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       Volumetric muscle loss (VML) is a traumatic soft tissue injury that is common in 

recent battle fields and causes permanent losses of muscle mass and function in affected 

muscle. Since a new VML injury model has been developed in our lab which defects 

large mass of rat lateral gastrocnemius (LGAS), several sources of extracellular matrix 

(ECM) and stem cells including adipose tissue derived stem cells and mesenchymal stem 

cells have been utilized to enhance the regeneration of defected muscle. In the current 

study, regenerative effects of resistance exercise and satellite cells injection after the 

VML injury were tested. Satellite cells transplanted via single muscle fiber injection 

significantly enhanced generation of a specific force of defected muscle possibly via 

suppressing fibrotic tissue build-up and inducing significant hypertrophy of regenerating 

muscle at the sites of injury. However it did not increase muscle mass and tetanic force of 

the defected LGAS. Resistance exercise intervention after the injury improved all 

morphological and functional recoveries. Defected muscle mass and functions (tetanic 

and specific forces) were significantly increased in the resistance exercised group 

compared to the non-exercised. Cross sectional area (CSA) of mature and regenerating 

muscle fibers in injured muscle were also significantly increased by the resistance 

training. Single muscle fiber injection with resistance exercise did not further increase 
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muscle mass or functions, but it had an impact on decreasing accumulation of the non-

functional (fibrotic tissue and residual injured) area. These results indicate that resistance 

exercise is a great rehabilitative intervention after traumatic muscle injury to enhance 

muscle mass and function with or without satellite cells injection.   
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Chapter I: General Introduction 

Post-mitotic skeletal muscle possesses remarkable regenerative capacities. Its 

function and structure are fully recovered within few weeks or months after most types of 

muscle injuries induced by mechanical overloading/stretch, toxin, and minor laceration 

(1). In the repair process after injury, skeletal muscle satellite cells are activated, 

proliferated, and differentiated into new muscle fiber. Satellite cells are considered a 

main source of new myoblasts for muscle regeneration. Large loss of muscle mass is 

referred to volumetric muscle loss (VML) which results not only permanent deficit of 

muscle mass and function but also esthetic issues. VML injury is a soft tissue injury that 

is a common wound in recent battle fields (2). Common civilian VML injuries include 

gunshot wound, surgical removal of large ischemic areas, and motor vehicle accident. 

Regardless of the injury no standardized treatment for VML injury exists (3).  

Previously a model of VML injury was developed in our lab which defected about 

20% of the rat lateral gastrocnemius (LGAS). Utilizing allograft decellularized 

extraculluar matrix (ECM) and bone marrow derived mesenchymal stem cells (MSC) 

injection significantly improved specific tension of injured LGAS (94% of non-injured 

contralateral leg) at 42 days after injury. However, contractile function and skeletal 

muscle re-growth inside the ECM were not fully recovered. Maximum tetanic tension of 

the injured LGAS was 84% of the value of contralateral uninjured LGAS. In addition, 

rare myogenic cells and blood vessels were found in the core region of ECM, the area 

away from the intact host muscle (4, 5).  

 

Objectives 

The main purpose of this study was to investigate whether mechanical loading after 

VML injury would enhance restoration of contractile function and mass and to determine 

whether delivery of satellite cells could improve muscle regeneration with or without the 

stimulus of mechanical loading. 

 

Specific Aims 
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1. Evaluate whether VML injured LGAS muscle implanted with decellularized ECM 

can withstand mechanical loading and does mechanical stimulus improve recovery 

of muscle mass and function after VML injury.  

2. Determine whether porcine muscle ECM can serve as platform for muscle 

regeneration and does it also incorporate well with mechanical loading after VML 

injury. 

3. Test whether satellite cells transplantation enhances muscle regeneration and 

functional recovery with or without mechanical loading and do the satellite cells 

engraft in regenerating muscle after VML injury. 

 

Hypotheses 

1. Low intensity resistance exercise will enhance functional capacity and muscle 

regrowth of VML injured LGAS. These effects will be further increased with 

combination of MSC injection.  

2. High intensity resistance training (RT) after VML injury will promote the recovery 

of muscle mass and contractile functions via increasing muscle re-population inside 

implanted ECM and/or inducing muscle hypertrophy of intact or regenerating 

muscle fibers. 

3. Satellite cells injections (INJ) will contribute and stimulate the regeneration of 

muscle fibers in the ECM which will improve functional recovery of the injured 

muscle. 

4. Combination of INJ and RT will have addictive effects on functional recovery and 

re-growth of muscle after VML injury. 

 

Significance and Innovation 

In contrast most of muscle injuries induced by stretch, toxin, minor laceration, 

and freeze, VML injury is irreparable and results permanent loss of mass and function. 

Furthermore the VML injury model used in this study induced more severe muscle defect 

in  weight bearing hindlimb muscle, later gastrocnemius muscle compared to other VML 
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injury models (6, 7). Therefore, functional and morphological restorations of damaged 

muscle after the VML injury is more challenging, but this study provides great chance to 

test regenerative effects of exercise intervention and stem cell therapy. 

Different forms of exercises have been utilized for recovering muscle mass and 

function after muscle injuries and diseases, but high intensity physiological resistance 

exercise has not been used after VML injury. So, in this study, for the first time, we will 

test regenerative effects high intensity resistance exercise after VML injury.  

Crucial role of satellite cells in the process of muscle regeneration after injury is 

widely recognized, but the application of satellite cells for stem cell therapy is lagging 

due to small population and difficult isolation. In this study, we will try to deliver satellite 

cells at the site of VML injury by novel approach via single muscle fiber injection. This 

is the first study testing the regenerative potential of exogenous satellite cells 

transplantation after VML injury. Furthermore, rats will be used for donor and recipient 

of satellite cells. This will be the first time to attempt satellite cells injections via single 

muscle fiber in rat model. Therefore results of this study can provide valuable insights for 

applying satellite cells injection to big size animals and human subjects. 

 

Delimitation and Limitation  

- In this study, Fisher CDF rats (male, body weight about 400g) were recruited to match 

the strain of single muscle fiber donor and recipient. Fisher rats are about 30% smaller in 

body and muscle masses compared to previously used Lewis and Spraque-Dawley rats. 

Therefore direct comparison of mass and function data between this and previous studies 

might be not applicable.  

- Instead of rat muscle, decellularized ECM scaffold was prepared from porcine muscle 

to refill the defected area after VML injury. Porcine muscle is more convenient in terms 

of cost and accessibility, and utilizing porcine tissue is also aimed at transitional approach 

from small to large sized animal model.  
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- ECM implantation group (ECM-CON) was served as a control because there was no 

benefit of ECM implantation alone to functional recovery after VML injury. 

- Food consumption and daily physical activity were not monitored controlled, because it 

was assumed that there was no difference between groups in these criteria after same 

surgery. 

- Resistance training prevented gaining of body weight during eight weeks of recovery 

which resulted difference of body weight between groups at the time of scarification.  

- Contralateral uninjured LGAS muscle was used as a baseline control to compare the 

muscle mass and function of VML injured LGAS to uninjured LGAS muscle.  
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Chapter II: Literature Review 

Skeletal muscles in lower extremity are highly recruited during exercise and 

occupational tasks, so they are frequently subject to injury. Even though adult skeletal 

muscle cells are mitotically quiescent and protein turnover is slow under normal 

condition, they have a great regenerative capacity after injuries induced by mechanical 

stress and toxin (1, 8, 9). In the repairing process after injury, skeletal muscle specific 

stem cells, satellite cells are activated and involved in muscle regeneration via 

proliferation and differentiation. Although satellite cells occupy only about 2 to 7% of the 

total myonuclei in myofiber, newly generating myoblasts originated from satellite cells 

are fused with each other or existing fibers. Therefore skeletal muscle is able to be fully 

recovered even after repeated severe injuries. Furthermore, minor population of satellite 

cells are maintained and/or returned to quiescent state after proliferation and reserved as a 

pool of satellite cells (10, 11). Loss of function studies using γ-radiation or specific gene 

knockout model confirmed that satellite cells provided new myoblasts, and they were 

essential for postnatal muscle development and muscle regeneration (10, 12-14).  

Satellite cells, therefore, are now widely considered as a main source of muscle 

progenitor cells, and their fates are significantly influenced by multiple systemic and 

local factors. Unfortunately, however, traumatic muscle injuries and genetic muscle 

diseases can not be fully cured solely by intrinsic regenerative mechanism via recruitment 

of endogenous satellite cells. Thus additional treatments, for example, biologic scaffold, 

growth factors, stem cell injection, and exercise interventions are required for enhancing 

muscle regeneration.      

 

 Responses of immune cells after muscle injury 

Their roles in satellite cells action and muscle regeneration  

Neutrophils and macrophages quickly recruited at the damaged site after muscle 

injury. Previously they were considered to have negative effects on muscle regeneration 

because of inducing membrane damage, oxidative stress, and cell death. However, 

growing evidences have shown that they not only have phagocytotic effects on the 
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damaged muscle fibers but also release pro- and anti-inflammatory cytokines and growth 

factors all of which significantly influence in satellite cells and muscle regeneration after 

injury (15). 

Neutrophil infiltrates into damaged muscle within 2 hrs after injury followed by 

M1 macrophage recruitment in 1-2 days post injury, and they promote muscle damage 

and prolong inflammatory response. M2 macrophage, however, peaks at 4 days after 

injury, and it promotes muscle regeneration and attenuates the inflammatory responses 

(15, 16). After toxin induced muscle injury, two subsets of monocyte/macrophage 

(MO/MP), M1 and M2 exhibited distinct invasion kinetics and inflammatory profiles. M1 

population was peaked within 48 hrs, but M2 which was derived from early invaded M1 

was continually increased until 7 days post in injured muscle. M1 type displayed 

inflammatory profiles expressing more TNF-α and secretory leukocyte protease inhibitor 

(SLPI) but less IL-1β, IL-10, TGF-β1, and peroxisom proliferator-activated receptor 

(PPAR)γ than anti-inflammatory M2 type at 4 days after the injury (17).  

Macrophage significantly influences in fates of satellite cells via releasing 

soluble factors and physical contact. It enhanced proliferation but prevents early 

differentiation of satellite cells. Satellite cells grown with macrophage expanded to more 

desmin positive mononucleated cells but less myogenin positive differentiated cells 

compared to satellite cells cultured alone (18). Soluble factors released from macrophage 

increased proliferation in early but myogenic differentiation in late phage of culturing 

muscle precursor cells. In addition, macrophage conditioned media injection enhanced 

muscle regeneration of laceration injured muscle by increasing muscle mass and numbers 

of newly generating muscle fibers (19, 20). Macrophage and human myogenic progenitor 

cells (hMPC) co-culture also significantly and dose dependently increased proliferation 

but prevented apoptosis of hMPC. Expression of pro-survival signals; phosphorylation of 

Akt and ERK1/2 and Bcl-1 were increased while apoptotic signal; caspase-3 was 

decreased in the culture of hMPC with macrophage. Anti-apoptotic effect of macrophage 

was not contributed by soluble factors released from macrophage but mediated via direct 

contact of macrophage to hMPC (21, 22).    
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Loss of function studies showed crucial roles of monocytes and macrophage on 

muscle regeneration. Depletion of monocytes before muscle injury resulted slow necrotic 

fiber removal and adipose tissue formation which significantly impaired muscle 

regeneration (17).  Reduction of monocytes/macrophage (MO/MP) by liposome-

encapsulated chlodronate injection also decreased of IGFBP/IGF-1 expressions but 

increased necrosis and fat accumulation (23). In addition, host macrophage deletion by 

irradiation prior to skeletal muscle transplantation into the damaged muscle attenuated 

regeneration of new myoblast and myotube. On the other hand, incubated of donor 

muscle in macrophage inflammatory protein 1-β (MIP 1-β) prior to the transplantation, 

significantly increased macrophage infiltration and improved muscle regeneration (24).  

Gene knockout studies ablating CCL2 (chemokine ligand 2, also known as MCP-

1) / CCR2 (C-C chemokine receptor type2) which are known to express in 

monocyte/macrophage as well as damaged muscles further confirmed the essential roles 

of macrophage in regenerating muscle after injury. CCR2 attracted macrophages to 

injured area, and knockout of CCR2 significantly impaired skeletal muscle regeneration 

and contractile function recovery after muscle injury concomitant with fat accumulation 

and fibrosis (25, 26). Muscle regeneration after BaCl2 induced muscle injury was 

significantly less effective in CCR2 knockout muscle. Regenerated muscle was smaller 

and less IGF-1 was expressed in the injured knockout muscle compared to wild type 

control (27). Ablation of MCP-1 gene also had detrimental effects on muscle 

regeneration after injury. Phagocytosis, macrophage recruitment, and muscle 

regeneration were all impaired in the muscles of MCP-1
-/- 

mouse after ischemia and 

myotoxin induced muscle injury. Neutrophil infiltrations, however, were augmented in 

the knockout muscles early after injuries compared to the wild type control muscle (26, 

28).  

Invasions of inflammatory cells are prominent in muscle after injury, and they 

have indispensible roles in muscle regeneration as well as satellite cells proliferation and 

differentiation. Specifically recruitment of M1 macrophage is essential for full recovery 

of damaged muscle after injury because it not only removes dead cells and debris in 
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injured area but also transforms to anti-inflammatory M2 macrophage. Dominant 

expression of anti-inflammatory M2 macrophage at the later stage of muscle regeneration 

facilitates muscle regeneration by increasing satellite cell proliferation, preventing 

apoptosis, releasing growth factors, and recruiting more macrophages. 

 

 Extracellular matrix (ECM) 

 Regulations of stem cell function and muscle regeneration  

As a scaffold surrounding host cells, extracellular matrix (ECM) provides 

structural support and releases soluble factors that attract progenitor cells and promote a 

repair of damaged muscle. Individual muscle fiber is wrapped by a thin layer of ECM 

called basal lamina which is composed of complex proteins including collagen and 

laminin. Basal lamina is tightly bound with host fiber and satellite cells via 

transmembrane proteins, integrin, dytroglycan, and proteoglycan which are not only 

providing structural support but serving as signaling molecule. ECM 

components/complexes have substantial influence on the postnatal muscle development 

and regeneration (29, 30).  

Symptoms of muscular dystrophies; degeneration and regeneration cycle, fibrosis 

or fat accumulation, extensive inflammation, smaller fiber size, and disorganized basal 

lamina were shown in skeletal muscles missing certain ECM components or 

transmembrane proteins (31-33). Lack of transmembrane proteoglycan, syndecan 

impaired satellite cells differentiation and muscle regeneration after injury. Numbers of 

MyoD+ satellite cells were significantly decreased in muscle fibers of syndecan3 

knockout muscle compared to those of control. Primary myoblasts derived from syndecan 

3 knockout muscles also failed to be differentiated and express MyoD and myosin heavy 

chain at 6 days in culture (33). Compared to wild type control, numbers of muscle 

progenitor cells and their in vivo proliferation rate were significantly reduced in the limb 

muscle of laminin α2 knockout mice (34).  

