.7951 24.4724 
 2 29.8723 27.0198 22.0831    
 3 34.8379 29.6435 22.1341    

Ave:         31.843 27.386 21.365 
SEM:     0.2593 1.6097 1.65 
        

Sed + BMSC Injection      
DRT 04 1 37.4408 27.4224 30.4897 28.7928 26.8955 27.0443 
 2 22.992 25.8659 29.4268    
 3 25.9456 27.3983 21.2165    
DRT 10 1 32.8309 20.6464 21.5164 27.3751 25.0831 22.5841 
 2 22.5463 28.0314 21.7221    
 3 26.7482 26.5714 24.5137    
DRT 12 1 25.4424 22.2452 16.1471 39.6312 30.5869 25.1871 
 2 46.7141 35.4444 29.6483    
 3 46.7372 34.0712 29.7659    

Ave:         31.933 27.522 24.939 
SEM:     3.8708 1.6194 1.2936 
        

Exercise      
DRT 11 1 51.3307 42.5775 40.3763 51.8847 44.8152 42.751 
 2 51.4444 36.9827 32.2844    
 3 52.879 54.8854 55.5922    
DRT 16 1 33.2631 36.6259 31.013 37.8611 35.7413 27.9993 
 2 39.553 33.8328 29.6801    
 3 40.7672 36.7652 23.3049    
DRT 26 1 52.607 46.9863 26.057 50.0412 45.675 27.5031 
 2 44.0399 42.7331 30.0542    
 3 53.4766 47.3055 26.398    

Ave:         46.596 42.077 32.751 
SEM:     4.3996 3.1776 5.002 
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Exercise + BMSC Injection      

DRT 19 1 70.9051 69.5668 51.5773 74.1296 71.8745 64.5636 

 2 73.6264 69.4378 70.2201    

 3 77.8573 76.6189 71.8935    

DRT 23 1 61.2271 59.0009 39.9627 60.7111 51.3245 44.6917 

 2 64.5735 45.2796 44.1505    

 3 56.3327 49.693 49.962    
DRT 28 1 56.6959 52.005 56.9949 58.6037 55.4368 45.5905 

 2 58.7282 59.3482 45.3996    

 3 60.3871 54.9573 34.3771    

Ave:         64.481 59.545 51.615 

SEM:     4.8623 6.2779 6.4794 
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Von Willebrand Factor Quantification 
  BV Count - Image BV/mm2 - Defect 

Animal Image Top Mid Bot Top Mid Bot 

       

Sed      

DRT 02 1 3 2 3 12.375 10.125 13.5 

 2 5 3 3   

 3 3 4 6   

DRT 08 1 7 6 3 16.875 16.875 14.625 

 2 3 3 4   

 3 5 6 6   

DRT 09 1 1 2 1 12.420810.1625 14.6792 

 2 2 4 6   

 3 8 3 6   

Ave:       13.89 12.388 14.268 

SEM:   1.4924 2.2438 0.3843 

       

Sed + BMSC Injection     

DRT 04 1 3 4 4 19.125 10.125 11.25 

 2 8 3 3   

 3 6 2 3   

DRT 10 1 2 2 6 15.75 14.625 16.875 

 2 5 6 4   

 3 7 5 5   

DRT 12 1 2 4  7.90417 7.90417 

 2 1 2   

 3 4 1   

Ave:       17.438 10.885 12.01 

SEM:   1.6875 1.977 2.6174 

       

Exercise     

DRT 11 1 8 5 24.75 22.5 

 2 6 7   

 3 8 8   

DRT 16 1 4 6 9 23.625 16.875 25.875 

 2 9 4 9   

 3 8 5 5   

DRT 26 1 8 8 6 38.391725.9708 28.2292 

 2 11 5 9   

 3 15 10 10   

Ave:       31.008 22.532 25.535 

SEM:   7.3833 2.8503 1.6626 
        



 73 

 
Exercise + BMSC Injection    

DRT 19 1 3 5 4 20.25 21.375 22.5

 2 9 8 12  

 3 6 6 4  

DRT 23 1 14 6 11 43.875 21.375 29.25

 2 7 6 6  

 3 18 7 9  

DRT 28 1 9 7 6 27.1 25.9708 24.8417

 2 7 9 10  

 3 8 7 6  

Ave:      30.408 22.907 25.531

SEM:  7.0177 1.5319 1.9788
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