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Abstract 
Peripheral artery disease (PAD) is nearly as common as coronary artery disease, 

but few effective treatments exist, and it is associated with significant morbidity and 

mortality. Although PAD studies have focused on the vascular response to ischemia, 

studies from our lab indicate that skeletal muscle cells, particularly Pax7-expressing 

muscle progenitor cells (MPCs), also known as satellite cells, may play a critically 

important role in determining the phenotypic manifestation of PAD. Here, we 

demonstrate that genetic ablation of satellite cells in a murine model of PAD resulted in 

a complete absence of normal muscle regeneration following ischemic injury, despite a 

lack of morphological or physiological changes in resting muscle. Compared to ischemic 

muscle of control mice (Pax7WT), the ischemic limb of Pax7-deficient mice (Pax7∆) was 

unable to generate significant force 7- or 28-days after hind limb ischemia (HLI) in ex 

vivo force measurement studies. A dramatic increase in adipose infiltration was 

observed 28 days after HLI in Pax7∆ mice, which replaced functional muscle, a 

phenotype seen in PAD patients with severe disease. To investigate the mechanism of 

these adipogenic changes, we first investigated whether a pool of progenitor cells 

known as fibro-adipogenic progenitors (FAPs) was upregulated and demonstrated an 

increase in the expression of their canonical marker PDGFRα in Pax7∆ mice. Inhibition of 

FAPs using the drug batimastat resulted in a decrease in muscle adipose tissue and a 
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corresponding increase in fibrosis. MPCs cultured from mouse muscle tissue failed to 

form myotubes in vitro following depletion of satellite cells in vivo, and they displayed 

an increased propensity to differentiate into fat in adipogenic medium. Importantly, this 

phenotype was recapitulated in patients with critical limb ischemia (CLI), the most 

severe form of PAD. Skeletal muscle samples from CLI patients demonstrated an 

increase in adipose deposition in more ischemic regions of muscle, which corresponded 

with a decrease in the number of satellite cells in those regions. Collectively, these data 

demonstrate that Pax7+ MPCs are required for normal muscle regeneration after 

ischemic injury, and they suggest that targeting muscle regeneration may be an 

important therapeutic approach to prevent muscle degeneration in PAD. Future studies 

will focus on the role of other supporting cells (such as pericytes) and the cross-talk 

between FAPs and satellite cells in ischemic muscle regeneration.
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1. Introduction  

1.1 An Introduction to Peripheral Artery Disease (PAD) 

Peripheral artery disease (PAD) affects 8-12 million Americans and is a major 

contributor to disease burden in the US (1). Globally, it affects almost 200 million people, 

and it is likely that those numbers are under reported due to the large number of 

patients with asymptomatic disease (2-4). Current treatment options are limited to 

surgical and percutaneous revascularization approaches (5), both of which have minimal 

impact on long-term morbidity and mortality (6, 7). The clinical course of PAD ranges 

from the milder form of intermittent claudication (IC)—pain during ambulation—to the 

more severe critical limb ischemia (CLI), characterized by pain at rest with or without 

tissue necrosis (8-10).  Although CLI represents a small subset of patients with PAD, it is 

responsible for a substantial health care burden, as these patients often progress to limb 

amputation and have significantly greater morbidity and mortality (11, 12).  

While therapeutic approaches to PAD target revascularization and tissue 

perfusion, it has been observed that patients with similar degrees of atherosclerotic 

vascular occlusion often present with markedly different severity of disease (13, 14). An 

example of this can be seen in figure 1, in which patients with similar vascular lesions 

and collateralization present with different disease severity. This suggests that vascular 

occlusion is not the only factor that determines disease severity, highlighting a role for 

genetic contributions as well as a need to focus on the tissues that are directly injured by 
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such an injury, namely skeletal muscle. Recent evidence from our group and others 

supports the idea that skeletal muscle responses to tissue ischemia, and not solely the 

vascular supply, play an important role in determining the muscle response to limb 

ischemia (14-17). 
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Figure 1: Angiograms of a patients with PAD (Credit: Schuyler Jones, MD) 

Patients with a similar vascular lesion may present with the milder form 

intermittent claudication (IC) or more severe form critical limb ischemia (CLI), 

suggesting other components to the pathophysiology of PAD. 
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1.2 Murine models of PAD 

In PAD, the most common site of occlusion or atherosclerotic buildup is the 

femoral artery in the lower limbs (4). To recapitulate this in a pre-clinical setting, mouse 

models of PAD involve surgical manipulation of the femoral artery to create hindlimb 

ischemia (HLI). In mice subjected to HLI, the genetic background strongly influences 

outcomes. For example, C57BL/6 mice display not only robust angiogenesis but also a 

muscle regenerative response that typically leads to full recovery from HLI. In stark 

contrast, HLI in BALB/c mice typically results in muscle degeneration and auto-

amputation, and even muscle that does survive fails to recover function, i.e., force 

generation (14). Although this genetic difference was previously attributed to differences 

in collateral vessel density (18-21), muscle progenitor cells (MPCs) isolated from these 

strains of mice display markedly different responses to experimental ischemia in vitro, 

independent of blood supply, which is consistent with a muscle cell-specific determinant 

of the response to ischemia and reflects the differential responses observed in vivo. While 

these findings demonstrate that tissue perfusion is not the only factor that determines 

severity of ischemic muscle injury, the mechanisms by which skeletal muscle responds 

to ischemia remain unclear. A genetic variant in at least one gene, Bag3, has been linked 

to this differential ischemic response in mice (17), but it is not known whether these 

effects are at the level of mature muscle cells or MPCs.  
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The traditional or acute model of HLI involves the ligation of the femoral artery 

at two locations: proximally, above the lateral circumflex femoral artery and distally, 

above the bifurcation into the saphenous and popliteal arteries (22-24). Yang et al. first 

proposed a "chronic" model of HLI, in which they used ameroid constrictors, 

hygroscopic rings that gradually occlude the femoral artery, in addition to ligation of 

branches of the femoral artery (25). Our lab further refined this model by placing either 

one or two constrictors on the femoral artery and leaving the branches of the femoral 

artery intact (26). Although this model does not fully recapitulate the chronicity of PAD, 

it does provide a subacute model of ischemia distinct from acute HLI. Accordingly, the 

lack of severe injury in BL6 “resistant” mice is consistent with the relative lack of injury 

in patients with intermittent claudication, although a potential limitation of this model is 

the heterogeneity of resultant injury. In this study, to minimize variation in ischemia-

induced skeletal muscle injury, we utilized the acute model of ischemia for mice on a 

BL6 background. Both the acute and subacute model of HLI are demonstrated in Figure 

2 (left: subacute, right: acute). 
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Figure 2: Murine Models of Hindlimb Ischemia (Credit: Mike Padgett) 

In the subacute model of HLI (left), the hygroscopic ameroid constrictor will 

expand gradually in the soft tissue environment to occlude the femoral artery. On the 

right, the “acute” or traditional model of HLI is demonstrated, showing an occlusion of 

the femoral artery at 2 sites, proximal and distal to the branching of the proximal caudal 

femoral artery (PCFA), marked with the star. 
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1.3 An overview of myogenesis 

Myogenesis of skeletal muscle is a multi-stage process, beginning with 

delamination and migration of muscle progenitor cells (27-29). Of particular importance 

to this process is the expression of c-met and the Pax3 transcription factor, without 

which the cells are unable to delaminate from the hypaxial dermomyotome (30, 31). In 

fact, mice lacking Pax3 have no limbs, although different Pax3-expressing lineages have 

different thresholds for the loss of Pax3. Unsurprisingly, the myogenesis of the limb and 

tongue are most sensitive to the loss of Pax3 (32). However, Pax3 is a poor 

transcriptional activator on its own (33), which suggests that other transcription factors 

are critical during the early stages of myogenesis. Another essential factor to migration 

is a second homeodomain-containing transcription factor, Lbx1, which has also been 

suggested to act downstream of Pax3 but may be activated independently (34). Once 

cells have migrated from the somite, only then do they begin the stages of proliferation, 

determination, and differentiation. Proliferation is regulated by a myriad of genes, 

including Myf5 and MyoD, with Pax3 acting upstream of those genes (30).  Myf5 and 

MyoD are also involved in the determination stage of skeletal muscle formation. 

Differentiation is regulated by activation of myogenin, and this program has been 

shown to be regulated by Notch signaling (35). Until recently, there was a gap in the 

understanding of the regulation of muscle fusion itself. However, the discovery of the 

muscle membrane fusion proteins Myomaker and Myomerger have led to an 
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understanding of the regulation of muscle fiber fusion after differentiation. Specifically, 

the two proteins work in conjunction to specify muscle fusion in otherwise non-fusing 

cells (36-38). 

1.4 Satellite Cells and Vascular Biology 

In resting skeletal muscle, satellite cells lie between the basal lamina and plasma 

membrane (39), adjacent to capillary endothelial cells, and are critical players in 

postnatal myofiber regeneration (40-44). They are defined by the Pax3 paralog Pax7, and 

are the primary cells that serve as a unipotent stem cell population for myogenesis 

following injury (45). However, these cells have a limited capacity for self-renewal, and 

repeated replication cycles may result in depletion of the satellite cell pool (46). 

Previously, satellite cells were thought to be a homogeneous population of myogenic 

precursors (47). However, it is now known that satellite cells exist as a heterogeneous 

population. A subset of satellite cells express Pax3 (48, 49), and heterogeneity with 

respect to expression of the crucial myogenic factors such as MyoD, myogenin, Dlk-1, 

and c-Met has also been shown (50).  This is important because in the characterization of 

such a diverse population of satellite cells, it was discovered that only a small subset of 

Pax7-expressing cells were true stem cells in terms of their differentiation and self-

renewal potential (51, 52). Thus, a small population of stem cells in the entire muscle 

niche carries remarkable potential to regenerate skeletal muscle and hints at alternate 

sources of cells for myogenic regeneration. One such source was suggested by the 
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discovery of a novel stem cell population, defined by the expression of the protein 

Twist2, that was able to specifically regenerate type 2b/x skeletal muscle fibers (53). 

Historically, there was some debate over whether there was a brief period in 

development during which satellite cells are absolutely required for skeletal muscle 

regeneration. However, the development of genetically modified mouse models to 

ablate MPCs has allowed investigation of the role of Pax7+ MPCs in various 

developmental stages and disease states (54, 55). In particular, mice inducibly expressing 

Diphtheria toxin A (DTA) only in Pax7+ cells have been used to demonstrate a 

requirement for these MPCs in muscle development and regeneration (56). A 

provocative study by Lepper et al. suggested that following a critical juvenile period, 

satellite cells were dispensible for postnatal muscle regeneration (57). A caveat based on 

a follow-up study from the same group was that Pax7 was absolutely required in an 

acute skeletal muscle injury (58). However, the finding that satellite cells may be 

dispensible during adulthood was contested in a separate study (43) that utilized the 

same alleles as used by Lepper et al. Essentially, both studies utilized a Pax7 floxed allele 

that would ablate satellite cells upon tamoxifen administration due to an estrogen 

receptor-fused Cre recombinase translocating to the nucleus and removing the allele. 

However, the first studies used tamoxifen for only 5 days to ablate satellite cells, while 

the latter study continued to provide tamoxifen through diet following the initial 

treatment to ensure continued satellite cell ablation on the rationale that Pax7+ cells 
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could repopulate the muscle following the initial ablation. This is not an entirely novel 

idea, as multiple origins for satellite cells have been suggested (46, 59-62), including the 

Pax3-expressing parent cells as well as other supporting cells ,such as pericytes. Thus, 

while one group observed regeneration in adults lacking Pax7+ cells, continuous 

tamoxifen treatment completely abrogated the ability of these mice to regenerate skeletal 

muscle. For the satellite cell ablation models used in this study, we provided continuous 

tamoxifen treatment in our experiments to ensure prevention of satellite cell 

repopulation during ischemia.  

Most studies of muscle regeneration, such as those described above, have been 

performed using cytotoxic injury models, such as cardiotoxin, freeze injury, or BaCl2 

injury (63). However, it is known that different modes of injury have unique 

characteristics. For example, glycerol injury results in a more adipogenic phenotype 

compared to other modes of injury (64). Although we and others have begun to 

characterize the skeletal muscle response to ischemia (14, 15, 17, 65), the role of MPCs in 

this process remains unexplored. 

1.5 Muscle progenitor cells and vascular biology crosstalk 

Interestingly, multiple studies demonstrate that some myogenic precursors can 

express endothelial markers, including CD34 and Tie2, indicating that they are derived 

from a common lineage (66-68). Moreover, cells of the endothelial lineage can 

differentiate into both Pax7+ satellite cells and mature muscle cells (69), and one 
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contributor to muscle regeneration is the mesangioblast, which is a common precursor 

to both vascular and muscle cells (70, 71).  Additionally, there have been multiple 

reports demonstrating that pericytes can transdifferentiate into muscle cells (59, 60, 72), 

providing further support for muscle-vascular cell transdifferentiation. A marker often 

used to describe the supporting pericytes is neural/glial antigen 2 or NG2. Several 

known vascular signaling molecules can also modulate MPC behavior (73-75). VEGF 

receptors have been shown to be expressed on MPCs, and VEGF signaling has been 

shown to promote skeletal muscle differentiation and increase the rate of MPC 

proliferation (76, 77). Additionally, Notch signaling via Delta-like ligand 4 (DLL4), 

which is known to act downstream of VEGFR-2 signaling in angiogenesis (78), has also 

been shown to regulate MPC differentiation (79). Although satellite cells are thought to 

become committed to a muscle lineage after expressing MyoD, one report has 

demonstrated that these cells are able to differentiate into pericytes, hinting at a novel 

vascular plasticity for these Pax7+ MPCs (61). Another interesting study has 

demonstrated that Pax7+ satellite cells in the contralateral, uninjured limb display 

distinct cell cycle behavior and regenerative potential when injury is induced in the 

ipsilateral limb (80). Collectively, these findings support the possibility that signaling 

molecules traditionally linked to endothelial cell biology might promote a novel MPC-

mediated role in vascular biology and the muscle response to ischemia. Although 

therapeutic angiogenesis has shown great promise in preclinical models, it has proven 
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suboptimal in clinical experience (81), thus novel approaches are needed to improve 

limb perfusion in patients with PAD in general and CLI in particular. A focus on the 

skeletal muscle is thus warranted, and may result in novel insights and treatments for 

these patients.  

