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In the last decade, skeletal muscle stem cells have joined hematopoietic, intestinal, and skin 
stem cells as a standard model to study stem cell function in healthy and aging tissue and the 
role of stem cells in tissue-specific diseases. Muscle Stem Cells: Methods and Protocols provides 
leading-edge protocols in the study of the molecular and cellular biology of muscle stem 
cells. Protocols representing current and updated methods for muscle stem cell isolation, 
culture, molecular analysis, cellular analysis, and reintroduction in vivo as well as protocols 
for studying myogenic stem cells in non-mammalian model systems. Due to the application 
of techniques such as these, the potential for exploring muscle stem cell biology continues 
to expand, as does the state of our understanding of this critical stem cell population.

Barcelona, Spain Eusebio Perdiguero 
Columbia, MO, USA DDW Cornelison 
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Chapter 1

Muscle Stem Cells: A Model System for Adult  
Stem Cell Biology

DDW Cornelison and Eusebio Perdiguero

Abstract

Skeletal muscle stem cells, originally termed satellite cells for their position adjacent to differentiated 
muscle fibers, are absolutely required for the process of skeletal muscle repair and regeneration. In the last 
decade, satellite cells have become one of the most studied adult stem cell systems and have emerged as a 
standard model not only in the field of stem cell-driven tissue regeneration but also in stem cell dysfunction 
and aging. Here, we provide background in the field and discuss recent advances in our understanding of 
muscle stem cell function and dysfunction, particularly in the case of aging, and the potential involvement 
of muscle stem cells in genetic diseases such as the muscular dystrophies.

Key words Skeletal muscle, Stem cells, Muscle regeneration, Heterogeneity, Aging, Muscular 
dystrophies

1 Introduction

Stem cells are most simply defined as precursor cells which guaran-
tee sustained maintenance and regeneration of a tissue or organ by 
providing a population of replacement cells in case of loss or dam-
age. If this regenerative property is to be maintained over the life-
time of the organism, stem cells of each particular tissue should be 
capable of proliferating to both give rise to a large number of dif-
ferentiated progeny and to self-renew their population. In addition 
to germline stem cells, the first compelling experiments demon-
strating the existence of tissue-specific adult stem cells were done 
in studies investigating the origin of the hematopoietic system 
[1–5], establishing hematopoietic stem cells as the prototypical 
model for stem cell studies.

Adult stem cells may be classified into two major groups: those 
from tissues with high turnover and those from tissues with low 
turnover [6]. In tissues with high turnover rates, such as the skin, 
the hematopoietic system, and the intestine, stem cells are also 
responsible for repair after damage or wounding, but are most 
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important in maintaining tissue homeostasis on an ongoing basis. 
In tissues with low turnover, such as brain and skeletal muscle, the 
activity of stem cells is more restricted to specific stimuli such as 
establishing new neural circuits during learning [7] or responses to 
episodes of injury or disease in the skeletal muscle [8–11]. In the 
last decade, skeletal muscle stem cells have joined hematopoietic, 
intestinal, and skin stem cells as a standard model to study stem cell 
function in healthy and aging tissue and the role of stem cells in 
tissue-specific diseases.

2 Muscle Stem Cells in the Adult Skeletal Muscle

Adult skeletal muscle is a postmitotic tissue whose primary func-
tion is contraction, which allows organisms to generate force and 
facilitates voluntary movement. This tissue is also essential for the 
regulation of whole-body metabolism. Skeletal muscles are com-
posed of muscle fibers (myofibers) which are multinucleated syncy-
tial cells formed during the developmental process of myogenesis. 
Each myofiber is composed of numerous myofibrils, structures 
that extend along the complete length of each fiber cell and hold 
many sequentially ordered subunits of the functional unit of con-
traction, the sarcomere, where the interaction of actin and myosin 
protein filaments translate ATP and Ca2+ into force and thus 
motion [12]. Since all myofiber nuclei are terminally postmitotic, 
they are unable to contribute effectively to skeletal muscle growth 
and repair, which is instead provided by a unique population of 
muscle stem cells, the satellite cells [8–11].

By the late 1800s and early 1900s, several researchers had 
noticed that skeletal muscle development and regeneration 
appeared to be fueled by proliferative cells [10], which were termed 
myoblasts [13]. In 1961, an electron microscopy study [14] iden-
tified mononucleated muscle cells residing beneath the basal lam-
ina of muscle fibers, therefore, termed satellite cells, which were 
proposed to be a muscle stem/progenitor cell. Since this first 
description, satellite cells in healthy, uninjured muscle tissue have 
been characterized as quiescent cells with high nuclear-to- 
cytoplasmic ratio, reduced organelle content, increased amounts of 
heterochromatin, and reduced transcriptional activity compared to 
myofiber nuclei and are functionally defined as muscle precursor 
cells which provide myoblasts for postnatal muscle growth and 
regeneration [10].

Satellite cells normally reside in a quiescent state until activated 
by damage or growth signals; in this quiescent state, they do not 
express significant levels of the myogenic regulatory transcription 
factors (MRFs: MYOD, MYF5, Myogenin, and MYF6) [15], but 
express high levels of the paired box protein Pax-7 (PAX7), consid-
ered to be the definitive marker for satellite cells [16–19]. Apart 

DDW Cornelison and Eusebio Perdiguero
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from PAX7, a growing number of proteins are known to be 
expressed in quiescent satellite cells and have been used to isolate 
them by fluorescence-activated cell sorting (FACS) or to label 
them for microscopic observation, including attachment and adhe-
sion molecules such as integrin alpha-7, M-cadherin, and CD34; 
cell-surface receptors such as HGF receptor/c-Met, CXCR4, and 
calcitonin receptor; the heparan sulfate proteoglycans syndecan-3 
and syndecan-4; caveolae-forming protein caveolin-1; and to a 
lesser extent transcription factors such as PAX3 [8]. Transplantation 
studies have thoroughly demonstrated that satellite cells are capa-
ble of self-renewal to replenish the stem cell pool as well as gener-
ating committed myoblasts that will proliferate and differentiate 
into new myofibers to orchestrate tissue repair [20–26]. Finally, 
several groups simultaneously demonstrated that skeletal muscle 
regeneration fails after genetic ablation of satellite cells [27–29], 
proving that satellite cells are the bona fide muscle stem cells and 
indispensable for skeletal muscle repair.

Molecular factors regulating satellite cell quiescence and acti-
vation are a focus of extensive study in the field. The notch signal-
ing pathway in particular has been demonstrated to play a key role 
in the maintenance of quiescence [30–33]. Notch expression in 
satellite cells is induced by the transcription factor forkhead box 
protein O3 (FOXO3), which is necessary to maintain quiescence 
[34]. Upon binding of a membrane-bound or soluble ligand, 
notch is proteolytically cleaved and the intracellular domain 
(NICD) translocates to the nucleus, where it interacts with the 
recombining binding protein suppressor of hairless (RBP-J kappa). 
The NICD–RBPJ kappa complex represses target genes, including 
those encoding the HES and HEY families of transcription factors, 
which inhibit MYOD and induce PAX7 expression [35–38]. 
Quiescence is also actively maintained by the expression of cell 
cycle inhibitors such as p21 and p27Kip1 [39, 40].

Upon muscle injury, quiescent satellite cells are exposed to 
many pro-proliferative signals produced by the surrounding milieu 
of infiltrating inflammatory cells and other resident cells including 
fibroblast growth factor 2 (FGF-2), hepatocyte growth factor 
(HGF), insulin-like growth factor 1 (IGF-1), and tumor necrosis 
factor (TNF-a), among others [40–47]. These growth factors and 
cytokines have been shown to activate intracellular signaling cas-
cades, being the p38 MAPK cascade among the more prominent 
ones [48]. MAPK 14/p38α has been shown to be essential for 
distinct myogenic stages, including activation from quiescence, 
cessation of proliferation, and differentiation of satellite cells [49–
53]. At early stages of satellite cell activation, p38 MAPKs are 
implicated in the asymmetric division machinery [54] and lead to 
stabilization of MyoD mRNA through the inhibition of the RNA- 
binding destabilizing protein tristetraprolin [55, 56]. Similarly, 
this signaling may be linked to transcriptional and 

Muscle Stem Cells
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posttranscriptional regulation of Myf5, a crucial step for satellite 
cell activation [57, 58]. MYF5 and MYOD transcription factors 
control the gene expression program of activated satellite cells 
[59–61], with upregulation of genes implicated in cell cycle pro-
gression, response to immune system, and chemotaxis [39, 62, 
63]. These transcriptome differences between quiescent and acti-
vated satellite cells are associated with profound changes in the 
epigenetic landscape [63] linked with fluctuations in the amount 
of facultative heterochromatin [64], probably mediated by differ-
ential activity of the polycomb repressive complex 2 (PRC2) [63, 
65] and repression of the histone methyltransferases of the Suv4-
20h family [64]. PRC2 activity is also controlled by p38 MAPKs 
and impinges in essential genes like Pax7 [66].

Although satellite cells were considered until the early 2000s 
to be a homogeneous population of stem cells, mounting evidence 
has demonstrated that satellite cells are in fact heterogeneous, con-
taining subpopulations with distinct gene expression profiles and 
different propensities for self-renewal or differentiation (reviewed 
in [67]). Many of these satellite cell subpopulations were identified 
based on differential expression of markers such as PAX3, CD34, 
M-cadherin, or MYF5 [18, 23, 25, 26, 68], which w then shown 
to correlate with marked functional differences. Heterogeneity in 
gene expression is also likely to underlie the ability of a subset of 
satellite cells to undergo asymmetric division [69, 70]. This has led 
to the hypothesis that there are at least two subpopulations of sat-
ellite cells, one less committed and thus with increased stemness 
and one more committed for differentiation. Different methods 
have been used to quantify the percentage of satellite “stem” cells, 
with different results. Satellite stem cell representation in the gen-
eral population is about 40 % based on the expression of the cell- 
fate determinant numb in vitro [70]. It is about 7 % based on 
co-segregation of template DNA strands in vivo, a phenomenon of 
asymmetric segregation of chromatids ensuring that one daughter 
cell contains only the old intact DNA (the template) and the other 
carries chromatids composed exclusively of the newly synthesized 
DNA, remaining the template or so-called “immortal” DNA 
strand in the truly stem cell [69, 70]. It is about 10 % based on the 
number of cells which lack of a history of MYF5 expression: these 
cells are proposed to be the subpopulation able to undergo asym-
metric division, while MYF5 lineage-positive cells divide symmetri-
cally, expand, and follow the differentiation path [23], being 
therefore a more committed progenitor. This percentage was 
shown to vary in different lineage tracing models [71], and inter-
estingly, satellite cells derived from Myf5 heterozygous mice have a 
higher self-renewal capacity [72]. Around 5 % of satellite cells 
labeled with PKH26 dye have slow divisions after activation and 
retained long-term self-renewal ability [73], correlating with previ-
ous observations during development [74]. Finally, around 10 % of 
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satellite cells with high PAX7 expression (based on a transgenic 
mouse model in which GFP is controlled by Pax7 promoter) were 
shown to manifest more stemlike traits such as lower levels of 
muscle- specific gene expression, increased dormancy, and lower 
metabolism [75]. Future studies in which these various criteria for 
the more stemlike cells in the satellite cell population are correlated 
with each other as well as with self-renewal, and myoblast generat-
ing capacity should better define the nature of this potential sub-
population; in vivo work in particular will be informative.

While satellite cells are the obligate stem cells of skeletal mus-
cle, other cells present in muscle tissue have been implicated in 
skeletal muscle homeostasis and regeneration. These skeletal mus-
cle interstitial cell populations do not meet the classical criteria for 
satellite cells (e.g.,, they are outside the basal lamina of the myofi-
ber and do not generally express MYOD or PAX family transcrip-
tion factors), although some of them have been described to be 
able to undergo myogenesis upon tissue injury (see Tedesco et al. 
in this volume) [76]. In particular, PW1-expressing interstitial cells 
(also known as PICs) have been shown to contribute to regener-
ated muscle upon engraftment [77, 78], and pericytes or pericyte- 
derived mesoangioblasts have also been shown to have myogenic 
capacity [79–81]. The relative contribution of these cell types in 
normal muscle regeneration and their relationship and/or hierar-
chy with satellite cells are still being studied. While Pax7-driven 
diphtheria toxin-mediated satellite cell elimination has demon-
strated that Pax7-expressing satellite cells are absolutely required 
for skeletal muscle regeneration [27–29], one study also noted a 
requirement for Tcf4-expressing muscle connective tissue fibro-
blasts [28], suggesting that satellite cell interactions with these and 
possibly other interstitial cells are required for the regeneration 
process.

3 Satellite Cells as a Model for Stem Cell Aging

Aging is a process that affects all organs and tissues leading to a 
decline in their homeostatic maintenance and function as well as 
reduced regenerative response after injury or disease [82]. Reduced 
or blunted stem cell function is generally considered to be respon-
sible for this decline. Aging is an enormous challenge for biomedi-
cal sciences and much work has been concentrated on discovering 
the complex role of different stem cell types in this process and 
identifying the mechanisms involved, in order to prevent or reverse 
them. In the last decade, muscle stem cells have arisen as an excel-
lent model for the study of the role of stem cell aging in tissue 
dysfunction in that they provide a tractable model to investigate 
the mechanisms of age-related dysfunction of stem cells, including 
whether these mechanisms are cell extrinsic, cell intrinsic, or both.
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Skeletal muscle aging is associated with a reduction in muscle 
mass and performance that is clinically described as sarcopenia 
[83–85]. Sarcopenia is known to increase the predisposition to 
muscle injury [86]; concomitantly, aging is associated with a pro-
gressive decline in satellite cell number and function resulting in 
defective tissue regeneration in rodents and humans [87–97]. 
Several extrinsic factors have been proposed that may influence sat-
ellite cell function during aging: often they are increased in aged 
skeletal muscle fibers (the cellular niche of satellite cells) and/or 
systemically in the circulation. FGF2 released by aged muscle fibers 
has been shown to downregulate Sprouty1, a self-renewal promot-
ing factor [98], in a subset of aged satellite cells, and to compro-
mise their quiescence even in undamaged tissue [88]. Transforming 
growth factor beta-1 (TGFβ1) was demonstrated to enhance 
SMAD transcription factor activation and cyclin-dependent kinase 
inhibitor expression in aged satellite cells, a phenomenon that is 
countered by notch signaling [99]. Increased activity of Wnt sig-
naling cascade has been implicated in reduced differentiation of 
aged satellite cells and increased transdifferentiation to a fibrogenic 
lineage [100]. In agreement with this, a sequential switch from 
notch to Wnt signaling was shown to be required for effective sat-
ellite cell activation and differentiation [101], and inhibition of 
notch signaling in young satellite cells induced age-associated 
regenerative defects, while activation of notch restored muscle 
regeneration in aged mice [93, 94, 102].

