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Efficient restoration of skeletal muscle function after severe injury is a major goal of 

intervention therapies. Ischemia/reperfusion (I/R) injury to skeletal muscle leads to 

exaggerated inflammatory response and significant ultrastructural tissue damage slowing 

restoration of muscular structure and function. Herein, we used animal model of 

tourniquet-induced ischemia/reperfusion injury (TK-I/R) to test the effects of 

exogenously delivered growth factors and cells on skeletal muscle regeneration. The 

delivery of PEGylated fibrin along with stromal cell derived factor-1α and/or insulin-like 

growth factor-I into acutely injured muscle, differentially affected functional muscle 

regeneration. These data suggest that local balance and release kinetics of growth factors 

in the tissue microenvironment can significantly impact the success of skeletal muscle 

repair. Cell-mediated treatment of I/R-injured muscle demonstrated significant tissue 

regeneration using adoptively transferred and in vitro polarized macrophages. Functional 

activation status of transplanted macrophage populations impacted the outcome of muscle 

repair. We showed that increasing macrophage populations at the site of injury in 

temporally regulated manner is beneficial for efficient recovery of muscle force and 

function. 
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CHAPTER I 

GENERAL INTRODUCTION 

Modulation of the inflammatory and regenerative responses at the tissue level is the goal 

of many growth factor-mediated and cell-based therapies. A variety of animal injury 

models support that exaggerated inflammatory response following acute insult may lead 

to impaired tissue regeneration and responses to cellular and systemic cues (1, 2). Each 

tissue has its unique structure, cell content, microenvironmental milieu and function. As 

such, regenerative programs occurring at the tissue level may differ significantly among 

tissue types and the type of injury incurred. Optimizing the design of tissue-specific 

therapies provides both significant challenges and enormous promise.  The enhancement 

of tissue’s regenerative capacity locally eliminates many side effects associated with 

systemic administration of drugs.  

Biodegradable matrices have been developed to provide quick and simple way to deliver 

various protein mediators directly to the site of injury. Insulin-like growth factor-I (IGF-

I) delivery to the regenerating skeletal muscle has received significant attention due its 

positive role in myogenesis and inflammation (3-5). Likewise, the delivery of stromal 

cell-derived factor-1α (SDF-1α) has been associated with some success in tissue repair 

due to its ability to recruit various populations of stem cells and enhance angiogenesis (6-

9). Direct delivery of stem (10, 11), endothelial (8) and immune cell (12) populations to 

the site of acute muscle injuries has been tested with some success (13). The use of stem 

cell therapies holds much promise due to their anti-inflammatory benefits and 
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engraftment capabilities (11, 14). Rapid adoption of stem cells as a therapeutic modality 

has been slowed by specificity and standardization of complex isolation procedures, a 

need for in vitro expansion and a risk of malignant transformation (15, 16). The use of 

terminally differentiated cells is a much safer alternative. Macrophages have shown some 

promise in promoting tissue repair, however, their potential use for therapeutic purposes 

in still under investigation. 

Tourniquet-induced ischemia/reperfusion injury (TK-I/R) in skeletal muscle has a 

complex pathophysiology (16-20). Recovery from TK-I/R injury involves extensive 

rehabilitation and in some cases loss of muscular function (17). With 20,000 TKs applied 

daily in the field of reconstructive and orthopaedic surgery, I/R injuries to skeletal muscle 

present a serious clinical problem with potential loss of man-hours to the workforce due 

to impaired muscular function. The efficacy of existing treatments is limited, stimulating 

the need for therapeutic approaches aimed at effective restoration of skeletal muscle 

function. Direct and localized delivery of growth factors and cells that enhance 

regenerative milieu of skeletal muscle may hold significant therapeutic promise. 

OBJECTIVES 

The broad objective of this study was to identify pro-regenerative growth factors, 

chemokines or cytokines that may be delivered or synthesized by cells directly at the site 

of TK-I/R injury. We aimed to develop a tissue-specific, effective and localized 

therapeutic approach capable of modulating TK-injured skeletal muscle 
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microenvironment to promote restoration of muscle contractile function. Our objectives 

were set as follows: 

1. Evaluate the efficacy of novel PEG(ylated) fibrin-based dual (SDF-1α/IGF-I) 

delivery system on the recovery from TK-I/R injury. 

2. Characterize in vivo macrophage responses to TK-I/R injury. 

3. Develop optimized macrophage-based cell therapy to enhance skeletal muscle 

recovery after TK-I/R injury. 

HYPOTHESES 

1. Dual delivery of SDF-1α/IGF-I directly to the regenerating muscle will 

significantly enhance the recovery of muscle function compared to single factor 

delivery approach. 

2. Macrophages will be recruited to the site of muscle injury early in regeneration 

and will change their phenotype during the course of muscle repair. Utilization of 

adoptive transfer of M2-type macrophages, into temporally matched TK-I/R 

damaged muscle, will enhance muscle recovery. 

3. In vitro polarized M1-type macrophages will enhance muscle regeneration when 

delivered early following acute injury. 

SIGNIFICANCE 

The following work provides further evidence that manipulation of tissue 

microenvironment via delivery of growth factors or cells may lead to enhanced 
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regenerative outcome. Understanding the role of growth factors within regenerating 

tissue and the interactive responses of progenitor cell and macrophages to these growth 

factors, chemokines and cytokines should lead to the design of effective 

immunotherapies.    

LIMITATIONS 

These studies were performed using rodent animal models. Further testing using large 

mammalian species is necessary to confirm their applicability.  
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CHAPTER II 

LITERATURE REVIEW 

ICHEMIA/REPERFUSION INJURY 

Pathophysiology 

Ischemia/reperfusion (I/R) injuries affect multiple organs and tissues such as heart, brain, 

kidneys, liver, skin and skeletal muscle. I/R injuries are caused by vascular supply 

perturbations leading to ischemia of tissues and organs due to pathological obstruction of 

blood flow, trauma or emergency, as well as routine tourniquet applications (21, 22). The 

re-establishment of blood supply (reperfusion) promotes extensive tissue pathology 

characterized by muscle cell necrosis, production of reactive oxygen species (ROS), 

vascular permeability and damage, immune cell infiltrate and persisting high levels of 

inflammatory cytokines (16, 18, 20, 23). Endothelial cell dysfunction is a major 

contributor to ROS generation via xanthine oxidase activity, which accounts for most of 

the inflammatory response post-reperfusion by promoting vascular pathology and aiding 

in the recruitment of inflammatory cells (24). Muscle cell apoptosis/necrosis is induced 

following re-oxygenation via activation of mitochondrial transition pore (MTP). High 

levels of ROS and intracellular calcium induce mitochondrial swelling, promoting MTP 

dilation, which leads to increased permeability of inner mitochondrial membrane and the 

release of cytochrome c, stimulating apoptosis. The extent of MTP determines cell fate, 

with necrosis occurring in severe cases due to cell’s inability to generate energy (25). 
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Skeletal muscle tissue exhibits increased sensitivity to I/R induced damages with 

irreversible damage starting after 3h of ischemia (16). While muscular damage and 

subsequent inflammation stimulate regeneration, prolonged and excessive inflammation 

due to cell death, edema, increased cellular infiltrate and high levels of inflammatory 

cytokines (20, 21) can inhibit or delay tissue repair processes.  

Potential treatments 

Ischemic preconditioning (IPC) can be used to induce tissue tolerance to prolonged 

ischemic episode (26). It is accomplished by using one or more brief periods of ischemia 

followed by short reperfusion. Brief periods of IPC generate vasoactive mediators that 

confer cytoprotection during prolonged ischemia (27, 28). Although, the approach is 

promising in healthy animals, it may be ineffective in animals with vascular pathologies. 

IPC protocols are yet to be tested in clinical trials for use in practice.  Promising 

pharmacological interventions include the use of anti-oxidants, statins, novel anti-

inflammatory derivatives as well as growth factors (3, 29-33). A cell-mediated treatment 

of tourniquet-induced I/R injury utilized muscle progenitor cells showing a modest 

improvement in muscle function at 14 days post-injury (34). Interestingly, although 

majority of studies cited claim that treatments protect or treat I/R-induced muscle 

damage, conclusions are made based on histological appearance of the muscle tissue 

alone. Few studies evaluate the effects of I/R injury on the recovery of muscle contractile 

properties. There is a critical need in future studies to correlate histochemical structure of 



 

7 
 

muscle tissue with its physiological function in order to fully evaluate the effectiveness of 

proposed treatment protocols. 

 SKELETAL MUSCLE REGENERATION: INNATE CELLULAR RESPOSES 

Acute muscle injuries are characterized by robust cellular responses. Muscle satellite 

cells are principal players in muscle growth and regeneration. Satellite cells are identified 

based on their anatomic location, adjacent to the sarcolemma, underneath the basal 

lamina surrounding each muscle cell. In the event of myofiber damage, due to trauma or 

disease, satellite cells lose their “quiescent niche”, become activated and proliferate to 

become myogenic precursor cells (MPC). Some satellite cells return to their “niche” 

under the basal lamina, while MPCs differentiate into myoblasts, fuse into myotubes and 

form mature muscle fibers (11). During inflammation and regeneration satellite cell 

activity is tightly controlled by the microenvironmental stimuli (1, 2, 35, 36). Resident as 

well as recruited lymphocytes play key roles in orchestrating and controlling the 

inflammatory response and its resolution at the site of injury (36-38). It has been shown 

that upon injury, tissue resident mast cells, myogenic cells and macrophages specifically 

recruit circulating mononuclear cells to the site of muscle damage (37, 39, 40). In turn, 

infiltrating cell populations can differentially affect multiple stages of myogenic repair.  

Neutrophils 

Neutrophils (Ly-6C
+
F4/80

-
)  are primary responders to skeletal muscle damage appearing 

within injured muscle as early as 1h after acute insult. Depletion of neutrophils prior to 
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I/R insult can reduce histologically evident muscle damage (2, 41) suggesting that 

reactive oxygen species and proteases released from activated neutrophils may further 

delay muscle repair (39, 42, 43). Neutrophils were also shown to contribute to skeletal 

muscle dysfunction after I/R (44). Alternatively, neutrophils were shown to be critical for 

muscle regeneration after the injection of snake venom or myotoxin to induce muscle 

damage and their depletion negatively affected muscle regeneration (45). Despite 

contradicting findings, it is well accepted that neutrophils play the major role in 

promoting the switch of arachidonic acid-derived prostaglandins and leukotrienes to 

lipoxins, which initiate the termination sequence of the inflammatory cascade (46, 47). 

Apoptosis and subsequent phagocytosis of neutrophils by macrophages (Ly-6C
+
F4/80

+
) 

sets the stage for tissue repair and resolution of the inflammation by inhibiting production 

of GM-CSF, IL-1b, IL-8, TNF-a cytokines and increasing production of TGF-b, PGE2, 

VEGF (47-49).  

Macrophages 

Macrophages are considered to be master regulator cells in muscle injuries. Regeneration 

is severely impaired following macrophage depletion (50-57). Several macrophage 

subtypes have been induced and studied in vitro as well as identified in vivo (58-60). 

Briefly, M1, classically activated macrophages, can be induced by treatment of bone-

marrow derived macrophages with lipopolysaccharide and IFN-y, are characterized by 

the high expression of inflammatory mediators such as TNF-a, IL-1, IL-6, IL-12, NO and 

robust phagocytosis. Alternatively activated macrophages M2a, induced by IL-4 and IL-
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13 cytokines in vitro, can recruit Th-2 type cells, stimulate collagen production, exhibit 

pro-regenerative and growth stimulation qualities. Regulatory M2b and M2c are induced 

in vitro by treatment with immune complexes/LPS, IL-10, TGF-b and glucocorticoids to 

promote debri scavenging and production of anti-inflammatory mediators (61-63).  

Tissue macrophages are very heterogeneous providing a continuum of phases of 

polarization and displaying a wide range of phenotypes and functions (64-66). In muscle 

injuries, macrophages undergo phenotypic switch, polarization, from M1-like (Ly-

6C
hi

CXCR3
-
) inflammatory to M2-like (Ly-6C

low
CXCR3

+
) pro-regenerative cells (67). 

The changes in macrophage phenotype after injury coincide with changes in gene 

expression of myogenic cells (1). Interference with temporal switch of macrophages from 

Ly-6C
hi

 to Ly-6C
low

 phenotype during regeneration is associated with tissue repair 

impairments (68). Polarized macrophages were shown to differentially impact 

myogenesis (69). M1 macrophages were shown to stimulate myogenic precursor cell 

motility and inhibit fusion, while M2a and M2c macrophages promote myogenic 

differentiation.  Satellite cells were shown to attract monocytes using multiple 

chemotactic systems and use macrophages as support cells (40, 63). Characterization of 

macrophage phenotypes and temporal transitions in muscle injuries will help identify the 

mechanisms of specialization of particular macrophage sub-sets within given 

microenvironment.  Further identification of cell surface ligands and protein secretions 

will be crucial for the development of therapeutic modalities to improve/accelerate 

skeletal muscle repair. 
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IN VIVO IMMUNOMODULATORY STRATEGIES 

Local delivery of growth factors and cells with the purpose of enhancing tissue 

regeneration has been explored in recent years. The development of biodegradable 

injectable systems enables the delivery of growth factors, genes and cells directly to the 

site of tissue injury.  

Growth factor delivery has shown significant promise in modulating inflammation and 

facilitating functional muscle repair. For example, muscle-restricted expression of IGF-I 

transgene was shown to be beneficial in improving 

muscle repair by modulating the inflammatory 

response and reducing fibrosis in the model of 

cardiotoxin injury (70). In our lab, the delivery of 

IGF-I in PEG(ylated) fibrin hydrogel significantly 

improved functional and histological muscle 

recovery post TK-I/R injury at 14 days  (3). Our 

group showed that IGF-I effects on muscle 

regeneration after TK injury are mediated via Akt signaling pathway (Exhibit 1). 

Injection of the PEG(ylated) fibrin patch bound with SDF-1a into infarct regions of the 

myocardium induced stem cell homing to the damaged muscle and improved ventricular 

function (6). Dual alginate-based scaffold delivery of IGF-I/VEGF with and without 

myoblasts has been explored in the model of notexin injury and external iliac and femoral 

artery and vein ligation with positive results (4). Local release of IGF-I/VEGF facilitated 
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myoblast engraftment, leading to increased muscle mass and improved contractile 

function of the injured muscle two and six weeks post-injury (4). Successful local 

delivery of IGF-I was used in the model of limb immobilization via utilization of mini-

osmotic pump where IGF-I was successful in rescuing aged skeletal muscle from disuse 

atrophy (71). Identification and testing of additional growth factors, chemokines and 

cytokines is ongoing. The times of administration, doses, release kinetics and effects on 

different tissues are still being evaluated in hopes to create viable treatment options for 

clinical use.  

Gene transfer strategies are also being tested. For example, vascular transfer of stromal 

cell derived factor-1 along with the delivery of endothelial progenitor cells induced 

engraftment of transferred cells and angiogenesis of ischemic muscle (8). Targeted 

expression of IGF-I transgene within muscle tissue significantly enhances muscle and 

neuron regeneration (70, 72-76). 

Various stem cell populations have been used for treatment of skeletal muscle wasting 

(13, 77, 78).  The mesenchymal stem cells (10), mesenchymal stem cell-like cells (79), 

mesoangioblasts (80), bone marrow stromal cells (81), satellite cells (11), 

myelomonocytic precursors  (82), myoblasts (83), endothelial progenitor cells (8, 84, 85) 

are among cell-based treatments showing therapeutic promise. Two important features of 

stem cells such as tissue-specific differentiation and self-renewal make these cells very 

attractive for researchers in the field of regenerative medicine. However, serious 
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drawbacks such as ability to transdifferentiate and induce malignancies still preclude 

these cells from widespread clinical use. 

Recently, several groups have explored the ability of immune cells, namely, polarized 

macrophages to hasten skeletal muscle regeneration. Pro-inflammatory M1 macrophages 

can promote myoblast proliferation in vitro and support myogenic potential of 

transplanted myoblasts in vivo (83). Macrophages were shown to express urokinase-type 

plasminogen  activator (uPA). Macrophage-derived uPA sustains muscle regeneration by 

proteolytic activation of hepatocyte growth factor, which has proliferative effect on 

muscle myoblasts (86-88). Cell therapy with M1 polarized macrophages reduces muscle 

fibrosis and enhances muscle regeneration after laceration injury (12). Macrophages 

improve survival, migration and proliferation of transplanted myogenic precursor cells in 

the mdx mouse model (89). M2-like regulatory macrophages supported survival of 

transplanted mesoangioblasts in the model of cardiotoxin muscle injury (90). Local 

delivery of polarized M1 and M2 macrophages improved tissue perfusion in mouse 

hindlimb ischemia model (91). In general, the use of differentiated cells such as 

macrophages in cell therapies alone or in combination with other cell types holds a lot of 

promise due to their supportive role in tissue debridement and remodeling, as well as 

myogenesis (12, 57, 88, 92) without the risk of malignant growth. With better 

characterization of microenvironmental components influencing the outcome of tissue 

regeneration, more combination therapies are likely to emerge including simultaneous 

delivery of several growth factors, cytokines and chemokines, co-transplantation of 
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multiple cell populations and combinatorial treatments with both growth 

factors/cytokines/chemokines and cells.  
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CHAPTER III 

CONTROLLED DELIVERY OF SDF-1α AND IGF-I: CXCR4
+
 CELL 

RECRUITMENT AND FUNCTIONAL MUSCLE RECOVERY 

ABSTRACT 

Therapeutic delivery of regeneration-promoting biological factors directly to the site of 

injury has demonstrated its efficacy in various injury models.  Several reports describe 

improved tissue regeneration following local injection of tissue specific growth factors, 

cytokines and chemokines. Evidence exists that combined cytokine/growth factor 

treatment is superior for optimizing tissue repair by targeting different aspects of the 

regeneration response. The purpose of this study was to evaluate the therapeutic potential 

of the controlled delivery of the stromal cell-derived factor-1alpha (SDF-1α) alone or in 

combination with insulin-like growth factor-I (SDF-1α/IGF-I) for the treatment of 

tourniquet-induced ischemia/reperfusion injury (TK-I/R) of the skeletal muscle. We 

hypothesized that SDF-1α will promote sustained stem cell recruitment to the site of 

muscle injury, while IGF-I will induce progenitor cell differentiation to effectively 

restore muscle contractile function after TK-I/R injury while concurrently reducing 

apoptosis. Utilizing novel poly-ethylene glycol (PEG)ylated fibrin gel matrix (PEG-Fib), 

we incorporated SDF-1α alone (PEG-Fib/SDF-1) or in combination with IGF-I (PEG-

Fib/SDF-1α/IGF-I) for controlled release at the site of acute muscle injury. Functional 

analysis showed no benefit from PEG-Fib/SDF-1α treatment, while dual delivery of 

PEG-Fib/SDF-1α/IGF-I resulted in significant improvement of maximal force recovery. 
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Histological data supported functional data, as well as highlighted the important 

differences in the regeneration process among treatment groups.  In general, our results 

fail to show positive effect of SDF-1α treatment on skeletal muscle repair. The success of 

combined PEG-Fib/SDF-1α/IGF-I treatment appears to be mediated primarily by IGF-I-

dependent effects on muscle regeneration.  

INTRODUCTION 

Skeletal muscle tissue has a remarkable ability to regenerate. Nevertheless, muscle 

regenerative capacity is reduced during ageing and can be greatly compromised 

following severe injuries (16). Functional deficits are commonly a consequence of 

impaired regenerative responses, leading to partial or complete loss of muscle function 

(93).  

In animal models cell-based therapies have been used successfully to enhance muscle 

regeneration (13) (78, 79, 94-97). Transfers of myoblasts/satellite cells (98), 

mesenchymal cells (99), bone marrow-derived stem cells (100, 101) , peripheral blood-

derived stem cells (102) and other tissue resident stem cell populations
 
(13, 78)

 
with 

multi-lineage potential are tested with hopes to develop viable treatments for skeletal 

muscle injuries and muscle wasting disorders. In pre-clinical trials myoblast 

transplantation showed great promise for the treatment of localized muscular dystrophies 

as well as several conditions such as urinary and anal incontinence (96). Several serious 

challenges still preclude the widespread use of stem-cell based therapies in clinic: 1) the 

need for standardized in vitro culture systems to raise sufficient and homogeneous stem 
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cell populations (95, 103) ; 2) the ability to control cell fate before and after 

transplantation to avoid undesirable transdifferentiation and potential for malignant 

transformation (15). Although, such issues as immune rejection, poor survival, limited 

trafficking and engraftment at the site of injury are existing limitations (96), several 

studies still show transient benefits from stem cell therapies due to the modulation of 

local inflammation through the release of anti-inflammatory mediators, as well as 

secondary effects on resident or locally recruited cells (14, 34, 100, 101, 104-106). 