1.6 Fibro/adipogenic Progenitors (FAPs) 

The discovery of a novel subpopulation of fibro/adipogenic progenitors (FAPs) 

in mature skeletal muscle (82) resulted in a considerable focus on the role of these cells 

in pathological skeletal muscle conditions. These cells, upon isolation by cell sorting, 

were able to cause white fat infiltration in diseased, but not healthy muscle. This 

suggested a contribution from the niche in determining the fate of these cells (83). FAPs 

were characterized by their cell surface expression of Spinocerebellar Ataxia 1 protein 

(Sca1). Histologically, these cells can be identified in skeletal muscle by their expression 

of platelet-derived growth factor receptor alpha (PDGFRα) (84-86). In muscular 

dystrophy, FAPs have been known to infiltrate injured muscle through ciliary hedgehog 

signaling. Downstream of this signaling pathway is tissue inhibitor of metalloproteinase 

3 (TIMP3) and metalloproteinase 14 (MMP14). Inhibition of MMP14 by the nonspecific 

inhibitor batimastat is able to inhibit fatty infiltration into diseased muscle in muscular 

dystrophy (64).  FAP expansion has also been shown to regulate the MPC pool during 

regeneration in addition to playing a critical role in skeletal muscle homeostasis (85, 87). 

Only recently has an extensive level of cross-talk of FAPs within skeletal muscle been 
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characterized, with FAPs acted upon in a paracrine fashion by transforming growth 

factor beta (TGFβ), interleukin-15 (IL-15), IL-4 and IL-13. Conversely, FAPs have been 

shown to directly secrete IL-6, IL-33, Follistatin, IL-10 and MMP14 (88). The various 

critical roles shown to be mediated by FAPs have made them an exciting target in the 

pathophysiology of skeletal muscle diseases.
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2. Methods 

2.1 Mouse lines and tamoxifen treatment 

For satellite cell genetic ablation experiments, Pax7-CreERT2 mice (Jackson Labs 

Stock: 017763, B6.Cg-Pax7tm1(cre/ERT2)Gaka/J, generated by Dr. Gabrielle Kardon) were 

backcrossed to ROSA26DTA mice (Jackson Stock: 009669, C.129P2(B6)-

Gt(ROSA)26Sortm1(DTA)Lky/J). For pericyte ablation experiments, NG2-CreERT2 mice (Jackson 

Labs Stock: 008538, B6.Cg-Tg(Cspg4-cre/Esr1*)BAkik/J) were backcrossed to ROSA26DTA 

mice. All mice were bred onto a BL6 background. Sterile-filtered tamoxifen (Sigma) or 

corn oil at 75 mg/kg body weight was given to each mouse via an intraperitoneal route 

for 5 days. Following five days of treatment with either tamoxifen or control, mice were 

given tamoxifen or control matched diet (Teklad Tamoxifen Diet from Envigo and 2016 

Control Diet from Teklad) to continue treatment at a lower dose of 50 mg/kg body 

weight. All mice were used at 8-12 weeks unless stated otherwise. The mice were 

weighed daily to track any weight loss and monitored for health and appearance. All 

mice were housed in the Duke University Vivarium, which is fully accredited by the 

AAALAC. "Principles of Laboratory Animal Care," published by the National Society 

for Medical Research, and "Guide for the Care and Use of Laboratory Animals" 

published by the National Institutes of Health served as the guides for animal care. All 

protocols described here have been approved by the Duke University Institutional 
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Animal Care and Use Committee and are consistent with the guidelines published by 

the United States Department of Health and Human Services. 

 

2.2 Hindlimb Ischemia Surgery and Perfusion Imaging 

Hindlimb Ischemia surgery was performed as previously described by our lab 

(26). Briefly, mice were anaesthetized on a heated pad using 1.5 L/minute oxygen and 1-

3% isoflurane. Prior to surgery, the mice were scanned with a laser Doppler perfusion 

imager (LDPI, Moor Instruments) to obtain baseline perfusion in the hindlimbs. Using 

sterile surgical instruments (sterilized by autoclaving), a 1-cm incision was made just 

below the inguinal ligament. Subcutaneous fat was then cleared and the femoral artery 

was separated from the neurovascular bundle carefully without perforating the femoral 

vein. In the acute model of hindlimb ischemia, a 7-0 silk non absorbable suture 

(Sharpoint) was used to ligate the femoral artery above the bifurcation of the lateral 

circumflex femoral artery and a ligature was also made below superficial caudal 

epigastric artery but above the bifurcation of the popliteal artery. In the subacute model 

of hindlimb ischemia, ameroid contrictors (Research Instruments SW) with an inner 

diameter of 0.25 mm were placed at the same locations as where the ligatures would be 

present (see figure 2). The wound was then closed using an absorbable Vicryl 5-0 suture 

(Ethicon). A post-surgery LDPI perfusion scan was then performed on the animal to 

verify complete closer of the artery in the acute ischemia model and unimpaired or 
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slightly reduced perfusion in the subacute hindlimb ischemia model. LDPI scans were 

then performed the following day, at day 3 post-operation and weekly after that. The 

animals were provided appropriate pain relief and monitored after surgery to ensure 

animal welfare. 

2.3 Tissue Collection and Muscle Processing 

Mice were euthanized using approved euthanasia protocols, and the tibialis 

anterior (TA) and extensor digitorum longus (EDL) muscles were isolated and frozen 

using liquid nitrogen in Optimal Cutting Temperature (OCT) medium, while the 

gastrocnemius muscle was flash frozen for tissue analysis at -80 degrees Celsius. 8 

micron sections of tissue were obtained by sectioning on a Leica 3150S cryostat at -25 

degrees Celsius and stored on Superfrost Slides.  

2.4 Immunofluorescence, Microscopy and Image Analysis 

Following sectioning and storage of slides, slides were retrieved from -80 degrees 

Celsius and allowed to equilibrate to room temperature. Slides were then fixed in 4% 

paraformaldehyde, followed by permeabilization in 0.2% Triton X in Phosphate 

Buffered Saline (PBS). After washes in PBS, the slide was blocked with 5% goat serum in 

PBS for 1 hour. For satellite cell staining, a mouse IgG blocking antibody (Jackson 

Immunoresearch) was used in the blocking buffer and an antigen retrieval step was 

performed by heating the slides in a pressure cooker in citrate buffer was also performed 

prior to incubation with the primary antibody. The antibody of interest was then 
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incubated at the dilutions listed in the table below overnight at 4 degrees Celsius. The 

following day, slides were washes 3 times in PBS, followed by incubation of the species 

matched secondary antibody (Alexa Flour conjugated) and incubated at room 

temperature for 1 hour. The slide was then either washes 3 times with PBS or PBST, and 

if needed, a 5 minute incubation of a nuclear stain (either DAPI or Hoechst stain) was 

added and then washed. Slides were then mounted in either Vectashield mounting 

medium or Prolong Gold mounting medium and allowed to cure overnight. All slides 

were imaged on microscopes accessible through the Light Microscopy Core Facility at 

Duke University. Specifically, brightfield microscopy and epiflourescent microscopy 

were both performed on a Zeiss Upright AxioImager, while all confocal microscopy was 

performed on the Zeiss 780 or Zeiss 880 Inverted Confocal Microscope. All image 

analysis were performed in Zeiss Zen software, IMARIS or ImageJ with identical 

thresholds and blinding performed for all signal quantification. 

Table 1: Commercially available antibodies used for immunofluorescence 

Antibody Manufacturer Catalog # Dilution Species 
Pax7 DSHB Concentrate 1:50 Mouse IgG1 

Dystrophin Thermo RB-9024 1:100 Rabbit 
PDGFRα Cell Signaling 

Technologies 
3174S 1:800 Rabbit 

Type IIa 
Fibers 

DSHB SC-71 1:100 Mouse IgG1 

Type I 
Fibers 

DSHB BA-F8 1:100 Mouse 
IgG2b 

Type IIb 
Fibers 

DSHB BF-F3 1:100 Mouse IgM 

Embryonic DSHB F1.652 1:50  Mouse IgG1 
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Myosin 
Heavy 
Chain 
CD31 BioRad MCA2388 1:200 Rat 

Dystrophin Abcam ab3149 
(discontinued) 

1:100 Mouse IgG1 

Perilipin Cell Signaling 
Technologies 

9349S 1:200 Rabbit 

NG2 EMD 
Millipore 

AB5320 1:200 Rabbit 

MyoD DSHB D7F2 1:50 Mouse IgG1 
Myogenin DSHB F5D 1:50 Mouse IgG1 

Myosin 
Heavy 
Chain 

DSHB A4.1025 1:200 Mouse 
IgG2a 

Smooth 
Muscle 
Actin 

DAKO 1A4 1:100 Mouse 
IgG2a 

 

2.5 Hematoxylin and Eosin Staining 

Sections were brought to room temperature, then fixed for 10 minutes in 10% 

Neutral Buffered Formalin (NBF). The slides were then washed with distilled water, 

followed by staining of nuclei with the Meyer’s haematoxylin for 4 minutes. Slides were 

then rinse in running tap water for 10 minutes and then differentiated with 0.3% acid 

alcohol. An additional rinse in tap water and in Scott's tap water substitute was used to 

further enhance coloration of the nuclei. Samples were then briefly incubated in 90% 

Ethanol (EtOH) and then stained with alcoholic eosin for 30 seconds. The slides were 

then dehydrated in 100% EtOH followed by 2 rinses in Xylene or Xylene substitute for 2 
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minutes each before mounting with Cytoseal resin based mounting medium. The slides 

were then allowed to cure overnight before imaging. 

2.6 Muscle Contractile Experiments 

Contractile muscle force was measured as described previously (89). Briefly, 

single EDL muscles were isolated and ligated with a 5–0 silk suture at each tendon and 

maintained in a physiological saline solution (pH 7.6) containing (mM) 119 NaCl, 5 KCl, 

1 MgSO4, 5 NaHCO3, 1.25 CaCl2, 1 KH2PO4, 10 Hepes, and 10 dextrose at 30◦C under 

aeration with 95% O2–5% CO2 throughout the experiment. The muscle was mounted in 

a bath within the force transducer (Aurora 300B-LR) operated in isometric mode. A five 

minute equilibration step was performed, during which single twitches were elicited 

every 30 s with 0.5 ms electrical pulses. Isometric tension was evaluated by 250 ms trains 

of pulses delivered at 10, 20, 40, 60, 80, 100 and 120 Hz. After the experimental protocol, 

muscle length was determined with a digital caliper and muscle mass was measured 

after removing liquid. The cross-sectional area for each muscle was determined (mass of 

the muscle (g) divided by the product of its length (Lo, mm) and the density of muscle 

and was expressed as square millimetres. Muscle output was then expressed as 

isometric tension (N cm−2) determined by dividing the tension (N) by the muscle cross-

sectional area. In the case of atrophied muscle, absolute tension was used as the measure 

of force because the cross sectional muscle area is no longer an accurate measure as the 

density is now changed. 
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2.7 Oil Red O Staining 

Frozen tissue sections were first air dried to the slides at room temperature. After 

fixing in formalin for 4 minutes, the samples were briefly washed under running tap 

water for 1 to 10 minutes. After a rinse with 60% isopropanol, samples were stained with 

freshly prepared Oil Red O working solution (Oil Red O Powder from Sigma in 60% 

isopropanol) for 15 minutes, then rinsed again with 60% isopropanol. The samples were 

then lightly stained with Meyer’s haematoxylin and rinsed with distilled water. Slides 

were mounted in aqueous glycerine jelly and imaged within 2 hours. 

 

2.8 BODIPY staining 

Frozen sections were fixed with 4% PFA in PBS for 10 minutes, followed by 2 

washes with PBST for 5 minutes each. The slides were then incubated for 60 min with 1 

ug/mL BODIPY 493/503 in PBST. Following incubation, the slides were washed twice 

with PBST for 5 minutes each, then twice with PBS for 5 minutes each. Prolong Diamond 

with DAPI was applied and the slide was imaged immediately. 

2.9 microCT/DiceCT 

EDLs were isolated from hindlimb of mice and fixed immediately in 10% NBF 

solution overnight. The muscles were then stained using the diceCT protocol as 

described previously (90). Briefly, the muscles were incubated in Lugol’s Iodine for 2 

nights. The muscles were then scanned at the Duke University Shared Materials 
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Instrumentation Facility (SMIF) in a fixed container at low power in a Nikon XTH 225 ST 

microCT scanner at a 10 micron or lower resolution. Images were then reconstructed on 

the proprietary Nikon automated reconstruction software and analyzed using Avizo to 

delineate soft tissue densities in false colors. 

2.10 Batimastat Treatment 

Pax7-CreERT2; ROSA26DTA mice were all given tamoxifen injections at their usual 

dose of 75 mg/kg body weight for 5 days prior to surgery. 1 day prior to surgery, half 

the mice were given the drug Batimastat at 30 mg/kg body weight as a suspension of 3 

mg/ml in sterile filtered phosphate-buffered saline containing 0.01% Tween 80 and the 

other half was given a vehicle control without the Batimastat. The injections were then 

given daily until muscle was isolated for freezing and sectioning. Following surgery, the 

mice were switched to a tamoxifen diet and the muscle was harvested 7 days post 

surgery. 

