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Peripheral arterial disease (PAD) affects more than 8 million patients in the US. The 

gradual obstruction of blood supply causes skeletal muscle to degenerate and 

regenerate. Among various cells mediating these processes, it has been indicated that 

macrophages (MPs) are important for efficient muscle repair. In this project, we 

characterized the temporal transition of monocyte/ MP phenotype in muscle 

following ischemia in response to regenerative events to decide the timing of 

treatment. Then we tested the effect of MPs-mediated cell therapy through adoptive 

transfer of MPs in ischemic muscle. Our data showed that transplantation of in vitro 

polarized pro-inflammatory M1 MPs on day 1 post-FAE generated the best results 

with increased myofiber size, perfusion, capillary density and muscle contractile 

force. On the other hand, delivery of anti-inflammatory M2 MPs on day 3 post-FAE 

showed improvement of muscle recovery. In order to eliminate the cytokine 

manipulation, we exploited the immunoregulatory property of ASCs and examined 

the effect of co-delivering ASCs and unpolarized M0 MPs on ischemic muscle 

regeneration. Co-injection of ASCs and M0 MPs resulted in greatly improved muscle 

morphology and function with enhanced tissue perfusion. These data demonstrated 

that intramuscular administration of MPs hastened the muscle regeneration and may 

serve as a promising therapeutic approach for PAD. 
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CHAPTER I 

GENERAL INTRODUCTION 

In the United States, it is estimated that more than eight million individuals 

suffer from peripheral arterial disease (PAD) [1], which is an atherothrombotic 

syndrome associated with elevated risk of cardiovascular and cerebrovascular events 

[2] and decrements in functional capacity [3]. PAD prevalence is about 12-15% and 

increases with age [4,5]. Several studies showed that PAD patients have reduced 

lower extremity strength [6,7] , smaller calf muscle area and increased calf muscle 

percent fat [8]. Reductions in muscle size and strength are associated with greater 

functional impairment [6]. In addition, critical limb ischemia (CLI) is the advanced 

stage of PAD in which severe obstruction of blood flow results in ischemic rest pain, 

ulcers, and a significant risk for limb loss. 

 The severe compromise of blood flow to the affected extremity causes a cascade 

of pathophysiologic events that ultimately leads to muscle degeneration and 

regeneration. Among numerous cells that regulate these processes, macrophages have 

been indicated to play a crucial role in muscle repair [9]. Although it has been known 

that various types of inflammatory cells will be recruited perivascularly for blood 

vessel remodeling [10], the dynamics of the myeloid cells in skeletal muscles 
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following ischemia is not fully delineated. Identification and characterization of these 

cells will provide a better understanding of the regenerative processes after ischemic 

insult. 

The conventional treatment for PAD is surgical or endovascular revascularization. 

However, not all patients are ideal candidates for such interventions due to 

co-morbidities or unfavorable vascular involvement. Hence, alternative therapeutic 

options, such as cell therapy, are needed. Also, effective restoration of blood supply 

and muscle contractile force should be considered when developing the treatments. 

Macrophage-mediated cell therapy may represent an attractive treatment approach 

since it has been showed to improve perfusion [11] and muscle regeneration [12]. 

However, its effect on this type of ischemic skeletal muscle repair has not been 

examined. Likewise, the delivery of mesenchymal stem cell holds promise due to its 

immunomodulatory benefits to regulate the resolution of inflammation [13] and 

paracrine secretion of angiogenic growth factors to increase blood flow [14].  

 

OBJECTIVES 

The overall objective of this study is to examine the profile of macrophage 

activation following ischemic insult and optimize the efficacy of using macrophages 
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as a therapeutic modality for muscle regeneration. Our objectives were set as follows:  

1. Characterize the kinetics of myeloid cell accumulation or recruitment coincided 

with the regenerative events responses to femoral artery excision injury.   

2. Evaluate the efficacy of therapeutic application of in vitro polarized macrophages 

on ischemic skeletal muscle recovery. 

3. Optimize the macrophage-mediated cell therapy by using adipose-derived stem 

cells to modulate the immunologic environment and accelerate regeneration.  

 

HYPOTHESES 

1. Contractile force and morphology will not fully recover due to sustained ischemia. 

Pro-inflammatory macrophages will be recruited or accumulated to the ischemic 

muscles at early time points and gradually change their phenotype during the 

course of muscle repair.  

2. Acute adoptive transfer of in vitro polarized pro-inflammatory M1 macrophages 

into regenerating muscle will significantly enhance the recovery of ischemic 

muscle function. 

3. Co-injection of adipose-derived stem cells and unstimulated macrophages will 

accelerate regeneration due to the immunomodulatory characteristics of MSCs 
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that contribute to repair. 

 

SIGNIFICANCE 

The present work provides evidence regarding the transition of macrophage 

phenotypes coincident with the muscular regenerative events following ischemia. We 

demonstrate that intramuscular administration of in vitro polarized macrophages leads 

to enhanced tissue recovery and may be a promising therapeutic option for PAD. 

Moreover, co-injection of unstimulated macrophages with adipose-derived stem cells 

at an early time point in ischemic muscles improves regeneration without further 

manipulating the cells, and this will be more suitable for clinical applications.  

 

LIMITATION 

These studies were completed using a murine hind-limb ischemia model to study 

ischemic damage to skeletal muscles. While this procedure is a common model to 

mimic PAD, the injury induced is an acute, but not chronic, ischemia by unilateral 

ligation and excision of femoral artery. This restriction is one of the major limitations 

since the muscle damage in PAD is due to the progressively obstruction of blood flow. 

Therefore, it may not necessarily reflect the exact degeneration of arteriosclerotic 



5 

 

disease, which is the most frequent etiology of human PAD. Also, further testing using 

large mammalian species is necessary to confirm the applicability of cell therapy.  
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CHAPTER II 

Review of literature 

PERIPHERAL ARTERIAL DISEASE  

Epidemiology and Pathophysiology  

Peripheral arterial disease (PAD) is a highly prevalent atherosclerotic syndrome 

associated with significant morbidity and mortality [15]. The clinical manifestations 

of PAD are a major cause of acute and chronic illness. With increased local muscular 

demand for metabolic support during exercise, blood flow in individuals with PAD is 

inadequate, causing muscular fatigue and/or pain. The progressive narrowing of blood 

vessels and insufficient blood supply in the lower extremities leads to claudication, 

ulcer and critical limb ischemia (CLI), which may result in a need for major 

amputation and subsequent death. It has been reported that patients with CLI have a 

5-year prognosis with survival rates around 50% [16] and leg amputation due to PAD 

gives rise to an acute mortality rate greater than 20% [17]. 

The severe obstruction of blood flow has a direct adverse effect on calf muscle. 

Histopathological data indicated that lower extremity ischemia is related to apoptosis 

[18], necrosis [19], decrease in number of fibers [20], type II muscle fiber atrophy 

[19,21,22], increased centrally located nuclei [19] and proliferation of connective 
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tissue in gastrocnemius muscle [19,20]. Computed tomographic (CT) imaging 

demonstrated that PAD is associated with smaller muscle area and higher percentage 

of fat, causing decreases in lower extremity strength [8]. Additional data also 

indicated that myofiber morphometric parameters correlated with walking distances 

and calf muscle strength [23]. Since these pathophysiological changes are associated 

with greater impairment and more rapid mobility decline [6,24,25], then reversal of 

these unfavorable calf muscle characteristics may be an important key for preserving 

functional performance in PAD.  

 

Muscle Regeneration and Inflammatory Response  

It has been known that skeletal muscle has a remarkable ability to regenerate 

after damage, corresponding with inflammatory events. The interaction between 

muscle and infiltrating inflammatory cells, in particular, macrophages (MPs) appears 

to affect the successful outcome of muscle repair. Upon muscle injury, a 

well-orchestrated set of cellular responses is activated (see reviews [26-29]). Briefly, 

neutrophils rapidly invade muscle tissue, release free radicals or other oxidants that 

causes lysis of sarcolemma [28] and then provide the chemotactic signal to circulating 

inflammatory cells within a few hours after injury [29]. Subsequently, the 
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predominant cells at the site of injury are the activated monocytes (MOs)/MPs 

recruited from the bloodstream. The first MPs accumulated to the injured site are the 

phagocytic phenotype, pro-inflammatory M1 MP, which transitions to  

pro-regenerative M2 MP that stimulate myogenesis and fiber growth [30].  

Coincident with the changes of these myeloid cells, myogenic progenitor cells 

also transit through a stereotypical pattern with expression of transcription factors that 

associated with activation, proliferation and differentiation [31]. It has been indicated 

that myeloid cells may influence the magnitude and perhaps the timing of expression 

of these genes since in vitro studies demonstrated that M1 MPs stimulate myoblast 

proliferation, whereas M2 MPs promote their differentiation [32,33].  

The murine hind-limb ischemia model (femoral artery ligation/ excision; FAE) 

has been used to mimic PAD and study therapeutic angiogenesis for decades. 

Following severe ischemic insult, morphological observations indicated that muscle 

necrosis is accompanied by inflammatory cell infiltration, angiogenesis and 

regeneration [34,35]. Though the kinetics of MOs/MPs subsets is associated with 

muscle repair, the temporal transition of these inflammatory cells in ischemic muscles 

has not been fully elucidated. In the perivascular space, experimental data 

demonstrated that M1 and M2 MPs both increased until day 28, and M2 MPs 
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dominated at the site of collateral growth after ligation [10]. In calf muscles, 

Contreras-Shannon et al. reported that both neutrophils and MPs were present in day 

3 muscles following FAE [36]. However, there is still lack of well-defined evaluation 

of myeloid cells relative to regenerative events in skeletal muscles after ischemic 

injury.   

 

Current and Possible Future Treatments  

The standard treatment for severe PAD is either surgical or endovascular 

revascularization aiming to improve blood flow to the affected extremity. However, 

up to 20% of patients are not candidates for such interventions due to high operative 

risk or unfavorable vascular involvement [37]. If revascularization has failed or is not 

possible, major amputation is often necessary. A 5 year follow-up study revealed that 

progressive damage resulting in death in around 8% patients after amputation [37]. 

Therefore, new strategies are needed to offer these patients a viable therapeutic 

option.  

A large number of animal experiments have demonstrated the potential of cell 

therapy in restoring blood flow and capillary density [38-42] and reducing the 

incidence of amputation, muscle atrophy and fibrosis [40-42] to the ischemic limb 
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through paracrine mechanisms [38,41,42]. These findings prompted clinical 

researchers to explore the feasibility of cell therapy using mesenchymal stem cells in 

patients with PAD in several small trials [43-48]. Nevertheless, most studies focused 

on angiogenesis and relatively less attention has been given to muscle regeneration, 

particularly the functional recovery (muscle strength), which is very crucial to patients’ 

quality of life and prognosis. 

Recently, it has been shown that using myeloid cells improved blood flow in 

FAE injury and reduced the required number of cell injections compared with bone 

marrow stem cells [49]. Local injection of sorted F4/80
+
 MPs increased the perfusion 

and capillary density in ischemic muscles [11]. Previously, our lab has performed 

intramuscular injection of MPs following ischemia/ reperfusion (I/R) injury, and 

found significant improvement of myofiber size and muscle force [50]. These studies 

all demonstrated that MP-based therapy may be beneficial and can improve muscle 

healing and blood supply in FAE model. 

 

MACROPHAGES IN ISCHEMIC SKELETAL MUSCLE REPAIR 

Macrophage and Angiogenesis  

Occlusion of a main artery often results in insufficient perfusion and subsequent 
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hypoxia, which is one of the driving forces for angiogenesis. It has been indicated that 

the collateral growth following FAE is characterized by MPs accumulation [10], 

suggesting MPs may play a role in this adaptation. The importance of MOs/ MPs in 

angiogenesis was demonstrated by various methods. The reduced perfusion recovery 

and fewer MPs surrounding proliferating vessels were observed in MO-deficient 

op/op mice following FAE [51]. Likewise, C-C chemokine receptor type 2 

(CCR2)-deficient mice also showed reduced MPs in perivascular space and impaired 

blood flow recovery after FAE [52,53]. Intravenously injecting sorted MOs into the 

MOs depletion model after FAE was sufficient to compensate the reduced relative 

blood flow [54]. In MP-ablated mice using clodronate liposomes, the neo-vasculature 

was disorganized. It has been shown that these mice had decreased capillary density 

and reduced lumen diameter [55]. 

Several studies have shown that M1 MPs may be important initiators of 

angiogenesis. M1 MPs upregulated several genes involved in recruitment of 

endothelial cells, including vascular endothelial growth factor (VEGF), basic 

fibroblast growth factor (bFGF), and interleukin-8 (IL-8) [56,57]. The inflammatory 

cytokines, such as tumor necrosis factor-α (TNF-α) secreted by M1 MPs have been 

indicated to induce an endothelial “tip cell” phenotype for sprouting [58]. On the 
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other hand, M2 MPs secreted high levels of platelet-derived growth factor (PDGF) 

[56], which could recruit pericytes and vascular smooth muscle cells [59]. FGF also 

has been found upregulated by M2 MPs and tube formation was decreased by around 

75% when neutralizing FGF signaling [60]. In MP-depleted mice, the expression of 

VEGF, PDGF, and TNF-α was downregulated after injury [55]. Furthermore, several 

studies have revealed that local administration of peritoneal MPs [61] or in vitro 

polarized M1 [12,62] and M2 [62] MPs in ischemic skeletal muscles enhanced the 

tissue perfusion and capillary density. 

 

Macrophage and Muscle Recovery 

MPs are able to alter their phenotype in response to microenvironment stimuli 

[30] and as a consequence they coordinate changes within the tissue throughout the 

regeneration process and regulate the activation and function of stem cells [63]. M1 

MPs stimulate myogenic cell proliferation, whereas M2 MPs exhibit differentiation 

ability [30,64]. Impaired skeletal muscle regeneration was observed in the absence of 

an inflammatory response by using genetically modified mice [53,65-69], antibody or 

clodronate liposome depletions of specific inflammatory cell populations [70,71].  

 Numerous experimental data have shown the capability of MPs to enhance 
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muscle regeneration. The conditioned media from peritoneal MPs or MOs/MPs cell 

lines increased the proliferation of myoblasts in vitro as well as the number of 

MyoD-expressing cells [72-76], suggesting the effect was mediated by soluble factors 

released from MPs, such as IL-6 [77] or TNF-α [78]. Administration of IL-10 to 

myoblasts increased myogenin-expressing cells and cell fusion [30]. In vivo, delivery 

of MPs conditioned media enhanced the regenerative processes [74,79]. Co-injection 

of MPs and myoblasts extended the window of proliferation and increased migration 

and survival of implanted myoblasts [80,81].  

 Transplantation of exogenous M1 MPs reduced fibrosis and enhanced muscle 

regeneration in lacerated muscles [82]. Previously, our lab has shown that direct 

intramuscular injection of isolated MPs improved muscle repair and those MPs 

expressed high level of insulin-like growth factor-1 (IGF-1) [50]. The following study 

demonstrated that transplanted M1 MPs underwent phenotypic switching into M2 in 

the course of muscle repair. We showed the adoptive transfer of in vitro polarized MPs 

were able to accelerate the debris clearance, decrease collagen deposition, and 

improve muscle recovery with better muscle morphology and force [12].  

 

ADIPOSE-DERIVED STEM CELLS IN ISCHEMIC SKELETAL 
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MUSCLE REGENERATION 

Adipose-derived Stem Cells (ASCs) and Ischemic Muscle Repair  

Delivery of autologous cells into ischemic tissue is emerging as a novel 

therapeutic option. It has been demonstrated that stromal-vascular fraction (SVF) cells 

from adipose tissue are capable of differentiation into endothelial cells [83,84] and 

formation of tube-like structures [83]. Several studies also showed that blood flow and 

capillary density were improved after transplantation of SVF [83,84] or ASCs 

[38,40,85-88] in an FAE model. However, a poor survival caused the low therapeutic 

efficacy of ASCs since these cells were exposed to hypoxia and were prone to 

apoptosis [89-91]. It has been shown that human ASCs survived for less than three 

weeks after injection into immunocompromised mice [92]. As such, administration of 

ASCs alone may not have a continuing effect on ischemic muscle repair.  

Currently, paracrine effects have been indicated to play critical roles in the 

regenerative capacity of ASCs since they failed to incorporate into the host 

microvasculature [86,87,93] or the incorporation rate was low [40,94]. Numerous 

studies have reported that the impact of ASCs is due to secretion of angiogenic 

cytokines, such as VEGF [85,95,96] or hepatocyte growth factor (HGF) [38,85,96,97]. 

It has been shown that the levels of VEGF and HGF were higher in muscles treated 
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with ASCs [87]. When adding antibodies against VEGF or HGF, the viability, 

migration [38], or proliferation[87] of endothelial cells were negated. Also, 

endothelial cells had a lower rate of apoptosis in ASCs-conditioned media but this 

effect was reduced when antibodies were applied [87]. These results suggest that 

VEGF and HGF may be the major cytokines promoting vessel repair. 