In addition to crucial impacts of ECM components/complexes on self-renewal of 

satellite cells and muscle regeneration after injury, elasticity of ECM significant 
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influences on the lineage specification of stem cells. Human mesenchymal stem cells 

(MSCs) can differently develop to neurogenic, myogenic, and osteogenic cells depending 

on the surface tension of ECM; soft (0.1-1kPa), moderate (8-17kPa), and rigid (25-40kPa) 

respectively. Differentiated MSCs to specific cell types under different surface tensions 

also exhibited distinct morphology and expressed lineage specific transcription factors or 

proteins, nestin, MyoD, and CBFα 1 (35). Muscle stem cells cultured on the soft 

hydrogel (12kPa) survived better and generated more progenies. Stemness of the stem 

cells was better maintained and more Pax7+ cells were proliferated on the soft surface 

condition compared to the cells grown on the rigid hydrogel (10
6
kPa). Muscle stem cells 

from the soft substrate were more successfully engrafted into injured muscle, and their 

engraft rate was comparable to that of freshly isolated muscle stem cells (36). A study 

also reported that topology of ECM (2D or 3D) determined shapes and differentiations of 

chondrocytes and mesenchymal stem (37).  

Regenerative effects of ECM in muscle and other organ have been widely tested 

in pre-clinical and clinical studies (4, 38, 39). ECM scaffold preserves native structures 

and compositions, and decellularized ECM can provide structural support, homing 

infiltrated cells, and releasing soluble factors for constructive remodeling of damaged 

muscle (40). Therefore, implantation of decellularized ECM has been studied in multiple 

VML injury models and many favored effects of the ECM on muscle regeneration and 

functional recovery were reported. For example, transplanting porcine small intestinal 

submucosa ECM enhanced tetanic force recovery of defected abdominal muscle which 

also enhanced re-population of muscle fibers and blood vessels at the defect site (39). 

Muscle derived ECM also improved contractile functions of tibialis anterior (TA) muscle 

at 2 month post VML injury (41). However, in our previous study, transplanting 

decellularized muscle ECM at the site of VML injury didn’t promote functional recovery 

of damaged lateral gastrocnemius muscle (LGAS) even though it restored superficial 

morphology of injured muscle and stimulated regeneration of muscle fibers and blood 

vessels (4).  
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Appropriate interactions between host cells and surrounding ECM are essential 

not only for muscle development and regeneration but for the control of satellite cells 

commitment. Muscle stem cell culture conditions which mimic to innate satellite cells 

niche enhanced satellite cells proliferation and efficiency of engraft after transplantation. 

Implantation of decellularized ECM at VML injured LGAS had limited regenerative 

effects. Therefore, additional interventions such as satellite cell injection and/or 

rehabilitative exercise program with ECM transplantation are required for improving 

recovery of contractile function and regrowth of muscle fibers in the damaged area after 

VML injury. 

 

 Effects of soluble molecules on satellite cells and muscle regeneration after injury 

Insulin like Growth Factor (IGF)-1 and Myostatin 

Skeletal muscle express both systemic IGF-1Ea and mechanosensitive IGF-1Eb 

in rat (Ec in human) which is also known as mechno growth factor (MGF) via splicing 

variance, (42). IGF-1 activates pre- and postnatal skeletal muscle developments, muscle 

protein synthesis, and satellite cells/myoblasts (9). It enhanced self-renewal of satellite 

cells and increased the activity of PI3K and the phosphorylation of Akt (43). Interestingly, 

IGF-1 influences both proliferation and differentiation of myoblasts time dependently. 

IGF-1 increased expressions of cell cycle regulation protein and genes in early but 

myoblast differentiation related gene, myogenin in late period of time (44). These 

biphasic effects of IGF-1 are mediated via its downsteam signals, PI3K and MAPK.  

MAPK activated the proliferation but inhibited the differentiation of myoblasts together 

with decreasing myogenin and p21 gene expressions but increasing c-fos mRNA and 

cyclin D protein levels. On the other hand, PI3K and its downstream signal induced 

myoblasts fusion via activating myogenin and p21 gene expressions. (45). IGF-1 is also 

well-known for activating muscle hypertrophy and suppressing atrophy via its 

downstream pathways (46, 47). IGF-1 prevented Dexametasone induced muscle atrophy 

and mRNA expression of Atorgin-1 and MuRF-1 via PI3K and Akt pathways (47). 

Constitutive activation of key IGF-1 downstream signal, Akt also increased skeletal 
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muscle hypertrophy and suppressed disuse induced muscle atrophy. Akt inhibited 

Atrogin-1 gene expression concomitant with the phsphorylation and the inactivation of 

FOXOs (48, 49).  

Myostatin, a member of TGF-β superfamily has crucial effects on regeneration of 

injured skeletal muscle. It suppresses skeletal muscle growth, myoblasts proliferation and 

differentiation by arresting cell cycle and prevents myogenic gene expression via 

regulating downstream signals; Smad2/3, MAPKs, PI3K, and MyoD (50, 51). Myostatin 

expressed in skeletal muscle and satellite cells inhibits muscle regeneration and activates 

scar tissue buildup after injury (52, 53). Myostatin inhibited growth of myoblasts dose 

dependently and decreased rates of satellite cells proliferation and migration out of the 

host fiber (54-56). Loss of function studies found that knockout of myostatin gene 

significantly increased the rate and duration of myoblasts proliferation concomitant with 

sustaining MyoD and delaying myogenin expressions (54). Numbers of satellite cells 

increased in muscle fibers of myostatin null mice, and significantly more primary 

myoblasts isolated from the mice expressed Pax7+/MyoD- compared to the wild type 

control. Knockout of myostatin also significantly enhanced muscle regeneration after 

injury via recruiting more myobalast and macrophage and reducing scar tissue formation 

(53-55). Furthermore, blocking myostatin by its antagonist follistatin significantly 

improved muscle regeneration after deep cut laceration injury. Scar tissue formation was 

also significantly reduced in follistatin overexpressed muscle after injury. Muscle 

progenitor cells isolated from follistatin over-expressing muscle had greater potential of 

regenerating dystrophin positive myofibers when injected into mdx mice muscle 

compared to muscle progenitor cells from wild type control (52). 

IGF-1 is significantly activated in skeletal muscle after injury. Two IGF-1 

splicing variants, IGF-1Ea and MGF have distinct expression kinetics, and they regulate 

fates of satellite cell via their downstream signals. Myostatin is also highly expressed in 

skeletal muscle, and it has inhibitory effects on satellite cells proliferation and muscle 

regeneration after injury. Inhibition of myostatin has been highlighted as a new 

therapeutic approach to treat genetic muscle disease and severe muscle injury. 
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Satellite cells Transplantation and Exercise intervention after muscle injury and 

diseases; Therapeutic approach to regenerate skeletal muscle after genetic muscle 

diseases and traumatic muscle injuries 

Satellite cell is an essential source of new myoblasts during postnatal muscle 

growth and muscle regeneration after severe muscle injury and disease (11, 57). Satellite 

cells are considered as a good source to cure genetic muscle diseases and traumatic 

muscle injuries. Studies have shown that transplanted satellite cells differentiate and 

incorporate with host myofibers resulting expression of missing genes or proteins and 

improving functional capacities of damaged muscles (58-60).  

In early studies, satellite cell needed to be expended in culture before 

transplantation due to its small population in host muscle, and only about 1% of injected 

cells were survived and proliferated after transplantation in recipient muscles (61, 62). 

Muscle precursor cells including satellite cells cultured in vitro before injection showed 

lower engraftment rate than freshly isolated satellite cells which  was more than 10 times 

efficient to express dystrophin protein than cultured cells when transplanted into TA 

muscle of nude mdx mice (58, 63, 64). Prolonged culture and repeated passages could 

change morphology of satellite cell progeny which induced osteogenic differentiation and 

decreased Pax7 expression (65). 

Subset of satellite cells can be freshly isolated by the method of fluorescence 

activated cell sorting (FACS), and genetic manipulation by virus infection or gene knock-

in make it possible to track donor cells after transplantation. Using combination of cell 

surface proteins, CD45
-
Sca1

-
Mac-1

-
CXCR4

+β1-integrin
+
, fresh satellite cells which 

expressed high levels of Pax7 were able to be isolated. When delivered to pre-injured 

mdx muscle, these cells (n=11,000) generated new myofibers by fusing each other or 

hybridizing with existing host fibers that resulted robust expression of missing protein, 

dystrophin. Transplanted cells also entered in host satellite cell compartment and 

recruited in subsequent round of regeneration after cardiotoxin induced muscle injury. 

Compared to cultured muscle stem cells, efficiency of these cells to regenerate myofibers 
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were much higher (5 to 40 folds), and injection of these cells into soleus muscle of mdx 

mice significantly improved contractile functions. (66). Similarly, muscle stem cells 

(CD45
-
CD11b

-
Sca1

-
CD31

-
CD34

+
integrin-α1

+
) collected by FACS analysis also 

expressed high level of Pax7 (100% among 40 sorted cells). When transplanted they were 

also strongly expanded (about 60 fold) in pre-irradiated notexin induced damaged muscle 

of diabetic/immunodificient mice. Furthermore in response to second injury, these cells 

still had a capacity of self-renewing and were given rise to Pax7 positive monoucleated 

cells in host muscle. (64). However, FACS analysis requires large mass of donor muscle 

and still has a chance of including non-myogenic cells.  

Individual muscle fiber has 7 to 22 satellite cells which have characteristics of 

migrating out of their host fiber and proliferating extensively when individual muscle 

fiber is isolated from bundle of muscle (67). Utilizing these features of satellite cells, 

single muscle fiber injection was developed as a new method of transplanting satellite 

cells. This approach can avoid sacrificing large mass of donor muscle and culturing 

process before injection, and it can also test regenerative capacity of true exogenous 

satellite cells in damaged muscle preventing contamination of  satellite cell pool from 

other cells (68).  

Surprisingly, injection of one muscle fiber could generate more than 100 

dystrophin positive fibers in irradiated TA muscle of mdx mice. Cells derived from 

injected single muscle fiber came into satellite cells compartment of host muscle and 

started self-renewing and repopulating depleted satellite cells. These newly formed 

satellite cells also had strong regenerative capacities in response to sequential myotoxin 

induced muscle injuries. Injecting mechanically isolated fresh satellite cells from single 

muscle fibers also generated more than 100 dystrophin positive fibers in irradiated TA 

muscle of mdx mice (60). Delivery of satellite cells via single muscle fiber with toxin 

(BaCl2) injection significantly increased the numbers of satellite cells and muscle fibers 

as well as muscle mass in host TA muscle. Donor derived satellite cells comprehensively 

fused with host fibers (>80%), and they also resided and self-renewed in host satellite 

compartments. Increased mass and satellite cell numbers maintained even 21 months 
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after the injections, which also prevented aging induced contractile force decline and the 

loss of fast twitch fibers (69).  

Resistance exercise has broadly employed in the process of rehabilitation after 

onset of metabolic and muscle diseases as well as muscle injuries. Studies showed that 

glucose tolerance and insulin sensitivity improved by resistance exercise in obese and 

diabetic patients (70, 71). Resistance exercise also counteracted to muscle wasting 

conditions, aging, and HIV by increasing muscle mass and function (72).  Resistance 

exercises have long been recognized to activate IGF-1 downstream signals. IGF-1Ea and 

MGF mRNA expressions increased by lengthening muscle contraction concurrent with 

up-regulation of M-cadherin, MyoD and myogenic expressions (73). Two key IGF-1 

downstream, Akt and MAPK, enhance muscle hypertrophy and suppress muscle atrophy 

via activation and/or suppression of their substrates directly and indirectly (74-76). Both 

also play critical roles in muscle growth in response to muscle contraction (77, 78). 

Resistance type exercises activated Akt in human and in rodents, and constitutive 

activation of Akt was sufficient to induce muscle hypertrophy and suppress muscle 

atrophy (79-82). Single bout of resistance exercise was enough for elevating Akt 

phosphorylation in young subjects in conjunction with increasing fractional protein 

synthesis rate (83). Akt activity was also elevated immediately after both high and low 

frequency electrical stimulation (82). On the other hand, suppression of Akt activity 

significantly inhibited skeletal muscle hypertrophy in response to repeated stretch and 

electrical stimulation (77, 84).  

As a key substrate of Akt, mTOR is an important modulator of protein synthesis. 

mTOR has been known to activate mRNA translation via p70S6K, and mTOR activation 

is essential for skeletal muscle anabolic response to mechanical stresses (77, 85). 

Phosphorylations of mTOR and p70S6K were elevated in working muscles after 

resistance exercise and high frequency electrical stimulation (76, 86, 87). Moreover, an 

increase of p70S6K phosphorylation after a resistance exercise was highly correlated 

with training-induced increase of muscle mass and exercise performance (88). 
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  Two recently studies tested effects of exercise intervention after VML injury with 

or without ECM transplantation. Endurance exercises were significantly improved 

contractile function and muscle mass recovery after VML injury without ECM 

implantation in rodent (Aurora et al. 2014). Customized physical therapy after ECM 

transplantation also significantly enhanced functional capacity of previously VML 

injured muscle in humans (89).  However, effect of resistance exercise on regeneration of 

muscle and regain of contractile function after VML injury has not been investigated yet. 

Resistance exercise intervention is expected to provide repeated mechanical stimulus 

which may activate satellite cells and IGF-1 downstream signals in VML injured muscle. 

Improvements of contractile function and muscle regeneration are predicted as a result of 

resistance exercise after VML injury.   

 Summary 

Adult satellite cells express unique transcription factor, Pax7, and they possess 

self-renewal and myogenic differentiation capacities in vivo and in vitro. Growing 

evidences have been showing that satellite cells are the main stem cells in skeletal muscle 

for regenerating adult skeletal muscle after injuries in vivo. Minor populations of satellite 

cells seem to be reserved as a pool of stem cells during and after muscle regeneration. 

Fates of satellite cell are significantly influenced by its surrounding environments; ECM 

components, inflammatory cells, and growth factors. Satellite cells transplantation via 

single muscle fiber is a novel approach to regenerate muscle after traumatic injury. 

Resistance exercises enhanced muscle mass and function via anabolic IGF-1 downstream 

signals. Defining the regenerative effects of satellite cells injection and/or resistance 

exercise intervention can provide valuable information that may be applicable in clinical 

research of regeneration of human skeletal muscle after traumatic injury. 
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Chapter III: Combined Effects of Mesenchymal Stem Cell (MSC) Injection with 

Exercise Treatment after VML Injury 

 

Introduction 

Volumetric muscle loss (VML) injury causes irreparable damage to muscle tissue. 