2.11 Fast Green/Sirius Red Staining 

Samples were first placed in 0.04% Fast Green (Sigma) for 15 min, then washed 

with distilled water. They were then incubated in 0.1% Fast Green and 0.04% Sirius Red 

(Sigma) in saturated picric acid for 30 min. Then, samples were dehydrated through 

70%, 90% and 100% Ethanol and cleared in Xylene for 2 minutes before mounting using 

Cytoseal mounting medium. Positive and negative controls were ran to validate the 

specificity of this assay for collagen. 
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2.12 Telomere Q-FISH 

Samples were fixed in 4% PFA for 10 minutes, then washed 3 times in PBS, and 

permeabilized in PBS+0.2% Triton-X 100 for 10 minutes. After 3 additional washes for 3 

minutes each in PBS, the slides were dehydrated in 70% EtOH, then 85% EtOH then 

100% EtOH for 2 minutes each time. The slides were then allowed to air-dry. In the 

meantime slides and hybridization buffer (20 mM Tris, pH 7.4, 60% formamide, 0.5% of 

blocking reagent Roche 11096176001) were preheated to 85 degrees C. Then, the 100x 

TelC-Cy3 stock (PNA Bio F1002) was diluted in hybridization buffer and 20 uL per slide 

was added and coverslip was placed on top of each slide. Slides were then incubated at 

85 C for 10 min and allowed to hybridize at room temperature overnight. The next day, 

slides were washed 1 time with 2x SSC + 0.1% Tween-20, then twice for 10 minutes each 

time with 2x SSC + 0.1% Tween-20 at 55 C, then washed once for 5 minutes with 2x SSC 

+ 0.1% Tween-20 before being washed 1 time for 5 min with PBST and 1 time for 5 min 

with PBS. After that, slides were blocked in goat serum and the protocol for 

immunostaining was performed. DAPI staining was used to mark the nuclear area and 

for a fluorescent quantification of DNA content. Cy3 staining was used to quantify 

telomere fluorescence. The images were then analysed with the ImageJ plugin 

“Telometer: Software for Telomere Counting” as described previously 

at http://demarzolab.pathology.jhmi.edu/telometer/. This plugin accounts for ploidy 

differences as well as fractions from the cutting of the plane during microscopy. 

http://demarzolab.pathology.jhmi.edu/telometer/
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2.13 Myoblast isolation and satellite cell/FAP sorting 

Hindlimb muscles from mice were dissected and rinsed briefly in sterile PBS, 

and placed into p100 dish containing DMEM + 1% p/s. From this point on, all steps were 

performed in a Biological Safety Level 2 hood under sterile conditions. Muscles were 

cleaned of excess connective tissue and tendons and transferred to a 2nd p100 dish 

containing 5 mL DMEM + 1% p/s. The muscle was then minced into fine pieces using 

razor blades held with hemostats for over 10 min, then transferred to a 50 ml centrifuge 

tube using a wide-bore pipet. The pellet was then centrifuged using a tabletop centrifuge 

for 2 minutes at speed 800g. The medium was aspirated and 18mL DMEM + p/s was 

added to loosen pellet. 2ml of 1% pronase to bring the final volume to 20ml was added 

(0.1% pronase final) and the mixture was digested at 37 C for 1 hour in a 50 mL conical 

on the Nutator. The cells were then spun down for 3 min at 800g and medium aspirated. 

The muscle was suspended in 10 mL DMEM + 10% FBS + p/s and triturated many times 

(20) to loosen cells. The supernatant was put through a Steriflip 100μm vacuum filter 

and the filter was washed with 5ml of DMEM + 10% FBS + p/s. The cells were then spun 

for 5 minutes at speed 1000g and resuspended in 10 mL of growth media (Ham's F10 w 

20% FBS and P/S). Following the isolation of this mixture of cells (predominantly 

myoblasts), cells may be sorted using the cell surface markers VCAM, Sca1 and CD31/45 

as previously described.(91) 
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2.14 In-vitro Myogenic and Adipogenic Differentiation 

Differentiation of isolated myoblasts was stimulated by plating the cells on 

entactin-collagen-laminin coated plates in conditions of serum withdrawal in 

differentiation medium (DMEM supplemented with 2% horse serum, 1% 

penicillin/streptomycin, 0.2% amphotericin B, and 0.01% human 

insulin/transferrin/selenium). The cells were placed either in normoxic conditions in the 

incubator or in a hypoxic (0% oxygen) chamber. Media was changed daily to ensure cell 

viability. 

Adipogenic differentiation was induced by placing cells for 48 hours in medium 

containing 10% FBS, 0.5 mM isobuylmethylxanthine, 125 nM indomethacin, 1 μM 

dexamethosone, 850 nM insulin, 1 nM T3 with or without 1 μM rosiglitazone (Sigma). 

After 48 hours, cells were switched to medium containing 10% FBS, 850 nM insulin, 1 

nM T3 with 1 μM rosiglitazone. Cells were placed in either normoxic or hypoxic 

conditions as described above, and media was changed every other day to ensure cell 

viability. 

2.15 Human Skeletal Muscle Biopsy 

Critical Limb Ischemia (CLI) patients undergoing above-knee or below knee 

amputations were consented under an approved Institutional Review Board (IRB) 

protocol to donate skeletal muscle tissue from the amputated limb. Muscle biopsies were 

collected from both the proximal and distal ends of the gastrocnemius muscle and 
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oriented in a cross sectional manner in OCT and frozen in liquid nitrogen. The samples 

were then sectioned in a cryostat and stored at -80 C for subsequent analysis. 

2.16 Real-time quantitative PCR 

Real-time PCR (RT-PCR) was performed using TaqMan Universal PCR Master 

Mix (Applied Biosystems 4304437) on the Applied Biosystems 7300 Real Time PCR 

System with the following cycling conditions: (1) 2min at 50°C; (2) 10min at 95°C; 40x (3) 

15sec at 95°C, 1min at 60°C. Reactions comprised of 10μl TaqMan master mix, 8μl of 

2.5ng/μl cDNA, 1μl of FAM-labeled test primer, and 1μl of VIC-labeled control primer. 

Fold changes were calculated using the “ΔΔCt” method using the DataAssist software. 

For Pax7, the following Taqman probe was used: Mm01354484_m1 from Thermo Fisher 

Scientific. 

2.17 Absolute Telomere Length Measurement 

Real-time PCR (RT-PCR) was used to measure absolute telomere length as 

described (92). Briefly, DNA from flash frozen gastrocnemius muscle was isolated using 

the Zymo Research Quick DNA Isolation kit (Zymo Catalog D3024). A standard curve 

for telomere length as well as Ct values for DNA samples were generated using a SYBR 

based master mix (Applied Biosystems), forward and reverse primers (teloF: 

CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGG TTTGGGTT and teloR: 

GGCTTGCCTTACCCTTACCCTTACCC TTACCCTTACCCT) and template genomic 

DNA or a known telomere standard ((TTAGGG)14). An equivalent standard curve and 
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Ct values were generated for a housekeeping gene, 36B4, was created using a known 

standard 

(CAGCAAGTGGGAAGGTGTAATCCGTCTCCACAGACAAGGCCAGGACTCGTTTG

TACCCGTTGATGATAGAATGGG) or template genomic DNA with forward and 

reverse primers (36B4F: ACTGGTCTAGGACCCGAGAAG 36B4R: 

TCAATGGTGCCTCTGGAGATT). The absolute telomere length was calculated using 

the standard curve generated and correcting for the number of copies of the 

housekeeping genes. All reactions were carried out in an Applied Biosystems 7300 Real 

Time PCR system with the following parameters: (1) 10 min at 95°C; (2) 40 cycles of 

15sec at 95°C; (3) 1min at 60°C, followed by a dissociation or melting curve. 

2.18 RNA Sequencing  

BALB/c mice (n=4 per group) were subjected to sham surgery or acute or 

subacute HLI and allowed to recover. In acute HLI, the femoral artery was isolated and 

ligated completely while in subacute HLI a hygroscopic ameroid constrictor occluded 

the artery gradually. Three days post-operatively, mice were sacrificed and the tibialis 

anterior (TA) muscle from both the ischemic limb and non-ischemic limb were isolated. 

Each TA underwent homogenization and total RNA extraction using Trizol. RNA 

Sequencing data processing was performed by the Duke Center for Genomic Biology. 

Briefly, RNA sequencing data was processed using the TrimGalore toolkit which 

employs Cutadapt (93) to trim low-quality bases and Illumina sequencing adapters from 
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the 3’ end of the reads.  Only reads that were 20nt or longer after trimming were kept for 

further analysis.  Reads were mapped to the GRCm38v73 version of the mouse genome 

and transcriptome (94) using the STAR RNA-seq alignment tool (95).  Reads were kept 

for subsequent analysis if they mapped to a single genomic location.   Gene counts were 

compiled using the HTSeq tool (96).  Only genes that had at least 10 reads in any given 

library were used in subsequent analysis.  Normalization and differential expression 

was carried out using the DESeq2 (97) Bioconductor (98) package with the R statistical 

programming environment. The false discovery rate was calculated to control for 

multiple hypothesis testing.  Gene set enrichment analysis (99) was performed to 

identify gene ontology terms and pathways associated with altered gene expression for 

each of the comparisons performed. 

2.19 Statistical Analysis 

For each of the analysis, a script was used to blind the reviewer to the either the 

images or the murine treatments to ensure that there is no bias in analysis. For a 

comparison of 2 groups, a two-way student’s t-test was performed in GraphPad Prism 

and statistical significance was established at p<0.05. For multiple group comparisons, 

an ANOVA was first performed to determine whether an effect was present, following 

by a t-test for multiple groups with a correction for multiple group testing in GraphPad 

Prism. Significance was once again established by a corrected p value <0.05.
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3. Characterization of a Model of Satellite Cell Ablation 
to Study the Role of Muscle Regeneration in Hindlimb 
Ischemia  
3.1 Introduction 

The development of genetically modified mouse models to ablate MPCs has 

allowed investigation of the role of Pax7+ MPCs in various disease states. In particular, 

mice inducibly expressing Diphtheria toxin A (DTA) only in Pax7+ cells have been used to 

demonstrate a requirement for these MPCs in muscle regeneration in a variety of 

conditions. Most of these studies have been performed using cytotoxic injury models, 

such as cardiotoxin, freeze injury, or BaCl2 injury (63, 100). However, it is known that 

different modes of injury have unique characteristics. For example, glycerol injury 

results in a more adipogenic phenotype compared to other modes of injury (64). 

Although we and others have begun to characterize the skeletal muscle response to 

ischemia (14, 15, 17, 65), the role of MPCs in this process remains unexplored. As 

discussed in Chapter 1, there has been some debate as to the best method for satellite cell 

deletion via tamoxifen deletion. In preliminary studies (data not shown), when we failed 

to provide continuous tamoxifen, we failed to see a severe phenotype following 

ischemia, consistent with the results from Lepper et. al. However, upon continuous 

tamoxifen treatment, we observed a severe impairment of regeneration and thus all 

subsequent experiments were performed using the genetic ablation model with 

continuous tamoxifen treatment. We were most interested into looking at the unique 
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effects of ischemic injury on skeletal muscle and what effect the ablation of satellite cells 

has on such an injury. 

3.2 Results 

3.2.1 Strategy to completely ablate satellite cells and prevent 
repopulation of satellite cells 

To completely ablate all satellite cells within our mouse model of CLI, we crossed 

Pax7-CreERT2 mice to ROSA26DTA mice. To ablate satellite cells, we injected tamoxifen 

(figure 3) or a corn oil control for 5 days, followed by surgery and a maintenance dose of 

either surgery or tamoxifen diet. Our initial injections resulted in weight loss in our mice 

(figure 4), and we reasoned that this was due to the high dosage of tamoxifen 

throughout the experiment. To reduce this effect, a lower maintenance dose of tamoxifen 

after the initial 5 days of injection was introduced that abrogated this weight loss 

phenomenon. To validate the model, muscle sections from the non-ischemic TA were 

stained for the satellite cell marker, and in the tamoxifen treated mice, there is a 

complete absence of satellite cells (figure 5), suggesting that our model is successful in 

completely removing all satellite cells within the muscle. Our nomenclature for mice 

that have successful deletion of satellite cells from here on shall be Pax7Δ, while the corn 

oil controls shall be referred to as Pax7WT. 
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Figure 3: Schema for injection of tamoxifen 

After an induction phase with corn oil or tamoxifen at 75 mg/kg body weight, 

mice underwent an acute hindlimb ischemia surgery. Following surgery, treatment 

continued via the delivery of corn oil or tamoxifen at 50 mg/kg body weight through 

diet until the tissue was ready for analysis (time points analyzed were 7 days, 14 days 

and 30 days after surgery). 



 

31 

Pax
7
WT

Pax
7
∆

15

20

25

30

Treatment Group

W
ei

gh
t (

g)

Pre Injection wt (g)
Pre Surgery wt (g)
POD 4 wt (g)

**

*

  

Figure 4: An initial loss of weight is seen upon continuous treatment with high 
doses of tamoxifen 

After an induction phase with tamoxifen at the higher dose (75 mg/kg body 

weight), the mice began to lose weight. However, after correcting to a lower 

maintenance dose (50 mg/kg body wt), their weights began to recover and when 

switched after 5 days of injections (data not shown), the mice recovered fully in terms of 

weight. This provided the rational to utilize a 5 day induction period with high dose 

tamoxifen followed by a maintenance dose with diet. 
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Figure 5: Demonstrating a complete loss of satellite cells in resting muscle 

(A) Pax7 immunostaining (DSHB) of the non-ischemic TA muscle reveals specific 

staining as the cell is found in the periphery of resting skeletal muscle, 

directly under the basal lamina. Such signal is completely absent in the 

tamoxifen treated mice. (B) Quantification of satellite cell numbers 

demonstrates that there is a complete absence of satellite cells following 

tamoxifen treatment. 
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3.2.2 Satellite cell ablation in resting muscle does not alter resting 
muscle morphology or physiology 

To examine whether satellite cell ablation resulted in any changes in resting 

muscle, we isolated the TA muscle from the contralateral, non-ischemic limbs of Pax7Δ 

and Pax7WT mice after HLI and compared the skeletal muscle histologically by H&E 

staining. Muscle morphology and architecture looked identical even in the absence of 

satellite cells (figure 6). Additionally, to test whether deletion of the endogenous stem 

cell pool in skeletal muscle results in a change in fiber type distribution, we performed 

staining of both type 1, slow-twitch fibers, which are highly oxidative, and glycolytic 

type IIa and IIb fibers (which are more abundant in TA muscle) demonstrated no 

differences between groups of mice, demonstrating that loss of Pax7+ MPCs does not 

cause a shift in myofiber metabolism at rest (figure 7). In addition to a histological and 

morphological analysis, we wanted to obtain a physiological correlate to see if an 

absence of satellite cells would alter resting muscle’s ability to generate force. In an ex-

vivo experiment, we were able to isolate EDL muscles from these mice and demonstrate 

that the non-ischemic muscle is able to generate identical force with or without satellite 

cells (figure 8).  
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Figure 6: Pax7+ MPC ablation does not alter resting muscle morphology one 
week after ischemia 

H & E stains of skeletal muscle from mice with deleted satellite cells are not 

distinguishable from muscle with satellite cells intact. 
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Figure 7: Pax7+ MPC ablation does not alter resting muscle fiber typing one 
week after ischemia 

The tibialis anterior muscle is known for its relative absence of Type I fibers and 

a preponderance of Type IIb fibers. Upon satellite cell ablation, this fiber distribution 

remains unchanged. 
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Figure 8: Pax7+ MPC ablation does not alter resting muscle physiology 

To obtain a physiological output of muscle function, EDL muscles from mice 

(n=5 per group) were isolated and their ability to generate force is measure on a force 

transducer. Ablation of satellite cells does not impair the ability of resting skeletal 

muscle to generate force. 
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3.2.3 Satellite cell ablation in ischemic muscle results in complete 
absence of regeneration one week after ischemia 

Previous experiments from our lab and others have demonstrated that the peak 

of activation of Pax7+ MPCs occurs in as little as 2 to 4 days but may persist for multiple 

weeks after surgery (46). Additionally, during this time, we observe early markers of 

muscle regeneration such as embryonic myosin heavy chain expression (eMHC) and the 

hallmark of regeneration (65), a myofiber with a centralized nucleus rather than at the 

periphery as is seen in mature skeletal muscle. Following ablation of satellite cells and 

ischemic injury, we fail to observe any regeneration in the ischemic limb (figure 9), as 

evidenced by a failure to form new myofibers that would normally stain positive for 

embryonic myosin heavy chain (eMHC) and would show centralized myonuclei in an H 

& E stain.  One concern with a genetic ablation model such as this one is whether our 

model is specific for satellite cells only. To exclude the possibility that there may be 

impairment of the vascular endothelium due to non-specific ablation by diphtheria 

toxin, we co-stained our slides with the endothelial cell marker PECAM or CD-31. 