Overall, with better characterization of microenvironmental components influencing the 

outcome of tissue regeneration, more combination therapies are likely to emerge 

including simultaneous delivery of several growth factors, cytokines and chemokines, co-

transplantation of multiple cell populations and combinatorial treatments with both 

growth factors/cytokines/chemokines and cells. As such, co-transplantation studies using 

innate immune cells and human myoblasts were effective at stimulating myoblast 

proliferation and engraftment into mouse dystrophic muscle (83). Co-delivery of SDF-1a 

transgene and endothelial progenitors enhanced cell engraftment and subsequent 

angiogenesis of the ischemic muscle (8). Despite recent developments, the use of stem 

cell therapies is precluded by safety concerns. Therefore, identification of stem cell-

trophic and regulatory factors and their subsequent incorporation into biodegradable 

matrices for the delivery into injured tissues represents a safer alternative to cell-based 

therapies.  
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Various synthetic scaffolds have been designed to deliver biomolecules to the site of 

acute injury (5, 107, 108). Polyethylene glycol (PEG) is a synthetic polymer. It has been 

used extensively for delivering covalently attached proteins in vivo.  PEG-fibrinogen 

(PEG-Fib) results from coupling of PEG with fibrinogen molecules, enabling generation 

of a biodegradable PEG-Fib matrix after thrombin addition, while maintaining the 

capacity to covalently bind various protein factors. This biological scaffold is useful in 

several aspects: 1. It provides controlled release of conjugated protein factors; 2. It 

decreases the rate of protein clearance by the immune system; 3. It localizes the delivery 

of protein factors to a particular site or tissue (109). Recently our group used PEG-Fib to 

conjugate and deliver IGF-I to improve functional recovery of the skeletal muscle 

following TK-I/R injury (3). Zhang et al. (6) successfully used PEG-Fib matrix-based 

delivery of SDF-1α to enhance myocardial remodeling. Delivery of SDF-1α as well as 

other cytokines, chemokines and growth factors directly to the site of acute injury has 

been successfully accomplished by other research groups (5, 107, 108). 

SDF-1 or CXCL12 is a small pro-inflammatory cytokine. Its expression is transiently 

induced after ischemic injury in several tissues including skeletal muscle (110, 111). 

During inflammation and injury, SDF-1 was shown to be the most potent chemoattractive 

signal for CXCR4
+
 cells and is considered a major stem cell homing factor (112, 113). 

CXCR4-expressing cells include hematopoietic stem cells (6), endothelial progenitor 

cells (8, 112, 114), mesenchymal stem cells (115), satellite cells (116) as well as 

monocytes and lymphocytes(113).  In the models of ischemic limb damage, SDF-1 was 
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shown to restore perfusion and enhance regeneration via recruitment of a CXCR4
+
 cell 

fraction with pro-angiogenic properties (107, 117). In contrast, in the model of kidney I/R 

injury SDF-1 was shown to have no effects on recruitment of stem cells to the kidney, 

however, disruption of SDF-1 severely increased renal dysfunction and injury (118, 119)  

highlighting its requirement in locally mediated tissue repair. Injury models of 

myocardial regeneration provide substantial evidence that SDF-1 mediated therapies are 

beneficial due to improved survival of local and recruited progenitor cells as well as 

enhanced neovascularization
 
(6, 9). Overall, strong evidence exists for the requirement of 

SDF-1-mediated signaling in orchestration of tissue regeneration, albeit the exact 

mechanisms of action may be tissue- and injury- specific.  

IGF-I is a pro-regenerative (120), anti-inflammatory growth factor (70). Major effects of 

IGF-I include regulation of myoblast proliferation, differentiation and survival (120, 

121), modulation of inflammatory response (70), stimulation of anabolic pathways (74, 

76, 122) and atrophy prevention (123). Our group has previously shown major pro-

regenerative effects of IGF-I following in vivo PEG-Fib/IGF-I delivery into the TK-I/R 

injured muscle (3). 

Motivated by our previous findings that PEG-Fib/IGF-I delivery significantly enhances 

muscle regeneration we wanted to address the therapeutic efficacy of combined PEG-

Fib/SDF-1α/IGF-I and PEG-Fib/SDF-1α therapies on functional muscle regeneration 

following TK-I/R injury. We hypothesized that elevating and maintaining SDF-1α levels 

via Peg-Fib-mediated release at the site of I/R injury will promote the recruitment of 



 

19 
 

resident, as well as circulating CXCR4-expressing progenitor cells, to the site of injury. 

In turn, combined incorporation of IGF-I into a biodegradable matrix should further 

stimulate stem cell proliferation and differentiation to subsequently improve functional 

regeneration of TK-I/R injured muscle.  

MATERIALS AND METHODS 

Animals 

Male Sprague–Dawley rats (6–9 months; Charles River) were maintained on a 12-hour 

light/dark cycle and housed individually. Animals were allowed ad libitum access to food 

and water. All experimental procedures were approved and conducted in accordance with 

guidelines set by the University of Texas at Austin and the Institutional Animal Care and 

Use Committee. 

Tourniquet Application 

The 2-hour tourniquet-induced ischemia/reperfusion (TK-I/R) model of skeletal muscle 

injury was induced as previously described (93).  Briefly, randomly selected hind limb 

was elevated and a pneumatic tourniquet cuff (D.E. Hokanson, Inc.; Bellevue, WA) was 

placed proximal to the knee. The cuff was inflated to 250 mm Hg using the Portable 

Tourniquet System (Delfi Medical Innovations Inc.; Vancouver, BC, Canada) for 2 

hours. During the course of this procedure, rats were anesthetized with 2% to 2.5% 

isoflurane and body heat was maintained with the use of a heat lamp. The analgesic, 

carprofen, was administered prior to tourniquet application, 12- and 24- hours post-TK-

I/R injury for pain management. 
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PEGylated Fibrin Preparation and Delivery 

Protein factor conjugated PEGylated fibrin gel was prepared as previously described (6, 

109). Briefly, human fibrinogen (Sigma-Aldrich Co.; St. Louis, MO) was reconstituted in 

Tris-buffered saline (40 mg/mL, pH 7.8) and reacted with bifunctional SG-PEG-SG 

(NOF America Corp, Irvine, CA) in 5:1 PEG:fibrinogen molar ratio with or without the 

addition of rat SDF-1α (PeproTech Inc.; Rocky Hill, NJ) and hIGF-I (Pepro Tech Inc.; 

Rocky Hill, NJ). Gel polymerization was induced by the addition of 25 U/mL of human 

thrombin (Sigma). The final concentration of fibrinogen was 10 mg/mL, PEG 0.5 mg/ml, 

SDF-1α 10 μg/mL, IGF-I 25μg/ml. Twenty-four hours post TK-I/R injury, 0.25mL of 

empty PEGylated fibrin gel (Peg-Fib; n=6), SDF-1α conjugated PEGylated fibrin gel 

(Peg-Fib/SDF-1α; n=6), SDF-1α and IGF-I conjugated PEGylated fibrin gel (Peg-

Fib/SDF-1α/IGF-1; n=6) was injected into the lateral gastrocnemius (LGAS) muscle of 

the TK-injured limb. PEG-Fib-containing treatments were injected in liquid form and 

polymerized in situ. Functional assessments were performed at 14 days of reperfusion. 

Functional Assessment 

Following 14 days of TK- I/R injury, in situ evaluations of lateral gastrocnemius (LGAS) 

force production were performed on the tourniquet and contralateral leg (uninjured) as 

previously described (93). Briefly, animals were anesthetized with isoflurane, and the 

skin of the hindlimb was removed to expose the hamstring.  LGAS muscle was isolated; 

innervation to the medial GAS was removed. The Achilles tendon was attached to the 

lever arm of a dual mode servomotor (Aurora Scientific Model 310B Inc.; Aurora, ON, 

Canada). The muscle was stimulated using a stimulator (A-M Systems, Carlsborg, WA, 
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Model 2100) with electrodes applied to the tibial nerve. Optimal length (Lo) was 

determined by finding the length producing the maximal twitch force at 0.5 Hz at 5V. 

Maximal peak tetanic tension (Po) was measured at 150 Hz and the minimal voltage 

required to elicit a maximal Po response. Each tetanic contraction was followed by 2 

minutes of rest. Muscle temperature was maintained with a heat lamp and warm mineral 

oil. Data was collected and analyzed using LabView software.  After the completion of 

the contractile measurements, the muscles were harvested, weighed, embedded in OCT 

compound, and frozen in liquid nitrogen-cooled isopentane. The muscles were stored in a 

-80°C freezer until histological analysis.  

Histological Analysis and Fluorescence Microscopy 

Frozen, OCT-embedded muscle samples following 14 days of recovery after I/R injury 

were sectioned on a cryostat (Leica CM1900; Leica Microsystems Inc.; Buffalo Grove, 

IL) and placed on a warm slide.  Hematoxylin & eosin (H&E) s and Masson’s trichrome 

(Polyscience, Warrington, PA, USA) staining were performed as previously described
28

, 

and slides were observed with a light microscope (Nikon Diaphot, Nikon Corp.; Tokyo, 

Japan) with the 20X objective lens. Images were taken using a mounted digital camera 

(Optronix Microfire; Optronix; Goleta, CA). Myofiber cross-sectional area (CSA) was 

measured using ImageJ software. Immunofluorescence protocols were previously 

described (124). Briefly, sectioned tissue was blocked with 5% normal donkey serum and 

1% BSA in PBS, and stained with primary anti-CXCR4 antibody (1:200; Novus 

Biologicals, Littleton, CO, USA, H00007852-M04). Primary antibody staining was 

detected with the donkey anti-mouse IgG-TRITC fluorescein (1:100; Santa Cruz 
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Biotechnology, Inc.; Santa Cruz, CA) and counterstained with DAPI (1:1000; Molecular 

Probe, OR, USA, D1306). CXCR4
+
 cells were identified using Leica (DM IL) 

fluorescence microscope with the 20 ×objective lens, photographed using AxioCam 

MRm Microscope Camera and quantified using ImageJ Software. PEG-Fib group n=6; 

PEG-Fib/SDF-1 group n=5 control leg, n=6 TK leg; PEG-Fib/SDF-1/IGF-I group n=5.  

Western Blotting 

Western blotting was performed as previously described (125). Briefly, samples were 

prepared and boiled in 2X Laemmli’s sample buffer at a ratio of 1:1 for 5 minutes, 

samples were loaded into each well of a 5% stacking/ 12.5% separating polyacrylamide 

gel. Following SDS-PAGE, proteins were transferred to a PVDF membrane (Millipore) 

and blocked with 5% milk in 0.1% Tween-20 in TBS (TBST) for 1 h. Membrane was 

incubated in a 1:1000 dilution of primary antibody to rabbit anti-rat SDF-1α (Peprotech) 

in 5% milk-TBST overnight at 4°C. Protein bands were detected using 1:1000 dilution of 

goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (Pierce) in 5% 

milk-TBST for 2 h. Following detection of SDF-1α protein, membrane was washed, 

incubated in stripping buffer at 50 °C for 50 min, blocked and re-blotted with primary 

rabbit anti-hIGF-I antibody (Peprotech) at 1:1000 dilution overnight at 4°C. Secondary 

detection was performed as described above. Blots were imaged with the Chemidoc XRS 

system (Bio-Rad).  
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Statistical Analysis 

Functional values were analyzed using one-way ANOVA to compare groups, and the 

Tukey post-hoc test was used to compare between data sets (p<0.05).  The values are 

represented as the mean ± SEM, unless noted otherwise.  

 

RESULTS 

Identification of SDF-1α and IGF-I by Western Blot 

Our group has previously shown the successful conjugation of IGF-I growth factor to 

PEG-Fib matrix (3). In turn, the success of SDF-1α conjugation to PEG-Fib matrix was 

extensively characterized by Zhang et al (6). We utilized already established protocols to 

conjugate SDF-1α and IGF-I to the PEGylated fibrin matrix. By using Western Blot we 

confirmed the presence of SDF-1α and IGF-I in our gels (Figure 3.1). Co-incubation of 

SDF-1α and IGF-I recombinant proteins with PEG-Fib matrix resulted in the formation 

of large PEG-Fib/SDF-1α/IGF-I complexes detected by SDF-1α and IGF-I specific 

antibodies (Figure 3.1; Lane 4). Fibrinogen (α-chain 63.5 kDa, β-chain 56 kDa, γ-chain 

47 kDa) binds PEG (3.4 kDa), SDF-1α (10kDa) and IGF-I (7.5kDa) to form SDF-

1α/IGF-I-containing aggregates ≥ 60 kDa in size. No staining was detected with 

fibrinogen only (Lane 2) and (PEG)ylated fibrinogen (Lane 3). Success of (PEG)ylation 

procedure is reflected in the virtual absence of staining to unconjugated SDF-1α and IGF-

I (Figure 3.1; Lane 4).  Our prior work has demonstrated progressive release of SDF-1α 

and IGF-I from PEG-Fib matrix in vitro (3, 6). 
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SDF-1α delivery promotes the persistence of CXCR4
+
 cells at the site of injury 14 days 

post-reperfusion  

The aim of this experiment was to address whether PEG-Fib/SDF-1α delivery was 

effective in promoting the recruitment CXCR4
+
 cells to the site of injury. In vitro release 

kinetics showed that SDF-1α can be progressively released across 7 days (6). We 

hypothesized that progressive release of high concentrations of SDF-1α from PEG-Fib 

matrix in the presence of the inflammatory response will efficiently recruit high numbers 

of CXCR4
+
 cells to the site of I/R injury. To address this, we used fluorescence 

microscopy to identify CXCR4-expressing cells within TK-I/R injured skeletal muscle 

treated with PEG-Fib, PEG-Fib/SDF-1α, PEG-Fib/IGF-I and PEG-Fib/SDF-Iα/IGF-I at a 

late time point of 14 days post-reperfusion. As expected, we saw significantly higher 

CXCR4
+
 cells present within injured muscles treated with PEG-Fib/SDF-1α 

(19.12±6.39% vs. 4.64±1.52%) compared to other groups (Fig. 3.2). Interestingly, 

presence of IGF-I was enough to override SDF-1α effect on the recruitment of CXCR4
+
 

cells (Fig. 3.2).  

Improved functional regeneration after PEGylated fibrin delivery of IGF-I without 

therapeutically beneficial effects from SDF-1α  

We aimed to determine the efficacy of PEG-Fib-mediated controlled release of SDF-1α 

and IGF-I directly at the site of I/R injury on functional recovery of skeletal muscle. To 

address this, we administered either empty PEG-Fib matrix, PEG-Fib matrix conjugated 

to SDF-1α or PEG-Fib matrix conjugated to SDF-1α/ IGF-I i.m. into TK-I/R injured 
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LGAS 24 h after TK release. Surprisingly, we observed no significant difference in 

maximum force production recovery with PEG-Fib/SDF-1α (52.05 ± 6.00%) compared 

to the PEG-Fib (49.48 ± 9.87%) treatment groups. As expected, PEG-Fib/SDF-1α/IGF-1 

treatment resulted in improved recovery of force, compared to PEG-Fib treatment (66.50 

± 13.37% vs. 49.48±9.87%; P<0.05) as seen in Figure 3.3. The tetanic force production 

in PEG-Fib/SDF-1α/IGF-I group was similar to maximum force production achieved 

following PEG-Fib/IGF-I treatment (3) suggesting that positive effect from treatment was 

primarily due to the presence and bioactivity of IGF-I. 

Specific tension values (SP0) were determined across groups in order to normalize tetanic 

forces to muscle cross sectional areas.  Consistent with force recovery values, there were 

no significant differences between specific tensions for the PEG-Fib (10.59 ± 2.41 

N/cm
2
)
 
and PEG-Fib/SDF-1α (10.13 ± 2.21 N/cm

2
) groups. There was a significant 

increase in specific tension in PEG-Fib/SDF-1α/IGF-1 group (14.22 ± 1.79 N/cm
2
)
 

compared to PEG-Fib and PEG-Fib/SDF-1α groups (p<0.05) (Figure 3.4). Muscle 

weights across groups were not significantly different (data not shown). 

These results suggest that SDF-1α delivery to TK-I/R injured muscle does not provide 

significant therapeutic benefit. The beneficial effect from dual PEG-Fib/SDF1α/IGF-I 

factor delivery is mediated primarily by IGF-I. 
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Histological evaluation of regenerating muscle tissue supports functional results, but 

points to differences in regeneration mechanisms among groups 

Histological evaluation of H&E stained muscle sections at 14 days post-reperfusion in 

general supports functional data results described above, albeit, several important and 

interesting distinctions are apparent between groups. For example, PEG-Fib/SDF-1α 

treatment group showed much greater distribution of smaller myofibers than PEG-Fib 

group despite similar contractile deficiencies (Fig. 3.5A-B). This may point to potential 

differences in the regeneration process that may have taken place subsequent to SDF-1α 

delivery. The presence of large myofibers of round morphology in PEG-Fib samples is 

most likely an indication of focal edema or fiber hypercontraction rather than 

regeneration per se. Also, significant inflammatory exudate is also apparent during gross 

examination of muscle sections treated with PEG-Fib (Fig. 3.5A). Persistent 

inflammation within regenerating tissue has been associated with increased collagen 

deposition (126). We evaluated collagen deposition in our tissues using Trichrome 

staining (Figure 3.6). As expected, we saw significantly higher fibrosis in PEG-Fib and 

PEG-Fib/SDF-1α treated muscles. 

Muscles treated with PEG-Fib/SDF-1α/IGF-I, as expected, showed almost no signs of 

injury induced pathology and minimal fibrosis, their myofiber size distribution was 

comparable to that of control muscle (Fig. 3.5C and Fig. 3.6). Histologically, muscles 

treated with PEG-Fib/SDF-1α/IGF-I look identical to muscle treated with PEG-Fib/IGF-I 

(3). Therefore, histological examination supports functional studies and further provides 

evidence that SDF-1α delivery via PEG-Fib does not enhance muscle regeneration, while 
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the beneficial effect from dual PEG-Fib/SDF-1α/IGF-I delivery is due to the effect of 

IGF-I on muscle regeneration. Whether the lack of beneficial effects at 14 days in PEG-

Fib/SDF-1α group indicates delayed resolution of inflammation that subsides at later time 

points was not determined. 

In conclusion, we have shown that PEG-Fib mediated delivery of the chemokine, SDF-

1α, does not improve skeletal muscle regeneration following TK-I/R injury, potentially 

due to the increased persistence of CXCR4
+
 cells at the site of injury late in regeneration 

response. In contrast, dual PEG-Fib-mediated delivery of SDF-1α/IGF-I enhances 

functional regeneration of skeletal muscle tissue after TK-I/R injury. Positive effects on 

skeletal muscle regeneration are mediated by IGF-I, overriding SDF-1α mediated effects 

on CXCR4
+ 

cell recruitment.  

DISCUSSION 

In this study we used a (PEG)ylated fibrin-based matrix to deliver SDF-1α chemokine 

alone or in combination with IGF-I growth factor to the site of acute skeletal muscle TK-

I/R injury. Motivated by our previous success in the delivery of PEG-Fib/IGF-I to 

enhance functional muscle regeneration after I/R injury
 
(3) we aimed to address the 

efficiency of combined matrix-based SDF-1α/IGF-I therapeutic approach on restoring 

muscle function post TK-I/R injury. Unfortunately, we found no added benefit on 

restoration of muscle contractile function from combined PEG-Fib/SDF-1α/IGF-I therapy 

compared to PEG-Fib/IGF-I treatment.  



 

28 
 

Taking into consideration multiple literature-reported beneficial effects of SDF-1α 

treatment on regeneration of ischemic tissues, including skeletal muscle (107), we were 

surprised to find no functional improvements following PEG-Fib/SDF-1α therapy. Albeit 

to our knowledge, we are the first group to evaluate the effect of SDF-1α treatment on 

functional regeneration of skeletal muscle after TK-I/R injury. In addition to functional 

results, histological data strengthened our conclusions and provided additional evidence 

of ongoing degenerative/regenerative cycling at the two-week time point after TK-I/R 

injury in the PEG-Fib/SDF-1α treatment group characterized by an abundance of smaller 

myofibers, increased fibrosis and the persistence of CXCR4
+
 cells. Although not 

demonstrating a positive effect at this time point, our results were not completely 

unexpected.  