This is not only a common soft tissue injuries in recent combat situations which causes 

discontinuation of military service but occurs in motor vehicle and industrial accidents 

(90). Skeletal muscle has remarkable regenerating capacity in response to most types of 

injuries, but damaged area due to VML injury can not be restored by innate repairing 

process. As a result, VML injury results in permanent loss of muscle mass and deficit of 

contractile function.   

Naturally derived extracellular matrix (ECM) has been utilized for filling the 

defected area after different types of VML injuries. ECM implantation increased muscle 

mass and restored original shape of damaged muscle, and muscle fibers were also 

regrown inside the ECM (41, 89, 91). ECM components and soluble factors released 

from the ECM crucially influence the fate of stem cells differentiation and promote both 

development and regeneration of skeletal muscle (36, 92). Transplanting decellularized 

ECM also prevented further muscle damage and atrophy of remaining muscle after VML 

injury (41). In our previous study, however, ECM implantation alone was not able to 

improve functional recovery of lateral gastrocnemius (LGAS) muscle after loss of 20% 

muscle mass (4). 

Mesenchymal stem cells (MSC) are most frequently employed for regenerative 

pre-clinical and clinical studies due to their high availability and easy expansion in 

culture. They have multiple linage-differentiating potentials including bone, nerve, and 

muscle (35). Regenerative effects of MSC injection have been widely reported in a 

varieties of injury models like muscle, bone, and cartilage (93). In VML injury, MSC 

injection increased muscle cells repopulation at the site of defect and contractile function 

recovery (5, 41). However, ECM implantation with MSC injection couldn’t completely 

regenerate lost muscle and/or recover functional deficit in response to VML injury even a 
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large numbers of cells (over 1.5x10
6
) were delivered. Additional treatment, therefore, is 

required for enhancing muscle regeneration and functional recovery after this traumatic 

muscle injury. 

A variety of exercise interventions are prescribed as a part of rehabilitation 

program after injury and disease. Depending on its mode and intensity, exercise treatment 

can increase muscle mass and contractile function as well as vessel growth (94, 95). 

Minor muscle damage induced by mechanical stress during exercise also recruited 

macrophages which release growth factors in local area (27, 96). Two recent studies 

reported exercise intervention improved functional recovery of VML injured muscle in 

humans and rodents (89, 97). However, effects of exercise treatment after VML injury 

have not been widely investigated, and their influences on muscle and vessel 

regenerations inside implanted ECM at the site of the injury are unknown. Furthermore, 

combination effects of exercise intervention with stem cells injection on muscle 

regeneration and functional recovery after VML injury have not been tested yet.  

  In this study, therefore, exercise intervention which comprises both endurance and 

resistance exercises was used as a modality to enhance damaged muscle recovery after 

VML injury with or without MSCs injection.  

 

Methods 

Animal 

Male Lewis rats (6 to 9 months age) obtained from Charles River Laboratories 

(Wilmington, MA) were randomly assigned to experimental groups and individually 

housed on a reverse 12 hour light/dark cycle. Food and water were given ad libitum, and 

animals were treated in accordance with the guidelines set forth by the Institutional 

Animal Care and Use Committee (IACUC) of the University of Texas at Austin 

 

VML Injury and Experimental Groups 

All rats underwent VML injury which removed about 14% of the lateral 

gastrocnemius (LGAS). As previously described, a small incision (2 cm) was made 
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parallel and slightly posterior to the tibia. The biceps femoris was separated from the tibia, 

exposing the lateral edge of the LGAS. After isolating the LGAS from surrounding 

muscles, including the soleus, a 1cm by 1 cm full thickness of the muscle was excised 

from the middle third of the LGAS. Immediately after generation of the defect, an 

equivalent sized homologous of ECM which was parallel to native orientation of the 

muscle was implanted in place of the removed muscle tissue. The ECM was secured in 

place by a 5-0 Prolene suture, using a modified Kessler’s stitch, 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 and the skin were then closed via 

simple interrupted sutures. 

Post to the VML injury, animals were randomly assigned to one of four groups. 

Implantation of the ECM only (ECM CON), implantation of the ECM followed by bone 

marrow derived mesenchymal stem cell (MSC) injection (ECM+MSC), implantation of 

the ECM with exercise treatment (ECM+EXE), and ECM implantation with MSC 

injection and exercise treatment (ECM+MSC+EXE). All rats participated in 

familiarization with the exercise protocol which consisted of 3 days of exercise prior to 

the defect surgery. Each day, rats walked for 5 minutes at 13.5 meters per minute on a 

treadmill, and 30 minutes rest were allowed in their cages. Then they 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. 

 

Extracellular Matrix (ECM) Preparation 

The lateral gastrocnemius (LGAS) muscles were surgically removed from donor 

Lewis rats and placed in deionized water for 24 hours at 4°C. The muscles were then 

placed in chloroform for 72 hours followed by sitting in a 2% sodium dodecyl sulfate 

(SDS) solution on a shaker rack to decellularize the muscles, leaving the collagenous 

intracellular matrix. The SDS solution was changed approximately twice a week. Once 
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the cellular components were completely washed out, the ECMs were rinsed in deionized 

water for several days on a shaker rack. The deionized water was changed every day in 

order to facilitate the removal of the residual SDS. The ECMs were then placed in 0.1M 

tris buffered saline (TBS, pH = 9.0) for 4 hours. Finally they were stored in phosphate 

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

exposing ultraviolet light overnight and keep at 4°C until implantation. As previously 

reported, this procedure completely removed nucleus, cellular components, soluble 

proteins, and SDS (4). 

 

MSC Culture and Injection 

Mesenchymal Stem Cells (MSC) were isolated from the bone marrow of 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 

muscles and connective tissue on the bones. Once the epiphyses of collected bones were 

cut, bone marrow was aspirated using a media composed of 90% Dulbecco's Modified 

Eagle's Medium (DMEM), 10% Fetal Bovine Serum (FBS), and 1% antibiotic/ 

antimyctotic solution. The marrow was then centrifuged at 1000g for 5 minutes at a 

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

The cells were incubated at 37°C and 5% CO2, and the media was changed twice with 

DPBS to remove red blood cells for the first three days. Subsequently, media was 

changed once per 2-3 days until cells reached 80% confluence. Two groups (ECM+MSC 

and ECM+MSC+EXE) received MSC injection at 7 days post-defect surgery. Cells were 

removed from the culture flask by trypsinization and centrifuged at 1000g. Under 

anesthetic condition, stitches were removed from the skin, exposing the defect area. 

Approximately 1.5 x 10
6
 bone marrow derived MSC in passages 3-8 were suspended in 

200 uL of PBS and injected into 3 sites in the defect area (superior, middle and inferior) 

using 21-gauge needle. The skin was closed as before. 

 

Exercise Protocols 
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To mimic human exercise program after injury, exercise intervention started with 

low intensity walking exercise followed by moderate resistance exercise. Two exercise 

treatment groups (ECM+EXE and ECM+MSC+EXE) began exercise at 10 days post 

defect surgery (Figure 3.1). This may allow for ECM adhesion into the injury site and 

subsidization of any inflammatory response to defect surgery and the cell injection (15). 

Subjects were walked for every other day at 13.5 meters/min at 0° incline on a treadmill. 

Minimum and maximum exercise durations were between 5 and 10 minutes respectively, 

and increased by 5 minutes each session. They were encouraged via electric stimulation 

at 0.3 mA. In the 6th and final walking bout, they walked until voluntary exhausted. 

Subjects were then allowed two days of rest, followed by nine resistance exercise 

workouts, separated by two days rest between sessions.  

Ladder climbing was utilized for the resistance exercise, but the protocol was 

slightly modified from previous one (95). In the first lifting workout, they climbed the 

ladder carrying plastic bottle which weights 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. 

 

Force Measurements 

As previously described, all subjects underwent in situ functional measurements 

at 49 days post defect surgery on both experimental and contralateral LGASs (4). Briefly, 

after shaving both legs under anesthetic condition, a small incision (~2 cm) was made 

inferior to the femur, and the biceps femoris was separated to expose and cut the sciatic 

nerve. The midline of posterior lower limb was open, and the biceps femoris was cut and 

separated from gastrocnemius (GAS). The tibia nerve branch innervating medial 
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gastrocnemius (MGAS) was cut. The calcaneus was then cut, allowing for isolation of the 

Achilles tendon. The soleus and plantaris were then isolated from the GAS. A 1/16th inch 

drill bit was inserted through the knee to fix lower leg in the foot pedal. Isolated Achilles 

tendon was secured in the muscle lever arm of the dual-mode servometer (model 310B, 

Aurora Scientific, Aurora, ON, Canada). The sciatic nerve was stimulated by a muscle 

stimulator (Model 2100; A-M Systems) to elicit LGAS contraction. Mineral oil was use 

to keep moisturize muscle, and body temperature was maintained above 36°C via radiant 

heat lamp. Optimal length of the muscle was determined by peak twitch tension, and 

maximum tetanic tension (Po) was generated by stimulating the nerve at 150 Hz and the 

minimal voltage necessary. Each tetanic contraction was separated by 2 minutes of rest. 

The animal was sacrificed after functional measurement, and GAS muscle was collected.  

After separating LGAS from MGAS, its length and weight were measured. All muscle 

samples were embedded in OTC compound and freezed in liquid nitrogen cooled 

isopentane. They were stored in -80°C for future analysis. Specific tension (SPo) of 

LGAS was calculated by Po divided by cross sectional area (CSA) which can be 

estimated by following formula: [muscle mass (mg) x cosine of fiber pinnation angle 

(20°)] / [muscle density = 1.06 mg/mm
3
 x fiber length (mm)] = CSA (mm

2
) (98). 

 

Histological Analysis 

 Muscle samples (n=3 per group) were cross-sectioned at 5 or 10 μm thickness 

with a Leica CM1900 cryostat microtome (Leica Microsystems; Wetzlar, Germany) at -

20°C. ECM implanted region of the LGAS was divided into three areas; top, middle, and 

bottom. Sections were taken from each portions of the defected muscle and subject to 

histologic or immunohistochemical staining. Hematoxylin and eosin staining was used, as 

was Masson’s trichrome (Sigma-Aldrich; St. Louis, MO) staining to define regenerating 

muscle fibers and cellular materials as compared to collegenous fibrotic tissues around 

the defected area and inside 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 
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to improve the signal. After incubation, 3,3-diaminobenzidine (DAB) was used to 

develop color. Prior to imaging, all sections were mounted with Permount mounting 

medium (Fisher Scientific; Waltham, MA). Images were taken under a Nikon Diaphot 

microscope connected with an Optronix Microfire digital camera. Quantification was 

performed at each level of the defected area (top, middle, and bottom) within and around 

the boundaries of the ECM. At least three images from three different slides in each 

region were taken at 200x magnification. LabView was used to analyze the percentage of 

cellular material on the slide, and CSA of individual muscle fiber was calculated by 

Image J program. vWF-positive structures that had an internal lumen of 20 μm diameter 

or greater were choose to calculate the blood vessel density.  

 

Statistical Analysis 

Data are represented as mean ± SE. One-way ANOVA was used for analysis of 

group samples. Comparisons were made using student’s T-tests and Tukey’s post hoc 

tests. Statistical significance is defined as P < 0.05. 

 

Results 

Average 165mg (±5.46) muscle, approximately 14% of entire LGAS mass, was 

removed from one LGAS muscle. Decellularized ECM implantation at the site of defect 

fully restored the muscle mass of VML injured LGAS, and there was no difference of 

LGAS muscle mass between groups or within groups after the experiment (Table 3.1). 

The VML injury, however, resulted 24% and 30% deficits of tetanic and specific forces 

in the injured muscle compared to its contralateral non-injured LGAS in ECM CON 

group even at 49 days after the creation of the injury.  Both MSC injection (ECM+MSC) 

and exercise (ECM+EXE) treatment slightly improved the recovery of tetanic force and 

specific force in the injured LGAS, but none of their effects reached statistical 

significance. Only combination of the two treatments; MSC injection followed by 

exercise intervention (ECM+MSC+EXE) significantly enhanced the recovery of tetanic 
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and specific forces compared to those of ECM CON which were 94 and 95% of their 

contralateral LGAS values respectively (Figure 3.2).  

  For the (immune) histological examinations, entire LGAS muscles were serially 

cross-sectioned, and top, middle, and bottom regions of the defected area were analyzed 

separately to compare muscle regeneration and blood vessel regrowth inside the ECM 

between areas and groups. Exercise intervention (ECM+EXE) significantly increased the 

regeneration of muscle inside the ECM in the top and middle defect regions compared to 

ECM CON and ECM+MSC groups, and in the bottom region compared to ECM CON 

(Figure 3.3). In the top region, up to 47% of the ECM area was filled with newly 

generated muscle fibers in ECM+EXE. Exercise with MSC injection (ECM+MSC+EXE) 

further increased muscle regrowth inside the ECM in all three regions compared to all 

other groups (Figure 3.3). Regenerated muscle fibers occupied maximum 65% of the 

ECM area in ECM+MSC+EXE group. Blood vessels regrowth was also significantly 

increased in ECM+EXE and ECM+MSC+EXE groups compared to ECM control in the 

top region and to ECM CON and ECM+MSC in the middle and bottom regions of the 

defected area. In ECM+EXE and ECM+MSC+EXE groups, over 30 blood vessels were 

found in the top defected region, but there was no additional effect of exercise treatment 

with MSC injection on vessel regeneration. No difference of blood vessel’s number 

inside ECM existed between ECM+EXE and ECM+MSC+EXE in all three areas (Figure 

3.4). 

  Top defected region was chosen to measure the cross sectional area (CSA) of 

muscle fiber. After staining cross-sectioned muscle samples with H&E, CSA of muscle 

fibers was separately measured in two regions; inside and adjacent to the implanted ECM. 

Mature muscle fibers which didn’t contain centrally located nuclei were analyzed in 

adjacent region. Both MSC injection (ECM+MSC) and exercise intervention 

(ECM+EXE) significantly increased CSA of muscle fiber adjacent to the ECM by 11 and 

22% compared to ECM CON (P<0.001). In this area, fiber CSA in ECM+EXE was 

significantly larger than that of ECM+MSC (+10%, P<0.01). Combination of the two 

treatments (ECM+MSC+EXE) had a synergistic effect on increasing fiber CSA which 
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was significantly larger than all other groups (+31% to ECM CON, +18% to ECM+MSC, 

and +8% to ECM+EXE, P<0.01). Size of regenerating muscle fibers inside the ECM 

were were much smaller than mature muscles. However, MSC injection with EXE 

treatment significantly increased CSA of muscle fibers in the ECM compared to all other 

group by 83, 99, and 98% compared to ECM CON, ECM+MSC, and ECM+EXE 

respectively (Figure 3.5) (P<0.01).  Size distributions of muscle fibers in these two areas 

also clearly showed that less small but more large sized muscle fibers were regenerated in 

ECM+MSC+EXE muscle (Figure 3.6).  