Suggestions that extrinsic or systemic influences may have a 
dominant role over cell-autonomous factors have come from 
experiments that improved muscle regeneration in aged muscle 
through rejuvenation of the aged environment. To ask whether a 
young environment would promote robust regeneration of aged 
muscle and vice versa, several groups (most notably Bruce 
Carlson’s) performed heterochronic whole-muscle and muscle cell 
transplants [103–107], although without conclusive results [108, 
109]. More recently, testing the effects of the environment on 
aged cells has been done by heterochronic parabiosis, wherein two 
mice of different ages are surgically joined such that they share the 
same circulatory system [94, 100, 110]. In validation studies, 
regeneration has been rescued in aged muscle through modulation 
of some of the known extrinsic pathways (notch, Wnt, TGFβ1) 
[99, 111] or with newly identified circulating factors revealed in 
the parabiosis model such as oxytocin [112] and growth/differen-
tiation factor 11 (GDF11) [113]. However, the relevance of 
GDF11 as a general rejuvenating factor has recently been disputed 
[114–118]; future studies will hopefully clarify this interesting sci-
entific kerfuffle.

Impairment of satellite cell function during aging has also been 
proposed to involve cell-intrinsic or cell-autonomous mechanisms 
that are consequences of irreversible damage to old or very old 
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(geriatric) cells. Indeed, many of the defined primary hallmarks of 
aging [119] as well as deregulation of many key transcriptional 
circuits necessary for stem cell identity and activity have already 
been demonstrated in satellite cells. For example, telomere attri-
tion and increased DNA damage has been demonstrated in aged 
and geriatric satellite cells [89, 113, 120–125]. Similarly, myoblasts 
deficient in Ku80, a component of the nonhomologous end join-
ing (NHEJ) pathway, showed accelerated aging due to telomere 
shortening and accumulated DNA damage [126]. Global epigen-
etic alterations [63] and depression of key loci such as INK4a [89, 
95, 97, 99, 112], which shows alterations chromatin marks such as 
K3K4me3 and H3K27me3 in old satellite cells [112] and 
H2AK119ub in geriatric satellite cells [89, 95], are also a hallmark 
of aging. These are known to lead to elevated p16-INK4a expres-
sion and a pre-senescent state turning into full cellular senescence 
upon proliferative signals. Satellite cell aging has also been linked 
to activation of the p38 MAPK pathway, probably as a response to 
increased FGF signaling [97, 127]. Deregulation of several key 
transcriptional circuits such as Rb/E2F [89] (leading to full senes-
cence) and JAK/STAT [128, 129] (leading to defective asymmet-
ric division) have also been described. Finally, loss of proteostasis 
has been also observed in aged satellite cells: old and geriatric satel-
lite cells have a reduced autophagic flux resulting in accumulation 
of damaged proteins, mitochondrial dysfunction, and increased 
oxidative stress which leads to entry into a pre-senescent state [95]. 
Consistent with all these findings, genetic or pharmacological inhi-
bition of p16-INK4a [89], STAT3 [128, 129], p38 MAPK [97], 
or refueling of the autophagy flux [95] rejuvenates the satellite cell 
population in aged mice. These results hold a growing promise for 
antiaging treatments, although the translation of specific gene 
inhibition in mice to human therapies may be difficult if not impos-
sible to implement with current technologies. An interesting 
potential exception may be caloric restriction, a known inducer of 
autophagy [130], which has been shown to improve the engraft-
ment capacity of adult satellite cells and the expansion of adult and 
aged satellite cells in vitro [131], suggesting that metabolic repro-
gramming of aged satellite cells could promote their survival and 
enhance their regenerative functions.

4 Old and New Implications of Satellite Cells in Muscular Dystrophies

Muscular dystrophies are a heterogeneous group of diseases char-
acterized by skeletal muscle degeneration and wasting accompa-
nied by inflammatory response [132]. In the most severe 
dystrophies, such as Duchenne muscular dystrophy (DMD, caused 
by a deficiency in the dystrophin protein), the failure of muscle 
maintenance eventually leads to death by respiratory insufficiency 
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and cardiomyopathy [133]. In DMD, the muscle tissue is in a 
chronic state of damage due to the weakness of the dystrophin- 
deficient myofibers, leading to chronic activation of the regenera-
tion response and, potentially, exhaustion of the satellite cell 
population [134, 135], although conflicting data exist between 
mice and humans [136]. The disease pathology also leads to 
incomplete muscle regeneration and progressive replacement of 
muscle by fibrotic and fat tissue [137].

Were satellite cell dysfunction a causative factor in the later 
stages of disease progression, one would expect to note reduced 
differentiation capacity of satellite cells and myoblasts from DMD 
patients. Indeed, several reports indicated that myoblasts derived 
from DMD patients and from the mouse model of DMD, the mdx 
mouse, showed aberrant differentiation [138–140]. However, 
recent evidence from engraftment of satellite cells from mdx mice 
into wild-type hosts demonstrated that their regenerative capacity 
was similar to that of the healthy muscle host [141], implying that 
(like many factors described above in the case of aging) the defect 
may be non-cell-autonomous. To add to the debate, a recent study 
demonstrated that (contrary to popular belief) dystrophin is 
expressed in satellite cells, where it is necessary for regulation of 
their polarity and asymmetric division [142]: in the absence of dys-
trophin, cells attempting to undergo asymmetric division instead 
experience mitotic catastrophe due to nucleation of multiple spin-
dle poles [142].

Finally, satellite cells from DMD patients [143] and mdx mice 
[144] have shorter telomeres, which could possibly lead to a 
senescence- like phenotype, similar to that observed in geriatric sat-
ellite cells [89] or to cells from young mice deficient in polycomb 
repressive complex proteins such as Bmi1 [145] or Ezh2 [65]. In 
agreement with this hypothesis, mdx mice lacking telomerase activ-
ity develop a very aggressive phenotype that worsens with age, 
similar to human children [146]. Interestingly, premature senes-
cence is also an underlying pathogenic feature of satellite cells from 
a mouse model of LGMD2H (limb-girdle muscular dystrophy 
type 2H) [147]. These questions will also ideally be resolved by 
further experimentation into the interplay between intrinsic and 
extrinsic factors affecting satellite cell function in the dystrophic 
environment.

5 Concluding Remarks

Skeletal muscle regeneration is fueled by satellite cells, the bona 
fide somatic stem cells of the muscle, although in the last decade 
other interstitial stem or progenitor cells from diverse origins have 
been shown to collaborate with satellite cells during tissue repair 
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(see Tedesco et al. in this volume) [76]. Data generated in the last 
10 years using sophisticated genetic models and new technologies 
have indicated that, as in many somatic tissues like blood, skin, and 
intestine [148], the skeletal muscle stem cell system is also hetero-
geneous, comprising different subsets of satellite cells which differ 
in their capacity for proliferation, differentiation, and self-renewal. 
However, as noted above, significant unsolved questions still 
remain in the areas of satellite cell heterogeneity, contribution of 
non-satellite cells to muscle regeneration, and the role of satellite 
cells themselves vs. their local and systemic environments in the 
case of aging or disease.

Although satellite cells have thus far not fulfilled their initial 
promise in regenerative medicine approaches to treat muscular dis-
eases, the development and implementation of new protocols for 
their isolation, the selection of subpopulations with extended 
stemness ex vivo, the use of single-cell or clonal population analy-
sis, and the implementation of innovative bioengineering tech-
niques may initiate a new era for satellite cells as therapeutic tools 
for sarcopenia and muscular dystrophies.

The protocols included in this volume “Muscle Stem Cells: 
Methods and Protocols” of the Methods in Molecular Biology series 
represent current and updated methods for muscle stem cell isola-
tion (Gayraud-Morel et al., Tonlorenzi et al., Stuelsatz et al., 
Sincennes et al., and Low et al.) [149–153], culture (Saclier et al., 
Arora et al., Davoudi and Gilbert) [154–156], molecular analysis 
(Sreenivasan et al., Gatto et al., and Peng et al.) [157–159], cel-
lular analysis (Ryall, Garcia-Prat et al. and Lund et al.) [160–162], 
and reintroduction in vivo (Hall et al., Tierney and Sacco) [163, 
164] as well as protocols for studying myogenic stem cells in non-
mammalian model systems (Lavergne et al., Nguyen and Currie) 
[165, 166]. Due to the application of techniques such as these, the 
potential for exploring satellite cell biology continues to expand, as 
does the state of our understanding of this critical stem cell 
population.
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Isolation of Muscle Stem Cells from Mouse Skeletal 
Muscle
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and Shahragim Tajbakhsh

Abstract

Isolation of muscle stem cells from skeletal muscle is a critical step for the study of skeletal myogenesis and 
regeneration. Although stem cell isolation has been performed for decades, the emergence of flow cytom-
etry with defined cell surface markers, or transgenic mouse models, has allowed the efficient isolation of 
highly enriched stem cell populations. Here, we describe the isolation of mouse muscle stem cells using 
two different combinations of enzyme treatments allowing the release of mononucleated muscle stem cells 
from their niche. Mouse muscle stem cells can be further isolated as a highly enriched population by flow 
cytometry using fluorescent reporters or cell surface markers. We will present advantages and drawbacks of 
these different approaches.

Key words Satellite cells, Muscle stem cell isolation, Enzymatic dissociation, FACS

Abbreviations

FACS Fluorescent-activated cell sorting
TA Tibialis anterior
GFP Green fluorescent protein
FSC Forward scatter
SSC Side scatter
C/T Collagenase D/Trypsin
C/D Collagenase A/Dispase II
FBS Fetal bovine serum
CD Cluster of differentiation

1 Introduction

Biochemistry and molecular or cell biology studies on specific 
organs require the isolation of highly purified cell types to assess 
stem cell properties and their role in growth and regeneration. 
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However, such isolation of mononucleated cells from solid tissues 
and organs requires enzymatic treatments that ultimately result in 
the destruction of the stem cell niche and the differential stripping 
of cell surface molecules. One example is skeletal muscle satellite 
(stem) cells that lie on myofibers, located between the sarcolemma 
and its surrounding basement membrane [1]. Most satellite cells 
are quiescent during homeostasis. Following intense exercise or 
muscle injuries, satellite cells activate, proliferate, and differentiate 
to renew damaged myofibers [2, 3]. Molecular markers are used to 
distinguish quiescent satellite cells from their progeny [4, 5]. 
Furthermore, several studies have suggested that quiescent satellite 
cells constitute a heterogeneous cell population [6–8]. To date, the 
transcription factor Pax7 is the most reliable marker known that 
identifies all quiescent satellite cells [9]. Pax7 expression marks the 
upstream myogenic population from mid-embryogenesis to adult-
hood. Its expression persists in activated and cycling satellite cells, 
but it is downregulated during myogenic commitment and differ-
entiation, as the differentiation transcription factor myogenin is 
upregulated. Therefore, the Pax7 locus has been a target of choice 
to generate knock-in and transgenic animals, to introduce GFP 
reporter or Cre recombinase genes that permit the prospective iso-
lation and characterization of satellite cells.

Several genetically modified mice with a GFP reporter, which 
recapitulate Pax7 expression, have been generated, for example, 
Tg:Pax7-nGFP [10, 11] and Pax7-ZsGreen [12]. More recently, 
the generation of four tamoxifen-inducible Pax7-CreERT2 mouse 
lines [13–16] has also opened the possibility to label most satellite 
cells with mouse reporter lines such as R26mT/mG or R26eYFP. In 
these situations, the specificity and efficiency of the Cre mouse 
lines and the efficiency of the reporter line need to be closely exam-
ined. These four lines have different characteristics; the Tg:Pax7- 
CreERT2 is a transgenic that does not affect the endogenous Pax7 
locus [15]. The knock-in Pax7CreERT2 has the Cre sequence inserted 
in the 3′UTR of the Pax7 locus [16], similar in strategy but dis-
tinct from another knock-in [13]. These knock-ins result in Pax7 
expression due to the IRES sequence. Finally, the Pax7CE is a 
knock-in/knockout, where the Cre gene is inserted in the first 
exon of the Pax7 locus resulting in a null allele [14].

Other mouse models have been generated, but they do not 
mark the entire satellite cell population. While Pax3 is expressed in 
all body (except the head) myogenic cells during development, in 
the adult, its expression, reported with the Pax3GFP mouse, is 
restricted essentially to some trunk muscles [17]. In the Myf5nGFP/+ 
mouse, the nGFP (nuclear GFP) reporter is expressed in a sub-
population of satellite cells [18], and the two Myf5Cre alleles allow 
the detection of about 90 %, but not all satellite cells in young adult 
mice [19–21, 10, 22]. Another GFP reporter line, Nestin-GFP, has 
been used to isolate satellite cells [23]. New genetic tools will 
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continue to emerge allowing isolation of  subpopulations of muscle 
stem cells in quiescence and their purification on further step down 
the myogenic differentiation program.

In addition to isolation of muscle stem cells by flow cytometry, 
preparation of isolated single myofibers remains an efficient method 
to isolate and follow individual satellite cells and their fate [24, 
25]. This method provides the advantage of isolating satellite cells 
within their niche, with minimal artificial stress induced by other 
methods such as FACS. However, the amount of cells that are col-
lected at quiescence is limited, and isolation of activated or prolif-
erating satellite cells needs to be performed ex vivo.

In this chapter, we describe the isolation of satellite cells by 
FACS where these cells are marked by a fluorescent reporter such 
as the previously described Tg:Pax7-nGFP reporter mice [11]. The 
benefit of fluorescent reporter mice is the high yield of satellite 
cells collected in a reasonable amount of time, without the use of 
antibody staining for surface markers that can be compromised fol-
lowing enzymatic treatment. Muscle stem cells isolated by enzy-
matic treatments remain functionally competent and are able to 
proliferate and generate robust myogenic fibers in vitro and in 
vivo. Transplantation of a single or a population of satellite cells is 
able to contribute to regenerating myofibers and self-renew effi-
ciently [18, 26, 27].

However, in many cases, the crossing of a fluorescent reporter 
with other genetically modified mice is time-consuming and cum-
bersome; therefore, the use of surface markers becomes manda-
tory. Currently, there is no single cell surface marker that can be 
universally used to identify quiescent or activated satellite cells. 
Most of the strategies rely on the combination of at least two posi-
tive markers for satellite cells and several negative markers for 
exclusion of non-myogenic cells. For example, the protocol pro-
posed in this chapter is based on two cell surface markers: 
α7-integrin and CD34 [21, 28]. Other examples reported previ-
ously use different cell surface marker combinations including 
CXCR4, VCAM, SM/C2.6 [29–32], or Syndecan4 [33].