SDF-1α is a pro-inflammatory chemokine, strongly induced in an inflammatory setting
 

(127). It is known to be a powerful chemoattractant for CXCR4-expressing stem cell 

populations as well as bone marrow-derived immune cells
 
(113, 127, 128). As such, SDF-

1α was shown to be a potent chemoattractant of inflammatory monocytes in vivo, greater 

even than action of monocyte chemoattractant protein-1 (MCP-1)(113). Various cancers 

use SDF-1/CXCR4 signaling axis to recruit inflammatory macrophages to the tissues
 

(129, 130). In the model of spinal cord injury, locally expressed SDF-1α in conjunction 

with matrix metalloproteinase-9 supports the migration of monocytes into the injured 

spinal cord (111). Another recent report provides compelling evidence that the CXCR7 

receptor is induced during monocyte-to-macrophage transition and is expressed at higher 
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levels on M1 macrophages. Therefore, in addition to promoting macrophage recruitment, 

SDF-1α signals via CXCR7 to enhance macrophage phagocytosis, contributing to 

pathogenesis of atherosclerosis (131). Myocardial CXCR4 overexpression led to the 

exacerbation of the I/R injury in the heart by increasing inflammatory infiltrate (132), 

while transendocardial delivery of SDF-1α failed to improve myocardial perfusion and 

ventricular function (133). These studies suggest that exaggerated signaling via SDF-1α-

CXCR4/7 axis may lead to detrimental effects on tissue regeneration.  

In our model of TK-I/R injury, tissue necrosis, vascular damage, severe inflammation and 

functional deficits are the hallmarks of I/R-induced muscle pathology (20, 93). It is 

established that inflammatory monocytes/macrophages (M1) are recruited early in 

regeneration and, although, absolutely required for the clearance of necrotic debris at the 

site of injury, their persistence often exacerbates inflammation and delays regeneration
 
(2, 

36, 134). Muscle fiber necrosis following I/R injury is a potent pro-inflammatory 

activator of recruited monocytes (135). Recently, high mobility group box-1, a nuclear 

protein released by necrotic cells, was shown to form a hetero-complex with SDF-1α and 

act via CXCR4 to recruit inflammatory cells
 

(136). I/R-induced muscle necrosis 

combined with progressive release of SDF-1α from PEG-Fib matrix in our injury model 

may have contributed to the recruitment of additional inflammatory CXCR4
+
 cells 

prolonging local inflammation and delaying muscle regeneration. Immunofluorescence 

data showing increased numbers of CXCR4
+
 cells in muscles treated with PEG-Fib/SDF-

1α late in regeneration response supports this theory. 
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In literature, the beneficial role of SDF-1α is associated with improved restoration of 

ischemic tissue perfusion and neovascularization (9). Several reports mention SDF-1α-

recruited CXCR4
+
CD11b

+
 cells as primary mediators of neovascularization (117). 

Multiple solid tumors exploit SDF/CXCR4 axis for the recruitment of M1 macrophages 

to promote and support the establishment of the vascular supply for tumor survival. As 

such, in a highly inflammatory context, a pro-angiogenic environment leads to the 

formation of immature and fragile neovessels. The recruitment of CD34
+
 endothelial 

progenitor cells via CXCR4/SDF-1 signaling axis may contribute to inflammatory 

angiogenesis (8). Likewise, in our model of TK-I/R injury, administration of PEG-

Fib/SDF-1α often resulted in leakage of blood throughout the muscle (data not shown), 

which can be a consequence of rupture, permeability and lack of stability of newly 

formed microvasculature. Abundance of small myofibers and the persistence of CXCR4
+
 

cells at the site of injury as late as two weeks post-reperfusion provide further evidence 

for ongoing degeneration/regeneration sequence of events, likely due to unresolved local 

inflammation. Increased collagen deposition in PEG-Fib and PEG-Fib/SDF-1α treated 

muscles may be indicative of M2 macrophage activity, which appear in the muscles as 

early as 3 days post-reperfusion (137) and produce arginase-1 and TGF-β factors both of 

which contribute to extracellular matrix deposition (138). It is worth noting, that in the 

absence of significant differences in functional regeneration between matrix alone and 

the PEG-Fib/SDF-1α group histological characteristics point to differences in 

regeneration mechanisms. Overall, there appears to be no functional benefit from SDF-1α 
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treatment up to 14 days post-TK-I/R injury compared to matrix delivery alone, although, 

local changes in neovascularization have not been evaluated and cannot be excluded. 

Interestingly, in the combined delivery of PEG-Fib/SDF-1α/IGF-I, IGF-I was able to 

circumvent the detrimental SDF-1α-mediated effects on functional muscle regeneration 

as well as cell recruitment. Our group has previously shown significant beneficial effects 

of PEG-Fib/IGF-I administration on muscle recovery following TK-I/R injury. It was 

apparent that functional improvements using PEG-Fib/SDF-1α/IGF-I therapy were very 

similar to functional recovery using PEG-Fib/IGF-I therapy of TK-I/R injured muscles 

(3). Therefore, we concluded that beneficial effects of PEG-Fib/SDF-1α/IGF-I therapy 

are primarily attributed to IGF-I activity, a potent anti-inflammatory and pro-regenerative 

growth factor (70). It will be interesting to investigate whether SDF-1α-mediated effects 

on inflammation are modulated by the differential polarization of CXCR4
+
 monocyte 

populations recruited to the site of injury. As delayed M1-to-M2 macrophage transition in 

the course of regeneration may delay efficient resolution of tissue inflammation, 

influence myogenesis and subsequently, tissue repair (1, 134). 

The release kinetics of SDF-1α/IGF-1 from PEG-Fib matrix were previously evaluated 

by our group as well as Zhang et al (6). Sequence of factor release at the site of acute 

injury may be responsible for the lack of therapeutic effect after dual PEG-Fib/SDF-

1α/IGF-I delivery. The majority of IGF-I is released from the matrix within the first 24 

hours and at physiologically relevant levels over a 4-day period, while slightly larger 

SDF-I is progressively released over 7 days. The powerful anti-inflammatory signal 
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delivered via IGF-I may have inhibited pro-inflammatory SDF-1 mediated effect. Future 

studies should address how changing the order and kinetics of SDF-1α/IGF-I release may 

impact functional tissue regeneration. 

CONCLUSION 

We did not observe functional improvements after PEG-Fib/SDF-1α treatment, despite 

treatment-induced increase in persistence of CXCR4
+
 cells at two weeks after initial 

injury. Functional analysis showed no significant difference in maximal force recovery 

between matrix alone treatment and addition of SDF-1α. As expected, combined PEG-

Fib/SDF-1α/IGF-I delivery significantly improved functional recovery following TK-I/R. 

However, the effect of combined PEG-Fib/SDF-1α/IGF-I therapy appeared to be IGF-I 

mediated. Our data confirm the requirement for IGF-I in promoting efficient muscle 

repair, while fail to prove beneficial effects of SDF-1α treatment on functional recovery 

at 14 days following TK-I/R injury. Nevertheless, the combined growth factor therapy 

can offer multiple benefits provided that one can manipulate the release order, kinetics 

and gradients of delivered mediators in the microenvironment in spatiotemporal manner 

to promote efficient repair.  
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Figure 3.1. Western blot reflecting the binding of SDF-1α and IGF-I to conjugated 

poly(ethylene glycol) (PEG) fibrinogen (Fib). Lane 1: rmSDF-1α (20μg/ml), rmIGF-I 

(50μg/ml); Lane 2: Fibrinogen (10 mg/ml); Lane 3: PEGylated fibrinogen; Lane 4: 

PEGylated fibrinogen/SDF-1α/IGF-I, final concentrations of SDF-1α and IGF-I 

following PEGylation were10μg/ml and 25μg/ml respectively. Bands visualized around 

60 kDa correspond to PEG-Fib/ SDF-1α/IGF-I conjugates probed with SDF-1α (top) and 

IGF-I (bottom) detecting antibodies.  
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Figure 3.2. Quantification of CXCR4
+
 cells within TK-injured skeletal muscle 14 days 

post-reperfusion. Microscopic evaluation of CXCR4+ cell persistence at the site of 

muscle injury 14 days post TK-I/R in animals treated with PEG-Fib alone, PEG-

Fib/SDF-1α, PEG-Fib/ IGF-1 and PEG-Fib/SDF-1α/IGF-I. Contralateral control (n=5, 3 

fields of view/animal); TK-I/R (n=6, 3 fields of view/animal). Values expressed as mean 

± SEM, 
*
p<0.05 versus PEG-Fib control leg, 

# 
p<0.05 PEG-Fib/SDF-1α versus PEG-

Fib/SDF-1α/IGF-I. One-way ANOVA, Tukey post-hoc. 
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Figure 3.3.Percent maximum force production recovery among treatment groups 14 days 

post-TK-I/R injury. Following 14 days of an I/R injury, maximum tetanic force 

production (P
0
) of the LGAS was measured in situ from the following groups: PEGylated 

fibrin (PEG-Fib), PEGylated fibrin conjugated to SDF-1α (PEG-Fib/SDF-1), and 

PEGylated fibrin conjugated to SDF-1α and IGF-I (PEG-Fib/SDF-1/IGF-I).  The P
0
 were 

compared to the contralateral leg that received no injury.  Values are represented in mean 

± SEM, *p<0.05 versus PEG-Fib, n=6. 
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Figure 3.4. Functional recovery of tetanic tension among treatment groups 14 days post-

TK-I/R injury. Following 14 days post- I/R injury, specific tension (SP
0
) of the LGAS 

was measured in situ for the following groups: PEGylated fibrin (PEG-Fib), PEGylated 

fibrin conjugated to SDF-1α (PEG-Fib/SDF-1), and PEGylated fibrin conjugated to SDF-

1α and IGF-I (PEG-Fib/SDF-1/IGF-I).Values are expressed as mean ± SEM, 
†

 p<0.05 

versus uninjured, 
*

 p<0.05 versus PEG-Fib, 
#

 p<0.05 versus PEG-Fib/SDF-1, n=6 

 

 



 

37 
 

Figure 3.5.Histological analysis of TK-I/R injured skeletal muscle 14 days post-

reperfusion. H&E stained sections were examined 14 days post-injury from for fiber size 

distribution (200X). Representative images are included. (A) PEG-Fib, (B) PEG-

Fib/SDF-1α, (C) PEG-Fib/SDF-1α/IGF-I treatments. Smaller fibers were indicative of 

degenerative/regenerative cycling of injured myofibers, while very large rounded 

myofibers were due to focal edema and/or hypercontraction. 
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Figure 3.6.Analysis of collagen deposition in TK-I/R injured skeletal muscle 14 days 

post-reperfusion (200X). n=3, 3 fields of view/animal. Values expressed as mean ± SEM. 

One-way ANOVA, Tukey post-hoc. 
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CHAPTER IV 

ANTI-INFLAMMATORY MACROPHAGES IMPROVE SKELETAL MUSCLE 

RECOVERY AFTER SEVERE INJURY 
£
 

ABSTRACT 

The presence of macrophages (MPs) is essential for skeletal muscle to properly 

regenerate after injury.  The aim of this study was the evaluation of functional MP 

profiles and their importance in skeletal muscle repair from tourniquet-induced 

ischemia/reperfusion (I/R). We identified two distinct CD11b
+
 MP populations that differ 

in expression of the surface markers Ly-6C and F4/80.  These populations are prominent 

at 3 and 5 days of reperfusion, and molecularly correspond to inflammatory and anti-

inflammatory MP phenotypes.  Sorted MP populations demonstrate high insulin-like 

growth factor-I (IGF-I) gene expression suggesting that MPs significantly contribute to 

post-injury IGF-I levels.  Additionally, we demonstrate that direct intramuscular injection 

of CD11b
+
Ly-6C

lo
F4/80

hi
 MPs improves the functional and histological recovery of I/R 

injured muscle.  Taken together, these data further support the substantial influence of the 

innate immune system on muscle regeneration, and suggest MP-focused therapeutic 

approaches may greatly facilitate skeletal muscle recovery from severe injury.  
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INTRODUCTION 

Skeletal muscle response to injury involves a complex program of degenerative and 

regenerative activities to repair the damaged tissue and restore contractile muscle 

function.  Coordination of these processes is achieved by an orchestration of molecules, 

including intracellular components, cytokines/chemokines, growth factors, and protease 

byproducts, which create a milieu that directs the cellular constituents of the injury site to 

their proper state of activation in order to promote efficient skeletal muscle regeneration.  

The body of literature that pertains to skeletal muscle regeneration is heavily dominated 

by studies focused on myogenic stem cell populations, primarily resident satellite cells; 

however, cellular components of the immune system, especially macrophages (MPs), are 

becoming increasingly known for their essential and intriguingly complex roles in the 

muscle regenerative process. 

Acute skeletal muscle injury is immediately coupled with the release of intracellular 

signals and subsequent expression of chemotactic cytokines that attract neutrophils to the 

damaged tissue within hours (139, 140).  This event is followed by the infiltration of 

circulating monocytes into the region, which differentiate into a pro-inflammatory and 

phagocytotic MP phenotype (52, 67, 141).  The prevalence of this MP phenotype is 

gradually superceded by the emergence of a more anti-inflammatory, pro-regenerative 

phenotype (67, 141).  An emerging model of the origin of this dual-MP profile from a 

common infiltrate, eloquently described by Arnold et al. (67), entails an immature 

population of “sentinel” monocytes expressing high levels of CCR2 and Ly-6C, and low 

levels of fractalkine receptor (CX3CR1) chemotactically migrating to damaged tissue to 
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become inflammatory MPs that characterize the degenerative phase of muscle repair (52, 

67, 142).  Subsequent phagocytosis of tissue debris then induces a phenotype shift to Ly-

6C
lo

 CX3CR1
hi

 anti-inflammatory MPs, which dominate the regenerative phase (67).   

The absolute necessity of MPs in skeletal muscle regeneration has been repeatedly 

demonstrated by studies that have either depleted monocytes or impaired their migration 

through genetic or pharmacological means (52, 53, 57, 67, 143).  In these models, the 

regeneration of muscle following injury is dramatically hindered, largely characterized by 

delayed myogenesis with highly disorganized fibers and substantial adipose deposition.  

This regenerative decrement found with the exclusion of MPs from the site of injury is 

likely a multi-faceted process:  prevention of the initial population results in the failed 

removal of necrotic tissue and impaired extracellular matrix modification, while 

eliminating anti-inflammatory MPs negates the supportive role in regeneration.  This 

suggests a delicate coordination of this infiltration and transition must occur in order to 

achieve efficient regeneration of muscle (67, 144).  

Several elegant studies provide evidence that macrophages are capable of switching their 

phenotype directly at the site of injury (67, 68).  The resultant ratio of Ly-6C
+
 to Ly-6C

-
 

macrophages and their temporal appearance are critical for proper muscle regeneration 

(68). As such, a number of studies have shown that macrophages interact with myogenic 

precursor cells at the site of injury. The outcome of such interactions depends on the 

polarization state, numerical dominance and secretory profile of specific macrophage 

populations present in the microenvironment (69). Recent studies have successfully 
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manipulated the delivery of in vitro polarized macrophage populations, alone or in 

combination, with myogenic precursor cells into various injury models (12, 89, 91).  

In the study of traumatic muscle injuries, the importance of this immunological 

component cannot be ignored, especially in evaluating novel therapeutic strategies (124, 

145) or studying conditions of impaired regeneration, such as aging (146-148). 

Surprisingly. we were unable to find any reports of adoptive transfer of temporally 

matched macrophages from injured muscles to enhance muscle regeneration. Such 

adoptively transferred, injury-conditioned macrophages may differ in their polarization 

status from “classically” defined pro- and anti-inflammatory phenotypes induced in vitro. 

Additionally no studies currently exist evaluating macrophage responses in TK-induced 

I/R injury model. TK-I/R injury results in extensive pathophysiology leading to muscle 

necrosis, fibrosis, inflammation and delayed recovery of muscle function (34, 93). 

Tourniquets are used routinely during surgical procedures to create bloodless surgery 

field. Impaired restoration of functional capacity of TK-I/R injury currently presents a 

serious clinical problem in need of effective treatment strategies.   

The purpose of the present work was to utilize flow cytometry to characterize MP 

profiles in skeletal muscle following tourniquet (TK)-induced I/R.  The analysis of 

infiltrating CD11b
+
 cells for the expression of Ly-6C and F4/80 surface markers reveals 

distinct CD11b
+
Ly6C

hi
F4/80

lo
 and CD11b

+
Ly6C

lo
F4/80

hi
 MP populations that display 

divergent gene profiles and shift in prevalence during the reperfusion time course. 

Furthermore, we demonstrate that whole muscle IGF-I expression correlates with F4/80 



 

43 
 

expression and intramuscular injection of CD11b
+
Ly6C

lo
F4/80

hi
 cells drastically 

improves the functional recovery of skeletal muscle from I/R. 

MATERIALS AND METHODS 

Animals 

Male C57BL/6 mice (6 mo; Jackson Laboratories) were used for this study.  Animals 

were housed individually with ad libitum access to food and water, and maintained on a 

12-hour light/dark cycle.  All experimental procedures were approved and conducted in 

accordance with the guidelines set by The University of Texas at Austin IACUC. 

Tourniquet Application 

As previously described (125), mice were anesthetized with 2% isoflurane gas, and a 

single, randomly selected hind limb was elevated. A pneumatic tourniquet (D.E. 

Hokanson, Inc.) was wrapped snuggly against the proximal portion of the limb and 

inflated to 250 mm Hg by the Portable Tourniquet System (Delfi Medical Innovations 

Inc.) to ensure complete occlusion of blood flow to the limb (149).  Body temperature 

was maintained at 37±1º C with the use of a heat lamp during this procedure.  After 2 

hours, the pneumatic tourniquet was removed, and the mouse was returned to its cage for 

recovery.  Where indicated, muscles from the uninjured contralateral limb served as 

internal controls, as performed in other studies (146, 150, 151). 
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Macrophage Isolation 

Lateral gastrocnemius (LG) muscles (~60-100 mg of tissue) were harvested from 

euthanized mice, minced finely, and incubated in 10 volumes/muscle weight of 1% type 

II collagenase (Invitrogen; dissolved in DMEM) at 37 C.  Following 20 minutes of 

incubation, suspensions were gently triturated and incubated for another 20 minutes.  

Samples were filtered through 40 um nylon cell strainers (BD) into media containing 

10% fetal bovine serum, centrifuged at 300xg for 6 minutes, and resuspended in 2 mL of 

media.  The concentration of viable, Trypan blue negative cells, with the exclusion of red 

blood cells (RBCs), was determined using a hemacytometer.  Total cells and total cells 

per mg of muscle were calculated from this value.  For control and 1 day-reperfusion 

samples, multiple lower hind limb muscles from each animal were pooled to obtain 

enough cells for analysis. 

Flow Cytometry and FACS 

Immediately following isolation, 2 aliquots of 2.5-5x10
5
 cells from each sample were 

washed in 1% BSA in PBS, blocked in 2% BSA in PBS, and stained with either a 

cocktail containing PE-conjugated anti-CD11b (BD), FITC-conjugated anti-Ly6C 

(Biolegend), and APC-conjugated anti-F4/80 (Biolegend) or a cocktail of the 

corresponding isotype controls (antibody concentration of 1 uL per 2.5x10
5
 cells).  

Samples were run on the BD Fortessa Flow Cytometer at the University of Texas at 

Austin Institute of Cell and Molecular Biology core facility (ICMB) with the forward 
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scatter (FSC) settings gated to exclude RBC-sized cells.  The data were analyzed using 

Flowing Software 2. 

For fluorescence activated cell sorting (FACS), macrophages were similarly isolated and 

stained from multiple hind limb muscles of 1, 3, and 5 day reperfusion animals to obtain 

adequate amounts or cells for experiments.  Stained cells were sorted using the BD 

FACSAria at the University of Texas at Austin ICMB.  For injections, cells were 

concentrated, checked for viability, and injected at a concentration of ~1.5x10
6
 cells / 100 

uL PBS into the affected gastrocnemius muscles (50 uL into each gastrocnemius head) of 

3 day reperfusion animals (n = 5).  Saline-injected animals served as controls for this 

experiment (n = 6). 