 

Discussion 

VML injury is one of the most severe muscle injuries which results in permanent 

loss of muscle mass and function. Various sources of decellulized ECM matrices from 

porcine bladder to rat skeletal muscle have been used in different types of VML injury 

models to plug the gap generated by the injury. In our previous study, implantation of 

ECM at the defect site restored the superficial morphology of damaged muscle, but it did 

not improve contractile functions in part due to the lack of muscle regeneration in the 

ECM (4). Injection of stem cells into the implanted ECM enhanced muscle regrowth and 

functional recovery after VML injury. However, full regeneration of muscle at the injured 

site and recovery of contractile function have not been accomplished (5, 41).  

The muscle defect (14% muscle removal from LGAS) induced for VML injury in 

this study was slightly smaller than other studies (about 20% defect of LGAS or tibialis 

anterior), but the target muscle (LGAS) was irreversibly damaged and contractile 

functions were not recovered by ECM implantation alone (5, 6).  Implantation of 

decellularized allogeneic muscle ECM fully recovered muscle mass, but tetanic and 

specific forces of VML injured LGAS were still below 80% of non-injured contralateral 

LGAS without additional treatments. Each MSC injection (ECM+MSC) or exercise 

intervention (ECM+EXE) slightly enhanced recovery of tetanic and specific tensions of 

injured LGAS between 7% to 13% compared to ECM CON. However, none of them 

reached statistical significant until both treatments were combined together 
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(ECM+MSC+EXE) which resulted in 18% and 24% further improvements of tetanic and 

specific tensions respectively (Figure 3.1 and 3.2). These data demonstrate that individual 

treatment, MSC injection or exercise intervention, has low to moderate impact on 

functional recovery after VML injury. This is similar to our previous finding that MSC 

injection improved tetanic force by 10% more compared to ECM control after VML 

injury (5). MSC injection with exercise treatment has additive effects on recovering 

functional deficits of injured muscle, so VML injured LGAS muscle almost fully regains 

contractile functions compared with contralateral LGAS. Rates of functional recovery 

achieved in ECM+MSC+EXE are also higher than those of other studies that utilized 

ECM implantation and MSC injection after VML injury (5, 41). 

Implanting decellularized muscle ECM at the site of VML injury not only bridges 

the intact remnant muscle, but provides a space for growing new muscle fibers originated 

either from innate muscle or injected MSC. Histological analyses revealed MSC injection 

and exercise treatment improved regenerating muscle after VML injury, but degree of 

muscle and vessel regrowth were different among top, middle, and bottom defect areas.  

Muscle regeneration and blood vessel regrowth inside the ECM were most effective in 

top defected region compared to other two. This is possibly due to greater contact area of 

ECM to remnant non-injured muscle than other area which might facilitate blood vessel 

invagination and recruitment of immune cells.  

No further increase of muscle and vessel regenerations inside the ECM by MSC 

injection seemed to be attributed to small amount of muscle defect (14% of LGAS) 

compared to the previous study (20%).  More remaining intact muscle after less severe 

VML injury could better enhance regenerations of muscle and vessels in the ECM which 

accomplished maximum outcomes of previous study without additional treatment (over 

20% repopulation of muscle inside the ECM). MSC injection effects might blinded by 

overwhelmed innate regenerative capacity.     

Exercise treatment (ECM+EXE), however, significantly increased the area 

occupied by newly generated muscle in the ECM. Repeated bouts of running followed by 

resistance exercises during recovery periods after VML injury may activate resident 
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muscle stem cells including satellite cells and stimulate the repair of damaged muscle and 

the regeneration of new muscle fibers inside the ECM. Exercise treatment can also 

increase the recruitment of resident MSCs to the injured site, which may not directly 

regenerate muscle fiber, but have trophic effects on damaged muscle fibers and recruited 

satellite cells. It was found that eccentric exercise significantly increased populations of 

MSC inside muscle, and mechanical strain activated MSC regulatory gene, Sca-1 in vitro 

(99). Although MSC injection alone doesn’t improve regeneration of muscle in the ECM, 

MSC injection with exercise intervention (ECM+MSC+EXE) further increased muscle 

regrowth in the ECM. Up to 65% of the ECM was filled with regenerating muscle fibers. 

This result showed that exercise treatment seemed to have a permissive effect on the 

MSC. Repeated mechanical stimulus during exercise may enhance the survival of 

injected MSC via recruited macrophages which have anti-apoptotic but proliferative 

effects on stem cells (18, 22). Injected MSC may not directly contribute to muscle 

regeneration, but it may release growth factors and attract other stem cells into the ECM 

(100).  One study showed that injection of muscle derived MSC before eccentric exercise 

training significantly elevated satellite cell numbers, and it also induced significant 

muscle fiber hypertrophy and enhanced muscle strength (101). 

Vascularization is a rate limiting factor of cell survival and growth which can 

improve muscle regeneration and contractile function recovery after injury (102). In 

VML injured muscle, muscle regeneration was significantly retarded in the area where 

significantly fewer numbers of vessels were regenerated (5). Exercise is a well-known 

stimulator of vascular growth factors Not only endurance exercise but also resistance 

exercise has been known to activate the expression of key vascular growth factor, VEGF 

and blood vessel regrowth after acute and long-term resistance training (103, 104). In this 

study, exercise intervention significantly activates re-vascularization of the ECM, which 

may be a critical factor that stimulates regeneration of muscle in the ECM. Exercise 

induced vessel growth may be a prerequisite for the re-population of muscle in the ECM. 

The finding that greater muscle regrowth inside the ECM in ECM+MSC+EXE group 



27 

 

may be somewhat attributed to early vascularization of the ECM, which can help survival 

of the injected MSCs and promote muscle stem cell invasion.  

MSC injection and exercise intervention significantly influenced sizes of muscle 

fiber inside and adjacent to the ECM. Although individual treatments did not have any 

impact on size of regenerating muscle inside the ECM, they significantly increased CSA 

of muscle fiber adjacent to the ECM. This result supported that chemokines or soluble 

factors released from or by injected MSC might have paracrine effect on increasing CSA 

of muscle fibers near the ECM. Exercise intervention also had a similar but better effect 

of increasing fiber CSA in same area. Repeated muscle contractions and heavy loadings 

might elicit additional stimulus to the intact or regenerating muscles around ECM area. 

Resistance exercise has been known to activate anabolic signals but inhibit catabolic 

signals in recruited muscles (79, 82, 105). It induces muscle hypertrophy and reduces 

muscle atrophy, and some types of resistance exercises also activate satellite cells (106-

108). Combination of MSC injection and exercise treatment further increased CSA of 

muscle fibers in both regions. These effects might be mediated by releasing more growth 

factors by MSC injection and repeated muscle stimulus. In addition, hypertrophy of 

regenerating muscle after MSC injection with exercise treatment must contribute overall 

increase of muscle occupancy inside the ECM. We can not rule out the possibility that 

injected MSC might be differentiated to myoblast and fused with damaged or regenerated 

muscle at the site of injury because MSC has multi-lineage differentiation potentials, and 

fates of injected MSC inside the ECM were not measured in this study (93). However, 

further research is required for identifying whether injected MSCs were survived and 

grafted inside the ECM, and how exercise intervention influenced the fate of injected 

MSC after VML injury. 

In conclusion, low intensity walking followed by moderate resistance exercise 

after VML injury significantly enhanced muscle and vessel regrowth. Combined with 

MSC injection, these regenerative effects of exercise treatment further increased and 

contractile functions also significantly improved by MSC injection with the exercise 

intervention. Hypertrophy of muscles in and adjacent to the implanted ECM may also 
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contribute to functional recovery of injured muscle. Additional study is needed to test 

regenerative effects of conventional high intensity resistance or/and endurance exercises 

for identifying optimal exercise intensity after VML injury. 
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Figure 3.1. Study Design 
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Body Weight 

before (g) 

Body Weight 

after (g) 

Defected LGAS 

mass (mg) 

Contralateral 

LGAS mass (mg) 

ECM CON 559 (±8.90) 614 (±14.37) 1310 (±23.86) 1295 (±41.93) 

ECM+MSC 548 (±21.13) 592 (±19.46) 1160 (±38.36) 1156 (±47.42) 

ECM+EXE 552 (±11.16) 579 (±10.68) 1260 (±70.23) 1295 (±31.06) 

ECM+MSC+EXE 582 (±17.48) 608 (±20.75) 1226 (±69.40) 1232 (±76.86) 

Table 3.1. Body weight and muscle mass at 6 weeks post VML injury    
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Figure 3.2. Recovery rates of tetanic and specific force to contralateral non-injured LGAS after 

VML injury. * Significant different to ECM CON (P<0.05 ) 
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Figure 3.3. Regenerations of muscle fiber inside the implanted ECM at top, middle, and bottom 

regions of the defect. #Significant different to ECM CON, #Significant different to ECM+MSC, ^ 

Significant different to ECM+EXE (P<0.05). Double symbols represent P value is less than 0.001. 
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Figure 3.4. Blood vessel regrowth inside the ECM. Graph describes average numbers of blood 

vessels in square millimeter of ECM. #Significant different to ECM CON, #Significant different 

to ECM+MSC(P<0.05). Double symbols represent P value is less than 0.001. 
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Figure 3.5. Average cross sectional area (CSA) of muscle fibers inside and adjacent to implanted 

ECM at the site of VML injury. *Significant different to ECM CON, #Significant different to 

ECM+MSC, ^ Significant different to ECM+EXE (P<0.05). Double symbols represent P value is 

less than 0.01. 
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Figure 3.6. Size distributions of muscle fiber inside and adjacent to the implanted ECM at the site 

of VML injury 
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Chapter IV: High Intensity Progressive Resistance Exercise Intervention as a 

Modality to Improve Muscle Regeneration and Functional Recovery after VML 

Injury 

 

Introduction 

Collected data from wounded soldiers returning from recent battle fields revealed 

that soft tissue injury was the most common extremity. Soft tissue injury causes 

complications including long-term disability as well as greatest medical cost and 

economic impacts (1, 2). Volumetric muscle loss (VML) injury is one type of soft tissue 

injury, and unlike most other types of muscle injuries, it results irreversible loss of 

affected muscle mass and contractile function (3). In addition, no standardized treatments 

for this traumatic muscle injury are available. 

Decellularized extracellular matrix (ECM) has been utilized in different models of 

VML injuries, and they contribute to filling the gap between remaining muscles and 

transmitting mechanical force. Implanted ECM also provided space for invading immune 

cells, regenerating muscle fibers, and blood vessels at the defect site (4). However, 

outcomes of the ECM transplantation alone are inconsistent between studies possibly due 

to different injury sites, amounts of defect, and types of utilized ECM (5-8). Contractile 

functions of the injured muscle were not improved just by ECM transplantation (5, 8). In 

addition, newly generated muscle fibers were found only in the area nearby intact 

remnant muscle (4, 6). Thus, additional treatments with ECM implantation are required 

for enhancing functional recovery and muscle regeneration after VML injury.  

Resistance training is a popular exercise regime, and it has been widely known to 

stimulate muscle hypertrophy and prevent muscle atrophy (9). It activates anabolic 

signals with a net positive protein balance but suppresses muscle atrophy related gene 

expressions (10, 11). Many rehabilitation programs are utilizing resistance exercise to 

increase muscle mass and improve contractile function after muscle injury and disease 

(12-14). Long term high intensity resistance exercise increased muscle mass, fiber cross 

sectional area (CSA), and tetanic force (15, 16). There are also reports that resistance 

exercises significantly increased satellite cells in human muscles (17, 18).  



37 

 

Recent studies reported benefits of exercise interventions in VML injured muscles. 

Endurance exercise enhanced recoveries of muscle mass and contractile functions in rat 

skeletal muscle after the VML injury (19). Exercise intervention with ECM 

transplantation significantly improved contractile functions of VML injured human 

skeletal muscle (7). However, direct effects of high intensity resistance exercise on 

muscle regeneration and contractile function recovery after VML injury have not been 

tested yet. Therefore, in this study, we investigated effects of progressive resistance 

exercises on functional recovery and regeneration of muscle in the implanted ECM after 

VML injury of lateral gastrocnemius.  

 

Methods 

Animals 

Adult Fisher 344 rats (male, 365±4.24g average body weight, BW) were obtained 

from Charles River (Kingston, NY). Rats were randomly divided into either ECM 

implantation alone (ECM-CON, n=7) or ECM implantation with resistance training 

(ECM-RT, n=8) groups and housed individually after VML injury. Food and water were 

allowed ad libitum, and a 12-hour light/dark cycle was maintained during the study. All 

experimental procedures were approved and conducted in accordance with guidelines set 

by the University of Texas at Austin Institutional Animal Care and Use Committee. 

 

VML Injury 

As Merritt et al. (5) described VML injury was induced in lateral gastrocnemius 

(LGAS) of all rats. Briefly, under anesthetizing with inhalation of 2.5% isoflurane, 2cm 

incision was made on the lateral side of the lower limb parallel to the tibia. Lateral side of 

the lateral gastrocnemius (LGAS) muscle was exposed by cut and separation of the 

biceps femoris from the tibia.  1cmx1cm full thickness laceration was made with a #9 

scalpel blade just below in the line of tibial tuberosity. The muscle between two 

lacerations was cut and removed approximately 20% muscle mass of LGAS. Immediately 

after the defect, prepared decellularized porcine ECM was tailored to the same size of 

removed LGAS muscle and implanted at the site of the injury using a modified Kessler 
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stitch (5-0 Prolene; Ethicon) with simple interrupted sutures on each of the three borders 

to hold the cut ends together and serve as markers for later analysis. Biceps femoris and 

skin incisions were closed with silk suture (Ethicon 4-0), and rats were returned to clean 

cage and allowed to recover for 8 weeks. 

 

Decellularized Porcine ECM  

Trimmed porcine muscle cut into smaller pieces and washed with PBS. The tissue 

was thoroughly soaked in trypsin and 100mM dithiothreitol (DTT) for 1-1.5hrs at 37 C. 

After washing with water and PBS, the tissue was placed in glycerol for 48hrs. The 

muscle tissue was then placed in a chamber in tris-glycine solution and a constant 60V 

current applied for 24hrs. The tissue was placed in 2% SDS solution and agitated by 

shaking for 6hrs. These steps were repeated until porcine muscle was clear. Completely 

decellularized ECM was stored in 2% SDS. The ECM washed with diH2O and sterilized 

before transplantation. 