On the other hand, studies have shown that inflammatory cells were involved in 

angiogenesis after stem cell transplantation [98,99]. Koh et al. reported that host MPs 

depletion using clodronate liposomes significantly impaired ASC-mediated 

angiogenesis, suggesting that infiltrating MPs were required for proper vascular 

growth [100] and associated with the effectiveness of ASCs treatment.  

 

Interaction between ASCs and MPs  

The cross-talk between mesenchymal stem cells (MSCs) and MPs is complex 

and is not been fully understood. Several studies have reported the 

immunomodulatory property of MSCs on MPs accelerated the healing process in 

ischemic tissue, such as myocardial infarction [101] or hind-limb ischemia [102]. In 

vitro experiments showed that inflammatory cytokines were suppressed, and 

anti-inflammatory cytokines, especially IL-10, as well as other M2 MPs markers were 
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upregulated in MPs when co-cultured with human [101,103], murine bone marrow 

stem cells (BM-MSCs) [104,105] or human placental MSCs [106], human cardiac 

ASCs [107].  

MSCs switch MPs to an anti-inflammatory profile not only by modulating the 

production of inflammatory-related cytokines, but also by stimulating the 

phagocytosis of apoptotic cells [105,106]. It has been shown that phagocytosis is 

enhanced when co-cultured with MSCs or MSCs conditioned media [106], and it is 

well-known that the clearance of these cells plays a critical role in the resolution of 

inflammation [108]. Also, it has been indicated that the release of pro-inflammatory 

cytokines is suppressed after engulfment of apoptotic cells [109].  

Several reports have revealed that the secretion of angiogenesis factors increased 

following interaction of MSCs with MPs. Co-culture of MSCs and MPs markedly 

enhanced the production of angiogenesis growth factors such as VEGF [102,107,110], 

HGF [102,110], IGF-1 [110], bFGF [102], and stromal derived factor-1 (SDF-1) [102]. 

Hence, co-injection of ASCs and MPs may serve as a promising treatment for 

ischemic injury due to 1) the immunoregulatory property of ASCs on MPs, 

accelerating tissue healing; 2) the enhancement of angiogenesis factors improving 

tissue perfusion.    
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CHAPTER III 

RECRUITMENT AND THERAPEUTIC APPLICATION OF MACROPHAGES 

FOLLOWING ISCHEMIC INJURY TO SKELETAL MUSCLE  

 

ABSTRACT 

Peripheral arterial disease (PAD), in its severe forms, can cause not only ischemia but 

also skeletal muscle damage. The gradual reduction in blood supply can lead muscle 

to degenerate and regenerate. Among various cells mediating these processes, 

macrophages (MPs) play an important role in coordinating muscle repair. However, 

the temporal transition of monocyte (MO)/ MP phenotype in ischemic muscle injury 

has not been well defined. In the current study, we used a murine hind-limb ischemia 

model to examine the temporal recruitment of MPs and test the effect of cell therapy 

through adoptive transfer of MPs on ischemic muscle regeneration. First, we focused 

on the characterization of the kinetics of recruited myeloid cell population in response 

to regenerative events. Neutrophils and inflammatory MOs/ MPs were present in the 

muscles on the first day following ischemic injury. Shortly after neutrophil infiltration, 

inflammatory MOs/ MPs subsequently polarized into pro-regenerative MPs. Mature 

MPs remained elevated as the dominant population from day 5 to day 21 in 
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association with the observation of centrally nucleated regenerating fibers. These 

findings suggested that mature MPs are involved in the repair process. Therefore, we 

hypothesized that intramuscular delivery of MPs after surgery would improve 

recovery. Functional measurements of muscle contraction revealed that there was 

approximately 17% increase in force production after treatment with 

pro-inflammatory M1 MPs and this was consistent with our findings of increased 

myofiber size, perfusion and capillary density. While delivery of anti-inflammatory 

M2 MPs improved the myofiber size, but lower muscle force production was 

observed and this was accompanied by persistent fibrosis. In conclusion, this study 

demonstrated that M1 MPs were present at early time points after ischemic insult and 

the early administration of exogenous M1 MPs may be a promising therapeutic 

approach for PAD. 
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INTRODUCTION 

In the United States, it is estimated that more than eight million individuals 

suffer from peripheral arterial disease (PAD) [1], which is related to increased 

cardiovascular disease [2] and results in functional impairment [3]. Several studies 

have shown that PAD has a direct adversive effect on calf muscles [8] through 

progressive ischemia [6,24], resulting in muscle damage and reduced strength [6,7]. 

Reduction in muscle size and strength are associated with accelerated functional 

decline [111] and overall greater impairment [6] in PAD patients. Moreover, critical 

limb ischemia occurring in the late phase of PAD is associated with chronic resting 

pain, as well as significant risk of tissue loss and amputation. As such, in addition to 

the restoration of the blood supply, skeletal muscle regeneration and recovery of 

contractile force are crucial components that need to be considered when developing 

new treatments for PAD.  

Injury to skeletal muscle is normally followed by inflammatory cell infiltration 

and subsequent tissue repair [112]. There are multiple myeloid cell populations that 

participate and regulate the regenerative process. Transitions among myeloid cell 

phenotypes often coincides with the changes of myogenic transcription factors related 

to proliferation and differentiation of myogenic progenitor cells during regeneration 
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(see reviews [113]). Macrophages (MPs) are derived from monocytes (MOs) that 

originate from bone marrow myeloid progenitor cell. Upon maturation, MOs are 

released into circulation, enter the tissues and differentiate into MPs when exposed to 

local tissue-specific stimuli. MPs have a wide variety of biological functions. Aside 

from their roles in immune surveillance and immune defense, they play important 

roles in angiogenesis [114,115], and tissue remodeling [69,114,116]. After injury, the 

recruited MPs facilitate wound healing via phagocytosis of injured cells [112] as well 

as by modulation of muscle progenitor cells [9,117] and release of insulin-like growth 

factor-1 (IGF-1) [66,118]. While the in vivo transition from M1 to M2 MP phenotype 

is a continuum, in vitro activation of M0 to inflammatory MPs (M1 MPs) can be 

achieved through treatment with LPS/ IFN-γ. M1 MPs are associated with the 

production of pro-inflammatory cytokines and reactive oxygen species. In the 

presence of IL-4/ IL-13, MPs become alternatively activated (M2 MPs) and are 

associated with anti-inflammatory cytokine production and reduced MHC class II 

expression (see reviews [119-121] ).   

The accumulation of perivascular MPs following femoral artery excision (FAE), 

an animal model for PAD, has been examined in many studies [10,122,123]. However, 

little is known about the dynamics of the myeloid cell accumulation in calf muscles 
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after ischemia. In addition, although a number of experiments suggested the potential 

of using MP therapy to enhance the restoration of blood supply [11,124,125]; the 

effect of such therapy on muscle repair following FAE remains to be determined. In a 

previous study [118], we performed intramuscular injection of CD11b
+
Ly-6C

lo
F4/80

hi
 

cells isolated from muscles following ischemia/ reperfusion (I/R) injury, and found 

significant improvement of muscle size and force. Furthermore, our recent data 

revealed that in vitro polarized M1 MPs significantly improved muscle repair after I/R 

injury by decreasing fibrotic tissue deposition and increasing whole muscle IGF-I 

expression [12]. Therefore, we hypothesized that intramuscular delivery of MPs could 

improve the perfusion and enhance muscle regeneration in the FAE model.  

In this study, we demonstrate that the kinetics of myeloid cell accumulation or 

recruitment and correlate them with regenerative events in ischemic muscle. While 

smaller in cross-sectional area (CSA), the normalized muscle force generated by FAE 

muscles was not different from contralateral side at day 7. Evidence of continued 

repair and remodeling was observed in muscles from day 14 to 28. We observed 

elevated myeloid cell infiltrate on day 21 in conjunction with regenerating myofibers, 

a characteristic of recurring muscle damage under insufficient blood supply. Moreover, 

intramuscular administration of exogenous in vitro polarized M1 (LPS/ IFNγ) MPs 
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restored muscle perfusion, myofiber size, decreased fibrosis and improved muscle 

contraction force. In contrast, delivery of M2 (IL-4/ IL-13) MPs at early time point 

only increased myofiber size. Our findings support the idea of using polarized MPs as 

a treatment modality to improve angiogenesis and muscle regeneration in PAD.  

 

MATERIALS AND METHODS  

Murine Unilateral Hind-limb Ischemia Injury  

Unilateral femoral artery excision (FAE) was performed on female C57BL/6 

mice (Jackson Laboratories) under 2% isoflurane inhalation anesthesia. Mice were 

positioned in dorsal recumbency with hind limbs externally rotated. The femoral 

artery was isolated from the femoral vein and nerve, and then ligated using 7-0 Vicryl 

suture (Ethicon, Somerville, NJ) at the inguinal ligament and the popliteal bifurcation. 

The segment of artery between the two ligations was excised. The wound was closed 

using 5-0 Prolene suture (Ethicon, Somerville, NJ). Animals were allowed to recover 

with a heating pad until ambulatory. Mice were then returned to their cages and 

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. 
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Laser Speckle Imaging 

Laser speckle imaging is a validated method to visualize tissue blood perfusion 

[126]. According to the Doppler Effect (shift), the laser light is scattered and changes 

wavelength when it hits moving blood cell. Then the fraction of the light that is 

backscattered is detected by a photo detector and the data is recorded and processed 

by software. Briefly, the feet of the mice were imaged at one day and 21 days after 

FAE to confirm the ischemia and examine the effects of treatment, respectively. Blood 

flow was examined as previously described [127]. A diode laser (785 nm, 50 milliwatt; 

Thor Labs) was aimed at the footpad of a mouse under anesthesia. The speckle images 

of blood perfusion were captured by a Basler 1920 × 1080 monochrome CCD with a 

zoom lens (Zoom7000; Navitar) mounted on a microscope boom stand and quantified 

using Matlab and MetaMorph. Relative perfusion was expressed as a ratio of left 

(ischemic) to right (uninjured) limb. 

 

Functional Measurements 

As previously described [50], mice were anesthetized using 2% isoflurane and 

maintained at 37°C using a heat lamp. Triceps surae muscles were surgically isolated 
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from other tissue and the distal femoral condyle was immobilized to a stainless steel 

platform. The Achilles tendon was secured to the lever arm of a servomotor (model 

305B, Cambridge Technologies) interfaced with a computer equipped with an A/D 

board (National Instruments). An Isolated Pulse Stimulator (Model 2100; A-M 

Systems) was used to stimulate muscle contraction with leads applied to the belly. The 

muscle was set at optimal length by adjusting the length until the maximal twitch 

tension at 0.5 Hz was attained. At optimal length, the muscle was stimulated at 150 

Hz to elicit the peak tetanic tension (Po) with 2 minutes of rest between each 

contraction. Data were stored and analyzed using LabView software (National 

Instruments). 

 

Histological Preparation and Analysis 

Frozen, OCT-embedded muscle samples were sectioned at 10 μm sections using 

a cryostat (Leica CM1900; Leica Microsystems Inc.; Buffalo Grove, IL). 

Cryosections were stained with hematoxylin and eosin (H&E) for gross morphology 

or Masson’s trichrome (Polyscience, Warrington, PA, USA) for collagen deposition 

as previously described [12]. To identify endothelial cells, the sections were stained 

with anti-mouse CD31 antibody (1:25; #550274; BD Pharmingen, San Jose CA) 
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followed by secondary antibody (1: 200) with a Vectastain ABC Kit (Vector 

Laboratories, Irvine, CA, USA) and DAB substrate (Thermo Scientific, Rockford, IL, 

USA). Images were captured using a light microscope (Nikon Diaphot, Nikon Corp.; 

Tokyo, Japan) with a 20X objective lens and a mounted digital camera (Optronix 

Microfire; Optronix; Goleta, CA). Regenerating fibers were identified by 

characteristic centrally located nuclei. Capillary density was determined from the 

number of CD31
+
 cell per muscle fiber. Myofiber cross-sectional area and collagen 

accumulation were quantified using ImageJ software.  

 

Flow Cytometry 

Total cells present in muscle following FAE injury were isolated via enzymatic 

digest as previously described [50]. Cells were washed with 1% BSA in PBS, blocked 

with 2% BSA in PBS with addition of Fcγ-block (eBioscience), and stained with 

either a cocktail containing PE-conjugated anti-CD11b (BD), PerCP-conjugated 

anti-Gr1 (Biolegend), FITC-conjugated anti-Ly6C (Biolegend), and APC-conjugated 

anti-F4/80 (Biolegend) or a cocktail of the corresponding isotype controls. 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 scatter 
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(FSC) settings gated to exclude RBC-sized cells. Data was analyzed using FlowJo 

software.  

 

Isolation of Bone Marrow and Activation of Macrophages 

Bone marrow-derived macrophages (BM-derived MPs) were isolated and 

polarized in vitro as previously described [12]. First, bone marrow from femurs and 

tibias was flushed out by PBS-filled syringe with a 27G needle. Then cells were 

filtered and re-suspended in Dulbecco’s modified eagle’s medium (DMEM) 

supplemented with 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. Unpolarized MPs were 

designated as M0. For macrophage polarization, cells were treated with 10 ng/ml 

type-I interferon-γ (IFNγ) and lipopolysaccharide (LPS), or 10 ng/ml interleukin 4 

(IL-4) and IL13 to obtain M1 and M2 macrophages, respectively. After 42 h of 

cytokine exposure, MPs were harvested for RNA isolation or MP cell therapy.  

 

RNA Isolation and Real-time PCR 

Total RNA was extracted from BM-derived MPs using Direct-zol RNA 
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Mini-Prep Kit (Zymo Research) and reverse-transcribed using the SuperScript III Kit 

(Invitrogen) according to manufacturers’ instructions. Real-time PCR analysis was 

performed on the Bio-Rad iCycler IQ5 using corresponding primers (Table 1) and 

SYBR-green Master Mix (Bio-Rad). Relative gene expression was determined using 

the ∆∆Ct method with β-actin as the loading controls for isolated cells. 

 

Macrophage Cell Therapy 

BM-derived MPs were treated with trypsin for 2 min at 37 ◦C to lift cells off the 

tissue culture plates. Cells were washed three times with PBS (pH 7.4), counted using 

hemocytometer and re-suspended at 2x10
6
 cells in 60 μl of PBS. Injection of M0, M1, 

M2 MPs, or PBS vehicle into ligated gastrocnemius muscles was performed 24 h after 

FAE, and muscles were collected for histological analysis of regeneration and 

fibrosis. 

 

Statistical Analysis  

All values are presented as means ± standard error of the mean (SEM). 

Comparisons between groups were analyzed using one-way ANOVA followed by 

Tukey HSD or Dunnett’s post hoc test (p<0.05 was considered statistically 
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significant). 

 

RESULTS   

Femoral artery excision results in persistent muscle force reduction and collagen 

deposition  

After ischemic insult, we excised the muscles at day 21 for histological analysis. 

H&E images showed that muscle myofibers underwent degeneration by day 3 

post-FAE with infiltrating inflammatory cells between myofibers, which was 

consistent with previous studies [36,68]. The regenerating fibers, characterized by 

centrally located nuclei began to appear on day 5 (Fig 3.1A). By seven days, the cell 

infiltrate appeared to be largely resolved and the affected fibers had a homogeneous 

appearance. However, when measuring the average cross-sectional area (CSA) of the 

gastrocnemius muscles, we found that myofiber size was significantly smaller on day 

7 relative to the contralateral control, and the decreased myofiber size persisted until 

at least day 28 (Fig 3.1B). Centrally nucleated fibers were observed on day 7 and 

cellular infiltrate became evident at 21 days post-FAE (Fig 3.1A). The percentage of 

the muscle area occupied by the regenerating fibers increased on day 21 and 28 (Fig 

3.1C). Collectively, these results showed that there was an ongoing degenerative/ 
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regenerative sequence in the presence of compromised blood supply to the muscle. It 

is well established that residual inflammation in the course of tissue regeneration may 

adversely impact tissue repair by facilitating excessive connective tissue deposition, 

also known as fibrosis [128]. We evaluated the extent of fibrotic tissue deposition in 

the recovering muscle by performing Masson’s trichrome staining. Our data showed 

significant collagen deposition at 21 and 28 days post-FAE (Fig 3.2). Functional 

performance of regenerating muscle was analyzed using muscle lever system. By day 

14, the normalized force was significantly lower compared to the contralateral side 

(Fig 3.3). Together, these results suggested that the increased collagen accumulation 

and decreased myofiber size may contribute to the reduced muscle force production 

after FAE injury.  

 

MP profiles and phenotypes following murine hind-limb ischemia injury 

In order to examine the kinetics of myeloid cells in the ischemic muscles, we 

performed flow cytometric analysis of freshly isolated cells from FAE-injured 

muscles at different time points after injury. We used a specific antibody panel against 

CD11b to identify myeloid cells (CD11b
+
), GR-1 and Ly-6C to differentiate between 

neutrophils (CD11b
+
GR-1

+
Ly-6C

-
F4/80

-
) and inflammatory MOs/ MPs 
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(CD11b
+
GR-1

-
Ly-6C

+
F4/80

lo/-
), as well as F4/80 to stain for mature MPs 

(CD11b
+
GR-1

-
Ly-6C

-
F4/80

+
).  