It should be noted that a major drawback of stem cell isolation 
and FACS is the stress that is imposed on cells, the consequences of 
which remain unknown. These have yet to be quantified but should 
be taken into account particularly in assays such as the measure of 
metabolic activity. Furthermore, the quiescent status of stem cells is 
immediately compromised as soon as muscles are isolated. Therefore, 
satellite cells isolated on single fibers or by FACS have already initi-
ated the G0/G1 transition [34]. To overcome the problem of stress 
induced by FACS to the cells, an alternative method relies on mag-
netic activated cell sorting (MACS) [35].

For human muscles, a different strategy is required as some of 
the cell surface receptors of quiescent satellite cells are different. 
For example, the cell surface receptor CD34 is not expressed in 
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quiescent human satellite cells [36]. Instead, CD56 is expressed in 
some quiescent satellite cells and more robustly in activated cells 
derived from cultured satellite cells. Therefore, CD56 is commonly 
used to enrich the human myogenic cells following expansion in 
culture. Different approaches have been developed recently to iso-
late human muscle stem cells, from manually dissected muscle fiber 
fragments [37] to FACS using α7-integrin. CXCR4 or CD29 cell 
surface receptors are also used as positive markers [38–40].

Here, we describe two approaches for the isolation of satellite 
cells:

 1. Isolation of mouse skeletal muscle stem cells with collagenase D 
and trypsin: Collagenase D cleaves native collagen. It has a 
high collagenase activity and a low contaminating trypic activ-
ity. Trypsin is a serine endopeptidase; it cleaves peptide bonds 
at the carboxylique side of the basic amino acids Arg and Lys. 
Due to the rapid and broad range of action of the trypsin, this 
procedure should not be employed extensively if the isolation 
of muscle stem cell requires the recognition of cell surface anti-
gens. However, this protocol has proven to be efficient for 
skeletal muscles when fluorescent reporter mice are used to 
mark satellite cells.

 2. Isolation of mouse muscle satellite cells with collagenase A and 
dispase II: Collagenase A degrades native collagen and has a 
balanced ratio of contaminating enzyme activities. Dispase II is 
a neutral protease that hydrolyzes the N-terminal peptide 
bonds of nonpolar amino acid residues. This enzyme combina-
tion allows an efficient release of satellite cells from the tissue 
and it minimizes the cleavage of cell surface receptors neces-
sary for immunodetection and cell sorting [41].

2 Materials

 1. Dulbecco’s modified Eagle’s medium (DMEM, Life 
Technologies, ref. 31966021) with penicillin/streptomycin 
(Life Technologies, ref. 15140122).

 2. Trypsin stock solution (Life Technologies, ref. 15090-046). 
Make 15 ml tube aliquots of 2.5 % trypsin stock solution and 
store at −20 °C.

 3. Collagenase D stock solution (Roche, ref. 1108882001). 
Collagenase D powder is resuspended with cold DMEM to make 
a 1 % stock solution (250 ml DMEM for 2.5 g collagenase D). 
Make 15 ml tube aliquots and store at −20 °C.

 4. DNase I stock solution (Roche, ref. 11284932001). DNase I 
is resuspended in cold DMEM to make a 10 mg/ml stock 
solution. Make aliquots and store at −20 °C. Use at a final 
concentration of 0.1 mg/ml (see Note 1).

2.1 Isolation 
of Mouse Muscle Stem 
Cells with Collagenase 
D and Trypsin (C/T)
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 5. Fetal bovine serum (FBS): serum is used to block trypsin activ-
ity once digestion is complete. We do not heat inactivate FBS.

 6. Collagenase D/Trypsin working solution (C/T): add 4 ml of 
collagenase D stock solution and 2 ml of trypsin stock solution 
to 44 ml of DMEM to obtain final concentrations of 0.08 % 
collagenase D and 0.1 % trypsin. Add 50 μl of stock DNase I 
solution to the final 50 ml of C/T solution. This solution is 
prepared extemporaneously (see Note 2).

 7. Cell strainers; 100, 70 (Miltenyi Biotec, ref. 130-098-463, 
130-098-462), and 40 μm (BD Falcon, ref. 352340).

 8. Dissecting tools are cleaned and sterilized by autoclaving or 
70 % alcohol.

 1. Dispase II (Roche, ref. 04942078001): the number of U/mg 
is provided on each commercial bottle. Dispase II is weighed 
extemporaneously and used at a final concentration of 2.4 U/
ml (see Subheading 2.2, item 4).

 2. Collagenase A (Roche, ref. 11088793001): collagenase A is 
weighted extemporaneously to be used at a final concentration 
of 0.2 % (see Subheading 2.2, item 4).

 3. Hank’s Balanced Salt Solution (HBSS) (Life Technologies, ref. 
24020091) with penicillin/streptomycin (Life Technologies, 
ref. 15140122).

 4. For 10 ml of working collagenase A/dispase II solution (C/D): 
weigh 20 mg of collagenase A and the appropriate quantity of 
dispase II (e.g., 24 mg for a dispase II at 1 U/mg), and resus-
pend in 10 ml of HBSS. DNase I (stock 10 mg/ml; see 
Subheading 2.1) is added to the solution to a final concentra-
tion of 0.1 mg/ml. The solution is filtered through a 22 μm 
filter and kept at room temperature.

 5. Washing solution: HBSS with penicillin/streptomycin and 2 % 
fetal bovine serum.

3 Methods

 1. Before dissection, fill 50 ml Falcon tubes with 5 ml of FBS, and 
place in an ice bucket. Place 100 and 70 μm cell strainers on 
top.

 2. Skeletal muscles are dissected with small scissors from body 
parts of interest (see Note 3). Exclude as much as possible adi-
pose tissue (white fat), nerves (like the sciatic nerve running 
through the hind limb), and tendons. Collect the dissected 
muscles in a small volume (1 ml) of DMEM in a petri dish 
(see Note 4).

2.2 Isolation 
of Mouse Muscle Stem 
Cells with Collagenase 
A and Dispase II (C/D)

3.1 Isolation 
of Mouse Muscle Stem 
Cells with Collagenase 
D and Trypsin (C/T)
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 3. Before mincing the tissue, remove the excess DMEM with a 
pipette or by placing the petri dish on an angle. Removing the 
excess of liquid will facilitate mincing the tissue.

 4. Use fine dissecting scissors (Moria, ref. 4878) to mince the tis-
sue until a slurry forms with no more large muscle pieces (see 
Note 5).

 5. Transfer minced tissue to a 50 ml tube filled with DMEM- 
Pen/Strep. Mix by inverting the 50 ml tube several times to 
resuspend the tissue. Leave the tube on ice for 10 min to allow 
the muscle to sediment, while the fat tissue will stay in suspen-
sion. When all the muscle tissue is sedimented, remove the 
excess of DMEM (see Note 6).

 6. Resuspend the sedimented tissue with 10 ml of collagenase D/
trypsin working solution (see Note 7).

 7. Incubate the tube at 37 °C for 25 min in an agitating water 
bath. To increase the surface between the tissue and enzymes, 
tubes are incubated in a horizontal position with a gentle agita-
tion (120 rpm). This is a critical step that can impact on the 
yield of satellite cells.

 8. After 25 min of incubation, stop the agitation, and place the 
tubes in a tube holder in a vertical position to allow tissue sedi-
mentation for 3–5 min.

 9. Collect the supernatant by decanting or with a pipette.
 10. Filter the supernatant through cell strainers 100 and 70 μm 

consecutively. The filtered supernatant is collected in 50 ml 
tubes prepared earlier with serum on ice (see Note 8).

 11. Resuspend the tissue with 10 ml of collagenase D/trypsin 
working solution. Repeat steps 6–10 until all tissue is digested 
(see Note 9).

 12. Centrifuge all collected supernatant tubes for 10 min at 50 × g 
at 4 °C. Transfer the supernatant in a new 50 ml tube, and 
discard the pellet (see Note 10).

 13. Centrifuge the collected supernatant for 15 min at 550 × g at 
4 °C.

 14. Discard the supernatant by decanting or with a pipette. Keep 
the pellet.

 15. Wash the pellet by gently resuspending with 40 ml of cold 
DMEM.

 16. Centrifuge for 15 min at 550 × g at 4 °C (see Note 11).
 17. Discard the supernatant by decanting or with a pipette. Keep 

the pellet.
 18. Resuspend the pellet in 40 ml of cold DMEM, and filter it 

through a 40 μm cell strainer.
 19. Centrifuge for 15 min at 550 × g at 4 °C.
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 20. Resuspend the pellet in cold DMEM with 2 % FBS. The cell 
suspension is ready to use for sorting. Keep cells on ice until 
used.

 21. Cells can be collected out of the FACS in DMEM/2 % FBS for 
further molecular analysis and cell culture or directly in lysis 
buffer for RNA preparation. If a precise number of cells are 
required for the following experiments, we recommend to ver-
ify the actual number of cells collected by FACS with a hemo-
cytometer (e.g., Malassez counting chamber).

 1. Repeat steps 1–5, from Subheading 3.1, replacing DMEM by 
HBSS.

 2. Resuspend the sedimented tissue with 10 ml of collagenase A/
dispase II working solution (see Note 12).

 3. Incubate the tube at 37 °C for 90–120 min in an agitating 
water bath. To increase the surface between the tissue and 
enzymes, tubes are incubated in a horizontal position with a 
gentle agitation (see Note 13). This is a critical step that can 
impact on the yield of satellite cells.

 4. When muscles are fully dissociated, stop the digestion.
 5. Add 30 ml of HBSS to the cell suspension, and filter consecu-

tively through 100, 70, and 40 μm filters.
 6. Centrifuge for 15 min at 550 × g at 4 °C.
 7. Remove the supernatant. At this point, the pellet can be pro-

cessed for antibody staining (see Subheading 3.3) or resus-
pended in washing solution if the sample is directly used for 
FACS (see Note 14).

We recommend performing cell surface receptor staining following 
the collagenase A/dispase II protocol (see Subheading 3.2) which 
preserves to a greater extent the surface antigens:

 1. A set of controls is required to establish a correct gating of cell 
populations during FACS acquisition.

Recommended controls for this protocol are the following; 
1/30 of the cell preparation is necessary to carry out each of 
the controls (see Note 15):

 (a) Negative control: keep a small aliquot of the sample 
unstained. It is used to set up the voltage of the lasers and 
the threshold between positivity and negativity of different 
fluorochrome-labeled cell populations.

 (b) Single conjugated antibody staining: perform an individual 
staining for each fluorescent dye-coupled antibody on a 
small fraction of the sample. These staining are necessary to 
perform the compensation. Compensation is a technique 
used to eliminate false signal that results from spectral 

3.2 Isolation 
of Mouse Muscle Stem 
Cells with Collagenase 
A and Dispase II (C/D)

3.3 Cell Surface 
Receptor Staining 
for Isolation 
of Satellite Cells 
by Flow Cytometry
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overlap between fluorescent dyes when used in multicolor 
staining panels.

 (c) Fluorescence minus one (FMO) staining: FMO control is 
used to properly interpret flow cytometry data. In this con-
trol, all conjugated antibodies are included except one 
which is necessary to discriminate your final population 
(in the proposed protocol, we excluded CD34).

 (d) Isotype control: fluorochrome-coupled antibodies with the 
same isotype as the primary antibodies used for the surface 
staining are important to confirm the specificity of primary 
antibody binding and help to assess the level of background 
staining (see Note 16).

 2. Prepare the mix of conjugated antibodies at the indicated 
concentrations (see Table 1) in 500 μl of washing solution 
(HBSS/2 % FBS).

 3. Resuspend the cell pellet in the conjugated antibody mix, and 
incubate on ice for 30 min (see Note 17).

 4. Add three volumes of washing solution and centrifuge for 
15 min at 550 × g at 4 °C.

 5. Remove the supernatant and resuspend the cells in 2 ml of 
washing solution.

 6. Centrifuge for 15 min at 550 × g at 4 °C.
 7. Resuspend the pellet in an adequate volume of washing solution 

(100–500 μl), and keep the cells on ice until sorting.

FACS profiles of quiescent and activated satellite cells isolated from 
TgPax7-nGFP mice are shown in Fig. 1. Quiescent satellite cells 
are clustered as a homogeneous population, characterized by a 
small size (FSC) and a low granulosity (SSC). However, activated 
satellite cells analyzed 40 h after cardiotoxin injury of the muscle 
present a larger and heterogeneous size with an increased 
granulosity.

3.4 Profiles 
of Satellite Cells 
Isolated by FACS

Table 1 
Dilution of primary antibodies for cell surface staining of quiescent mouse muscle stem cells

Antibody Clone Conjugated dye Dilution Isotype Source

CD45 30-F11 PE-Cy7 1/400 Rat IgG2b, κ eBioscience

CD31 MEC 13.3 PE 1/50 Rat IgG2a, κ BD Pharmingen

Sca-1 D7 PE-Cy7 1/100 Rat IgG2a, κ eBioscience

CD34 RAM34 eFluor 450 1/20 Rat IgG2a, κ eBioscience

α7-Integrin α7-Integrin Alexa 647 1/1000 Rat IgG2b AbLab
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Cells are displayed on a plot with GFP on the X axis (FITC-A, 
fluorescein isothiocyanate area) and propidium iodide on the Y 
axis (PE-Texas Red, phycoerythrin area) to detect dead cells. From 
our experience, the proportion of dead cells within the Pax7-
nGFP+ cell population after the digestion protocol is very low, gen-
erally not exceeding 0.05 %. Representative yields of Pax7-nGFP+ 
cells collected from different muscles are presented in Table 2.

As described in this chapter, muscle stem cells can be isolated 
by flow cytometry using cell surface markers. Figure 2 shows the 
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gating strategy, starting by FSC and SSC, followed by selection of 
the negative population for CD45, Sca-1, and CD31 used to 
exclude non-myogenic cells, and finally the selection of the double- 
positive population α7-integrin+ and CD34+ chosen as positive 
myogenic markers. As indicated, a sample treated with all conju-
gated antibodies except one (fluorescence minus one (FMO)) is 
necessary to set and select the appropriate population of interest.

Both sets of enzymes presented in this protocol, collagenase 
D/trypsin or collagenase A/dispase II, can be efficiently used to 
collect muscle stem cells from transgenic models such as Tg:Pax7-
nGFP (Fig. 3a, Table 3). However, the cell surface receptor stain-
ing strategy, due to additional steps for the staining, the required 
controls, and the gating strategy, reduces greatly the amount of 
cells collected compared to the genetically marked muscle stem 
cells (Table 3). Table 3 shows the susceptibility of cell surface 
receptors to enzymatic treatment by the collagenase D/trypsin 
digestion (mainly due to the trypsin activity) compared to the cells 
extracted with collagenase A/dispase II. The endothelial cell recep-
tor, recognized by CD31, is particularly susceptible to proteolytic 
cleavage.