 

Resistance Exercise 

Rats assigned in resistance exercise group (n=8) started progressive ladder 

climbing exercise at10 days post VML injury. The ladder was 1m length with 2cm grid 

and inclined at 85 degree. Three consecutive days were given to acclimate the ladder 

climbing exercise without additional weight prior to the injury. To increase training 

intensity, plastic tube containing weights was attached at the proximal tail by elastic type 

and Velcro strap. Initially the tube was 50% of individual’s body weight and increased 75, 

90, and 100%, after then additional 30g was added in subsequent trial maximum of 120g. 

Two minutes break was allowed after each climb in simulated cage at the top of the 

ladder. Exercise stopped when rats failed to climb entire length of the ladder or strongly 

refused to climb even three consecutive electric shocks (0.2-0.3mA) were given. The start 

loading of next session was 50% of the maximum if carried over 100% of their body 

weight in previous session. Otherwise 50% of their body weight was applied again. 
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Exercise was performed once per every three days until eight weeks after the injury (total 

16 sessions).  

 

Functional Measurements 

At eight weeks after the injury, both LGAS muscles were subjected to functional 

measurement. 2cm incision parallel to the femur was created, and the biceps femoris was 

exposed and separated to locate and cut sciatic nerve. Another incision was made in the 

midline of posterior of the lower limb from the calcaneus to the popliteal region. The 

biceps femoris was cut and separated from the gastrocnemius (GAS). One branch of tibia 

nerve that innervated medial gastrocnemius (MGAS) was cut. Achilles tendon was 

separated from the calcaneus and soleus and plantaris were isolated from the GAS. Knee 

was fixed in foot pedal, and the Achilles tendon was tied in the muscle lever arm of the 

dual-mode servomoter (model 310B, Aurora Scientific, Aurora, ON, Canada). To 

stimulate the LGAS, the sciatic nerve was placed on electrodes connected to a muscle 

stimulator (Model 2100; A-M Systems). Body temperature was kept at 36 °C with a 

radiant heat lamp, and the muscle and nerve were moisturized with mineral oil. After 

finding optimal length based on the measurement of peak twitch tension, LGAS was 

stimulated at 150Hz to determine peak tetanic tension (Po). Two minutes rest was allowed 

between contractions, and GAS muscle was removed after functional measurement. 

LGAS was separated from MGAS, and its length and weight were measured. Muscle 

samples embedded in OTC compound freeze in liquid nitrogen cooled isopentane and 

stored in -80°C for future analysis.  

Specific tension (SPo) of LAGS can be calculated by Po divided by cross sectional 

area (CSA) which is estimated by following formula: [muscle mass (mg) x cosine of fiber 

pinnation angle (20°)] / [muscle density = 1.06 mg/mm
3
 x fiber length (mm)] = CSA 

(mm
2
) (20).  

 

Histology 
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Frozen muscle samples were sectioned in cryostat (Leica CM1900; Leica 

Microsystems Inc.; Buffalo Grove, IL) at 10um thickness. Top, middle, and bottom 

regions of defected area distanced at least 2mm apart were subjected to histologic 

staining. Sliced samples were stained by Hematoxylin & Eosin (H&E) (Sigma-Aldrich; 

St. Louis, MO) and Masson’s trichrome (Polysciences; Warrington, PA). Stained slides 

were observed with a Nikon Diaphot microscope mounted with an Optronix Microfire 

digital camera interfaced with a Dell 8250 computer for storage and analysis of images. 

 

Statistical Analysis 

All data were described as the mean ± SE. Student’s t-test and One way ANOVA  were 

used to compare variables between groups. Significant differences were determined by 

Tukey HSD post hoc test (P<0.05). 

 

Results 

VML injury was created by defecting average 170mg (±4.11) of LGAS muscle 

which was approximately 20% of contralateral non-injured LGAS mass. ECM-CON 

group gained 18g of body weight (P<0.01), but ECM-RT group lost 3.75g during 8 

weeks recovery after the injury. As a result, body mass was significantly greater in ECM-

CON than ECM-RT at 8 weeks post the injury (P < 0.01). Muscle mass of the defect 

LGAS in ECM-RT (778±23.93mg) was heavier than that of ECM-CON (744±28.68mg), 

but this is not significantly different (Table 4.1). Relative muscle mass (muscle 

weight/BW), however, was significantly greater in ECM-RT (2.18±0.06) compared to 

ECM-CON (1.92±0.06) (P<0.01) (Figure 4.1a). Amount of muscle gain after the injury 

was also calculated by a following equation; current muscle mass + defected mass – 

contralateral uninjured LGAS.  Resistance exercise significantly increased the gain of 

muscle mass after the VML injury (P<0.01) (Figure 4.1b). In fact, injured LGAS mass 

increased 56mg in ECM-RT while it decreased -47mg in ECM-CON. Muscles mass of 

injured LGAS was still significantly lower than its contralateral uninjured LGAS in both 

groups (P<0.01) (Figure 4.1a).  
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Contractile function of VML injured muscle was enhanced by resistance training. 

Tetanic tension (Po) of injured LGAS was significantly increased in ECM-RT compared 

to ECM-CON (86% vs. 69%) (P<0.05). In ECM-RT, specific tension (SPo) recovery was 

also significantly increased compared to that of ECM-CON (95% vs. 83%) (P<0.05) 

(Figure 4.2). 

Histological analyses showed significant impacts of resistance training on VML 

injured muscle. To measure CSA of mature muscle fibers,  total 2687 and 2394 muscle 

fibers were randomly selected from five different areas in top, middle, and bottom defect 

areas of ECM-CON and ECM-RT muscle samples respectively (n=4 in each group). 

Resistance training induced significant hypertrophy of mature muscle fibers in VML 

injured muscle. Fiber CSA of ECM-RT was significantly greater than that of ECM-CON 

(5123um
2
 vs. 4668um

2
, P<0.05) (Figure 4.3a). In addition to muscle mass and fiber CSA, 

total muscle area was measured in VML injured muscle. It was similar between ECM-

CON and ECM-RT in bottom and middle defect areas. In top, resistance exercise (ECM-

RT) increased the muscle area by 21% compared to ECM-CON, but this difference was 

not statistically different (P=0.14). (Figure 4.3b). Another interesting effect of resistance 

exercise after VML injury was it seemed to influence the orientation of regenerating 

muscle fibers at the site of injury. Compare to ECM-RT, more elongate shaped muscle 

fibers were observed in muscle regenerating area of ECM-CON (Figure 4.4).  

 

Discussion 

 Similar to the previous findings in our laboratory, ECM-CON group gained about 

5% of body mass, but ECM-RT lost about 1% of body mass during eight weeks of 

recovery after VML injury. However, no abnormal behavior or inflammatory signs at the 

site of injury were observed in exercised group.   

About 20% full thickness defect of LGAS muscle was not regenerated by 

immediate decellularized porcine ECM implantation, but the defected muscle lost further 

mass (-47mg) after the injury. This indicated muscle damages and possible inflammation 

by the defect caused further atrophy of the remnant muscle in injured area. This was 
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consistent with the observation that the length of injured area was longer than the original 

defect size (1cm length) at 8 weeks after the injury. Implanted porcine ECM seemed to be 

degraded and reabsorbed before muscle fibers regenerated inside the ECM. Therefore, 

compared to allogeneic decellularized ECM, xenogeneic porcine ECM implantation was 

less effective for recovering muscle mass after VML injury in rat compared to previous 

studies in our laboratory (5).   

After resistance training (total 16 sessions), rats could climb the ladder with an 

average 812g additional weight (227% of their BW).  This high intensity progressive 

resistance exercise significantly enhanced recovery of injured muscle mass. Compared to 

ECM-CON, relative muscle mass of the injured LGAS increased 14% in ECM-RT. 

Considering the amount of defect and muscle mass of contralateral non-injured muscle, 

56mg of muscle mass was gained by the resistance exercise, but ECM-CON lost 47mg 

muscle during same period of time. Thus resistance training had an impact of gaining a 

net 103mg LGAS muscle mass during 8 weeks of recovery (Figure 4.1b). 

In addition to dorsi/plantar flexion, repeated toe flexion from extended position 

was required for climbing the ladder. Significant hypertrophy of flexor digitorum longus 

(FDL) muscle (18%, data not shown) but not plantaris, soleus, and GAS muscles after 

ladder climbing exercise demonstrated toe flexors were heavily recruited for this exercise 

(16). Consistent with the previous finding, the ladder climbing exercise didn’t induce 

hypertrophy of non-injured LGAS (relative muscle mass: 2.49 in both groups). However, 

relative muscle mass of VML injured LGAS was significantly increased after the exercise 

by 14% compared to that of ECM-CON. Removing about 20% LGAS muscle might 

require additional force generation to remnant LGAS during ladder climbing which 

caused hypertrophy of injured LGAS muscle after the exercise. Thus this result 

demonstrated that recruitment of injured muscle as a secondary mover was an efficient 

way to recover lost muscle mass via compensatory overloading of remnant muscle. 

Increase of muscle mass after resistance training may directly contribute to regaining 

contractile functions of VML injured LGAS in ECM-RT.   
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Loss of muscle mass after the VML injury also resulted significant deficit of 

contractile functions. In ECM-CON, Po of defected LGAS was less than 70% of 

contralateral LGAS, and SPo was 83% in injured muscle compared to non-injured LGAS. 

Resistance training with ECM implantation significantly improved functional recovery of 

VML injured LGAS. Po and SPo recovery increased 17% and 12% in resistance exercise 

group (ECM-RT) compared to ECM-CON respectively (Figure 4.2). In comparison with 

the reported effect of endurance exercise after VML injury of tibialis anterior (TA) 

muscle, this is 11% more enhancement of Po recovery by resistance exercise (19).  

To investigate underlying cellular mechanisms of increasing muscle mass and 

contractile functions after resistance training, three injured areas; top, middle, and bottom 

defected regions of LGAS were sectioned and analyzed. Among three muscle heads; 

medial, intermediate, and lateral in the LGAS, our VML injury model mainly targeted 

lateral head (21). Cross-sectioned images showed that the connective layer between 

lateral and intermediate heads of LGAS was missing in the injured muscle (Figure 4.5). 

This represented the lateral head of LGAS was not restored by ECM implantation (ECM-

CON) or ECM with resistance exercise (ECM-RT). Instead LGAS remodeled to two 

heads (intermediate and medial heads) muscle in defected region, and thick fibrotic 

tissues barrier was also generated at the site of injury (Figure 4.5a and 4.5b). This 

observation also clearly demonstrated that increase of muscle mass after resistance 

training was not attributed to regeneration of the lateral head, but regenerated 

intermediate head seemed to occupy in the area of lateral head after the VML injury. 

Regeneration of small lateral head LGAS was observed in top and bottom but not in 

middle injured area. Better physical contact to the remnant muscle in top and bottom 

sides might increase the availability of muscle stem cells, and this improved regeneration 

of muscle in those areas. Lack of lateral head LGAS muscle regeneration might mainly 

attribute to severe loss of muscle mass and small remnant muscle after the injury. The 

lateral head of muscle is separated from other two heads by thick connective tissues; 

therefore the remaining two heads of LGAS may not able to contribute to repair of lateral 

head LGAS muscle after the VML injury. In addition, early degradation and absorption 



44 

 

of the ECM before myoblasts infiltration may also limit the regeneration of defected 

lateral head.  

Measuring fiber CSA in defect areas confirmed that the size of mature muscle 

fibers increased about 10% in ECM-RT compared to ECM-CON which would mainly 

contribute to the increase of muscle mass after the exercise. Resistance training also 

increased numbers of muscle fibers. In ECM-RT, total area of intact muscle in top 

defected region was 21% larger than that of ECM-CON (45.54mm
2
 vs. 36.85mm

2
). Total 

numbers of intact muscle fibers estimated by dividing total muscle area by average fiber 

CSA were 8907 in ECM-RT but only 7416 in ECM-CON. Therefore high intensity 

resistance exercise increased both size and numbers of mature muscle fibers in VML 

injured muscle.    

Another interesting finding of this study was resistance training after VML injury 

seemed to affect alignment of regenerating muscle fibers. Similar to other studies, many 

elongate shaped regenerating muscle fibers were found in defected area, and these fibers 

did not seem in parallel with their neighbors (22, 23) (Figure 4.4). However, these 

misaligned muscle fibers were less frequently observed in the ECM-RT slides. Repeated 

muscle stretch during ladder climbing exercises might accommodate parallel alignment 

of newly generated fiber. A study found that cyclic stretch of biological scaffold 

enhanced diffusion of muscle progenitor cells and development of aligned myotubes (24). 

Additional research is needed to quantify the number of misaligned muscle fibers in the 

defect area and evaluate the effects of resistance exercise on these muscle fibers after 

VML injury.     

This is the first study that demonstrates regenerative effects of resistance exercise 

after VML injury. With porcine ECM implantation, high intensity resistance exercise 

could not fully restore almost completely removed parts of lateral head of LGAS. 

However, it had significant impacts of enhancing muscle mass and contractile function 

recoveries via remodeling minor injured remaining two heads of LGAS. Significant 

hypertrophy of mature muscle fibers was also accomplished by the exercise. Further 

research is required to test the regenerative effects of resistance exercise with implanting 
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different source of ECM at the VML injured site and with or without stem cell 

transplantation. However, results of this study can provide an insight for designing 

exercise rehabilitation program in VML injured human subjects.  
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BW Before BW After 

Defect 

size 
DEF LGAS 

CON 

LGAS 

DEF 

MGAS 

CON 

MGAS 

ECM-CON 370 (6.81) 388 (7.92)
#*

 173 (6.27) 745 (28.68) 
965 (27.42) 

(P=.059) 
728 (14.59) 709 (22.69) 

ECM-RT 361 (5.26) 357 (3.98) 168 (5.64) 779 (23.93) 891 (23.85) 713 (12.85) 670 (9.11) 

        

Table 4.1. Body mass (g) and Muscle weight (mg) 

DEF: defected leg, CON: contralateral uninjured leg 

# 
Significant to the BW before injury 

* Significant to the BW of ECM-RT at the same time 
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Figure 4.1. Relative muscle mass of defected (DEF) and uninjured contralateral (CON) LGAS 

(a). Total amount of LGAS mass recovery after VML injury in ECM-CON and ECM-RT (b). 
* 

Significant to ECM-CON, 
#
 significant to the value of DEF LGAS. Double symbols represent P 

value is less than 0.01. 
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Figure 4.2. Tetanic tension and specific tension recovery of DEF LGAS compared to 

contralateral uninjured LGAS. * Significant to ECM-CON, P<0.05.  
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Figure 4.3. Cross sectional area (CSA) of uninjured muscle in the defected LGAS (a). Total 

intact muscle area in bottom, middle, and top defect areas (b). * Significant to ECM-CON 
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Figure 4.4. Regenerating muscle fibers at the site of injury. Elongate shaped muscle fibers 

highlighted blue circle.  
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Figure 4.5. Cross sectional image of non-injured contralateral LGAS (left leg)(a). Images from 

middle defected areas of ECM-RT (right)(b) and ECM-CON (right)(c). Dashed square indicates 

possible defected area (a).  
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Chapter V: Regenerative Effects of Single Muscle Fiber Injections with/without 

Progressive Resistance Exercise on Muscle Regeneration and Functional Recovery 

after VML Injury 

 

Introduction 

Volumetric muscle loss (VML) is a traumatic muscle injury which causes major 

issues including not only recovering muscle mass but regaining lost muscle cells/fibers 

and contractile functions. Due to the complete loss of large muscle mass, damaged area is 

not able to be repaired by intrinsic regenerating mechanisms. As a result, VML injury 

causes permanent mass and functional deficits. Thus extrinsic sources of structural 

scaffold and myogenic stem cells are needed for repairing VML injured muscle.  

