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Satellite cells, also called muscle stem cells, are responsible for muscle hypertrophy and 

repair in animals postnatally. Upon activation by various stimuli, they can proliferate, 

differentiate, and fuse with existing myofibers, contributing cytoplasm and myonuclei. Satellite 

cell regenerative capacity is compromised with age as aged muscle tissue becomes weak and 

loses mass. Age differences in satellite cells have been studied in vitro and in vivo in previous 

literature to better understand the decreased function in cell activity. The elasticity of muscle 

increases with age and usage, and is an important factor that affects satellite cell behavior in 

vitro. Semimembranosus (SM) and longissimus dorsi (LD) muscles from young and adult cattle 

showed differing elasticities with age and muscle type, and these values were mimicked using 

polyacrylamide gels. Satellite cells isolated from young bovine muscle and cultured on gels of 

varying elasticities show a 24 hour delayed expression of proliferating cell nuclear antigen 

(PCNA), an indicator of activation. Cell populations that attach to muscle-like substrates also 

exhibit approximately 50-70% Pax7/Myf5 co-expression, identified as muscle progenitor cells 

that can proliferate or return to quiescence. Addition of HGF increases the number of PCNA 

expressing cells on gels, emphasizing cell ability to become activated on soft substrates with 

appropriate stimulus. Cells cultured on gels for 6 days exhibit delayed proliferation followed by 
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a decrease in cell number. Results suggest that softer, tissue-like substrates have a significant 

effect on bovine satellite cell behavior in culture and may maintain satellite cell quiescence 

through recreation of the microenvironment experienced in vivo. 
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CHAPTER 1 

INTRODUCTION 

Satellite cells are muscle stem cells that are responsible for muscle hypertrophy 

postnatally. In adult muscle they reside in a quiescent state between the sarcolemma and the 

basal lamina of the myofiber, making up a small percentage of total nuclei in the muscle. They 

become activated in adult muscle via environmental and intrinsic cues that cause them to 

proliferate, differentiate, and eventually fuse with the myofiber. Satellite cells are considered 

adult muscle stem cells because of their ability to self-renew and replenish the quiescent 

population of cells. They contribute to the myonuclei pool upon differentiation, maintaining the 

amount of cytoplasmic material that each nuclei controls while increasing the overall 

myofibrillar area. 

Studying satellite cells in vitro is not indicative of in vivo behavior in the animal, as 

isolated cells become spontaneously activated within 24 hours post plating. Past studies have 

demonstrated that the elasticity of the substrate to which a cell attaches can affect cell behavior 

and cells with anchorage attachments, such as epithelial cells and mesenchymal stem cells, can 

sense the elasticity of the material through projected forces (Engler et al., 2004 a,b, 2006; 

Pelham and Wang, 1997; Peyton and Putnam, 2005). Satellite cells grown on softer substrates 

that mimic muscle elasticity exhibit improved myotube development and regenerative capacity 

both in culture and when transplanted to injured muscle (Engler et al., 2004b; Gilbert et al., 

2010). 

Satellite cells exhibit different behavior in aging animals as muscle weakens and loses 

mass. It is not fully understood why the regenerative ability of a satellite cell is compromised 

with age, but various changes in the satellite cell environment could be the cause. One such 
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change is increased tensile strength in muscle with age, which is a direct result of increased 

muscle development and connective tissue composition.  

The objectives of the current study were to (1) determine muscle elasticity changes with 

muscle type and age and (2) define how satellite cells respond to differing elasticities in vitro by 

culturing them on pliable substrates that mimic elasticity of muscle from different age groups. 
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CHAPTER 2 

MATERIALS AND METHODS 

Bovine Satellite Cell Isolation 

The semimembranosus (SM) was excised from neonates (<5 days; n=4) and developing (2-

3 months, n=2) Holstein bull calves and subsequently trimmed of connective tissue and fat and 

ground in a conventional meat grinder. Tissue was digested with protease (Sigma Aldrich, St. 

Louis, MO) at 1.25mg/g tissue in phosphate buffered saline solution (PBS) at a 1:1 (w/v) ratio 

for 45 minutes at 37°C (physiological temperature), with gentle swirling at 10 minute intervals. 

Protease was washed from the tissue by addition of PBS and centrifugation at 1500 X g for 5 

minutes and supernatant discarded, repeated for a total of three consecutive washes. The tissue 

was then re-suspended in PBS, shaken vigorously, and centrifuged at 500 X g for 10 minutes. 

The supernatant containing satellite cells was collected and the process was repeated for a total 

of four times to extract maximal satellite cell number from the tissue. The collected supernatant 

was centrifuged at 1500 X g for 10 minutes and the remaining pellet containing the satellite cells 

was re-suspended in PBS and consecutively filtered through 70µm and 40µm cell strainers 

(Fisher Scientific, Pittsburgh, PA). Filtered cells in PBS were centrifuged at 1500 X g for 5 

minutes and the resulting pellet was re-suspended in freezing media containing low glucose 

Dulbecco’s Modified Eagle Media (D-MEM; Invitrogen, Carlsbad, CA) supplemented with 10% 

v/v horse serum (Invitrogen), 1% v/v penicillin/streptomycin (Invitrogen), 0.1% v/v gentamicin 

(Invitrogen), and 10% v/v dimethyl sulfoxide (DMSO; Sigma Aldrich). Cells were stored in 

liquid nitrogen vapor until needed.  

Cell Culture 

1) Cell line: Stock C2C12 myoblasts were passaged at 70% confluency on 10cm 

polystyrene plates pre-coated with 0.1% w/v gelatin. C2C12 myoblasts were cultured in high 
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glucose D-MEM supplemented with 10% v/v fetal bovine serum, 1% v/v 

penicillin/streptomycin, and 0.1% v/v gentamicin reagent solution. 2) Primary bovine satellite 

cells (BSC): Media for BSC included low glucose D-MEM supplemented with 10% v/v horse 

serum, 1% v/v penicillin/streptomycin, and 0.1% v/v gentamicin reagent solution on entactin-

collagen type IV-laminin (ECL; Millipore, Billerica, MA) coated plates. Treatment media 

containing recombinant human hepatocyte growth factor (rhHGF) was used for satellite cell 

activation and consisted of low glucose D-MEM supplemented with 2% v/v horse serum, 1% v/v 

penicillin/streptomycin, 0.1% v/v gentamicin, and 10 ng/mL (w/v) of rhHGF (R&D Systems, 

Minneapolis, MN). Both cell types were cultured at a density of 1,000 cells per cm
2
. All cells 

were cultured at 37°C in 5% CO2. Consecutive trials were defined as individual cell cultures 

representing each trial. All experiments using cells were repeated for at least three times trials, 

and all experiments involving isolated BSC used a new animal for each repeated trial. 

Preparation of Matrix Protein and Photocrosslinker Attachment 

Entactin-collagen type IV-laminin (ECL) was used as the in vitro protein matrix for cell 

attachment. Phenol Red was removed from the ECL concentrate through a buffer exchange with 

PBS (Zeba 
TM

 Spin Desalting Columns, Thermo Fisher Scientific, Waltham, MA). The ECL was 

mixed with 10 mM of Sulfo-NHS-Diazarine Photocrosslinker (Sulfo-SDA; Thermo Scientific) at 

a 1:1 v/v ratio to allow for optimal protein:crosslinker interactions and allowed to react for 30 

minutes. The reaction was stopped by adding sterile 1 M Tris•HCL, pH 8.0 (Fisher Scientific) 

quenching buffer to a final buffer concentration of 100 mM. The mixture was allowed to sit for 5 

minutes before the Tris buffer was removed (Zeba 
TM

 Spin Desalting Column). The ECL protein 

concentration was measured (Micro BCA Protein Assay Kit; Thermo Scientific) and 

subsequently diluted to 20 µg/mL with sterile PBS. The ECL-Sulfo-SDA compound mixture was 
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immediately photocrosslinked onto polyacrylamide gels or used to coat 48-well plates or glass 

bottom plates. 

Polyacrylamide Substrate Preparation 

Polyacrylamide gels were made as described in Chadhuri et al., 2010 and Peyton and 

Putnam, 2005. Acrylamide and N-N’-methylene-bis-acrylamide (Bio-Rad, Hercules, CA) 

solutions were made to their desired concentrations in water and 1% v/v HEPES (Fisher 

Scientific). To the acrylamide solution, 1% of a 10% ammonium persulfate solution (APS, 1/100 

v/v; Bio-Rad) and 0.1% of TEMED (1/1,000 v/v; Bio-Rad) were quickly added and thoroughly 

mixed to start the polyacrylamide polymerization process. The solution was poured between 

glass plates separated by 0.75 mm spacers to ensure uniform thickness and was left to 

polymerize for two hours. Gel discs were manually punched from the polyacrylamide sheets in a 

sterile environment using an 8 mm diameter steel punch and placed inside a sterile multi-well 

plate cover. Gel discs were coated with the covalently attached ECL-Sulfo-SDA mixture at a 

20ug/mL concentration (w/v) of ECL in sterile PBS (pH 7.4). ECL was covalently attached to 

the gels via the photocrosslinking reactivity of the Sulfo-SDA Photocrosslinker with UV-light 

irradiation at 365 nm (UVP, Upland, CA). The UV light source was placed on top of the multi-

well plate cover, and gels were exposed to UV light for 15 minutes, with a 1 cm distance 

between the gels and the light source. Gels were subsequently placed in 48-well plates (Corning, 

Lowell, MA) and rehydrated with PBS until needed. 

Measurement of Elastic Properties and Young’s Modulus Determination 

Elastic moduli (Young’s moduli) of the polyacrylamide gels and muscle tissue were 

quantified with an Instron 3343 (Instron, Norwood, MA). Gels were polymerized for 2 hours as 

sheets between glass plates and were then cut into “dog-bone” shapes as described in Peyton and 

Putnam, 2005, with dimensions as follows (length x height): two 2x5cm rectangles connected by 
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a 4x1cm rectangle, all with 0.75mm thickness. Gels were hydrated in PBS until needed, and 

were attached to the Instron load cell by clamping both 2x5cm rectangles and leaving the 4x1cm 

rectangle unclamped. Semimembranosus (SM) and longissimus dorsi (LD) muscles were 

removed from the bone in young (<2-week) Holstein bull calves (n=3) and adult (estimated age 

24 to 36 months) Holstein females (n=4) at slaughter. Muscle tissue samples were kept in warm 

D-MEM post-harvesting and subsequently cut into strips approximately 10 cm for width and 

thickness and 20 cm in length. Muscle samples were attached to the Instron load cell and the 

working length (unclamped region) was noted. Samples were subjected to stretching at a rate of 

5 mm/min until the specimen broke or showed a significant decrease in force output. Data output 

was given as force (N) vs. distance (d) and Young’s moduli values (stress/strain slope) were 

calculated from the data output as follows: Young’s Modulus: Elasticity, E = stress/strain = F*L0 

/ ΔL*A0, where F is force (N), L0 is the original length of the specimen (mm), ΔL is the change 

in distance stretched (mm), and A0 is the original cross-sectional area (mm
2
). Units were given in 

N/mm
2
 which can be converted to kPa with 1 kPa = 1 N/m

2
, and the higher the elasticity value, 

the more stiff/rigid the tissue. 

Immunocytochemistry 

Cells were immunostained for proliferating cell nuclear antigen (PCNA) expression, a 

marker for satellite cell activation, or co-stained for Pax7 expression, a satellite cell marker, and 

Myf5 expression, an early myogenic marker. Cells on either gel substrates or glass/polystyrene 

plates were washed with PBS to remove media and fixed with either 4% v/v paraformaldehyde 

in PBS for 10 minutes at room temperature (for Pax7 and Myf5) or 90% v/v methanol in PBS for 

10 minutes at 4°C (for PCNA). Cells were subsequently washed with PBS. Cell membranes were 

permeabilized and non-specific antigen binding sites were blocked by incubation with blocking 

solution (10% v/v horse serum and 0.1% v/v TritonX-100 in PBS) for 60 minutes at room 



 

18 

temperature. Primary antibodies used were α-Pax7 mouse monoclonal IgG2a cultured supernatant 

(Developmental Hybridoma Bank, Gainesville, FL) diluted 1:5, α-Myf5 rabbit polyclonal (Santa 

Cruz Biotechnology, Santa Cruz, CA) diluted 1:100, and PCNA (c-20) goat polyclonal IgG 

(Santa Cruz Biotechnology) diluted 1:100. Primary antibodies, either individually (PCNA) or in 

combination (α-Pax7 and α-Myf5), were diluted in 10% v/v blocking solution in PBS. Cells were 

incubated in primary antibody solution overnight at 4°C. Primary antibody was then removed 

and cells were washed for 5 minutes three times with PBS. Secondary antibodies used were goat 

anti-mouse Alexa Fluor 488, donkey anti-goat Alexa Fluor 488, and donkey anti-rabbit Alexa 

Fluor 568 (Invitrogen), diluted 1:150 in 10% v/v blocking solution along with Hoechst dye 

(Invitrogen) at 10 µg/ml. Secondary antibody mixtures were added to cells for 60 minutes. 

Proliferation was measured using a Click-iT® EdU Alexa Fluor® 594 Imaging Kit 

(Invitrogen). This kit could not be used on polyacrylamide gels because of interference with 

imaging dyes, and therefore was only used on polystyrene or glass plates. 5-ethynyl-2’-

deoxyuridine (EdU) is a nucleoside analogue to thymidine and is incorporated into DNA during 

DNA replication and was used as an indicator for cell proliferation. The EdU (10 mM final) was 

added to live cells and incubated at 37°C in 5% CO2 for 2 hours. Cells were washed with PBS to 

remove media and fixed with 4% v/v paraformaldehyde for 15 minutes at room temperature. 