Consistent with our previous report on cell immunophenotyping after 

tourniquet-I/R injury [50] , there was an acute temporal transition of myeloid cells 

from primarily Ly-6C
hi

F4/80
lo

 towards Ly-6C
lo

F4/80
hi 

in post-FAE muscles (Fig 

3.4A). In agreement with the total cell number and histological findings that 

inflammatory cell influx occurred on day 3 (Figs 3.1A and 3.4B), the CD11b
+
 and 

Ly-6C
+
F4/80

lo/- 
cells

 
reached the peak number at day 3 post-FAE (Figs 3.4C and D). 

Interestingly, even though there was a decline in total cell number, it increased again 

on day 21 compared with uninjured muscle (p = 0.006 using student’s t test). This 

may be an indication of continuing muscle damage following the sustained reduction 

in blood supply. Furthermore, we performed a relative quantification of MO/ MP 

percentages among total CD11b
+
 cells (Fig 3.4F). At day 1, most of the myeloid cells 

were neutrophils (GR-1
+
Ly-6C

-
F4/80

-
; 37.2%) and inflammatory MOs/ MPs 

(GR-1
-
Ly-6C

+
F4/80

lo/-
; 25.7%), and the remaining were mature MPs and 

triple-negative cells. Shortly after neutrophil invasion, the inflammatory MOs/ MPs 

subsequently switched into mature MPs. At day 3, inflammatory MOs/ MPs (29.7%) 

and mature MPs (GR-1
-
Ly-6C

-
F4/80

+
; 38.6%) were the dominant cell phenotypes. 
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Mature MPs then became the majority (54.9%) at day 5, and remained as the most 

prevalent population in day 14 and 21 muscles, coinciding with the observation of 

regenerating fibers in our histological results.   

 

The transition from the inflammatory response coincides with a transition of 

myogenesis following injury 

Coincident with the flux of myeloid cells at the site of damage following 

ischemia, skeletal muscle transited through a stereotypical pattern of morphological 

changes that reflect muscle degeneration and regeneration (Fig 3.5). We then 

hypothesized the optimal time for delivering M1 MPs was day 1 post-FAE since we 

observed an increased infiltrate of neutrophils and inflammatory MOs/ MPs on day 1 

to promote muscle damage and subsequent muscle degeneration on day 3.   

 

Gene expression of in vitro polarized bone-marrow derived macrophages  

To confirm the MP polarization state and examine the transcriptional profile, we 

analyzed gene expression of the BM-derived MPs by RT-PCR after 42 h stimulation 

in culture. LPS/ IFN-γ–treated M1 MPs had upregulated the pro-inflammatory IL-1β 

and iNOS and decreased the anti-inflammatory PPAR-γ gene expression compared 
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with the unstimulated M0 MPs (Figs 3.6A and B). Conversely, IL4/ IL13-treated M2 

MPs expressed lower pro-inflammatory IL-1β expression and higher levels of 

anti-inflammatory Ym-1 in comparison to M0 MPs (Figs 3.6A and B). These results 

verified that BM-derived MPs were successfully polarized to become the M1 or M2 

MPs characterized in literature [129-131]. 

 

M1 MPs therapy restored perfusion and the number of endothelial cells in FAE 

muscles 

In accordance with prior studies using laser Doppler imaging [10,125], our laser 

speckle imaging results also showed a sustained reduction in blood supply in PBS- or 

M0 MPs- treated groups at day 21. Intramuscular delivery of M1 MPs revealed 

significant improvement of perfusion (~80% of contralateral side) compared with day 

1 post-FAE (Figs 3.7A and C), indicating that in vitro polarized MPs transplantation 

in the ischemic muscles could enhance blood flow recovery. Immunohistochemistry 

of CD31 staining showed that administration of M1 MPs significantly increased the 

capillary/ fiber ratio compared with PBS- treated group (Figs 3.7B and D), consistent 

with the increased perfusion observed with laser speckle imaging. These results 

clearly demonstrated that early delivery of M1 MPs could effectively improve the 
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ischemic condition by enhancing muscle perfusion.      

 

Intramuscular M1 MP therapy improves muscle morphology and fibrosis 

Our previous study demonstrated increasing numbers of M1 MPs early following 

I/R injury facilitates faster debris clearance and accelerated muscle repair [12]. To 

study whether increasing the amount of MPs in the ischemic muscles after FAE is 

beneficial, we injected PBS, M0, M1 or M2 in the gastrocnemius muscles 24 hours 

post-ligation. We conducted histological analysis and found that the myofiber 

distribution gave evidence of significant reduction in myofiber size in the PBS-treated 

muscles compared with the contralateral control muscles (Figs 3.8 and 3.9). The M0 

treatment group had a similar shift towards smaller myofiber diameters while M1 and 

M2 MPs treatment prevented this reduction. Delivery of M1 and M2 MPs increased 

the average myofiber size and significantly reduced the proportion of the smaller 

myofibers, suggesting there were more mature myofibers after treatment (Fig 3.9). 

The Masson’s trichrome staining showed reduced collagen accumulation after the M1 

MPs treatment compared with the PBS- or M0-treated groups (Fig 3.10), but we did 

not observe this effect in M2 MPs group.     
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MP therapy improves functional recovery of ischemic calf muscles 

The deficit in muscle force production causes functional impairment in PAD 

patients [6,7], and this phenomenon was recapitulated in our FAE model. Our results 

showed that while there was no difference in muscle mass among all groups (Fig 

3.11A), the ability of the M1 group to restore the tetanic tension was markedly better 

(85.9% of contralateral control) compared with the PBS- (76.2% of control), M0- 

(73.4% of control), and M2-treated (73.02% of control) groups (Fig 3.11B). M1 

treatment also significantly enhanced muscular force normalized to mass (N/gm) 

recovery (96.5% of contralateral control) at 21 days after FAE, whereas the strength 

of other groups remained impaired (Fig 3.11C).  

 

DISCUSSION  

The present study defined the temporal kinetics of macrophage recruitment 

following hind-limb ischemia and identified major myeloid cell subtypes in muscles 

in the course of tissue repair. The mix of M1 and M2 MPs dominated the regenerative 

response early after FAE and persisted within regenerating muscle during chronic 

degenerative/ regenerative cycling under continuous restriction of blood supply. We 

demonstrated that early delivery of M1 MPs to ischemic muscle improved functional 
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recovery with reduced fibrosis, increased perfusion and normal muscle morphology. 

Our data supports the critical role of MPs in FAE repair and suggest an additional role 

of MPs in mediating tissue adaptations to reduced blood flow supply.   

MPs are important for skeletal muscle regeneration through not only clearance of 

cellular debris and damaged proteins, but also by modulating satellite cell activation 

and tissue fibrosis during healing [132]. Shireman et al. reported that both neutrophils 

and MPs were present in day 3 muscles [36] following ischemic injury. Our work has 

added to these by, using a flow cytometric study to analyze MP profiles after ischemic 

muscle injury. Arnold et al. demonstrated that injured muscle recruited MOs 

exhibiting inflammatory profiles, and then polarized from pro-inflammatory MPs to 

MPs with anti-inflammatory phenotype to stimulate the differentiation of myogenic 

cells [9]. In agreement with their findings, we also observed the transition of these 

cells. Our results revealed that inflammatory MOs/ MPs and mature MPs represented 

the majority of myeloid cells at 3 days post ligation. Together with the correlated 

histological observations, this demonstrated that an increased cell infiltrate and a 

significant muscle degeneration. At day 5 post-FAE, mature MPs became the 

predominant population and remained elevated in regenerating muscles until at least 

day 21, suggesting they may be one of the major contributors to the regenerative 
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process. We hypothesize that one of their primary functions may be in the release of 

myogenic growth factors, such as IGF-1. Our previous study has shown that mature 

MPs contribute to the high IGF-I levels following I/R injury [50]. Other studies also 

support that mature MPs constitute an initial source of IGF-1 after muscle injury 

[50,66,133]. 

The therapeutic delivery of in vitro polarized MPs 24 h after FAE in 

gastrocnemius muscles was performed to test whether increasing the amount of MPs 

acutely would be beneficial to muscle repair and perfusion restoration in a murine 

hind-limb ischemic model. Although the reduction in myofiber size was prevented, 

early delivery of M2 MPs failed to improve the muscle force and reduce fibrosis. The 

remaining interstitial fibrosis in M2- treated muscles showed incomplete myofiber 

regeneration and may be part of the reason that enhanced force production compared 

to the M1 group was not evident. M2 MPs possess an anti-inflammatory phenotype, 

and they stimulate and activate fibroblasts for extracellular matrix production [134]. 

The collagen deposition in M2 MPs groups was not higher than PBS- or M0- groups, 

suggesting M2 MPs treatment did not increase further fibrosis. Nevertheless, it has 

been demonstrated that M2-inducing signals inhibit the expression of M1 chemokines 

[135]. Our results indicated that delivering M2 MPs in the acute inflammatory phase 
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may interfere with regeneration, thereby impeding normal tissue formation. Further 

work will be required to verify this hypothesis.  

The improved functional recovery of M1 MPs- treated muscles may be in part 

due to the improved muscular morphology, blood supply, and reduced collagen 

deposition. Critical to this regeneration is the adequate restoration of blood flow [35]. 

The benefits of in vitro polarized MPs on muscle reperfusion and regeneration were 

previously described [12]. A number of mechanisms may be responsible for the 

observed effects following macrophage transfer into injured tissue. It is well known 

that MPs play both angiogenic and angiostatic roles in healing [136,137]. Several 

studies have reported that they are an important source of numerous angiogenic 

factors, such as VEGF [53,136], basic fibroblast growth factor (bFGF) [136,138], 

angiopoietin-II (Ang-II), and hypoxia-induced factor-1 (HIF-1) [55]. Impairments in 

MP recruitment were related to delayed restoration of perfusion, tissue VEGF, and 

capillary formation [36,52,53]. In vitro experiment has demonstrated that chronic 

severe hypoxia induced higher mRNA expression of HIF-1 and VEGF in MPs during 

MO to MP differentiation [139]. In addition, MPs were recruited to sites of collateral 

arteriolization after FAE [10,122,123], and both M1 and M2 MPs numbers increased 

until day 28 [10]. It also has been shown that these accumulated MPs were associated 
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with increases in FGF-2, VEGF, and MCP-1 [140]. The chemotactic factors released 

by M1 such as TNF-α and MCP-1, could regulate the recruitment of circulating MOs 

[141], stimulate endothelial and smooth muscle cell proliferation [142], and were 

required for optimal VEGF production [143] and angiogenesis [132,144]. Jetten et al. 

showed that M2 MPs increased angiogenesis in vivo by up-regulating the expression 

of FGF-2 and placental growth factor (PlGF) [60]. Kuwahara et al. found the 

improved effect of M1-like GM-CSF treated MPs on the blood perfusion was similar 

to M2-like M-CSF treated MPs [11]. Local delivery of M1 MPs into the adductor 

muscle immediately after ligation resulted in similar improvement in perfusion as 

treatment with M2a or M2c MPs [125]. Consistent with their findings, we also 

observed the increased perfusion and blood vessel density after administration of M1 

MPs in the ischemic calf muscles 21 days post-FAE. 

As noted previously, MPs are involved in skeletal muscle repair since distinct 

MP populations are related to separate phases of muscle recovery [31]. Accumulating 

evidence revealed that reduction in MO/MP infiltration is associated with impaired 

skeletal muscle regeneration in various injury models [69,145-147]. It has been shown 

that LPS/ IFN-γ–treated MPs altered their cytokine secretion upon phagocytosis of 

necrotic debris and switched toward a pro-regenerative profile [9]. In our recent study, 
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we demonstrated accelerated clearance of necrotic tissue and increased IGF-1 

expression in I/R injured muscle when administrating M1 MPs at day 1 with better 

force recovery and decreased fibrosis [12]. Several studies have indicated MPs release 

mitogenic growth factors for myogenic precursor cells (MPCs) and protect MPCs 

from apoptosis [148,149]. In vitro experiments have shown that M1 MPs promote 

myoblast proliferation and decreased fibroblast collagen production [9,150]. 

Co-injection of MPs with myoblasts improved myoblast transplantation by increasing 

proliferation and migration in cryodamaged [80] and dystrophic [81] muscles. Novak 

et al. showed exogenous M1 MPs reduced fibrosis and increased muscle regeneration 

after laceration injury [82]. In addition, our previous study demonstrated that delivery 

of FACS-isolated mature MPs at day 3 improved myofiber size and force production 

after I/R injury [50], suggesting the potential of using mature MPs to enhance muscle 

regeneration. In the current study, we showed improved myofiber size but not muscle 

force in the M2-treated group, which indicates that the time point to inject these cells 

is critical for obtained the best therapeutic results.  

In the present investigation, we used a murine hindlimb ischemia model to study 

the transition of myeloid cells in the ischemic calf muscles correlated with the process 

of muscle regeneration and examine the effect of using exogenous MPs on the 
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restoration of perfusion and repair of muscle function. Our data not only demonstrate 

that MPs participate in early tissue response, but they also help restore perfusion and 

improve muscle regeneration/adaptation in the ischemic limb. These results provide 

insight into the potential usage of in vitro polarized MPs in terms of the therapeutic 

delivery window and the magnitude of subsequent effects on angiogenesis and muscle 

healing after ischemic insult. 
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Fig. 3.1 Morphological damage of skeletal muscle following ischemic insult. (A) 

Representative H&E images (20X) of ligated muscles at various time points; (B) 

Quantification of average myofiber size; (C) percentage of centrally nucleated myofibers. 

n=5-7 for each time points; 3 fields of view/animal. Scale bar: 100μm. Values are expressed 

as mean ± SEM; * p<0.05 compared to contralateral side; § p< 0.05 compared with day 7 

group using one-way ANOVA with post-hoc Tukey HSD.   
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Fig. 3.2 Excessive collagen deposition in skeletal muscle following ischemia. 

Representative trichrome staining images (20X) of ligated muscles at various time points; 

Quantification of area of collagen deposition n=5-7 for each time points; 3 fields of 

view/animal. Scale bar: 100μm. Values are expressed as mean ± SEM; * p<0.05 compared to 

contralateral side using one-way ANOVA with post-hoc Tukey HSD.   
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Fig. 3.3 Impaired muscle force production following femoral artery excision. Maximal 

contractile force of the ligated muscle was measured in situ and normalized with muscle force. 

n=5-7 for each time points. Values are expressed as mean ± SEM; * p<0.05 compared to 

contralateral side using one-way ANOVA with post-hoc Tukey HSD.   
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Fig. 3.4 Flow cytometry analysis of the myeloid cells in ischemic muscles. (A) After gating 

for CD11b
+
 myeloid cells, 3 distinct subpopulations were evident based on the expression of 

GR-1, Ly-6C and F4/80, including GR-1
+
Ly-6C

-
F4/80

-
 (neutrophils), GR-1

-
Ly-6C

+
F4/80

lo/-
 

(inflammatory MOs/ MPs), and GR-1
-
Ly-6C

-
F4/80

+
 (mature MPs). The temporal transition of 

myeloid cells shifted from GR-1
+
Ly-6C

-
F4/80

-
 cells towards GR-1

-
Ly-6C

-
F4/80

+
 cells; (B) 

Total cell numbers peaked at day 3 post-FAE , and increased again at day 21; Quantification 

of individual cell populations (cells/ mg muscle), including (C) myeloid cells, (D) 

inflammatory MOs/ MPs, (E) mature MPs from days 1 to day 21; (F) Percentage of each cell 

population in myeloid cells. Values are expressed as mean ± SEM;  

* p<0.05 compared to naïve muscles. n=3 for each time point. 
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Fig. 3.5 Time course of myeloid cell infiltration and muscle regeneration in murine 

hind-limb ischemic model. 
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Fig. 3.6 In vitro polarized bone-marrow derived macrophages. After incubation in M-CSF 

for 5 days, BM MPs were either treated with LPS/IFN-γ to induce classical (M1) activation 

phenotype or IL4/IL13 for alternative (M2) phenotypes. The untreated cells were designated 

as M0. Real-time PCR was performed to evaluate (A) inflammatory (IL-1β, iNOS, TNF-α) 

and (B) anti-inflammatory (PPAR-γ, TGF-β1, Ym-1) gene expression. β-actin was used as 

housekeeping gene. Values were expressed as mean ± SEM. 
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Fig. 3.7 Recovery of blood flow in ischemic limb following MPs treatment. (A) 

Representative images and (C) quantification of laser speckle for reperfusion analysis were 

performed pre-FAE, 1 day post-FAE, and day 21 post-FAE for each treatment group, 

including PBS, M0, M1 and M2 MPs; (B) Representative images (20X) and (D) 

quantification of CD31+ endothelial cells for capillary density in day 21 post-FAE muscles. 