Decellularized extracellular matrix (ECM) is a naturally driven biological scaffold 

that keeps mechanical structure and biochemical features (1).  Implanted ECM at the site 

of VML injury can provide structural support for invading immune cells and 

transplanting stem cells. It also releases growth factors which promote regeneration of 

damaged muscle (2).  Therefore ECM scaffolds have been utilized for filling the defect at 

VML injury sites, but ECM implantation alone has limited effects of regenerating 

damaged muscle after VML injury (3, 4). 

  Satellite cell is a muscle specific stem cell that has robust self-renewal and 

myogenic capacities. It is located peripherally between sarcolemma and basal lamina in 

individual muscle fiber (5). Upon muscle injury, satellite cells are activated, proliferated, 

and migrated to the damaged area. They are differentiated and developed to new 

myofibers (6, 7). Currently satellite cells are considered in the only or main source of 

muscle stem cell, and loss of them significantly impaired regeneration of muscle after 

injury (8, 9). Transplantation of satellite cells has been thought to be a good candidate for 

adult stem cell therapy to cure not only genetic muscle diseases but also traumatically 

injured muscles. However regenerative effects of transplanting satellite cells after 

traumatic muscle injury have not been widely tested yet due to small populations and 

isolation issues from host fiber. 
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Resistance exercise has been widely utilized in rehabilitation programs. 

Increasing muscle mass and function are well-known effects of resistance exercises after 

muscle injury and diseases (10-12). Resistance exercise stimulates a net muscle protein 

synthesis with or without providing nutritional supplement (13, 14). It was also reported 

that resistance exercises significantly increased satellite cells’ number in exercised 

muscles (15, 16). Key intracellular anabolic signals were highly activated but muscle 

atrophy related gene expressions were inhibited by resistance exercises (17-19). Recently 

effects of exercise treatment on VML injured muscle were tested, and muscle mass and 

contractile functions were significantly increased after exercise intervention (20, 21). 

However, direct effects of resistance exercise intervention on muscle regeneration and 

contractile function recovery after VML injury have not been widely tested yet. 

Furthermore, combination effects of resistance exercise with stem cell injection have not 

been tested yet.  

Therefore, this study investigated effects of satellite cells injections with/without 

progressive resistance exercises on functional recovery and regeneration of muscle in the 

implanted ECM after VML injury of lateral gastrocnemius (LGAS).  

 

Methods 

 

Animals 

Male Fisher 344 rats (BW: 371±3.98g, N=26) from Charles River (Kingston, NY) 

were randomly assigned to each of the four groups; ECM control (ECM-CON, n=7), 

ECM with fiber injection (ECM-INJ, n= 6), ECM with resistance training (ECM-RT, 

n=8), and ECM with fiber injection and resistance training (ECM-INJ-RT, n=5). Rats 

were housed individually after the VML injury. Food and water were available ad libitum, 

and a reverse 12-hour light/dark cycle was maintained during the study. All experimental 

procedures were approved and conducted in accordance with guidelines set by the 

University of Texas at Austin Institutional Animal Care and Use Committee. 

 

VML injury and ECM implantation 
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Lateral gastrocnemius (LGAS) was subject to VML injury under anesthetizing via 

2.5% isoflurane inhalation. A small incision (about 2cm) was created on the lateral and 

parallel side to the tibia.  Biceps femoris was opened and separated from gastrocnemius 

(GAS). After isolating soleus from LGAS, 1cmx1cm full thickness laceration was made 

using a #9 scalpel blade at the level just below tibial tuberosity. Approximately 20% 

LGAS muscle was removed by cutting perpendicularly between the two sections and 

remaining. Decellularized porcine ECM was cut to the size of the defect and implanted at 

the injured site immediately via a modified Kessler stitch (5-0 Prolene; Ethicon) with 

simple interrupted sutures. Biceps femoris and skin were closed with silk suture (Ethicon 

4-0), and rats were placed back into their cages and recovered for 8 weeks. 

To prepare decellularized porcine ECM, porcine muscle was cut into small pieces 

and washed several times with PBS. It was soaked in trypsin and 100mM dithiothreitol 

(DTT) solution for 1 to 1.5hrs at 37 C followed by washing with water and PBS. After 

incubating in glycerol for 48hrs, tissues were placed in customized electrophoresis 

machine filled with 2 L of tris-glycine solution; (constant voltage at 60V) for 24 hrs. 

Then they were washed with 2% SDS on shaker for 6hrs. Electrophoresis and washing 

steps repeated until cellular materials were non-visible in porcine muscle. Prepared 

decellularized ECM was kept in 2% SDS, and it was washed with diH2O and sterilized 

before transplantation. 

 

Single muscle fiber Isolation and Transplantation 

Fisher 344 transgenic rats [F344-Tg(UBC-EGFP)F455Rrrc] (Male, BW: 

232g±3.5g)  from Rat Resource and Research Center (RRRC) in University of Missouri 

were used as muscle fiber donors. As Conboy et al. (22) described extensor digitorum 

longus (EDL) muscles were dissected and incubated in 0.2% of collagenaseⅡ solution 

for 90min at 37°C. Then the muscles were transferred in culture dish containing the 

control media (Ham’s F-10 with 20% FBS, 5ng/ml bFGF, and 1% 

penicillin/streptomycin). Under dissecting microscope, the digested muscle was triturated 

with wide opening Pasteur pipette repeatedly. Dissociated single muscle fibers were 
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transferred and washed five times with clean control media. Single muscle fibers were 

suspended in PBS and were kept in the chamber (37°C and 5% CO2) up to 5hrs before 

delivering into the VML injured muscle. 

Single muscle fibers were transplanted via insulin syringe attaching 28G1/2 gauge 

needle coated with horse serum. Under anesthetizing with inhalation of 2-3% of 

isoflurane, VML injured site was opened again at 7 days after the injury (Figure 5.1). 

Three to four fibers were injected into the implanted ECM with minimum volume of PBS 

in each time. After transplanting 30 to 35 muscle fibers injured site was closed again with 

silk suture.  

 

Resistance Exercise 

Resistance exercise groups (ECM-RT and ECM-INJ-RT) performed ladder 

climbing exercise once per every three days starting at 10 days post the injury (total 16 

sessions) (Figure 5.1). As described by Lee et al. (23), 85 degree inclined 1m length 

ladder with 2cm grid was used for the exercise. Three consecutive days of practice period 

was given prior to the VML injury. To increase training intensity, a plastic tube filled 

with metal beads was attached at the proximal tail. The weight of tube started with 50% 

of individual’s body mass and increased 75, 90, and 100%. The 30g more was added in 

following climbs up to 120g. Two minutes break was given between each climb, and the 

exercise continued until rats failed to reach the top of the ladder or refused to climb even 

after receiving three electric shocks (0.2-0.3mA). Initial loading of subsequent session 

was 50% maximum of the previous session if the maximum carry was over 100% of 

body weight.  

 

Functional Test 

As Merritt et al. described (4), contractile function was measured at 8weeks after 

the VML injury in both LGAS muscles, VML injured and contralateral control. Briefly 

about 2cm incision was made parallel and posterior to the femur, and sciatic nerve was 

cut through a small incision on biceps femoris. After opening entire midline of posterior 

lower limb skin, bicep femoris was cut, and GAS was separated from it. Medial 
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gastrocnemius (MGAS) was denervated by cutting a tibia nerve branch. Achilles tendon 

was detached from the calcaneus, and soleus and plantaris were separated from the GAS. 

Knee was secured via inserted pin fixed in a metal knee brace, and Achilles tendon was 

fixed in the muscle lever arm of the dual-mode servomoter (model 310B, Aurora 

Scientific, Aurora, ON, Canada). The sciatic nerve was stimulated via electrodes 

connected to a muscle stimulator (Model 2100; A-M Systems). Radiant heat lamp kept 

the body temperature at 36°C and mineral oil moisturized muscle and nerve. Peak twitch 

tension value was used to determine optimal muscle length, and peak tetanic tension (Po) 

was measured at 150Hz with minimum voltage under 20V. Two minutes break was given 

between tetanic contractions. After dissecting entire GAS, LGAS was isolated from 

MGAS to measure its length and mass. Samples were embedded in OTC compound and 

frozen in liquid nitrogen cooled isopentane. They were stored in -80°C for future analysis. 

Specific tension (SPo) was calculated by Po divided by physiological cross 

sectional area (CSA) estimated by following formula: [muscle mass (mg) x cosine of 

fiber pinnation angle (20°)] / [muscle density = 1.06 mg/mm
3
 x fiber length (mm)] = CSA 

(mm
2
) (24).  

 

Histological Analyses 

Muscle samples (n=3-5 per group) were cross-sectioned at 10um thickness in 

cryostat (Leica CM1900; Leica Microsystems Inc.; Buffalo Grove, IL). Top, middle, and 

bottom defect area separated at least by 2mm were stained with Hematoxylin & Eosin 

(H&E) (Sigma-Aldrich; St. Louis, MO) and Masson’s trichrome (Polysciences; 

Warrington, PA). Sections were mounted with Permount (Fisher Scientific; Waltham, 

MA) and observed under a Nikon Diaphot microscope mounted with an Optronix 

Microfire digital camera. At least four images in each region from three muscle samples 

were captured at 20x objective lens.  

For the immunohistological analyses, sliced muscle samples were fixed with ice 

cold acetone for 8-10min. After blocking with 5% normal goat or donkey serum with 1% 

BSA in PBS, slides were incubated in GFP (1:200; Lifetechnologies), Pax7 (1:50; 
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DSHB), NF-200 (neurofilament, 1:200; Sigma Aldrich), and MF20 (sarcomere myosin, 

1:100; DSHB) antibodies overnight at 4°C. After washing, samples were incubated with 

secondary antibodies (goat anti-rabbit Alexa488, 1:200; Lifetechnologies and donkey 

anti-mouse-FITC fluorescein, 1:100; Santa Cruz) for 1hr at room temperature. All slides 

were counterstained with DAPI. Immunofluorescence image was captured with a Leica 

DM LB2 fluorescence microscope equipped with a Leica DFC340FX digital camera. Lab 

View and Image J programs were used for analyzing prepared slides. 

 

Statistics 

Data were described as the mean (± SE). Student’s t-test and One way ANOVA 

were used to compare variables between groups. Significant differences were determined 

by Tukey HSD post hoc test (P<0.05). Pearson’s correlation coefficient was used to 

explore the relationship between different variables. 

 

Results 

Approximate 20% LGAS muscle was defected via this model of VML injury, and 

utilizing the decellulized porcine ECM implantation to connect remnants of the muscle at 

the site of injury did not restore muscle mass with (ECM-INJ) or without muscle fiber 

injection (ECM-CON). Resistance exercise intervention significantly enhanced the 

recovery of muscle mass after the injury (ECM-RT; 88% to contralateral uninjured 

LGAS), but muscle fiber injection plus resistance exercise (ECM-INJ-RT) did not have 

significant impact on the mass recovery (Figure 5.2a). In all four groups MGAS was 

significantly hypertrophied (+4%, no between difference) in injured leg compared to 

contralateral MGAS (697mg vs. 669mg) (P<0.01). Recovery of total GAS mass in ECM-

RT was 96% of its contralateral GAS which was significantly higher than ECM-CON 

and ECM-INJ (P<0.05) (Figure 5.2b). About 20% LGAS muscle defect caused further 

loss of muscle mass in ECM-CON (-4.92%), but resistance exercise increased VML 

injured muscle mass by 6.51% (P<0.05) (Figure 5.2c).  



58 

 

Loss of muscle mass reduced force output after the VML injury, but resistance 

exercise significantly improved contractile functions of injured LGAS muscle. Tetanic 

tension of VML injured LGAS was significantly higher in resistance exercise groups, 

ECM-RT (11.16N) and ECM-INJ-RT (10.39N) compared to ECM-CON (8.70N) and 

ECM-INJ (8.24N) (P<0.05) (Figure 5.3a). Specific tension (SPo) was also increased in 

the exercised groups. SPo of ECM-RT (19.88 N/cm
2
) and ECM-INJ-RT (20.40 N/cm

2
) 

were significantly higher than that of ECM-CON (15.37 N/cm
2
) (P<0.01) (Figure 5.3b).  

Cross sectional area (CSA) of muscle fibers in bottom, middle, and top defect 

regions were separately analyzed in this study. As shown in Figure 4, resistance exercise 

induced significant hypertrophy of mature muscle fibers. CSA of muscle fibers in bottom 

and middle defect areas were significantly larger in ECM-RT and ECM-INJ-RT 

compared to ECM-CON and/or ECM-INJ (P<0.05) (Figure 5.4). In top area, CSA of 

intact muscle fibers were not different between groups. Fiber injection and resistance 

exercise influenced CSA of regenerating muscle fibers in defected site. In bottom area, 

sizes of regenerating muscle fibers were significantly larger in fiber injection groups 

(ECM-INJ and ECM-INJ-RT) compared to ECM-CON and ECM-RT. ECM-INJ also had 

significantly larger regenerating muscle fibers than ECM-INJ-RT in that area (P<0.01) 

(Figure 5.5c). Resistance exercise (ECM-RT) increased regenerating muscle CSA in 

middle and top defect area which was significantly larger than all other groups (P<0.01). 