RT-PCR 

RNA was extracted from either freshly-sorted cells (n = 3 per experiment) or snap-frozen 

gastrocnemius muscles (n = 3-5 per time period) using Trizol Reagent (Invitrogen), 

treated with RNase-free DNase I (Ambion), and reverse transcribed using SuperScript III 

Kit (Invitrogen) according to manufacturers’ instructions.  Resulting cDNA was 

subjected to real time PCR analysis run on the Bio-Rad iCycler IQ5 using corresponding 

primers (Table I) and SYBR-green probe.  Relative gene expression was determined 

using the ΔΔCt method with B2m and Gapdh as the loading controls for isolated cells and 

whole muscle, respectively.  PCR products were confirmed on 2% agarose gels.  
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Force Measurements 

Following 14 days of reperfusion, cell and saline-injected gastrocnemius muscles were 

surgically isolated from all other muscles and connective tissue, and subjected to in situ 

functional measurements.  The Achilles tendon was secured to the muscle lever arm of a 

servomotor (model 305B, Cambridge Technologies) interfaced with a computer equipped 

with an A/D board (National Instruments).  The muscle was stimulated to contract using 

an Isolated Pulse Stimulator (Model 2100; A-M Systems) with leads applied to the sciatic 

nerve.  Muscle temperature was kept constant at 37º C with warm mineral oil and a 

radiant heat lamp throughout the procedure.  Optimal length of the muscle was 

determined by measuring maximal twitch tension at a stimulation of 0.5 Hz.  At optimal 

length, the muscle was stimulated at 150 Hz to elicit the peak tetanic tension (Po), and 

was allowed 2 minutes of rest between each contraction.  Data were stored and analyzed 

using LabView software (National Instruments). 

Histology 

Formalin-fixed gastrocnemius muscles were paraffin embedded, sectioned at 10 um, and 

stained with hematoxylin & eosin (H&E), as previously described (124).  The slides were 

observed with a light microscope (Nikon Diaphot) with the 20X objective lens, and 

images were taken using a mounted digital camera (Optronix Microfire).  Myofiber 

cross-sectional area (CSA) was measured by an investigator blind to the experimental 

design and sample designations using ImageJ software (195-350 fibers/group).  
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Statistical Analysis 

Data were analyzed using Student’s T-tests, one-way ANOVA (Tukey posthoc tests), or 

linear regression, where appropriate (α = 0.05).  Values are represented as mean ± SEM. 

RESULTS 

Macrophage profiles and phenotypes following reperfusion injury 

Flow cytometric analysis of the post-I/R injury infiltrate profiles in skeletal muscle was 

achieved by labeling freshly isolated cells with anti-CD11b, a marker of neutrophils and 

cells of monocytes lineage, anti-Ly6C, a surface marker found on inflammatory 

monocytes/MPs and neutrophils, and anti-F4/80, a marker associated with mature MPs.  

Following 3 days of reperfusion, the pool of CD11b
+
 cells from the LG contains three 

distinct subpopulations that vary in expression of Ly-6C and F4/80 (Figure 4.1A), which 

includes Ly-6C
mid

F4/80
-
 [quadrant 1 (Q1)],  Ly-6C

hi
F4/80

lo
 (Q4), and Ly-6C

lo
F4/80

hi
 

(Q2) cells, in agreement with previous reports detailing distinctive infiltrate profiles in 

post-injury muscle (67).  Additionally, we observed the clear temporal transition from 

primarily Ly-6C
hi

F4/80
lo

 at 1 day of reperfusion towards Ly-6C
lo

F4/80
hi

 at 7 days 

(Figure 4.1B).  In agreement with total cell numbers (Figure 4.1C), we found that the 

peak prevalence of CD11b
+
, CD11b

+
Ly-6C

hi
F4/80

lo
, and CD11b

+
Ly-6C

lo
F4/80

hi
 

populations occurred at 3 days post-TK (Figure 4.1D).  As total cell numbers declined 

and the CD11b
+
 cell population trended towards a decrease (p = 0.08) at day 5, the only 

change within the individual MP populations was a decrease in Ly-6C
hi

F4/80
lo

 cells.  Day 
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7 samples showed a substantial decrease in CD11b
+
 and CD11b

+
Ly-6C

lo
F4/80

hi 
cell 

numbers from day 5 values, suggesting a resolution of the infiltrative response to I/R.  

To investigate whether this dynamic prevalence of Ly-6C
hi

F4/80
lo 

and Ly-6C
lo

F4/80
hi 

MPs correspond to previously-reported inflammatory and anti-inflammatory phenotypes 

(67), respectively, CD11b
+
F4/80

+
 cells from 1-day (primarily Ly-6C

hi
F4/80

lo
), 3-day 

(mixed Ly-6C
hi

F4/80
lo 

and Ly-6C
lo

F4/80
hi

), and 5-day (primarily Ly-6C
lo

F4/80
hi

) 

muscles were isolated by FACS.  Gene expression analysis reveals that the inflammatory 

MP markers Il1b and Nos2 (iNOS gene), as well as the early infiltrate marker Chil3 (Ym-

1 gene) (23, 38), are substantially higher in the 1-day reperfusion samples than in 3, 5, 

and 7-day cells (Figure 4.2A), while the anti-inflammatory marker Il10 peaked at day 5 

and decreased by day 7.  Furthermore, analysis of sorted Ly-6C
hi

F4/80
lo 

and Ly-

6C
lo

F4/80
hi

 MPs from 3-day reperfusion muscles shows the former more highly express 

Chil3 and Il1b, while the latter is more anti-inflammatory with higher Tgfb and Il10 

expression (Figure 4.2B).  Interestingly, expression of Tnfa did not differ between the 

two populations.  These data demonstrate that the MPs populations isolated from post-I/R 

skeletal muscle exhibit distinct, yet dynamic, inflammatory and anti-inflammatory 

phenotypes during the recovery time course.   

Macrophage numbers reflect whole muscle IGF-I expression 

Robust upregulation of the pro-regenerative growth factor insulin-like growth factor I 

(IGF-I) occurs in post-I/R skeletal muscle (125, 146, 152), and appears to correspond 

well in expression pattern with the MP prevalence reported above.  Interesting work by 
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Lu et al (52, 53) strongly suggests that MPs are the primary source of IGF-I in myotoxin-

injured muscle, with both Ly-6C
hi

 and Ly-6C
lo

 populations expressing high IGF-I levels.  

In agreement, CD11b
+
F4/80

+
 cells isolated from 3-day I/R-affected muscles show 

drasticly elevated Igf1 expression compared to 1-day samples, which is further increased 

by day 5 and declines at day 7 (Figure 4.3A).  Surprisingly, however, the CD11b
+
Ly-

6C
hi

F4/80
lo

 population isolated from 3-day I/R muscles trend towards higher Igf1 than the 

CD11b
+
Ly-6C

lo
F4/80

hi
 population (p = 0.08; Figure 4.3B), indicating the sharp IGF-I 

upregulation at 3 days is not purely due to the latter population.  The strong correlation of 

whole muscle IGF-I expression with Emr1 (F4/80 gene) expression in 1, 3, 5, and 7-day 

reperfusion groups (Figure 4.3C) further supports of the large MP influence on post-I/R 

upregulation of IGF-I. 

Increasing intramuscular MPs improves functional muscle recovery 

Because of the high expression of IGF-I, TGFβ, and IL-10 by the CD11b
+
Ly-6C

lo
F4/80

hi
 

population likely provides a very favorable environment for muscle regeneration, we 

hypothesized that simply increasing the abundance of this population would improve 

skeletal muscle recovery from I/R.  To directly test this, CD11b
+
Ly-6C

lo
F4/80

hi
 cells 

were isolated from 3 day reperfusion muscles using FACS and injected (~1.5x10
6
 cells in 

100 μL PBS) into day-matched gastrocnemius muscles.  Functional assessment at 14 

days of reperfusion revealed significant improvements in maximum tetanic force 

production, muscle mass, and mass-normalized force production in the MP treated group, 

compared to saline treated muscle.  This also translated to significantly better recovery 
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(in terms of % of contralateral limb) of maximum force and muscle mass, while mass-

normalized force trended towards significance (Figure 4.4; bottom).  In agreement, MP-

treated muscles display an improved histological appearance over saline treatment, as 

well as significantly larger fiber size (Figure 4.4; top).  This result demonstrates that an 

increased CD11b
+
Ly-6C

lo
F4/80

hi
 population improves muscle recovery from I/R, and 

suggests that MP modifying therapies are worth investigation for clinical facilitation of 

muscle regeneration.   

DISCUSSION 

The recent emergence of the immune system as a fascinating and absolutely critical 

component of muscle regeneration has created additional considerations in the field of 

myogenic regulation and regeneration.  

In the present study, we employed flow cytometry to investigate MPs at the tissue level in 

skeletal muscle regenerating from I/R injury.  Using this method, we quantified 

individual inflammatory and anti-inflammatory subsets of the CD11b
+ 

population during 

the regenerative time course. We also provide evidence of MPs contributing to the high 

IGF-I levels following I/R, and demonstrate that directly increasing the anti-

inflammatory MP population in regenerating muscle substantially improves the 

functional recovery. 

Flow cytometry provides a powerful tool for the analysis of immune profiles at the 

whole-tissue level, as opposed to the localized, microscopic evaluations of 

immunohistochemical methods.  The simultaneous tricolor technique on freshly-isolated 
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cells used in this study allowed us to identify and quantify the CD11b
+
Ly-6C

hi
F4/80

lo 
and 

CD11b
+
Ly-6C

lo
F4/80

hi
 populations that dominate the post-I/R injury.  In terms of 

prevalence, these populations shift from the Ly-6C
hi

F4/80
lo 

to the Ly-6C
lo

F4/80
hi

 during 

muscle recovery from I/R.  Gene expression analysis of CD11b
+
Ly-6C

hi
F4/80

lo 
and 

CD11b
+
Ly-6C

lo
F4/80

hi
 populations isolated from 3-day reperfusion muscle shows they 

represent inflammatory and anti-inflammatory MP populations, respectively.  

Interestingly, we found that expression of Igf1 peaks at 5 days of reperfusion in the 

CD11b
+
F4/80

+
 cell population despite a reduction of the modestly-higher expressing Ly-

6C
hi

F4/80
lo 

population and an equivalent number of Ly-6C
lo

F4/80
hi 

cells.  This suggests 

there is plasticity in gene expression within similarly sorted cells across the recovery time 

course, which is likely dictated by surrounding regenerative environment.  We cannot, 

however, rule out the possibility that this shift in gene expression is linked to changes in 

intra-population surface marker distinctions that were not investigated in this study. 

While much of the necessary nature of MPs in muscle regeneration can likely be 

attributed to their role in the phagocytosis of necrotic debris, a more sophisticated role of 

supporting and coordinating myogenic events has emerged.  The pro-proliferative and 

pro-survival effects of MPs, as a general population, on myoblasts, is well documented 

(40, 153-156), and has been attributed to both diffusible factors (153, 156) and alterations 

in myoblasts due to cell-to-cell contact (40, 155).  With the data described herein and in 

other recent reports (52, 53, 156), MPs are emerging as being highly influential to the 

post-injury expression of IGF-I. Additionally, muscle IGF-I expression is severely 
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reduced with pharmacological ablation of MPs (157).  While these findings support that 

isolated MPs do demonstrate high levels of IGF-I expression, it cannot be ruled out that 

MPs influence IGF-I expression by other cell types in vivo, thus contributing to the 

upregulation indirectly.  Regardless, given the robust benefit of increased IGF-I levels on 

muscle regeneration (70, 145), the importance of MPs to the IGF-I landscape is 

undeniable for the field of regenerative medicine.   

A critical finding in this work is the improvement in muscle recovery found with the 

direct IM injection of sorted CD11b
+
Ly-6C

lo
F4/80

hi
 cells into temporally-matched I/R-

affected muscle.  While the beneficial effect of increased MPs on tissue recovery has 

been suggested by previous studies that either impair MP migration into muscle (53, 55, 

57, 67, 158) or increase MP prevalence by upregulating of ECM remodeling enzymes 

(86), this result directly demonstrates that increasing the anti-inflammatory subset 

improves functional recovery of skeletal muscle following traumatic injury.  Ex vivo-

stimulated MP therapies have been utilized in both rodents and humans to improve 

outcomes of myocardial infarction (159), sternal wounds (160), and skin ulcers (161-

164).  Though important physiological value can be gleamed from these data, they also 

indicate that MP-emphasized approaches represent potential therapies for muscle injuries.   

 The recently emerging paradigm entails temporally and environmentally-specific roles of 

the inflammatory and anti-inflammatory MP phenotypes:  the former selectively promote 

myoblast proliferation and inhibit differentiation, while the latter induce myoblast 

differentiation (67, 69, 83).  During the course of this work, an intriguing report 
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exploiting these characteristics was published demonstrating enhanced engraftment of 

cultured, donor-derived myoblasts into immune-compromised, dystrophin deficient mice 

with co-injection of inflammatory MPs (83).  Not only does this underscore the 

importance of MPs in myogenic regulation, it also suggests that the limited efficacy of 

myoblast engraftment can be attributed to premature differentiation caused by the 

improper environment.  In our study, we specifically chose to temporally match (3 days 

of reperfusion) the donor cells and recipient muscle to avoid potential misregulation via 

temporal imbalance.  However, purposely sustaining a high percentage of the 

inflammatory phenotype for a longer duration may bolster the myogenic population.  In 

fact, a recent report demonstrated that treatment with culture-derived, classically-

activated (M1) MPs improves muscle recovery from laceration injury (12).  Because our 

study did not include a CD11b
+
Ly-6C

hi
F4/80

lo
 treatment group, we cannot discern which 

population is more beneficial for skeletal muscle recovery from I/R.   

In this study, we used the clinically-relevant TK-induced I/R model of muscle injury.  I/R 

injury involves the progressive accumulation of metabolites and ATP depletion during 

the ischemic phase followed by a more damaging free radical burst from reperfusion, 

resulting in severe damage that can ultimately lead to dramatic dysfunction or death of 

both affected muscle fibers and vasculature (20, 165).  Severe decrement in muscle 

recovery from ischemia occurs with genetic deletion of CCR2 (54) and MCP-1 (166), 

which both substantially impair MP recruitment.  Much of this regenerative deficit has 

been attributed to impairments in neovascularization as a consequence of MP reduction 
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(55), therefore, in addition to facilitating post-injury myogenesis, our treatment of I/R 

injury with CD11b
+
Ly-6C

lo
F4/80

hi 
MPs may also hasten vascular recovery.  Indeed, this 

potential vascular improvement may even result from the direct transdifferentiation of 

CD11b
+
Ly6C

lo
 cells into vasculature (167).  To address this potential mechanism, future 

efforts should focus on this vascular aspect, as it has many important implications for 

vascular disease.    

A major importance of the current work extends beyond normal, regeneration competent 

muscle, but additionally towards conditions where skeletal muscle regeneration is 

impaired, such as aging (125, 146) and metabolic disorders (168).  While no thorough 

flow cytometric studies have been reported for the analysis of MP profiles of aged 

muscle, elderly human subjects exhibit reduced exercise-induced accumulation of 

CD11b
+
 cells (169), and aged rodents have lower leukocyte mobilization and infiltration 

following myocardial I/R (170, 171).  This evidence suggests an age-associated decrease 

in MPs or their activity may account for the severe regenerative impairment seen in aged 

muscle and, possibly, other tissues.  In fact, the drastic improvement in wound healing 

following heterochronic MP transfer (young donor; old recipient) (172) suggests MPs 

may be the systemic factor accounting for the strikingly improved regeneration in 

heterochronic muscle transplantation (173) and parabiosis (148) models.  A recent and 

interesting line of work from the Koh laboratory suggests regenerative deficits in diabetic 

models can also be attributed to reduced MP numbers (168, 174).  Coupled with the 

currently reported findings, these lines of evidence suggest that methods to increase MPs 
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in regenerating muscles of elderly or diabetic individuals, two rapidly growing 

populations of enormous clinical concern, could be of large translational benefit in the 

near future.  
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Figure 4.1 (A-B). Flow cytometry was used to analyze macrophage (MP) infiltrate 

profiles following 2 hour tourniquet-induced ischemia/reperfusion (I/R) injury of mouse 

lateral gastrocnemius (LG) muscle.  By gating for CD11b
+
 cells, 3 distinct 

subpopulations were evident based on expression of Ly-6C and F4/80, including Ly-

6C
hi

F4/80
lo

 (Q4) and Ly-6C
lo

F4/80
hi

 (Q2) MP populations (A).  The time course of 

recovery from I/R displayed distinctive MP profiles, shifting from predominantly Ly-

6C
hi

F4/80
lo

 MPs at 1 day of reperfusion to Ly-6C
lo

F4/80
hi

 by day 7 (B).   



 

57 
 

 

Figure 4.1 (C-D). Total cell numbers (C) in the LG peak following 3 days of reperfusion 

and decline during the course of recovery.  Analysis of individual cell populations (D) 

from days 3 and 5 show the selective decline in Ly-6C
hi

F4/80
lo

 cells.  Values are 

expressed as mean (B) or mean ± SEM (C&D); *p < 0.05 vs. previous day population 

size. 
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Figure 4.2.  Gene expression analysis of CD11b
+
F4/80

+ 
cells sorted from 1, 3, 5, and 7-

day reperfusion muscles (A) and the Ly-6C
hi

F4/80
lo

 and Ly-6C
lo

F4/80
hi

 subsets of 

CD11b
+ 

cells isolated from 3-day reperfusion muscles (B) reveals show divergent 

inflammatory and anti-inflammatory phenotypes.  Values are expressed as mean ± SD; 

*p < 0.05 vs. previous day (A) or Ly-6C
hi

F4/80
lo

 (B) value; n = 3 for each experiment. 
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Figure 4.3. Igf1gene expression was analyzed in CD11b
+
F4/80

+
 cell populations from 1, 

3, 5, and 7-day reperfusion muscles (A), and Ly-6C
hi

F4/80
lo 

and Ly-6C
lo

F4/80
hi 

populations from 3-day reperfusion muscles (B).  Whole muscle Igf1 expression levels 

from 1, 3, 5, and 7-day reperfusion gastrocnemius muscles show strong correlation to 

Emr1 (F4/80) expression (C; n = 3-5).  Values are expressed as mean ± SD; *p < 0.05 vs. 

previous day value. 
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Figure 4.4. Intramuscular injection of FACS-isolated CD11b
+
Ly-6C

lo
F4/80

hi
 

macrophages (MPs) into the 3-day reperfusion gastrocnemius muscles improves 

histological (top) and functional (bottom) recovery at 14 days of reperfusion (n = 5-6). 

Values are expressed as mean ± SEM; *p < 0.05 vs. control muscle; †p < 0.05 vs. saline-

treated muscle 
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 Table 4.1. RT-PCR Primers 

  Forward Reverse  

Emr1 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG  

Il1b CCCAACTGGTACATCAGCAC TCTGCTCATTCACGAAAAGG  

Il10 AGTGGAGCAGGTGAAGAGTG TTCGGAGAGAGGTACAAACG  

Tnfa CCCACTCTGACCCCTTTACT TTTGAGTCCTTGATGGTGGT  

Nos2 TGACGGCAAACATGACTTCAG GCCATCGGGCATCTGGTA  

Tgfb GCTACCATGCCAACTTCTGT CGTAGTAGACGATGGGCAGT  

Chil3 GGGCATACCTTTATCCTGAG CCACTGAAGTCATCCATGTC  

Igf1 CTGGTGGATGCTCTTCAGTT GCTGCTTTTGTAGGCTTCAG  

B2m GGCCTGTATGCTATCCAGAA GAAAGACCAGTCCTTGCTGA  

Gapdh CTGGAGAAACCTGCCAAGTA TGTTGCTGTAGCCGTATTCA  
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Table 4.2. Gastrocnemius function following 14 days of reperfusion 

  

Muscle Mass 

(mg) 

Po         

(N) 

Normalized Po        

(N/g) 

Control (n = 11) 152±2 2.6±0.1 17.1±0.6 

Saline (n = 6) 112±3
*
 1.4±0.1

* 
12.4±0.7

*
 

Macrophage (n = 5) 143±6
*# 

2.2±0.1
*# 

15.5±0.3
#
 

    Po = maximum isometric tetanic force production; Values are mean 

± SEM;   

* p < 0.05 vs. Control, # p < 0.05 vs. Saline. 