Cells were subsequently washed with 3% w/v bovine serum albumin (BSA; Fisher Scientific) in 

PBS twice and permeabilized with 0.5% v/v TritonX-100 in PBS for 20 minutes at room 

temperature. Cells were again washed twice with 3% BSA wash solution and a reaction cocktail, 

made according to the imaging kit manual, was added to the cells and incubated for 30 minutes 

at room temperature. Cells were washed once with the wash solution and once with PBS, and 
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Hoechst dye diluted at 1:1000 in PBS was added to cells and incubated for 30 minutes at room 

temperature. 

Fluorescence signaling was viewed with an Eclipse TE 2000-U stage microscope (Nikon, 

Lewisville, TX) equipped with an X-Cite 120 epifluorescence illumination system (EXFO, 

Mississauga, Ontario, Canada). Images were captured with a Photometrics CoolSnap EF digital 

camera and analyzed with the NIS-Elements software (Nikon). 

Statistical Analysis 

All data were analyzed to measure mixed effect models using the PROC MIXED statement 

in SAS and a one-way or two-way ANOVA (SAS Institute, Inc., Cary, NC, 2008). Comparisons 

of the least square means were assessed using the LSMEANS statement and differences were 

determined by the PDIFF option with P < 0.05 considered significant. 
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CHAPTER 3 

LITERATURE REVIEW 

Defining the Satellite Cell 

Skeletal muscle function is specialized to produce movement. Muscles are composed of 

muscle fibers grouped into fascicles by a connective tissue called the perimysium. The muscle 

fiber, also considered the muscle cell, is a multinucleated cell containing an array of filaments 

involved in contractile movement of the cell. The diameter of a muscle fiber, determined by the 

number of filaments, determines the strength of the fiber. The cytoplasmic volume is maintained 

by the nuclei of the muscle fiber. Each nucleus controls protein synthesis within the cell. 

Myogenesis is the formation of muscle tissue. It occurs prenatally via muscle hyperplasia, 

which is an increase in the number of muscle fibers. Following birth, muscle tissue grows 

through protein accretion within existing fibers, or muscle hypertrophy. At this point, skeletal 

muscle growth occurs in two stages: a rapid, intense growth phase that occurs during perinatal 

and postnatal life and a second phase of muscle maintenance and repair during adult life (Knapp 

et al., 2006). The result of muscle hypertrophy and repair facilitated by muscle stem cells, called 

satellite cells. 

Postnatal muscle growth and repair is dependent upon the actions of satellite cells, a 

population of adult stem cells interspersed within the muscle fibers. Satellite cells were named 

based on their location “satellite” and separate from the myofiber. They make up 2-7% of the 

adult muscle fiber, but this number can vary with age and muscle type (Snow, 2007; Tatsumi, 

2010). Satellite cells were first identified with electron microscopy by Alexander Mauro in 1961 

as mononucleated cells that run along the periphery of the frog myofiber. They reside in 

indentations between the sarcolemma and the basal lamina of the muscle fiber (Muir et al., 

1965). Features that identify satellite cell populations include a higher nuclear to cytoplasmic 
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ratio with few organelles, small nuclear size compared to adjacent myofibrillar nuclei, and an 

increase in the amount of nuclear heterochromatin compared with myonuclei (reviewed in 

Schultz, 1994). More recently, markers specific for satellite cells, such as Pax7, have been used 

to identify the unique myogenic population. 

Pax7 

Pax7, the paired-box transcription factor, is one of the most prominent markers for satellite 

cells. It is expressed in both quiescent and activated satellite cells. Using cell culture and electron 

microscopy, Seale et al., (2000) identified Pax7 as a crucial factor for satellite cell specification. 

Muscle fibers isolated from Pax7-null mice had a complete absence of satellite cells but did not 

have any defects in patterning or structure of the already differentiated fiber. Pax7 is co-

expressed with its homologue Pax3 during embryonic skeletal myogenesis, after which Pax7 

becomes the sole transcription factor expressed by most, but not all, satellite cells. Pax3 activates 

MyoD and can be replaced by Pax7 for this function (Relaix et al., 2004). Pax3 is co-expressed 

with Pax7 in some adult satellite cells but cannot compensate for Pax7 function. Furthermore, 

Relaix et al. (2006) showed that Pax7 in vivo has an anti-apoptotic function that is absent in 

Pax3, suggesting that when Pax7 is absent satellite cells may be lost to apoptosis causing 

muscles to lose their regenerative capabilities in adulthood. 

Pax7 is regulated by the expression of myogenic regulatory factors (MRFs) and other local 

factors as satellite cells become activated. Pax7 is down-regulated upon myogenic differentiation 

with the up-regulation of myogenic markers such as MyoD and myogenin (Zammit et al., 2004). 

Olguin’s group (2007) showed evidence for cross-inhibitory interactions between Pax7 and 

MRFs, suggesting a possible function for Pax7 to regulate the decision of an activated cell to 

proliferate or return to quiescence. Furthermore, overexpression of Pax7 causes cells to exit the 

cell cycle even under proliferative conditions. Specifically, Pax7 overexpression causes down-
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regulation of MyoD, prevents myogenin induction, and blocks MyoD-induced commitment to 

myogenic lineage (Olguin et al., 2004). 

The role for Pax7 in adult satellite cells has been put into question more recently. Lepper et 

al., (2009) established in vivo using inducible Cre/loxP lineage tracing and Pax7 conditional 

gene inactivation that when Pax7 is inactivated in adult mice, mutant satellite cell regenerative 

capabilities are not compromised. By looking at multiple time points of inactivation they also 

determined that Pax7 is required only in juvenile mice to cause progenitor cells to return to a 

quiescent state. These results further support the idea that an important function for Pax7 in adult 

cells may be for self-renewal purposes to replenish the quiescent satellite cell population, thereby 

maximizing regenerative capacity of adult muscle. Conversely, Mitchell et al. (2010) showed 

evidence for a group of progenitor cells that express PW1, a cell stress mediator that is also 

expressed in satellite cells, but not Pax7, and yet are able to commit to a myogenic lineage in 

vitro and contribute to muscle regeneration in vivo. However, when isolated from Pax7-mutant 

mice, unlike Pax7-mutant satellite cells, these cells were unable to commit to a myogenic 

lineage. Therefore although not necessarily required in adult satellite cells, Pax7 is essential for 

other local progenitor cells to be able to eventually commit to a myogenic lineage in adult 

animals. 

Satellite Cell Quiescence 

Satellite cells in adult muscle fibers remain in a quiescent, or non-mitotically active, state. 

At this point they are in the G0 phase of the cell cycle, or are considered to have exited the cell 

cycle in a dormant state. Unlike myotubes that have exited the cell cycle without being able to 

re-enter it, satellite cells are able to re-enter the cell cycle upon activation. Quiescent satellite 

cells divide infrequently, but, although characterized as dormant, continue transcription of 
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various protein markers. In fact, quiescent cells have been described to be under active 

transcriptional control as opposed to an inactive state of dormancy (Dhawan and Rando, 2005). 

Satellite cell expression of various genes regulates quiescence. Microarray data from 

mouse satellite cells identified a number of genes highly up regulated in quiescent satellite cells 

(Fukada et al., 2007). Quiescent cells showed preferential expression of genes involved in cell-

to-cell adhesions, regulation of cell growth, formation of extracellular matrix, copper and iron 

homeostasis, and lipid transportation, all of which are important in intact satellite cell 

environments. Of these genes, calcitonin receptor (CTR) was expressed exclusively in quiescent 

cells and exogenous calcitonin stimulation delayed satellite cell activation. Gene profiling 

analysis in vivo has also demonstrated high expression in quiescent cells of transcripts that 

inhibit expression of proteinases expressed for extracellular matrix remodeling in activated cells 

(Pallafacchina et al., 2010). Satellite cell regulation and maintenance of an intact environment 

may therefore signal quiescence. Quiescent satellite cells also express the inhibiting factor 

Sprouty1 (Spry1), a negative regulator of tyrosine kinase signaling receptors whose ligands are 

potent satellite cell activators. Several studies have recently determined that Spry1 is expressed 

in quiescent satellite cells of uninjured muscle, down regulated upon injury, and is required to 

maintain or re-establish satellite cell quiescence (Abou-Khalil and Brack, 2010; Shea et al., 

2010).  

Satellite Cell Activation 

Satellite cells become activated from their quiescent state by various stimuli and re-enter 

the cell cycle. Activation is defined as a cell’s entry into the G1 phase of the cell cycle from the 

G0 phase, or quiescence. Cells become activated by injury or stimulus for muscle growth and 

begin to proliferate and become muscle progenitor cells. Once activated, cells can either undergo 

myogenic differentiation or contribute to self-renewal of the satellite cell pool. Cells that follow 
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a regenerative pathway eventually differentiate and fuse together or with existing myofibers to 

become muscle fibers. In vitro analysis of activated satellite cells is difficult because damage to 

muscle fibers from the satellite cell isolation inevitably triggers cell activation (Zammit et al., 

2004). However, many factors have been identified as promoting or inhibiting activation in vitro, 

and in vivo studies have allowed us to better understand how activation is initiated and regulated. 

There are several ways to mark satellite cell activation. Bromodeoxyuridine (BrdU) is a 

synthetic nucleoside and analog of the nucleoside thymidine. It can substitute for thymidine 

during DNA replication in the S phase of the cell cycle, marking cell proliferation and is 

therefore a good indicator for satellite cell activation. Satellite cells, however, do not begin to 

proliferate immediately upon activation, and therefore other markers are necessary to determine 

the exact point of activation. Proliferating cell nuclear antigen (PCNA) is a protein cyclin that 

clamps DNA polymerase during DNA replication. It is maximal expression in the S phase of the 

cell cycle, but expression is also evident in the G1 phase as well. Johnson and Allen (1993) 

identified PCNA as a good marker for initial satellite cell activation by showing that satellite 

cells isolated from young and adult rats both showed expression of PCNA before they began to 

divide. PCNA can be used as a primary indicator for cell activation prior to proliferation and 

differentiation, allowing for better analysis of factors that trigger activation. 

Satellite cells express various transcription factors upon activation and proliferation prior 

to differentiation. These different transcription factors can serve as markers for satellite cell 

status. Muscle progenitor cells are specified to become muscle-lineage committed myoblasts 

through the action of basic helix-loop-helix (bHLH) transcription factors, or MRFs. Quiescent 

satellite cells do not up-regulate MRFs, suggesting a stem cell lineage distinct from myoblasts 

(Cornelison et al., 1997). When a satellite cell is activated, it begins to express the primary 
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MRFs, Myf5 and MyoD. Myf5 is expressed in both quiescent and activated satellite cells and is 

the earliest marker of myogenic commitment (Beauchamp et al., 2000). MyoD expression 

appears to follow Myf5 expression upon satellite cell activation (Hirsinger et al., 2001), and 

Cornelison and Wold (1997) found that Myf5 and MyoD were expressed individually or as a 

combination upon activation. 

An important part of satellite cell activity involves the environment in which it resides, 

called the stem cell niche. A stem cell niche is a microenvironment that houses the stem cells and 

is supported by surrounding cells within the niche that secrete factors affecting stem cell 

behavior. These supporting cells must help to maintain stem cell quiescence in the absence of 

external signaling cues as well as promote activation, self-renewal, and commitment to a 

particular lineage as needed. The primary supporting cells for satellite cells are the myofibers 

associated to them through anatomical location and by secretion of paracrine factors. Secondary 

supporting factors include the basal lamina that surrounds the satellite cell and myofiber and that 

contains matrix proteins that interact with membrane proteins on the satellite cells. The basal 

lamina also contains various growth factors that can be released upon signals for activation 

(Tatsumi et al., 2004).  

HGF and Activation 

Bischoff (1986) demonstrated that there were endogenous activation factors in muscle 

tissue by exposing quiescent satellite cells associated with muscle fibers to a phosphate buffered 

saline (PBS) extract from lightly compressed or crushed muscle tissue and observing some cells 

becoming activated after exposure. The active factor within the extract was later identified as 

hepatocyte growth factor (HGF) that could be released from the extracellular matrix of muscle 

fibers by crushing (Allen et al., 1995; Tatsumi et al., 1998). 
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Allen et al. (1995) was the first group to identify HGF as a mitogenic factor for satellite 

cells. By using satellite cells isolated from 9-month old rats that experienced a lag phase prior to 

division, they were able to show that with the addition of HGF the cells experienced a dose-

dependent increase in proliferation, suggesting that it caused an earlier onset of proliferation in 

cells. They were also able to show PCNA expression earlier in treated cells compared to 

controls. Tatsumi et al., (1998) replicated this work in vivo using BrdU incorporation to confirm 

proliferating cells after treatment with HGF. 

HGF is synthesized as an inactive 90 kDa single chain protein, and cleaved by an HGF 

activator into a 60 kDa chain and a 30 kDa chain that are linked by disulfide bonds to become 

activated (Naka et al., 1992). Whether HGF is activated as needed in muscle tissue or previously 

activated prior to release is important information to understand the satellite cell activation 

process. Tatsumi and Allen (2004) determined that HGF is tethered to the extracellular matrix of 

uninjured muscle in its active, heterodimeric form, suggesting easy release upon injury and 

absence of a rate-limiting activation step prior to release. Simple damage to the muscle fiber due 

to injury is one way to cause the already activated HGF to be released from its tethered position 

and act upon local satellite cells.  

HGF is not only expressed by muscle tissue, but by satellite cells as well. Anastasi et al. 