Rather interestingly, not only was the endothelium completely intact, but the total area 

of endothelium relative to the muscle was increased in our ischemic limb (figure 9C). 

Additionally, we wanted to look at satellite cell activation in the ischemic limb that we 

observe not only in ischemic models of injury, but in any muscle injury in general.  One 

week after ischemia, there is a significant increase in the number of Pax7+ cells seen per 

high power field in contrast to the contralateral limb (from  2-3/hpf to 30-40/hpf). This 
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suggests a marked response by the muscle in response to ischemic injury. Of course, this 

activation is completely absent in the tamoxifen treated/satellite cell ablated mice, and is 

consistent with a complete failure to regenerate following ischemic injury.
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Figure 9: Pax7+ MPC ablation results in a complete absence of regeneration but 
intact endothelium 7 days after ischemia 

Ablation of Pax7+ MPCs in mice results in a complete lack of a regenerative 

response to ischemia in the surgical limb TA muscle, characterized by (A) no centralized 

myonuclei and embryonic myosin heavy chain (eMyHC) expression in red with a 

corresponding nuclear stain in blue. (B) Quantification of regenerating fibers 
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demonstrates a complete lack of regenerative response to ischemia. (C) Endothelial cell 

staining (evidence by CD31 staining in green) and area calculation demonstrates that the 

endothelium remains intact. Surprisingly, the total area of endothelium is actually 

increased in the satellite cell ablated mice. 



 

41 

 

 

Figure 10: Pax7+ MPC ablation results in an activation of satellite cells in 
muscle 7 days after ischemia 

(A) One week after ischemic surgery, there is a dramatic increase in the number 

of Pax7+ cells per high power field in the ischemic TA. This activation is not 

seen in the mice with ablated satellite cells. (B) Compared to resting muscle, 
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there is about 10-15 fold increase in the number of Pax7+ cells observed in the 

injured muscle, consistent with activation of satellite cells following injury. 
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3.2.4 Satellite cell ablation in ischemic muscle results in complete 
absence of regeneration two weeks after ischemia 

After seeing a dramatic impairment in the ability of skeletal muscle to generate 7 

days after surgery in our mouse model of PAD lacking satellite cells, we wanted to 

explore how this regeneration changes over longer time points. We repeated the 

experiment described in Figure 3, but this time took the mouse to 14 days after surgery 

instead of 1 week. In terms of regeneration, we once again observed a complete lack of 

regeneration (figure 11) in the ischemic limb of Pax7Δ mice, with an accompanying 

nuclear infiltrate characteristic of a lymphocytic infiltrate. One notable difference 

between this time point and the Day 7 time point was that the control ischemic limb had 

much better muscle architecture, with many of the myofibers now fused and adjacent to 

each other, and an absence of eMHC expression (figures 11-12). While the muscle 

architecture is improved, we can still observe nuclear infiltrate present in the interstitial 

spaces of muscle fibers in the control ischemic muscle, which strongly suggests that 

while we are in the late stages of regeneration, recovery is still not complete. When we 

stained for the endothelial cell marker CD31, we once again found an overall increase in 

CD31 area relative to the total muscle area (figure 13). 
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Figure 11: Pax7+ MPC ablation results in a complete absence of regeneration 14 
days after ischemia 

Similar to the results seen at Day 7 postoperatively, ablation of Pax7+ MPCs in 

mice results in a complete lack of a regenerative response to ischemia in the surgical 

limb TA muscle, characterized by (A) no centralized myonuclei in H & E staining of 

muscle (B) Quantification of regenerating fibers (as evidenced by a centralized 

myonucleus) demonstrates a complete lack of regenerative response to ischemia. 



 

45 

 

Figure 12: No embryonic myosin heavy chain (eMHC) is observed in 
regenerating muscle two weeks after ischemia 

In a striking contrast to the Day 7 timepoint, the skeletal muscle has entered the 

later stages of regeneration, as evidenced by a lack of eMHC expression and the 

formation of proper muscle architecture, albeit still having a centralized nucleus. Some 

evidence of an inflammatory infiltrate can be seen even in the control muscle, suggesting 

that recovery from injury is still not fully complete.  



 

46 

Pax7WT Pax7∆
0

5

10

15

%
C

D
31

+ 
Ar

ea

p=0.04

 

Figure 13: Endothelial cell staining reveals an increase in total endothelial area 
relative to the muscle in MPC ablated muscle two weeks after ischemia 

Similar to our day 7 time point, there is an increase in endothelial cell surface 

area relative to the total muscle length in the satellite cell deleted group, despite a 

complete absence of myofiber formation. 
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3.2.5 Satellite cell ablation in ischemic muscle results in complete 
absence of regeneration four weeks after ischemia 

Now that we had established a time course for regeneration in skeletal muscle 

following ischemia from an earlier to a later time point, we wanted to explore an even 

longer time point than 14 days and kept the mice on either tamoxifen diet or control diet 

for 30 days (1 month) after surgery. Consistent with our findings for Day 7 and Day 14 

for regeneration, we once again observed a complete lack of regeneration (figure 14) in 

the ischemic limb of Pax7Δ mice, with an accompanying nuclear infiltrate characteristic 

of a lymphocytic infiltrate. The control ischemic limb, similar to the Day 14 time point, 

had much better muscle architecture, with many of the myofibers now fused and 

adjacent to each other, and an absence of eMHC expression (figures 14-15). Unlike the 

Day 14 time point, we cannot observe as much of the nuclear infiltrate present in the 

interstitial spaces of muscle fibers in the control ischemic muscle, which strongly 

suggests that while we are now in even later stages of regeneration, although once 

again, the presence of centralized myonuclei suggest that recovery is still not complete.  

One extremely interesting finding in this longer time point was the visibly diseased 

muscle in the Pax7Δ mice compared to the corn oil treated control ischemic muscle that 

largely looked normal. When sectioning the TA in the cryostat, I was unable to section 

this disease muscle at 8 microns due to the extremely fragile nature of the muscle, and 

consequently had to section at a thickness of 30 microns to obtain tissue slices. This 

suggested that the absence of satellite cells over a longer period results in an extreme 
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injury to muscle due to failure to regenerate in mature skeletal muscle myofibers.  To 

verify that we indeed had ablated satellite cells over the longer time period of 1 month 

without satellite cells “growing back”, we immunostained the slides for the satellite cell 

marker Pax7. In the non-ischemic limb, we observed similar satellite cell numbers as the 

day 7 time point (2-3/hpf) (figure 16). However, in a sharp contrast to the Day 7 time 

point, activation at this stage is significantly lower (~4/hpf compared to ~35/hpf) (figure 

16B). This suggests that following the initial activation of satellite cells during the early 

phases of regeneration, there is decrease in numbers as we enter the late stages of 

regeneration and satellite cells play a less critical role in muscle fusion. One final 

experiment that we wanted to do on these mice was to test the ability of this 

significantly impaired satellite cell depleted muscle in generating force. That is, our 

question was: does the histological state correspond to the functional output (or lack 

thereof). Thus, just as we did with the muscle in figure 8, we took the EDL muscles of 

these mice and used a force transducer to measure their ability to generate force ex-vivo. 

Figure 17 demonstrates the physiological correlate to the histological findings, whereby 

there is significant impairment in the ability of the Pax7Δ mice’s ischemic EDL to 

generate meaningful force. In stark contrast, the non-ischemic EDL data mirrors that of 

figure 8, showing that resting skeletal muscle is unaffected by satellite cell ablation. An 

additional supplement to the maximum force generated by the muscle is known as the 

time-tension integral. This is essentially a measure of the total work done by the muscle 
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during a single contraction. This data mirrors the force generation data and gives further 

support to the idea that this muscle is unable to generate force.
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Figure 14: Pax7+ MPC ablation results in a complete absence of regeneration 30 
days after ischemia 

Similar to the results seen at Day 7 and 14 postoperatively, ablation of Pax7+ 

MPCs in mice results in a complete lack of a regenerative response to ischemia in the 

surgical limb TA muscle, characterized by (A) no centralized myonuclei in H & E 

staining of muscle (B) Quantification of regenerating fibers (as evidenced by a 

centralized myonucleus) demonstrates a complete lack of regenerative response to 

ischemia. 
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Figure 15: No embryonic myosin heavy chain (eMHC) is observed in 
regenerating muscle 30 days after ischemia 

In a striking contrast to the Day 7 timepoint, but similar to the Day 14 the skeletal 

muscle has entered the later stages of regeneration, as evidenced by a lack of eMHC 

expression and the formation of proper muscle architecture, albeit still having a 

centralized nucleus. While we do not see the level of nuclear infiltrate in the control 

ischemic muscle at Day 30 like we did at Day 14, there are still centralized myonuclei 

present.  
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Figure 16: Pax7+ MPC ablation results in a much lower level of activation of 
satellite cells in muscle 30 days after ischemia 

(A) Compared to one week after ischemic surgery, at Day 30, there is a much 

lesser increase in the number of Pax7+ cells per high power field in the 

ischemic TA. This activation is not seen in the mice with ablated satellite 

cells. (B) Compared to resting muscle, there is now only a 2 fold increase in 



 

53 

the number of Pax7+ cells observed in the injured muscle, consistent with a 

low degree of activation of satellite cells following injury. 
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Figure 17: Pax7+ MPC ablation results impaired force generation 30 days after 
ischemia 

The maximum force generated by the ischemic TA muscle is significantly lower 

in the tamoxifen treated or satellite cell ablated group. This maximum force is 

unchanged in the non-ischemic limb. Mirroring the maximum force data is the time-

tension integral of the muscle, which is a measure of the work done by the muscle in a 

single contraction. 
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3.3 Discussion 

Our results from this genetic ablation model demonstrate an essential role for 

muscle precursors in recovery from ischemia. In contrast to using a Pax7 floxed allele 

that results in a haploinsufficient model of Pax7 (57, 58), we chose to use a Pax7 allele 

where the expression of the Cre recombinase was driven through an IRES, thereby 

leaving us with an intact copy of Pax7 even in mice homozygous for the Cre allele (42, 

101). This ensured that any effects seen are purely due to the tamoxifen treatment and 

the inducible deletion of the satellite cells is done over a short term. Most of the research 

done on skeletal muscle has a disease focus on Duchenne Muscular Dystrophy (DMD), 

and thus the injury models often use cardiotoxin, barium chloride or cryoinjury as a 

means to induce skeletal muscle injury (44, 45, 102-105). This is clearly not the case in 

peripheral artery disease and we were curious about the unique aspects of ischemic 

injury to the skeletal muscle. In fact, the CLI model of ischemia was only recently 

somewhat characterized in terms of the myogenic response to ischemia (65) and this 

study does not examine in detail the specific role of satellite cells in regeneration from 

ischemic injury. Here, we demonstrated that skeletal muscle progenitors, specifically 

satellite cells, play a critical role in recovery from ischemia, and there is a complete 

inability to form myofibers in their absence (figures 9,11,14) regardless of how much 

time is given for recovery. It may have been possible that a second pool of stem cells 

might have been able to compensate over a more chronic period to recovery and 
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regeneration, but this was not the case. The recovery of skeletal muscle following 

ischemic injury does follow the same pattern as in other injury modes, with an initial 

proliferation of satellite cells, followed by the expression of embryonic myosin heavy 

chain during early phases of regeneration (figure 9) but completely lost by Day 14 and 

Day 30 (figure 12, 15). Given the heterogeneous nature of ischemic injury (14-17), it is not 

surprising that work done by others show the expression of myosin heavy chain at the 

Day 14 time point (65), but this may be because their ischemic surgery was likely 

performed slightly differently than ours. Additionally, the loss of expression of eMHC 

does not mean recovery from injury, but rather that we have entered a more late stage of 

regeneration, which includes fusion of myofibers and clearance of the nuclear infiltrate 

in regions of injury. As such, it is clear from our data that complete recovery from 

ischemia follows many of the other injury models, where centralized myonuclei are 

present for more than a month following injury (63). Additionally, we show that in 

ischemia, satellite cells are present in much larger numbers, suggesting an activation and 

proliferation, at the earlier stages of regeneration and likely play a smaller role in later 

stages, when their numbers are almost back down to baseline (figure 16). Lastly, we 

wanted to ensure than any effects that we are observing in our mouse model of PAD is 

due to satellite cells alone. Staining for endothelial cells in mice lacking satellite cells 

verified that vascular cells were not targeted non-specifically by DTA after tamoxifen 

treatment and, therefore, that the observed injury was not due to loss of muscle 
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perfusion. Somewhat surprisingly, we found that the capillary density was in fact 

increased in Pax7Δ mice. Although the mechanisms responsible for this effect are not 

clear, it is possible that capillary proliferation occurred as a compensatory response to 

the increased tissue destruction (106). One caveat in interpreting this result is that 

decreased muscle area due to atrophy could have falsely increased apparent vascular 

density. Future studies will be necessary to fully elucidate the nature of the endothelial 

response during this process, including examination of endothelial cell proliferation, 

angiogenesis, and collateralization, which are known to occur in the setting of hindlimb 

ischemia (25). Future studies are likely required to fully elucidate the nature of the 

endothelium during this process, including looking directly at endothelial cell 

proliferation as well as microvessels and collateralization that is known to occur during 

hindlimb ischemia ligation surgery. Additionally, it is not known whether these vessels 

maintain adequate perfusion, and studies to assess their patency and permeability are 

needed to verify that the response to ischemia is completely independent of the 

vasculature.  