Table 2 
Representative number of Pax7-nGFP+ cells extracted with collagenase 
D/trypsin from TgPax7-nGFP mouse muscles from different anatomical 
locations. These values are indicative of the relative cell numbers; actual 
numbers can be higher

Pax7-nGFP+ sorted cells/muscle

EDL 2000–3000

TA 4000–7000

Soleus 8000–9000

Quadriceps 30,000–40,000

Leg (hind limb) 120,000–180,000

Abdomen 100,000–120,000

Diaphragm 20,000–30,000

EOM 6000–8000

Tongue 30,000–50,000

Masseter 20,000–30,000

Back 22,000–30,000

Fig. 2 (continued) stained with α7-integrin, which recognizes all satellite cells but also some non-myogenic 
cells. To enrich for satellite cells, the suspension is double stained with CD34. These double positive 
α7-integrin+/CD34+ cells correspond largely to satellite cells
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4 Notes

 1. DNase I is required especially when preparing muscle stem cells 
from injured muscle, where a high level of inflammatory cells and 
dead cells release their DNA during the extraction protocol. This 
released DNA will interfere later with cell sorting.

 2. Prepare working collagenase D/trypsin solution with room 
temperature DMEM. This minimizes the time to reach 37 °C 
during digestion. Keep stock solutions on ice, especially tryp-
sin which can self-degrade at 37 °C.

 3. The choice of which skeletal muscles are to be used for muscle 
stem cell isolation has to be considered given the reported 
heterogeneity among skeletal muscle groups. Head and trunk 
muscles have different development origins and are governed 
by distinct genetic networks. Limb and trunk muscles origi-
nate from different somitic regions. Moreover, skeletal mus-
cles support different physiological functions (slow or fast 
twitch) and different metabolisms (oxidative or glycolytic) 
[42, 43].

Table 3 
Comparison of the number of cells collected following collagenase D/trypsin or collagenase A/dispase 
II digestion. For a given muscle (here, quadriceps), the number of Pax7-nGFP+ cells collected with the 
two sets of enzymes is similar. However, supplementary steps required for antibody staining of cell 
surface receptors and FACS diminish greatly the number of cells collected

Number of Pax7-nGFP+ 
cells/quadriceps

Number of Pax7-nGFP+ 
cells/1 leg (hind limb)

Number of
CD34+/Itg7+cells/1  
leg (hind limb)

Collagenase D/trypsin
FACS on GFP expression

32,000 170,000 n.d.

Collagenase A/dispase II
FACS on GFP expression

35,000 n.d. n.d.

Collagenase A/dispase II
+ FACS on cell surface 

markers

n.d. n.d. 60,000

Fig. 3 (continued) Pax7-nGFP+ cells. (b) Histogram of single antibody staining of muscle stem cells isolated with 
the two different sets of enzymes shows the susceptibility of some cell surface receptors to collagenase 
D/trypsin treatment compared to collagenase A/dispase II treatment. The CD31 receptor, and to a lesser extent 
Sca-1, displays a high susceptibility to trypsin digestion
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 4. If several mice need to be dissected, perform dissections in 
DMEM, and keep on ice before proceeding to the following 
steps.

 5. Fine curved scissors (Moria, ref. 8142A) are more appropriate 
than straight fine scissors.

 6. This step can be omitted if the starting material is inferior to 
1 g of tissue.

 7. 10 ml of collagenase D/trypsin working solution is appropri-
ate for 2 g of dissected muscles. Increase proportionally the 
amount of collagenase D/trypsin working solution with the 
amount of dissected muscles (20 ml of C/T for 4 g of 
muscle).

 8. Collection of supernatant can be performed directly through 
40 μm cell strainer if starting material is inferior to about 0.3 g, 
for example, for one or two tibialis anterior muscles.

 9. Four rounds of digestion are usually enough to digest 2–4 
limb muscles. If large pieces of tissue are still visible after the 
third round of digestion, the pellet can be transferred into a 
petri dish and minced with scissors before being resuspended 
in fresh collagenase D/trypsin working solution.

 10. This first gentle centrifugation pellet contains essentially debris, 
whereas satellite cells remain in the supernatant. This step 
should not be performed if the starting material is inferior to 
about 0.5 g of tissue.

 11. If the pellet is still large, a second wash with DMEM can be 
performed as mentioned in steps 14 and 15.

 12. A maximum of 2.5 g of tissue should be digested per tube 
otherwise the suspension becomes too viscous.

 13. If digesting a large amount of material, the digestion can be 
split in two rounds of 45 min, with addition of fresh enzyme 
solution to the pellet as described in Subheading 3.1.

 14. If antibody staining is not considered, repeat washing by adding 
30 ml of HBSS, followed by centrifugation of 15 min.

 15. If a small sample, for example a TA, needs to be processed for 
antibody staining to isolate muscle stem cells, controls can be 
performed on a muscle from other locations (any other limb 
muscle).

 16. For convenience, controls performed in small volumes of 
sample can be easily performed in V-bottom 96 well plates 
(Corning, ref. 3897).

 17. Alternative cell surface markers for quiescent satellite cell staining 
and cell surface markers for non-myogenic cells (Table 4).
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Chapter 3

Primary Mouse Myoblast Purification using Magnetic  
Cell Separation

Marie Claude Sincennes, Yu Xin Wang, and Michael A. Rudnicki

Abstract

Primary myoblasts can be isolated from mouse muscle cell extracts and cultured in vitro. Muscle cells are 
usually dissociated manually by mincing with razor blades or scissors in a collagenase/dispase solution. 
Primary myoblasts are then gradually enriched by pre-plating on collagen-coated plates, based on the 
observation that mouse fibroblasts attach quickly to collagen-coated plates, and are less adherent. Here, 
we describe an automated muscle dissociation protocol. We also propose an alternative to pre-plating using 
magnetic bead separation of primary myoblasts, which improve myoblast purity by minimizing fibroblast 
contamination.

Key words Primary myoblasts, Satellite cells, Magnetic separation, Fibroblast contamination, 
Magnetic-activated cell sorting, Muscle cells, Pre-plating

1 Introduction

Satellite cells are quiescent, mononucleated, myogenic cells located 
between the basal lamina and sarcolemma of muscle fibers [1]. 
Following injury or other stimuli, satellite cells can temporarily 
leave their quiescent state and become activated. They differentiate 
into myogenic progenitor cells, or myoblasts, a more committed 
muscle precursor that is highly proliferative and can further differ-
entiate into myotubes to sustain muscle regeneration [2]. Myoblasts 
can be expanded in vitro and subjected to classical molecular and 
cellular biology techniques that necessitate large numbers of cells. 
Primary myoblasts in culture are considered as one of the most 
representative in vitro models of satellite cell biology. The first step 
toward the prospective isolation of a primary myoblast culture is to 
dissociate muscle tissue into a single-cell suspension. Terminally 
differentiated cells cannot proliferate and be maintained in culture, 
whereas satellite cells can differentiate into myoblasts and undergo 
several rounds of cell division [2]. However, fibroblasts from the 
muscle tissue can also proliferate in culture. Different strategies 
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have been undertaken to favor myoblast growth at the expense of 
fibroblasts, among others the choice of growth media [3]. One of 
the most common procedures to eliminate fibroblast contamina-
tion is based on the different adhesion properties of myoblasts vs. 
fibroblasts. Fibroblasts adhere quickly and strongly to tissue cul-
ture dishes, whereas primary myoblasts are more loosely attached. 
It is thus possible to enrich for myoblasts by pre-plating cells on 
tissue culture dishes for a short period of time and collecting the 
cells that did not stick to the plate [4]. However, mice from spe-
cific genotypes could generate fewer myoblasts, could contain 
more fibroblasts, or could lead to myoblasts with impaired prolif-
eration. In all these cases, it can be more laborious to eliminate 
fibroblast contamination from the culture mix. One well- 
characterized example in the field is the widely used dystrophin- 
deficient mdx mouse, modeling Duchenne muscular dystrophy. 
Skeletal muscles from dystrophic mice present fibrosis [5–7], which 
often compromises, or at least challenges, the isolation of pure pri-
mary mdx myoblasts using pre-plating procedure. Here, we 
describe an alternative protocol for primary myoblast purification. 
First, we propose a faster, automated protocol for muscle dissocia-
tion, leading to a better homogenized single-cell suspension with 
increased cell viability. Second, we optimized a magnetic cell sepa-
ration protocol based on satellite cell surface markers. Satellite cells 
specifically express different cell surface markers such as α7-integrin 
[8], M-cadherin [9, 10], CD34 [10, 11], and Vcam1 [12]. They 
do not express Sca-1 neither the lineage (lin) markers Cd11b, Ter- 
119, Cd45, and Cd31 [13–15]. We determined that the use of a 
subset of these markers (α7-integrin+, Cd11b−, Sca1−, Cd45−, 
Cd31−) was sufficient to allow isolation of a pure myoblast popula-
tion, deprived of fibroblasts. Using biotin-conjugated antibodies 
and streptavidin-conjugated magnetic microbeads, we can elimi-
nate cells expressing Sca1 and lineage markers (negative selection). 
As a second step, we stain lin− cells with a biotin-conjugated 
α7-integrin antibody to purify satellite cells/myoblasts (positive 
selection). This protocol was particularly efficient for the purifica-
tion of myoblasts from WT and mdx mice.

2 Materials

 1. Dissection tools and scissors.
 2. Sterile tissue culture dishes (60 × 15 mm preferably).
 3. Sterile phosphate buffered saline (PBS).
 4. Container with ice.
 5. Sterile tissue culture hood.
 6. Automated cell dissociator (gentleMACS Octo Dissociator 

with Heaters).
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 7. gentleMACS CTubes.
 8. Collagenase/dispase solution: 10 g/L collagenase B and 

4 g/L dispase I in HAM’S F-10 media, filter-sterilized.
 9. Delicate task wipers (Kimwipes).
 10. Fetal bovine serum (FBS).
 11. 70 μm nylon mesh that fits to 50 ml conical tubes.
 12. Conical 15 ml and 50 ml tubes.
 13. Tabletop centrifuge.
 14. 1.5 ml tubes (Eppendorf).
 15. MACS buffer: 2 mM EDTA and 0.5 % BSA in PBS.
 16. Biotin-conjugated anti-Sca1 antibody.
 17. Biotin-conjugated anti-Cd45 antibody.
 18. Biotin-conjugated anti-Cd11b antibody.
 19. Biotin-conjugated anti-Cd31 antibody.
 20. Biotin-conjugated anti-α7-integrin antibody.
 21. MACS streptavidin microbeads.
 22. VarioMACS™ separator with LS and MS column adaptors.
 23. MACS LD and MS columns.
 24. Myoblast growth media: HAM’S F-10 medium supplemented 

with 20 % FBS, 2.5 ng/ml β-FGF, and antibiotics (penicillin/
streptomycin).

 25. Humidified 37 °C, 5 % CO2 incubator.
 26. Sterile collagen-coated tissue culture dishes (60 mm in size and 

higher): Solution containing 0.01 % collagen and 0.2 % acetic 
acid, sterilized. Put enough solution to cover all the culture 
dish surface for 1 h, remove excess liquid, and let dry.

3 Methods

 1. Sacrifice one to three mice per genotype, and remove the pos-
terior limbs using scissors (see Note 1). Dissect the muscles 
away from the skin and bone. Remove as much as non-muscle 
tissue (i.e., fat, tendons, blood vessels) as possible. Place dis-
sected muscle tissue in a 60 × 15 mm culture dish filled with 
sterile, cold PBS and keep on ice (see Note 2). It is preferable 
to perform the subsequent steps into a sterile tissue culture 
hood.

 2. In a gentleMACS CTube, add 5 ml of the collagenase/dispase 
solution (see Note 3).

 3. Transfer muscle tissue in a new, empty petri dish. Remove 
excess PBS using a delicate task wiper. Transfer muscle tissue 

3.1 Muscle Cell 
Dissociation

Myoblast Isolation Using Magnetic Beads
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into the CTube containing the collagenase/dispase. Using 
sterile scissors, mince muscles directly into the tube, to gener-
ate pieces of ~2 mm in size.

 4. Close the CTube securely and turn it upside down. Ensure that 
all muscle pieces came down in the collagenase/dispase 
solution.

 5. Insert the CTube into the gentleMACS Octo Dissociator with 
Heaters, and insert the heater according to the manufacturer’s 
instructions.

 6. Use the customized programs displayed in Table 1 for (a) 
mechanical and (b) enzymatic dissociation of the muscle 
tissue.

 7. Remove the heater and the CTube according to the manufac-
turer’s instruction. A homogenous cell suspension without any 
aggregates or clumps should be obtained (see Note 4).

 8. Into a sterile tissue culture hood, open the CTube and add 
5 ml of FBS. Mix with a pipette.

 9. Prepare a 70 μm nylon mesh over a conical 50 ml tube. Pre- 
wet with 2 ml of FBS.

 10. Add cell suspension gradually to filter.
 11. Rinse the empty CTube twice with 8–9 ml of PBS, and add to 

filter. Collect total effluent.

Table 1 
Suggested automated muscle dissociation program

Mechanical dissociation program
Enzymatic dissociation 
program

1 Temp ON 1 Temp ON

2 Loop 10× 2 Spin 60 rpm 3 min

3 Spin 360 rpm 5 s 3 Spin −30 rpm 9 min

4 Spin −360 rpm 5 s 4 Loop 10×

5 End loop 5 Spin 360 rpm 5 s

6 End 6 Spin −360 rpm 5 s

7 End loop

8 Spin −30 rpm 12 min

9 End

“temp ON” indicates heating at 37 °C
“+” or “−” signs indicate the direction of the circular motion
“loop 10×” indicates that the steps between “loop” and “end loop” will be repeated ten 
times

Marie Claude Sincennes et al.
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 12. Evenly transfer filtered cell suspension to two conical 15 ml 
tubes (see Note 5).

 13. Centrifuge at 350×g for 10 min (see Note 6). Aspirate off the 
supernatant.

 14. Resuspend each pellet with 150 μl MACS buffer and transfer 
in one single 1.5 ml tube (final volume of 300 μl).

 1. Add 5 μl of each of the following antibodies in the 1.5 ml tube: 
Cd31-biotin, Cd45-biotin, Sca1-biotin, and Cd11b-biotin (see 
Note 7).

 2. Mix and incubate on ice for 10 min.
 3. Wash cells by adding 1 ml MACS buffer and mix. Centrifuge 

cells at 350×g for 5 min.
 4. Remove supernatant (do not use vacuum, remove slowly with 

the pipette). Leave a residual volume of ~100 μl and add 10 μl 
of streptavidin microbeads.

 5. Mix and incubate on ice for 15 min.
 6. Wash cells by adding 1 ml MACS buffer and mix. Centrifuge 

cells at 350×g for 5 min. Remove supernatant and resuspend 
the pellet in MACS buffer. At this step, all samples from the 
same genotype may be pooled in a final volume of 500 μl 
MACS buffer.