(1997) determined in mouse C2C12 myoblasts co-expression of HGF and its receptor, Met, and 

both were down regulated as proliferation stopped and myoblasts began to differentiate. In an 

effort to determine an autocrine role in muscle tissue, Sheehan et al. (2000) determined using 

reverse transcriptase-polymerase chain reaction (RT-PCR) that HGF mRNA was present in adult 

satellite cells 12 hours post plating, prior to documented activation. Expression increased 

between 36 and 48 hours, and HGF protein was detectable at 48 hours using localized 
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immunofluorescence. Western blot analysis determined HGF associated with the cell surface and 

inside cells. Addition of HGF-neutralizing antibodies at 42-90 hours (a proliferating state) 

reduced cell proliferation. HGF has also been shown to be expressed by spleen and liver cells in 

response to muscle injury, increasing HGF serum levels that are transported to the site of injury 

and made available to further increase the satellite cell activation (Suzuki et al., 2002). These 

results indicate that HGF works in an autocrine fashion expressed in satellite cells, a paracrine 

fashion by expression in muscle tissue, and an endocrine fashion by expression in non-myogenic 

cells in response to injury. Furthermore, local administration of HGF to injured muscle increases 

myoblast proliferation, establishing that the source of HGF does not affect its mitogenic ability 

(Miller et al., 2000). 

HGF functions through signaling pathways after binding to the c-Met receptor tyrosine 

kinase proto-oncogene, which is expressed in both quiescent and activated cells. Cornelison and 

Wold (1997) determined through single-cell RT-PCR analysis that c-Met is expressed by all 

myofiber-associated satellite cells from the time of explant all the way through activation, 

proliferation, and differentiation. Upon binding of HGF to the c-Met receptor, multiple signaling 

cascades can occur, including the Mitogen-activated protein kinase (MAPK) pathway and the 

phosphotidyl inositol 3 kinase (PI3K) pathway. Once bound, the activated c-met receptor signals 

the transcription of growth and proliferation genes within the cell nucleus, and the activated cell 

begins to proliferate (Furge et al., 2000). The binding of HGF to the c-Met receptor can also be 

determined by the subsequent expression of MyoD and Myf5 (Tatsumi et al., 1998). As cell 

motility is important in activated satellite cells, HGF induces dissociation and cell movement, 

and HGF/c-Met signaling becomes important in response to injury at a given site and for cell 
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migration during embryogenesis (reviewed in Matsumoto and Nakamura, 1996; Bladt et al., 

1995). 

HGF regulation in muscle regeneration and growth is not well understood. While it is 

known that HGF is released upon injury, O’Reilly et al. (2008) showed that HGF and HGF 

activator (HGFA) levels in human muscle tissue and serum increase significantly after single 

bouts of lengthening contraction. Moreover, HGFA inhibitors 1 and 2 increased in tissue and 

serum levels by 24 hours thereafter, indicating a mechanism for tightly regulating HGF 

activation post-response. Another proposed regulator of HGF involves the Janus kinase 

(JAK)/signal transducer and activator of transcription (STAT) pathway. While a JAK-1/STAT-

1/STAT-3 signaling pathway has been shown to promote myoblast proliferation and prevent 

differentiation (Sun et al., 2007), an alternate pathway consisting of JAK-2/STAT-2/STAT-3 

caused decreased expression of HGF, promoting differentiation (Wang et al., 2008). 

High concentrations of HGF appear to regulate myogenic differentiation as well. Excess 

exogenous HGF in the presence of satellite cells has been shown to attenuate differentiation by 

inhibiting transcription of myogenic regulatory factors such as MyoD and myogenin (Gal-Levi et 

al., 1998). Anastasi et al. (1997) mimicked the effect of Met receptors fully saturated with HGF 

ligand in C2C12 cells by stable expression of the constitutively activated receptor catalytic 

domain, which prevented myoblast differentiation with a corresponding absence of MyoD and 

myogenin expression. HGF was shown to prevent differentiation in vivo as local administration 

of HGF to injured mouse muscle increased myoblast proliferation, but after 4 days of treatment, 

when normally myoblasts begin to differentiate and fuse, the exogenous HGF appeared to 

prevent myoblast differentiation. Inhibition of differentiation was reversed, however, with 

cessation of the exogenous HGF (Miller et al., 2000). 
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HGF-mediated prevention of differentiation has been explored in depth. A proposed 

molecular mechanism for effects on differentiation suggests that HGF temporarily prevents 

differentiation by down-regulating genes involved in cell cycle arrest in order to delay cell 

withdrawal from the cell cycle and entrance into differentiation (Leshem et al., 2000). HGF was 

shown to regulate the expression of Twist, a bHLH transcription factor and inhibitor of MyoD 

and MEF2 transcription factors, and p27, a cdk inhibitor that promotes withdrawal from the cell 

cycle upon differentiation. Specifically, HGF promotes cell proliferation by up-regulating Twist 

protein and down-regulating p27. As p27 levels slowly increase in response to cell proliferation, 

they reach a threshold at which point cells exit the cell cycle, down regulate Twist, and begin to 

differentiate. 

Increased exogenous concentrations of HGF added to mouse primary satellite cells and 

myoblasts inhibited proliferation and caused cells to return to the G0 phase of the cell cycle (Li et 

al., 2009). In the same study it was determined that the protein tyrosine phosphatase SHP2, a 

mediator for Met receptor activation, mediates the inhibitory effects of excess HGF and these 

effects are reversed when SHP2 is absent. Further evidence for HGF having a role in quiescence 

is apparent as varying doses of HGF added to activated/proliferating rat satellite cells in culture 

resulted in decreased BrdU incorporation with increasing HGF dosage (Yamada et al., 2009). 

Cells were reactivated with decreased HGF treatment, and dual methods of RT-PCR and 

Western blot revealed the up regulation of myostatin mRNA expression and protein expression 

with high HGF concentrations. These results suggest a threshold concentration for HGF in the 

local satellite cell environment, above which HGF reverses its mitogenic effect on satellite cells 

and prevents differentiation by inducing cell return to quiescence.  
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Nitric Oxide and Activation 

Nitric oxide (NO) is a short-lived free radical that is freely diffusible and ubiquitous 

throughout muscle tissue. It is produced by nitric oxide synthases, with neuronal nitric oxide 

(NOS-Iµ) specific to muscle tissue and localized to the sarcolemma of muscle fibers (Silvagno et 

al., 1996). NO is synthesized by NOS-Iµ as a product from the conversion of L-arginine to 

citrulline. It is normally produced at low levels in resting muscle tissue and increases with 

exercise, load, or injury (Tidball et al., 1998). 

Anderson (2000) was one of the first to suggest that the production of NO radical is a key 

signal responsible for satellite cell activation, hypertrophy and detachment from the adjacent 

muscle fiber following injury. After determining that activation occurred in the mouse after one 

minute following induced injury in vivo, incorporating a NOS inhibitor, Nω-nitro-L-arginine 

methyl ester (L-NAME), resulted in prevention of immediate cell release post-injury and delayed 

muscle regeneration. Further evidence from in vitro experiments using single fiber culture 

models support the idea that NO is a significant signal for satellite cell activation post injury or 

stretch (Anderson and Philipowicz, 2002; Wozniak and Anderson, 2007).  

Supplementation with a NO donor compound or the NOS substrate, L-arginine, results in 

increased satellite cell activation, establishing the importance in NO bioavailability for satellite 

cell activity (Betters et al., 2008). In fact, an increase in NO concentration during functional 

muscle unloading prevented atrophy and increased satellite cell numbers (Kartashkina et al., 

2010). Recently a new drug was developed, guaifenesin dinitrate (GDN), as a NO radical donor 

to be delivered to muscle (Wang et al., 2009). Results using this drug revealed a strong increase 

in satellite cell activation and proliferation 24 hours after oral administration in adult mice. 

Western blot and immunohistochemical analysis revealed increased expression of myogenic 

markers myf5, myogenin, and follistatin.  
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NO production upon injury or stretch is related to HGF release and binding to c-Met 

receptors in satellite cell activation. In fact, NO is a key factor in satellite cell proliferation 

following stretch-induced activation (Soltow et al., 2010). Interestingly, when the NOS inhibitor 

L-NAME was administered to rats subjected to muscle overloading, NOS inhibition did not seem 

to affect HGF protein content. However, addition of L-NAME inhibited myonuclear addition in 

animals under basal conditions compared to animals without L-NAME administration, 

suggesting the importance for NO under normal conditions (Gordon et al., 2007). Experiments 

by Tatsumi’s group (2006) demonstrated that the release of HGF is blocked with L-NAME 

incorporation, and it can be liberated when unperturbed satellite cells are incubated with NO 

donors. They also used stretch cultures in the presence of L-NAME and observed that stretch 

activation of satellite cells was inhibited by the NOS inhibitor in a dose-dependent manner, and 

that the addition of HGF restored the activation response. Further analysis of the L-NAME 

conditioned medium confirmed the absence of HGF that could have been released from cells, 

validating that exogenous HGF was the cause of activation. These results suggest that activation 

by HGF is dependent upon NO. The inhibitor L-NAME does not inhibit HGF but instead acts 

upstream of it, indicating that HGF release is dependent upon NO radical production that is a 

result of mechanical stretch or injury. 

Age and Activation 

Age plays an important role in satellite cell activation. It has been very apparent in in vitro 

studies that satellite cells isolated from aged animals experience a delay in proliferation. Satellite 

cells isolated from young (3 weeks to 3 months) versus adult rats (9-30 months) showed that the 

cells of young tissue begin proliferating after 24 hours in culture, whereas cells from adult tissue 

experienced a lag phase of 48 hours before proliferating (Schultz et al., 1982). Johnson and Allen 

(1993) determined using PCNA incorporation that satellite cells isolated from young rats (3-4 
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weeks) increased PCNA expression 24 and 30 hours post-plating, while cells from adult rats (9-

12 months) did not increase PCNA expression until 42 to 48 hours post-plating.  

This lag period was also shown in vivo by McGeachie and Grounds (1995) using 

radiograph technologies. Induced injury in mice caused activation in both young and old cells 

around 18-24 hours, but the peak proliferative activity for old cells occurred 26-36 hours later 

than young cells. The lag phase observed in cells from adult tissue was suggested to be the 

amount of time required for quiescent cells to activate and proliferate in response to a stimulus. 

Cells of younger, developing muscle tissue, on the other hand, may have not yet exited the cell 

cycle and therefore may be the reason for the faster activation observed (Tatusmi et al., 1998). 

However, Li et al. (2011) showed through Pax7/Myf5 expression that the percentage of muscle 

stem cells (Pax7
+
/Myf5

-
) and muscle progenitor cells (Pax7

+
/Myf5

+
) were roughly equal in 

bovine satellite cells from adult and young animals after 24 hours post plating. Only after 24 

hours was there a larger decline in muscle progenitor cells of young animals likely to progenitor 

cell commitment to differentiation. This would argue that the delay is not due to the initial status 

of the cell. 

Satellite cell number decreases with age in muscle tissue and older satellite cells show a 

delayed response to activation stimuli in vitro. Several studies have shown that exposing old 

muscle (Carlson and Faulkner, 1989) or individual satellite cells (Conboy et al., 2005) into a 

young environment results in increased regenerative capacity, but exposing young muscle or 

satellite cells to an old environment elicits no change. Recently Hall et al. (2010) was able to 

show that transplanting donor satellite cells from adult mice with their associated myofibers into 

adult and aged hosts with induced muscle injury resulted in increased regeneration by donor 

cells. Brack et al. (2007) also showed that systemic exposure of old tissue to young serum 
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resulted in improved regeneration, whereas systemic exposure of young tissue to old serum 

resulted in increased collagen deposition in regenerating areas. This would indicate that changes 

in the systemic environment surrounding satellite cells greatly affect their regenerative 

capabilities and that old satellite cells maintain regenerative capability but are inhibited by the 

environment. 

Several changes occur in the satellite cell microenvironment that can affect satellite cell 

activity. Changes in the basal lamina due to aging include increased formation of connective 

tissue. Excess connective tissue was first reported by Snow (1977) the formation of which 

surrounded the myofiber of aged mouse and rat muscles. Goldspink et al. (1994) suggested that 

the increase in fibrosis in normal aged muscle is not a result of increased connective tissue 

expression but a decrease in connective tissue degradation associated with tissue homeostasis. 

Extra formation of connective tissue could result in the impairment of chemotaxis for growth 

factors and cytokines that promote satellite cell activation. Furthermore, collagen fibers have 

been shown to undergo increased crosslinking with age, which is a direct effect of the Maillard 

reaction, a non-catalyzed reaction that results in polycyclic compounds that are efficient in 

crosslinking proteins and nucleic acids (Robert and Labat-Robert, 2000). Crosslinked collagen is 

insoluble and thus difficult for normal degradation as part of tissue turn-over, therefore 

permanently changing the basal lamina construction. 

Other age-related changes in transient cytokines and serum components that are involved 

in satellite cell regulation can explain the resulting effects from aged muscle. Aged satellite cells 

from mice showed evidence for increased Wnt signaling, of which the Wnt-1 and Wnt7a 

pathways are important in normal muscle regeneration but have been shown to be associated 

with myogenic conversion to fibrogenic lineage (Brack et al., 2007). Cells of the immune system 
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are important for tissue regeneration, including macrophage-dependent removal of damaged 

tissue and deposition of chemoattractants for satellite cell activation. Analysis of total 

macrophage composition in young and old human muscle biopsies pre- and post-exercise 

revealed lower macrophage levels in the aged muscle at both time points (Przybyla et al., 2006). 