 

 

 



 

58 

4. Ischemic injury results in adipogenic changes that are 
significantly exacerbated in the absence of satellite cells 
4.1 Introduction 

As mentioned earlier, a key feature of muscle injury is that different modes of 

injury can result in varying types of injury. For example, glycerol is able to induce a 

much more adipogenic change to the muscle in contrast to notexin or cardiotoxin injury. 

Additionally, a limitation of the mouse model of muscular dystrophy, the mdx mouse, is 

that it fails to accurately recapitulate many of the adipogenic changes that occur in the 

limbs of these patients. In fact, one interesting attempt to humanize the mdx mouse was 

by introducing an mdx mouse that also had shorterned telomeres and mitochondrial 

defects (107). This attempt resulted in a much more faithful recapitulation of the 

adipogenic changes seen in human DMD patients. When analyzing the results of our 

sustained deletion of satellite cells following ischemia for 30 days, we noticed large lipid 

droplets visible on H & E images (see figure 14) and were struck by the possibility of 

having a mouse model that recapitulates human skeletal muscle pathology, not just of 

DMD patients but also of PAD patients—preliminary data from our lab had previously 

shown an accumulation of fat in amputated limb muscles of patients with PAD. In fact, 

when we isolated the EDL muscle from our Day 30 time point Pax7Δ mice, we noticed 

that the tamoxifen treated muscle had entirely different densities due to fat buildup and 

would float in fixative (figure 18). These initial observations then led us to explore and 
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characterize the adipogenic changes that occur in skeletal muscle following ischemic 

injury and how these changes are affected by the absence of myogenic precursors. 
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Figure 18: EDLs isolated from Day 30 Pax7Δ mice have a different density due 
to adipogenic changes 

While control muscle from mice who underwent ischemic injury sinks in fixative, 

the muscle floats in fixative when there are no satellite cells present, suggesting a large 

change in soft tissue density, likely due to fat buildup. 
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4.2 Results 

4.2.1 Ablation of Pax7+ MPCs in mice results in marked fat infiltration 
of skeletal muscle following ischemia. 

To investigate the adipogenic changes that occur in skeletal muscle following 

ischemic injury, we used two different complementary lipid stains, BODIPY 493/503 and 

oil red O, to examine fatty changes 7 days after HLI. While Oil Red O is a sensitive stain, 

it often has issues with specificity in tissue sections, while BODIPY is less sensitive but 

provides better specificity in staining. Oil red O staining showed a small amount of fat 

deposition in the control Pax7WT TA muscle (figure 19A and B), which was significantly 

increased in Pax7Δ muscle. These finding are mirrored in the BODIPY staining of the 

muscle and can be quantified to demonstrate that this is a significant increase (figure 

19C). Interestingly, there is much more heterogeneity in the amount of fat within each 

group at this timepoint, suggesting that these lipid changes are not driven solely by the 

absence of satellite cells, but rather from the nature of the ischemic injury itself, similar 

to glycerol as a mode of injury in skeletal muscle. When sectioning the muscles for the 

longer time points, the sections had to be thicker due to their more fragile nature that 

was discussed in the previous chapter, likely due to the additional fat that continues to 

accumulate in the absence of satellite cells. As a result, the Oil Red O staining as well as 

BODIPY staining had large amounts of areas stained that looked nonspecific (figure 23), 

but were likely residual deposits or smears of fat from other areas of the slide due to the 

thickness of the sections. To overcome this somewhat nonspecific staining, we utilized 
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an antibody for Perilipin. Perilipin is selectively localized to the periphery of lipid 

droplets and thus can stain adipogenic build up quite specifically (108-110), even for 

thicker sections. To ensure equivalent staining panels across our various timepoints after 

ischemia, we stained the ischemic TAs from the Day 7 timepoint with perilipin and 

demonstrated a significant increase in fat in the Pax7Δ muscle (figure 20), which 

mirrored the data obtained using the Oil Red O and BODIPY stains, providing further 

validation for the use of Perilipin as an appropriate stain for lipid changes in skeletal 

muscle. Perilipin staining in the day 14 post ischemic muscle, we notice significant 

differences in adipogenesis (figure 21), but the Pax7WT muscle still contains some fat 

deposits in the interstitial space. However, there is a stark difference in the levels of fat 

in either group compared to the day 7 time point. Much of the heterogeneity of the 

injury is now gone, thanks to the control muscle having recovered significantly more 

and thus any fatty changes have likely reverted back whereas in the absence of satellite 

cells, there continues to be a fat buildup. Perilipin staining one month after ischemic 

injury reveals a remarkable increase in adipogenic changes in the Pax7Δ muscle (figure 

22), but importantly, the controls also seem to have less fat compared to the Day 14 

samples, suggested an appropriate response during normal regeneration of skeletal 

muscle to clear any presumably pathological changes (fat buildup will be presumed to 

be pathological in this case).  
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Figure 19: Ablation of Pax7+ MPCs in mice results in fat infiltration of skeletal 
muscle 1 week after ischemia. 

(A) BODIPY staining of the ischemic TA muscle and (B) Oil Red O staining 

demonstrate increased lipid staining from baseline in the absence of satellite cells 7 days 

after HLI surgery (C) Quantification of fat staining reveal a significant increase in the 

amount of fat in muscles lacking MPCs. 
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Figure 20: Ablation of Pax7+ MPCs in mice results in fat infiltration of skeletal 
muscle 1 week after ischemia (perilipin staining). 

Perilipin staining and quantification of the ischemic TA muscle demonstrates a 

significant increase in lipid staining from baseline in the absence of satellite cells 7 days 

after HLI surgery. 
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Figure 21: Ablation of Pax7+ MPCs in mice results in a marked increase in fat 
infiltration of skeletal muscle 2 weeks after ischemia. 

(A) Perilipin staining of the ischemic TA muscle with and without satellite cells 

and (B) quantification of the total muscle area staining positive for perilipin demonstrate 

increased lipid staining from baseline in the absence of satellite cells 14 days after HLI 

surgery. 
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Figure 22: Ablation of Pax7+ MPCs in mice results in a marked increase in fat 
infiltration of skeletal muscle one month after ischemia (perilipin staining). 

(A) Perilipin staining of the ischemic TA muscle with and without satellite cells 

and (B) quantification of the total muscle area staining positive for perilipin demonstrate 

increased lipid staining from baseline in the absence of satellite cells 30 days after HLI 

surgery.  In contrast to the Day 14 samples, there is much lesser interstitial fat in the 

control muscle.
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Figure 23: Ablation of Pax7+ MPCs in mice results in a marked increase in fat 
infiltration of skeletal muscle one month after ischemia (Oil Red O staining). 

(A) Oil Red O staining of the ischemic TA muscle with and without satellite cells 

and (B) quantification of the total muscle area staining positive for Oil Red O 

demonstrates good concordance with the perilipin staining, but the staining visually 

appears to be less specific. 
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4.2.2 DiceCT is a novel technique to demonstrate the adipogenic 
changes in whole muscle following ischemia and ablation of satellite 
cells. 

Once we had clearly established the rather remarkable increase in fatty changes 

that occur in skeletal muscle in our murine model of PAD when satellite cells are not 

present by histology, we wanted a way to visualize the entire muscle to see if we could 

see the soft tissue changes at a macro-level rather than at the microscopic level. To this, 

we collaborated with the Duke Shared Materials Instrumentation Facility to help 

validate a relatively newer technique in microCT (or micro computerized tomography) 

to visualize soft tissue changes in the skeletal muscle, known as diceCT (90). The 

principle behind this technique is that Lugol’s Iodine, which is one of many radio 

opaque agents, is absorbed by different soft tissues at different rates. Thus, by 

incubating our muscle in Iodine prior to scanning with a microCT scanner, we would be 

able to delineate the fat from muscle as they would absorb the iodine at different rates 

and thus have different radio intensities when treated with X-rays. When scanned, this 

is exactly what we see: 2 weeks after ischemia (figure 24), the EDL muscle with satellite 

cells ablated (on the right) has significant soft tissue changes, seen clearly in green, as 

opposed to the more homogenous regenerated skeletal muscle control (on the left) that 

is blue in color. By one month or 30 days, the control muscle can be visualized with 

distinct myofibers (figure 25 left), whereas the EDL muscle from the Pax7Δ mice has not 
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only atrophied based on its morphology, but significant soft tissue adipogenic changes 

can be visualized in the muscle (green false color figure 25 right). 
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Figure 24: Visualization of the fat buildup by diceCT 2 weeks after ischemia. 

On the left, we can see the EDL muscle from our control corn oil treated mice, 

who have recovered through normal regeneration 14 days after ischemia. However, the 

Pax7 ablated muscle has significant soft tissue fatty changes, visualized in green. 
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Figure 25: Visualization of the fat buildup by diceCT 1 month after ischemia. 

On the left, we can see the EDL muscle from our control corn oil treated mice, 

who have recovered through normal regeneration 30 days after ischemia. Additionally, 

at this point, the individual fused muscle fibers are clearly visible in our control. 

However, the Pax7 ablated muscle has significant soft tissue fatty changes as well as 

general muscle atrophy, visualized in green. 
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4.2.3 FAPs are significantly upregulated in Pax7Δ mice after ischemia 

To examine the cellular origins of the adipogenic changes that occur after 

ischemia, we looked for progenitor cells that had previously been shown to contribute to 

fatty changes in skeletal muscle. An obvious candidate in this case were the resident 

fibro/adipogenic progenitor cells, which have been shown to induce adipogenic changes 

in skeletal muscle in limb girdle muscular dystrophy type II (111) as well as through 

sonic Hedgehog signaling in other pathological conditions (64). Additionally, FAPs have 

been known to drive adipogenic changes in a variety of metabolic and cardiovascular 

disorders (84, 85, 112). We stained Pax7Δ and Pax7WT ischemic muscle for all our 

timepoints for the FAP marker PDGFRα (113-115). If the adipogenic changes seen in this 

muscle is driven by FAPs, then there should be increased staining for FAPs in the 

muscle. Indeed, there is a significant upregulation of PDGFRα signaling in the 

adipogenic Pax7Δ seen 1 week after ischemia (figure 26). When the staining is repeated 

on the longer timepoints, we observed similar results 2 weeks after ischemia (figure 27) 

as well as 1 month after ischemia (figure 28). The percentage area of PDGFRα+ area 

increases with each timepoint, suggesting that the accumulation of the adipogenic 

changes with time correspond with an increase in total muscle area occupied by FAPs. 

Conversely, the percentage of PDGFRα+ area is unchanged in the Pax7WT muscle for all 3 

timepoints at baseline. This data suggests that the adipogenic changes in the muscle 
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following MPC ablation is driven by known inducers of fatty changes in muscles, the 

FAPs. 
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Figure 26: Ablation of Pax7+ MPCs in mice results in an increased FAP 
staining in skeletal muscle 1 week after ischemia. 

PDGFRα staining is significantly upregulated in the Pax7Δ muscle compared to 

the control muscle. 
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Figure 27: Ablation of Pax7+ MPCs in mice results in an increased FAP 
staining in skeletal muscle 2 weeks after ischemia. 

PDGFRα staining is significantly upregulated in the Pax7Δ muscle compared to 

the control muscle. 
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Figure 28: Ablation of Pax7+ MPCs in mice results in an increased FAP 
staining in skeletal muscle one month after ischemia. 

PDGFRα staining is significantly upregulated in the Pax7Δ muscle compared to 

the control muscle. 
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4.2.4 Batimastat is a non-specific MMP inhibitor that can inhibit FAPs 
and adipogenesis and promote fibrosis in the absence of satellite 
cells 

To further examine the cellular origins of the adipogenic changes in skeletal 

muscle of mice lacking satellite cells, we used a known inhibitor of adipogenesis in 

skeletal muscle, batimastat (111). Batimastat (BB-94) is a non-specific matrix 

metalloproteinase (MMP) inhibitor that was amongst the first collagen peptide-based 

hydroxamic acids developed and evaluated to treat cancer (116). As the critical role for 

MMPs became clear in tissue degradation during various disease models, batimastat 

was shown to improve the skeletal muscle response to degradation in DMD (117, 118). 

Subsequently, batimastat was used to inhibit adipogenesis in DMD models, as the 

adipogenic changes observed were mediated by TIMP3 and MMP14 (64). We reasoned 

then that if FAPs are contributing to adipogenesis in our mouse model of PAD, then 

treating mice with batimastat should alleviate the degree of adipogenesis when satellite 

cells are ablated in the same mice that undergo HLI as well as receive the drug 

batimastat. Indeed, batimastat is able to alleviate the adipogenic changes that occur in 

our CLI model in the absence of satellite cells (figure 29). Interestingly, this change in 

adipose infiltratin is accompanied by a corresponding increase in fibrosis (figure 30). A 

quantification of the decrease in adipogenesis and a corresponding increase in fibrosis is 

shown in figure 31. Although batimastat inhibits adipogenic changes driven by FAPs, it 

does not alter the number of FAPs resident in the muscle or fibrosis in skeletal muscle 
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(111). To examine whether batimastat alters FAP area in skeletal muscle in the unique 

context of ischemia, we stained for the FAP marker PDGFRα. Unsurprisingly, the area 

between the vehicle control treated and batimastat treated muscle is not significantly 

different (figure 32). Collectively, these findings suggests that FAPs are important 

players in the pathophysiology of PAD, especially in the context of a lack of 

regeneration.  
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Figure 29: Inhibiting FAPs via batimastat treatment reduces adipogenesis in 
ischemia in the absence of satellite cells. 

(A) Oil Red O staining of the ischemic TA muscle that lacks satellite cells 

demonstrates a decrease in the total fat seen in skeletal muscle in the batimastat treated 

group, suggesting that FAPs contribute to adipogenesis during ischemia in the absence 

of satellite cells (B) Perilipin staining demonstrates a complementary but similar finding. 
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Figure 30: Inhibiting FAPs via batimastat treatment increase in fibrosis in 
ischemia in the absence of satellite cells. 