Scale bar: 100μm. Values are expressed as mean ± SEM; § p<0.05 compared to pre-FAE; + 

p<0.05 compared to D1 post-FAE using one-way ANOVA with Dunnett's test; * p<0.05 

compared to contralateral side; # p<0.05 compared to PBS group using one-way ANOVA with 

post-hoc Tukey HSD. 
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Fig. 3.8 Fiber distribution relative to contralateral side in ischemic muscles following 

MPs treatment at day 21 post-FAE. Representative H&E images and quantification of fiber 

size for each treatment group, including PBS, M0, M1 and M2 MPs (right: 1100-3400 fibers 

evaluated per group). n=5-6 for each time points; 3 fields of view/animal. Scale bar: 100μm. 
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Fig. 3.9 Average myofiber size and proportion of small fibers in ischemic muslces 

following MPs treatment. n=5-6 for each time point; 3 fields of view/animal. Values are 

expressed as mean ± SEM; * p<0.05 compared to contralateral side using one-way ANOVA 

with post-hoc Tukey HSD. 
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Fig. 3.10 Reduced fibrosis following MPs treatment. Representative trichrome stained 

images (20X) of FAE muscles treated with PBS, M0, M1 or M2 MPs at day 21 post-FAE; 

Quantification of area of collagen deposition; n=5-6 for each time points; 3 fields of 

view/animal. Scale bar: 100μm. Values are expressed as mean ± SEM; * p<0.05 compared to 

contralateral side using one-way ANOVA with post-hoc Tukey HSD.  
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Fig. 3.11 Functional assessment of the ischemic calf muscles. (A) Muscle mass; (B) Tetanic 

force production (N) of calf muscles; (C) Normalized muscle force to muscle mass (N/ mg). 

n=5-6 for each group. Values are expressed as mean ± SEM; * p<0.05 compared to 

contralateral side using one-way ANOVA with post-hoc Tukey HSD. 
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Table 3.1. Real-Time PCR Primers 

   

Gene Forward (5’-3’) Reverse (5’-3’) 

 Actb     AAGAGCTATGAGCTGCCTGA     TACGGATGTCAACGTCACAC 

Nos2     TGACGGCAAACATGACTTCAG     GCCATCGGGCATCTGGTA 

Tnfa     CCCACTCTGACCCCTTTACT     TTTGAGTCCTTGATGGTGGT 

Il1b     CCCAACTGGTACATCAGCAC     TCTGCTCATTCACGAAAAGG 

Tgfb      GCTACCATGCCAACTTCTGT     CGTAGTAGACGATGGGCAGT 

PPARG     GCGGTGAACCACTGATATTC     TGTGGTAAAGGGCTTGATGT 
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CHAPTER IV 

CO-INJECTION OF ADIPOSE STEM CELLS AND MACROPHAGES TO 

ENHANCE THE ISCHEMIC MUSCLE RECOVERY   

 

ABSTRACT   

 

It is estimated that more than eight million individuals in the US suffer from 

peripheral arterial disease (PAD). Narrowing of the blood vessels causes progressive 

ischemia which results in muscle damage and reduced strength of the lower extremity.  

Adipose-derived stem cells (ASCs) have therapeutic potential in tissue repair and 

have been shown to promote regeneration via a variety of mechanisms including 

immune-modulatory effects on macrophages (MPs). We have shown that 

intramuscular administration of in vitro-polarized M2-like MPs leads to significant 

improvement in morphology and force production of ischemic muscles. However, in 

vitro cytokine-mediated polarization is not a desirable method for developing a cell 

therapy. We hypothesized that ASCs may serve to drive MPs phenotypes towards an 

anti-inflammatory phenotype under conditions of ischemia. Our results demonstrated 

that in vitro co-culture of ASCs with un-polarized bone marrow-derived MPs induced 

the upregulation of pro-regenerative markers resulting in M2-like phenotype of MPs, 
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particularly in the presence of a hypoxic culture environment. Reductions in 

inflammatory cells in co-injected muscles also confirmed this finding. We showed that 

co-injection significantly enhanced the restoration of blood flow and muscle 

contractile force. This effect may be related to the increased MyoD expression in 

co-injected muscles. The current study demonstrated that co-injection of autologous 

ASCs and MPs may be a clinically attractive strategy involving minimal cell 

manipulation to treat PAD. 
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INTRODUCTION 

Delivery of mesenchymal stem cells (MSCs) such as bone marrow stromal cells 

into ischemic tissue to augment angiogenesis has been considered as a novel 

therapeutic option [151,152]. Nevertheless, one of the limitations is that a large 

amount of bone marrow is required to obtain a sufficient number of cells to induce 

satisfactory reperfusion. On the other hand, adipose-derived stem cells (ASCs) 

represent a feasible and minimally invasive alternative. They proliferate rapidly and 

therefore are obtainable in large quantities [38,153]. Moreover, numerous studies have 

reported that the ASCs have the ability to secrete a variety of angiogenic factors, such 

as VEGF [85,95,96] and hepatocyte growth factor (HGF) [38,85,96,97]. 

Transplantation of ASCs has shown the potential to increase the therapeutic 

angiogenesis in ischemic skeletal muscles [94,154]. However, it has been indicated 

that poor survival since these cells were exposed to hypoxia makes them prone to 

apoptosis, resulting in a lowering of therapeutic efficacy [26-28].  

Several studies have demonstrated that MSCs preferentially polarize 

macrophages (MPs) to the anti-inflammatory phenotype [104,106,107] and this 

immunomodulatory effect accelerated the healing process in injured tissue [101,104]. 

MPs exist in almost all tissues and have important roles in the maintenance of 
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homeostasis. In response to signals derived from the microenvironments, MPs may 

differentiate into two different functional states, classically activated M1 and 

alternatively activated M2 phenotypes [155]. M1 MPs exert pro-inflammatory 

activities, whereas M2 MPs are involved in inflammation resolution and recognized 

as pro-regenerative or anti-inflammatory MPs. Our previous work has shown that 

intramuscular administration of the anti-inflammatory MPs isolated from the day 3 

muscle following ischemia/ reperfusion injury improved the muscle recovery [50]. In 

addition, several reports have showed that in vitro co-culture of MSC and MPs 

markedly increase the production of angiogenic growth factors such as VEGF 

[102,107,110], HGF [102,110], IGF-1 [110], bFGF [102], and stromal derived 

factor-1 [102]. 

As such, we hypothesized that ASCs could also display an immunoregulatory 

property in vivo when co-injecting ASCs and MPs into ischemic skeletal muscles.such 

immunoregulation and the increased of anti-inflammatory MPs could enhance the 

muscle regeneration. The present work was to utilize the murine hind-limb ischemia 

model to mimic peripheral arterial disease. We found that ASCs reduced the number 

of inflammatory cells in ischemic muscles and the co-delivery of ASCs and MPs 

enhanced angiogenesis and muscle repair. This study demonstrated the potential of 
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using ASCs and MPs to treat ischemic injury without further polarizing the cells. 

Monocytes/ inflammatory MPs could be isolated from peripheral blood and injected 

back to the injured site along with the ASCs to minimize the preparation time, which 

would be more clinically feasible.    

 

MATERIALS AND METHODS  

Experimental Murine Hind Limb Ischemic Injury 

Unilateral hind limb ischemia was induced in mice as described in the previous 

study. Female C57BL/6 mice (Jackson Laboratories) were anesthetized under 2% 

isoflurane inhalation. The femoral artery and its branches were ligated using 7-0 

Vicryl suture (Ethicon, Somerville, NJ) at the inguinal ligament and the popliteal 

bifurcation. The segment of artery between the two ligations was excised. Animals 

were allowed to recover with a heating pad until ambulatory. Mice were then returned 

to their cages and 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.  

 

Cell Preparation and Infusion of ASCs and M0 MPs 
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Adipose-derived stem cells were isolated from C57BL/6 mice according to 

protocols adapted from previous studies [156,157]. Murine ASCs were isolated from 

inguinal fat pads. The fat was minced in 0.1% Collagenase Type I and incubated at 

37°C for 1 hour. The mixture was re-suspended with vigorous pipetting. After 

digestion, tissue was neutralized with complete culture medium. The suspension was 

centrifuged at 400 × g for 4 min at 4°C. Pelleted SVF cells were re-suspended and 

plated on T75 flasks at 37°C with 5% CO2, and the media was replaced after 24 hours. 

Adherent ASCs were washed with PBS, and fresh culture media was replaced every 

2–3 days until cells achieved 70% confluence for expansion. When 70% confluent, 

viable cells were harvested with 0.25% trypsin and prepared for injection. 

Bone marrow-derived macrophages (BM-derived MPs) were isolated and 

polarized as previously described [12]. Bone marrow from femurs and tibias was 

flushed out by PBS-filled syringe with a 27G needle. Then cells were filtered and 

re-suspended in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 

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. These unpolarized MPs were 

designated as M0. For M2 MPs polarization, cells were treated with 10 ng/ml 
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interleukin 4 (IL-4) and IL13. After 42 h of cytokine exposure, MPs were harvested 

for MP cell therapy. 

For day 3 treatment groups, mice received either PBS or 2*10
6
 cells of M2 MPs 

intramuscularly. For day 1 treatments, mice were randomly assigned to one of the 

following groups: (1) PBS alone; (2) M0; (3) ASCs; (4) M0+ASCs. According to the 

in vitro results, there was a positive correlation between the % of ASCs in the 

co-culture and the % of CD206 expressing cell (Unpublished preliminary Fig.1). 

Therefore, we chose to use 1: 10 ratio (ASCs: M0 MPs) to treat the muscles. ASCs 

(2*10
5 

cells) at passage 3 or 4 or M0 MPs (2 X 10
6
 cells) were suspended in 60μl of 

PBS. Cells were injected into the hind-limb the day following resection of the femoral 

artery. 

 

Laser Speckle Imaging 

Laser speckle imaging is a non-invasive and validated method to visualize tissue 

blood perfusion [126]. According to Doppler shift, the laser light is scattered and 

changes wavelength when it hits moving blood cell. Then the fraction of the 

backscattered light is detected by a photo detector and the data is recorded and 

processed by software. Briefly, the feet of the mice were imaged at 1 day and 21 days 
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after FAE to confirm the ischemia and examine the effects of treatment, respectively. 

Blood flow was examined as previously described [127]. A diode laser (785 nm, 50 

milliwatt; Thor Labs) was applied upon the footpad of a mouse. The speckle images 

of blood perfusion were captured by a Basler 1920 × 1080 monochrome CCD with a 

zoom lens (Zoom7000; Navitar) mounted on a microscope boom stand and quantified 

using Matlab. Relative perfusion was expressed as a ratio of left (ischemic) to right 

(uninjured) limb. 

 

In Situ Functional Measurements 

Muscle contractile force was measured at day 21 post-FAE as previously 

described [50]. Briefly, mice were anesthetized using 2% isoflurane and maintained at 

37°C using a heat lamp. Triceps surae muscles were surgically isolated from other 

tissue and the distal condyle of femur was immobilized to a stainless steel platform. 

The Achilles tendon was secured to the lever arm of a servomotor (model 305B, 

Cambridge Technologies) interfaced with a computer equipped with an A/D board 

(National Instruments). An Isolated Pulse Stimulator (Model 2100; A-M Systems) 

was used to stimulate muscle contraction with leads applied to the muscle belly. 

Optimal length of the muscle was set by changing the length of the muscle until the 
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measuring maximal twitch tension at 0.5 Hz was obtained. At optimal length, the 

muscle was stimulated at 150 Hz to elicit a peak tetanic tension (Po) with 2 minutes of 

rest between each contraction. Data were analyzed using LabView software (National 

Instruments). 

 

Histological Assessment  

Following the functional measurement, the ischemic muscles subject to FAE 

were harvested. Frozen muscle samples were sectioned at 10 μm using a cryostat 

(Leica CM1900; Leica Microsystems Inc.; Buffalo Grove, IL). Sections were stained 

with H&E for gross morphology and myofiber size. To identify endothelial or 

inflammatory cells, the sections were stained with anti-CD31 antibody (1:25; #550274; 

BD Pharmingen, San Jose CA) or anti-CD45 antibody  (1:25; #550539; BD 

Pharmingen, San Jose CA), respectively, followed by secondary antibody (1: 200) 

with Vectastain ABC Kit (Vector Laboratories, Irvine, CA, USA) and DAB substrate 

(Thermo Scientific, Rockford, IL, USA). Anti-MyoD antibody (1:100; ab203383; 

Abcam, Cambridge, MA) was applied to the section followed by secondary antibody 

(1:200; ab175694; Abcam, Cambridge, MA) to examine myogensis. Capillary to fiber 

ratio was determined from the number of CD31
+
 cell per muscle fiber. Inflammatory 
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cells were quantified as the number of CD45
+
 cells per field of view. Myofiber 

cross-sectional area was quantified using ImageJ software. Fluorescent images were 

taken on Zeiss LSM710 laser confocal microscope using 40X oil immersion objective. 

Immune cell infiltrate was expressed as the number of CD45
+
 cells per field of view. 

The number of MyoD positive cells was quantified as a percentage of total nuclei 

from the tile scanned image (2x2 tiles; 10% overlap). 

 

Statistical analysis 

Data were expressed as mean ± SEM. Statistical analysis was performed by 

one-way ANOVA, followed by the Tukey or Dunnet’s post hoc tests for comparisons 

among groups. p < 0.05 was considered statistically significant.  

 

RESULTS  

In vitro polarized anti-inflammatory MPs promote muscle regeneration following 

femoral arterial excision (FAE) 

According to the previous study, we found that mature anti-inflammatory MPs 

appeared in ischemic muscles at day 3 and may be associated with muscle 

regeneration [50]. Therefore, we hypothesized that increasing the number of these 
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MPs at this time point may be beneficial to the muscle recovery.   

We injected bone-marrow-derived M2 MPs into the gastrocnemius at day 3 

following FAE and evaluated the morphology and force production of injured skeletal 

muscle. PBS-treated muscle displayed the typical abundance of small myofibers with 

central nuclei, which is evidence of substantial degeneration/regeneration cycling of 

injured myofibers (Fig 4.1A). We observed the fiber distribution shifted towards the 

smaller size in PBS group while M2 MPs prevented this change (Fig 4.1B). M2 MPs 

treatment at day 3 after ischemia significantly improved the average myofiber size 

(Fig 4.1C) and decreased the fraction of small myofiber (Fig 4.1D), indicating there 

were more mature myofibers in this group. The maximum tetanic contractile force of 

PBS and M2 MPs groups was 62.3% and 81.6% of the contralateral control, 

respectively. (p= 0.057 using student t test) There was no difference in muscle mass. 

However, the mass-normalized force production was significantly improved after M2 

MPs treatment compared to PBS (93.4% vs. 79.5% of contralateral control) (Fig 

4.1E).   

 

Co-injection of ASCs and M0 in ligated muscle improves the recovery of perfusion 

and capillary density  
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Laser speckle imaging was performed to assess the blood flow recovery in the 

ischemic muscles at day 21 after FAE. Delivery of ASC failed to increase the relative 

blood flow (p=0.056 using one-way ANOVA with Dunnet’s post hoc), while 

co-injection of ASC and M0 improved the perfusion compared to D1 post-FAE 

(85.3% vs. 23.3% of contralateral side) (Figs 4.2A and C). Quantification of CD31 

staining for endothelial cells per myofiber showed that the capillary density was lower 

in both PBS and M0 groups compared to contralateral control, while ASC only and 

co-injection increased the capillary density (Fig 4.2B and D). The significant 

enhancement of capillary density in co-injection of ASC and M0 group corresponded 

with the improved perfusion from speckle imaging.      

 

Co-injection of ASCs and M0 in ischemic muscle improves myofiber size and 

contractile force 

In order to examine the muscle recovery of the ischemic skeletal muscles, we 

used H&E staining to quantify myofiber size and in situ functional measurements to 

record the muscle force production. Smaller average fiber size in PBS, M0 and ASC 

only groups was observed at day 21 after FAE. However, co-injection of ASC and M0 

prevented the muscle atrophy (Figs 4.3A and B). Interestingly, we found the muscle 
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mass was less in ASC group but the tetanic force was not different compared to 

contralateral side (Figs 4.3C and D). Thus, the normalized force was improved in 

ASC group (Fig 4.3E), suggesting the significantly better recovery may due to the 

enhanced blood supply instead of the increased myofiber size or muscle mass. The 

co-injection of ASC and M0 resulted in significant improvements in maximum tetanic 

force and mass-normalized force production (Figs 4.3D and E).  

 

ASCs reduces the inflammatory cells in ischemic muscles  

To investigate ASC-mediated immunosuppressive activity in vivo, we stained the 

ligated muscles with CD45 for inflammatory cells. In the PBS and M0 groups, there 

were abundant CD45
+
 cells infiltrating myofibers (Fig 4.4A), which confirmed the 

results from the H&E images showing cell influx between regenerating fibers (Fig 

4.3A). There was no difference between PBS and M0 groups, suggesting the M0 

injection did not increase inflammation in the ischemic muscles at day 21 post-FAE. 