Although evidence supports the idea that age affects satellite cell ability, satellite cell 

populations from aged animals show some potential for regeneration. The number of progeny 

produced by aged satellite cells is reduced and partly responsible for the overall reduction in 

satellite cell number with age (Day et al., 2010). However, the remaining cells still show 

regenerative capacity. When myofibers of aged muscle were isolated and cultured, although the 

fibers were depleted of a large number of Pax7–expressing cells, a small population of satellite 

cells were able to generate larger progeny of both differentiated cells and new quiescent satellite 

cells characteristic of self-renewal (Collins et al., 2007). Furthermore, these progeny were able to 

regenerate when grafted into mdx-nude mice, a strain of mice that have dystrophic muscle due to 

the loss of the protein dystrophin. There is also evidence of increased satellite cell progeny in 

aged rat muscle with endurance exercise (Shefer et al., 2010) further providing evidence for aged 

satellite cell ability. The potential in aged satellite cells emphasizes the effect that an aged 

environment has on satellite cell activity and satellite cell ability to overcome interfering factors 

in the aged niche is an important topic to explore in future studies.  

Satellite Cell Self-Renewal: Asymmetric Division 

Satellite cell replenishment is an important part in growing and adult muscle as the satellite 

cell environment is constantly changing and satellite cells are recruited for muscle repair and 

regeneration. Using BrdU incorporation, Moss and Leblond (1970) confirmed that satellite cells 

undergo cell division following activation that give rise to increased fiber-associated nuclei. 

Radioisotope labeling of satellite cells in growing muscle in vivo showed that half of the 
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daughter cells differentiate into myonuclei while the other half remains as continually dividing 

satellite cells (Moss and Leblond, 1971). Cell cycle time analysis of satellite cells in growing rats 

in vivo revealed that 80% of cells divide within a 32-hour cycle duration while 20% divide 

slowly (Schultz, 1996). The slower division rate may be due to those cells returning to 

quiescence between cycles and this group may give rise to the faster-dividing group of cells.  

Two different models for cell division have been proposed to explain satellite cell 

homeostasis: the asymmetric model and the stochastic model. In the asymmetric model cells 

divide asymmetrically giving rise to one daughter cell that maintains satellite cell identity and the 

other going on to differentiate. In the stochastic model, symmetric cell division gives rise to two 

identical daughter cells that eventually follow different lineage fates. A modified stochastic 

model has also been proposed that suggests a cell initially divides asymmetrically and the two 

daughter cells continue on to divide symmetrically amongst their differing cell fates (reviewed in 

Kuang et al., 2008). 

The dynamics of Pax7, MyoD, and myogenin expression found in vitro in proliferating 

and differentiating myoblasts supports the stochastic model for satellite cell division. Upon 

activation, satellite cells induce MyoD expression and proliferating satellite cells express both 

Pax7 and MyoD. Most of these cells begin to down-regulate Pax7, maintain MyoD, and up-

regulate myogenin as they commit to differentiation. However, some cells are able to down-

regulate MyoD, up-regulate Pax7 and eventually withdraw from the cell cycle and return to 

quiescence (Olguin et al., 2004; Zammit et al., 2004). This population of cells observed to down-

regulate myogenic markers and return to a quiescent state suggests a signal upon cellular division 

to maintain the satellite cell pool. 
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The asymmetric model also contains significant supporting evidence from both in vitro 

and in vivo experiments. Tracking cell division using labeled DNA by pulse BrdU incorporation, 

cells displayed selective DNA-template strand segregation during division. Furthermore, Numb, 

the Notch-signaling antagonist protein involved in inhibiting activation, was observed to 

segregate selectively during division to the daughter cell that receives the older DNA template 

and expresses Pax7, suggesting that Numb is also involved in the self-renewal process (Shinin et 

al., 2006). Numb was also observed to be localized asymmetrically towards the basal lamina as 

the cell divides in an apical-basal orientation (Venters et al., 2005). 

Additionally, myogenic marker expression is important in determining cell history and 

cell fate to understand the division process. Kuang et al. (2007) found in vivo using Myf5-Cre 

and ROSA26-YFP Cre-reporter alleles that 10% of sublaminar Pax7-expressing cells have never 

expressed Myf5, denoted Pax7
+
/Myf5

-
. This finding opposes the stochastic model that would 

suggest self-renewed cells were once activated before returning to quiescence. In addition, 

Pax7
+
/Myf5

-
 cells gave rise to a committed Pax7

+
/Myf5

+
 daughter in the apical position and a 

Pax7
+
/Myf5

- 
non-committed daughter in the basal position through apical-basal oriented division. 

Isolation and transplantation of these cells to injured muscle resulted in committed cells 

contributing to regeneration and non-committed cells contributing to the satellite cell pool. These 

results not only suggest asymmetrical division in self-renewal, but also infer that satellite cells 

consist of a heterogeneous population of non-committed and committed satellite cells through 

cell division. 

Satellite cell populations may include both the stochastic and asymmetric forms of 

division, as research has provided evidence for both models. It is very possible that satellite cells 

use a variety of mechanisms in order to maintain homeostasis of a constantly changing 
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microenvironment. As evidence previously mentioned indicates that satellite cells make up a 

heterogeneous population of cells expressing varying myogenic markers, it can also be inferred 

that the satellite cell pool is generally heterogeneous. From the differences amongst individual 

cells to differences in subpopulations of cells, it is clear that various methods are used within a 

population in order to self-renew the existing satellite cell pool. Thus the satellite cell pool can 

be considered a heterogeneous population consisting of differing fates, myogenic expression, and 

cellular division mechanisms. 

There is evidence of satellite cell heterogeneity at multiple levels. Fiber types differ from 

muscle to muscle as well as within the same muscle (reviewed in Biressi and Rando, 2010). 

Glycolytic, or fast twitch (type II) fibers and oxidative, or slow-twitch (type I) fibers determine 

strength and endurance, respectively, of the muscle tissue. Moreover, cells within a single 

population of satellite cells experience a variety of genetic expression and different activities. 

The observed heterogeneity appears to be important considering the constant change observed in 

the local satellite cell environment as muscle tissue is constantly stretched and in use. 

Satellite cells from differing fiber types exhibit gene expression inherent of their particular 

origins. Isolation and in vitro culturing of murine satellite cells identified a pool of cells forming 

myotubes expressing slow (type I) myosin heavy chain that was preferentially associated with 

individual slow muscle fibers (Rosenblatt et al., 1996). Additionally, satellite cells isolated from 

the semimembranosus proprius (100% type I fibers) and the semimembranosus accessorius 

(100% type II fibers) of 3-month old rabbits and cultured in vitro revealed differing behaviors 

from cells of the two fiber types. Specifically, cells isolated from the slow fiber type proliferated 

faster, fused earlier into more numerous myotubes, and matured more rapidly into striated 

muscle than cells isolated from fast fibers. MyoD and myogenin expression were delayed 2 and 4 
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days, respectively, in cells from fast-twitch fibers compared to those of slow fibers (Barjot et al., 

1995). Cell origin does not, however, determine ultimate cell fate. Snoj-Cvetko et al. (1996) 

isolated cells from slow-twitch muscle and transplanted them into injured muscle of fast-twitch 

origin. After 3 months the presence of fibers expressing slow myosin heavy chain were observed, 

but were absent after 6 months. This would suggest that the slow phenotype in the transplanted 

cells was stable but not irreversible. Extrinsic factors such as innervations can therefore override 

intrinsic expression in the cell, emphasizing the plasticity that satellite cells exhibit to meet 

environmental condition requirements. 

Satellite Cells as Stem Cells 

Following development, many tissues establish populations of pliable stem cells that will 

last throughout the remainder of the adult life. An adult stem cell is defined by its amount of 

plasticity, slow-cycling, and ability to respond to environmental factors that cause it to either 

self-renew or differentiate (reviewed in Fuchs and Segre, 2000). Adult satellite cells are 

considered stem cells based on being the source for muscle hypertrophy and regeneration in adult 

animals, as well as being able to self-renew. Postnatal satellite cells isolated from mice that were 

cultured and expanded over 200 population doublings maintained the stem cell markers Sca-1 

and CD34, providing evidence for stem cell characteristics as well as self-renewing capability to 

replenish the satellite cell pool (Deasy et al., 2005). Quiescent satellite cells are characterized by 

their slow-dividing behavior, as they only begin to divide upon activation. Although primarily 

recruited for myogenic lineage, satellite cell plasticity has been observed as well in vitro, further 

qualifying satellite cells as having stem cell characteristics. 

Evidence of satellite cell plasticity in vitro has been shown as well with induction media. 

For instance, satellite cells have been shown to transdifferentiate into adipocytes from adult mice 

(Grimaldi et al., 1997; Asakura et al., 2001; Sarig et al., 2006) and pigs (Singh et al., 2007) with 
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adipogenic media or inhibition of the Wnt1 signaling pathway (Ross et al., 2000), and into 

osteocytes from adult mice with bone morphogenic proteins 2 and 4 (BMP2 and BMP4) 

induction media (Asakura et al., 2001; Sarig et al., 2006). 

The ability for these cells to differentiate into other mesodermal lineages is clearly affected 

by the surrounding environment. Several studies, however, have reported spontaneous satellite 

cell transdifferentiation in single fiber cultures without the addition of other lineage-induction 

factors. Fiber-associated satellite cells exposed to oxygen concentrations higher than 

physiological levels resulted in increased adipogenic expressing cells, thought to have originated 

from satellite cells (Cseste et al., 2001). Satellite cells on isolated mouse fibers exhibited clones 

that resulted in variable myogenic-to-non-myogenic lineage ratios from fiber to fiber, suggesting 

that satellite cells were randomly able to transdifferentiate to a non-myogenic fate (Shefer et al., 

2004). Satellite cells on isolated fibers cultured in Matrigel also showed spontaneous 

transdifferentiation compared to isolated primary myoblasts that did not (Asakura et al., 2001). 

Starkey et al. (2011) challenged these findings with permanently labeled mouse satellite 

cells in single fiber and clonal cultures and found that cells of adipogenic lineage were not of 

satellite cell origin. Furthermore, satellite cells grown in adipogenic-induced media accumulated 

cytoplasmic lipid but never fully differentiated into adipocytes, maintaining myogenic protein 

expression. This group suggested that the cells that were suspected of transdifferentiation were in 

fact non-myogenic progenitors from the muscle interstitium that were co-purified with the fibers. 

Furthermore, an additional group of progenitor cells was recently identified within the muscle 

interstitium that do not express the Pax7 satellite cell marker but contribute to myogenesis during 

muscle regeneration (Mitchell et al., 2010), and could thus contribute to the transdifferentiation 

observed in previous studies. Satellite cells therefore show plasticity by expressing other 
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mesodermal lineage markers under lineage-specific induction media, but at the same time show 

evidence for commitment to a myogenic fate. They demonstrate characteristics defined under an 

adult stem cell, but it is yet to be determined whether they actually contribute to other lineages in 

vivo. 

Attachment Matrix Elasticity Affects Cell Behavior 

The interaction between cells and the extracellular matrix is important for cell regulation 

and behavior. Not only do the specific ligand-receptor binding complexes create a cellular 

response, but cells have been shown to respond to forces exerted through attachment mediums as 

well (Girad et al., 1995; Wang et al., 1993). The tuning model proposes that several parameters 

concurrently control how a cell attaches and migrates, the combination of which impacts the 

cell’s fate (Friedl and Wolf, 2010). Cells can detect rigidity, or stiffness, of a matrix using 

integrin-mediated adhesion and mechanosensor signaling, which makes it important to explore 

how differing stiffness regulates cellular behavior in vivo. 

Pelham and Wang (1997) were one of the first groups to explore substrate stiffness and 

how it affects cellular attachment and subsequent behavior. For a viable substrate, they used 

polyacrylamide gels with variable bis-acrylamide crosslinker concentrations to create a variety of 

substrate elasticity. The gels were coated with collagen to provide available ligands for cell 

attachment, and NRK-52E endothelial cells and 3T3 fibroblast cells were cultured on the 

substrates as well as on plastic for comparison. Both cell types exhibited differing morphologies, 

with less spreading and more irregular shapes observed from cells on softer, more flexible 

substrates, and increased spreading with stiffer, more rigid substrates. Cells on stiffer substrates 

also exhibited increased tyrosine phosphorylation and actin-myosin cytoskeletal forces 

generated, leading to more stable focal adhesions. These results indicate that cells sense 

differences in substrate flexibility by active pushing and pulling of their integrin receptors 
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through the associated cytoskeleton, resulting in changes in tyrosine phosphorylation. In 

addition, the myosin motor may be involved in generating the force to probe substrate 

mechanical properties and initiate signaling to constitute cellular action. 

Various efforts have been made to investigate substrate stiffness effects on cell activity 

using different kinds of flexible substrates. Different techniques have been used to analyze 

various aspects of cellular behavior upon attachment, such as cell motility (Beningo et al., 2001; 

Lo et al., 2000; Peyton et al., 2005), optimal ligand density (Engler et al., 2004a), and cell 

signaling and function (Polte et al., 2004; Putnam et al., 2003; Wang et al., 2000). Results from 

these studies show substantial evidence that cells grown on a substrate with a more tissue-like 

stiffness respond very differently than those grown on plastic or glass. This would suggest that 

stiffness is a major factor in creating an in vitro environment that closer mimics cellular 

microenvironments in vivo. 