Sirius Red staining for collagen of the ischemic TA muscle demonstrates a 

corresponding increase in the total fibrotic content seen in skeletal muscle in the 

batimastat treated group, suggesting that a decrease in adipogenesis during ischemia in 

the absence of satellite cells is accompanied by a corresponding increase in fibrosis.  
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Figure 31: Inhibiting FAPs via batimastat treatment decreases adipogenesis 
and promotes a corresponding increase in fibrosis in ischemia in the absence of 

satellite cells. 

A quantification of figures 25 and 26 can be seen above. 
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Figure 32: Inhibiting FAPs via batimastat treatment does not alter total FAP 
area. 

PDGFRα area is unchanged in the ischemic skeletal muscle of Pax7Δ batimastat 

treated mice. 
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4.2.5 Continuous ablation of satellite cells results in a shortening of 
telomeres measured by Q-FISH, but not qPCR 

Because a humanized mdx mouse can be created by the shortening of telomeres 

and recapitulate the adipogenic phenotype in mice that is seen in DMD patients (107, 

119), then we reasoned that perhaps the loss of satellite cells and increased propensity 

for adipogenesis following injury would correspond to a decrease in telomere lengths. 

Telomere Q-FISH has become the predominant method to measure telomere lengths 

both in vitro and in vivo (120-122). This technique uses a short fragment of fluorescent 

tagged nucleic acid complementary to the telomere sequence to quantify the total 

content of telomeric sequence in the genome. Telomere length measurements, 

specifically within myonuclei of the TA muscle, revealed a significant shortening of 

telomere length in Pax7Δ relative to our control Pax7WT non-ischemic muscle after 30 

days of sustained satellite cell ablation (figure 33). Additionally, to ensure that the effect 

was not dependent on tamoxifen treatment but on ablation of satellite cells itself, we 

took wild type BL6 (the background of our mice) littermates and gave them tamoxifen 

or control diet for 30 days following an induction phase of tamoxifen daily injections for 

5 days. Tamoxifen treatment had no effect on telomere lengths (figure 33B). As a 

complementary approach to telomere Q-FISH, we took the non-ischemic gastrocnemius 

muscle from the same Pax7WT and Pax7Δ mice and homogenized the muscle, isolated 

genomic DNA and measured absolute telomere lengths in these muscles using qPCR 

(92). Surprisingly, the results from this experiment contradicted the results from the TA 
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muscle Q-FISH as no differences in telomere lengths were seen (figure 34). Telomere 

shortening and mitochondrial dysfunction has been linked with muscular dystrophy, 

genetic cardiomyopathies and cardiac failure (119, 123-125). As a result, we were also 

interested in whether there are any telomere length differences observed in human PAD 

patients based on their disease severity. Q-FISH of human age-matched PAD patients 

with either the milder phenotype IC or the severe phenotype CLI (subcategorized into 

RP: Rest Pain and TL: Tissue Loss) revealed no differences in telomere lengths (figure 

35) based on their phenotypic presentation. 
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Figure 33: Loss of Pax7 results in shortened telomeres after 30 days of 
sustained Pax7 deletion. 

(A) 30 days after ischemia, telomere Q-FISH in the non-ischemic TA muscle 

reveals a shortening of telomeres in the Pax7 ablated muscle (B) Quantification of 

relative telomere lengths shows a significant decrease. As a control, BL6 mice given 

tamoxifen diet over 30 days do not demonstrate a similar shortening. 
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Figure 34: Loss of Pax7 results in unchanged telomere lengths as measured by 
qPCR. 

30 Days after ischemia, qPCR of the contralateral gastrocnemius muscle reveals 

no shortening of telomeres in the muscle. 
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Figure 35: Human PAD patients do not have shortened telomeres based on 
disease severity. 

PAD patients with either intermittent claudation (IC), rest pain (RP) or tissue loss 

(TL) were age-matched and Q-FISH was performed to measure telomere lengths. No 

significant differences were observed (n=4 per patient group, with 5 fields obtained per 

patient and at least 10 nuclei counted per field). 
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4.3 Discussion 

In this chapter, using several complementary approaches (oil red O, BODIPY, 

perilipin), we demonstrated the novel and important finding that in the absence of 

Pax7+ satellite cells, ischemia induces marked lipid deposition within skeletal muscle. 

This observation distinguishes the injury in this model from that seen in murine models 

of muscular dystrophy and cardiotoxin injury, which lack similar adipogenesis. 

Although the mdx mouse model lacks the extreme fat deposition that is observed in 

DMD patients (83), a "humanized" mdx model with shorterned telomeres and 

mitochondrial defects did show greater adipogenic changes (107). These lipid deposits 

are presumed to be pathogenic, because many skeletal muscle diseases result in 

adipogenic changes (126). Notably, the complete loss of satellite cells in Pax7Δ mice 

recapitulated findings seen in muscle tissue samples of CLI patients, who had increased 

adipogenesis in more ischemic distal regions. The mice used in this study were on a 

C57BL/6 background, a strain in which the skeletal muscle is known to be resistant to 

ischemic injury (15). Strikingly, the absence of satellite cells completely abrogated the 

protective effect conferred by C57BL/6 genetic factors, suggesting that satellite cell loss 

or dysfunction contributes to the CLI phenotype. Future studies should then focus on 

satellite cell dysfunction within CLI. It is unclear whether dysfunctional satellite cells or 

simply a depletion in satellite cell numbers might contribute to an increase in 

adipogenesis in humans. Through diceCT, we were able to observe many of the 
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adipogenic changes that were occurring throughout the muscle, rather than localized to 

the center or the periphery. In using diceCT, we were able to validate a tool that is 

relatively easy to use, albeit with a need for very specialized equipment to study soft 

tissue changes in skeletal muscle.  

FAPs have been shown to play a role in obesity-associated skeletal muscle 

dysfunction as well as in denervated skeletal muscle (88, 112). We hypothesized that 

FAPs were responsible for the increased adipogenesis after ischemia in Pax7Δ mice. To 

explore this possibility, we stained for the FAP marker PDGFRα and observed a clearn 

increase in the area of FAPs that corresponded with an increase in adipogenesis in Pax7Δ 

mice. To further show that FAPs are responsible for this fatty infiltration, we inhibited 

MMPs with batimastat, an approach that has been shown to inhibit FAP differentiation 

into adipocytes. Indeed, we observed a decrease in the degree of adiposity after 

batimastat treatment, but this was accompanied by a corresponding increase in fibrosis. 

Future studies, such as lineage tracing using the FAP marker PDGFRα (82) will be 

necessary to conclusively determine whether FAPs or other progenitor cell types 

contribute to this fat infiltration.  

Several important questions arise regarding the mechanisms responsible for both 

the adipogenesis and the switch to a fibrotic phenotype after batimastat treatment. First, 

what are the paracrine signaling pathways between satellite cells and other muscle 

progenitor cells, including FAPs, that drive normal myogenesis? Pax7+ cells account for a 
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small percentage of total cells in muscle tissue, yet in typical muscle cell isolates, the vast 

majority of mononuclear cells have the capacity to fuse and differentiate into myotubes 

in vitro, suggesting that the presence of satellite cells confers on other MPCs (e.g., 

myoblasts, pericytes, FAPs) the ability to differentiate into functional muscle. This likely 

involves paracrine signaling mechanisms that remain to be fully elucidated, although 

PDGF-BB and DLL4 have been implicated in driving pericytes toward a myogenic 

lineage (61). Second, what are the mechanisms that drive the increased adipogenesis in 

the absence of satellite cells? Does a suppressive signal from satellite cells to FAPs 

normally prevent adipogenesis, or does the absence of satellite cells activate another 

pathway to drive adipogenesis? Third, and equally important, does ischemia contribute 

to these processes, since adipogenesis does not occur in the non-ischemic limb, or are 

these pathways driven by aberrant regeneration? Future studies will be necessary to 

elucidate these mechanisms, and it is hoped that such information would lead to the 

eventual development of therapies for diseases of aberrant muscle stem cell number 

and/or function, such as CLI and DMD. Batimastat provides a potential starting point 

for development of drugs to inhibit adipogenic changes in skeletal muscle. Although an 

increase in fibrosis in CLI in place of adipose tissue may not translate into better clinical 

outcomes, it provides an initial strategy to prevent pathological adipogenesis. Another 

interesting question for the future would be to look at the signaling pathways that 

mediate this injury and increases propensity for fat accumulation, and whether this is 
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shared with the glycerol injury pathway and distinct from the cardiotoxin injury 

pathway. There are 2 major possibilities for why FAPs are infiltrating skeletal muscle 

with fat in the absence of regeneration: 1) there is a cross-talk between satellite cells and 

FAPs that is now lost and any inhibition would be lifted in this absence or 2) because 

there is a complete failure to regenerate, something has to fill the space where myofibers 

would presumably regenerate, and FAPs simply occupy that space with fat.  

It is unknown why in the absence of Batimastat, an adipogenic phenotype is 

favored over a fibrotic phenotype (figure 31). Additionally, it is unknown whether 

Batimastat inhibition results in fibrosis due to FAPs switching from an adipogenic to a 

fibrotic lineage or if there is completely new source for collagen deposition once the 

FAPs are inhibited. Additionally, Batimastat provided an exciting possibility for a drug 

or the principle of a drug that can inhibit adipogenic changes in skeletal muscle. 

However, whether an increase in fibrosis in PAD in contrast to a buildup of fat is better 

for the patient’s clinical outcome has not been determined. However, if future studies 

are able to identify a drug that can completely inhibit both pathological fibrosis and 

adipogenesis in PAD, then patients may be able to recover and potentially regenerate 

skeletal muscle rather than have pathological changes occur. Lastly, the finding that 

telomeres are shortened upon satellite cell depletion is extremely intriguing, although it 

is difficult to imagine why telomeres might shorter in such a rapid timeframe of 30 days. 

This is confounded by the fact that qPCR does not reveal any differences in telomere 
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length. This discrepancy might need to be resolved by the gold standard of Terminal 

Restriction Fragment (TRF) analysis (127). Although human data revealed no correlation 

between telomere lengths and PAD severity, it would be interesting to compare age-

matched PAD patients with normal human subjects.  
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5. In vitro isolation and differentiation of myoblasts 
following satellite cell ablation in vivo 
5.1 Introduction 

It is well known that myoblasts isolated from whole muscle tissue retain their 

ability to differentiate and fuse into mature skeletal myotubes in vitro. Pax7+ satellite 

cells comprise a small percentage (<10%) of the mononuclear cells isolated from muscle 

tissue that have the potential to differentiate into muscle (i.e., MPCs). Once MPCs are 

isolated and plated in vitro, satellite cells rapidly lose expression of Pax7 and 

differentiate into MyoD-expressing committed myoblasts (91). Prior studies have 

demonstrated that deletion of Pax7 satellite cells in vitro, after plating, does not impair 

myoblast differentiation (43). To our knowledge, however, no studies have examined the 

effect of in vivo ablation of Pax7+ cells on subsequent myoblast differentiation in vitro and 

whether this might affect the propensity of cells to differentiate toward an adipogenic 

lineage. To test this, mice were treated with either tamoxifen or corn oil for 5 days to 

ablate Pax7+ cells in vivo, then muscle was harvested and mononuclear cells/myoblasts 

were isolated and plated in vitro. Additionally, to partially mimic the context of ischemia 

in vitro, the cells were placed either in normoxic (normal oxygen) conditions or hypoxic 

(no oxygen) conditions. Importantly, there was no nutrient deprivation of these cells, 

which can be quite significant as ischemia in vivo will also result in nutrient deprivation 

to tissues. However, it can be difficult to induce the formation of myotubes in complete 
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nutrient differentiation in vitro, as myoblasts may not be viable under these conditions 

(data not shown). 
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5.2 Results 

5.2.1 Isolation of myoblasts from Pax7WT and Pax7Δ mice and 
differentiating them into skeletal muscle in vitro 

When we plated homogenized muscle cells from Pax7Δ mice initially, there was 

no growth in the plates compared to their wild type controls. Gradually, although cells 

grew in both plates, the control cells looked much more like the typical rounded 

mononuclear myoblasts that are observed upon isolation, whereas the cells from the 

satellite cell depleted muscle resembled fibroblasts and maintained a spindle-like shape 

as they were passaged (figure 36). When cultured in muscle differentiation medium 

under normoxic (figure 37) and hypoxic (figure 38) conditions, only cells from Pax7WT 

mice were able to form mature myotubes, as evidence by expression of the myogenic 

regulatory factor myogenin and the mature skeletal muscle myotube marker myosin 

heavy chain (MHC). Interestingly, there was no effect of hypoxia on myotube formation. 

In fact, tube formation in hypoxic conditions resulted in slightly larger, more robust tube 

formation. To tease out the degree of contribution from satellite cells to the myogenic 

precursor pool in vitro, satellite cells were only partially ablated in mice by giving them a 

lower dose of tamoxifen during the induction phase. FACs sorting was then used to 

isolate satellite cells from mice that had partial ablation and compared with satellite cells 

isolated from control mice who had been treated with corn oil. Satellite cells isolated 

from mice with partial ablation were only partially able to form mature myotubes in 

vitro and had an impaired ability to form mature fused myofibers (figure 39). These 
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finding suggest that satellite cells make a significant contribution to the myoblast pool 

and are necessary to confer upon them the ability to generate myotubes. 
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Figure 36: Myoblasts isolated from Pax7 depleted muscle have altered 
morphology. 

Myoblasts isolated from skeletal muscles usually grow as rounded, mononuclear 

cells, as seen in our wild type controls. The cells isolated from our depleted muscle 

resemble mostly fibroblasts and have a spindle like shape that is atypical for myoblasts. 
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Figure 37: Myoblasts isolated from Pax7 depleted muscle fail to form mature 
skeletal muscle under normoxic conditions. 

When cells from both mice were placed in differentiation medium, the cells 

isolated from mice treated with corn oil were able to express myosin heavy chain, a 

marker of myotube formation. The satellite cell ablated muscle did not fuse or even 

express the early differentiation marker myogenin. These cells were allowed to 

differentiate under normoxic conditions. 
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Figure 38: Myoblasts isolated from Pax7 depleted muscle fail to form mature 
skeletal muscle under hypoxic conditions. 

When cells from both mice were placed in differentiation medium, the cells 

isolated from mice treated with corn oil were able to express myosin heavy chain, a 

marker of myotube formation. The satellite cell ablated muscle did not fuse or even 

express the early differentiation marker myogenin. These cells were allowed to 

differentiate under hypoxic conditions. 
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Figure 39: Satellite cells isolated from Pax7 partially depleted muscle have an 
impaired ability to form mature skeletal muscle under both normoxic and hypoxic 

conditions. 