Despite of less extent, fiber injection (ECM-INJ and ECM-INJ-RT) also significantly 

increased CSA of regenerating muscle fibers in middle and top areas compared to ECM-

CON (P<0.05). Fiber injection with resistance exercise further increased the CSA in top 

area compared to ECM-INJ (P<0.05) (Figure 5.5c) 

In addition to increasing muscle mass and fiber CSA, resistance exercise 

increased sizes of residual injury and fibrotic tissue areas. Total size of remaining injured 

area was significantly larger in ECM-RT (7.45mm
2
) than other groups (P<0.05) (Figure 

5.6a). Fibrotic tissue size in the injured area was also significantly larger in ECM-RT 

(2.38mm
2
) compared to ECM-INJ (1.58mm

2
) (P<0.01) (Figure 5.6b). 
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As shown in Figure 5.7, GFP expressing muscle fibers were detected in some 

VML injured LGAS muscles of ECM-INJ, but the frequency and number of GFP positive 

muscle fibers on the muscle slides were too small to analyze quantitatively. Thus 

measuring contribution of injected satellite cells in muscle regeneration was incapable via 

counting numbers of GFP expressing muscle fibers in host injured muscle. However, 

numbers of Pax7 positive satellite cell on the defected muscle were significantly 

increased in both resistance exercise group, ECM-RT (6.11) and ECM-INJ-RT(6.44) 

compared to ECM-CON (3.11) (P<0.05) (Figure 5.8e). There were no differences of total 

numbers of nerve fiber and nerve distribution on the slides between groups (Figure 5.9).  

 

Discussion 

 Loss of muscle mass after the VML injury was not restored via decellularized 

porcine ECM implantation with or without muscle fiber injection. However, high 

intensity resistance exercise (ECM-RT) after the injury significantly enhanced the 

recovery of muscle mass compared to ECM-CON and ECM-INJ (Figure 5.2a.). Injured 

LGAS muscle gained about 7% of muscle mass in ECM-RT, but the muscle mass 

decreased about 5% in ECM-CON during 8 weeks of recovery. Sixteen bouts of 

resistance exercises had an impact of total 12% gaining of VML injured LGAS mass. 

Less mass recovery and gain of muscle mass in ECM-INJ-RT might be due to the lower 

exercise intensity compared to ECM-RT. Even though the same exercise regime applied 

in both exercise groups, ECM-RT climbed the ladder with significantly heavier loading 

than ECM-INJ-RT at the end of the training (812mg vs. 684mg, P<0.01). In ECM-INJ-

RT, additional surgery and recovery time after the muscle fiber injection disrupted 

increasing exercise intensity in early training period. Otherwise injected muscle fibers 

might have unknown effects of increasing muscle mass after the injury. LGAS muscle 

defect induced compensatory hypertrophy of MGAS muscle in the injured leg. There was 

no additional MGAS hypertrophy in resistance exercise groups. However, 4% increase of 

MGAS muscle mass with LGAS hypertrophy resulted in 96% recovery of total GAS 
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muscle mass in ECM-RT which is significantly more recover compared to non-exercised 

groups, ECM-CON and ECM-INJ (P<0.05).  

With increase of muscle mass, contractile function was recovered by resistance 

exercise. Both tetanic and specific tensions of VML injured muscle were significantly 

increased in exercised groups (ECM-RT and ECM-INJ-RT) compared to non-exercised 

groups (ECM-CON and ECM-INJ) (P<0.05).  This demonstrated that functional muscle 

was restored after the resistance exercise. Increase of functional muscle area may be 

mediated via repopulation of new muscle fibers in defect area and/or increase of existing 

fiber size. 

One of the main purposes in this study was investigating regenerative effects of 

satellite cell transplantation after VML injury. As a delivery method of satellite cell 

transplantation, single muscle fibers isolated from EDL muscle were injected into the 

implanted ECM. Muscle fiber injection avoided isolating satellite cells from their original 

location as well as culturing step to prepare satellite cells before injection.  Most previous 

studies estimated regenerative effects of satellite cells injection from the results of 

cultured myoblasts or muscle derived stem cells transplantation in injured or diseased 

muscles (25, 26). Injection of these cells provoked at least one of following issues;: 

immune rejection, low engraft rate, or early cell death (27). However, recent studies 

showed that single muscle fiber injection successfully transplanted satellite cells which 

contributed to expression of dystrophin in the muscle of mdx mice and induced muscle 

hypertrophy of recipient muscle (28-30).  

To verify the expression of GFP fluorescence in the satellite cells on donor 

muscle fiber, isolated single muscle fibers were suspended in the control media. Several 

days after suspension, myoblasts were migrated out of the host fiber and proliferated on 

the culture dish. Both muscle fiber and proliferating myoblasts were fluorescent under 

GFP filter without any treatment (Figure 5.10a and 5.10c). Detecting only few GFP 

expressing muscle fibers in injured muscle was an unexpected result of this study (Figure 

5.7a and 5.7c). Satellite cell engraft inside the ECM seemed to be very low, and this 

might be due to early degradation of porcine ECM. Robust proliferation and 



61 

 

differentiation of satellite cells migrated out of host fiber were observed two weeks after 

incubation (31). Degradation kinetics of the porcine muscle ECM in defected muscle was 

not measured in this study, but further loss of muscle mass after the ECM implantation 

revealed that ECM remodeling seemed to be not accomplished before degradation. A 

study showed that 87% of porcine small intestinal submucosa ECM degraded in two 

weeks after transplanting at the site of abdominal muscle defect (32). Therefore early 

implanted ECM degradation prior to proliferation and differentiation of satellite cell 

could be a main reason of unsuccessful restoration of defected muscle and engraft of 

satellite cells.  Otherwise hypoxic condition inside decellularized ECM may cause death 

of injected muscle fiber and satellite cells before nutrients and oxygen delivered via 

repopulating blood vessels. At two weeks after VML injury, blood vessel density within 

the defect site was significantly low even with adipose-derived stem cell implants (33). 

Merritt et al. (34) also reported the presence of hypoxic core in the middle of the ECM 

even 6 weeks after implantation in VML injured site.  

As shown in Figure 4a, resistance exercise increased CSA of mature muscle fibers 

in bottom and middle defect areas. After 20% muscle defect, remaining LGAS ought to 

carry the same weight to the contralateral uninjured LGAS during the ladder climbing 

exercise, so additional loadings might be inflicted in individual muscle fibers in VML 

injured LGAS.  This extra mechanical loading seemed to induce hypertrophy of intact 

and damaged muscle fibers which might primarily contribute to increase muscle mass 

and contractile functions after the VML injury in ECM-RT and ECM-INJ-RT. However, 

in this study, it was not measurable how many damaged muscle fibers were fully repaired 

and counted as mature muscle fibers. 

Regenerating muscle fibers which were small and many of them had centrally 

located nucleus were observed at the defect site. Both fiber injection and resistance 

exercise increased CSA of regenerating muscle fibers. Fiber injection might have an 

effect of releasing growth factors from satellite cells or recruiting macrophages which 

could stimulate growth of muscle fibers. It was shown that satellite cells not only 

expressed VEGF gene but also released it. In addition, satellite cell had a chemotactic 
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effect to monocyte which stimulated proliferation of satellite cell (35). In vitro 

experiment, single muscle fibers had strong effects of attracting macrophages (non-

published data). No additional increase of muscle mass and fiber CSA in ECM-INJ-RT 

confirmed that injected muscle fibers may not directly contribute to providing new 

myoblast and regenerating muscle fibers in VML injured LGAS. Resistance exercise 

significantly more increased CSA of regenerating fiber in middle and top defect areas. 

Translated mechanical stimulus to the defected area might activate proliferation and 

differentiation of myoblasts. Mechanical stretch was known to activate hypertrophy of 

myoture and IGF-1 downstream anabolic signals (36). Additional study is needed to 

determine the fate of regenerating muscle fibers which can be fully grown to mature 

muscle fibers or died in later recovery phases.   

At eight weeks after the VML injury, a large injured area was still remaining at 

the site of defect, and this area was mainly occupied by fibrotic tissues, small sized 

muscle fibers, and blood vessels. Resistance exercise significantly enlarged the size of 

this area. Minor muscle damage induced by multiple bouts of high intensity resistance 

exercise may increase this area. Our exercise protocol required repeated eccentric and 

concentric contractions of ankle flexor muscles including GAS during climbing the 

ladder, and extensive mechanical stretch applied to the defected area might cause 

additional damages in the defected area. Further research is required to determine 

whether the remaining injured area will be switched to functional muscle area and how 

this area affects muscle mass and contractile function if longer recovery time and more 

resistance exercises are administrated. 

In addition to myoblasts, fibroblasts were highly activated and proliferated at the 

site of injury. Accumulated fibrotic tissues at the injured site seemed to be originated 

from fibroblasts between the two heads of LGAS. In non-injured LGAS only thin 

connective tissue barrier exists between the two muscle heads. This connective tissue 

area might be damaged by the VML injury and residual fibroblasts were extensively 

proliferated during recovery. Fibrotic tissue buildup at the site of ECM implantation after 

VML injury was found not only in this study but also in the study of the other group (37). 
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Resistance exercise (ECM-RT) significantly increased accumulation of fibrotic tissues 

over 50% compared to ECM-INJ. Mechanical stress might activate residual fibroblasts 

which synthesized collagen and accumulated fibrotic tissues in that area. Repeated 

mechanical stretch was reported to enhance alignment of collagen fibers in ECM (38). 

Furthermore increase of collagen contents might be training adaptation after resistance 

exercise, because rate of collagen synthesis was known to be increased in the muscle 

after resistance exercise (39). It was also revealed that there was a significant correlation 

between the exercise intensity and fibrotic tissue build up in ECM-RT group (r=0.98, 

P=0.016) (Figure 5.6c). Even further increase of muscle mass in ECM-RT compared to 

ECM-INJ-RT, no additional improvement of contractile function may in part due to more 

accumulation of non-functional fibrotic tissue and larger size of injured area. Further 

research is required for identifying inhibitory effect of fiber injection on expansion of 

injured area after resistance exercise. This may be due to relatively lower exercise 

intensity in ECM-INJ-RT compared to ECM-RT and /or unknown effects of fiber 

injection at the site of injury.  

Despite of growing large numbers of blood vessels, no nerve fibers were detected 

inside the residual injured area (data not shown). Bundles of nerve fibers were located 

between intact or regenerating muscle fibers. This indicated that nerve regeneration was 

delayed after blood vessel regrowth in regenerating muscle. There was no difference of 

total numbers of nerve bundle and its distribution between groups. This may indicate that 

nerve regeneration may not the rate limiting factor for muscle regeneration and recovery 

of contractile functions induced by resistance training after VML injury.    

Further research is required for identifying underlying molecular mechanism of 

muscle mass and CSA increases after resistance exercise in VML injured LGAS. Periodic 

progressive resistance exercises might activate IGF-1 downstream signals, Akt and 

mTOR which are well-known activators of muscle hypertrophy. Up-regulation of these 

signals may contribute to enhancing muscle regeneration and functional recovery of 

VML injured muscle. The origin of ECM and timing of fiber injection seemed to 

crucially influence the survival of injected muscle fibers and regeneration of muscle 
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inside the ECM. Therefore, different types of ECM scaffold and multiple or delayed fiber 

injection could have better effects on enhancing recovery of muscle mass and contractile 

function after VML injury. 
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Figure 5.1. Experimental design 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

     

     

 

Figure 5.2. Recovery of total GAS and LGAS muscle mass after the VML injury in comparison 

with un-injured contralateral muscle (a). MGAS mass of VML injured (DEF) and un-injured 

(CON) legs (b). Percent LGAS mass changes after VML injury (c). *Significant to ECM-CON, 
#
 

significant to ECM-INJ, and 
$
 significant to the value of CON MGAS (P<0.05). Double symbols 

represent P value is less than 0.01. 
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Figure 5.3. Tetanic (a) and Specific (b) tensions of VML injured LGAS muscle.
 *
Significant to 

ECM-CON and 
#
 significant to ECM-INJ (P<0.05).  
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Figure 5.4. Cross sectional area (CSA) of mature muscle fiber in bottom, middle, and top defect 

areas. 
*
Significant to ECM-CON and 

#
 significant to ECM-INJ (P<0.05). 
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Figure 5.5. Regenerating muscle fibers in VML injured site at 56 days post. H&E stained slide (a), 

Laminin(green), myosin (red), and DAPI (blue) immunostained slide (b). Cross sectional area 

(CSA) of regenerating muscle fibers in bottom, middle, and top defect sites (c). *Significant to 

ECM-CON, 
#
 significant to ECM-INJ, 

%
 significant to ECM-RT, and 

&
 significant to ECM-INJ-

RT (P<0.05).  
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Figure 5.6. The areas of residual injury (a) and fibrotic tissue (b) at defect site. Correlation 

between ladder climb exercise intensity and size of fibrotic tissue area (c). 
*
Significant to ECM-

CON, 
#
 significant to ECM-INJ, and 

& 
significant to ECM-INJ-RT (P<0.05). 
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Figure 5.7. GFP expressing muscle fibers in VML injured LGAS muscle (a). DAPI counter 

staining (b) and merged image (GFP;red and DAPI;blue) (c). Images were taken at 20X lens. 
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Figure 5.8. Pax7 positive satellite cell (a), laminin (b), DAPI (d), and merged image (Pax7; red, 

laminin: green, and DAPI; blue). Numbers of Pax7 positive cells per the field of view under 20X 

lens. 
*
Significant to ECM-CON. 
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Figure 5.9. Total numbers of nerve fibers (a) and their distribution (b) on cross sectioned VML 

injury muscle.  
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Figure 5.10. Single muscle fiber (top) and  proliferating myoblasts (bottom) migrated out of 

single muscle fibers under GFP filter (a and c) and transmitted light (b and d) at 6 and 7 days after 

isolation respectively.  
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Chapter VI: General Discussion 

This dissertation aimed at evaluating regenerative effects of two therapeutic 

modalities: resistance exercise and satellite cell transplantation via single muscle fiber 

injection after VML injury with extracellular matrix implantation. 

Summary of Results 

1. Loss of 14% LGAS mass was fully recovered by the implantation of 

decellularized allogeneic muscle ECM, but it still resulted in 24% deficit of tetanic 

tension at 49 days after the VML injury. Bone marrow derived MSC followed by low 

intensity resistance exercise improved the regenerations of muscle fibers and blood 

vessels in the ECM as well as the functional recovery of the damaged muscle. 

2. Decellularized porcine muscle ECM implantation at the site of 20% LGAS defect 

could not restore the muscle mass and overall morphology of the injured muscle. Instead 

the defected LGAS muscle lost 5% further muscle mass, and over 30% deficit of tetanic 

tension was observed at 56 days after the VML injury. 

3. High intensity resistance exercise enhanced recovery of muscle mass and 

contractile function after 20% LGAS defect. It induced the hypertrophy of mature and 

regenerating muscle fibers in injured LGAS. 