Engler et al., (2006) explored how substrate elasticity affects lineage commitment made by 

mesenchymal stem cells (MSCs), marrow-derived stem cells that have been shown to 

differentiate into various lineages. Three different soft tissue elasticities were compared, brain, 

muscle and bone (measured from murine tissues in Flanagan et al., 2002, Engler et al., 2004b, 

and the present study, respectively) and replicated in collagen-coated polyacrylamide gels (as in 

Pelham and Wang, 1997). Morphology analysis showed that MSC attachment with varying 

stiffness resulted in morphological characteristics similar to those of cells from each tissue type: 

cells on brain-like substrates exhibited filopodia-rich branching seen in neurons, cells on muscle-

like substrates exhibited spindle shapes comparable to cultured C2C12 myoblasts, and cells on 

osteoid-like substrates exhibited polygonal shapes observed in osteoblasts. Use of RNA profiling 

confirmed the presence of tissue-specific transcripts within MSCs plated on the various elastic 
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substrates (Engler et al., 2006). Also, detection of cytoskeletal markers validated that MSCs on 

varying elastic substrates begin to commit to the lineage of cells particular to each tissue, 

highlighting the importance of stiffness alone in determining cell behavior in vitro. 

In depth examination of satellite cell response to softer substrates in culture has become an 

important area of interest. The satellite cell niche is very difficult to reproduce in vitro partly 

because of the 3-dimensional location in which the cell lays, between the myofiber and the basal 

lamina. Transplantation of satellite cells when incorporated with their original myofibers yield 

higher regenerative and self-renewal capacity than transplantation of isolated cells, inferring a 

clear dependence the satellite cell has for its natural microenvironment (Collins et al., 2009). 

Substrate elasticity is one part to incorporate in the attempt to recreate the satellite cell niche and 

the corresponding effect it has on cell activity has yet to be determined. 

One of the first studies to specifically explore myogenesis on an elastic substrate used 

mouse C2C12 myoblasts and determined an optimal elastic stiffness for myotube formation 

(Engler et al., 2004b). Mouse muscle tissue elasticity was determined using atomic force 

microscopy (AFM) techniques and collagen-coated polyacrylamide gels were tailored to convey 

the resulting AFM muscle elasticity measurement. While myotubes formed on both gels and 

glass surfaces, myosin and actin striations were observed only on gel substrates that mimic 

normal adult muscle tissue. Furthermore, cells plated on a monolayer of C2C12s that had been 

plated on glass earlier and allowed to form myotubes showed striations on the top layer but not 

on the bottom layer, further supporting the idea of softer, 3-dimensional conditions needed for 

optimal differentiation. In addition, cell adhesion strength on substrates increased with stiffness, 

the strongest observed on glass surface. These results have important implications for the 

difference in satellite cell behavior in vitro compared to behavior observed in vivo. 
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Satellite cell attachment is another important consideration that affects mechanosensing of 

the substrate. Cells attach to the basal lamina through a network of collagen IV and laminin 

proteins interconnected by the protein entactin. These networks also serve as a reservoir for 

growth factors, such as HGF, that regulates satellite cell activity. In vitro studies using rat and 

mouse skeletal myoblasts revealed that availability of these extracellular matrix proteins for 

attachment promoted proliferation and differentiation (Grossi et al., 2007; Macfelda et al., 2007). 

Cell attachment to matrix proteins are subsequently affected by the stiffness of the substrate, as 

in vitro culture conditions on plastic or glass do not embody the flexibility apparent on a 

myofiber. 

Boonen et al. (2009) tested satellite cell dependence on substrate stiffness and matrix 

protein availability. Isolated mouse primary satellite cells were cultured on varying 

polyacrylamide gel elasticities and varying protein coatings. Results showed that proliferation 

and differentiation increased with increasing elasticity. Optimal gel elasticity was observed at 21 

kPa compared with 3, 14, 48, and 80 kPa gels, higher than the 12 kPa previously reported for 

mouse muscle tissue. Satellite cells did, however, exhibit significantly different behavior on gels 

relative to glass, such as slower proliferation and an absence of cross-striations or contractions in 

differentiated myotubes. Cells had improved differentiation patterns on gel substrates and glass 

when attached to matrix proteins compared with pure protein coatings such as collagen or 

laminin. Primary satellite cells displayed different behavior than observed in C2C12 cells from 

Engler’s study (2004b), suggesting that primary satellite cells may give more insight into normal 

activity in vivo. Using freshly isolated mouse satellite cells, Gilbert et al. (2010) explored how 

substrate stiffness regulates preservation of satellite cell stem-like features. Mouse muscle tissue 

elasticity was determined and laminin-coated polyethylene glycol hydrogels were developed to 
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portray this elasticity as well as those of brain and cartilage tissues. Culturing the satellite cells 

on hydrogels of variable elasticity demonstrated that cells grown on substrates softer than rigid 

plastic surfaces are associated with decreased cell death and an overall increase in cell number. 

Softer substrates also prevented cells from differentiating, as determined by an absence of 

myogenin after one week in culture.  

To assess regenerative capacity in vivo, Gilbert’s group cultured cells isolated from mice 

expressing firefly luciferase on the varying elastic substrates or plastic for 7 days and 

subsequently transplanted into the tibialis anterior of immunodeficient mice depleted of satellite 

cells. Bioluminescence imaging analysis revealed that cells cultured on hydrogels with elasticity 

that mimicked muscle elasticity exhibited the highest percentage of satellite cell engraftment. 

Satellite cells grown on muscle-like hydrogels also returned to their native satellite cell niche 

beneath the basal lamina and atop myofibers. Cells isolated from mice expressing LacZ under 

regulation of Myf5 were cultured on variable substrates and transplanted into injured muscle 

tissue. Tissue was subsequently harvested and histological analysis revealed that the transplanted 

cells grown on soft substrates and expressing Myf5 had returned to their native location on the 

myofiber. 

The previously described data suggests that cells grown on pliable substrates are able to 

maintain satellite cell characteristics post transplantation, meaning that not all transplanted cells 

immediately differentiate when transplanted but could also contribute to the satellite cell pool. 

These results have implications for therapeutic treatment of transplanted satellite cells grown on 

pliable substrates. They also support the idea that mimicking micronevironmental conditions in 

vitro supports native satellite cell behavior, which can lead to improved understanding of satellite 

cell activity in future studies. 
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CHAPTER 4 

RESULTS 

Muscle Elasticity Differs with Age and Can Be Mimicked in Polyacrylamide Gels 

The surface tension, or elasticity, of a substrate directly impacts the lineage decisions of 

multipotent stem cells. As a first step toward examining the effects of matrix elasticity on 

satellite cell behavior, the elasticity of both young and adult skeletal muscle was measured. The 

right longissimus dorsi (LD) and semimembranosus (SM) were removed from young and adult 

cattle at slaughter. A subportion of the intact muscle was attached to a load cell and tensile force 

was measured to calculate the elastic (Young’s) modulus. Muscle elasticity measured from 

young muscle tissue was approximately 8 kPa, independent of muscle type (Figure 4-1). The 

calculated elasticity for the SM did not differ as a function of age. However, a significant 

increase (p = 0.0115) in elasticity was noted in the adult LD (14.57 ± 1.64 kPa) compared with 

the immature calf (8.12 ± 1.74 kPa). A difference was also noted between the adult LD and SM 

tissue (p < 0.0081), whereas no significant difference was observed between the two muscle 

types from young tissue. The higher value of elasticity, E, measured in the adult LD tissue 

indicates a more rigid, less elastic tissue. 

Tissue elasticity measurements can be mimicked in vitro by developing polyacrylamide 

gels of varying acrylamide composition (Pelham and Wang, 1997). As the next step toward 

examining matrix elasticity on satellite cell behavior, a standard curve for elasticity was 

developed for polyacrylamide gels of varying acrylamide concentrations. This curve was used to 

construct polyacrylamide gels with elastic moduli values analogous to the above determined 

muscle elasticity. Gels were made with acrylamide concentrations of 5, 8, 10, 12, or 15% and cut 

into shapes with standard dimensions as described in Peyton and Putnam (2005). Gels were 

attached to a load cell and tensile force was measured in the same manner as the ex vivo muscle 
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tissue. Elastic modulus was calculated from the tensile force measurements and fit to a linear 

curve (R
2
 = 0.99; Figure 4-2). The linear equation of the curve was used to determine acrylamide 

concentrations that mimicked the elasticity of young and adult tissue. These methods allow for 

development of substrates that represent muscle tissue elasticites that may be detected as such by 

satellite cells in vitro. 

Cell Attachment on Polyacrylamide Gels Requires Covalently Linked ECM Proteins 

Satellite cells attach to myofibers via membrane integrins that form linkages with proteins 

contained in the extracellular matrix (ECM) of the fiber. In vitro satellite cells show improved 

attachment and formation of myofibers upon differentiation when cultured on plates coated with 

Matrigel, containing ECM proteins, and laminin (Rooney et al., 2009; Wilschut et al., 2010). 

Previous work using softer substrates such as polyacrylamide gels have used a chemical 

crosslinker to covalently attach ECM proteins to the substrate (Engler et al., 2004a; Gilbert et al., 

2010; Pelham and Wang, 1997). To test whether a chemical crosslinker was required, 2% w/v 

gelatin or ECL were added to the gel solution prior to polymerization, or 2% w/v ECL was 

coated on already-polymerized gels. C2C12 myoblasts were plated on all treatments and 

monitored at 24 and 48 hours post plating for attachment and proliferation. For all three 

treatments, cells exhibited clumping indicative of cells that were unable to attach. At 48 hours 

the clumping increased and was comparable to the negative control (gel without protein 

incorporation, not shown). This behavior differs from that of C2C12 cells plated on gelatin-

coated plates (Figure 4-3A), suggesting that the cells had not attached to the substrate and that 

ECM proteins were not available on the surface of the gel for cells to attach properly. In contrast, 

both C2C12 cells and BSC plated on gels with ECL covalently attached via a chemical 

crosslinker showed improved attachment over 48 hours (Figure 4-4). 
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Incorporating a chemical crosslinker that is not naturally occurring on the myofiber 

presents the possibility for toxic effects on satellite cell attachment and normal activity. 

Crosslinker toxicity was tested for possible interference with attachment at 24 hours using 

C2C12 myoblasts and BSC, and for interference with proliferation at 48 hours using C2C12 

myoblasts. Cell attachment on ECL-coated glass plates was compared to ECL+Crosslinker 

(ECL-XL)-coated glass plates. Glass plates serve as a control and provide successful C2C12 and 

BSC attachment with the addition of ECL coating. They were therefore used to observe effects 

of a chemical crosslinker added to the ECL protein network. Differing concentrations of ECL 

and ECL-XL were also compared to test for interference in protein availability with the addition 

of a crosslinker. The chemical crosslinker proved to have no significant effect on C2C12 or BSC 

attachment as well as C2C12 proliferation (Figure 4-5). Furthermore, the C2C12 cells plated on 

the lower concentration of ECL-XL coating showing significantly higher proliferation than the 

higher ECL-XL concentration and both concentrations of ECL alone. 

Satellite Cell Proliferation is a Function of Age 

Satellite cells from adult animals experience a lag phase prior to proliferation compared to 

cells from young animals, the reason for which is not well understood (Johnson and Allen, 1993; 

Li et al., 2011; McGeachie et al., 1995). Whether this delay is due to a delayed activation or 

proliferation is unknown. This was examined here using incorporation of PCNA and EdU as 

markers of activation and proliferation. BSC isolated from neonatal (< 5d) and developing (2-

3m) animals were plated under normal growth conditions on glass plates coated with ECL and 

analyzed at 24, 48 and 72 hours post plating for the percentage of EdU- and PCNA-positive cells 

(Figures 4-6 and 4-7). These results were compared to C2C12 myoblast incorporation of EdU 

and PCNA after 24 hours, of which 90% of cells incorporated both (Figure 4-7). Young BSC 

began to proliferate at 48 hours with 3.73 ± 0.16% incorporating EdU whereas 0% of developing 
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animals incorporated EdU at this time point (p = 0.0430). At 72 hours both age groups had 

proliferating cells, however the amount of young cells incorporating EdU was significantly 

higher than the amount from developing animals (38.85 ± 3.73% and 20.5 ± 2.78%, respectively, 

p < 0.0001). PCNA incorporation, however, began at 24 hours for both ages and was maintained 

throughout by 72 hours, the percentage of which did not differ significantly between ages for 

each day. 

Satellite Cell Activation Varies with Substrate Stiffness 

Satellite cells grown on substrates that mimic muscle tissue elasticity exhibit different 

behavior compared with cells grown on plastic or glass plates, including morphology, myogenic 

marker expression, and regenerative ability (Collins et al., 2009; Engler et al., 2004a; Gilbert et 

al., 2010). As muscle tissue elasticity measured in the current study differs significantly between 

young and adult animals, satellite cells from young and adult animals may also exhibit 

differences in proliferative behavior and regenerative capacity. The possibility for matrix 

elasticity affecting satellite cell behavior was therefore examined. Satellite cells were grown on a 

range of elasticities to examine the relationship between elasticity and satellite cell identity, 

activation and proliferation. Polyacrylamide gel of 6, 16, and 32 kPa were made, the elasticity 

values of which resembled young (6 kPa) and adult (16 kPa) tissue, as well as a stiff extreme (32 

kPa) to observe the effect of changing elasticity on satellite cells. BSC were cultured on the 

polyacrylamide of above mentioned elasticities and cell number was counted over a period of 6 

days. Although the concentration of cells plated remained constant throughout all trials, the 

number of cells attached on day 1 varied widely among trials. However, a similar growth trend 

was observed for all three elasticities up to day 3, after which the stiffest elasticity (32 kPa) 

differed from the lower two (6 and 16 kPa). Cell numbers remained the same for 2 days and then 

significantly dropped at day 3 and remained constant thereafter (Figure 4-8). Cells grown on gels 
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with an elasticity of 32 kPa showed a similar trend for the first 4 days after which cell number 

began to steadily increase. The decrease in cell number was a result of cells lifting off of the gel, 

as cells were also observed attached to the bottom of the wells in which the gels were placed (not 

shown). However, subsequent transfer of the gels to new wells each day did not change cell loss 

with no apparent cell attachment to the plastic bottom of the wells. The variation in cell 

attachment number observed brought into question the identities of the individual cells attaching 

and lifting, and was therefore examined more closely. 