 7. Place a LD column in the magnetic field of a suitable MACS 
separator (i.e., VarioMACS™). Rinse the column by adding 
2 ml of MACS buffer (see Note 8).

 8. Put a clean 15 ml conical tube under the column, and add the 
cell suspension onto the column.

 9. Collect unlabeled cells that pass through and wash with 
2 × 1 ml MACS buffer. Collect total effluent. This is the unla-
beled cell fraction.

 10. Centrifuge cells at 350×g for 5 min (see Note 9). Remove 
supernatant and resuspend the cell pellet in 300 μl MACS buf-
fer. Transfer into a 1.5 ml tube.

 1. Add 5 μl of α7-integrin-biotin antibody in the 1.5 ml tube (see 
Note 10).

 2. Mix and incubate on ice for 10 min.
 3. Wash cells by adding 1 ml MACS buffer and mix. Centrifuge 

cells at 350×g for 5 min.
 4. Remove supernatant (do not use vacuum, remove slowly with 

the pipette). Leave a residual volume of ~100 μl and add 10 μl 
of streptavidin microbeads.

 5. Mix and incubate on ice for 15 min.

3.2 Negative 
Selection of lin+ Cells

3.3 Positive 
Selection 
of α7-Integrin+ Cells

Myoblast Isolation Using Magnetic Beads
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 6. Wash cells by adding 1 ml MACS buffer and mix. Centrifuge 
cells at 350×g for 5 min. Remove supernatant and resuspend in 
500 μl MACS buffer.

 7. Place a MS column in the magnetic field of a suitable MACS 
separator (i.e., VarioMACS™). Rinse the column by adding 
500 μl of MACS buffer.

 8. Put a clean 15 ml conical tube under the column, and add the 
cell suspension onto the column.

 9. Collect unlabeled cells that pass through and wash with 
3 × 500 μl MACS buffer. This is the unlabeled cell fraction that 
can be discarded.

 10. Remove column from the magnetic field and place it in a new 
15 ml collection tube.

 11. Add 1 ml of MACS buffer onto the column. Immediately flush 
out the cells by firmly pushing the plunger into the column. 
This step can be repeated to increase the yield (pool the 
effluent).

 12. Centrifuge cells at 350×g for 5 min. The cell pellet should not 
(or barely) be visible. Remove the supernatant, resuspend in 
5 ml of pre-warmed myoblast growth media and put in a 
60 × 15 mm collagen-coated culture dish (see Note 11).

 13. Incubate in a 37 °C 5 % CO2 incubator for at least 48 h. 
Change medium every 2 days and split when cells reach ~75–
80 % confluency (see Note 12).

4 Notes

 1. The protocol described here has been optimized for the use 
of muscle tissue obtained from the posterior limbs of one 
mouse aged between 6 and 8 weeks. Isolation of muscle tis-
sue from younger mice may increase the number of satellite 
cells/myoblasts. In addition to posterior limbs, it is also pos-
sible to dissect muscle tissue from anterior limbs or dia-
phragm to increase the number of purified myoblasts. 
However, the buffer volumes and incubation times should 
be optimized accordingly. If using more than one mouse of 
the same genotype, it is recommended to treat all the indi-
vidual mice independently and pool the cells at the step spec-
ified in the protocol, i.e., during the negative selection step.

 2. If the dissected muscle tissue is contaminated with blood, it is 
recommended to perform 2–3 wash steps by transferring mus-
cle tissue into new culture dishes filled with PBS, until most of 
the blood is cleared. Alternatively, it is possible to add the fac-
ultative Ter-119-biotin antibody to the lineage mix containing 
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Sca1, Cd45, Cd31, and Cd11b. Ter-119 is a specific marker of 
red blood cells [16]. A red blood cell lysis buffer may also be 
employed. Red blood cells do not express α7-integrin and 
should be eliminated during the positive selection step, but if 
they are too abundant, it could influence the overall yield of 
myoblast purification.

 3. The volume of collagenase/dispase solution is optimized for 
efficient dissociation of muscle tissue from the posterior limbs 
of one mouse per CTube.

 4. The automated protocol for cell dissociation leads to increased 
satellite cell viability compared to the manual method using 
scissors/razor blades and triturating with pipette (Fig. 1).
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Fig. 1 Automated muscle dissociation protocol leads to increased cell viability. Muscle tissue from posterior 
limbs of one mouse was dissociated either manually (mincing with scissors and triturating with a pipette) or 
with the automated dissociation protocol. Propidium iodide was used to stain dead cells in total muscle extract 
(left panel) or specifically in lin− α7-integrin+ satellite cells (right panel). A representative percentage of cell 
viability is shown in each plot
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 5. The 50 ml conical tubes have a flare tip compared to the 15 ml 
tubes. When centrifuging in 50 ml tubes, the cell pellet can be 
loose and the supernatant is difficult to remove without also 
aspirating muscle cells. Therefore, it is recommended to centri-
fuge in 15 ml tubes.

 6. The optimal centrifugation speed and time should be defined 
by the investigator. High centrifugation speed and time  usually 
leads to better cell yield, but some variations could be observed 
depending of the centrifuge model.

 7. The biotin-conjugated antibodies can be purchased separately. 
Alternatively, some satellite cell isolation kits are available. The 
efficiency of one given antibody could vary between manufac-
turers and even from one lot to the other. Each new vial of 
antibody should be tested and the volume needed per reaction 
should be optimized accordingly. The purpose of the negative 
selection step is to clear out lin+ cells. The column flow- through 
contains satellite cells/myoblasts and must be kept. DO NOT 
add the α7-integrin-biotin antibody at this step.

 8. The protocol described here makes use of a manual separator. 
Alternatively, an automated separator can be employed, as long 
as the column flow-through is kept. In that case, the  buffer 
volumes and machine settings have to be optimized by the 
investigator.

 9. At this step, the cell pellet should be smaller than at the previ-
ous step. If red blood cells have not been eliminated previously 
(see Note 2), the pellet should also appear as pink or red.

 10. The purpose of the positive selection step is to keep α7-integrin- 
labeled cells. These cells are retained by the column. After dis-
carding the flow-through, satellite cells/myoblasts need to be 
eluted from the column. To this end, the magnetic field should 
be removed before the elution step.

 11. The size of the culture dish has to be defined by the investiga-
tor. The number of satellite cells/myoblasts per mouse is 
dependent of the genotype and the age of the mouse. It also 
depends on the number of mice used.

 12. Freshly isolated satellite cells are very small. After one day or 
two in culture, they will grow in size and start to divide as 
primary myoblasts. Primary myoblasts grow better when 
plated at approximately 15–25 % confluence. If they get more 
than 80 % confluent, they may start to die or spontaneously 
differentiate into myotubes. This protocol is very efficient in 
eliminating fibroblast contamination from the culture mix. 
However, if a few fibroblasts persist, cells can be split using 
cold trypsin, or trypsin without EDTA, as primary myoblasts 
will detach easily, whereas fibroblasts will be left behind.

Marie Claude Sincennes et al.
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Chapter 4

Isolation, Culture, and Immunostaining of Skeletal  
Muscle Myofibers from Wildtype and Nestin-GFP Mice 
as a Means to Analyze Satellite Cells

Pascal Stuelsatz, Paul Keire, and Zipora Yablonka-Reuveni

Abstract

Multinucleated myofibers, the functional contractile units of adult skeletal muscle, harbor mononuclear 
Pax7+ myogenic progenitors on their surface between the myofiber basal lamina and plasmalemma. These 
progenitors, known as satellite cells, are the primary myogenic stem cells in adult muscle. This chapter 
describes our laboratory protocols for isolating, culturing, and immunostaining intact myofibers from 
mouse skeletal muscle as a means for studying satellite cell dynamics. The first protocol discusses myofiber 
isolation from the flexor digitorum brevis (FDB) muscle. These short myofibers are plated in dishes coated 
with PureCol collagen (formerly known as Vitrogen) and maintained in a mitogen-poor medium (± sup-
plemental growth factors). Employing such conditions, satellite cells remain at the surface of the parent 
myofiber while synchronously undergoing a limited number of proliferative cycles and rapidly differenti-
ate. The second protocol discusses the isolation of longer myofibers from the extensor digitorum longus 
(EDL) muscle. These EDL myofibers are routinely plated individually as adherent myofibers in wells 
coated with Matrigel and maintained in a mitogen-rich medium, conditions in which satellite cells migrate 
away from the parent myofiber, proliferate extensively, and generate numerous differentiating progeny. 
Alternatively, these EDL myofibers can be plated as non-adherent myofibers in uncoated wells and main-
tained in a mitogen-poor medium (± supplemental growth factors), conditions that retain satellite cell 
progeny at the myofiber niche similar to the FDB myofiber cultures. However, the adherent myofiber 
format is our preferred choice for monitoring satellite cells in freshly isolated (Time 0) myofibers. We 
conclude this chapter by promoting the Nestin-GFP transgenic mouse as an efficient tool for direct analysis 
of satellite cells in isolated myofibers. While satellite cells have been often detected by their expression of 
the Pax7 protein or the Myf5nLacZ knockin reporter (approaches that are also detailed herein), the Nestin- 
GFP reporter distinctively permits quantification of satellite cells in live myofibers, which enables linking 
initial Time 0 numbers and subsequent performance upon culturing. We additionally point out to the 
implementation of the Nestin-GFP transgene for monitoring other selective cell lineages as illustrated by 
GFP expression in capillaries, endothelial tubes and neuronal cells. Myofibers from other types of muscles, 
such as diaphragm, masseter, and extraocular, can also be isolated and analyzed using protocols described 
herein. Collectively, this chapter provides essential tools for studying satellite cells in their native position 
and their interplay with the parent myofiber.

Key words Skeletal muscle, Satellite cells, Isolated myofiber, Flexor digitorum brevis, Extensor digi-
torum longus, Diaphragm, Masseter, Extraocular muscles, Pax7, MyoD, Myogenin, Nestin-GFP, 
Myf5nLacZ, MLC3F-nLacZ, 3F-nlacZ-2E
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1 Introduction

Myofibers are the functional contractile units of skeletal muscle. 
While myofibers are established during embryogenesis by fusion of 
myoblasts into myotubes, processes involved in their growth and 
repair continue throughout life. These processes are supported by 
myogenic progenitors known as satellite cells that are located 
between the basal lamina and the plasmalemma of the myofiber 
[1–3] (Fig. 1). During postnatal growth, at least some satellite cells 
are proliferative and contribute progeny that fuse with the enlarg-
ing myofibers [4–6]. In mature muscle, satellite cells are typically 
quiescent [5]. Indeed, a recent study with an inducible Cre/loxP 
model of satellite cell ablation has suggested that uninjured normal 
muscle does not require satellite cells for myofiber maintenance 
[7]. However, another recent study has reported that some satel-
lite cells may still continue to fuse with mature myofibers, possibly 
contributing to myofiber homeostasis [8]. In all, satellite cell activity 
in mature uninjured muscle is much reduced compared to growing 
muscle, but satellite cells can be rapidly recruited in response to 
muscle injury, producing progeny that fuse into existing myofibers, 
or form new myofibers [9–12]. In addition to generating differenti-
ated myogenic progeny, at least some SCs can self-renew, thereby 
meeting the defining criteria of bona fide resident stem cells [13, 14]. 
Insights into the cascade of cellular and molecular events involved 
in satellite cell myogenesis are essential for understanding the 
mechanisms controlling muscle maintenance as well as for devel-
oping strategies to enhance muscle repair after trauma or in myop-
athies [15–18].

Fig. 1 A schematic (A) and EM micrograph (B) of satellite cell location. The myofiber 
basement and plasma membranes have been routinely detected by immunos-
taining with antibodies against laminin and dystrophin, respectively. In panel (A), 
myofiber nuclei (myonuclei) depicted at the myofiber periphery represent the 
state of healthy adult myofibers; immature myofibers present in regenerating 
muscles display centralized myonuclei (not shown). In panel (B), black arrows 
depict the basal lamina, and white arrows depict apposing satellite cell and myo-
fiber plasma membranes; note the sarcomeric organization within the myofiber. 
A black and white version of this figure was published in [42]
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Satellite cells were initially identified using electron microscopy 
by their location under the myofiber basal lamina [1, 19, 20] (Fig. 1). 
Later, it has become possible to monitor satellite cells by light 
microscopy based on the expression of a range of markers that can 
be detected by immunostaining [21]. In particular, the specific 
expression of the paired box transcription factor Pax7 by satellite 
cells [22] combined with the availability of an excellent antibody 
[23] for immunodetection of this protein has provided a uniform 
means to identify satellite cells in their native position in a range of 
species [24–28]. Additionally, several genetically manipulated 
reporter mice have permitted the detection of satellite cells based 
on specific expression of a fluorescent tag or of beta-galactosidase 
(β-gal) [29, 30]. Working with the Nestin-GFP transgenic mouse 
(i.e., GFP expression is driven by regulatory elements of the nestin 
gene), originally developed to trace neural stem cells, we have dis-
covered that satellite cells harbor strong GFP expression in all mus-
cle groups examined [31, 32] (see Note 1 for further details on the 
Nestin-GFP mouse). This feature has allowed direct detection of 
satellite cells (GFP+) in freshly isolated myofibers (Fig. 2), providing 
valuable insights on satellite cell dynamics upon physical activity, in 
aging, and in a number of mutant mice (MyoD-null, α7integrin-null, 
dystrophin-null) [13, 32–34].

Satellite cell progeny can be distinguished from their quiescent 
progenitors based on distinctive gene expression patterns [10, 13, 35]. 

Fig. 2 Lower (A) and higher (B, B’) magnification images of a freshly isolated 
(Time 0) adherent myofiber prepared from the diaphragm muscle of an adult 
Nestin-GFP transgenic mouse. (A) A phase micrographs. (B, B’) Parallel fluores-
cent and merged phase/fluorescent micrographs demonstrating the expression 
of the Nestin-GFP transgene in satellite cells. Nestin-GFP expression is observed 
by direct detection of the GFP fluorescence in live myofibers. Isolated myofibers 
were plated individually in 24-well multiwell tissue culture dishes coated with 
Matrigel. Scale bar 250 μm

Mouse Myofiber Culture
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In particular, the myogenic regulatory factors MyoD and myogenin 
have been used extensively to monitor progeny of satellite cells 
[24, 36–38]. Proliferating progeny (myoblasts) continue to express 
Pax7 but, distinct from their quiescent progenitors, also express 
MyoD. A decline in Pax7 along with the induction of the muscle-
specific transcription factor myogenin marks myoblasts that have 
entered into the differentiation phase and subsequently fuse into 
myotubes. Reemergence of quiescent cells that express Pax7, but 
not MyoD (reserve cells), defines a self-renewing population of sat-
ellite cells [14, 24, 35, 37–40]. Interestingly, the aforementioned 
Nestin-GFP transgene, which is expressed by satellite cells, is not 
retained in the proliferating and differentiating progeny, yet strong 
GFP expression reemerges in the reserve cells [13, 31, 32]. The 
typical progression through proliferation, differentiation, and 
renewal stages of the satellite cells and their progeny according to 
myogenic marker expression (by immunostaining) and Nestin-GFP 
transgene expression is summarized schematically in Fig. 3.