Cells were isolated from FACS sorting of satellite cells using the markers 

VCAM+, Sca1-, CD31/45- from mice that were either treated with a low dose of 

tamoxifen or corn oil control. In both normoxic and hypoxic conditions, cells isolated 

from muscle with a partial deletion struggled to form robust myotubes in vitro. 
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5.2.2 Plating myoblasts from Pax7WT and Pax7Δ mice in adipogenic 
medium in vitro results in differential propensities to convert to 
adipocytes. 

To determine whether MPCs isolated from Pax7WT or Pax7Δ mice have an 

increased propensity to differentiate into adipocytes, cells were plated in adipogenic 

medium in both hypoxic and normoxic conditions. Because increased adipogenesis in 

Pax7Δ mice was observed in vivo in the setting of ischemia, cells (as seen in figure 36) 

were incubated for 12 days under normoxic or hypoxic conditions to simulate ischemia. 

Compared to cells from Pax7WT mice, cells isolated from Pax7Δ mice had an increased 

propensity to form adipocytes, irrespectively of oxygen status (figure 40-41). This was 

confirmed by lipid staining using oil red O (figure 42). These findings suggest that in the 

absence of Pax7+ cells, Pax7– cells with the potential to fuse and differentiate into muscle 

are driven toward an adipocyte lineage, although it is unclear whether these cells are 

FAPs or if they are derived some other progenitor cell population.  
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Figure 40: Normoxic myoblasts isolated from Pax7 depleted muscle have a 
higher propensity to form lipid droplets. 

When cells from both mice were placed in differentiation medium, the cells 

isolated from mice treated with tamoxifen were able to form lipid droplets in normoxic 

conditions.  



 

103 

 

Figure 41: Hypoxic myoblasts isolated from Pax7 depleted muscle have a 
higher propensity to form lipid droplets. 

When cells from both mice were placed in differentiation medium, the cells 

isolated from mice treated with tamoxifen were able to form lipid droplets in hypoxic 

conditions.  
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Figure 42: Myoblasts isolated from Pax7 depleted muscle have a higher 
propensity to form lipid droplets (Oil Red O staining). 

Oil Red O staining demonstrates lipid formation in the satellite cell depleted 

muscle cells, in both hypoxic and normoxic conditions.  
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5.3 Discussion 

In this set of in vitro experiments, our goal was twofold. First, we wanted to 

examine the effect on myoblasts isolated from mice where the ablation of satellite cells 

occurred in vivo rather than after plating (e.g using an adenovirus expressing Cre to 

remove a floxed Pax7 allele). Second, we wanted to explore the possibility that hypoxia 

may affect myotube formation. Our rationale for wanting to delete the satellite cells 

prior to cell isolation was that satellite cells often lose Pax7 and become the derived 

MyoD expressing myoblasts shortly after isolation for the in vivo environment (91). As a 

result, while some satellite cells may be ablated after plating, a certain population of 

Pax7-derived myoblasts would likely be able to form mature skeletal muscle in vitro. 

Our results are consistent with this rationale (figures 40-41), and it is very possible that 

our mix of cells isolated in the satellite cell ablated group contain almost no myoblasts. 

Instead the cells may contain predominantly fibrotic cells, possibly also including FAPs 

and pericytes. Additionally, the results from partial ablation of satellite cells suggests 

that when there is a limited pool of satellite cells, there is an impairment in formation of 

satellite cell-derived myoblasts, possibly explaining why that group was not able to 

form myofibers as readily as the control group.  

It was particularly interesting that there was no effect of hypoxia on in vitro 

differentiation capacity of myoblasts, highlighting that when enough nutrients are 

present within the media, the lack of oxygen can be overcome.  Instead, it is likely that if 
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we had also deprived the cells of essential nutrients within the media, the cells may not 

have been able to form myotubes. However, previous data from our lab suggests that 

conditions of both hypoxia and nutrient deprivation may be too harsh for the myoblasts 

and cell viability becomes a significant issue. Future experiments with parital hypoxia 

and nutrient deprivation may be needed to understand the importance of nutrient 

delivery in myotube formation. 

When the cells were placed in adipogenic media, the Pax7 control cells were still 

able to form some myotubes, suggesting that once these cells are plated, they have a 

strong predisposition towards making myotubes. However, in contrast, cells from the 

tamoxifen treated mice were able to differentiate into adipocytes, which was confirmed 

by Oil Red O staining. It may not even be fully accurate to term these cells myoblasts, as 

they do not resemble the typical morphology of myogenic precursors. Instead, these 

cells are likely a mixture of supporting cells from the surrounding niche. This would 

include the fibro/adipogenic progenitors, which are likely the source of the adipocyte 

formation in these experiments. However, as discussed in the introduction, other 

supporting cells such as pericytes have displayed a remarkable plasticity towards 

becoming other types of cells and it is not inconceivable that they also contribute to this 

pool of cells once satellite cells are deleted in-vivo. A very simple experiment for the 

future might be to either do FACS profiling of these cells that are plated in vitro for 

known markers of supporting cells within the skeletal muscle niche. An alternative 
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approach would be to take these cells perform immunohistochemistry directly on the 

cells. One conclusion that can be drawn from these sets of experiments is that ablation of 

satellite cells alone can increase the preponderance of surrounding cells/”myoblasts” to 

turn into adipocytes. 
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6. Human PAD patients have increased adipogenic 
changes in regions of increasing ischemia that 
correspond to a decrease in satellite cell numbers 
6.1 Introduction 

While our experiments with mouse models of PAD have demonstrated a clear 

link between myogenic precursors and pathological fatty changes, we wanted to explore 

whether human PAD patients would share some of these features. That is, do we have a 

clinical correlate to the insights we have gained from our pre-clinical model? To examine 

whether the adipogenic changes observed in our preclinical model are also seen 

clinically, we collaborated with vascular surgeons at Duke University Medical Center to 

set up an IRB to collect human skeletal muscle samples from patient with PAD. A 

majority of our samples came from CLI patients, and they tend to have the highest 

morbidity and mortality amongst PAD patients. As a result, it felt appropriate to 

conduct our clinical correlation studies in this subset of PAD patients.  
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6.2 Results 

6.2.1 CLI patients have increased fat deposits in more ischemic 
regions of their muscle 

We obtained skeletal muscle tissue from CLI patients undergoing limb 

amputation. In this setting, tissue that is farthest from the amputation site (distal) is 

typically the most ischemic, whereas proximal tissue, closer to the amputation site is less 

ischemic and often relatively healthy (128). Paired proximal and distal gastrocnemius 

muscle samples were obtained from 10 subjects, and adipose area was analyzed by 

perilipin staining. Upon quantification of the levels of lipids present in these regions 

while factoring a correction for total muscle area, it is apparent that the more ischemic 

distal regions have increase fat content relative to proximal regions of the same muscle 

(figure 43). This data serves as good validation of our preclinical model observations of 

the role of ischemia in inducing adipogenic changes. 
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Figure 43: Human PAD patients (CLI Amputees) have increased adipogenesis 
in more ischemic distal regions. 

Perilipin staining in the gastrocnemius muscle of human CLI patients reveal an 

increase in the presence of fat in more distal ischemic regions. 
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6.2.2 CLI patients have decreased Pax7+ cell numbers in more 
ischemic regions of their muscle 

Because the increase in adipogenic area in our preclinical model was caused by 

the ablation of satellite cells prior to ischemia, we investigated whether the increased 

adipogenesis in the regions of greater ischemia correlated with a loss or reduction in the 

number of Pax7+ cells. Immunostaining for Pax7 was performed on paired proximal and 

distal skeletal muscle sections from each subject. To ensure that our findings would be 

reliable, we conducted an optimization of the Pax7 staining protocol in human skeletal 

muscle. Figure 44 demonstrates the specificity of our signal and our ability to reliably 

identify satellite cells in human skeletal muscle. 

Although Pax7+ cells were still present in all subjects' distal muscle, we observed 

a significant decrease in the number of Pax7+ cells in distal tissue (figure 45). These 

findings support the possibility that chronic ischemia results in loss of satellite cell 

number and/or possibly dysfunction, which may contribute to the pathogenesis of PAD 

in general and CLI in particular. 
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Figure 44: Optimized Pax7 staining allows us to identify these progenitors in 
human skeletal muscle (Credit: Brian F. Gilmore, MD) 
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Figure 45: Human PAD patients (CLI Amputees) have fewer satellite cells in 
more ischemic distal regions. 

In a striking correlation, the more ischemic distal regions of the same patients 

with increased fat have fewer Pax7+ cells present, supporting our pre-clinical finding in 

our murine model of PAD. 
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6.3 Discussion 

It was quite remarkable to find human data that mirrors our preclinical model so 

well. The increase in adipogenic area in more ischemic regions mirrors a known 

phenomenon in muscular dystrophy patients where more fat and fibrosis correlates with 

increasing disease severity. In the context of ischemia, our data suggests that there is 

some degree of satellite cell exhaustion at play here (45, 57, 80, 129, 130), but this may 

only be part of the story. We found that more ischemic distal regions of CLI muscle had 

significantly fewer Pax7+ satellite cells. It is important to note that the mouse phenotype 

was induced by the complete absence of satellite cells after tamoxifen treatment, 

although it is unclear whether partial loss of Pax7+ cells would result in a similar 

phenotype. Although satellite cells are present in more ischemic regions, it is possible 

that they may be dysfunctional and unable to contribute to regeneration. Satellite cell 

dysfunction may not manifest as a decrease in absolute number, but there may instead 

be epigenetic modifications or post-transcriptional and post-translational alterations 

(131-133) that affect satellite cells' ability to effectively promote regeneration in CLI 

patients. Alternatively, the reduction in Pax7+ cell number with ischemia in CLI may 

result from a loss due to satellite cell exhaustion reminiscent of phenotypes seen in DMD 

patients (134-136). Future experiments will be necessary to elucidate the exact role that 

satellite cells play in the pathogenesis of PAD. Gene expression profiling of satellite cells 

in PAD patients with claudication or CLI may identify a specific genetic signature that 
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defines the pathophysiology of satellite cells in these conditions. The observed 

correlation between preclinical and clinical adipose deposition supports the biological 

and clinical relevance of these findings. 
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7. Exploring the cross-talk between muscle and blood 
vessel biology 
7.1 Introduction 

In the introduction, the theme of cross-talk between blood vessel biology and 

skeletal muscle biology was discussed at length. The purpose of the experiments 

described in this chapter was to explore the themes of vascular plasticity, specifically the 

role of supporting cells and receptor tyrosine kinases such as VEGF receptor-2, which 

are canonically thought of as regulating the vasculature but which may also play 

important roles in skeletal muscle differentiation and regeneration. 
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7.2 Results 

7.2.1 A subacute, but not the traditional acute, model of ischemia 
causes neovascularization distant from the site of ischemia 

Yang et al. first developed a "chronic" model of hindlimb ischemia using two 

ameroid constrictors to gradually occlude the femoral artery in addition to ligating its 

side branches (25). Our lab refined this model (14, 26) by placing either one or two 

constrictors on the femoral artery and leaving the side branches intact. We have found 

that subacute, but not acute, HLI results in dramatic neovessel formation in the 

contralateral, uninjured limb as well as in proximal regions of the ipsilateral limb. The 

neovessels express not only vascular markers but also Pax7, most commonly associated 

with muscle progenitor cells (MPCs). These findings suggest the exciting possibility that 

MPCs could contribute to neovascularization as well as muscle regeneration in subacute 

limb ischemia, providing a novel therapeutic target in PAD.  Examination of the tibialis 

anterior (TA) muscle of the contralateral, non-ischemic limb by confocal microscopy 

revealed a dramatic neovascularization of the tissue (figure 46A). Surprisingly, these 

large neovessels displayed markers of not only vascular cells (CD31, SMA, and NG2) 

but also MPCs (Pax7) (figure 46B). Additionally, due to the close proximity of different 

vascular cells, image analysis with IMARIS software was used to verify colocalization of 

Pax7 and CD31 (figure 46C). Of note, although Pax7 staining is typically nuclear, there 

have been multiple reports of cytoplasmic Pax7 staining, as observed here, in both 

mouse myoblasts and adult satellite cells that retain cell division markers using the same 
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antibody used here (51, 137, 138). Additionally, we observed neovascularization in less 

severely injured ischemic muscle (figure 47A) but not in the more severely injured distal 

TA. Further supporting the idea of a systemic response, Pax7 was found to be 

upregulated in both the contralateral and ipsilateral limbs (figure 47B). Importantly, 

these observations are highly reproducible within 7 days after ameroid constrictor 

placement, occurring in different strains of mice after subacute HLI and regardless of the 

surgeon who has performed the procedure. Finally, to explore the signaling mechanism 

driving this process, we found that treatment of BALB/c mice with recombinant sFlt 

prior to subacute ischemia reduced the neovascularization in the contralateral limb 

(figure 48), indicating that it is at least partly VEGF-dependent. To investigate the 

molecular mechanisms that mediate this vascular remodeling, we performed RNA 

sequencing to examining the transcriptomes of both the injured skeletal muscle and the 

contralateral, uninjured skeletal muscle, as well as a comparison of the subacute and the 

acute model of HLI. RNA sequencing results comparing the subacute model to the acute 

model as well as the subacute model to sham surgery are shown as heat maps in figure 

49 and in Table 2. Interestingly, one of the genes activated in the subacute model is 

BCL2-associated athanogene 3 (BAG3), which has been implicated in a number of 

myopathies and has also been shown to be a causal factor in the differential response to 

ischemia in different inbred strains (17, 139-142). Exogenous injection of BAG3 into 
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skeletal muscle is also known to induce a similar neovascularization (unpublished data 

from the Kontos lab), suggesting a link between BAG3 and this process. 



 

120 

 

Figure 46: Subacute ischemia induces formation of neovessels that express 
muscle progenitor cell and vascular markers. (Credit: Timothy J. McCord) 

(A) Large neovessels (arrows) form in both BL6 and BALB/c mice. (B) Large 

neovessels are positive for both the endothelial cell marker CD31 and the satellite cell 

marker Pax7. (C) IMARIS software colocalization of Pax7 and CD31 pixels. 
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Figure 47: Subacute ischemia induces neovascularization in the proximal 
ischemic limb and a general systemic response. 