It was recently shown that BSC populations are heterogeneous, including subpopulations 

with different expression patterns of myogenic markers in vitro (Li et al., 2011). These 

populations include Pax7
+
/Myf5

-
 muscle stem cells (which are quiescent), Pax7

+
/Myf5

+ 
muscle 

progenitor cells (which are activatable), and Pax7
-
/Myf5

+
 myoblasts. Pax7/Myf5 expression was 

analyzed after 24 hours and assessed. On each type of substrate all three subpopulations were 

observed (Figures 4-9 and 4-10). Numbers of Pax7
+
/Myf5

-
 and Pax7

-
/Myf5

+ 
cells were small and 

did not differ significantly among substrates. Pax7
+
/Myf5

+
 cells represented the largest 

subpopulation for each substrate consistent with previous results (Li et al., 2011). Interestingly, 

there were significantly smaller numbers of these cells (p = 0.0043) on the softest 6 kPa 

substrate, representing young tissue, compared to the stiffer 16 and 32 kPa substrates. This 

corresponded to an increased number of Pax7/Myf5-null cells on the 6 kPa and 16 kPa substrates 

compared with the 32 kPa substrate (p = 0.013 and p = 0.040, respectively). 

Satellite cells become spontaneously activated in culture under normal growth conditions 

(Schultz et al., 1982). Proliferating cell nuclear antigen (PCNA) is a good indicator of satellite 

cell activation prior to proliferation (Johnson and Allen, 1993), and was used to determine the 

amount of activation on soft substrates compared to plastic. PCNA expression was monitored at 



 

50 

24 and 48 hours in BSC grown on gels with four elasticities, 6, 16, 32 kPa, and on plastic (~10
6
 

kPa cited in Gilbert et al., 2010). After 24 hours, the 6, 16, and 32 kPa substrates showed 

significantly smaller percentages of PCNA-positive cells (p < 0.0001 p < 0.0001, and p < 0.0312, 

respectively) compared with the 10
6
 kPa plastic surface. The number of PCNA-positive cells was 

also significantly different with comparison to all three gel substrates (6 and 16kPa, 6 and 32 

kPa, and 16 and 32 kPa were significantly different with p < 0.0001, Figure 4-11A). After 48 

hours, the 6 and 16 kPa substrates continued to show significantly fewer PCNA-positive cells (p 

< 0.0001 and p = 0.0230, respectively) compared to the 32 and 10
6
 kPa surfaces while the latter 

two were not statistically different. Addition of hepatocyte growth factor (HGF), a potent 

activator of satellite cells, increased PCNA-positive cells on 6, 16 and 32 kPa substrates (p < 

0.0001, p < 0.0001, and p < 0.0263 respectively) after 24 hours post-plating compared with cells 

without addition of HGF (Figure 4-11B). On the plastic surface, the number of PCNA-positive 

cells with the addition of HGF was not significantly different from cells without HGF. 

Summary 

Experiments from the current study revealed that bovine satellite cells respond to the 

substrate on which they are attached in terms of elasticity. Elasticity was measured in muscle 

tissue from young and adult cattle, and the values were different between muscle types as well as 

age, showing increased stiffness with increasing value. These values were used to assemble 

polyacrylamide gels with varying elasticity. A standard curve was developed by varying the 

concentration of acrylamide and the resulting linear equation was used to determine acrylamide 

concentrations that correspond to a particular elasticity value. Polyacrylamide gels were 

fabricated to represent the elastic values measured for muscle tissue, and extracellular matrix 

proteins were tested for cell attachment. A chemical crosslinker was incorporated for successful 



 

51 

C2C12 and BSC attachment, and was proven to have no interfering effects on cell attachment 

and proliferation. 

BSC isolated from young (<5d) and developing (60d) cattle were analyzed for proliferation 

and activation, and cells from developing animals showed a delay in proliferation but a similarity 

in the number of activated cells compared to cells from young animals. BSC isolated from young 

animals were cultured on substrates of soft (6 kPa), moderate (16 kPa) and stiff (32 kPa) and 

observed for proliferation over six days. These cells showed delayed proliferation and decreased 

cell number after three days. Cell identity was determined with Pax7 and Myf5 expression in 

cells on these three substrates after 24 hours, and cells on the softest substrate showed a 

decreased number of progenitors (Pax7
+
/Myf5

+
) with a corresponding increase in Pax7/Myf5-null 

cells. Activation was monitored by analyzing PCNA expression and showed an overall decrease 

in the number of activated cells with decreasing stiffness, but was reversed with the addition of 

HGF. These results show that age and elasticity have an overall effect on BSC in vitro. 
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Figure 4-1.  Elastic modulus, E, measurements for isolated semimembranosus (SM) and 

longissimus dorsi (LD) muscle tissues from young and adult cattle. Elastic modulus, 

E = stress/strain and is measured in units of pressure (kPa), where stress = force, F 

(N) / cross-sectional area, A (mm
2
) and strain = change in length, ΔL (mm) / original 

length, L0 (mm). (*Denotes P < 0.05 with respect to other measurements.) 
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Figure 4-2.  Graph of standardized elastic modulus, E, measurements for varying concentrations 

of acrylamide. Linear relationship represents the standard curve; r
2
=0.99. 
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Figure 4-3.  Representative images for C2C12 cells grown on various substrates at 24 hours (left 

column) and 48 hours (right column). A) Cells on gelatin-coated plastic (control). 

B,C) Pure ECL added to acrylamide gels prior to polymerization. D,E) Polymerized 

gels coated with pure ECL. F,G) Gelatin added to acrylamide gels prior to 

polymerization. 
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Figure 4-4.  Representative images of C2C12 cells (A,B) and bovine satellite cells (C,D) cultured 

on acrylamide gels with photocrosslinked ECL. Images were taken at 24 hours (left 

column) and 48 hours (right column). 
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Figure 4-5.  Effect of ECL and ECL-crosslinker on C2C12 and BSC attachment and 

proliferation. A) ECL-crosslinker mixture and ECL coatings with two different 

concentrations of ECL were compared for C2C12 attachment and proliferation at 24 

and 48 hours. B) BSC attachment was compared for ECL and ECL-crosslinker 

coatings at 24 hours. (*Denotes P < 0.05 with respect to other measurements.) 
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Figure 4-6.  Developing satellite cells exhibit a lag phase in proliferation compared with young 

cells. BSC isolated from developing (60d) and young (<5d) cattle were plated on 

glass plates and analyzed proliferation with EdU incorporation (A) and activation 

with PCNA expression (B) over 72 hours. (*Denotes P < 0.05 with respect to 

measurements within a given time period. 
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A    

B    

Figure 4-7.  Comparison of EdU incorporation and PCNA expression in C2C12 myoblasts (A) 

and young (<5d) BSC (B). Hoechst dye was used for nuclei visualization. Cells were 

incubated with EdU for 2 hours prior to fixing and with primary α-PCNA overnight 

post fixation for immunofluorescence detection. Box indicates cells that are positive 

for PCNA and EdU, triangle indicates cells that are positive for PCNA and negative 

for EdU, and arrowhead indicates cells that are negative for both PCNA and EdU. 

Cells were photographed at 10x magnification and magnified for visualization. 

Hoechst α-PCNA EdU 

Hoechst α-PCNA EdU 
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Figure 4-8.  Representative graphs (n = 1) of bovine satellite cells (<5d) grown on acrylamide 

gels of varying elastic moduli over a six-day period. A) Gel representing calf elastic 

modulus (<5d). B) Gel representing adult elastic modulus (≥3y). C) Gel representing 

a stiff, extreme elastic modulus. D) Graphs of the three gels combined to highlight 

growth trend. 
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Figure 4-9.  Pax7 and Myf5 expression at 24 hours post-plating in bovine satellite cells (<5d) 

grown on soft substrates. Three groups were observed, a Pax7(+)Myf5(-) group of 

muscle stem cells, a Pax7(-)Myf5(+) group of myoblasts, and a Pax7(+)Myf5(+) 

group of progenitor cells. A Pax7(-)Myf5(-) group was also observed. (*Denotes P < 

0.05 with respect to comparisons denoted by brackets.) 
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A   

Figure 4-10.  Cells on soft substrates exhibit three groups of myogenic expression, Pax7-only 

cells, Myf5-only cells, and Pax7/Myf5 cells. BSC (<5d) were co-stained for both 

antibodies at 24 hours post-plating. Representative images were taken at 20x 

magnification. A) Highlights Pax7-only cells. B) Highlights Myf5-only cells. 

Arrowhead indicates Pax7-only cells, triangle indicates Myf5-only cells, and box 

indicates Pax7/Myf5 expressing cells. Merge photos represent all three stains 

overlapped. 
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Figure 4-10.  Continued 

α-Pax7 Hoechst 

α-Myf5 Merge 
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Figure 4-11.  Percent of bovine satellite cells (<5d) positive for proliferating cell nuclear antigen 

(PCNA) after immunostaining. Positive cells represent cells that have entered the 

DNA synthase phase of the cell cycle and are mitotically active. A) Cells grown on 

gels of varying elasticities analyzed at 24 and 48 hours post-plating. (
a-g

Mean 

percentages in the same time period with different letters are significantly different, 

P < 0.05.) B) Cells grown on gels of varying elasticities treated with or without 

hepatocyte growth factor (HGF) analyzed at 24 hours post-plating. (*Denotes P < 

0.05 with respect to (-) HGF measurements). 
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CHAPTER 5 

DISCUSSION 

Muscle Elasticity Varies with Age and Muscle Type 

Elasticity, a factor contributing to the microenvironment of a cell, affects mesenchymal 

stem cell ability to commit to a particular lineage in vitro (Engler et al., 2006). The use of an 

elastic substrate analogous to muscle tissue has been shown to improve satellite cell regenerative 

ability (Boonen et al., 2009; Gilbert et al., 2010). A muscle elasticity value of 12 kPa has 

previously been determined for adult mouse muscle (Engler et al., 2004b; Gilbert et al., 2010). 

This value was presumed to be representative for mouse muscle tissue in general. However, it 

may not be the same for all muscle types or muscle from other species. The use of a particular 

muscle contributes to postnatal muscle development, and rodents undergo different locomotion 

and strain on their muscles compared to that of a larger animal or human. The difference in strain 

on particular muscles may ultimately affect muscle elasticity, making the generalized mouse 

model a misrepresentation for muscle from larger species. In this study two different types of 

muscle tissue from Holstein cattle were investigated. The SM is a muscle of locomotion, and the 

LD is a muscle that supports lateral movement and posture. The results presented here revealed 

that both muscles had elasticity values that were a) different from mouse muscle and b) different 

between each other. We therefore conclude that for the study of satellite cells isolated from 

cattle, the muscle elasticity values of mouse muscle is not applicable. The discovery of different 

species and muscle types exhibiting differing elasticities could be important with consideration 

to the animal model used as well as in the development of tissue grafts for muscle therapies.  

Satellite cell activation is affected by age, which may be a consequence of a changing 

microenvironment that includes fiber elasticity. Muscle elasticity (E), or stiffness, was therefore 

hypothesized to increase with age as a result of increased collagen deposit that has been shown to 
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increase with age (Robert and Labat-Robert, 2000). Muscle elasticity was measured and 

compared between calves and adult cattle to represent young and adult tissue. Results indicate a 

significant increase in elasticity for adult LD tissue compared to young LD tissue, confirming 

that elasticity, or stiffness, increases with age. Surprisingly, no significant difference was 

observed in young and adult SM tissue, whereas the SM in adult beef cattle is widely recognized 

as a muscle producing steaks of tougher palatability, which could be related to muscle elasticity 

measurements (Senaratne et al., 2010). Muscle elasticity contributes to tenderness palatability 

and age is associated with decreased muscle tenderness (Smith et al., 1982). Therefore one 

would expect the SM to increase in elasticity with age and to exceed that of the adult LD tissue, a 

muscle producing some of the most tender steaks in beef cattle.  

An explanation for these unexpected results may involve the method by which muscle 

elasticity was assessed. Due to the size of the harvested whole muscle and limitations of the 

loading cell, subsections of muscle tissue were cut and used as representative samples. Although 

results revealed values with minimal variability, these subsections may not have been 

representative of the entire muscle elasticity as muscle is a heterogeneous tissue containing 

different fiber types and fiber sizes. Measurement of single fibers may be more indicative of the 

elasticity satellite cells are experiencing; however size and distribution of overlapping fibers 

limit isolation and measurement of a single fiber in its entirety. Another option for future studies 

could explore multiple isolated subsections or whole single fibers from one muscle type to see if 

these values would differ from the results in the current study. In addition, one aspect that was 

not considered in the current study is the differences in skeletal muscle elasticity with regards to 

gender. Male neonatal calves and adult female cattle were used in the current study based on 

availability. However, differences in adult female and male muscle tissue are very apparent with 
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regards to fiber type, size, and chemical properties (Novák et al., 2010, Patten et al., 2008). 

Differences between neonatal male and female muscle have also been observed in mice with 

regard to kinase expression levels involved in cellular energy metabolism (Desai et al., 2009). 