Fig. 3 Schematic of myogenic marker expression by satellite cells and their 
progeny, showing the typical progression through proliferation, differentiation, 
and renewal stages in myofiber cultures (modified from (2)). This model is based 
on the behavior of satellite cells in adherent myofiber cultures plated in Matrigel- 
coated dishes and maintained in mitogen-rich growth medium (see item 6 in 
Subheading 2.6), which supports both proliferation and differentiation of satellite 
cell progeny. This model also reflects the dynamics of satellite cells when grown 
clonally or in primary cultures under the same conditions as for the single myo-
fiber described here. The expression of the characteristic myogenic markers was 
analyzed by immunostaining with commonly used antibodies (Table 2, [24, 42]). 
Nestin-GFP expression was monitored by direct GFP fluorescence

Pascal Stuelsatz et al.
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Two main cell culture approaches have been employed in the 
study of satellite cells: (1) primary myogenic cultures prepared 
from mononucleated cells dissociated from the whole muscle and 
(2) cultures of isolated myofibers (also referred to below as “fibers”) 
where the satellite cells remain in their in situ position underneath 
the myofiber basal lamina. Protocols for obtaining primary myo-
genic cultures involve releasing satellite cells from their niche. 
Steps of mincing, enzymatic digestion, and repetitive triturations 
of the muscle are required for breaking down both the connective 
tissue network and the myofibers in order to release the satellite 
cells from the muscle bulk [24, 41, 42]. These steps are followed 
by procedures for removing tissue debris and reducing the contri-
bution of non-myogenic cells typically present in primary isolates 
of myogenic cells [14, 31, 32, 43–45]. In contrast, protocols for 
isolating individual muscle fibers result in the release of intact myo-
fibers that retain satellite cells in their native position underneath 
the basal lamina [24, 31, 36, 37, 44]. These protocols allow the 
study of satellite cells and their progeny in their in situ position on 
the myofiber, and after they migrate from the parent myofiber.

This chapter describes the main protocols used in our labora-
tory for isolation and culture of single myofibers from mouse skel-
etal muscles (see Note 2 for historical perspective of our laboratory 
contribution). One protocol, first introduced by Bekoff and Betz 
[46] and further developed by Bischoff [47, 48], has been adopted 
by us for studies of satellite cells in isolated myofibers from both 
rats [36, 44, 49] and mice [24, 50, 51]. In this case, single myo-
fibers are isolated from the flexor digitorum brevis (FDB) muscle 
of the hind feet. Because these FDB myofibers are short and do 
not get tangled, typically multiple myofibers are processed and 
cultured together. These isolated FDB myofibers are plated in 
dishes coated with PureCol collagen (formerly known as Vitrogen) 
and maintained in serum replacement medium (± supplemental 
growth factors). Employing these conditions, satellite cells remain 
at the surface of the parent myofiber while synchronously under-
going a limited number of proliferative cycles and rapidly differ-
entiate (Fig. 4). A second approach, first introduced by Rosenblatt 
and colleagues [52, 53], allows isolation of longer myofibers from 
a variety of muscles [24, 30, 32, 35, 40, 54]. These longer myofi-
bers can get tangled, and therefore, when working with muscles 
such as the EDL, we typically process and culture these longer 
myofibers individually. In our laboratory, EDL myofibers are rou-
tinely plated as adherent myofibers in wells coated with Matrigel 
(a  commercially available matrix that facilitates rapid and firm 
adherence of the myofibers) using a growth-promoting rich 
medium, conditions in which satellite cells migrate away from the 
parent myofiber, proliferate extensively, and generate numerous 
differentiating progeny (Fig. 5). Additionally, we describe herein 
our approach for culturing EDL myofibers in suspension (adapted 
from [37]) using culture conditions where the satellite cells are 

Mouse Myofiber Culture
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retained at the myofiber surface. Similar to the FDB myofiber cul-
tures [24, 50, 51], these non-adherent EDL myofibers, when 
maintained in a mitogen- poor medium, are suitable for studying 
the effect of supplemental growth factors on satellite cell activity 
[34] (Fig. 6). We also include in this chapter our protocols for 
monitoring satellite cells in freshly isolated (Time 0) myofibers, 
which enables satellite cell quantification [13, 33, 34]. Notably, 
for these Time 0 analyses, we recommend working with myofibers 
that are allowed to adhere to the dish surface before fixation rather 
than using non-adherent myofibers (see Note 3). Table 1 com-
pares the different protocols of myofiber isolation from FDB and 

Fig. 4 Parallel phase and immunofluorescent micrographs of an isolated FDB 
adherent myofiber with associated satellite cells undergoing myogenesis (day 4 
culture). Myofibers were isolated from an adult mouse and cultured in 35-mm 
tissue culture dishes coated with isotonic Vitrogen collagen in solution (now 
known as PureCol). Cultures were maintained for 4 days in basal medium (see 
item 6 in Subheading 2.6) containing fibroblast growth factor 2 (FGF2, 2 ng/ml) 
and fixed with methanol as described in Subheading 3.3.1. (A, B) Phase and 
DAPI-stained images (both myofiber nuclei and satellite cell nuclei are labeled 
with DAPI). (C, D) Myofiber culture immunostained by double immunofluores-
cence for myogenin (identifies the nuclei of myogenic cells that have entered the 
differentiated step) and ERK1/ERK2 mitogen-activated protein kinases (MAPK) 
(identifies the cytoplasm of all the satellite cell progeny [51, 55]). Arrows in paral-
lel panels point to the location of the same cell. Additional immuno-positive cells 
present on the myofiber are not shown, as not all positive nuclei or cells on the 
fibers are in the same focal plane. All micrographs were taken with a 40× objective. 
A black and white version of this figure was first published in [107]
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EDL muscles and the specific use of each procedure by our lab. 
Also detailed in this chapter are our protocols for immunocyto-
chemical analysis of cultured adherent or non-adherent myofibers 
and a summary of the primary antibodies used in our immunos-
taining studies depicted in this chapter (Table 2; see Note 2 for a 
historical perspective of our laboratory contribution). The EDL 
single myofiber isolation, culturing, and immunostaining proce-
dures described here have also been adapted in our laboratory for 

Fig. 5 Phase micrographs of EDL adherent myofibers depicting the temporal 
development of myogenic cultures from cells emanating from individual myofi-
bers. Myofibers were isolated from an adult mouse and cultured individually 
in 24-well multiwell tissue culture dishes coated with Matrigel. Cultures were 
maintained in mitogen-rich growth medium and fixed with paraformaldehyde, as 
described in Subheading 3.3.2. Satellite cells begin to emigrate from the myofiber 
within the first day in culture and continue to emigrate during subsequent days. 
Progeny of satellite cells that have emigrated from the myofibers proliferate, dif-
ferentiate, and fuse into myotubes, establishing a dense myogenic culture. (A) 
Satellite cells remained attached to the muscle fiber during the first hours after 
culturing. (B) Nineteen hours after culturing, 2–3 cells detached from the fiber but 
remained in close proximity to the fiber. (C) Four days following culturing, more 
cells are seen in the vicinity of the myofibers (at least four cells are visible). (D) By 
day 7, progeny of satellite cells that emigrated from the myofiber have established 
a culture containing mostly proliferating myoblasts and some myotubes. 
Micrographs in panels (A)–(C) were taken with a 40× objective to show details of 
the few cells that emigrated from the myofiber, while the micrograph in panel (D) 
was taken with a 10× objective to show the establishment of a dense myogenic 
culture. See our published study for additional details about growth of satellite cell 
progeny in long-term EDL myofiber cultures [24]. From [107]
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the soleus [24, 31], diaphragm [54], extraocular [32], and masseter 
muscles (see Note 4 for details on myofiber isolation from the 
diaphragm, masseter, and extraocular muscles). Regardless of the 
specific muscle type being processed, the isolation of intact myofi-
bers requires that the donor muscle is handled in a delicate man-
ner, primarily at the tendons without stressing the muscle itself 
upon tissue harvesting. To assist the investigator in the optimal 
harvesting of the FDB and the EDL muscles for fiber isolation, we 

Fig. 6 Parallel phase and immunofluorescent micrographs of non-adherent EDL 
myofibers with associated satellite cells undergoing myogenesis (day 3 cultures, 
±FGF2). Myofibers were isolated from an adult mouse and cultured individually 
in non-coated 24-well multiwell tissue culture dishes. Cultures were maintained 
for 3 days in basal medium (see item 7 in Subheading 2.6) without (A-A”) or with 
(B-B”) FGF2 supplement (5 ng/ml), then fixed with paraformaldehyde, and ana-
lyzed by immunostaining for Pax7, as described in Subheading 3.3.4. (A, B) 
Phase images. (A′, B′) DAPI-staining (both myofiber nuclei and satellite cell 
nuclei are labeled with DAPI). (A″, B″) Pax7 immunostaining; the higher number 
of positive cells in panel B reflects the proliferative response of satellite cells to 
FGF2 supplementation. Scale bars 50 μm. Contributed by our former lab mem-
ber, Elena Danoviz
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present here figures depicting step- by- step “real-live” images of 
muscle dissection and harvesting (Figs. 7 and 8). We conclude this 
chapter with protocols for monitoring satellite cells on isolated 
myofibers from the Nestin-GFP transgenic mouse (see Notes 1 
and 2 for mouse description and historical perspective of our use 
of this mouse for satellite cell detection). This can be achieved by 
direct GFP detection (Fig. 2, Table 3). Additionally, Nestin-GFP+ 
satellite cells can be identified in combination with (1) Pax7 
immunostaining (Fig. 9) or (2) the expression of LacZ-based 
reporter genes of interest to the skeletal muscle field, namely, 
My5nLacZ (which marks nuclei of satellite cells, [13, 30]) and 
MLC3F-nLacZ (AKA 3F-nlacZ-2E, which is specific for myofiber 
nuclei, [13, 30]) (Fig. 10). Of note, the Nestin-GFP transgene 
can additionally be useful for monitoring other selective cell types, 
as we describe later in the chapter, showing GFP expression in 
capillaries, endothelial tubes and neuronal cells (Fig. 11).

Collectively, following the procedures and protocol notes 
detailed in this chapter, investigators can successfully isolate, 
culture, and analyze myofibers from well-studied EDL and FDB 
muscles, as well as from other types of muscles, such as diaphragm, 
masseter, and extraocular muscles. These approaches provide 
essential tools for studying satellite cells in their native position and 
their interplay with the parent myofiber.

2 Materials

 1. As a general rule, only sterile materials and supplies are to be 
used. All solutions (apart from the Matrigel and Vitrogen 
preparations) are sterilized by filtering through 0.22-μm filters, 
all glassware and dissection tools are sterilized by autoclaving, 
and all cell culture procedures are performed using sterile 
techniques.

 2. Cultures are maintained at 37 °C and 5 % CO2 in a humidified 
tissue culture incubator.

 3. All culture media are stored at 4 °C and used within 3 weeks 
from preparation.

 4. Before starting the isolation procedure, tissue culture medium 
is pre-warmed to 37 °C and then held at room temperature 
throughout the procedures. Before transferring solutions/
media into the tissue culture hood, spray the glass/plastic 
containers with 70 % ethanol.

 5. The quantities of glassware, media, and reagents as well as the 
time intervals for enzymatic digestion described in this chapter 
are appropriate for the isolation of myofibers from one adult 
mouse of the age and strain detailed below (see Note 7).

2.1 General 
Comments
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The following facilities are required for the cultures described in 
this chapter:

 1. Standard humidified tissue culture incubator (37 °C, 5 % 
CO2 in air).

 2. Tissue culture hood.
 3. Bunsen burner.
 4. Water bath (37 °C).
 5. pH meter and pH paper strips (e.g., EMD, ColorpHast strips).
 6. Stereo dissecting microscope with transmitted light base 

(microscope is either placed inside a tissue culture hood or in 
an isolation box/clean area; optimally when using fixative, it 
can also be placed in a histological-grade fume hood).

 7. Inverted phase contrast/fluorescent microscope for monitoring 
myofiber cultures.

 1. Straight operating scissors: V. Mueller, fine-tipped, Sharp/
Sharp stainless steel, 165 mm (61/2"), for delicate cutting and 
fine incisions.

 2. Dissecting scissors: stainless steel, 140-mm (5½") length; both 
blades blunt, to protect the surrounding tissue from any 
unwanted nicks.

 3. Dressing forceps: V. Mueller, serrated, stainless steel, rounded 
points, and 140-mm (51/2") length.

 4. Two very fine point forceps: extra-fine tips, smooth spring 
action, stainless steel. Straight, 110-mm (41/4") length.

 5. Microscissors, Vannas type: 8-cm long, straight 5-mm blades, 
0.1-mm tips.

 6. Scalpel handle and blades: size 3 handle for blade numbers 
10–15 and sterile blades (#10).

 7. Two straight, 5" hemostatic forceps.
 8. Dissecting board with tissue pins.

 1. All mice described here were on C57BL/6 background, 
3–6 months old. Mice were euthanized by cervical dislocation 
(see Note 8 for further details).

 2. Wild-type mice.
 3. Nestin-GFP transgenic heterozygous reporter mouse (GFP 

expression is driven by regulatory elements of the nestin gene 
[57]) for satellite cell detection in isolated myofibers as in our 
previous publications [13, 32, 33]. See Note 1 for further 
details about the Nestin-GFP mouse. This Nestin-GFP mouse 
was used alone or crossed with one of the following mice.

2.2 General 
Equipment

2.3 Surgical Tools

2.4 Animals
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 4. Myf5nLacZ, knockin heterozygous (Myf5tm1Pas, JAX 018626) in 
which one of the Myf5 alleles was modified to direct LacZ 
expression [58, 59], resulting in β-gal protein expressed in the 
nuclei of satellite cells [13, 30].

 5. MLC3F-nLacZ (MLC3F = muscle-specific myosin light 
chain 3F), transgenic heterozygous (Tg(Myl1-lacZ)1Ibdml, 
JAX 018627, mouse also referred to as 3F-nlacZ-2E) [30, 
60]. In this reporter, regulatory elements of MLC3F drive 
β-gal expression in myofiber nuclei but not in satellite cells 
[13, 30].

 6. mdx4cv, dystrophin-null mdx4cv [32, 61, 62]. The mdx4cv allele 
is one of several mdx “cv” strains that were generated by point 
mutations upon mutagen treatment of male mice [61–63]. 
The mdx4cv strain has been preferred by some laboratories due 
to the reduced occurrence of revertants (i.e., spontaneously 
appearing dystrophin+ myofibers [64]) compared to the 
“standard” mdx mice (spontaneous mutation) [62, 65–68].