 

 

 

 

 

 

 

 

 



 

63 
 

CHAPTER V 

THE DEVELOPMENT OF MACROPHAGE-MEDIATED CELL THERAPY TO 

IMPROVE SKELETAL MUSCLE FUNCTION AFTER INJURY 

ABSTRACT 

Skeletal muscle regeneration following acute injury is a multi-step process involving 

complex changes in tissue microenvironment. Macrophages (MPs) are one of the key cell 

types involved in orchestration and modulation of the repair process. Multiple studies 

highlight the essential role of MPs in the control of the myogenic program and 

inflammatory response during skeletal muscle regeneration. A variety of MP phenotypes 

have been identified and characterized in vitro as well as in vivo. As such, MPs hold great 

promise for cell-based therapies in the field of regenerative medicine. 

In this study we used bone-marrow derived in vitro LPS/IFN-y-induced M1 MPs to 

enhance functional muscle recovery after tourniquet- induced ischemia/reperfusion injury 

(TK-I/R). We detected a 15% improvement in specific tension and force normalized to 

mass after M1 MP transplantation 24 hours post-reperfusion. Interestingly, we showed 

that M0 bone marrow derived un-induced MPs significantly impaired muscle function 

highlighting the complexity of temporally coordinated skeletal muscle regenerative 

program. We further propose that delivery of M1 MPs early in regeneration response 

promotes muscle recovery via efficient phagocytosis of necrotic debri, decrease in 

fibrotic tissue deposition and  increased whole muscle IGF-I expression.   
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INTRODUCTION 

Skeletal muscle regeneration is a multi-step process involving multiple cell types and 

complex regulatory interactions (38, 77). Inflammatory cascades following acute injury 

need to be properly managed in order for the repair to take place. Unresolved 

inflammatory response may lead to persistent tissue damage by immune cells or collagen 

deposition (39). The severity of the inflammatory response largely depends on the type, 

location and extent of injury. Tourniquet-induced ischemia-reperfusion (TK-I/R) injury 

affects large areas of the skeletal muscle causing extensive tissue necrosis, prolonged 

inflammatory response and delayed recovery of muscle force and function (20, 34). 

Tourniquets (TK) are used in clinic for plastic, reconstructive and orthopaedic surgeries 

to create bloodless surgery fields. Although complications are rare in young, tourniquet 

application can lead to serious complications and loss of muscle function in elderly and 

those with vascular pathologies (93). The upper limit of tourniquet application in clinic is 

2 hours. Irreversible muscle damage may occur when skeletal muscle is subjected to 

ischemia beyond 3-hour timepoint (16). 

Recovery from TK-I/R injury involves extensive rehabilitation and in some cases 

impairments/loss of muscle function. With 20,000 TKs applied daily in the field of 

reconstructive and orthopaedic surgery, I/R injuries to skeletal muscle present a serious 

clinical problem with potential loss of man-hours to the workforce due to impaired 

muscular function. The efficacy of existing treatments is limited stimulating the need for 
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therapeutic approaches aimed at effective restoration of skeletal muscle function (3, 29, 

30, 32, 33). 

Several MP ablation models have demonstrated the importance of this cell type in 

orchestrating skeletal muscle regeneration (50-53, 55-57). MPs are prevalent and, 

therefore, functionally dominant at multiple phases of skeletal muscle repair, including 

degeneration phase, inflammation and regeneration. 

During muscle degeneration MPs are required for necrotic muscle debri clearance and 

uptake of apoptotic neutrophils to clear the way for new tissue growth (35, 39). The 

necrotic debri contains endogenous danger signals, such as high-mobility group box1 

protein (HMGB-1), DNA and components of extracellular matrix. Binding of these 

signals to toll-like receptors (TLRs), specifically TLR-4 in case of HMGB-1 which is 

released after I/R injuries, results in classical MP activation (M1-like) (59, 175). During 

classical activation of MPs, multiple inflammatory mediators are released including nitric 

oxide (NO), tumor necrosis factor (TNF), interleukins -1, -6, -23 (59). M1 activation of 

MPs during inflammatory phase of muscle repair coincides with myogenic activation, 

namely proliferation and migration of satellite cells and myoblasts (1, 37, 69, 176). 

Satellite cells were shown to recruit monocytes/MPs using five different chemotactic 

systems and use them as support cells to reduce apoptosis (40). Release of urokinase-type 

plasminogen from MPs aids in degradation of extracellular matrix proteins and 

proteolytic activation of hepatocyte growth factor (86, 87). In TK-I/R injury model MPs 

undergo phenotypic switch as early as 3 days post-reperfusion from M1-like (F4/80
+
Ly-
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6C
hi

) inflammatory to M2-like (F4/80
+
Ly-6C

low
) pro-regenerative cells (137).  M2 MPs 

participate in final stages of skeletal muscle repair via release of anti-inflammatory 

mediators such as TGF-β and IL-10 and pro-regenerative factors like SLP-I, IGF-I and 

VEGF (39, 53, 67, 92).  M2 MPs stimulate myogenic differentiation and promote 

myocyte fusion (69). Depletion of M2 MPs diminishes muscle repair and growth (177) 

while interference with M1-to-M2 MP transition has detrimental consequences on muscle 

regeneration (68).  

Classically activated M1 and alternatively activated M2 MPs can be easily raised in vitro 

representing two extremes of MP activation. Due to incredible MP plasticity, mixed MP 

phenotypes are commonly identified in vivo, which makes sub-typing and classification 

of macrophages very complex (138, 176). Nevertheless, in vitro polarized MPs have 

beneficial effects on muscle repair when transplanted into injured skeletal muscle (12, 83, 

91, 178) 

In this study, we delivered bone marrow-derived LPS/IFNγ-polarized M1 MPs 24 hours 

after TK-I/R injury into damaged gastrocnemius muscle and showed significantly 

improved muscle function recovery14 days post-I/R. Histological evaluation of muscle 

tissue showed changes in myofiber cross-sectional area and decreased collagen 

accumulation after M1 MP delivery. Evan’s blue dye injection experiments confirmed 

lower level of muscle necrosis after M1 MP treatment. Whole muscle IGF-I expression 

was increased after M1 transplantation. Overall, early deliver of M1 MPs into I/R injured 

muscle early in the repair process aids in muscle regeneration after TK-I/R injury. 
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MATERIALS AND METHODS 

Animals 

Male and female C57BL/6 mice (3-6 mo; Jackson Laboratories) were used for this study.  

Animals were housed with ad libitum access to food and water, and maintained on a 12-

hour light/dark cycle.  All experimental procedures were approved and conducted in 

accordance with the guidelines set by The University of Texas at Austin IACUC. 

Tourniquet Application 

As previously described, mice were anesthetized with 2% isoflurane gas, and a single, 

randomly selected hind limb was elevated. A pneumatic tourniquet (D.E. Hokanson, Inc.) 

was wrapped snuggly against the proximal portion of the limb and inflated to 250 mm Hg 

by the Portable Tourniquet System (Delfi Medical Innovations Inc.) to ensure complete 

occlusion of blood flow to the limb.  Body temperature was maintained at 37±1º C with 

the use of a heat lamp during this procedure.  After 2 hours, the pneumatic tourniquet was 

removed, and the mouse was returned to its cage for recovery.  Muscles from the 

uninjured contralateral limb served as internal controls. 

Bone marrow isolation and macrophage polarization 

Hind limb bones from donor mice were isolated and cleaned from associated muscle and 

connective tissue. Bones were sprayed with ethanol and rinsed 4 times in phosphate-

buffered saline, pH 7.4 (PBS). Bone marrow (BM) from femurs and tibias was flushed 

out using PBS-filled syringe/27G needle, filtered and re-suspended in Dulbecco’s 
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modified eagle’s medium (DMEM) supplemented with heat-inactivated 10% fetal bovine 

serum, 1% antibiotic/antimycotic and 10 ng/ml macrophage colony-stimulating factor 

(M-CSF) at 1.5-2x10
6
 cells/ml in 6-well plates. Cells were cultured in M-CSF containing 

media for 5 days. For polarization, bone marrow-derived MPs were stimulated with LPS 

and IFN-γ at 10ng/ml in 10% FCS-DMEM on day 7 of cell culture for 42h. Unpolarized 

MPs were designated as M0 cells. 

Cell preparation for intramuscular injection 

BM-derived MPs were treated with trypsin for 2 min at 37 ◦C to lift cells off the tissue 

culture plates. Cells were washed 3 times with PBS (pH7.4), counted using 

hemocytometer and injected into gastrocnemius muscles of mice at 2x10
6
 cells/muscle in 

60-100μl of PBS.       

Evan’s Blue Dye injection and Tissue Harvest 

Evan’s blue dye (EBD) injection was performed as previously described by Hamer et al 

(179). Briefly, 1% EBD solution was sterile-filtered and injected at 1% volume relative to 

body mass 24h prior to muscle isolation at 4, 5, 6 or 7 days post-reperfusion. 

Gastrocnemius muscles were placed in OCT mounting medium and frozen in liquid 

nitrogen-cooled 2-methyl-butane for histological analysis.  

Histology  

Frozen, OCT-embedded muscle samples were sectioned on a cryostat (Leica CM1900; 

Leica Microsystems Inc.; Buffalo Grove, IL) and placed on a warm slide.  Hematoxylin 
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& eosin (H&E) s and Masson’s trichrome (Polyscience, Warrington, PA, USA) staining 

were performed as previously described (124), and slides were observed with a light 

microscope (Nikon Diaphot, Nikon Corp.; Tokyo, Japan) with the 20X objective lens. 

Images were taken using a mounted digital camera (Optronix Microfire; Optronix; 

Goleta, CA). Myofiber cross-sectional area (CSA) and collagen staining were measured 

using ImageJ software. EBD containing sections were counterstained with DAPI (1:1000; 

Molecular Probe, OR, USA, D1306). 

RT-PCR 

RNA was extracted from frozen gastrocnemius muscles (n = 3) using Trizol Reagent 

(Invitrogen), treated with RNase-free DNase I (Ambion), and reverse transcribed using 

SuperScript III Kit (Invitrogen) according to manufacturers’ instructions.  Resulting 

cDNA was subjected to real time PCR analysis run on the Bio-Rad iCycler IQ5 using 

corresponding primers and SYBR-green probe.  Relative gene expression was determined 

using the ΔΔCt method with Pgk1 as internal reference control.  

Force Measurements 

Following 14 days of reperfusion, gastrocnemius muscles from the cell and saline-

injected groups were surgically isolated from all other muscles and connective tissue, and 

subjected to in situ functional measurements.  The Achilles tendon was secured to the 

muscle lever arm of a servomotor (model 305B, Cambridge Technologies) interfaced 

with a computer equipped with an A/D board (National Instruments).  The muscle was 
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stimulated to contract using an Isolated Pulse Stimulator (Model 2100; A-M Systems) 

with leads applied to the belly of the muscle.  Muscle temperature was kept constant at 

37º C with warm mineral oil and a radiant heat lamp throughout the procedure.  Optimal 

length of the muscle was determined by measuring maximal twitch tension at a 

stimulation of 0.5 Hz.  At optimal length, the muscle was stimulated at 150 Hz to elicit 

the peak tetanic tension (Po), and was allowed 2 minutes of rest between each contraction.  

Data were stored and analyzed using LabView software (National Instruments). 

Statistical Analysis 

Data were analyzed using Student’s T-tests, one-way ANOVA (Tukey posthoc tests), 

where appropriate (α = 0.05).  Values are represented as mean ± SEM. 

RESULTS 

Polarization with LPS and IFN-γ induced highly inflammatory cells 

The purpose of this experiment was to compare the activation status of differentially 

polarized MPs treated with lipopolysaccharide (LPS)/Type-I interferon-γ (IFN-γ) and 

tumor necrosis factor-α (TNF-α)/IFN-γ combinations. Classical (M1) activation was 

originally reported to require both IFN-γ and TNF-α, a “two signal model”. However, 

typical toll-like receptor ligand (TLR) ligand such as LPS can easily induce the 

transcription of TNF-α as well as IFN-β providing both signals and overcoming the “two 

signal” requirement (59, 180). As anticipated, we saw higher inflammatory gene 

expression in M1 MPs treated with LPS/IFN-γ, probably due to synergistic signaling via 
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TLR and IFN receptors (Figure 5.1). Relative expression of TNF-α (Tnfa), iNOS (Nos2) 

and IL-1β (Il1b) genes in M1 polarized MPs was considerably higher than that of 

unprimed controls (M0). Moreover, we saw downregulation of anti-inflammatory PPAR-

γ (PPARG) and IGF-I (Igf1) gene expression in M1 polarized cells, while Arginase 1 

(Arg1) expression was unaltered. There was a slight upregulation of IL-10 (Il10) 

expression in LPS/IFN-γ treated cells. For further studies, we used LPS/IFN-γ primed 

MPs, as signaling via TLR-4 receptor is important in recovery from ischemia/reperfusion 

injury (175).  

Functional recovery of skeletal muscle post TK-I/R injury is improved after 

intramuscular M1 MP treatment 

Functional muscle deficits are a hallmark of skeletal muscle I/R injury (16, 34). In 2h 

TK-I/R models significant functional deficits in muscle function were evident at 14 days 

post-reperfusion (93, 181), persisting as late as 42 days post-I/R injury (182). Despite 

reduced mass after TK application in all treatment groups (Fig. 5.2A), intramuscular (IM) 

delivery of in vitro polarized M1 MPs significantly enhanced muscular force normalized 

to mass (N/gm) recovery at 14 days after TK-I/R injury (85% of contralateral control) as 

compared to saline (70% of control), p>0.05. The infusion of M0 MPs impaired force 

restoration relative to saline group (60% of control) (Fig. 5.2B). Specific tension (N/cm
2
) 

values confirmed these findings, except significant differences in specific tension 

recovery were found between saline and M0 delivery groups, with specific tension 

significantly reduced in the latter, p<0.05 (data not shown).  



 

72 
 

Taken together, our results suggest that the delivery of M1 versus M0 MPs shortly after 

acute muscle damage differentially impacts muscle repair processes. Elucidation of 

mechanisms responsible for observed effects on muscle recovery will allow for better 

understanding of microenvironmental components and temporal cell interactions 

responsible for orchestration of muscle repair.  

Histological evaluation of muscle tissue 14 days post-reperfusion shows reduced 

fibrosis and improvements in cross-sectional myofiber diameter in M1 treated TK-

injured muscles 

H&E analysis of muscle tissue was performed to evaluate whether increases in muscle 

functional recovery after M1 MP-treatment was also associated with improvements in 

muscle morphology (Fig. 5.3A). No differences in central nucleation were observed 

between groups (data not shown). As anticipated, we saw significant left-hand shift 

towards smaller myofiber diameter in injured saline-treated muscles as compared to 

uninjured control (Fig. 5.3B) reflecting an ongoing tissue repair after TK-I/R injury. 

Myofiber distribution showed no significant differences in TK-injured saline-treated and 

M0 MP-treated muscles (Fig. 5.3C). M1 MP-treated group showed a meaningful 

decrease in myofibers of diameter ≤ 500 μm
2
 and increase in larger myofibers 1000-1500 

μm
2 

and 1500-2000 μm
2
 in diameter (Fig. 5.3D). Despite modest shifts in larger, more 

mature fibers, it is difficult to ascribe the enhanced muscle function solely to changes in 

fiber size (Fig. 5.3). We performed Masson’s trichrome staining in order to quantify 

intramuscular collagen deposition, as increased deposition of connective tissue has 
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negative impact on contractile muscle function by decreasing myofiber occupancy. As 

seen in Fig. 5.4, there is approximately 2-fold increase (16%-19% vs. 9%) in percent area 

occupied by collagen in saline and M0 treated groups, relative to M1 injected muscles. 

Overall, M1 MP delivery into TK-injured muscle 24-h post-reperfusion positively 

impacts histological appearance of muscle tissue as evident by the increases in myofiber 

diameter and reduced fibrosis.  

M1MP treated muscles show accelerated repair 

Classically activated, pro-inflammatory MPs are capable of phagocytosis. Debri 

clearance by pro-inflammatory monocytes/MPs in vivo has been deemed critical for 

tissue repair. The ablation of MPs results in persistence of necrotic tissue at the site of 

injury (50, 51, 55, 57). We hypothesized that increasing numbers of M1 MPs at the site of 

TK-I/R injury early after acute injury could facilitate faster debri clearance by LPS/IFN-γ 

primed MPs. We used EBD injection to label damaged muscle fibers in vivo. EBD
+
 

muscle fibers were evident in all groups 4 days post-reperfusion without significant 

differences. However, starting at 5 days post-reperfusion M1 MP treated muscles showed 

significantly lower levels of EBD staining (Fig. 5.5). Analysis of later time points 

supports this finding, with no EBD
+
 fibers in M1 treatment group evident on days 6 and 7 

post-TK-I/R injury. These findings can be attributed to either increased clearance of 

necrotic debri by M1 MPs or accelerated M1 MP-mediated stimulation of myogenic 

repair processes (1, 40).  
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Increased whole-muscle IGF-I gene expression in M1 macrophage treated muscles 

MPs were shown to undergo phenotypic switch at the site of TK-I/R muscle injury 

(Chapter IV) (137) from M1-like pro-inflammatory to M2-like anti-inflammatory and 

pro-regenerative population (67). This functional MP transition coincides with changes in 

the expression of myogenic genes (1) and resolution of the inflammatory response at the 

tissue level (67). The expression PPAR-γ transcription factor by MPs has been shown to 

aid in inflammatory resolution (67), while CD206 (Mrc1) mannose receptor is expressed 

on M2 MPs as well as murine myogenic cells (69). IGF-I is a powerful myogenic and 

anti-inflammatory growth factor effecting myoblast survival, proliferation and 

differentiation (70, 120). We wanted to investigate whether improved muscle recovery in 

M1 MP- treated muscles was associated with whole muscle changes in gene expression 

of PPAR-γ (PPARG), CD206 (Mrc1) and IGF-I (Igf1). We showed that M1 MP 

transplantation 1 day after TK-I/R injury results in pro-regenerative profile at 5 days, 

evidenced by increased expression of PPARG and Igf1 over saline- and M0 MP- treated 

controls (Fig.5.6). Expression of Mrc1 was variable, but elevated following M1 MP 

treatment approaching significance as p=0.055 relative to saline treatment. This suggests 

that acute delivery of M1 cells into TK-I/R injured muscle may accelerate debri/apoptotic 

neutrophil clearance (Fig. 5.5) (39), aid in resolution of the inflammatory response and/or 

promote an earlier functional MP transition from M1-to-M2-like phenotypes supported 

by upregulation of whole-muscle PPAR-γ, CD206 and IGF-I expression.  
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DISCUSSION 

Increasing MP numbers at the site of injury has been associated with positive 

regenerative benefits. The delivery of peritoneal MPs into cutaneous wounds improves 

healing even in aged animals (164, 172), while additional recruitment of MPs to the site 

of muscle repair in the transgenic mouse model deficient in plasminogen activator 

inhibitor-1 improves skeletal muscle regeneration (88). In vitro studies show that MPs 

serve as support for satellite cells (40), aid in the breakdown of extracellular matrix (86) 

and impact muscle progenitor cell migration and differentiation (69). Several functional 

phenotypes have been characterized in vitro, each associated with unique function (59). 

MP heterogeneity in vivo is a lot more complex (61, 138). As such, polarized M1 vs. M2 

MPs can be considered as two contrasting extremes with a wide range of mixed 

phenotypes prevalent in vivo.  

During skeletal muscle regeneration, functionally distinct MP phenotypes have been 

identified (67, 68). In our hands, after TK-I/R injury Ly-6C
+
F4/80

+ 
MPs appear 24hours 

post-injury and gradually transition into Ly-6C
-
F4/80

+
 cells by 5 days post-reperfusion. 

This transition is associated with downregulation of inflammatory gene expression in 

MPs and upregulation of IL-10, TGF-β and IGF-I anti-inflammatory factors (137). 

Increasing numbers of injury-primed, adoptively transferred Ly-6C
-
 MPs at 3 days post-

reperfusion significantly enhanced functional muscle recovery (137). The Ly-6C
+
 cells 

isolated from TK-I/R injury showed high inflammatory gene expression at 24-h post-

reperfusion reminiscent of M1 MPs primed in vitro. We found that numbers of Ly-6C
+
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cells at 1 day post-reperfusion were relatively low (137), which can be explained by TK-

induced vascular damage and edema. Therefore, we set out to investigate whether 

transplantation of in vitro polarized BM-derived M1 MPs 1 day post-reperfusion may 

have beneficial effect on muscle recovery from I/R induced damage. 