An important factor to consider for future studies would be to compare gender effects on muscle 

elasticity as well and how these differences might have a gender-specific impact satellite cell 

activity. 

The values obtained for young and adult muscle tissue were applied to creating a substrate 

that can mimic these values in vitro. Mouse satellite cells show increased striation formation and 

regenerative ability when grown on substrates with elasticity equal to measured muscle tissue 

compared with cells grown on glass (Engler et al., 2004b; Gilbert et al., 2010). As muscle 

elasticity was shown to differ with age in one muscle type, and as young and adult BSC showed 

differing proliferative behavior in culture, we developed a range of elastic substrates from soft 

(young, 6 kPa), moderate (adult, 16 kPa) to stiff (32 kPa) elasticities based on bovine muscle 

elasticity measurements to observe how change in elasticity affects satellite cell behavior in 

vitro. Polyacrylamide gels were fabricated using the standard curve developed to determine 

elasticities corresponding to specific acrylamide concentrations. Polyacrylamide was specifically 

chosen because its elasticity is easily tunable, its formula does not contain any interfering 

substances, and its porous nature resembles physiological conditions of the network of proteins 

that make up the extracellular matrix (Pelham and Wang, 1997). It also does not swell or change 

shape when hydrated, therefore maintaining its surface area while cells are attached. It was 

established in the current study that BSC require covalently attached proteins in order to 

successfully attach to the polyacrylamide substrate, as other methods to polymerize or coat 

proteins with the gels resulted in cell failure to attach (Figure 4-3). Extracellular matrix proteins 
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were covalently attached to the gels using a chemical crosslinker that was shown to have no 

interfering effects on satellite cell attachment or proliferation. Cell activity could therefore only 

be in response to elastic properties and not outlying factors such as interference from the use of a 

chemical crosslinker or polyacrylamide. 

Cell attachment and proliferation were monitored on all three substrate elasticities and 

showed a common trend of delayed growth followed by a significant decrease in cell number 

after two days (Figure 4-8). Representative graphs were shown for each substrate because the 

percentage of cells that attached to the substrates (out of the total cells attached to glass) was 

different for each trial. However, the same trend for all trials was observed, which, considering 

that BSC are a heterogeneous population (Li et al., 2011), could mean that cells are being 

separated by identity when attaching to the various substrates. This was explored later by 

staining for Pax7 and Myf5 antibodies. 

The lack in proliferation could lie in apical-basal asymmetric cell division. Activated 

satellite cells isolated from rodents have been shown to divide in this manner producing a 

proliferating cell and a cell that returns to quiescence (Kuang et al., 2007; Shinin et al., 2006; 

Venters et al., 2005). This type of division could be the cause of the observed delay in 

proliferation after two days as the proliferating cell may lift off of the gel while the cell that 

returns to quiescence remains. Evidence of apical-basal division was shown in BSC cultures (Li 

et al., 2011), the manner of which could also be a cause for the dividing cell to lift off of the 

substrate with its daughter cell, accounting for the resulting decrease in cell number at day three. 

This decrease was also suspected to be linked to the identity of the cells, which led to the 

investigation of Pax7 and Myf5 expression, discussed later. Finally, while all substrates 

experienced a decrease in cell number, only the stiffest 32 kPa substrate experienced an increase 
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in cell number following the decrease. Boonen et al. (2009) established that mouse satellite cells 

show increased attachment and growth with increasing stiffness. Stiffer substrates may therefore 

be a signal for cell proliferation, whereas softer substrates may prevent the cell from 

proliferating. This result appears contrary to the effects of aging on satellite cell activity, and was 

further explored using markers for cell identity and activation. 

Proliferation Is Delayed in Adult Satellite Cells in vitro 

Quiescent adult and aged satellite cells undergo a lag phase prior to cell proliferation. 

(Johnson and Allen, 1993; Li et al., 2011; McGeachie et al., 1995; Tatsumi et al., 1998). It has 

been previously suggested that the lag phase is a result of an increased amount of satellite cells in 

adult tissue that have returned to quiescence after being activated and cycling through the cell 

cycle (Tatsumi et al., 1998). PCNA is used to detect early activation, and satellite cells isolated 

from 9-12 month old rats showed a 24-hour delay in increased PCNA expression compared to 

cells from 3-4 week old rats with addition of a stimulus (Johnson and Allen, 1993). Upon 

induced injury, muscle satellite cells in both young and old mice became activated after 24 

hours, but a lag in peak proliferation was exhibited in satellite cells of old mice (McGeachie and 

Grounds, 1995). Adult BSC also exhibit a lag in peak proliferative activity (Li et al., 2011), 

therefore early detection of activation was explored in developing BSC. 

Activation status using PCNA expression was compared to proliferation analyzed via EdU 

incorporation for BSC isolated from young (<5d) and developing (60d) cattle on glass plates. 

Developing BSC began to incorporate EdU 24 hours later than young BSC, evidence of delayed 

proliferation. Interestingly, the percentage of PCNA-positive cells was about equal for both 

developing and young cells, representing roughly 85% of the total cell population, and did not 

change significantly for either age group over a 72 hour period. This would suggest that both age 

groups contained a majority of activated cells 24 hours post plating prior to proliferation, and 
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that a 24-hour lag experienced by developing cells was not due to a lower percentage of activated 

cells. The lag experienced in developing BSC is therefore a result of delayed proliferation and 

not extended quiescence as shown in rats. This lag appears to be due to intrinsic factors in the 

cells, as culture conditions remained the same for both age groups. Interestingly, these intrinsic 

signals seem to change from the young calf to the developing calf, although both animals are 

undergoing muscle growth. It may be that something intrinsically slows the proliferation of 

activated cells somewhere between birth and the developing calf, which may be a technique to 

slow muscle growth as the animal approaches mature size. These intrinsic factors can be 

overridden in vitro with the addition of HGF (Allen et al., 1995; Tatsumi et al., 1998) or 

exposure to serum from young animals (Conboy et al., 2005), suggesting an interplay between 

signals from the environment and innate properties of the cell. 

It may be that satellite cells in developing muscle have a larger subpopulation of slow-

dividing cells resulting from asymmetric division during satellite cell self-renewal (Hashimoto et 

al., 2004; Li et al., 2011; Schultz, 1996). Satellite cell populations contain subpopulations of 

satellite cells that asymmetrically divide and return to quiescence to replenish the satellite cell 

pool. As the animal ages, this number of self-renewing satellite cells may increase while the 

number of regenerative cells decreases, leading to a concentrated population of cells destined to 

replenish the satellite cell pool and thus divide and proliferate slowly. Further investigation of 

developing and adult satellite cell behavior is required to understand the reasoning behind this 

slow-dividing group. 

Satellite Cells Respond to Elasticity in vitro 

Satellite cell populations are heterogeneous and consist of subpopulations that represent 

stem, progenitor, and myoblast cells. BSC grown on polyacrylamide substrates of varying 

elasticities exhibited a decrease in cell number after three days in culture. This was speculated to 
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be due to asymmetrical division, but another contributing factor could be that only a certain 

subpopulation of BSC attaches and another subpopulation lifts off. Cells lifting off of the gels 

were suspected to be a part of a subpopulation of activated cells that are not supported to 

proliferate on softer substrates. There was no evidence of cells attaching to the well after daily 

transfer of each gel to a new well (data not shown), which made it difficult to characterize the 

cells that had lifted. Therefore, cells were characterized by Pax7 and Myf5 expression 24 hours 

post plating to determine the status of initially attached cells (Figure 4-9). Results revealed that 

Pax7
+
/Myf5

+
 progenitor cells made up the largest subpopulation of attached cells on all three 

substrate elascticities, similar to that observed in satellite cells on a plastic surface (data not 

shown). Smaller subgroups of Pax7-only and Myf5-only cells were also observed on all three 

substrates with no significant differences. Another group of Pax7/Myf5-null cells were evident 

and significantly higher in cells on the softest (6 kPa) and moderately soft (16 kPa) substrates 

compared with the stiff substrate (32 kPa). This could be indicative of Pax3-expressing cells, the 

homologue to Pax7 that is expressed by satellite cells during embryogenesis and expressed in 

addition to Pax7 by some satellite cells postnatally. Pax3, however, is difficult to monitor due to 

lack of available antibody. The Pax7/Myf5-null cells could also be a myogenic-derived side 

population of stem cells previously reported in mouse cultures (Asakura et al., 2002; Benchaouir 

et al., 2004; Kallestad and McLoon, 2010). Cells on the softest substrate did, however, show a 

significantly smaller population of progenitor cells corresponding to an increased population of 

Pax7/Myf5-null cells, which could be indicative of the softest substrate being the more preferred 

surface for the subpopulation of muscle stem cells to attach. Both quiescent and activated 

satellite cells express Myf5 (Beauchamp et al., 2000), so it is unknown whether a progenitor cell 

is quiescent or activated. However, as the softer substrates seem to have a negative effect on cell 
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proliferation (Figure 4-8), it may be possible that the quiescent progenitor cells attach while the 

activated cells do not on the softest substrate. The presence of Myf5-only myoblasts on the 

softest substrate would argue against this, however progenitor cells appear to make up the largest 

subpopulation of isolated satellite cells and brings to question why less attach to the softest 

substrate. The analysis of PCNA expression therefore became important in determining if softer 

substrates select for quiescent cells by having fewer PCNA-expressing cells. 

The largest Pax7
+
/Myf5

+
 subgroup of cells found in the satellite cell pool represents 

progenitor cells that have committed to a myogenic lineage, but does not indicate quiescence or 

activation. The first signs of satellite cell activation can be monitored using the proliferating cell 

nuclear antigen (PCNA) antibody (Johnson and Allen, 1993). BSC activation was therefore 

monitored over two days post plating on all three substrates and compared to BSC on plastic 

surface. After 24 hours post plating all three gel substrates exhibited significantly smaller 

percentages of PCNA-incorporating cells than BSC on plastic as well as significantly differing 

from each other. A gradual increase in PCNA-incorporating cells was observed with increased 

stiffness similar to results from Boonen et al. (2009). HGF is a potent mitogen that has been 

shown to activate satellite cells both in vitro and in vivo (Allen et al., 1995; Tatsumi et al., 1998). 

Addition of HGF to BSC on all substrates resulted in a significant increase in PCNA-positive 

cells compared to cells without HGF, which showed that HGF is able to reverse the effects of the 

softer substrates on satellite cell activation and that the elasticity is in fact the cause for the 

observed difference in activated cells. Furthermore, cells on the plastic surface with HGF were 

not significantly different from cells without HGF, inferring that cells on a hard surface already 

contain a majority of activated cells after 24 hours post plating. This would suggest that substrate 
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elasticity has an effect on cell activation, possibly causing progenitor cells to return to a 

quiescent state on softer substrates. 

Conclusions 

The effects of substrate elasticity on BSC behavior in vitro were significant, although not 

as expected. BSC appear to increase in activation and proliferation with increasing stiffness. It is 

known, however, that aging corresponds to reduced satellite cell activity, with a stiffer elasticity 

representing an aged muscle. Exposing young mouse satellite cells to an aged microenvironment 

resulted in increased collagen deposits and reduced satellite cell activity (Brack et al., 2007). 

Therefore, it was expected that young BSC exposed to an elasticity characteristic of aged muscle 

would also result in reduced activity. The results showed the opposite to be true, with decreased 

proliferation (Figure 4-8), decreased progenitors (Figure 4-9), and decreased PCNA-expression 

(Figure 4-11), indicating that change in elasticity may not be a cause for age-related effects 

observed in satellite cells. Furthermore, results comparing young and developing BSC under 

normal growth conditions on plastic resulted in a lag in proliferation from already activated cells 

in the developing BSC, indicating that possible intrinsic factors that may be associated with age 

delay the growth of these cells even on the most optimal surface. Nonetheless it is worth noting 

the significant decrease in activated cells with decreasing stiffness (Figure 4-11). It is possible 

that decreasing elasticity may be a negative signal for satellite cell activation in vitro, causing 

cells to return to a quiescent state. Further investigation is required to verify that the cells are in 

fact quiescent, and in doing so softer substrates may be an important technique in laboratory 

methods to control satellite cell activity and allow for improved investigation into satellite cell 

behavior.  
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APPENDIX 

PROTOCOLS USED 

Bovine Satellite Cell Isolation 

1. Prior to isolation, all utensils used that come in to contact with tissue should be covered 

and autoclaved for sterilization. The following utensils are used and autoclaved for the 

isolation: surgical pan, 250mL wide-mouth bottles, meat grinder accessories, surgical 

utensils, and two knives. Prepare four liters of 1x PBS (pH 7.4), divide into 500mL 

bottles and autoclave for sterilization. PBS should be kept warm at 37°C prior to use. 

Prepare bovine satellite cell growth media with Low Glucose Dulbecco’s Modified Eagle 

Media (GIBCO; cat. no. 11885-084), 10% horse serum (GIBCO; cat. no. 16050), 1% Pen 

Strep (GIBCO; cat. no. 15070-063), and 0.2% gentamicin (GIBCO; cat. no. 15710-064). 

Growth media should be kept warm at 37°C prior to use. 

2. Harvest muscle tissue from >2 week-old Holstein bull-calves using a sterile knife and 

place tissue in a sterile surgical pan for transfer. Place tissue in a laminar flow culture 

hood and trim connective tissue, fat, and hair using a new sterile knife and surgical 

utensils. All outer tissue layer exposed to a non-sterile environment should be removed.  