The number of inflammatory cells decreased significantly in mice injected with ASCs 

or ASCs+M0s (Fig 4.4B). These results indicate that administration of ASCs 

attenuated the inflammation in the ischemic muscles (PBS vs. ASCs), and ASCs 

co-injection with M0s decreases the inflammation compared to PBS or M0s only 
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groups.    

 

Increased MyoD expression in co-injected muscles 

Proliferating myoblasts express MyoD, one of the basic helix–loop–helix 

transcription factors that regulate myogenic differentiation. Therefore, we used MyoD 

as a myogenic marker to assess the myogenesis after treatment. It has been shown that 

a small number of MyoD-positive cells are present in connective tissues immediately 

after injury. Subsequently, the number of MyoD-positive cells increases substantially 

and rapidly decreases as myotubes form [158]. Immunofluorescent staining showed 

that there was a significantly increased expression of MyoD in the co-injection group 

(50.6% of total nuclei), while the percentage of MyoD expression was approximately 

20% in the other three groups at day 4 post-FAE (Figs 4.5A and B). This finding 

corresponded with the improved muscle recovery, including myofiber size and 

contractile force after co-injection at day 21 post-FAE.  

 

DISCUSSION  

The main findings in the current study are the improvement of muscle 

regeneration and restoration of tissue perfusion after co-administration of ASCs and 
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MPs in ischemic skeletal muscles. We showed an accelerated resolution of 

inflammation in muscle receiving ASCs. Although ASCs enhanced capillary density, 

it was unable to prevent muscle atrophy. On the other hand, co-injection of ASCs and 

MPs significantly increased MyoD expression at day 4 post-FAE and promoted 

muscle repair at day 21 post-FAE.   

Delivery of autologous cells into ischemic tissue to augment angiogenesis is a 

promising therapeutic option. In the previous experiment, we analyzed the myeloid 

cell profile in the skeletal muscles after ischemic insult and found the mature MPs 

were the predominant population from day 3 to day 21. Therefore, we increased the 

intramuscular amount of in vitro polarized M2 MPs on day 3 post-FAE and showed 

administration of M2 MPs at later time point could enhance muscle recovery.  

The extent of cell manipulation in these experiments (e.g., expansion, activation) 

is one of the concerns that the FDA advisory committee may raise when designing 

preclinical studies for investigational of cell therapy products. In vitro 

cytokine-mediated polarization may not be a desirable method for developing a 

clinically applicable cell therapy.  

A mesenchymal stem cell (MSC) population that been chosen to treat ischemic 

disease is adipose derived stem cells (ASCs). ASCs have been recognized as a 
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feasible and minimally invasive alternative compared with bone marrow-derived stem 

cells (BMSCs).Cell density of MSCs from ASCs is approximately 500 times higher 

than from an equivalent amount of bone marrow [159] and they proliferate rapidly 

and therefore are obtainable in large quantities [38]. Blood flow and capillary density 

were improved after transplantation of ASCs in ischemic muscles [38,85], but limited 

engraftment has been observed due to hypoxia leading to apoptosis [89-91]. 

Meanwhile, it has been found that various angiogenesis factors were increased in 

co-culture of ASCs and MPs compared with BMSCs or MP s only [110]. In addition, 

several studies have reported the modulatory action of MSCs on MPs accelerated the 

healing process in injured tissue [101,102]. These results prompted us to examine 

whether co-injection of ASCs and M0 MPs in ischemic muscles could improve 

recovery. 

Our in vitro data showed that the CD206 expression and other M2 markers were 

upregulated in co-culture of ASCs and M0 MPs after 48 hours using flow cytometry 

and RT-PCR (Unpublished preliminary Fig. 2). Hence, we injected the ASCs and M0 

MPs on day 1 and measured the angiogenesis and muscle regeneration at day 21 

post-FAE. Consistent with other in vitro studies [101,103-105] showing increase in 

anti-inflammatory and decrease in pro-inflammatory markers, we demonstrated the 
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immunomodulatory effect of ASCs on M0 MPs under normal oxygen level and 

especially hypoxia. In the ischemic muscles, we found the inflammatory cells were 

significantly reduced in ASC-treated and co-injected muscles compared to PBS group, 

which suggested the accelerated resolution of inflammation when delivering ASCs.  

It has been shown that ASCs display an immunoregulatory effect of increasing 

IL-10 and suppressing TNF-α and IL-6 in ischemic muscles [102]. It was shown 

IL-10 blockade reduced ASCs-induced blood flow recovery in murine hind-limb 

ischemia, indicating ASCs mediated IL-10 release may be one of the key factors 

affecting angiogenesis. Moreover, MSCs switch MPs to an anti-inflammatory profile 

not only by directly modulating the production of inflammatory and 

anti-inflammatory cytokines, but also by stimulating the phagocytosis of apoptotic 

cells [105,106]. It is well-known that the clearance of apoptotic cells plays a critical 

role in the resolution of inflammatory processes [108] and that engulfment of 

apoptotic cell appears to suppress the release of pro-inflammatory cytokines [109]. It 

has been shown that the phagocytosis of apoptotic cells was enhanced when 

co-cultured MPs with MSC or MSC conditioned media [106]. 

Numerous studies have indicated that paracrine effects play important roles in 

the regenerative capacity of ASCs [38,85,95,97]. Several reports have shown that the 
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secretion of angiogenesis factors, such as VEGF [98,102,107], HGF [98,102], IGF-1 

[98], FGF [102], and stromal derived factor-1 [102] were significantly increased 

following interactions of ASCs with MPs. In accordance with these in vitro findings, 

we showed the capillary density was improved in ASC group. Furthermore, the 

relative blood flow and capillary density were significantly increased in co-injected 

muscles compared with PBS-treated muscle, which indicated the synergistic effect on 

angiogenesis when combining ASCs with MPs.  

Although ASCs could differentiate in vitro towards the myogenic lineage 

[160,161], the inconsistent were obtained in vivo as to whether ASC fused with the 

host myofibers were inconsistent in vivo [162,163]. In the present study, normalized 

muscle force in ASCs-treated muscles was not different from the control side. 

However, we did not observe an improvement in myofiber size, muscle mass and 

maximal contractile force in ASCs-treated muscles. Since ASCs exerted an 

anti-inflammatory property, delivering these cells during the early phase of injury may 

affect the initial inflammatory response and not promote muscle regeneration in this 

model [164]. Further studies are needed to elucidate the underlying mechanisms. 

Taken together, our results showed that ASCs was able to produce various 

angiogenesis factors that induce restoration of blood supply but did not contribute to 
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myofiber size. Nevertheless, co-delivery of ASCs with MPs successfully increased 

muscle perfusion, morphology and force production, and may serve as a suitable 

therapeutic option for ischemic muscle regeneration.   

Arginase and nitric oxide synthase (NOS) are two competing arginine pathways 

in MPs [165], and they are thought to affect inflammatory responses oppositely. 

Characterization of MPs demonstrated that M1 MPs produce cytotoxic NO via iNOS, 

whereas M2 MPs sequester L-arginine from iNOS and generate ornithine via arginase 

[166]. NO production from iNOS in M1 MPs inhibits cell proliferation and kills 

pathogens, while ornithine production promotes cell proliferation and repairs tissue 

damage [167-169].  

Aside from the role in immune defense, it has been shown that NO mediated the 

down-regulation of MyoD mRNA both in vitro and in vivo [170]. When excess NO 

diffuses out of the cell, it combines with superoxide (O2
-
) to form various reactive 

oxidative species, including peroxynitrite (ONOO-). It has been shown that 

peroxynitrite could inhibit MyoD [170], which affects myosin heavy chain (MyHC) 

expression [171,172]. It also has been found that peroxynitrite induces the degradation 

of MyHC and increases the levels of atrogin-1 and MuRF1 [173]. 

Hypoxia inhibits myogenic differentiation through accelerated MyoD 
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degradation [174]. The results from our in vitro findings (Unpublished preliminary 

Fig. 2) showed the 48 hour co-culture of ASC and M0 MPs under hypoxia 

significantly upregulated Arg 1 (the relative expression was 10
4
 times higher than that 

compared with MPs alone). Hence, we hypothesized that one of the possible 

mechanisms for the enhanced muscle recovery of co-injection may be due to the 

upregulated arginase which competed with iNOS and thereby reduced NO production 

with less MyoD degradation. Our immunofluorescent staining showed increased 

MyoD expression in the co-injection group, supporting this hypothesis. Although 

further studies are required to confirm the entire pathway that is involved in the 

beneficial effect of con-injection, the current results give an insight of using ASCs and 

MPs to improve skeletal muscle regeneration.  

 The present study showed the benefits of using ASCs-conditioned MPs for 

muscle regeneration following ischemia. Co-delivery ASCs and MPs alleviated the 

muscle atrophy and reduced force and these were associated with an increased blood 

supply. A future direction of this work be to examine the effects of autologous harvest 

of ASCs combined inflammatory monocytes/ MPs from peripheral blood on ischemic 

muscle repair.  
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Fig. 4.1 Implantation of pro-regenerative M2 MPs improves ischemic muscle 

regeneration. Representative (A) H&E staining images (20X) of FAE muscles in PBS and 

M2 MPs groups; (B) myofiber distribution; Quantification of (C) average myofiber size; (D) 

percentage of small myofibers, indicating the proportion of immature fibers; (E) muscle 

recovery relative to contralateral side. n=5-7 for each group; 3 fields of view/animal. Scale 

bar: 100μm. Values are expressed as mean ± SEM; * p<0.05 compared to contralateral side 

using one-way ANOVA with post-hoc Tukey HSD; # p< 0.05 compared with PBS group 

using student t test .   
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Fig. 4.2 Co-injection of ASCs and MPs enhances restoration of perfusion in the ischemic 

muscle. Representative images (20X) of (A) laser speckle and (B) CD31 staining of ischemic 

limbs; Quantification of (C) relative blood flow; (D) capillary density. n=5 for each group; 3 

fields of view/animal. Scale bar: 100μm. Values are expressed as mean ± SEM; ^ p<0.05 

compared to D1 post-FAE using one-way ANOVA with post-hoc Dunnett's test; * p<0.05 

compared to contralateral side; # p< 0.05 compared with M0 group; + p< 0.05 compared with 

PBS group using one-way ANOVA with post-hoc Tukey HSD. 
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Fig. 4.3 Co-injection of ASCs and MPs enhances muscle regeneration. (A) Representative 

images of H&E staining (20X); Quantification of (B) average myofiber size; (C) muscle mass; 

(D) maximum tetanic force; (E) contractile force normalized with muscle mass. n=5-9 for 

each group; 3 fields of view/animal. Scale bar: 100μm. Values are expressed as mean ± SEM; 

* p<0.05 compared to contralateral side; # p< 0.05 compared with M0 group; + p< 0.05 

compared with PBS group using one-way ANOVA with post-hoc Tukey HSD. 
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Fig. 4.4 Co-injection of ASCs and MPs accelerates the resolution of inflammation. (A) 

Representative images of CD45 staining (20X); Quantification of (B) inflammatory cells in 

ligated muscles. n=5 for each group; 3 fields of view/animal. Scale bar: 100μm. Values are 

expressed as mean ± SEM; # p< 0.05 compared with PBS group; + p< 0.05 compared with 

M0 group using one-way ANOVA with post-hoc Tukey HSD. 
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Fig. 4.5 Co-injection of ASCs and MPs upregulates the expression of MyoD on day 4 

post-FAE for myogenesis. (A) Representative images of MyoD staining (40X); (B) 

Quantification of the percentage of positive cells of total nuclei. n=3 for each group; 5-7 

images/animal. Scale bar: 50μm. Values are expressed as mean ± SEM; # p< 0.05 compared 

with PBS group; + p< 0.05 compared with M0 group using one-way ANOVA with post-hoc 

Tukey HSD. 

 

A. 

B. 
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Fig 4.6 (Unpublished Preliminary Figure) Relationship between the proportion of ASCs 

and the CD206 expressing MPs. Positive correlation between the proportion of ASCs in 

co-culture and the percentage of MPs expressed CD206 (ratio between 1: 80 and 1: 10). The 

relationship started to reach a plateau when past the ratio 1: 10. 
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Fig 4.7 (Unpublished Preliminary Figure) ASCs shifted the MPs towards 

anti-inflammatory phenotypes. Gene expression profile and CD206 surface expression on 

MPs after direct co-culture with ASCs under normoxic and hypoxic conditions. 
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CHAPTER V 

GENERAL DISCUSSION 

SUMMARY OF RESULTS  

1) Flow cytometry analysis identified the temporal transition of myeloid cells in the   

ligated muscles from primarily Ly-6C
hi

F4/80
lo

 towards Ly-6C
lo

F4/80
hi

 

macrophages at day 3 post-FAE, consistent with the histological images of 

inflammatory cell influx. Total myeloid cells increased again at day 21 post-FAE, 

suggesting continuing muscle inflammation and damage following the sustained 

reduction in blood supply. And the reduced muscle contractile force also 

demonstrated the impaired muscle function from day 14 to day 28.   

2) Adoptive transfer of temporally coordinated macrophages significantly enhanced 

ischemic skeletal muscle recovery. Early, intramuscular delivery of in vitro IFN-γ/ 

LPS polarized M1 macrophages improved tissue perfusion, muscle morphology 

and functional force production at day 21 post-FAE.   

3) Co-administration of adipose-derived stem cells and un-polarized macrophages 

accelerated the resolution of inflammation at day 21 post-FAE. Co-injection 

prevented muscle atrophy and exhibited better functional recovery with enhanced 

blood supply.  
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CONCLUSIONS 

The current studies are supportive of intramuscular administration of bone 

marrow-derived MPs for skeletal muscle regeneration in murine hind-limb ischemia. 

We characterized the myeloid cell populations that infiltrate the ischemic muscles (Fig. 

3.4) and then examined the effect of in vitro polarized MPs with and without the 

combination of ASCs in temporally coordinated fashion (Table 2). We obtained the 

best results when delivering M1 MPs at early time point (day 1 post-FAE), including 

increased muscle morphology, contractile force and blood supply. The optimal time 

point to inject the anti-inflammatory M2 MPs into ischemic muscles is day 3 

post-FAE, we demonstrated the improved myofiber size and force in M2-treated 

muscles. These data demonstrated that cell therapy using MPs promote repair 

efficiency with increased perfusion, functional recovery and attenuated fibrosis. 

Furthermore, we showed that combined unstimulated MPs with immuno-regulatory 

ASCs at day 1 post-FAE hastened the resolution of ischemia-related inflammation and 

muscle regeneration at day 21.  
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Table 5.1. Summary of the cell therapy using macrophages and adipose-derived 

stem cells at various time points  

 

FUTURE DIRECTION 

These studies provide the foundation for MP-mediated cell therapy to treat 

ischemic disease, especially for individuals with PAD who are not suitable subjects 

for conventional revascularization. Although we demonstrated the effect of 

angiogenesis and muscle regeneration, there is still a need to exploit and elucidate the 

mechanism. In addition, combined MPs with ASCs might be a feasible and possibly 

effective adjunct to the treatments with shorter preparation time and less manipulation. 

Further examination of adequate cell number and safety issues are required prior to 

clinical application.  
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Appendix A: Expanded Methods 

 

I. Induction of Unilateral Hind-limb Ischemia 

1. Sterilize the tools and cotton tip swabs prior to surgery using an autoclave.  

2. Place the mouse into the anesthesia induction chamber containing 1–2% isoflurane 

until it is unresponsive to external stimuli.  

3. Put the mouse in supine position on the heating pad with continuous flow of 

isoflurane. Remove the hair from the groin area and left limb with electric shaver.  

4. Extend and secure the limb externally rotated with a piece of tape, wipe the skin 

with 10% Povidone‑iodine and alcohol scrubs.  

5. Make an incision of the skin close to inguinal ligament (from abdominal muscles 

toward knee; approximately 1 cm).  

6. Use pointed forceps and cotton tip swabs to gently move away subcutaneous fat on 

top of the inguinal ligament in order to expose the femoral artery. Be careful not to 

damage the capillary in the fat tissue or the branches of femoral artery or vein.  

7. Use the fine pointed forceps and pointed forceps to gently dissect the femoral artery 

from the vein and nerve bundles. Need to be very careful when dissect the femoral 

sheath (connective tissue) since the femoral vein is very vulnerable and easy to 

bleed.  

8. After successfully separate the femoral artery from other tissue, pass the 7-0                  

suture underneath the femoral artery. Make two ligations    to occlude the artery 

close to the inguinal ligament and the popliteal bifurcation. Transect the segment of 

artery between two ties. 

9. Close the surgery site with 5-0 sutures and needle holder. Leave the mouse on the 
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heating pad and monitor the mouse until awake. 

 

II. In Situ Force Measurement  

1. Place the mouse into the anesthesia induction chamber containing 1–2% isoflurane 

until it is unresponsive to external stimuli.  