(A) Neovessels are seen in the ischemic limb proximal TA (less severe injury) but 

not in the distal TA. (B) Subacute ischemia causes an upregulation of Pax7 in both the 

ipsilateral and contralateral gastrocnemius muscle. 
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Figure 48: Treatment of mice undergoing subacute ischemia with recombinant 
sFlt to inhibit VEGF signaling results in impaired neovascularization. 
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Figure 49: RNA Sequencing Heatmap for the non-ischemic limb in subacute 
HLI. 

(A) Significantly fewer genes are differentially expressed to significance between 

the subacute and acute model of ischemia, including Myogenin and Bag3. (B) Heatmap 

to demonstrate differential expression of genes in the subacute model of ischemia 

against the sham surgery mice. 



 

124 

Table 2: Differential Expression in the non-ischemic limb of Subacute vs 
Acute Model of HLI 

GeneName IsCoding 

logFC 
(SubacuteRTA 
/ AcuteRTA) lfcSE stat pvalue padj 

Retsat TRUE 0.784935289 0.122 6.44 1E-10 0 
Slc6a9 TRUE -0.878957403 0.159 -5.5 3E-08 0 
3632451O06Rik TRUE -1.060641984 0.199 -5.3 1E-07 0 
Acot2 TRUE 1.093162586 0.214 5.11 3E-07 0 
D930015E06Rik TRUE 0.852279742 0.17 5.01 5E-07 0 
Slc25a34 TRUE 0.978503772 0.203 4.83 1E-06 0 
Col11a2 TRUE -0.76663392 0.161 -4.8 2E-06 0 
Rhbdl3 TRUE -0.653121975 0.14 -4.7 3E-06 0.01 
Myog TRUE 0.81620294 0.178 4.58 5E-06 0.01 
Snai3 TRUE -0.950402368 0.211 -4.5 7E-06 0.01 
Pfkfb3 TRUE -0.824542686 0.188 -4.4 1E-05 0.01 
Nceh1 TRUE 0.652315268 0.149 4.37 1E-05 0.01 
Acsl1 TRUE 0.547271076 0.126 4.33 2E-05 0.02 
Ppp2ca TRUE 0.317283802 0.074 4.28 2E-05 0.02 
Slc27a1 TRUE 0.491373096 0.116 4.23 2E-05 0.02 
Plin5 TRUE 1.284915581 0.308 4.18 3E-05 0.03 
Hsd17b4 TRUE 0.562602311 0.135 4.15 3E-05 0.03 
Foxo6 TRUE -1.049098092 0.256 -4.1 4E-05 0.03 
Cd36 TRUE 0.562086247 0.138 4.07 5E-05 0.03 
Abra TRUE 0.549012774 0.136 4.05 5E-05 0.03 
Lcn2 TRUE -1.026562625 0.254 -4 5E-05 0.03 
Zcchc24 TRUE -0.456344202 0.113 -4 5E-05 0.03 
Fabp3 TRUE 0.582541064 0.145 4.01 6E-05 0.04 
Lrrn1 TRUE 0.555344058 0.14 3.96 7E-05 0.04 
Bag3 TRUE 0.307797573 0.079 3.89 0.0001 0.06 
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Table 3: Top gene ontology pathways upregulated in the non-ischemic limb of 
Subacute vs Acute Model of HLI 

 

PATHWAY NAME 
GO_FATTY_ACID_BETA_OXIDATION 
GO_FATTY_ACID_CATABOLIC_PROCESS 
GO_LIPID_OXIDATION 
GO_REGULATION_OF_FATTY_ACID_OXIDATION 
GO_LONG_CHAIN_FATTY_ACID_TRANSPORT 
GO_MONOCARBOXYLIC_ACID_CATABOLIC_PROCESS 
GO_FATTY_ACID_TRANSPORT 
GO_MICROBODY_LUMEN 
GO_CELL_JUNCTION_ASSEMBLY 
GO_FATTY_ACID_BETA_OXIDATION_USING_ACYL_COA_DEHYDROGENASE 
GO_LIPID_MODIFICATION 
GO_COA_HYDROLASE_ACTIVITY 
GO_THIOESTER_METABOLIC_PROCESS 
GO_CELL_CELL_JUNCTION_ASSEMBLY 
GO_COSTAMERE 
GO_CELL_JUNCTION_ORGANIZATION 
GO_NEGATIVE_REGULATION_OF_FATTY_ACID_METABOLIC_PROCESS 
GO_MONOCARBOXYLIC_ACID_TRANSPORT 
GO_THIOESTER_BIOSYNTHETIC_PROCESS 
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7.2.2 Genetic ablation of NG2+ pericytes results in impaired recovery 
from ischemia, but not to the extent of Pax7+ MPC ablation 

To examine the role of pericytes in the context of skeletal muscle regeneration 

following ischemic injury, our approach was to completely ablate NG2+ cells in our 

mouse model of PAD. Essentially, we used the same strategy that was used to ablate 

satellite cells. Specifically, we crossed NG2-CreERT2 mice to ROSA26DTA mice. To ablate 

pericytes, we injected tamoxifen (figure 1) or corn oil control for 5 days, followed by 

surgery and a maintenance dose of either control or tamoxifen diet for 2 weeks after 

surgery. Following ablation of pericytes and HLI surgery, we observed a significant 

defect in regeneration, as evidence by fewer centralized myonuclei, increased nuclear 

infiltrate, and larger areas of non-contractile tissue (figure 50). 
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Figure 50: Ablation of NG2+ pericytes results in impaired regeneration 2 
weeks following ischemia. 
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7.2.3 VEGF signaling in myogenic precursors plays an important role 
in muscle differentiation and regeneration 

In the introduction, the role of VEGF and its expression during differentiation 

and regeneration of skeletal muscle was highlighted as an underexplored area of 

research in skeletal muscle biology (76, 77, 143-151). To examine the role of VEGF 

signaling in muscle biology only, we crossed Pax7-CreERT2 mice to VEGFR2fl/fl mice, 

thereby creating an inducible model of VEGFR2 deletion only in satellite cells, but not in 

the endothelium because Pax7 is not expressed in the endothelium (152). Following 

induction with 75 mg/kg body weight tamoxifen injections for 5 days, acute hindlimb 

ischemia surgery was performed and recovery from HLI was quantified by measuring 

non-contractile tissue per high power field. Loss of VEGFR2 in satellite cells resulted in 

an increase in the total non-contractile tissue area (figure 51), suggesting an important 

role for VEGF signaling in muscle differentiation as well as regeneration following 

ischemia. In a complementary in vitro experiment, myoblasts isolated from VEGFR2fl/fl 

mice were treated with a Cre recombinase-expressing adenovirus to remove VEGFR2 in 

myoblasts. This resulted in an inability of myogenesis to occur, as evidenced by a lack of 

MHC+ multinucleated myofibers (figure 52), a lack of MHC expression by western 

blotting, and a decreased fusion index of myofibers (figure 53). Fusion index was 

defined as the percentage of nuclei that were present in multinucleated myotubes (with 

at least 3 nuclei in each myotube). Collectively, these data demonstrate that expression 

of VEGFR2 is necessary for myoblasts to differentiate into mature myotubes.
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Figure 51: Conditional knockout of VEGFR-2 in satellite cells in mice results 
in impaired regeneration as measured by an increase in non-contractile tissue. 



 

130 

 

Figure 52: VEGFR2 deletion in myoblasts impairs myotube formation in vitro. 
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Figure 53: VEGFR2 deletion in myoblasts impairs myogenic differentiation in-
vitro 
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7.3 Discussion 

Although it seems counterintuitive that there neovascularization would occur 

distant from the site of injury, particularly after subacute injury, there is a precedent for 

such a phenomenon. Rodgers et al. demonstrated that, after muscle injury in one limb, 

Pax7+ cells in the contralateral, uninjured limb displayed distinct cell cycle behavior and 

regenerative potential (80). Such an activation of distant pools of cells likely requires 

some degree of endocrine and/or paracrine signaling. This phenomenon, occurring 

distant from the site of injury, suggests a larger systemic response that may be exploited 

in stem cell-based therapies for PAD. Although c-MET and hepatocyte growth factor 

activator (HGFa) were implicated in such an activation of distant stem cell pools, data 

from our RNA sequencing results did not show a major activation of these signaling 

pathways. Since the neovascularization occurs with the subacute model of HLI but not 

the acute model, there is likely a slow activation of a signaling factor or pathway in 

response to gradual ischemia. To consider pathways that were unique to the subacute 

model, we compared the subacute to the acute model and found that different metabolic 

pathways are activated in the subacute model (Table 3). Interestingly, two genes 

differentially expressed were the critical muscle regulatory factor myogenin as well as 

BAG3. The Bag3 gene has been shown by our own lab to be a determinant of myopathy 

in HLI (17), and when BAG3 is expressed via intramuscular AAV delivery, similar 

neovessels develop at the site of injection (data not shown). In future experiments, it 
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would be worthwhile to focus on the small subset of genes (figure 42A and Table 2) that 

are differentially upregulated in the subacute but not the acute model of HLI. Since 

these neovessels also express the satellite cell marker Pax7, a lineage tracing model of 

satellite cells can address some of the questions regarding the plasticity of these cells and 

their cross-talk with the endothelium.  

Within the same theme of cellular cross-talk, our pilot experiments showed a 

significant role for NG2-expressing pericytes in regeneration following ischemia. It is 

notable that ablation of pericytes apparently resulted in a drastic effect on regeneration, 

similar to that resulting from ablation of Pax7+ cells, particularly considering that 

satellite cells have been considered to be the most important component of the myogenic 

response to ischemia. However, pericytes have previously demonstrated a great deal of 

cellular plasticity and likely are involved in coordinating regeneration processes with 

satellite cells. There is now extensive data to suggest that the response from other 

surrounding tissues such as the tendon may also play a critical role in the response to 

injury (153), and additional work is needed to explore the tenocyte response to ischemia. 

Additionally, the studies described here uncovered an orthologous role for VEGF 

signaling in skeletal muscle, beyond what has been demonstrated canonically about 

their role in endothelial cell biology. Many future experiments will be required to fully 

elucidate this role. For example, what other myogenic cells express VEGF receptors 

during the regeneration or differentiation processes? What are the upstream and 
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downstream effectors for this mode of signaling in myoblasts and are there 

pharmacological interventions that could benefit people with myopathies or PAD?  

These collective experiments have paved the way for much more rigorous 

experiments to fully characterize this complex relationship between skeletal muscle and 

the surrounding niche and tissues.  
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8. Conclusion 
The fields of skeletal muscle biology and vascular biology have had an extensive 

history separately, but research examining the interplay between these two fields is 

much more recent and significantly underdeveloped. The studies described in each 

chapter of this thesis were based on the need to bridge this gap by focusing on the 

skeletal muscle response to vascular disease. Our work has clearly demonstrated that 

satellite cells play a critical role in the recovery from ischemic injury. While an absolute 

requirement for satellite cells for muscle regeneration after limb ischemia was not 

entirely unexpected, this had never been shown in either preclinical models of HLI or in 

the context of clinical PAD, specifically CLI. Because different injury modes may activate 

different response pathways (63, 154), it was important to show that ischemia induced a 

similar myogenic response as other injuries in terms of regeneration.  

The critical role of satellite cells in preventing extensive adipogenesis after 

ischemia is a novel phenomenon that has not been described previously and uniquely 

provides a pre-clinical model that appears to recapitulate the clinical phenotypes seen in 

CLI. Our clinical data demonstrated significant concordance with our pre-clinical 

models, revealing a strong link between satellite cells and an accumulation of lipid in 

more ischemic regions of skeletal muscle (155). This is particularly lacking in other pre-

clinical disease models, such as the mdx mouse for DMD. Moreover, by identifying 

FAPs as the likely cellular mediator of these adipogenic changes in skeletal muscle, our 
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studies provide a novel potential target for the amelioration of pathological changes in 

the limbs of CLI patients.  

To complement our studies on the role of satellite cells in ischemia and continue 

to explore the theme of the crosstalk between the vasculature and skeletal muscle cells, 

we identified additional targets in skeletal muscle that are classically associated with 

vascular cell biology, such as pericytes and VEGFR signaling, and we demonstrated a 

non-canonical role for VEGF signaling in skeletal muscle differentiation and 

regeneration. Additionally, we also showed that supporting cells such as pericytes play 

a critical role in muscle regeneration, although perhaps not to the same extent as satellite 

cells. However, additional studies will be needed to more precisely establish the 

contribution of these and other cell types and signaling pathways in skeletal muscle 

regeneration after ischemia.  

In summary, the studies performed here reveal a remarkable intertwining of 

responses of multiple tissues to an important clinical disease, namely CLI. This 

demonstrates the need to explore a disease process by examining and interrogating 

responses by various tissues as a whole, rather than as discrete entities, as this has the 

potential to unlock novel mechanisms and therapeutic targets.  
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Appendix A 
Abbreviations used frequently: 

C Celsius 

CLI Critical Limb Ischemia 

DAPI 4′,6-diamidino-2-phenylindole, nuclear stain for DNA 

DMD Duchenne Muscular Dystrophy 

DTA Diphtheria Toxin A 

EDL Extensor Digitorum Longus Muscle 

eMHC Embryonic Myosin Heavy Chain 

FAPs Fibro/adipogenic progenitors  

Fl/fl loxP sites flanking a gene at either allele 

FACS Fluorescence Activated Cell Sorting 

HLI Hindlimb Ischemia 

IC Intermittent Claudication 

IF Immunofluorescence 

IRB Institutional Review Board 

MHC Myosin Heavy Chain 

MMP Matrix Metalloproteinase 

NBF Neutral Buffered Formalin (usually 10%) 

OCT Optimal Cutting Temperature medium 
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PAD Peripheral Artery Disease 

Pax3 Paired box 3 

Pax7 Paired box 7 

Pax7Δ Pax7CreERT2;ROSA26DTA mice treated with tamoxifen (no satellite cells/satellite cells 

ablated) 

Pax7WT Pax7CreERT2;ROSA26DTA mice treated with corn oil (satellite cells intact) 

PBS Phosphate Buffered Saline, pH=7.2 

PBST PBS with 0.1% Triton X-100 

PDGFRα Platelet derived growth factor alpha 

PFA Paraformaldehyde (usually 4% in PBS) 

TA Tibialis Anterior Muscle 

TIMP3 Tissue inhibitor of metalloproteinase 3 

VEGF Vascular Endothelial Growth Factor 

VEGFR2 VEGF Receptor Type 2 
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