In this study we showed that in vitro polarized M1 MPs can beneficially affect functional 

muscle regeneration post-TK-I/R injury. Early delivery of polarized M1 MPs resulted in 

improved functional muscle recovery (Fig 5.2). The EBD study suggested that 

accelerated debri clearance and/or accelerated myofiber repair may be responsible for this 

outcome (Fig. 5.5.). Distinction between the two possibilities was not made in this report, 

but will be addressed in future studies. However, it is likely that both mechanisms take 

place. First, MPs have been shown to be absolutely required for necrotic tissue clearance 

(57). The ablation of MPs prior to tissue injury results in prolonged clearance of necrotic 

myofibers and tendency of muscle fat accumulation at 14 days of regeneration (57). As 

such, transplantation of pro-inflammatory MPs 24 h after I/R injury may have accelerated 

the clearance of necrotic debri to clear way for the formation of new muscle tissue. 

Second, the accelerated myofiber repair can only occur via stimulation of myogenic 

regeneration program. MP phenotype transition was shown to coincide with onset of 

myogenesis (1) and precursor cell differentiation (69). It is possible that early delivery of 

M1 MPs to the site of TK-I/R injury led to on site M1-to-M2 transition to hasten muscle 

repair. This possibility is supported by increased whole muscle PPAR-γ and CD206 
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expression, the markers of M2 MPs, as well as increased expression of powerful pro-

regenerative factor, IGF-I (Fig.5.6.).  

In contrast, delivery of M0 MPs 24h post-TK-I/R injury delayed regeneration as 

evidenced by impaired functional muscle recovery relative to saline-treated control. 

Although somewhat surprising given the plasticity of MPs, this result can serve as 

another evidence for the importance of MP activation status in controlling muscle repair. 

M0 MPs express substantially lower levels of inflammatory markers (Fig. 5.1). These 

data suggest that delivery of M0 MPs perturbs muscle microenvironment by interfering 

with recruitment of inflammatory Ly-6C
+
 monocytes to the site of injury, impairing 

efficient clearance of muscle debri and apoptotic neutrophils, slowing the breakdown of 

extracellular matrix and negatively impacting satellite cell activation. Tissue MP 

transition may be slower, as MPs will have to go from M0-to-M1-to-M2 phenotype. 

Indeed, M0 treated muscles show no significant upregulation of PPAR-γ, CD206 and 

IGF-I over saline group. Interference with temporal transition of MPs was shown to have 

detrimental effects on muscle regeneration (68). 

This report provides another evidence for the importance of tissue microenvironment on 

controlling the outcome of the repair. Taken together, these findings show promise in the 

use of MPs as therapeutic modality to enhance muscle repair, but more studies need to be 

done on temporal regulation of MP activation status after delivery.  
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Figure 5.1. In vitro polarization of bone marrow-derived MPs.  

BM MPs were either left untreated (M0) or treated with LPS+IFN-γ vs. TNF-α+IFN-γ for 

42 hours (M1). Fold-changes in gene expression of MPs polarized with LPS/IFN-γ or 

TNF-α/IFN-γ (10 ng/ml) relative to M0 MPs. Values expressed as mean ± SD.  
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Figure 5.2. Gastrocnemius muscle mass normalized to body weight and force 

recovery 14 days post- reperfusion after saline injection or the delivery of  2x10
6

 in 

vitro polarized macrophages 24 h after TK-I/R injury. A) GAS mass(mg)/body weight 

(BW)(gm); B) Force (N)/GAS mass (mg). Control n= 17, Saline n=7, M0D1 (un-

polarized) MPs n=5, M1D1 (IFN-γ/LPS polarized (42h)) MPs n=6. Values expressed as 

mean ± SEM. (*) p<0.05 relative to contralateral control; (#) p<0.05 relative to saline; (ƚ) 

p<0.05 relative to M0D1; one-way ANOVA, Tukey-HSD post-hoc. 
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Figure 5.3. Analysis of the myofiber distribution 14 days post-reperfusion in GAS 

muscles treated with saline or 2x10
6
 M1 MPs 24h after TK-I/R injury. A) 

Representative H&E images of muscle tissue at 14 days post-reperfusion/group; C-D) 

Myofiber distribution as compared to saline control:  n=5/group; 3 fields of view/animal. 

Values expressed as mean ± SEM; (*) p<0.05 relative to saline; Student t-test. 
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Figure 5.4. Trichrome staining for the evaluation of collagen deposition in GAS 

muscles 14 days post- reperfusion treated with saline or 2x10
6

 MPs 24h after TK-I/R 

injury. (*) p<0.05 compared to saline; (#) p<0.05 compared to M0D1; n=3/group; 3 

fields of view/animal; values expressed as mean ± SEM; one-way ANOVA, Tukey-HSD 

post-hoc. 
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A.                                                              B.  

 

 

Figure 5.5 Evan’s Blue dye staining of necrotic fibers at 4, 5, 6 and 7 days post 

reperfusion in muscle treated with saline or 2x10
6
 M0 and M1 MPs 24 h after TK-

I/R injury. (A) Representative images of EBD
+ 

staining (Day 4 (n=3); Day 5 (n=3); Day 

6 (n=1); Day 7 (n=1)). Damaged fibers (EBD permeable) represented in red, DAPI (blue) 

used to counterstain cell nuclei; (B) Measurements of percent (%) fluorescent area. Days 

4 and 5 post-I/R, n=3/group, except D4-M0D1 n=2; 3 fields of view/animal. Days 6-7, 

n=2, 3 fields of view/animal. Values expressed as mean ± SEM. (*) p<0.05 compared to 

saline; (#) p<0.05 compared to M0D1; one-way ANOVA, Tukey post-hoc. 
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Figure 5.6. Real-Time PCR evaluation of gene expression in GAS muscles 5 days 

post-reperfusion treated with saline or 2x10
6 

M0 or M1 MPs 24h after TK-I/R 

injury. Gene expression of IGF-I (Igf1), CD206 (Mrc1) and PPAR-γ (PPARG) relative to 

saline. Values expressed as mean transcript values  ± SEM; n=3. 3- phosphoglycerate 

kinase (Pgk1) was used as internal reference gene. (*) p<0.05 compared to saline; (#) 

p<0.05 compared to M0D1, one-way ANOVA, Tukey post-hoc.  
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 Table 5.1. RT-PCR Primers 

  Forward Reverse  

Pgk1 GCAGATTGTTTGGAATGGTC TGCTCACATGGCTGACTTTA  

Igf1 CTGGTGGATGCTCTTCAGTT GCTGCTTTTGTAGGCTTCAG  

Mrc1 CTCGTGGATCTCCGTGACAC GCAAATGGAGCCGTCTGTGC  

PPARG GCGGTGAACCACTGATATTC TGTGGTAAAGGGCTTGATGT  
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CHAPTER VI 

GENERAL DISCUSSION 

SUMMARY OF RESULTS 

1) The controlled release of SDF-1α via PEG-Fib matrix recruits CXCR4
+ 

cells to 

the site of TK-induced skeletal muscle damage, but fails to improve muscle 

function after 14 days. The beneficial effect on muscle function following dual 

delivery of PEG-Fib/SDF-1α/IGF-I is mostly due to IGF-I-mediated effects on 

skeletal muscle regeneration. 

2) Two differentially activated macrophage populations were identified at the site of 

TK-I/R injury. M1-like Ly-6C
hi

 macrophages gradually transition into M2-like 

Ly-6C
low

 population. Temporally coordinated adoptive transfer of M2-like anti-

inflammatory macrophages enhanced functional muscle recovery at 14 days post-

reperfusion injury.  

3) Acute transplantation of in vitro polarized M1 macrophages enhanced functional 

recovery of TK-I/R injured skeletal muscle. M1 macrophage-treated muscles 

exhibited accelerated myofiber recovery 5 days post-reperfusion and decreased 

fibrosis at 2 weeks.  

CONCLUSIONS 

Herein we demonstrate that functional regeneration of skeletal muscle can be modulated 

by the delivery of growth factors or cells directly to the site of injury. Combined growth 
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factor therapy can offer multiple benefits provided that one can manipulate the release 

order, kinetics and gradients of delivered mediators in the microenvironment in 

spatiotemporal manner to promote efficient repair. Similarly, delivery of well 

characterized, homogeneous cell populations in the temporally coordinated fashion into 

regenerating muscle microenvironment can aid in myogenesis and skeletal muscle 

recovery from severe injury. 

FUTURE DIRECTIONS 

Macrophage-mediated therapies offer much promise in the treatment of skeletal muscle 

injuries. Detailed characterization of macrophage phenotypes and functions during 

skeletal muscle regeneration needs to be accomplished in various injury models. Co-

transplantation of macrophages and different stem cell populations should be explored.   

With elucidation of mechanisms and regulatory interactions necessary for skeletal muscle 

repair, more combination therapies are likely to emerge. Co-delivery of growth factors, 

chemokines, cytokines and cells may offer more benefits than single factor treatment 

approach. The use of genetically modified or pre-conditioned cell populations can be 

advantageous and effective once safety concerns are properly addressed.  
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APPENDIX A: EXPANDED METHODS 

PEGylated Fibrin Gel Preparation 

1. Reconstitute human fibrinogen at a concentration of 80 mg/ml in PBS (pH 7.8) at 

37C, until completely dissolved 

2. Reconstitute SG-PEG-SG at 4 mg/ml in PBS (pH 7.8). Vortex. 

3. Add equal volumes of Fibrinogen and PEG solutions. Filter sterilize.  

4. Add equal volumes of PEG-Fib mix and 100 μg IGF-I and/or 40μg/ml SDF-1α. 

5. Incubate mix at 37C for 45 min. 

6. Induce polymerization of the mix by adding an equal volume of 25 U/ml 

Thrombin dissolved in 40 mM CaCl2 (pH 7.8). 

7. Final concentrations are as follows: Fibrinogen (10 mg/ml), PEG (0.5 mg/ml), 

SDF-1α (10μg/ml), IGF-I (25μg/ml). 

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Prepare Solutions: 

1.5M Tris, pH 6.8 and 1.5M Tris, pH 8.8 

10% APS 

20%SDS 

10X Running Buffer (30.28g Trizma Base, 144.2g Glycine in H2O, 1L) 

1X Running Buffer (100ml 10XRunning Buffer, 5ml 20%SDS in H2O, 1L) 
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Procedure: 

1. Prepare glass slides and all gel casting equipment.  

2. Mix “separating” and “stacking” gels simultaneously according to recipes listed 

below (Do not add APS and TEMED at this time) 

 

5% Stacking Gel                                                 12.5%Separating Gel 

1.25 ml 40% Acrylamide                                    3.13 ml 40% Acrylamide 

0.65 ml 2% Bis                                                   0.35 ml 2% Bis       

1ml 1.5M Tris, pH6.8                                         2.5 ml 1.5M Tris, pH8.8 

50 μl 20% SDS                                                   50 μl 20% SDS         

6.99 ml dH2O                                                      3.93 ml dH2O        

50 μl 10% APS                                                   32.5μl 10% APS 

10 μl TEMED                                                     6.25 μl TEMED        

 

3. Add APS and TEMED to “separating” gel. Vortex to mix. Use transfer pipette to 

load the gel in between two glass casting plates until it is 3 cm from the top of 

short plate. Carefully add butanol over the gel to smooth out the surface. Wait 

until polymerized. 

4. Following polymerization, pour out butanol and rinse with dH2O. Use KimWipe 

to absorb remaining water drops. 
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5. Add APS and TEMED to the “staking gel” and pour on top of separating gel, to 

the top of the short plate. Carefully insert the comb. Wait until polymerized. 

6. Following polymerization, remove from casting stand  and  place into 

electrophoresis module. Fill inner space with 1X Running Buffer. Remove comb. 

7. Load 5 μl of protein marker to the first lane. Load equal amounts of prepared 

samples in the remaining lanes. Record lane arrangement. 

8. Fill outer space with 1X Running Buffer (1/3 of the height of the gel). Cover with 

module cover. 

9. Turn on the power supply and set to constant current (50 mA), 200V, 200W. Run 

until desired separation is obtained. 

Semi-dry electro-transfer to the PDVF Membrane 

Prepare Solutions: 

1M Tris stock, un-pHed 

20% SDS 

Anode I (300mM Tris,0.05% SDS,10% methanol,10mM β-mercaptoethanol, in H2O, 1L) 

Anode II (25mM Tris,0.05% SDS,10% methanol, 10mM β-mercaptoethanol, in H2O, 1L) 

Cathode (25mM Tris, 40mM α-amino hexanoic acid,0.05% SDS, 10% methanol, 10 mM 

β-mercaptoethanol, in H2O, 1L) 

Procedure: 

1. Pour Anode I solution into the dish 
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2. Remove gel from the electrophoresis module, carefully separate plates. Cut the 

gel to the desired size, notch one corner of the gel to maintain orientation. Place 

gel in Anode I solution.  

3. Cut PDVF membrane to the desired size. Cut a corner to align with notched gel 

later. Place in pure methanol, then move to Anode I solution. Allow to equilibrate 

for 5 min. 

4. Cut 2 pieces of extra-thick blotting paper. Soak one piece in Anode II solution, 

and another piece in Cathode solution. 

5. Open transfer cell. Place Anode II soaked paper on top of it.  

6. Place Anode I-soaked membrane on top of paper. 

7. Place Anode I-soaked gel over the membrane. Get rid of any bubbles without 

touching the membrane. 

8. Place Cathode-soaked paper over the gel. Roll everything over with test tubes to 

get rid of bubbles. 

9. Cover the transfer cell. Turn on power supply and run at constant 300mA, 25V, 

200W for 12 – 15 min. 

Immunoblotting 

Prepare solutions: 

5M NaCl 

1M Tris, pH 7.5 

0.1% TBST (20mM Tris, 500mM NaCl, 0.1% Tween-20) 
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Procedure: 

1. Prepare 50 ml of 5% milk in TBST.  Pour milk into plastic dish. 

2. Remove membrane from transfer cell and place in milk to block. Put on orbital 

shaker at room temperature for 1-2h. 

3. Prepare 10ml of 1:1000 dilution primary antibody in 5% Milk-TBST. 

4. After blocking, pour out milk and rinse 1X with TBST. Pour out TBST and add 

primary antibody solution. Incubate at 4C overnight. 

5. Next day, pour out primary antibody solution (save for future use). Perform 3x15 

min washes of the membrane in TBST. 

6. Prepare 10 ml of secondary antibody at 1:1000 dilution in 5% Milk-TBST. 

Incubate membrane in secondary antibody solution for 2 hours on the orbital 

shaker at room temperature. 

7. Discard secondary antibody solution and wash membrane 5 x 5min in TBST. 

8. Develop membrane using ECL Western Lightning Kit. 

 

Membrane Stripping and Re-probing 

Prepare Solutions: 

1M Tris pH 6.7 

20% SDS 

Stripping Buffer (62.5 mM Tris pH 6.7, 2% SDS, 100mM β-mercaptoethanol, in 

H20, 500 ml) 
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Procedure: 

1. Warm up oven to 50C. 

2. Remove membrane and place into dH2O filled dish. 

3. Pour out dH2O and add 15 ml of Stripping buffer. Cover with lid and place in 

oven for 30 min with occasional agitation. 

4. Prepare dish with 5% Milk-TBST. After 30 min, remove dish from the oven, rinse 

with TBST and place into milk solution. Start Immunoblotting procedure.  

Tissue Freezing for Histochemical Analysis  

1.   Remove fresh muscle tissue.  

2.   Place in the cryo-mold submerging completely in the OCT compound. 

3.   Drop immediately into N2-cooled  2-methylbutane.  

4.    Quickly wrap frozen tissue into labelled aluminum foil and transfer into -80C for 

storage. 

Tissue Sectioning 

1. Set the cryostat “specimen head” temperature to -20C. 

2. Quickly transport tissue from -80C freezer and place it inside the cryostat chamber. 

3. Cut the tissue appropriately. Mount tissue onto “specimen disks” using OCT 

compound. 

4. Insert specimen disk into “specimen head” and orient appropriately. 

5. Adjust the blade holder. Bring blade close to tissue. 
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6. Begin sectioning, sections should be sliding under the anti-roll plate 

7. Gently touch slide to sectioned tissue. Label slides. 

 Immunohistochemistry 

1. Fix sectioned tissue in cold acetone (-20C) for 10 min.  

2. Wash 3 x 5 min with PBS on orbital shaker.  

3. Let slides dry, use Kim Wipes to get rid of access droplets. Circle sections with 

barrier pen. 

4. Add 5% donkey serum diluted with 1X PBS/1% BSA over each section on the slide. 

Put slides into the humid box. 

5. Cover the humid box and leave at room temperature for 2 hours. 

6. Let sections dry for 10 min. 

7. Add primary antibody (1:100) dilution in PBS/1%BSA/5%donkey serum. 

8. Leave overnight in a humid box at 4 C. 

9. Perform 3x5min PBS washes 

10. Let sections dry for 10 min. 

11. Add secondary antibody diluted in PBS/1%BSA/5% donkey serum. Cover sections 

with antibody solution (has to be done in the dark) 

12. Put foil over the humid box and leave slides there at 4C for 2 hours. 

13. Perform 3x5min PBS washes. 

14. Let sections dry for 10 min. 

15. Counterstain with DAPI (1:1000 in PBS) for 10- 15 min. 
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16. Perform 3x5min PBS washes. 

17. Dry slides for 30 min. 

18. Mount the slides. 

Hematoxylin and Eosin (H&E) Staining 

1. Place prepared tissue sections into Harris Hematoxylin for 5 min. 

2. Perform a gentle tap rinse until water runs clear. 

3. Place slide in Eosin for 2 min. 

4. Perform gentle tap rinse until the water runs clear. 

5. Rinse slide in 70% ethanol for several seconds. 

6. Rinse in 100% ethanol for several seconds 

7. Rinse in xylene for several seconds. 

8. Allow slide to dry. Mount a coverslip. 

Masson’s Trichrome Staining 

(Performed using Kit instructions (Polysciences, Inc.) with slight modifications) 

1. Fix sections in 10% formalin for 1 hour. 

2. Bring sections to water with xylene and alcohol. Cover with Bouin’s solution, 

incubate overnight at room temperature. 

3. Wash sections in running tap water to remove the picric acid for 5 minutes. 

4. Stain n Weigert’s iron hematoxylin working solution for 10 min. Wash in running tap 

water for 5 min, rinse in dH2O. 
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5. Add Biebrich Scarlet-Acid Fuchsin Solution for 5 min. 

6. Rinse in dH2O. 

7. Add Phosphotungstic/phosphomolybdic acid for 10 min, discard solution. 

8. Transfer directly to Aniline blue for 5 min. 

9. Rinse in dH2O. 

10. 1% Acetic acid for 1 min, discard solution, rinse in dH2O. 

11. Dehydrate, clear and coverslip. 

In Situ Force Measurements (RAT) 

1. Anesthesize a rat and shave both legs. 

2. Make an incision on the lateral leg, 5mm below and parallel to the femur towards the 

hip. 

3. Carefully separate the muscles to reveal the sciatic nerve and sever the nerve as 

proximal to the hip as possible. 

4. Make an incision in the skin down the midline of the posterior portion of the lower 

limb from the popliteal area to the calcaneus. 

5. With blunt scissors separate the skin from the biceps femoris which inserts along the 

distal portion of the tibia in rats. Tie off major veins with polypropylene sutues to 

minimize blood loss. 

6. Cut and separate the biceps femoris from the medial (MGAS) and lateral (LGAS) 

gastrocnemius. 

7. Near the popliteal area cut the tibial nerve branch supplying MGAS. 
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8. Tweeze away superficial skin and the biceps femoris around the achilles tendon and 

the sides of the LGAS. 

9. Cut the Achilles tendon and a portion of the calcaneus where it inserts near the foot so 

that the distal end of the muscle is unattached. 

10. Using the calcaneus as an anchor, tie the Achilles tendon to the muscle lever arm of 

the dualmode servomotor with 3‐0 silk thread. 

11. Stimulate the muscle to contract utilizing a stimulator with leads applied to the 

deinnervated sciatic nerve.  

12. Throughout the remainder of the procedure, keep the muscle wet in mineral oil, and 

maintain the temperature between 35 and 37.5°C with a radiant heat lamp. 