2. Put the mouse in prone position on the heating pad with continuous flow of 

isoflurane. Remove the hair from the posterior portion of both limbs with electric 

shaver. Secure the testing limb with the tape. 

3. Make a midline incision of the skin on the posterior portion of the limb from the 

calcaneus to the popliteal fossa. 

4. Carefully cut the hamstrings and lift up the skin flaps to expose the gastrocnemius 

(GAS) muscle. Cut the calcaneus and isolate the GAS muscle from other muscles. 

5. Tie the silk suture around the Achilles tendon in order to attach this distal end to the 

lever later. Use 21G needle to pierce the distal condyles of femur and secure this 

proximal end to the metal plate on the operating desk. Attach the Achilles tendon to 

the lever arm of the dual-mode servomotor. 

6. Place electrodes directly on the GAS muscle belly to stimulate muscular 

contraction. Determine optimal length by finding maximum twitch force using 0.5 

Hz stimulation. 

7. At optimal length, stimulate muscle using 150 Hz to acquire the maximum peak 

tetanic contraction. Allow muscle to rest for 2 min following each contraction.  

8. Harvest the muscle after sacrifice for histological analysis. Measure the muscle 

weight and length to calculate the normalized force and physiological cross 

sectional area.  
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III. Tissue Freezing  

1. Pour the 2-methylbutane (isopentane) in the cane and put it into liquid N2. Observe 

it to determine whether it reaches the appropriate temperature (optimally between 

-140 to -149 °C). Usually it takes a few minutes until the initial fog has 

disappeared.  

2. Place the muscle in the cryomold submerging completely with Tissue-Tek O.C.T 

compound. Lower the cryomold immediately into liquid N2-cooled isopentane until 

the entire muscle turn white and completely solid. 

3. Wrap the frozen tissue in the labelled aluminum foil and store it at -80°C for future 

analysis. 

 

IV. Tissue Sectioning 

1. Set the cryostat “specimen head” temperature to -20°C. 

2. Transport the tissue from -80°C and place it inside the cryostat chamber. 

3. Mount the tissue onto round metallic “specimen disks” using Tissue-Tek O.C.T 

compound and wait until it is frozen. 

4. Insert specimen disk into “specimen head” and orient appropriately. Adjust the 

blade holder. Bring blade close to tissue. 

6. Make the 10μm-thick sections and collect them on warm (room temperature), 

labelled slides.  

 

V. Hematoxylin and Eosin (H&E) Staining 

1. Place the slides into Harris Hematoxylin for 5 min to stain the nuclei dark purple. 
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2. Perform a gentle running tap water rinse until it turns clear to remove excess of 

dye. 

3. Place the slide in Eosin for 2 min to stain the cytoplasm red. 

4. Perform a gentle running tap water rinse until it turns clear to remove excess of 

dye. 

5. Drain the slides successively in  

- 70% EtOH for a few seconds 

- 100% EtOH for a few seconds 

- Xylene for a few seconds to dehydrate the tissue.  

6. Allow the slides to dry. Mount the slides with 1-2 drops of permount mounting 

media and cover with coverslips. Avoid bubbles. Store the slides at room 

temperature.  

 

VI. Masson’s Trichrome Staining 

(According to the Kit instructions (Polysciences, Inc.) with slight modifications) 

1. Fix sections in 10% formalin for an hour followed by Bouin’s solution for 15 min 

at 56°C. 

2. Wash sections under running tap water to remove the picric acid for 5 minutes. 

3. Stain sections with Weigert’s iron hematoxylin working solution for 10 min. Wash 

under running tap water for 5 min, rinse with dH2O. 

4. Incubate in Biebrich Scarlet-Acid Fuchsin Solution for 5 min. Rinse with dH2O. 

5. Incubate in Phosphotungstic/phosphomolybdic acid for 10 min, discard solution. 

6. Transfer directly to Aniline blue for 5 min. Rinse with dH2O. 

10. Incubate in 1% Acetic acid for 1 min, discard solution, and rinse with dH2O. 
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11. Dehydrate, clear and coverslip. 

 

VII. Cell Isolation from Skeletal Muscles 

1. Pre-warm 1% collagenase solution (diluted in DMEM) in 37°C water bath. 

2. Harvest and weight the muscles. Keep muscles on ice until ready to process. 

3. Finely mince muscle with curved scissors on the sterile dish. Add some collagenase 

to the minced muscle (~1 ml 1% collagenase for every 100 mg of muscle tissue) 

and use sterile transfer pipette to transfer muscle chunks in collagenase to 5 ml 

polypropelene tube.  

4. Rotate muscle digest at 37°C for 20 min. Triturate it using glass Pasteur pipetter. 

Allow digestion for additional 20 min.  

5. After total of 40 min digestion time, remove tubes from the 37°C incubator. 

6. Add 3ml of 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 at 300g for 5 min. 

8. Gently re-suspend cell pellet and wash twice with 5 ml 10% FBS-DMEM. 

9. Keep cells on ice during handling. 

10. Count cells using hemacytometer. Re-suspend at appropriate concentration for 

plating 

 

VIII. Cell Staining for Flow Cytometry Analysis 

1. Aliquot the same number of cells per tube (polystyrene 5 ml tubes), normally 

around 1x10
5
-5x10

5
 cells/tube. 

2. Prepare: 1) unstained control; 2) single color controls; 3) single color isotype 
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controls; 4) test samples; 5) isotype controls using colors as in test sample. 

3. 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 300g for 5 min. 

4. Decant the buffer; re-suspend pellets in 100 μl of blocking buffer (2% BSA in PBS, 

0.05% Sodium Azide). Block on ice for at least 1hour with slight shaking. 

5. Wash cells 1X with staining buffer as in step 3. 

6. Re-suspend pellets in 100 μl staining buffer containing specific antibodies or 

isotype controls. 

7. Stain cells on ice for 1 hour with slight shaking. 

8. Wash cells 3X with staining buffer as in step 3. 

9. Re-suspend cell pellets 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. 

 

IX. Bone Marrow Isolation and Macrophage polarization 

1. Excise femurs and tibias. Clean bones from muscle and connective tissue. Leave 

the bones in PBS on ice. 

2. Use curved scissors and forceps to further clean bones from the muscle and 

connective tissue in the hood. Wash 2X with PBS. 

3. Wash with 70% EtOH for 30 seconds. Transfer into PBS for final wash. 

4. Prepare 3*3 ml syringes containing cold PBS. Attach 27G needles.  

5. Cut off the heads of the femur and tibia. Insert the needle into the bone cavity to 

flush bone marrow out into the 15 ml conical tube. 

6. Spin bone marrow plugs at 300g for 5 min. 
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7. Aspirate the supernatant. Re-suspend the pellet in 2 ml of 10% FBS-DMEM culture 

media and filter through 40 μm filter. Count cells. 

8. Re-suspend cells in 10% FBS-DMEM containing 10ng/ml M-CSF. Cells should be 

at a concentration of 1.5 *10
6
- 2 *10

6
 cells/ ml. 

9. Put 2.6 ml media/ well in 6 well plate for 5 days in 5% CO2 at 37°C. Feed cells on 

day 3 by removing 1 ml of media from each well and replace with 1 ml fresh 

culture media containing 10ng/ml M-CSF. 

10. Aspirate the media on day 5 and wash the bottom of the wells (by swirling the 

plate) with 1 ml PBS to remove non-adherent cells. Add fresh media and allow the 

cells to recover for 1 day. 

11. Stimulate cells with LPS/IFN-γ (10 ng/ml each) to induce M1 macrophage 

phenotype; IL4/ IL13 (10 ng/ml each) to induce M2 macrophage on day 7. For M0 

macrophage, replace with fresh media without the addition of cytokines. 

12. Trypsinize cells for 2 min at 37°C. Wash 3X with PBS. 

13. Inject 2*10
6
 cells/ 60μl/ mouse.  

 

X. RNA Isolation  

1. Add 1 ml Trizol to the cell pellet. Mix by gentle pipetting. Incubate for 5 min at 

room temperature occasionally inverting the tubes. Use it immediately or store the 

cells in -80°C for future analysis. 

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 
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containing flow-through. 

4. Wash column with 400μl of RNA Wash Buffer. Centrifuge for 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) - 64μl 

For the total of 80μl/tube 

6. Add 80μl/tube of the DNAse I Reaction Mix directly to the column matrix. 

Incubate column at room temperature for 15 min. Centrifuge for 30 seconds. 

7. Add 400μl Direct-Zol RNA PreWash to the column and centrifuge for 1 min. 

Discard flow-through. Repeat this step. 

8. Add 700μl RNA Wash Buffer to the column and centrifuge for 1 min. Discard the 

flow-through. Centrifuge for additional 2 min to ensure complete removal of the 

wash buffer. 

9. Transfer columns into clean nuclease-free tubes. Add 50μl nuclease-free water 

directly to the column matrix and centrifuge for 1 minute. 

10. Measure RNA concentration using Nanodrop. Use immediately or store at -80°C.  

 

XI. Reverse Transcription PCR 

(According to the SuperScript III Kit Instructions (Invitrogen)) 

1. Calculate volume containing 500ng-1μg RNA. Prepare thin-walled PCR tubes. 

(Should have +RT test tubes and –RT negative control tubes) 
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2. Combine RNA, 1μl OligodT, 1μl dNTP and appropriate amount of nuclease-free 

H2O into total volume of 10μl/ tube. 

3. Incubate at 65°C for 5 min. Place on ice immediately for 1 min. 

4. Prepare cDNA Synthesis Mix: 

a) 10X RT Buffer - 2μl 

b) 25 mM MgCl2 - 4μl 

c) 0.1M DTT - 2μl 

d) RNAse OUT (40 U/ μl) - 1μl 

e) Superscript III (200U/ μl) - 1μl 

5. Add 10μl cDNA Synthesis Mix to each RNA/primer mixture. Mix gently. 

6. Incubate at 50°C for 50 min. Terminate reactions at 85°C for 5 min. 

7. Add 1μl RNAse H/tube. Incubate at 37°C for 20 min. 

8. Dilute cDNA synthesis reaction 1:2 with nuclease-free H2O. Use cDNA for SYBR 

PCR or store at -20°C. 

 

XII. 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): 10.5μl nuclease-free H2O + 1μl cDNA/reaction. 

3. Negative controls should include:  

 a) H2O only with SYBR MM and primers   

 b) (-RT) cDNA with SYBR MM and primers. 

4. Load 13.5μl SYBR/Primer Mix first. The load 11.5μl cDNA/H2O Mix. 

  (Make sure solution is at the bottom of the well and there are no bubbles) 
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5. Cover the plate with transparent film to seal the wells. Load plate into iQ 

thermocycler. Select desired program. Run. 

* Use primers at: 5-10μM 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 standard curve and determine 

efficiency of the reaction. Check melt curve to make sure there is no primer-dimers 

formed. 

 

XIII. Laser Speckle Imaging 

1. Apply hair removal cream to thoroughly remove hair the day before laser speckle 

imaging to reduce any effect from the irritation.  

2. To begin the imaging step, place the mouse into the anesthesia induction chamber 

containing 1–2% isoflurane until it is unresponsive to external stimuli.  

3. Put the mouse in prone position on the water circulating heating pad underneath a 

non-reflective, light-absorbing black-colored surface with continuous flow of 

isoflurane. Extend the limbs and secure the feet of the mice with tape.  

4. Turn on the diode laser and initialize the acquisition software. Check the laser to 

make sure it is distributed equally on the footpad. Adjust and focus the Basler 

monochrome CCD camera. Acquire successive images of sample speckle (6-7 

frames). 

5. After acquisition is complete, return the mouse back to the cage and monitor until 

awake. 

 

XIV. Immunohistochemistry (IHC) and Immunofluorescent (IF) Staining 
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1. Circle sections with barrier pen. 

2. Fix slides in cold acetone (-20°C) for 7 min. 

3. Wash 3 x 5 min with PBST/ TBST on orbital shaker. 

  * 0.3% PBST- Sterile PBS with tween 20 for IHC 

  * 0.3% TBST- TBS with Triton X-100 for IF 

4. Incubate the slides in 0.3% H2O2 in sterile for 30 minutes to quench of endogenous 

peroxidase activity. (IHC) 

5. Wash 3 x 5 min with PBST/ TBST on orbital shaker. 

6. Block with 10% normal serum which was prepared from the species in which the 

secondary antibody is made in PBST/ TBST for 20 min-2 hour in humid box.   

7. Incubate with primary antibody dilution + blocking solution in humid box 

overnight at 4°C. Diluted concentration is as follows 

a) CD31- 1:25 

b) CD45- 1:25 

c) MyoD- 1:100  

8. Wash 3 x 5 min with PBST/ TBST on orbital shaker. 

9. Incubate the slides with diluted biotinylated secondary antibody solution in sterile 

PBS for 30 minutes or diluted fluorescent secondary antibody solution in blocking 

solution for 2 hours in the dark. Diluted concentration is as follows 

a) CD31- 1:200 

b) CD45-1:200  

c) MyoD-1:200   

10. Prepare ABC reagent 30 min prior to apply to slides. (IHC)  

11. Wash 3 x 5 min with PBS on orbital shaker. 
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12. Incubate the slides with VECTASTAIN® ABC Reagent for 30 minutes. (IHC) 

13. Incubate sections in DAB solution (1:10) (peroxidase substrate solution) until 

desired stain intensity develops (~5min). (IHC) 

14. Wash 3 x 5 min with PBS on orbital shaker. 

15. Counterstain with DAPI (1:1000 in PBS) for 12- 15 min. (IF) 

16. Wash 3 x 5 min with PBS on orbital shaker. 

17. Dry slides.  

18. Mount the slides. 

 

XV. Murine Adipose Stem Cells Isolation 

1. Use sterile scissors and forceps to open abdominal cavity and remove the 

abdominal and inguinal fat pads.  

2. Mince fat into small pieces using sterile scissors in 0.1% Collagenase Type I and 

place the mixture in 50 ml tube at 37°C for 1 hour until visually smooth. 

3. Centrifuge the tube at 300g (4°C) for 5 minutes. 

4. Shake the tube vigorously for 10 seconds to thoroughly mix the cells in order to 

complete the separation of stromal cells from the primary adipocytes. 

5. Centrifuge the tube again at 300g (4°C) for 5 minutes. 

6. Carefully aspirate the top, oil layer, which contains the primary adipocytes and the 

collagenase solution. Leave approximately 10ml of the brown collagenase 

solution so that the stromal-vascular fraction (dark red cells on bottom) is not 



95 

 

disturbed. 

7. Add 10ml of stromal medium to the tube. Re-suspend and centrifuge it.  

8. Divide the cells equally and accordingly to the appropriate number of flasks. 

9. Place the cells in T75 flasks with stromal medium for 24 hours and re-place the 

medium to remove the un-adherent cells. 

10. Check ASCs every two days to prevent overgrown. Passage the cells when they 

reach 70% confluence. 