4. Satellite cells transplanted via single muscle fibers did not survive and contributed 

to regeneration of muscle and recovery of muscle mass and function after the injury. 

5.  Resistance exercise with fiber injection did not have an additional effect of mass 

and functional recovery of the injured muscle, but it had an effect of decreasing residual 

injured and fibrotic tissue areas in the defect site at 56 days after the injury.  

Conclusions and Future Directions 

In this study, the VML injury model defects full thickness weight bearing LGAS 

muscle which is more challenged to repair damaged muscle compared to partial thickness 

muscle defects (1, 2).  This study verifies low intensity resistance exercise is applicable to 

VML injured rat lower limb muscle and implanted decellularized homologous muscle 

ECM withstands mechanical stimulus at the site of injury. When combined with bone 
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marrow derived MSC injection resistance exercise improves not only the regeneration of 

muscle fibers and blood vessels in the implanted ECM but also recovery of contractile 

functions after VML injury.   

In contrast to rat muscle ECM, decellularized porcine muscle ECM is not 

appropriate to restore the loss of 20% LGAS muscle mass defect (3). This may be due to 

early degradation and reabsorption and/or inflammatory response to the host muscle. 

Therefore, more research is required to test degradation kinetics and regenerative effects 

of different sources of ECM in current VML model.  

High intensity resistance has regenerative effects including increasing mass and 

improving functional recovery of VML injured LGAS muscle via inducing hypertrophy 

of mature and regenerating muscles. However, it also increases fibrotic tissue and 

residual injury areas. Therefore further research will identify the mechanisms of these 

events and the optimal training intensity to minimize these side effects.  

Although injected satellite cells do not contribute to muscle regrowth and 

functional recovery after the VML injury, satellite cells are still an attractive source for 

muscle regeneration because of their strong myogenic capacity. Therefore, utilizing 

different source of ECM, multiple satellite cell injections and co-injections with other 

cells or growth factors will further enhance the recovery of muscle mass and function 

after the VML injury. 

 

 

 

 

 

 

 



77 

 

Appendix: Expanded Methods 

I. Defect Creation 

1. Under anesthetizing with inhalation of 2-3% of isoflurane, make about 2cm incision on the 

lateral side of the lower limb parallel to the tibia.  

2. Separate the biceps femoris muscle from the tibia to expose the lateral side of the lateral 

gastrocnemius (LGAS) muscle. Lacerate LGAS with a #9 scalpel blade distal to the 

neuromuscular junction in line with the tibial tuberosity.  

3. Make the incision that is 1 cm in length and 1cm in width through the lateral side of the 

LGAS and through the full thickness of the muscle. Excise the tissue between the lacerations 

with fine surgical scissors, and remove the mass of LGAS which is average of 20% (250 mg) 

of LGAS.  

4. Immediately after the defect, tailor the prepared porcine ECM to same size to removed LGAS 

muscle. Implant the ECM in the muscle with the defect using a modified Kessler stitch (5-0 

Prolene; Ethicon) with simple interrupted sutures on each of the three borders to hold the cut 

ends together and serve as markers for later analysis. 

5. Suture the biceps femoris and skin incisions and return the animals to their cages and allow 

recovering for 42 days. 

 

Creation of LGAS Defect (Merritt et al, Tissue Engineering, 2010) 
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II. Porcine Muscle ECM Decellularization 

A. Tissue preparation 

1. Trim fat and connective tissue from porcine tissue, cut into smaller pieces if necessary 

(should fit in 1’’ tube) 

2. For larger pieces of tissue, inject dH2O throughout the tissue, and leave in dH2O filled 

container for 2 hours; place on shaker. 

3. Discard dH2O and repeat step 2 with PBS 

4. Discard PBS.  Inject trypsin throughout the tissue, fill container with enough trypsin to cover 

the tissue, and place in oven for 1.5 hrs at 37 C 

5. Discard trypsin. Inject 100 mM DTT throughout the tissue, fill container with enough DTT 

solution to cover the tissue, and place in over for 1 hr at 37 C 

6. Discard DTT, place tissue in H2O filled container, and place on shaker for 2 hrs. 

7. Repeat step 6 with PBS. 

8. Discard PBS, inject glycerol solution throughout the tissue, and place in container with 

enough glycerol to cover the tissue. Place on shaker for 48 hrs. 

 

B. Decellularization procedure 

1. Run in electrophoresis machine with 2 L of tris-glycine solution; (constant 60V) for 24 hrs. 

2. After running for 24 hrs, inject 2% SDS throughout tissue, and place in 2% SDS solution on 

shaker for at least 6hrs. 

3. Change the tris-glycine solution before running tissues again. 

4. Repeat steps 1-3 until muscle is clear. 

5. After most of the cellular components are clear, place muscles in 2% SDS until tissue is 

completely clear. 

6. Store cleared tissues in 2% SDS. 
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III. Single Muscle Fiber Isolation  

1. Prepare collagenase digestive solution. 

a. 4ml of 0.2% collagenase solution (2% stock diluted in DMEM)  

2. On a surgical bench, harvest the EDL and place in pre-warmed digestive solution. 

a. Anesthetize the animal using isoflurane, and then sacrifice it. 

b. Clean the lower leg with 70% ethanol. 

c. Make an incision into the skin surrounding the knee and pull away the skin to reveal the 

lower limbs. 

d. Sever the distal tendon of tibialis anterior (TA) muscle and gently pull TA back the knee 

to open EDL. 

e. Cut distal four tendons of the EDL and gently separate EDL from the TA from distal to 

proximal.  Remove intact EDL after severing its two proximal tendons and place in 

digestive solution. (Gently grab only the tendon of EDL) 

3. Incubate each sample at 37°C and 5% CO2 for 90-120min. 

a. Autoclave glass pipets for 15min.  

b. Coat all glassware and plastic culture dishes contacting fibers in horse serum to prevent 

membrane binding and subsequent fiber damage. 

c. Prepare four to five horse serum coated 6 cm cell culture plates for each EDL. After 

coating, pour 6-8ml of control media (Ham’s F-10 with 20% FBS, 5ng/ml bFGF, and 1% 

penicillin/streptomycin) on the plates and keep plates in CO2 chamber to maintain pH 

until using. 

4. After incubating, transfer samples to a 6cm cell culture plate containing control media.  

a. If samples are more than one, keep the second in the CO2 chamber (Can keep in the CO2 

chamber for 2-3 hrs). 

5. Under a dissecting microscope, carefully take up all enzymatically-separated fibers with a 

horse serum-coated glass pipette and transfer to new 6cm cell culture plate. 

a. If muscle was not digested enough, incubate the muscle again in the CO2 chamber for 

20min and tease each heads of muscle apart by gently pulling its tendons if necessary. 

6. Transfer isolated single muscle fibers in 6 cm cell culture plate to another clean 6cm cell 

culture plate with as less debris as possible. Repeat this step two to three times more to wash 

isolated fibers and remove debris/dead fibers from solution.  

7. Keep intact single fibers in CO2 chamber for future injection and analysis 
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IV. In Situ Lateral Gastrocnemius Functional Analysis 

1. Weigh and anesthetize the animal (2 to 3% isoflourine, depends on size of animal), shave 

hindlimbs of both legs, and turn on heating pad at low. 

2. Laying down animal on one side (right/left). Create a 2 cm skin incision parallel to the femur 

to expose the biceps femoris. Search prominent blood vessel on skin above femur and forking 

the skin with forcep. 

3. Locate the origin of the biceps femoris and separate the connective tissue with forceps until 

they go through the biceps femoris. 

4. Separate the tissue using hemostats until you can locate the sciatic nerve. 

5. Cut a small incision in the biceps femoris along the femur, towards the hip to expose sciatic 

nerve. 

6. Carefully isolate the sciatic nerve from surrounding musculature and cut the nerve as close to 

the hip as possible.  

7.  Remove any remaining tissue from the sciatic nerve and tuck it back into place. 

8. Pronate animal and Fix foot with type. Make a small incision from the heel along the midline 

of posterior portion of the lower limb from the calcaneus to the popliteal region. 

9. Separate the almost entire skin from the biceps femoris, ligate blood vessel (superficial 

muscular artery) on lateral portion of lower leg. 

10.  Cut the biceps femoris similarly to the skin (from heel to knee) to expose the LGAS. 

11. Isolate the gastrocnemius from the biceps femoris. 

12. Find tibia nerve (located near medial aspect of posterior knee) and carefully dissect one 

branch of it (among three bundles medially located) to dennervate the MGAS (pinching each 

bundle one by one and check contracting portion of GAS before cutting). This will ensure 

force will be measured only in the LGAS. 

13. Cut the calcaneus so that the distal portion of the gastrocnemius and Achilles tendon are still 

attached. 

14. Separate the soleus and plantaris from the GAS by cutting the distal insertion. 

15. Drill a bit through the head of the femur (Supine animal, remove skin around knee, and bent 

knee and hold lower leg tightly with left hand). 

16. Place animal pronate position and, tie the Achilles tendon using the calcaneus to hold it in 

place to the muscle lever arm of the dual-mode servometer (model 310 B; Aurora Scientific, 

Aurora, ON, Canada) tightly. 
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17. To stimulate the LGAS, place electrodes connected to a muscle stimulator (Model 2100; A-M 

Systems) on the sciatic nerve. 

18. Place sciatic nerve on wire and drop few mineral oils. Keep the animal warm (36°C) with a 

radiant heat lamp, and occasionally moisten the muscle and nerve with mineral oil. 

19. Measure peak twitch tension of LGAS to find the muscle’s optimal length using a micrometer. 

20. Stimulate the LGAS at 150Hz to determine peak tetanic tension at optimal length of LGAS. 

Allow two minutes of rest between contractions. 

21. After functional analysis is completed, remove the gastrocnemius. 

22. Carefully separate MGAS and LGAS. 

23. Weigh muscles and measure the length of the LGAS. 

24. Embed muscles in OTC compound and freeze in liquid nitrogen cooled isopentane and store 

in -80°C freezer. 
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V. Immunohistochemistry 

1. Cryostat section frozen muscle sample embedded in OTC to 7 to 10um thickness. 

2. Fix slides w/acetone (from freezer) for 7 to 8 mins at room temperature. 

a. Wash w/1X PBS 3 times (each 5 mins) 

b. Let it dry until there are no droplets left for ~10 mins 

c. Blot off excess droplets on the sides w/Kimwipe 

3. Put slides on humid box (wet paper towel at the bottom of the box). 

4. Circle the specimens with the barrier pen. 

5. Add 5% donkey serum with 1X PBS & 1% BSA – 4 slides/1mL.  

a. 1X PBS & 1% BSA (1 g/100 mL): 1g of BSA + fill to 100 mL w/1X PBS  Stock 

must be replaced every 2 weeks  

b. 2% donkey serum: 20 μL of donkey serum + 980 μL of 1X PBS & 1% BSA (1ml 

total)  must be made before each use 

c. Cover the humid box and leave at room temperature for 2 hours 

d. Let it dry for ~10 mins (slant slides against the wall) 

e. Blot off excess droplets on the sides w/Kimwipe 

6. 1º Antibody – 4 slides/1mL 

a. 0.5% of  1º antibody: 5 μL of  1º antibody (1:200) + 995 μL of 1X PBS and 1% BSA 

(1mL total) 

b. Leave overnight in the humid box in 4ºC fridge (~12 hours)    

c. Wash w/1X PBS 3 times (each 5 mins) 

d. Let it dry until there are no droplets left for ~10 mins 

e. Blot off excess droplets on the sides w/Kimwipe 

7. 2º Antibody ( In the dark)  

a. 1% of 2º Antibody: 10 μL of 2º antibody (1:100) + 990μL of 1X PBS & 1% BSA 

(1mL total) 

b. Put foil over the top 

c. Leave in the dark in 4ºC fridge for 1.5 hours 

d. Thaw the DAPI for 45 mins for the counterstain at room temperature - stored in the -

4ºC ice chest freezer  

e. Wash w/1X PBS 3 times (each 5 mins) 

f. Let it dry for ~10 mins (slant slides against the wall) 

g. Blot off excess droplets on the sides w/Kimwipe 

8. DAPI (counterstain) 



83 

 

a. 1μL of DAPI + 1mL of 1X PBS (NO 1% BSA) for ~12 to 15 mins 

b. Wash w/1X PBS 3 times (each 5 mins) 

c. Let it dry for ~30 mins to an hour (slant slides against the wall) 

d. Mount the slides w/Peramount and let dry for ~30 mins to an hour 
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VI. Masson’s Trichrome Staining 

1. Immerse slides in 10% Formalin for 1 hour to fix sections.  

2. Re-fix sections in Bouin’s solution overnight. 

3. Pour out solution and gently rinse slides with tap water to remove yellow color from 

sections. Then briefly rinse with dH2O 

4. Incubate sections in working Weigert’s iron hematoxylin for 5 min. 

5. Pour out solution and immerse the slides in water under running tap water to wash out 

excess of Hematoxylin and to intensify the black color of nuclei. Then rinse with dH2O 

for 1 minute 

6.  Incubate sections in Beibrich Scarlett-Acid Fuchshin for 5 min. 

7. Pour out solution and rinse slides in dH2O for 3x 1 minute 

8. Incubatee sections in working Phosphotungstic/Phosphomolybdic acid for 30 seconds. 

9. Pour out solution and directly immerse sections in Aniline blue for 3 minutes. 

10. Pour out solution. Then briefly rinse with dH2O for 3x 1 minutes. 

11. Icubate sections in 1% acetic acid for 2 minutes. Then briefly rinse with dH2O for 2x 1 

minutes. 

12. . Dehydrate sections sequentially exposing to a series of solutions for 3 minutes: 70% 

ethanol, 90% enthanol, 100% ethanol, and xylenes. 

13. Dry slides, then mount slides by drops of mounting medium onto slides and covering 

with coverslips. 
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VII. Ladder Climbing Exercise 

1. The ladder is 1m length with 2cm grids and inclined about 85 degree. 

2. Give three days of acclimation period of climbing ladder without any weight. 

3. To increase the work load, attach plastic tube containing metal beads by elastic type and 

Velcro at the proximal of tail. 

4. Initiate the tube weight of 50% of body weight, and increase 75, 90, and 100%, after then 

adding 30g more in subsequent trials up to 120g. 

5. Allow two minutes break between each climb, and stop climbing when failed to reach the 

top of the ladder or strongly refused to climb even after receiving three consecutive 

electric shocks (0.2-0.3mA). 

6. Start next session with the half of the maximum weight that they successfully carried last 

session if they lift over 100% of their body weight. Otherwise load the same weight (50% 

of body weight). 

7. Perform exercise once per every three days. 
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