13. Adjust the muscle length to optimal length with a micrometer, and determine 

maximal twitch tension using stimulation of 0.5 Hz and 5V. 

14. After determining optimal length, stimulate the muscle at 150 Hz voltage and the 

minimum voltage necessary to elicit maximal isometric tetanic contraction . After 

each contraction, allow the muscle to rest for two minutes.  

15. Repeat for the contralateral leg. 

 

Cell Isolation from skeletal muscle 

1. Excise muscle, record weight and place into ice-cold PBS. Keep muscles on ice until 

ready to process. 

2. Warm 1% collagenase solution  (diluted in DMEM) in 37C water bath. Use 1 ml 1% 

collagenase for every 100 mg of muscle tissue.  
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3. Finely mince muscle with curved scissors on the sterile dish. Add some collagenase 

to the minced muscle and use sterile transfer pipette to transfer muscle chunks in 

collagenase to 5 ml polypropelene tube. Snap the cap on the tube. 

4. Rotate muslcle digest at 37C for 20 min. Triturate using glass pasteur pipetter. Digest 

for additional 20 min. 

5. After total of 40 min digestion time, remove tubes from the 37C incubator.  

6. Add 3ml of complete 10% FBS-DMEM cell culture media per 1 ml muscle digest. 

Filter through 40μm filter. Wash filter with additional 1 ml media. 

7. Spin tubes 400g for 5 min. 

8. Gently resuspend cell pellet and wash 2x with 5 ml 10% FBS-DMEM. 

9. Keep cells on ice in between washes and during handling. 

10. Count cells using hemacytometer. Resuspend at appropriate concentration for plating 

or staining.  

 

Cell staining for FACS analysis 

1. Prepare polystyrene 5 ml tubes. 

2. Aliquot the same number of cells per tube, normally around 1x10
5
 – 5x10

5
 cells/tube. 

3. Will need to prepare: 1. unstained control; 2. single color controls; 3.  single color 

isotype controls; 4.  test samples ; 5. isotype controls using colors as in test sample. 

4. Wash cell 1X in staining buffer by adding 3 ml of staining buffer (1%BSA in PBS, 

0.05% Sodium Azide) per tube and spinning cells down at 400g for 5 min. 
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5. Decant the buffer, resuspend pellet in 100 μl of blocking buffer (2% BSA in PBS, 

0.05% Sodium Azide). Block on ice for at least 1hour with slight shaking. 

6. Following blocking, wash cells 1X with staining buffer as in step 3. 

7. Resuspend pellet in 100 μl staining buffer containing specific antibodies or isotype 

controls.  

8. Stain cells on ice for 1 hour with slight shaking. 

9. Wash cells 3x with staining buffer as in step 3.  

10. Resuspend cell pellet in 200 μl staining buffer. Keep on ice. Cover with foil to keep 

in the dark during transport to the Fortessa analyzer. 

11. Run FACS by setting up proper compensation parameters when needed. 

 

RNA Isolation 

(Trizol) 

1. Muslce tissue: Transfer frozen tissue (100mg or less) from liquid nitrogen  into -80C 

cooled mortar placed dry ice. Use N2-cooled pestle to grind tissue into fine powder. 

Transfer powder quickly into 1 ml of Trizol reagent and homogenize using Polytron 

Tissue Homegenizer. 

Cells: Add 1 ml Trizol to the cell pellet or over cell monolayer. Mix by gentle 

pipetting. 

2. Incubate 5 min at room temperature occasionally inverting the tubes. Do not vortex. 

3. Add 200 μl of chloroform per 1 ml Trizol, shake vigorously for 15 sec. Do not vortex. 

4. Incubate at room temperature for 5 min, centrifuge 15 min at 4C, 11000g. 



 

99 
 

5. Remove upper (aqueous) phase into fress 1.5 ml eppendorf tube (avoid 

contamonation with DNA-containing middle layer). 

6. Add 300 μl Trizol and shake. Repeat steps 3-5. 

7. Add 600 μl Chloroform, shake. Spin and remove upper phase into fresh tube. 

8. Add 500 μl of 2-propanol. Mic by light vortex.  

9. Precipitate RNA at -20C for 30 min or overnight. 

10. Centrifuge tubes 25 min at 4C at 11,000g. 

11. Wash RNA pellet with 1 ml of  ice-cold 75% ethanol. 

12. Votex lightly. Centrifuge for 5 min at 4C, 7,500g. 

13. Decant supernatant. Use pipet tip to aspirate drops. Dry tubes inverted. 

14. Don’t let RNA to overdry, it won’t dissolve into H2O. 

15. Re-suspend RNA into appropriate amoung of nuclease-free H2O. 

16. Use 2μl for Nanodrop analysis. For long-term storage freeze RNA at -80C. 

 

RNA Isolation 

(Direct-Zol RNA MiniPrep) 

1. Homogenize tissue in Trizol as described above.  

2. Add one volume of ethanol (95%-100%) directly to one volume of sample 

homogenate (1:1) in Trizol. Mix well by vortexing. 

3. Load mixture into Zymo-Spin IIC Column in a Collection Tube and centrifuge for 1 

min. Transfer the column into new collection tube and discard the tube containing 

flow-through. 
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4. Wash column with 400 μl of RNA Wash Buffer. Centrifuge 30 seconds. Discard 

flow-through. 

5. For each sample to be treated prepare DNAseI reaction Mix in RNAse-free tube: 

a) DNAse I -                                         2μl 

b) 10X RNAse I Buffer -                      8μl 

c) Nuclease-free H2O -                         6μl 

d) RNA Wash Buffer (+ethanol)   -      64 μl 

For the total of 80 μl/tube 

6. Add 80 μl/tube of the DNAse I Reaction Mix directly to the column matrix. Incubate 

column at room temperature for 15 min. Centrifuge 30 seconds. 

7. Add 400 μl Direct-Zol RNA PreWash to the column and centrifuge for 1 min. 

Discard flow-through. Repeat this step. 

8. Add 700 μl RNA Wash Buffer to the column and centrifuge for 1 min. Discard the 

flow-through. Centrifuge for additional 2 min to ensure comlete removal of the wash 

buffer.  

9. Transfer columns into clean nuclease-free tubes. Add 50 μl nuclease-free water 

directly to the column matrix and centrifuge for 1 minute. 

10. Determine RNA concentration using Nanodrop. Use immediately or store at -70C. 

 

DNAse I Treatment of Isolated RNA 

1. If RNA  Absorbance 260/230 is less than 1.8, need to perform RNA cleaning. 
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2. Add 0.1 volume of 10X DNAseI Buffer and 2 μl DNAseI to 5 μg of RNA in 30μl 

reaction. 

3. Incubate at 37C for 20-30 min. 

4. Add 3 μl of DNAseI Inactivation Reagent and  mix at room temperature for 2 min. 

5. Centrigufe at 10,000g for 1.5 min. Remove RNA without disturbing the pellet. 

6. Re-check RNA concentration. 

7. Store at -80C. 

 

Reverse Transcription PCR 

(Performed according to Kit Instructions (Invitrogen SSIII Kit)) 

1. Calculate volume containing 500ng-1μg RNA. Prepare thin-walled PCR tubes. Label 

accordingly. Should have +RT test tubes and –RT negative control tubes. 

2. Combine RNA, 1μl OligodT, 1μl dNTP and appropriate amount of nuclease-free H2O 

into total volume of 10 μl/tube. 

3. Incubate at 65C for 5 min. Place immediately on ice for 1 min. 

4. Prepare cDNA Synthesis Mix by adding following components/tube: 

10X RT Buffer   -               2 μl 

25 mM MgCl2   -                        4 μl 

0.1M DTT  -                     2 μl 

RNAse OUT (40 U/ μl) -     1 μl 

Superscript III (200U/ μl)  - 1 μl 

5. Add 10 μl cDNA Synthesis Mix to each RNA/primer mixture, mix gently. 
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6. Incubate for 50 min at 50C. Terminate reactions 85C for 5 min. 

7. Add 1 μl RNAse H/tube. Incubate 20 min at 37C. 

8. Dilute cDNA synthesis reaction 1:2 with nuclease-free H2O. Use cDNA for SYBR 

PCR or store at -20C. 

 

SYBR Green PCR 

1. Prepare SYBR Master Mix + Forward/Reverse primers (n+1 rxns): 12.5μl SYBR 

MM + 1μl Primers/reaction. 

2. Prepare cDNA Mix (n+1 rxns): 10.5 μl nuclease-free H2O + 1 μl cDNA/reaction. 

3. Negative controls should include: 1. H2O only with SYBR MM and primers; 2. (-RT) 

cDNA with SYBR MM and primers. 

4. Load 13.5 μl SYBR/Primer Mix first. The load 11.5 μl cDNA/H2O Mix. 

5. Make sure solution is at the bottom of the well and there are no bubbles. 

6. Cover the plate with transparent film to seal the wells. 

7. Load plate into iQ thermocycler. Select desired program. Run. 

 Use primers at: 5-10 μM concentration. Determine appropriate primer concentration 

by running primer validation experiments prior to use. To validate primers, set up 10-

fold dilutions of cDNA template. Create a standart curve and determine efficiency of 

the reaction. Check melt curve to make sure there is no primer-dimers formed. 

 

In Situ Force Measurement (MOUSE) 

1. Anesthesize the animal. Shave both legs. Monitor breathing rate. 
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2. Cut the sciatic nerve by making skin incision parallel to the femur towards the hip 

and separating the muscles to expose the nerve. Cut the nerve as proximal to the hip 

as possible. 

3. Position the mouse. Secure leg with the tape. 

4. Make an incision on the skin up the midline of the posterior portion of the limb from 

the calcaneus to the poplitieal fossa.  

5. Carefully expose the biceps femoris, byt lifting up the skin flaps. Then cut to expose 

the gastrocnemius (GAS) muscle. 

6. Carefully isolate GAS muscle from the biceps femoris.  

7. Cut the calcaneus and tie the silk suture around the achilles tendon 

8. Use 21G needle to pierce femoral head in order to secure the limb in metal casting for 

stimulation. 

9. Attache the achilles tendon to the lever arm of the dual-mode servomotor. 

10. Keep muscle moist with warm baby oil. Use heat lamp to maintain animal’s body 

temperature. 

11. Perform direct muscle stimulation by placing electrodes on the GAS muscle belly. 

Determine optimal length by finding maximum twitch force using a 0.5 Hz 

stimulation. 

12. At optimal length, stimulate muscle at 150 Hz to obtain maximum peak tetanic 

contraction. Allow muscle to rest for 2 min following each contration. Record data.  

13. Following procedure, sacrifice animal. Remove muscles, record weight and muscle 

length. Freeze muscles for histological analysis. 
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Bone Marrow Isolation and Macrophage polarization (MOUSE) 

1. Remove lower limb bones. Clean bones from  muscle and connective tissue. 

2. Spray bones with ethanol and put into ice-cold PBS until the end of the procedure. 

3. In the hood. Use curved scissors and forceps to further clean bones from the muscle 

and connective tissue. Wash twice by submerging in PBS. 

4. Place into a dish containing ethanol for 30 seconds. Transfer into PBS for final wash. 

5. Prepare 3 ml syringes containing cold PBS. Attach 27G needles.  

6. Cut off the heads of the femur and tibia. Flush bone marrow out by inserting needle 

into bone cavity over the 15 ml conical tube and running PBS through.  

7. Spin bone marrow plugs at 400g for 5 min. 

8. Aspirate fluid. Resuspend bone marrow pellet in 2 ml of 10%FCS-DMEM culture 

media and filter through 40 μm filter. Count cells.  

9. Resuspend cells in 10%FCS-DMEM containing 10ng/ml M-CSF. Cells should be at a 

concentration of 1.5 x10
6
 – 2 x10

6
 cells/ml. 

10. Culture in 6-well plates, 2.6 ml media containing cells/well for 5 days in 5%CO2 at 

37C. Feed cells on day 3 by removing 1 ml of media from each well and replacing 

with 1 ml fresh culture media containing 10ng/ml M-CSF. 

11. On day 5 wash the bottom of the wells (by swirling the plate) with 1 ml PBS to 

remove non-adherent cells. Replace fresh media. 

12. Start stimulating cells on day 7 with LPS/IFN-γ (10 ng/ml each) to induce M1 

macrophage phenotype. Replace media on M0 cells without the addition of cytokines.  
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13. Harvest cells by trypsinization, 2 min at 37C.  

14. Wash 3X in PBS. Inject 2x10
6
cells/animal. 

Evan’s Blue Dye Injection 

1. Prepare 1% Evan’s Blue Dye (EBD) in PBS. 

2. Filter-sterilize (2μm membrane). 

3. Inject EBD intraperitoneally 24 h prior to tissue removal. Inject EBD at 1% volume 

to animal weight. For example, 20 gm mouse will receive 200μl 1% EBD solution. 

4. Sacrifice animals 24h later. Freeze tissue for analysis in OCT compound. 
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APPENDIX B: RAW DATA 

CHAPTER III 

PEG-Fib Group 

Tourniquet Leg 
Animal Weight 

(g) 
MGAS 
(g) 

Plantaris 
(g) 

Soleus (g) Max 
Tetanic 
Contraction 
(N) 

Optimal 
Length 
(N) 

LGAS (g) PCSA 
(cm2) 

Specific 
Tension 
(N/cm2) 

CPF141 700 1.429 0.677 0.436 15.38 0.75 1.559 1.239 11.807 

CPF142 650 1.238 0.522 0.357 12.87 0.80 1.495 1.228 9.830 

CPF143 680 1.199 0.665 0.346 13.77 0.80 1.465 1.128 11.498 

CPF144 660 1.246 0.556 0.376 13.84 0.65 1.331 1.025 12.871 

CPF145 586 1.188 0.535 0.251 11.54 0.77 1.224 0.942 11.428 

CPF146 628 1.318 0.499 0.340 7.58 0.75 1.499 1.119 6.103 

Control Leg          

Animal % 
Recovery 

MGAS 
(g) 

Plantaris 
(g) 

Soleus (g) Max 
Tetanic 
Contraction 
(N) 

Optimal 
Length 
(N) 

LGAS (g) PCSA Specific 
Tension 

CPF141 56.28% 1.495 0.722 0.431 27.33 0.80 1.734 1.335 19.871 

CPF142 52.81% 1.407 0.612 0.329 24.37 0.90 1.662 1.321 17.767 

CPF143 51.73% 1.565 0.756 0.306 26.62 0.85 1.695 1.228 20.980 

CPF144 52.09% 1.616 0.728 0.395 26.57 0.65 1.577 1.143 22.681 

CPF145 54.36% 1.337 0.622 0.244 21.23 0.70 1.508 1.126 18.234 

CPF146 29.62% 1.508 0.711 0.335 25.59 0.70 1.788 1.335 18.645 
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PEG-Fib/SDF-1α Group 

 

Tourniquet Leg 
Animal Weight 

(g) 
MGAS 
(g) 

Plantaris 
(g) 

Soleus 
(g) 

Max 
Tetanic 
Contraction 
(N) 

LGAS 
Length 
(mm) 

LGAS (g) PCSA 
(cm2) 

Specific 
Tension 
(N/cm2) 

SDF142 723 1.495 0.650 0.373 11.16 28 1.578 1.389 7.555 

SDF143 718 1.346 0.635 0.379 9.56 33 1.624 1.213 7.324 

SDF144 787 1.383 0.715 0.373 16.75 32 1.636 1.260 12.662 

SDF145 605 1.277 0.600 0.367 14.59 31 1.512 1.202 11.433 

SDF146 594 1.228 0.484 0.243 12.49 30 1.245 1.023 11.433 

SF147 580 1.128 0.635 0.250 13.90 29 1.502 1.276 10.383 

Control Leg          

Animal % 
Recovery 

MGAS 
(g) 

Plantaris 
(g) 

Soleus 
(g) 

Max 
Tetanic 
Contraction 
(N) 

LGAS 
Length 
(mm) 

LGAS (g) PCSA Specific 
Tension 

SDF142 50.70% 1.728 0.7780 0.345 22.01 31 1.958 1.556 13.726 

SDF143 44.12% 1.898 0.7200 0.407 21.67 32 1.907 1.468 14.295 

SDF144 62.04% 1.256 0.5990 0.319 27.00 32 1.751 1.348 19.359 

SDF145 48.86% 1.479 0.7110 0.332 29.86 31 1.740 1.383 20.941 

SDF146 54.30% 1.329 0.5640 0.229 23.00 31 1.563 1.242 17.951 

SF147 52.26% 1.642 0.6070 0.227 26.60 29 1.650 1.402 18.511 
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PEG-Fib/SDF-1α/IGF-I Group 

 

Tourniquet Leg 
Animal Weight 

(g) 
MGAS 
(g) 

Plantaris 
(g) 

Soleus 
(g) 

Max 
Tetanic 
Contraction 
(N) 

LGAS 
Length 
(mm) 

LGAS 
(g) 

PCSA 
(cm2) 

Specific 
Tension 
(N/cm2) 

Combo141 609 1.34 0.636 0.376 13.96 31 1.4 1.112719 11.96169 

Combo142 583 1.39 0.323 0.676 18.41 32 1.658 1.276596 13.87283 

Combo143 619 1.387 0.623 0.299 18.69 32 1.558 1.1996 14.99666 

Combo144 465 1.107 0.512 0.2 17.18 30 1.184 0.97241 17.05042 

Combo145 530 1.17 0.586 0.263 17.58 31 1.455 1.156433 14.63985 

Combo146 493 0.961 0.49 0.209 12.57 30 1.132 0.929703 12.8213 

Control Leg          

Animal % 
Recovery 

MGAS 
(g) 

Plantaris 
(g) 

Soleus 
(g) 

Max 
Tetanic 
Contraction 
(N) 

LGAS 
Length 
(mm) 

LGAS 
(g) 

PCSA Specific 
Tension 

Combo141 48.71% 1.528 0.734 0.351 28.66 32 1.814 1.39671 20.05427 

Combo142 70.81% 1.519 0.687 0.32 26 32 1.838 1.415189 17.9128 

Combo143 69.48% 1.347 0.64 0.293 26.9 33 1.675 1.250604 20.98985 

Combo144 81.93% 1.311 0.56 0.212 20.97 30 1.468 1.205657 16.85388 

Combo145 51.80% 1.382 0.595 0.287 33.94 31 1.607 1.277242 26.02482 

Combo146 76.27% 1.213 0.539 0.248 16.48 30 1.433 1.176912 13.49294 
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Collagen Deposition 

PEG-Fib Group Area 
μm2 

% Fibrosis  

20150219 CPF141 TK_2 36998.54 12.5512847 
20150219 CPF141 TK_4 21383.78 7.25417423 
20150219 CPF141 TK_5 10004 3.39372933 
20150219 CPF143 TK_2 34585.62 11.7327329 
20150219 CPF143 TK_4 38760.78 13.149104 
20150219 CPF143 TK_10 22499.65 7.63272202 
20150219 CPF146 TK_1  9347.789 3.17111876 
20150219 CPF146 TK_2  6863.668 2.32841224 
20150219 CPF146 TK_3  12750.63 4.32549073 
Total Area: 294778.9     

 

PEG-Fib/SDF-1α Group Area 
μm2 

% Fibrosis 

20150219 SDF143 TK_5  32983.47 11.1892228 
20150219 SDF143 TK_10 47172.32 16.0026101 
20150219 SDF143 TK_13 30878.89 10.4752725 
20150219 SDF145 TK_4 46036.45 15.6172806 
20150219 SDF145 TK_7 25648.29 8.70085647 
20150219 SDF145 TK_10  10579.01 3.58879418 
20150219 SDF147 TK_2 21366.55 7.24833121 
20150219 SDF147 TK_4 20939.02 7.10329776 
20150219 SDF147 TK_6 24853.67 8.43129274 
Total Area: 294778.9    

 

PEG-Fib/SDF-1α/IGF-I Group 
Area 
μm2 

% Fibrosis 

20150219 COMBO143 TK_1  10907.81 3.70033439 

20150219 COMBO143 TK_2  1968.166 0.66767533 

20150219 COMBO143 TK_3  2470.127 0.83795923 

20150219 COMBO145 TK_2  5126.49 1.73909666 

20150219 COMBO145 TK_4  3641.83 1.2354446 

20150219 COMBO145 TK_7  2265.59 0.76857265 

20150219 COMBO146 TK_5  1263.668 0.42868333 

20150219 COMBO146 TK_6  2147.482 0.72850601 

20150219 COMBO146 TK_11  10525.8 3.57074336 

 Total Area: 294778.9    
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Myofiber Distribution 