3. Place trimmed tissue in a meat grinder with a large plate attachment and collect in a 

sterile dish. Load ground tissue into 250mL wide-mouth bottles and balance by weight 

(approximately 40-60g tissue per bottle). 

4. Prepare protease (Sigma Aldrich) at 1.25mg/g tissue and dissolve in warm PBS at a 1:1 

weight-to-volume ratio. Gently mix tissue with protease mixture by gently swirling 

bottles. Incubate bottles at 37°C for 45 minutes, swirling every 10 minutes. 

5. Fill bottles with 60mL of PBS, gently swirl, and centrifuge at 1500xg for 4 minutes. 

Discard supernatant and repeat two more times. 
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6. Fill bottles with 50mL of PBS, shake vigorously, and centrifuge at 500xg for 10 minutes. 

Carefully collect supernatant in a clean 250mL bottle, making sure not to collect any 

floating fat or connective tissue, and incubate at 37°C. Repeat three more times for a total 

of four supernatant collections. 

7. Balance all collected supernatant between multiple clean 250mL bottles and centrifuge at 

1500xg for 10 minutes. During the centrifugation, prepare freezing media with 10% 

DMSO (Sigma; cat. no. D8418) in growth media at a volume that allows for 4g of tissue 

per mL of freezing media. Place freezing media on ice until needed. After centrifugation, 

discard resulting supernatant and add 10mL of PBS to one bottle. Re-suspend the pellet 

in the PBS and add this mixture to each subsequent pellet, re-suspending all pellets in a 

total 10mL of PBS.  

8. Transfer to one or two 50mL conical tubes and filter twice through a 70µm cell strainer 

(Fisher; cat. no. 22-363-548) and then twice through a 40µm cell strainer (Fisher; cat. no. 

22-363-547). 

9. Centrifuge the resulting filtrate at 1500xg for 5 minutes and discard resulting supernatant.  

10. Re-suspend resulting pellet in the freezing media and distribute into freezing tubes 

(Fisher; cat. no. 12-565-167N) at 1mL per tube (4g tissue per tube). Place tubes in -80°C 

for 12-18 hours and then place in liquid nitrogen for at least 24 hours before plating. 

 

ECL Photocrosslinking on Polyacrylamide Gels 

1. All steps involving ECL and cell culture take place under sterile conditions in a laminar 

flow culture hood. Prior to beginning the crosslinking process, a buffer exchange is 

completed for Entactin-Collagen IV-Laminin (ECL) Cell Attachment Matrix (Millipore; 
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cat. no. 08-110) to remove phenol red that interferes with the photocrosslinking process 

later on. 

a. A Zeba
TM

 Desalt Spin Column (Thermo Scientific; cat. no. 89891) is used for the 

buffer exchange. Place column in a 15mL conical tube and remove storage buffer 

by centrifuging a column at 1000xg for 2 minutes. 

b. Discard 15mL tube and place column in a new, sterile 15mL tube. Run sterile 1x 

PBS through the column three times via centrifugation at 1000xg for 2 minutes. 

c. Discard 15mL tube and place column in a new, sterile 15mL tube. Add ECL to 

the column and centrifuge at 1000xg for 2 minutes to obtain pure ECL with 

phenol red removed. 

2. Bring the photocrosslinker, Sulfo-NHS-Diazirine (Sulfo-SDA; Thermo Scientific; cat. 

no. 26173), to room temperature and protect from light. Prepare a 10mM concentration of 

Sulfo-SDA by dissolving 2mg of Sulfo-SDA in 611µl of sterile PBS. Add solution 

immediately to the pure ECL at a 1:1 volume-to-volume ratio and incubate in the dark for 

30 minutes at room temperature. 

3. Add 1M Tris•HCl (pH 8.0) sterile quenching buffer to the solution for a final 

concentration of 100mM Tris•HCl and incubate for 5 minutes at room temperature. 

4. Place a new Zeba
TM

 Desalt Spin Column in a 15mL tube and remove storage buffer by 

spinning at 1000xg for 2 minutes. Discard tube, place column in a new, sterile 15mL tube 

and slowly add ECL-crosslinker (ECL-XL) mixture to the column. Centrifuge column at 

1000xg for 2 minutes to remove the quenching buffer. 
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5. Test the resulting ECL-XL for protein concentration by performing a protein assay using 

the Micro BCA Protein Assay Kit (Thermo Scientific; cat. no. 23235) and a 1:10 dilution 

of the ECL-XL solution. 

6. During the 2 hour incubation time required for the Micro BCA protein assay, prepare 

polyacrylamide solutions with 5, 7, or 10% acrylamide (Bio Rad; cat. no. 101-0140), 

0.2% bis-acrylamide (Bio Rad; cat. no. 101-0142), 1% 1M HEPES (pH 8.0), and water. 

(HEPES buffer should be prepared prior and stored in one time use aliquots at -20°C, 

covered from light.) Polymerize solutions by adding 10% ammonium persulfate (APS; 

Bio Rad; cat no. 161-0700) and TEMED (Bio Rad; cat. no. 161-0801) at a 1:10 ratio of 

APS:TEMED. Pour solution between two glass plates separated by 0.75mm spacers to 

ensure uniform thickness. Allow to polymerize for 2 hours to ensure maximal 

polymerization. 

7. Once protein concentration is determined via the protein assay, prepare a 2% 

concentration of ECL-XL in sterile PBS (20µg ECL-XL per 1mL PBS). Coat control 

wells in a 48-well plate with 2% ECL-XL and incubate at 37°C for 1 hour. 

8. Cut acrylamide gels disks of diameter 8mm and place on 4 glass microslides. Place 

microslides inside of a 48-well plate cover. Place 50µl of 2% ECL-XL on top of one gel 

and sandwich a second gel on top. Separate the two gels and place adjacent to one 

another in the small, leftover puddle of ECL-XL to stay hydrated, the sides of each gel 

that were in contact with the ECL-XL facing up. 

9. Once gels are placed maximally on microslides (about 6 gels can fit per slide), place UV 

light to rest on top of the plate cover leaving ~1cm distance between the gel and the light 
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source. Expose the gel disks to 15 minutes of UV light to allow for the ECL to 

photocrosslink to the gel via the attached crosslinker. 

10. At this point, gels may be slightly dried out. Carefully place gels in one by one in the 

wells of a 48-well plate using a spatula and/or tweezers to ensure that the 

photocrosslinked side is facing up. Gently add ~500µl of PBS to wells ensuring that the 

gel’s positions are not disturbed (gels may float in liquid and flip over if treated too 

vigorously). 

11. When ready to plate cells, remove PBS from wells by gently sucking off with a P1000 

micropipette in the bottom corner of the well, ensuring that the gels are not disturbed. 

12. Plate cells at a density of 10,000 cells per gel in warmed growth media (Low glucose 

DMEM, 10% horse serum, 1% Pen Strep, and 0.2% gentamicin) and allow to attach 

overnight. 

13. When washing gels after attachment or performing any other protocol, use a P1000 

micropipette to gently remove liquid, so as not to disturb gels. 

 

Immunofluorescence Staining 

1. Remove media from wells with gentle pipetting. Wash wells to remove any remaining 

media with 1x PBS 

2. Fix cells with 90% methanol in PBS (Fisher; cat. no. 67-56-1) for 10 minutes at 4°C or 

on ice. 

3. Remove methanol promptly and wash wells once with PBS. If staining on 

polyacrylamide gels, gels will shrivel from methanol. Handle carefully when washing 

and allow gels to rehydrate in PBS until normal shape is achieved. 
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4. Prepare fresh blocking solution with 10% horse serum (GIBCO; cat. no. 16050) and 0.1% 

Triton-X 100 () in PBS. Add enough blocking solution to wells to cover cells and block 

for 1 hour at room temperature. 

5. Prepare primary antibody by diluting goat polyclonal IgG PCNA (C-20) (Santa Cruz; cat. 

no. sc-9857) at a 1:100 dilution in 10% blocking solution (prepared in step 4). Add 

enough primary antibody solution to cover cells. Incubate overnight at 4°C. Primary 

antibody should be used sparingly. Calculate the minimum volume required to cover the 

cells in each well and multiply this value by the total number of wells. This will be the 

minimum volume needed to dilute antibody. 

6. Remove primary antibody and wash with PBS, allowing PBS to incubate for 5 minutes at 

room temperature. Repeat two more times for a total of three 5 minute washes. 

7. Prepare secondary antibody solution by diluting anti-goat 488 (Invitrogen; cat. no. 

A11055) at a 1:150 dilution and Hoechst 33342 (Invitrogen; cat. no. H3570) at a 1:1000 

dilution in 10% blocking solution. This should be done in the dark. Secondary antibody 

should be used sparingly. Follow directions from 5a to determine minimum volume 

needed. 

8. Add enough secondary antibody solution to cover cells and incubate for 1 hour at room 

temperature in the dark. 

9. Remove secondary antibody solution and wash once with PBS. Analyze fluorescence 

using UV light for the Hoechst stain and blue light for the secondary antibody. 

 

Elasticity Measurements Using the Instron for Gels and Tissue 

1. Parameters for the Instron Bluehill program should be under a Tension Test Method 

using Extension Control, and set at a speed of 5mm/minute. Output should be set up to 
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export as an Excel worksheet that should be saved to a known folder – all raw data is 

needed for data analysis. Test parameters can be saved as a test to reopen for future 

experiments. 

a. Instron setup should include two clamps that will connect to the Instron loading 

cell and are used for the stretch test. 

b. Determine the minimum and maximum amount of stretch by adjusting the 

settings on the side of the machine. These do not need to be a specific setting, 

they simply need to allow enough room to load and stretch the sample. These are 

for safety purposes – the program will immediately stop if one of these limits is 

reached. 

2. If testing muscle tissue, fill several 250mL bottles halfway with either Krebs-Ringer 

Bicarbonate Buffer (Sigma; cat. no. 089K8300) or Dulbecco’s Modified Eagle Media – 

no serum added (GIBCO; cat. no. 11885-084). Incubate bottles in 37°C until needed. 

a. Obtain harvested muscle tissue and immediately cut into large sections, making 

sure to cut parallel to the muscle fibers, and place in warm buffer/media. Keep 

incubated at 37°C until ready to use. 

b. Cut tissue into thin strips along the muscle fibers. Suggested dimensions are a 

width and thickness of about 10mm and a minimum length along the fibers of 

20mm. Measurements may differ from those suggested, however it is important to 

make sure there is enough length to load the sample between the two clamps and 

a thin enough strip to fit between the clamp holders. All dimensions should be 

recorded for every single sample measured - they will be used to analyze the data. 
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3. If testing polyacrylamide gels, gels should be made as normal with working 

acrylamide/bis-acrylamide percentages, allowing to polymerize between two glass plates 

with a thickness of 0.75mm for 2 hours.  

a. Once polymerized, draw a stencil of a “dog-bone” shape or double-sided T shape 

on a piece of saran wrap with a permanent marker. Suggested dimensions for this 

shape are two 2cm x 5cm rectangles separated by a 4cm x 1cm rectangle, the two 

rectangles 4cm apart and the 5cm sides facing each other. 

b. Place the stencil over the gel and cut out multiple dog-bone shapes using a single 

edge razor blade. The 2cm x 5cm rectangles should be connected by the 4cm x 

1cm rectangle. Cover gels with wet paper towels until needed. 

4. Once samples are prepared and dimensions recorded, load the sample in the clamps, 

being sure that sample is in a relaxed state (dimensions have not shifted). Click “Reset 

Gauge Length” in the top left of the Bluehill program. 

a. Muscle samples should be loaded so that ~1-2cm is clamped. After sample is 

loaded, the distance of the sample length that is unclamped should be recorded – 

this will be the original length. 

b. Gels should be loaded so that the 2cm x 5cm rectangles are completely clamped, 

and the full 4cm x 1cm rectangle is unclamped. The recorded dimensions for gels 

should be 4cm length, 1cm width, and 0.75mm thickness. 

5. Click “Balance Load” option on the top until the load is ~0.00N. Click the “Start” option 

once the load has stabilized. 

6. Monitor the sample and its output as it is stretched. 
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a. If measuring muscle samples, allow the test to continue until there is a small 

break or drop on the curve, or until the slope has changed drastically. There will 

most likely not be a definitive breaking point for the sample. 

b. If measuring polyacrylamide gels, allow the gel to be stretched until it breaks. 

7. Click “Stop” on the test. Continue to run triplicates of the same treatment/muscle type by 

simply loading another sample and running the test so that the outputs overlay each other. 

Samples should never be run twice; after a sample is stretched, it will not go back to its 

exact original dimensions. 

8. Once finished with one treatment/muscle type, click “Finish”. All data will be exported to 

individual Excel worksheets for each sample and grouped by test. The program will give 

the option to run more samples under the same test parameters – click yes if continuing to 

measure more samples, or no if finished. 

9. To analyze data, open the Excel worksheets with raw data. Title two columns next to the 

raw data “dL/L” and “dF/A”, where dL is the change in length, L is the original length, 

dF is the change in force, and A is the cross-sectional area. Create equations within these 

columns that divides each distance data point by the original length of the particular 

sample, and divides each force data point by the sample’s cross-sectional area (thickness 

x width). Graph these new columns using a scatter plot with unconnected data points. 

Determine the linear equation for the curve using the linear regression option in Excel. 

The slope of this equation multiplied by 10
3
 gives the Young’s Modulus in kPa. When 

analyzing the slope for the muscle tissue samples, sometimes the curve changes slope 

over ranges of distance. When this happens, try to determine the range of distance of the 

initial slope before it begins to change and re-graph the data points ending at this limit. 
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This will give the initial elastic modulus observed and a more accurate Young’s modulus 

value. 
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