 

 

 

 

 

 

 

 

 

 

 



96 

 

Appendix B: Raw Data 

CHAPTER III 

Fiber distribution  

Control   Day 7 

Fiber size (μm
2
) Frequency % of total myofibers Fiber size (μm

2
) Frequency % of total myofibers 

500 4 0.15 500 40 1.74 

1000 248 9.34 1000 676 29.51 

1500 582 21.92 1500 669 29.21 

2000 610 22.97 2000 452 19.73 

2500 437 16.45 2500 281 12.27 

3000 367 13.82 3000 119 5.19 

3500 205 7.72 3500 38 1.65 

4000 122 4.59 4000 11 0.48 

4500 45 1.69 4500 4 0.17 

5000 28 1.05 5000 0 0 

5500 6 0.22 5500 0 0 

6000 1 0.03 6000 0 0 

Total 2655  Total 2290  

Day 14 Day 21 

Fiber size (μm
2
) Frequency % of total myofibers Fiber size (μm

2
) Frequency % of total myofibers 

500 471 20.92 500 802 35.61 

1000 699 31.05 1000 654 29.04 

1500 434 19.28 1500 411 18.25 

2000 289 12.83 2000 219 9.72 

2500 245 10.88 2500 93 4.12 

3000 83 3.68 3000 39 1.73 

3500 27 1.19 3500 22 0.97 

4000 2 0.08 4000 5 0.22 

4500 1 0.04 4500 4 0.17 

5000 0 0 5000 2 0.08 

5500 0 0 5500 1 0.04 

6000 0 0 6000 0 0 

Total 2251  Total 2252  
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Day 28   

Fiber size (μm
2
) Frequency % of total myofibers 

500 230 17.26 

1000 428 32.13 

1500 263 19.74 

2000 142 10.66 

2500 116 8.70 

3000 82 6.15 

3500 51 3.82 

4000 14 1.05 

4500 4 0.30 

5000 2 0.15 

5500 0 0 

6000 0 0 

Total 1332  

 

 

Average myofiber size (μm
2
) 

CON D7 D14 D21 D28 

2959.3225 1518.8924 1689.8080 568.9896 920.7578 

1809.2553 1313.4249 1342.6354 758.7893 1464.0830 

1907.4104 1340.9535 1321.2176 1531.9274 1156.7704 

2047.5734 1376.3735 1367.7808 1052.0632 1593.1014 

2281.8694 1741.4686 574.2717 1460.5822 1340.0413 

1825.4614 1508.1298  800.0757 1312.6084 

2568.6099   1534.9477  

2041.0776 

1840.7129 
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Centrally located nuclei (% of total nuclei) 

 

 

 

Collagen deposition (% area) 

CON D14 D21 D28 

0.3580 0.4970 8.7060 7.9160 

1.4570 0.5040 13.0590 9.0850 

1.2300 0.9160 7.3100 9.2120 

1.3110 8.6280 22.6130 7.8840 

1.2650 5.1160 9.2360 7.0850 

0.9450 4.5110 8.3470 9.3480 

0.6740 4.5220 6.1700 6.4930 

0.6760 1.8550 18.3850 8.4330 

1.7970 2.1380 6.4750 6.7190 

 

 

 

 

 

D7 D14 D21 D28 

1.1316 1.4973 82.2337 78.2430 

0.2268 1.4491 76.1907 93.4335 

3.8191 13.1556 85.6736 97.4627 

3.0727 44.1107 85.1964 6.6826 

2.3739 40.8168 73.2909 5.4320 

   71.2977 
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Functional measurement  

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

FAE0701 23.4 138 11 0.24 2.90 21.01 12.12 128 11 0.22 2.70 21.09 12.17 

FAE0702 21.9 124 12 0.20 2.10 16.94 10.66 128 11 0.22 2.70 21.09 12.17 

FAE0703 22.4 141 11 0.24 2.00 14.18 8.18 163 13 0.24 3.00 18.40 12.55 

FAE0704 24.5 159 11 0.28 2.60 16.35 9.43 153 13 0.22 2.80 18.30 12.47 

FAE0705 22.3 139 12 0.22 2.00 14.39 9.05 141 14 0.19 2.60 18.44 13.54 

 

 

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

FAE1401 20.2 129 12 0.21 2.60 20.16 12.68 119 13 0.17 2.90 24.37 16.61 

FAE1402 29.3 150 12 0.24 2.30 15.33 9.65 149 13 0.22 2.90 19.46 13.27 

FAE1403 23.8 153 11 0.27 1.95 12.75 7.35 132 12 0.21 3.10 23.48 14.78 

FAE1404 21.8 145 13 0.21 1.60 11.03 7.52 165 13 0.24 2.20 13.33 9.09 

FAE1405 24 148 13 0.22 1.10 7.43 5.07 175 13 0.26 2.20 12.57 8.57 
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   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

FAE2101 21.9 132 12 0.21 1.15 8.71 5.48 160 13 0.23 2.30 14.38 9.80 

FAE2102 24.3 145 12 0.23 2.00 13.79 8.68 165 12 0.26 3.10 18.79 11.82 

FAE2103 23.5 135 12 0.21 1.90 14.07 8.86 163 13 0.24 2.90 17.79 12.13 

FAE2104 22.8 133 11 0.23 1.50 11.28 6.50 148 12 0.24 2.50 16.89 10.63 

FAE2105 22.7 138 13 0.20 1.55 11.23 7.66 146 13 0.21 2.50 17.12 11.67 

FAE2106 21.8 145 13 0.21 1.90 13.10 8.93 136 13 0.20 2.05 15.07 10.27 

FAE2107 22.1 149 12 0.24 2.10 14.09 8.87 155 13 0.23 2.60 16.77 11.43 

 

 

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

FAE2801 24 143 11 0.25 1.60 11.19 6.45 158 11 0.27 2.20 13.92 8.03 

FAE2802 23.3 142 11 0.25 2.30 16.20 9.34 160 11 0.28 2.90 18.13 10.45 

FAE2803 23.1 137 11 0.24 1.60 11.68 6.74 150 11 0.26 2.35 15.67 9.04 

FAE2804 27 149 12 0.24 2.10 14.09 8.87 160 12 0.25 2.70 16.88 10.62 

FAE2805 21.7 131 11 0.23 2.00 15.27 8.81 148 11 0.26 2.55 17.23 9.94 

FAE2806 22.7 164 11 0.28 2.50 15.24 8.79 153 11 0.27 2.65 17.32 9.99 

FAE2807 23 154 11 0.27 2.30 14.94 8.61 157 11 0.27 2.80 17.83 10.29 
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Flow cytometry  

  total 

cell# 

(10^6) 

m. 

weight 

(mg) 

# of 

CD11b+ 

cell/ mg 

# of 

Ly-6C-GR1

-F4/80-/ mg 

# of 

Ly-6C-GR1+

F4/80-/ mg 

# of 

Ly-6C+GR1+ 

F4/80-/ mg 

# of 

Ly-6C+GR1-

F4/80-/lo / mg  

# of 

Ly-6C-GR1- 

F4/80+/ mg 

Day 1 1.16 154 3826.49 1077.75 1394.15 532.23 1025.50 48.97 

1.16 232 2720 746.15 1143.70 355.35 620.16 25.84 

1.32 160 5634.75 1829.71 1866.67 766.70 1555.19 54.65 

Day 3 6.8 183 22369.39 2488.90 904.43 915.35 5905.52 10511.60 

1.7 129 9185.27 983.29 1605.42 1009.51 3288.32 2326.88 

5.3 148 27144.59 2452.67 2809.13 1216.62 7329.04 11808.11 

Day 5 0.56 139 1865.32 658.56 14.74 28.78 388.06 746.12 

0.88 131 2687.02 577.20 16.86 17.11 106.94 1886.29 

0.44 122 1439.01 412.85 14.61 15.86 149.43 785.70 

Day 14 0.42 118 512.54 170.27 13.17 3.86 21.93 285.99 

1.14 119 2653.61 483.51 20.41 16.93 84.65 1844.26 

Day 21 2.14 146 2110.68 608.86 59.61 47.36 143.23 1179.87 

3.62 101 9533.86 2361.02 174.98 187.35 545.54 6168.40 

2.26 85 7657.41 1751.41 138.63 59.43 303.23 5130.46 

Naïve  0.227 119 133.33 40.05 10.07 4.58 10.48 59.86 

0.253 110 347.3 139.63 8.02 6.43 14.26 150.38 

0.15 109 95.77 24.48 11.13 3.16 5.83 38.40 
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  Ly-6C-GR1- 

F480- 

Ly-6C-GR1+ 

F4/80- 

Ly-6C+GR1+ 

F480- 

Ly-6C+GR1- 

F480-/lo 

Ly-6C-GR1- 

F480+ 

%CD11b+ 

 D1 

  

28.16 36.43 13.90 26.8 1.28 50.8 

27.43 42.04 13.06 22.8 0.95 54.4 

32.47 33.12 13.60 27.6 0.97 68.3 

Average 29.35 37.20 13.52 25.73 1.06 57.83 

SD 2.72 4.50 0.42 2.57 0.18 9.24 

  

D3 

  

11.12 4.04 4.09 26.4 46.99 60.2 

10.70 17.47 10.99 35.8 25.33 69.7 

9.03 10.34 4.48 27 43.50 75.8 

Average 10.28 10.62 6.52 29.73 38.60 68.56 

SD 1.10 6.72 3.87 5.26 11.62 7.86 

  

D5 

  

35.30 0.79 1.54 20.80 40 46.3 

21.48 0.62 0.63 3.98 70.2 40 

28.69 1.01 1.10 10.38 54.6 39.9 

Average 28.49 0.81 1.09 11.72 54.93 42.06 

SD 6.91 0.19 0.45 8.49 15.10 3.66 

D14 

  

33.22 2.57 0.75 4.28 55.8 14.4 

18.22 0.76 0.63 3.19 69.5 27.7 

Average 25.72 1.66 0.69 3.73 62.65 21.05 

SD 10.60 1.27 0.08 0.77 9.68 9.40 

  

D21 

  

28.84 2.82 2.24 6.78 55.9 14.4 

24.76 1.83 1.96 5.72 64.7 26.6 

22.87 1.81 0.77 3.96 67 28.8 

Average 25.49 2.15 1.66 5.48 62.53 23.26 

SD 3.05 0.57 0.77 1.42 5.85 7.75 
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Relative gene expression  

  IL1-β Inos PPARγ TGFβ TNFα Ym-1 

 M0 

  

  

1 1 1 1 1  1 

1 1 1 1 1  1 

1 1 1 1 1  1 

 M1 

  

  

2.519842 17.30759 0.250578 0.056851 22.21302 0.321599 

3.017457 11.41875 0.127038 2.590685 4.935969 0.259415 

2.555018 4.267329 0.107569 3.059579 5.110036 0.259415 

 M2 

  

  

0.708742 0.587774 1.883392 2.7384 3.371366 3089.876 

0.703847 0.490843 1.35035 17.30759 0.587774 4339.561 

0.604299 0.374577 1.191958 12.32344 0.436282 5928.015 

 

 

Relative blood flow (% of contralateral side) 

D1 PBS M0 M1 M2 

24.3771 38.5971 43.8391 108.8080 82.5865 

24.9145 22.6917 59.3940 51.4132 61.7326 

20.5247 58.4374 97.6382 75.6518 60.1007 
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Capillary density  

 # of fibers # of CD31+ cells CD31+ cells: fiber ratio 

D1M001_R_2 153 322 2.104575163 

D1M001_R_5 110 340 3.090909091 

D1M001_R_7 145 344 2.372413793 

D3M204_R_2 118 204 1.728813559 

D3M204_R_5 138 276 2 

D3M204_R_9 150 293 1.953333333 

D3Saline05_R_2 137 240 1.751824818 

D3Saline05_R_4 158 317 2.006329114 

D3Saline05_R_6 172 356 2.069767442 

D1Saline03_13 116 107 0.922413793 

D1Saline03_21 123 113 0.918699187 

D1Saline03_38 112 110 0.982142857 

D1Saline01_4 162 313 1.932098765 

D1Saline01_9 109 188 1.724770642 

D1Saline01_20 112 123 1.098214286 

D1Saline02_2 187 263 1.406417112 

D1Saline02_4 164 242 1.475609756 

D1Saline02_8 123 182 1.479674797 

D1M004_1 212 285 1.344339623 

D1M004_3 240 297 1.2375 

D1M004_7 161 166 1.031055901 

D1M001_1 134 206 1.537313433 

D1M001_3 148 287 1.939189189 

D1M001_8 120 158 1.316666667 

D1M002_1 109 127 1.165137615 

D1M002_3 147 153 1.040816327 

D1M002_5 156 154 0.987179487 
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 # of fibers # of CD31+ cells CD31+ cells: fiber ratio 

D1M103_3 98 151 1.540816327 

D1M103_11 102 138 1.352941176 

D1M103 _2 128 250 1.953125 

D1M102_1 130 443 3.407692308 

D1M102_3 128 360 2.8125 

D1M102_5 132 328 2.484848485 

D1M101_2 137 272 1.98540146 

D1M101_5 144 302 2.097222222 

D1M101_11 133 286 2.15037594 

D1M201_2 106 189 1.783018868 

D1M201_3 95 225 2.368421053 

D1M201_6 97 118 1.216494845 

D1M202_2 96 157 1.635416667 

D1M202_5 96 141 1.46875 

D1M202_8 106 224 2.113207547 

D1M203_2 151 213 1.410596026 

D1M203_7 199 368 1.849246231 

D1M203_9 206 351 1.703883495 
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Fiber distribution  

D1 PBS  D1 M0 

Fiber size (μm
2
) Frequency % of total myofibers Fiber size (μm

2
) Frequency % of total myofibers 

500 625 18.46927 500 711 23.55865 

1000 1211 35.78605 1000 1156 38.30351 

1500 775 22.90189 1500 572 18.95295 

2000 405 11.96809 2000 277 9.178264 

2500 181 5.3487 2500 144 4.771372 

3000 99 2.925532 3000 63 2.087475 

3500 48 1.41844 3500 33 1.093439 

4000 21 0.620567 4000 20 0.662691 

4500 16 0.472813 4500 25 0.828363 

5000 1 0.029551 5000 7 0.231942 

5500 1 0.029551 5500 7 0.231942 

6000 0 0 6000 2 0.066269 

More   More 1 0.033135 

Total 3384  Total 3018  

D1 M1 D1 M2 

Fiber size (μm
2
) Frequency % of total myofibers Fiber size (μm

2
) Frequency % of total myofibers 

500 94 5.396096 500 61 5.383936 

1000 353 20.26406 1000 221 19.50574 

1500 339 19.46039 1500 192 16.94616 

2000 301 17.27899 2000 157 13.85702 

2500 223 12.80138 2500 143 12.62136 

3000 131 7.520092 3000 86 7.590468 

3500 118 6.773823 3500 88 7.76699 

4000 47 2.698048 4000 52 4.589585 

4500 35 2.009185 4500 33 2.912621 

5000 33 1.894374 5000 20 1.765225 

5500 20 1.148106 5500 20 1.765225 

6000 14 0.803674 6000 26 2.294793 

More 32 1.836969 More 34 3.000883 

Total 1742  Total 1133  

 



107 

 

 

Average myofiber size (μm
2
) 

CON PBS M0 M1 M2 

2959.3225 1574.88 1415.766 2982.399 2072.681 

1809.2553 1467.249 1346.325 2205.663 2669.022 

1907.4104 1355.73 1458.121 2195.762 2183.545 

2047.5734 793.6705 956.3502 1900.132 2402.461 

2281.8694 689.4717 851.0464 3973.287 3824.354 

1825.4614 946.9552 913.2029 2594.495 4212.761 

2568.6099 1427.678 1417.84 1596.638 1390.36 

2041.0776 1643.037 966.0653 1519.467 1624.818 

1840.7129 1534.203 1471.136 2238.569 1407.717 

 1044.238 777.3768 1407.334 1287.252 

 1438.572 751.9944 1565.908 2159.199 

 840.2531 920.0163 1175.939 1755.912 
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Collagen deposition (% area) 

Label Area Mean %Area 

FAL2105M1_2 289666 170.011 15.087 

FAL2105M1_3 78504 143.114 4.089 

FAL2105M1_6  223137 172.401 11.622 

FAL2104M1_7 124557 151.633 6.487 

FAL2104M1_13 134283 148.311 6.994 

FAL2104M1_18 215031 154.091 11.2 

FAL2102M1 _1 98325 119.217 5.121 

FAL2102M1 _5 104253 133.09 5.43 

FAL2102M1 _8 77877 105.37 4.056 

FAL2101M1 _2 153602 141.185 8 

FAL2101M1 _4 35824 153.397 1.866 

FAL2101M1 _11 39398 162.076 2.052 

FAL2103 M1 _2 3904 206.255 0.203 

FAL2103 M1 _3 42329 181.891 2.205 

FAL2103 M1 _6 21269 197.931 1.108 

FAL2105M0_2 273963 173.976 14.269 

FAL2105M0_5 385729 159.819 20.09 

FAL2105M0_7 327292 165.117 17.046 

FAL2104 M0 _11 208909 120.639 10.881 

FAL2104 M0 _8 286622 108.179 14.928 

FAL2104 M0 _7 253151 106.836 13.185 

FAL2102M0 _4 183398 120.553 9.552 

FAL2102M0 _2 89159 132.156 4.644 

FAL2102M0 _1 182115 142.279 9.485 

FAL2101M0 _2  247444 163.66 12.888 

FAL2101M0 _3  233478 143.253 12.16 

FAL2101M0 _1  292566 172.23 15.238 

FAL2103 M0 _1 97311 119.64 5.068 

FAL2103 M0 _5 59291 158.953 3.088 

FAL2103 M 0_6 120017 100.762 6.251 
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Label Area Mean %Area 

FAL2103 Saline_lig_calf_1  377433 106.889 19.658 

FAL2103 Saline_lig_calf_2  447131 115.11 23.288 

FAL2103 Saline_lig_calf_4 466909 115.937 24.318 

FAL2101Saline_lig_calf_1 146253 126.95 7.617 

FAL2101Saline_lig_calf_2  157799 157.585 8.219 

FAL2101Saline_lig_calf_5. 220816 114.685 11.501 

FAL2102Saline_lig_calf_2 320000 119.478 16.667 

FAL2102Saline_lig_calf_4 115605 108.964 6.021 

FAL2102Saline_lig_calf_5 369200 122.48 19.229 

FAL2104Saline04_4 80312 104.987 4.183 

FAL2104Saline04_7 111136 76.466 5.788 

FAL2104Saline04_10 140759 84.069 7.331 

FAL2105Saline05_1 49143 74.162 2.56 

FAL2105Saline05_5 42034 75.398 2.189 

FAL2105Saline05_8 59442 75.462 3.096 

FAL2106Saline06_1 298691 93.002 15.557 

FAL2106Saline06_2 142432 100.463 7.418 

FAL2106Saline06_5 222975 109.95 11.613 
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Functional measurement  