 1. Standard 9" glass Pasteur pipettes; fire polish the ends to avoid 
damage to myofibers, which are transferred using these 
pipettes. As noted above in item 1 in Subheading 2.1, all 
Pasteur pipettes are sterilized by autoclaving before use.

 2. Standard 5" glass Pasteur pipettes. Prepare three gradually 
narrower-bore pipettes from standard 5" Pasteur pipettes. Use 
a file or a diamond knife to prepare a set of pipettes with bore 
diameter of approximately 3, 2, and 1 mm. Shake the pipette 
to remove any glass fragments and fire polish the sharp ends. 
These pipettes are used to triturate the digested muscle in 
order to release single myofibers.

 3. Syringe filters, 0.22-μm PVDF low protein binding filters 
(Millipore is recommended).

 4. Disposable plastic syringes, 3 or 10 ml.
 5. Bottle top filters, 0.22 μm.
 6. Polypropylene conical centrifuge tubes, sterile, 15 and 50 ml.
 7. Three glass Corex tubes, 15 ml (Sorvall centrifuge tubes or 

alternatively 15-ml bicarbonate Sorvall tubes).
 8. Wide-bore 100-μl micropipette tips. Trim 100-μl micropipette 

tips approximately 3 mm from the end. Use of these trimmed 
micropipettes minimizes myofiber shearing when transferring 
or dispensing FDB myofibers.

 9. Tissue culture dishes, 35 mm.
 10. Plastic Petri dishes 60 × 15 mm and 100 × 15 mm (for muscle 

and myofiber rinsing).
 11. Twenty-four-well multiwell tissue culture dishes (see Note 9).

2.5 Plastic 
and Glassware 
for Myofiber Isolation 
and Culture
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 12. Two L-shape bent pipette spreaders prepared from standard 
9" Pasteur pipettes. Use flame to first seal the distal end, and 
then flame about 3/4" from the sealed end until the pipette 
starts to bend. The bent pipettes are used to spread the coating 
solution on the tissue culture dishes; the length of the bent end 
is designed for working with the 35-mm culture dishes for FDB 
myofiber cultures. Spreaders should be prepared in advance and 
allowed to cool before use.

 13. 1-ml serological glass pipettes (used for Matrigel aliquoting 
and dispensing; see Note 6).

 14. Cryogenic vials sealed with O-rings (used for storing Matrigel 
aliquots; see Note 6).

 1. DMEM/high glucose: Dulbecco’s Modified Eagle Medium 
with 4500 mg/L glucose, 4.0 mM L-glutamine, and 110 mg/L 
sodium pyruvate. Supplemented with 100 U/ml penicillin and 
100 μg/ml streptomycin.

 2. Horse serum (HS): standard, not heat inactivated (see Note 10). 
Original bottles are stored at −80 °C; once thawed and 
aliquoted, store at −20 °C.

 3. Fetal bovine serum (FBS): standard, not heat inactivated 
(see Note 11). Original bottles are stored at −80 oC; once 
thawed and aliquoted, store at −20 °C.

 4. Controlled process serum replacement (Sigma-Aldrich). 
Stored at −80 °C; once thawed and aliquoted, store at −20 °C. 
See Note 12 for product composition and availability.

 5. Chicken embryo extract (CEE; see Notes 13 and 14). Stored 
at −80 °C for long term or −20 oC when aliquoted.

 6. FDB myofiber culture medium: DMEM/high glucose 
(supplemented with antibiotics), 20 % controlled process 
serum replacement, and 1 % HS.

 7. Culture medium for EDL adherent myofibers: DMEM with 
antibiotics, 20 % FBS, 10 % HS, and 1 % CEE.

 8. Culture medium for non-adherent EDL myofibers: DMEM 
with antibiotics, 10 % HS.

 9. PureCol collagen (Advanced BioMatrix) for coating 35-mm tissue 
culture dishes (see Note 5). This collagen in solution was formerly 
known as Vitrogen when sold by Cohesion Technologies).

 10. Concentrated (7×) DMEM solution made from powder DMEM 
(Sigma-Aldrich). This is used to prepare isotonic PureCol 
collagen (see Note 5).

 11. Matrigel (BD Biosciences; see Note 6) for coating 24-well 
multiwell dishes. We typically dispense Matrigel into aliquots 
of 100–200 μl and freeze back at −20 °C. See Note 6 for all 
handling details.

2.6 Media, Enzymes, 
and Cell Culture 
Reagents
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 12. Collagenase (type I, Sigma-Aldrich). The final working solution 
is prepared as described in step 3 in Subheading 3.1.1.

 13. 100 ml of DMEM containing 10 % HS. HS is freshly filtered 
on the day of use through a 0.22-μm filter. This DMEM-10 % 
HS medium is used for FDB myofiber purification as detailed 
in Subheading 3.1.5. Also, all Pasteur pipettes and micropi-
pette tips are pre-flushed with this DMEM-10 % HS medium 
to prevent sticking of myofibers during manipulation.

 14. HS, 10 ml, freshly filtered on day of use with 0.22-μm syringe 
filter. Used to coat Petri dishes and pre-flush Pasteur pipettes 
to minimize potential sticking of myofibers during isolation 
procedure.

 1. Pre-fixation rinse solution: DMEM as in item 1 in Subheading 
2.6.

 2. Fixative for FDB myofibers: ice-cold 100 % methanol (see 
Note 15).

 3. Fixative for EDL myofibers: 4 % paraformaldehyde in a sodium 
phosphate buffer containing 0.03 M sucrose (see Notes 16 
and 17 for specific buffer details and preparation). Store at 
4 °C, and pre-warm to room temperature before use. To main-
tain quality and effectiveness of fixative, pre-warm only the vol-
ume that is required for immediate use.

 4. Tris-buffered saline (TBS) rinse solution: 0.05 M Tris, 0.15 M 
NaCl, and pH 7.4 (see Note 18).

 5. Detergents: Triton X−100 and Tween 20.
 6. Detergent solutions: TBS containing 0.05 % Tween 20 

(TBS- TW20) and TBS containing 0.5 % Triton X−100 
(TBS-TRX100).

 7. Blocking reagent: normal goat serum. Can be stored at 
−80 °C; once thawed and aliquoted, store at −20 °C.

 8. Blocking solution: TBS containing 1 % normal goat serum 
(TBS-NGS).

 9. Primary and secondary antibodies: see Table 2.
 10. DAPI solution (4′,6-diamidino-2-phenylindole, dihydro-

chloride): stock concentration 10 mg/ml and a working 
concentration of 1 μg/ml diluted in TBS-NGS prior to use 
(see Note 19).

 11. Mounting medium: Vectashield (Vector Laboratories); store at 
4 °C.

 12. Sterile glycerol solution: 25 % glycerol in TBS, store at 4 °C.
 13. Cover glass, 22 mm2.

2.7 Reagents 
and Solutions 
for Fixing 
and Immunostaining 
Isolated Myofibers
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 1. Fixative solution: buffered paraformaldehyde, as in item 3 in 
Subheading 2.7.

 2. Rinse solution: Dulbecco’s phosphate-buffered saline (PBS).
 3. X-gal dilution buffer: 5 mM K3Fe(CN)6, 5 mM 

K4Fe(CN)6·3H2O, and 2 mM MgCl2 in PBS, stored at 4 °C.
 4. X-gal substrate: X-gal is constituted at 40 mg/ml in N,N- 

dimethylformamide and aliquots are stored at −20 °C.
 5. DAPI working solution and Vectashield as in items 10 and 11 

in Subheading 2.7.

3 Methods

The information in this introductory section is provided to assist in 
the identification of the flexor digitorum brevis (FDB) muscles. 
The FDB is a superficial, multipennate, broad, and thin muscle of 
the foot and paw [48, 76]; it arises from the tendon of the plantaris 
as three slender muscles converging into long tendons. At the base 
of the first phalanx, it divides into two, passes around the tendon 
of the flexor hallucis longus obliquely across the dorsum of the 

2.8 Reagents 
and Solutions 
for X-gal Staining

3.1 Isolation 
of Single Myofibers 
from the Flexor 
Digitorum 
Brevis Muscle

Table 2  
Primary and secondary antibodies used in the current manuscript

Primary antibodies

Antigen Source Dilution Refs. Used in

Mouse monoclonal antibodies (IgG1)
MyoD (clone 5.8A) BD Biosciences 1:800 [24, 51, 69] Fig. 3
Myogenin (clone 

F5D, supernatant)
Developmental Studies 

Hybridoma Bank (DSHB)
1:5 [24, 36, 51, 

70, 71]
Fig. 3 and 4

Pax7 (bioreactor 
supernatant)

Developmental Studies 
Hybridoma Bank (DSHB)

1:100–1:200 [23, 24, 31] Figs. 3, 6, 9

Rabbit polyclonal antibodies
MyoD Santa Cruz Biotechnology, 

sc760
1:400 [31, 72] Fig. 3

MyoD A gift from Dr. Stefano Alemá 1:50 [36, 73] Fig. 3
MAPK  

(ERK1/ERK2)
A gift from Drs. Rony Seger 

and Edwin G. Krebs
1:1000 [24, 50, 51, 

55, 74, 75]
Fig. 4

GFP Abcam, ab6556 1:10,000 [13, 31] Fig. 10A’

Secondary antibodies
Antigen Conjugate Source Dilution Used in
Goat anti-mouse IgG Fluorescein Organon Teknika 1:100 Fig. 4
Goat anti-rabbit IgG Rhodamine Organon Teknika 1:100 Fig. 4
Goat anti-mouse IgG1 Alexa Fluor® 568 Molecular Probes 1:1,000 Figs. 6 and 9
Goat anti-rabbit IgG Alexa Fluor® 568 Molecular Probes 1:1,000 Fig. 10A
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foot, and ends as the tendons insert into the second phalanx of the 
second through the fifth digits. As the FDB contracts, digits 2–5 
are flexed. For additional details about the anatomy of the FDB 
muscle, see Note 20.

For uniformity, we typically use only the hind limb muscles in 
our studies. Figure 7 depicts “real-live” images of steps in FDB 
muscle isolation that emphasize the location of the specific tendons 
that are handled during the process. It is of utmost importance to 
delicately manipulate the muscle of interest only at the tendons 
during its excision and further processing.

 1. Add 3 ml of DMEM to six 35-mm tissue culture dishes and 
place the dishes in the tissue culture incubator until muscle 
dissection begins.

 2. Add 3 ml of DMEM containing 10 % HS to three 35-mm 
tissue culture dishes and place them in the tissue culture incu-
bator until needed for the isolated single myofibers.

 3. Add 6 mg of collagenase type I to 3 ml of DMEM in order to 
prepare 0.2 % (w/v) collagenase type I solution. Use a 0.22-μm 
syringe filter attached to a 3- or 10-ml syringe to filter the col-
lagenase solution into a 35-mm tissue culture dish (see Note 21). 
We prepare this solution fresh for each experiment.

 1. Euthanize one mouse according to institute regulations.
 2. Spray the hind foot (Fig. 7A) lightly with 70 % ethanol.
 3. All the following steps, until the muscle is dissected out, are 

carried in an enclosure dedicated for this procedure in order to 
limit contamination.

 4. Secure the mouse, lying on its back, to the dissecting board by 
pinning down the forelimb diagonally across from the limb 
being dissected.

 5. Use a scalpel to carefully cut the skin circumferentially just 
above the ankle joint, so that the skin above and below the cut 
site are completely separated (after this circular cut, the skin 
below resembles a sock).

 6. Using scissors, cut the skin in a straight line along the center of 
the ventral part of the foot almost all the way to the digits 
(the cut as viewed from the front of the foot should resemble 
a “T”) (Fig. 7B).

 7. Using a hemostat, grasp one of the upper corners of the cut 
tissue (at the junction of the circular and longitudinal cuts) and 
reflect the skin away from the foot (Fig. 7C).

 8. Hold the scalpel with its blade parallel to the longitudinal axis 
of the partially exposed muscle and carefully separate the skin 
from the connective tissue. Be especially careful not to cut into 

3.1.1 Initial Steps Prior 
to Harvesting the Muscle 
and Preparation 
of Digestive Enzyme

3.1.2 Dissection 
of FDB Muscle
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Fig. 7 Dissection of FDB muscle from the rear foot of adult mouse. (A) Rear foot 
before dissection. (B) Cutting of “T” toward the ankle; arrow shows the direction 
of the longitudinal cut and arrowheads identify the circumferential cut at the 
ankle. (C) Peeling the skin back from the ankle exposing the muscles and ten-
dons. (D) Digit tendons of the FDB exposed on the sole of the foot. (E) Cutting the 
connective tissue under the FDB toward the heel of the foot. (F) Freeing the FDB 
from the underlying connective tissue. (G) Cutting the FDB at the heal origin; 
arrow indicates direction of cutting. (H) Preparing the release of the FDB from its 
tendon insertion points at the digits. From [86]
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the muscle tissue at the back of the leg, as the FDB is the most 
superficial muscle of the back of the foot.

 9. Clamp a second hemostat to the other corner of the cut tissue 
and repeat step 8.

 10. When the skin is completely cut away from the foot, the FDB 
should be exposed all the way to the tendons reaching the 
digits (Fig. 7D).

 11. Turn the mouse over so that it lies on its stomach, and identify 
the FDB. During the next steps of the dissection, be careful 
not to injure the small medial plantar artery that supplies blood 
to the FDB to limit blood cell contamination of the myofiber 
preparation. This artery passes along the medial part of the 
sole of the foot and branches into the digits.

 12. Carefully run the tip of the scalpel along each side of the FDB 
to dissect the connective tissue holding the muscle in place 
(Fig. 7E).

 13. When the FDB is separated from the surrounding muscles, care-
fully lift the FDB by inserting one arm of your smooth forceps 
or a fine blunt probe underneath the FDB so that the flat side of 
the scalpel may be inserted horizontally underneath it.

 14. With the blade of the scalpel underneath the muscle, running 
horizontal and parallel to the muscle, cut away the underlying 
connective tissue (Fig. 7F). It is best to cut toward the heel and 
only lift that portion of the muscle directly over the scalpel.

 15. Cut underneath the tendon to separate the muscle and a large 
portion of its tendon from the heel bone (Fig. 7G).

 16. Grasp the freed tendon as far as possible from the muscle tissue 
with a hemostat and gently lift the FDB away from the leg. 
While lifting the FDB, use the scalpel, running parallel to the 
muscle, to cut through the connective tissue while holding the 
foot down.

 17. Continue cutting through the connective tissue until the ten-
dons that connect the FDB muscle to the digits have been 
exposed (Fig. 7H). When about half the length of the three 
tendons has been exposed, cut the tendons and release the 
entire muscle from the leg. The fourth small lateral tendon 
(attached to the fifth digit) and its attached myofibers can be 
trimmed off.