 
Control  Peg-Fib 

Fiber size 
(μm2) 

Frequency % of 
Myofibers 

 Fiber size 
(μm2) 

Frequency % of 
Myofibers 

500 0 0.00%  500 2 0.34% 

1000 0 0.00%  1000 27 4.52% 

1500 3 0.73%  1500 42 7.04% 

2000 7 1.70%  2000 54 9.05% 

2500 33 8.01%  2500 80 13.40% 

3000 42 10.19%  3000 100 16.75% 

3500 41 9.95%  3500 97 16.25% 

4000 47 11.41%  4000 69 11.56% 

4500 62 15.05%  4500 49 8.21% 

5000 50 12.14%  5000 26 4.36% 

5500 38 9.22%  5500 13 2.18% 

6000 39 9.47%  6000 15 2.51% 

6500 20 4.85%  6500 12 2.01% 

7000 10 2.43%  7000 6 1.01% 

More 20 4.85%  More 5 0.84% 

Total 412 100.00%  Total 597 100.00% 

 
Peg-Fib/SDF-1  Peg-Fib/SDF-1/IGF-1 

Fiber size 
(μm2) 

Frequency % of 
Myofibers 

 Fiber size 
(μm2) 

Frequency % of 
Myofibers 

500 45 6.60%  500 7 1.21% 

1000 129 18.91%  1000 21 3.63% 

1500 99 14.52%  1500 31 5.35% 

2000 88 12.90%  2000 45 7.77% 

2500 61 8.94%  2500 71 12.26% 

3000 60 8.80%  3000 87 15.03% 

3500 57 8.36%  3500 99 17.10% 

4000 48 7.04%  4000 59 10.19% 

4500 29 4.25%  4500 58 10.02% 

5000 28 4.11%  5000 29 5.01% 

5500 13 1.91%  5500 35 6.04% 

6000 12 1.76%  6000 15 2.59% 

6500 4 0.59%  6500 6 1.04% 

7000 4 0.59%  7000 7 1.21% 

More 5 0.73%  More 9 1.55% 

Total 682 100.00%  Total 579 100.00% 
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CXCR4
+
 cells (% Total) 

 

Control 
PF PF 

SDF-1a 
PF 
IGF-I 

PF 
SDF-1a/ 
IGF-I 

3.33 8 7.4 5.56 
3.85 5 5.88 5 
3.7 5.26 4.76 4.55 
3.45 4.34 5 3.84 
2.78 7.69 6.67 6.45 
3.7 4.76 5 7.69 
4.2 5.88 4.76 2.5 
4 5.26 5 6.89 
4 6.25 5 6 
4.54 6.25 0 2.38 
5.26 5 0 2.86 
9.52 4.76 0 3.33 
5.56 5.26 0 3.12 
4.55 4.54 0 3.23 
6.25 8.06 0 4.45 
4.55 0 0 0 
4.34 0 0 0 
5.88 0 0 0 

 

 

 

 

 

 

 

 

 

TK-I/R Injured 

PF 
PF 
SDF-1a 

PF 
IGF-I 

PF 
SDF-1a/ 
IGF-I 

8.82 21.74 4.55 11.53 
10 33.33 4.35 8.7 
6.9 33.33 5.26 10 
3.7 16.67 3.85 8.7 
3.125 12.5 5 10 
3.57 19.04 9.09 9.38 
4.76 15.38 4.55 8.33 
7.7 11.76 4.35 12.5 
4 15.38 5.56 8.33 
4.35 15 4.35 9.52 
7.69 15.8 5.56 13.63 
10.53 14 5 11.11 
8.33 15.38 0 13.64 
7.4 14.29 0 10.34 
6.67 23.8 0 9 
8.7 22.7 0 0 
9.09 24 0 0 
6.9 20 0 0 
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CHAPTER IV 

Cells /mg muscle TK-injured GAS 

 Cells Weight Cells/mg 

Naïve 200000 169 1183.432 

    

DAY 1 Cells Weight Cells/mg 

GAS 1940000 165 11757.58 

GAS 2360000 147 16054.42 

GAS 1700000 160 10625 

DAY 3    

GAS 5400000 149 36241.61 

LGAS 3000000 107 28037.38 

LGAS 4200000 103 40776.7 

LGAS 5740000 111 51711.71 

LGAS 5370000 118 45508.47 

LGAS 5280000 109 48440.37 

GAS 8480000 142 59718.31 

GAS 8440000 146 57808.22 

GAS 6160000 157 39235.67 

DAY 5    

LGAS 4480000 102 43921.57 

LGAS 2360000 95 24842.11 

LGAS 3170000 87 36436.78 

LGAS 3320000 101.2 32806.32 

LGAS 1390000 95.3 14585.52 

LGAs 360000 80 4500 

GAS 7800000 150 52000 

GAS 7410000 120 61750 

GAs 6720000 127 52913.39 

DAY 7    

GAS 2200000 98.8 22267.21 

GAS 1600000 100 16000 

GAS 2500000 108 23148.15 

GAS 1400000 129 10852.71 

DAY 10    

GAS 460000 101 4554.455 

GAS 1000000 95.3 10493.18 

GAS 900000 94.5 9523.81 

GAS 1000000 83 12048.19 
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Day 3 post-TK-I/R 

Mass (mg) # Cells Cells/mg % CD11b # CD11b %Q2 %Q4 #Q2 #Q4 

107 3.00E+06 28037.38 81.74 2.29E+04 49.47 37.42 1.13E+04 8.58E+03 

103 4.20E+06 40776.7 74.15 3.02E+04 45.63 34.96 1.38E+04 1.06E+04 

111 5.74E+06 51711.71 85.95 4.44E+04 58.43 29.47 2.60E+04 1.31E+04 

118 5.37E+06 45508.47 81.32 3.70E+04 57.81 28.52 2.14E+04 1.06E+04 

109 5.28E+06 48440.37 80.88 3.92E+04 65.64 23.8 2.57E+04 9.32E+03 

 

     

Day 5 post –TK-I/R 

Mass (mg) # Cells Cells/mg % CD11b # CD11b %Q2 %Q4 #Q2 #Q4 

95 2.36E+06 24842.11 69.86 1.74E+04 85.87 9.67 1.49E+04 1.68E+03 

87 3.17E+06 36436.78 70.4 2.57E+04 85.93 9.14 2.20E+04 2.34E+03 

101.2 3.32E+06 32806.32 65.66 2.15E+04 63.19 23.3 1.36E+04 5.02E+03 

95.3 1.39E+06 14585.52 62.92 9.18E+03 85.83 11.31 7.88E+03 1.04E+03 

80 3.60E+06 45000 68.14 3.07E+04 68.69 17.7 2.11E+04 5.43E+03 

 

Day 7 post-TK-I/R 

Mass (mg) # Cells Cells/mg % CD11b # CD11b %Q2 %Q4 #Q2 #Q4 

98.8 2.20E+06 22267.21 22.2 4.94E+03 64.9 11 3.21E+03 5.44E+02 

100 1.60E+06 16000 23.4 3.74E+03 49.8 22.3 1.86E+03 8.35E+02 

108 2.50E+06 23148.15 27.2 6.30E+03 64.4 11.3 4.05E+03 7.11E+02 
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Relative Gene Expression  

  Day 1 Day 3 Day 5 Day 7 

  1.076738 0.050299 0.082851 0.038384 

Il1b 0.990801 0.038651 0.08637 0.040573 

  0.937354 0.055042 0.062356 0.040293 

          

  1.016305 1.277509 2.004626 0.328356 

Il10 1.03766 1.052145 2.271009 0.567752 

  0.948246 0.819794 1.745129 0.556068 

          

  0.870551 0.045753 0.020617 0.014579 

Nos2 1.06437 0.037163 0.041235 0.026461 

  1.079228 0.04095 0.044811 0.033262 

          

  1.096825 0.071463 0.011544 0.000438 

Chi3l3 1.044877 0.060932 0.012988 0.000301 

  0.872564 0.077125 0.009058 0.000426 

          

  1.22264 15.03236 29.446 11.63178 

Igf1 0.757858 15.24221 35.75319 13.92881 

  1.079228 17.63048 25.45717 12.04197 
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Day 3 post-TK (sorted MPs) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Ly-6C+ Ly-6C- 

      

Tgfb 0.965936 2.411616 

  0.920188 2.789487 

  1.125058 2.394957 

  1 2.158456 
  1.094294 2.188587 

  0.913831 2.584706 

      

      

Il10 0.983957 1.95432 

  0.918064 2.324091 

  1.107009 1.94082 

  1.061914 1.773583 

  1.084227 1.927414 

  0.868541 1.887749 

      

Igf1 1.002313 0.494257 
  0.903335 0.909618 

  1.104454 0.540862 

  1.023374 0.600124 

  0.981686 0.698985 

  0.99539 0.490843 

  Ly-6C+ Ly-6C- 

             

Chi3l3 1.049717 0.624165 

  0.90125 0.742262 

  1.057018 0.673617 

  0.864537 0.373712 

  1.06437 0.397768 

  1.086735 0.562529 

      

      

Tnfa 1.013959 0.986233 

  0.939523 1.292353 

  1.049717 0.959264 

  0.97942 1.125058 

  1.021012 1.148698 

  1 1.248331 

      

Il1b 0.997692 0.378055 

  0.899171 0.41658 

  1.114709 0.383332 

  1.047294 0.322343 

  1.025741 0.324585 
  0.93088 0.347881 
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IGF/F4/80 Correlation 

Mouse TK Gastrocnemius 
Day 
Recovery Log (Emr1) Log(Igf1) 

1 1.642118626 0.612972329 

1 1.952179522 0.700271027 

1 1.714365825 0.950125924 

3 2.78753776 1.706840075 

3 3.037392656 1.670716476 

3 2.80860986 1.514180878 

3 2.528651964 1.339583481 

3 2.585847663 1.222181782 

5 2.740878111 1.383609118 

5 2.620466112 1.485959316 

5 2.876341609 1.516062316 

5 2.593373413 1.630453714 

7 1.184553033 0.333014433 

7 0.988883536 0.200561235 

7 1.530737528 0.820683026 

 

Adoptive Macrophage Transfers 

Functional Evaluation of Mouse Gastrocnemius at 14 Days Reperfusion 

Treatment 
TK GAS Mass 
(mg) 

Control GAS Mass 
(mg) TK Po (N) Control Po (N) 

Saline 97 145 0.98 2.16 
Saline 122 148 1.83 2.65 
Saline 112 150 1.23 2.2 
Saline 112 152 1.52 2.4 
Saline 116 150 1.53 2.8 
Saline 114 146 1.34 2.41 
Macrophage 125 141 2.02 2.8 
Macrophage 135 156 2.1 2.33 
Macrophage 148 155 2.21 2.7 
Macrophage 161 166 2.6 3.05 
Macrophage 146 160 2.18 3.1 
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CHAPTER V 

Myofiber Distribution 

 

 

 

 

 

 

 

 

 

 

Collagen Deposition (% Total Area) 

 

 

 

 

 

 

 

SALINE 
CSA 
(μm2)  

Myofibers 
(%) 

STD 
(±) 
 

SEM 
(±) 
 

500 23.68 11.68 3.02 
1000 34.32 11.01 2.84 
1500 22.38 7.63 1.97 
2000 11.92 5.44 1.41 
2500 5.14 4.45 1.15 
3000 1.58 2.33 0.60 
3500 0.62 1.33 0.34 
4000 0.28 0.88 0.23 
4500 0.07 0.29 0.07 
M1D1 
CSA 
 (μm2) 

Myofibers 
 (%) 

STD 
(±) 
 

SEM 
(±) 
 

500 8.16 6.08 1.57 
1000 33.63 11.37 2.93 
1500 33.34 5.58 1.44 
2000 16.94 7.43 1.92 
2500 5.36 4.73 1.22 
3000 1.79 1.69 0.44 
3500 0.63 0.94 0.24 
4000 0.14 0.30 0.08 
4500 0.00 0.00 0.00 

CONTROL 
CSA 
 (μm2) 

Myofibers 
(%) 

STD 
(±) 
 

SEM 
(±) 
 

500 0.05 0.20 0.05 
1000 7.44 5.14 1.33 
1500 32.73 7.79 2.01 
2000 33.37 10.09 2.61 
2500 15.41 3.91 1.01 
3000 6.42 4.94 1.27 
3500 3.17 4.15 1.07 
4000 1.17 1.71 0.44 
4500 0.24 0.54 0.14 
 M0D1 
CSA 
(μm2) 

Myofibers 
(%) 

STD 
(±) 
 

SEM 
(±) 
 

500 21.93 11.09 2.86 
1000 32.98 8.47 2.19 
1500 25.77 7.29 1.88 
2000 12.40 8.78 2.27 
2500 4.87 4.92 1.27 
3000 1.41 2.20 0.57 
3500 0.42 1.03 0.27 
4000 0.18 0.48 0.13 
4500 0.04 0.14 0.04 

Saline M0D1 M1D1 

19.8723 25.1024 16.9119 

18.3977 22.3958 13.7961 

16.6916 17.7208 10.1582 

12.757 18.5846 7.3795 

15.1747 18.387 4.4422 

15.0623 12.7783 5.5599 

27.0007 10.3658 6.6216 

25.9104 12.2482 10.8303 

26.4684 9.7899 3.7019 
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Functional Measurements  

Group 
M1D1 

TK-I/R 
injured 

          

Animal GAS 
Mass 
(mg) 

GAS 
Length 
(mm) 

GAS CSA 
(cm2) 

 Max 
Force 
(N) 

Force: 
Mass 
(N/gm) 

 Specific 
Tension 
(N/cm2) 

M1#1D1 124 13 0.18 2.20 17.74 12.09 
M1#2D1 143 13 0.21 2.40 16.78 11.44 
 M1#3D1 147 13 0.22 2.30 15.65 10.66 
M1#4D1 121 13 0.18 2.00 16.53 11.27 
M1#5D1 147 13 0.22 2.30 15.65 10.66 
M1#6D1 132 13 0.19 2.00 15.15 10.33 

 

 

Group 
M0D1  

TK-I/R 
injured 

          

Animal GAS 
Mass 
(mg) 

GAS 
Length 
(mm) 

GAS 
CSA 
(cm2) 

GAS 
 Max 
Force 
(N) 

GAS 
Force: 
Mass 
(N/gm) 

GAS 
 Specific 
Tension 
(N/cm2) 

M0#1D1  132 13 0.19 1.80 13.64 9.29 
M0#2D1  123 12 0.20 1.20 9.76 6.14 
M0#3D1  171 13 0.25 1.90 11.11 7.57 
M0#4D1  143 13 0.21 1.60 11.19 7.63 
M0#5D1  138 13 0.20 1.60 11.59 7.90 

 

Group 
SALINE 

TK-I/R 
Injured 

     

Animal GAS 
Mass 
(mg) 

GAS 
Length 
(mm) 

GAS 
CSA 
(cm2) 

GAS 
Max 
Force 
(N) 

GAS 
Force: 
Mass 
(N/gm) 

GAS 
Specific 
Tension 
(N/cm2) 

S#1 138 14 0.19 1.90 13.77 10.11 
S#2 142 13 0.21 1.65 11.62 7.92 
S#3 121 13 0.18 1.60 13.22 9.01 
S#4 144 13 0.21 2.10 14.58 9.94 
S#5 129 14 0.18 1.60 12.40 9.10 
S#6 143 13 0.21 2.00 13.99 9.53 
S#7 125 13 0.18 1.50 12.00 8.18 
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Group 
Contralateral 
CONTROL 

 
Uninjured  

        

Control GAS 
Mass (mg) 

Control 
Length 
(mm) 

Control 
GAS CSA 
(cm2) 

Max 
Force 
(N) 

GAS 
Force:Mass 
(N/gm) 

Control 
Specific 
Tension 
(N/cm2) 

191 13 0.28 3.90 20.42 13.92 
205 13 0.30 3.90 19.02 12.97 
211 13 0.31 4.10 19.43 13.24 
217 13 0.32 3.90 17.97 12.25 
205 14 0.28 3.80 18.54 13.61 
185 14 0.25 3.50 18.92 13.89 
197 13 0.29 4.00 20.30 13.84 
185 13 0.27 3.70 20.00 13.63 
197 13 0.29 3.75 19.04 12.98 
210 13 0.31 3.90 18.57 12.66 
187 13 0.27 3.50 18.72 12.76 
180 13 0.26 3.60 20.00 13.63 
196 13 0.29 3.80 19.39 13.22 
217 13 0.32 4.10 18.89 12.88 
197 13 0.29 3.40 17.26 11.76 

200 13 0.29 3.60 18.00 12.27 

215 13 0.32 3.80 17.67 12.05 
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Gene Expression (In vitro) 

  M0 M1 LPS/IFN-y M1 TNF-a/IFN-y 
Tnfa 0.779165 20.39297004 15.56247916 
  1.283426 19.02731384 13.8325957 
        
Nos2 0.993092 461.4402369 288.0149721 
  1.006956 487.750655 265.0278205 
        
Il1b 0.855595 817.4575476 197.4029857 
  1.168777 636.9339665 136.7123722 
        
Arg1 1.024557 0.929804943 0.843815796 
  0.976032 1.082975046 0.837987135 
        
PPARG 1.01748 0.049893649 0.085673925 
  0.982821 0.049206749 0.073556671 
        
Igf1 0.99654 0.001893144 0.019303416 
  1.003472 0.002205009 0.013840117 
        
Il10 0.885768 4.422922613 0.949342121 
  1.128964 3.877159268 0.996540263 
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 Evan’s Blue Dye quantification 

Day 4                                                   Day 5 

                                                

Group Area %Area 

Saline#1_1 565216.2 44.829 

Saline#1_2 454185.5 36.023 

Saline#1_3 418693.3 33.208 

Saline#2_1 629999.1 49.967 

Saline#2_2 652712.9 51.769 

Saline#2_3 523867.6 41.55 

Saline#3_1 14.019 21.851 

Saline#3_2 17.245 26.88 

Saline#3_3 11.919 18.578 

M0#1_1 290295.2 23.024 

M0#1_2 259852.4 20.61 

M0#1_3 306073 24.276 

M0#2_1 368254 29.207 

M0#2_2 599393.8 47.54 

M0#2_3 419412.2 33.265 

M1#1_1 613691.2 48.674 

M1#1_2 724315.7 57.448 

M1#1_3 650683.9 51.608 

M1#2_1 46271.29 3.67 

M1#2_2 70200.02 5.568 

M1#2_3 95490.44 7.574 

M1#3_1 27.263 42.494 

M1#3_2 25.681 40.029 

M1#3_3 31.194 48.621 

  

 

 

 

 

 

 

 

Group Area % Area 

Saline#1_1 284383.8 22.555 

Saline#1_2 207976.2 16.495 

Saline#1_3 330271.6 26.195 

Saline#2_1 570774.7 45.27 

Saline#2_2 589765 46.776 

Saline#2_3 531725 42.173 

Saline#3_1 489968.6 38.861 

Saline#3_2 408509 32.4 

Saline#3_3 548616.5 43.512 

M0#1_1 401405.4 31.837 

M0#1_2 573809.1 45.511 

M0#1_3 318108.1 25.23 

M0#2_1 345938.5 27.437 

M0#2_2 408032.1 32.362 

M0#2_3 320873.4 25.449 

M0#3_1 564502.6 44.772 

M0#3_2 497281 39.441 

M0#3_3 562994.1 44.653 

M1#1_1 82835.18 6.57 

M1#1_2  0 

M1#1_3  0 

M1#1_1 102262.2 8.111 

M1#2_2 216149 17.143 

M1#2_3 183711.2 14.571 

M1#3_1 353765.4 28.058 

M1#3_2 284126.1 22.535 

M1#3_3 28634.82 2.271 
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Relative Expression Values 

Gene 
Symbol  Saline M0D1 M1D1 
        

  1.172835 0.721965 2.411616 

Igf1 0.965936 0.926588 1.753211 

  0.882703 1.057018 1.931873 

        

  1.151355 2.224272 2.874544 

Mrc1 1.251218 2.148505 4.179509 

  0.694157 1.819237 8.417159 

        

  1.170128 0.771997 2.40605 

PPARG 1.011619 0.720298 2.094588 

  0.844791 1.344124 1.522737 
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