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

PBS2101 22.6 138 13 0.20 1.55 11.23 7.66 146 13 0.21 2.50 17.12 11.67 

PBS2102 21.4 146 13 0.21 1.90 13.01 8.87 136 13 0.20 2.05 15.07 10.27 

PBS2103 22.5 149 12 0.24 2.05 13.76 8.66 155 13 0.23 2.60 16.77 11.43 

PBS2104 24.7 119 12 0.19 1.60 13.45 8.46 136 12 0.22 2.20 16.18 10.18 

PBS2105 23.1 141 11 0.24 2.10 14.89 8.59 150 11 0.26 2.75 18.33 10.57 

PBS2106 22.6 98 11 0.17 1.45 14.80 8.53 135 11 0.23 2.45 18.15 10.47 

PBS2107 24.6 118 12 0.19 1.75 14.83 9.33 162 12 0.26 2.70 16.67 10.49 

PBS2108 22.3 130 11 0.23 1.90 14.62 8.43 144 11 0.25 2.20 15.28 8.81 

PBS2109 24.4 141 12 0.22 2.05 14.54 9.15 152 12 0.24 2.30 15.13 9.52 

 

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

M02101 22.6 168 12 0.27 1.80 10.71 6.74 154 12 0.24 2.10 13.64 8.58 

M02102 19.3 129 12 0.21 1.70 13.18 8.29 125 12 0.20 2.10 16.80 10.57 

M02103 21.2 164 12 0.26 1.90 11.59 7.29 138 11 0.24 2.55 18.48 10.66 

M02104 20.5 142 12 0.23 1.55 10.92 6.87 139 12 0.22 2.30 16.55 10.41 

M02105 24 118 11 0.20 1.60 13.56 7.82       
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   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

M12101 18.4 109 12 0.17 1.60 14.68 9.24 113 12 0.18 1.85 16.37 10.30 

M12102 20.2 136 13 0.20 2.10 15.44 10.53 138 13 0.20 2.55 18.48 12.60 

M12103 22.1 135 12 0.21 2.00 14.81 9.32 140 12 0.22 2.35 16.79 10.56 

M12104 24.6 131 12 0.21 2.10 16.03 10.09       

M12105 23.5 119 12 0.19 2.20 18.49 11.63       

 

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

M22101 22.1 147 13 0.22 1.50 10.20 6.96 163 13 0.24 2.20 13.50 9.20 

M22102 21.8 137 13 0.20 2.00 14.60 9.95 146 13 0.21 2.30 15.75 10.74 

M22103 21.1 122 12 0.19 1.60 13.11 8.25 156 12 0.25 2.40 15.38 9.68 

M22104 21.3 89 13 0.13 1.50 16.85 11.49 139 13 0.20 2.20 15.83 10.79 

M22105 24 110 12 0.17 1.40 12.73 8.01 131 12 0.21 2.00 15.27 9.61 

M22106 23.1 129 12 0.21 1.40 10.85 6.83 154 12 0.24 2.35 15.26 9.60 
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CHAPTER IV 

Fiber distribution  

D3 PBS  D3 M2 

Fiber size (μm
2
) Frequency % of total myofibers Fiber size (μm

2
) Frequency % of total myofibers 

500 757 23.29948 500 52 1.479795 

1000 928 28.56263 1000 435 12.37906 

1500 661 20.34472 1500 941 26.7786 

2000 415 12.77316 2000 804 22.87991 

2500 256 7.879347 2500 540 15.3671 

3000 108 3.3241 3000 313 8.907228 

3500 66 2.031394 3500 220 6.260672 

4000 28 0.861804 4000 128 3.642573 

4500 17 0.523238 4500 49 1.394422 

5000 7 0.215451 5000 25 0.71144 

5500 5 0.153894 5500 4 0.11383 

6000 0 0 6000 1 0.028458 

More 0 0 More 2 0.056915 

Total 3249  Total 3514  

 

Average myofiber size (μm
2
)              Small myofiber (% total fibers) 

 
CON D3 PBS D3 M0       D3 PBS D3 M0 

2959.3225 1687.294 1855.624 20.4365 13.1687 

1809.2553 1016.725 1964.41 58.961 23.5169 

1907.4104 954.1687 2288.441 63.197 9.3079 

2047.5734 2763.848 2060.147 14.7303 8.5595 

2281.8694 710.6331 1594.84 79.7376 19.5462 

1825.4614  1913.061  9.2184 

2568.6099  1654.367  12.628 

2041.0776   

1840.7129   
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Functional measurement  

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

D3 PBS01 22 125 12 0.20 2.05 16.40 10.32 138 13 0.20 2.40 17.39 11.85 

D3 PBS02 23.6 118 11 0.20 1.80 15.25 8.80 143 11 0.25 2.50 17.48 10.08 

D3 PBS03 23.2 76 11 0.13 0.80 10.53 6.07 146 12 0.23 2.50 17.12 10.77 

D3 PBS04 24.8 135 12 0.21 2.20 16.30 10.25 156 13 0.23 2.80 17.95 12.23 

D3 PBS05 20.9 83 12 0.13 1.00 12.05 7.58 122 12 0.19 2.30 18.85 11.86 

 

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

D3 M201 22.8 111 12 0.18 1.65 14.86 9.35 142 12 0.23 2.30 16.20 10.19 

D3 M202 23.4 131 12 0.21 2.10 16.03 10.09 143 12 0.23 2.40 16.78 10.56 

D3 M203 23.6 141 13 0.21 2.20 15.60 10.64 146 13 0.21 2.70 18.49 12.61 

D3 M204 22.5 131 13 0.19 1.90 14.50 9.89 149 13 0.22 2.25 15.10 10.29 

D3 M205 22.3 124 12 0.20 1.80 14.52 9.13 139 12 0.22 2.10 15.11 9.51 

D3 M206 22.6 131 11 0.23 2.00 15.27 8.81 154 11 0.27 2.60 16.88 9.74 

D3 M207 22.9 122 12 0.19 2.00 16.39 10.31 146 12 0.23 2.40 16.44 10.34 
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Gastrocnemius recovery (% of contralateral control side)  

Force production Muscle mass Normalized force  

D3 PBS D3 M2 D3 PBS D3 M2 D3 PBS D3 M2 

85.4167 71.7391 90.5797 78.169 94.3 91.7744 

72 87.5 82.5175 91.6084 87.2542 95.5153 

32 81.4815 52.0548 96.5753 61.4737 84.3709 

78.5714 84.4444 86.5385 87.9195 90.7937 96.0475 

43.4783 85.7143 68.0328 89.2086 63.9078 96.0829 

  76.9231   85.0649   90.4287 

  83.3333   83.5616   99.7268 

 

Relative blood flow (% of contralateral side) 

D1 PBS M0 ASC ASC+M0 

24.3771 38.5971 43.8391 75.66 56.88 

24.9145 22.6917 59.3940 50.03 83.27 

20.5247 58.4374 97.6382 106.22 115.72 

 

Average myofiber size (μm
2
) 

CON PBS M0 ASC ASC+M0 

2959.3225 1460.582 1406.737 1059.699 1964.85 

1809.2553 800.0757 906.8665 910.7772 1655.08 

1907.4104 1534.948 1285.014 999.8275 1675 

2047.5734 1044.238 816.4625 1363.137 1687.24 

2281.8694 1438.572  1430.071 1499.65 

1825.4614 840.2531    

2568.6099     

2041.0776     

1840.7129     
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Capillary density  

 # of fibers # of CD31+ cells CD31+ cells: fiber ratio 

20160315 ASC#1_1 165 295 1.787879 

20160315 ASC#1_2 198 377 1.90404 

20160315 ASC#1_7 135 250 1.851852 

20160315 ASC#2_1 131 228 1.740458 

20160315 ASC#2_3 173 287 1.65896 

20160315 ASC#2_6 138 227 1.644928 

20160315 ASC#3_3 156 261 1.673077 

20160315 ASC#3_6 124 191 1.540323 

20160315 ASC#3_7 152 225 1.480263 

20160325 ASC#4_1 229 379 1.655022 

20160325 ASC#4_10 218 337 1.545872 

20160325 ASC#4_12 237 413 1.742616 

20160325 ASC#5_1 157 278 1.770701 

20160325 ASC#5_2 152 272 1.789474 

20160325 ASC#5_5 138 241 1.746377 

20160217 D1ASCM0_01_3 134 215 1.604478 

20160217 D1ASCM0_01_9 157 268 1.707006 

20160217 D1ASCM0_01_11 188 374 1.989362 

20160217 D1ASCM0_02_2 125 209 1.672 

20160217 D1ASCM0_02_3 134 244 1.820896 

20160217 D1ASCM0_02_4 127 230 1.811024 

20160217 D1ASCM0_03_3 127 290 2.283465 

20160217 D1ASCM0_03_15 154 319 2.071429 

20160217 D1ASCM0_03_21 134 302 2.253731 

20160315 ASCM0#4_4 123 232 1.886179 

20160315 ASCM0#4_5 130 213 1.638462 

20160315 ASCM0#4_10 146 276 1.890411 

20160315 ASCM0#5_2 165 326 1.975758 

20160315 ASCM0#5_3 138 226 1.637681 

20160315 ASCM0#5_14 192 401 2.088542 
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Functional measurement  

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

ASC2101 21.4 125 12 0.20 1.85 14.80 9.31 138 12 0.22 2.20 15.94 10.03 

ASC2102 20.2 104 11 0.18 1.70 16.35 9.43 123 11 0.21 2.55 20.73 11.96 

ASC2103 20.2 128 11 0.22 1.75 13.67 7.89 132 11 0.23 2.10 15.91 9.18 

ASC2104 21.7 118 11 0.20 2.20 18.64 10.75 126 11 0.22 2.35 18.65 10.76 

ASC2105 21.5 116 11 0.20 2.00 17.24 9.94 133 11 0.23 2.70 20.30 11.71 

 

   Ligated (Left) calf muscles Contralateral/Control (Right) calf muscles 

Animal BW 

(g) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

Mass 

(mg) 

Length 

(mm) 

CSA 

(cm2) 

Max 

Force 

(N) 

Force: 

Mass 

(N/gm) 

Specific 

Tension 

(N/cm2) 

ASCM0 

2101 24.1 136 12 0.22 2.60 19.12 12.03 140 12 0.22 2.90 20.71 13.03 

ASCM0 

2102 23.8 129 12 0.21 2.60 20.16 12.68 145 12 0.23 2.80 19.31 12.15 

ASCM0 

2103 25.2 126 12 0.20 1.70 13.49 8.49 142 12 0.23 2.70 19.01 11.96 

ASCM0 

2104 23.5 146 12 0.23 2.25 15.41 9.70 145 12 0.23 2.20 15.17 9.55 

ASCM0 

2105 22.7 131 11 0.23 2.50 19.08 11.01 135 11 0.23 2.70 20.00 11.54 
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Inflammatory cells  

Sample 
# of  

CD45 cells 
Sample 

# of  

CD45 cells 
Sample 

# of  

CD45 cells 
Sample 

# of  

CD45 cells 

PBS_#4_1 144 M0#1_2 170 ASC#5_1 94 ASCM0_#1_1 81 

PBS_#4_2 146 M0#1_4 174 ASC#5_2 132 ASCM0_#1_2 85 

PBS_#4_3 126 M0#1_5 139 ASC#5_3 128 ASCM0_#1_3 81 

PBS_#4_5 155 M0#1_6 165 ASC#5_4 101 ASCM0_#1_5 98 

PBS_#4_10 89 M0#1_8 216 ASC#5_7 101 ASCM0_#1_6 106 

PBS_#5_1 189 M0#2_3 166 ASC#1_1 105 ASCM0_#2_1 128 

PBS_#5_2 192 M0#2_5 154 ASC#1_3 133 ASCM0_#2_3 121 

PBS_#5_3 153 M0#2_6 149 ASC#1_5 147 ASCM0_#2_4 118 

PBS_#5_6 154 M0#2_11 127. ASC#1_6 106 ASCM0_#2_6 65 

PBS_#5_9 169 M0#2_12 127 ASC#1_8 132 ASCM0_#2_7 84 

PBS_#6_2 164 M0#3_3 241 ASC#2_1 57 ASCM0_#3_1 116 

PBS_#6_5 170 M0#3_5 243 ASC#2_3 111 ASCM0_#3_2 132 

PBS_#6_6 175 M0#3_8 189 ASC#2_5 84 ASCM0_#3_3 126 

PBS_#6_8 158 M0#3_9 220 ASC#2_7 100 ASCM0_#3_4 123 

PBS_#6_9 178 M0#3_10 223 ASC#2_9 52 ASCM0_#3_7 151 

PBS_#7_1 184 M0#4_1 104 ASC#3_2 86 ASCM0_#4_2 79 

PBS_#7_3 161 M0#4_2 67 ASC#3_4 79 ASCM0_#4_4 95 

PBS_#7_6 186 M0#4_3 115 ASC#3_5 94 ASCM0_#4_5 90 

PBS_#7_9 158 M0#4_4 93 ASC#3_6 102 ASCM0_#4_6 80 

PBS_#7_10 158 M0#4_5 95 ASC#3_8 109 ASCM0_#4_8 83 

PBS_#8_2 83 M0#5_2 122 ASC#4_2 83 ASCM0_#5_3 75 

PBS_#8_3 135 M0#5_3 204 ASC#4_3 66 ASCM0_#5_4 103 

PBS_#8_4 122 M0#5_5 131 ASC#4_4 57 ASCM0_#5_6 61 

PBS_#8_5 149 M0#5_7 155 ASC#4_5 80 ASCM0_#5_7 69 

PBS_#8_6 143 M0#5_8 99 ASC#4_6 85 ASCM0_#5_8 117 
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MyoD expression 

 

 

 

 

Group  # of MyoD+ 

DAPI+ 

# of 

DAPI 

Double positive  

(% of total nuceli)  

Group  # of MyoD+ 

DAPI+ 

# of 

DAPI 

Double positive  

(% of total nuceli)  

PBS#1_2 11 95 11.57895 M0#1_24 29 117 24.78632479 

PBS#1_3 36 112 32.14286 M0#1_25 26 101 25.74257426 

PBS#1_4 31 129 24.03101 M0#1_26 32 85 37.64705882 

PBS#1_5 29 107 27.1028 M0#1_27 25 132 18.93939394 

PBS#1_6 20 88 22.72727 M0#1_28 26 84 30.95238095 

PBS#2_14 38 129 29.45736 M0#1_29 27 122 22.13114754 

PBS#2_13 31 75 41.33333 M0#1_30 32 91 35.16483516 

PBS#2_12 17 84 20.2381 M0#2_31 35 102 34.31372549 

PBS#2_11 22 100 22 M0#2_32 18 137 13.13868613 

PBS#2_10 19 99 19.19192 M0#2_33 41 141 29.07801418 

PBS#2_9 21 143 14.68531 M0#2_34 24 86 27.90697674 

PBS#3_17 8 76 10.52632 M0#2_35 17 90 18.88888889 

PBS#3_20 5 32 15.625 M0#2_36 32 152 21.05263158 

PBS#3_21 8 101 7.920792 M0#2_37 20 107 18.69158879 

    M0#3_38 10 115 8.695652174 

    M0#3_39 24 104 23.07692308 

    M0#3_40 14 80 17.5 

    M0#3_41 18 86 20.93023256 

    M0#3_43 26 96 27.08333333 

    M0#3_44 26 111 23.42342342 

    M0#3_45 17 144 11.80555556 
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Group  # of MyoD+ 

DAPI+ 

# of 

DAPI 

Double positive  

(% of total nuceli)  

Group  # of MyoD+ 

DAPI+ 

# of 

DAPI 

Double positive  

(% of total nuceli)  

ASC#1_5 41 175 23.42857143 co-inj#1_2 76 94 80.85106 

ASC#1_6 40 173 23.12138728 co-inj#1_3 37 129 28.68217 

ASC#1_7 35 180 19.44444444 co-inj#1_4 37 95 38.94737 

ASC#2_8 24 117 20.51282051 co-inj#1_5 54 96 56.25 

ASC#2_9 28 151 18.54304636 co-inj#1_6 56 100 56 

ASC#2_10 20 126 15.87301587 co-inj#1_7 53 115 46.08696 

ASC#2_11 27 145 18.62068966 co-inj#1_9 61 125 48.8 

ASC#2_12 25 181 13.8121547 co-inj#2_10 43 138 31.15942 

ASC#3_13 34 135 25.18518519 co-inj#2_12 64 115 55.65217 

ASC#3_14 18 117 15.38461538 co-inj#2_15 61 95 64.21053 

ASC#3_15 31 118 26.27118644 co-inj#2_16 61 129 47.28682 

ASC#3_16 31 110 28.18181818 co-inj#2_11 53 87 60.91954 

    co-inj#3_17 38 125 30.4 

    co-inj#3_18 54 108 50 

    co-inj#3_19 66 101 65.34653 

    co-inj#3_20 60 126 47.61905 

    co-inj#3_21 43 92 46.73913 

    co-inj#3_22 58 111 52.25225 

    co-inj#3_23 47 92 51.08696 
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