 18. Retrieve from the incubator three 35-mm tissue culture dishes 
containing DMEM and place them close to the dissection area.

 19. Place the harvested FDB in one of the 35-mm tissue culture 
dishes.

 20. For harvesting the FDB from the other hind foot, repeat 
steps 4–18, and place the muscle in a second 35-mm tissue 
culture dish.
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 21. Place the 35-mm tissue culture dishes, one at a time, under the 
stereo dissecting microscope.

 22. Use fine point forceps to pull the connective tissue perpendic-
ular to the line of the muscle and use fine dissection scissors to 
cut it off.

 23. Once the muscle is clean, shorten the tendons but do not cut 
all of them off.

 24. Use a wide-bore Pasteur pipette to transfer the cleaned muscle 
to another 35-mm tissue culture dish containing DMEM.

 25. Repeat steps 21–24 to clean the second FDB muscle.

 1. Working in the tissue culture hood, transfer the two cleaned 
FDB muscles to a 35-mm tissue culture dish containing 1.5 ml 
of the 0.2 % collagenase I solution.

 2. Place this 35-mm culture dish inside the tissue culture incuba-
tor for 2.5 h (see Notes 7 and 21). Gently swirl the dish every 
15–20 min during digestion, or, if available, one can use a low- 
speed agitator placed inside the tissue culture incubator. In the 
latter case, the speed should be adjusted to the lowest possible 
speed for minimal agitation, to avoid damage to myofibers.

 3. At the end of the digestion period, transfer each muscle to a 
35-mm tissue culture dish containing 10 % HS.

 1. Pre-flush all Pasteur pipettes with 10 % HS, prepared as 
described in item 14 in Subheading 2.6.

 2. Place one muscle at a time under the stereo dissecting 
microscope.

 3. Identify the two grooves running between the three tendons 
separating the middle from the two lateral tendons.

 4. Being careful not to touch the muscle, insert the tip of a pair of 
forceps into one of the grooves and hold the muscle in place by 
securing the connective tissue between the tendons to the dish.

 5. Use another pair of forceps to gently pull away the connective 
tissue that holds the tendons and their attached muscle tissue 
together.

 6. Continue removing the connective tissue until the lateral ten-
dons are separated from the middle tendon and its attached 
myofibers.

 7. Holding the muscle only at its tendons, transfer the muscle 
preparation to a 35-mm dish containing 3 ml of DMEM con-
taining 10 % HS.

 8. While grasping one end of the middle tendon with a pair of 
forceps, use a second pair of forceps to grip its surrounding 
connective tissue sheath and pull gently. If the sheath does not 

3.1.3 Enzymatic 
Digestion

3.1.4 Separation 
of the Three Tendons 
and Release of FDB 
Myofibers
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come off easily, use fine point forceps to pull the connective 
tissue perpendicular to the line of the muscle and cut it off.

 9. Repeat steps 1–7 with the second FDB muscle until all six 
tendons and their attached myofibers are in the 35-mm tissue 
culture dish containing 10 % HS.

 10. For one tendon at a time: hold one end of the tendon with a 
pair of forceps and with the tip of a second pair gently separate 
the myofibers from the tendon. The liberation of the myofi-
bers from the two lateral tendons should be easy, while the 
middle tendon requires patience since the myofibers are 
attached to it more firmly.

 11. Use a wide-bore Pasteur pipette to gently triturate the clumps 
of myofibers until they disengage into single myofibers. 
The number of trituration rounds can vary, but it may take at 
least five times. Excessive trituration can lead to fiber damage 
(see Note 7).

 12. Remaining clumps should be transferred to another 35-mm 
tissue culture dish containing 10 % HS and further triturated 
until disengaged into single myofibers.

 13. Set the stereo dissecting microscope magnification so that the 
small pieces of connective tissue floating around in the suspen-
sion are visible, and use fine forceps (or standard narrow-bore 
Pasteur pipette, fire polished) to pick them out. Continue until 
the myofiber suspension is clean of any connective tissue debris.

 14. Triturate the myofiber suspension ten more times using a 9" 
Pasteur pipette with a fire-polished tip to further separate small 
clumps of myofibers.

 1. Add 10 ml of DMEM containing 10 % HS to each of the three 
glass Corex tubes.

 2. Using the trimmed 100-μl pipette tip, transfer the myofiber 
suspension to the top of the 10 % HS column in the first Corex 
tube. Allow the myofibers to settle (at 1× g) through the HS 
column for 15 min at room temperature (see Note 22). This 
step is important for purifying the myofibers from free mono-
nucleated cells, debris, and occasional damaged myofibers.

 3. As soon as the myofibers are settled, aspirate about 11 ml of 
the supernatant (leaving about 1–1.5 ml). Triturate the myofi-
ber suspension gently with a 5" fire-polished Pasteur pipette, 
and transfer the suspension to the next Corex tube as described 
in step 2.

 4. Allow myofibers to settle and transfer the myofiber suspension 
to the third Corex tube as in steps 2 and 3.

 5. Allow myofibers to settle and harvest the final myofiber sus-
pension. Following the third purification, the residual volume 

3.1.5 Further Purification 
of FDB Myofibers
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of medium to be left with the myofiber suspension depends on 
the number of culture dishes and the desired myofiber number 
per dish. Typically in our studies the volume of the final myo-
fiber suspension is 300 μl, which is sufficient for culturing 4–6 
dishes.

Isotonic PureCol collagen can be prepared during the settling of 
myofibers. The isotonic mixture should be kept on ice. Stock 
PureCol is an acidic solution, and when made isotonic, it gels rap-
idly if not maintained at 4 °C (see Note 5):

 1. Place PureCol collagen stock bottle, 7× DMEM, and one 
15-ml conical tube on ice.

 2. On ice: Add 1 volume of 7× DMEM and 6 volumes of PureCol 
to the 15-ml conical tube and mix gently. Calculate the volume 
of stock PureCol needed for the experiment based on using 
120 μl isotonic PureCol collagen to coat each 35-mm tissue 
culture dish. Use pH paper strips to ensure a neutral pH of the 
PureCol collagen in DMEM solution. The pH of this solution 
rises slightly after coating the culture dish. If the pH remains 
acidic after coating a test dish, add one to two drops of 1 M 
NaOH to the PureCol collagen in DMEM solution.

 3. On ice: Transfer 120 μl of isotonic PureCol collagen to the 
center of a 35-mm culture dish and immediately use the 
L-shape spreader to coat the dish evenly. The coated culture 
plates need to be kept on ice until used as detailed below, to 
avoid premature matrix gelling.

 1. Gently swirl the myofiber suspension (in the 15-ml tube) 
for even distribution of myofibers throughout the residual 
medium.

 2. Remove one culture dish at a time from ice to allow rapid 
warming to room temperature.

 3. Use a wide-bore, 100-μl micropipette tip to dispense about 
50 μl of the myofiber suspension per each culture dish.

 4. Gently swirl the culture dish to allow even distribution of the 
myofibers.

 5. Repeat steps 2–5, one dish at a time, for additional culture 
dishes.

 6. Transfer the culture dishes to the tissue culture incubator for a 
minimum of 20–30 min to allow the formation of PureCol col-
lagen matrix and the adherence of the myofibers to the matrix.

 7. Remove dishes from the incubator. Gently add 1 ml of myo-
fiber culture medium (see item 6 in Subheading 2.6) to each 
dish without agitating the myofibers, and return dishes to the 
incubator.

3.1.6 Preparation 
of Isotonic PureCol 
Collagen and Coating 
Culture Dishes

3.1.7 FDB Myofiber 
Culturing
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When the effect of growth factors on satellite cell proliferation/
differentiation is investigated, parallel FDB cultures are maintained 
in culture medium with/without additives, and the medium is 
replaced every 24 h (residual medium should be left when per-
forming medium change to avoid drying of the myofibers) to 
ensure that growth factors do not become rate limiting. These cul-
tures can be used for monitoring satellite cells and their progeny in 
live cultures and for fixed/immunostained cultures as detailed in 
Fig. 2 and in Subheading 3.3.

 1. Matrigel solution preparation and plate coating (steps 1–6) 
are done on ice. Thaw the required amount of Matrigel by 
placing frozen aliquot(s) on ice for at least 30 min and as much 
as 1.5 h to allow the Matrigel stock to completely liquefy for 
subsequent dilution to the working solution (see Note 6).

 2. Prechill a 15-ml conical tube on ice. Add about 400–900 μl of 
ice-cold DMEM to the thawed Matrigel and gently mix by 
several repetitive drawings through a 1-ml glass pipette. 
Transfer the diluted Matrigel into the 15-ml conical tube and 
add ice- cold DMEM to dilute the Matrigel to a final concen-
tration of 1 mg/ml. Gently mix the Matrigel and DMEM by 
several repetitive drawings through a 1-ml glass pipette. An 
optimal Matrigel stock is at ~10 mg/ml protein concentration, 
further diluted at 1:10 for the working Matrigel solution. 
Stock protein concentration can vary greatly from lot to lot 
and should be monitored. Allow the diluted Matrigel solution 
to cool on ice for at least 15 min.

 3. After 15 min, use a chilled 1-ml glass pipette to draw up the 
diluted Matrigel solution and coat wells with an appropriate 
volume (250 to 300 μl per well for a 24-well plate). In our 
experience, 2 ml of working Matrigel solution can be used to 
coat an entire 24-well plate; we typically coat 6–8 wells at a 
time as detailed next.

 4. Per each series of wells, leave the culture plate coated with the 
Matrigel working solution on ice for 7 min, then use the 
same pipette as before (held cooled in a tube on ice) to 
remove the Matrigel solution, and place it back in the 15-ml 
conical tube that is kept on ice. This will leave a thin coat of 
Matrigel at the bottom of the wells.

 5. Once all of Matrigel solution has been placed back in the tube, 
use the same pipette to coat the next set of wells. Leave the 
diluted Matrigel in each well for 7 min.

 6. Once the desired number of wells per one tray has been coated, 
tilt the tray and use a 20-μl pipette tip to carefully remove 
residual Matrigel, and place it back in the 15-ml conical tube 
that is kept on ice (see Note 23).

3.2 Isolation 
of Single Myofibers 
from the Extensor 
Digitorum Longus 
Muscle

3.2.1 Preparation 
of Matrigel Working 
Mixture and Coating 
24-Well Tissue Culture 
Dishes with Matrigel (For 
Adherent Myofibers Only)
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 7. Incubate the Matrigel-coated multiwell dishes in the tissue cul-
ture incubator for at least 1 h.

 8. About 10 min before culturing myofibers, take the Matrigel- 
coated, 24-well dish out of the incubator to the tissue culture 
hood and open the lid. This will allow evaporation of water 
that otherwise will condense on the underside of the lid when 
moving the dish from the warm incubator to room tempera-
ture. If allowed to form, the condensation will drip into the 
well, disturbing the Matrigel coating.

This is done to minimize adherence of myofibers to plasticware 
and glassware used during the isolation process:

 1. For each EDL muscle being processed, coat six plastic 100-
mm Petri dishes and one to two 60-mm Petri dishes with fil-
tered horse serum (HS). Successively transfer a volume of HS 
to each Petri dish that is sufficient to cover the bottom of the 
plate, and then swirl the dish to coat evenly. Allow each dish to 
sit with HS for about 2–3 min at room temperature and then 
remove HS and apply it to the next dish. After all dishes have 
been coated, add 9–12 ml of DMEM to each 100-mm Petri 
dish and 3–5 ml to each 60-ml Petri dish. One may consider 
processing a pair of EDLs together (which reduces usage of 
materials and supplies), but we typically process each EDL 
alone to allow for better separation of fibers with less debris.

 2. Incubate the Petri dishes in the tissue culture incubator until 
needed following muscle digestion.

 3. Coat the fire-polished Pasteur pipettes by flushing HS solution 
through the pipettes several times. The coated pipettes are 
then placed vertically in sterile plastic tubes (e.g., 5-ml Falcon 
tubes) to maintain sterility and also for reflushing HS through 
the pipettes to refresh the coating.

 1. Prepare 0.4 % collagenase type I solution by dissolving 0.012 g 
of collagenase in 3 ml of DMEM. Use a 0.22-μm syringe filter 
attached to a 3- or 10-ml syringe to filter the collagenase solu-
tion into a 35-mm tissue culture dish. We prepare this solution 
fresh for each experiment (see Note 21).

 2. Fill three 100-mm Petri dishes with 9 ml DMEM and place in 
tissue culture incubator to warm dishes for later use as rinse 
dishes.

The information in this introductory section is provided to assist in 
the identification of the extensor digitorum longus (EDL) muscles. 
The EDL muscle is situated at the ventral-lateral aspect of the hind 
limb, running from the knee to the ankle, extending to the second 
to fifth digits [76]. The EDL actually consists of four combined 

3.2.2 Coating Glassware 
and Plasticware Dishes 
with Horse Serum (HS)

3.2.3 Preparation 
of the Digesting Enzyme 
Solution and Post-digestion 
Rinse Plates

3.2.4 Dissection 
of EDL Muscle

Mouse Myofiber Culture



74

muscle bellies and their tendons; the bellies arise from the lateral 
condyle of the tibia and the front edge of the fibula (two tendons 
at the origin of the muscle). The tendons lie close to each other 
and appear as one glistening white tendon that continues down to 
the surface of the ankle. At the ankle joint, it separates to four ten-
dons, each attached to one of the second to fifth digits. As the 
EDL contracts, the four digits are extended. For additional details 
about the anatomy of the EDL muscle, see Note 20.

As detailed in Subheading 3.1, we typically use only the hind 
limb muscles in our studies. Figure 8 depicts “real-live” images of 
the steps in EDL muscle isolation with emphasis on the location of 
the specific tendons that are handled during the process. It is of 
utmost importance to delicately manipulate the muscle of interest 
only at the tendons during its excision and further processing:

 1. Euthanize one mouse according to institute regulations.
 2. Spray the hind limbs with 70 % ethanol.
 3. Secure the mouse, lying on its back, to the dissecting board by 

pinning down the forelimb diagonal to the hind limb to be 
dissected.

 4. Use straight rounded-tip scissors to cut through the skin, 
opening a small incision above the knee.

 5. Holding the skin with fine forceps, insert the rounded-tip scis-
sors beneath the skin and carefully open the scissors to loosen 
the skin from the underlying muscles.

 6. Extend the incision to a point just in front of the digits.
 7. Loosen the skin as you go, being careful not to cut the under-

lying muscles or blood vessels.
 8. Cut and remove the skin from the knee to the paw (Fig. 8A) 

and cut the fascia (thin connective tissue layer that covers 
the muscles) that overlays the EDL and TA muscles (Fig. 8B). 
This will facilitate the identification of the tendons.

 9. Identify the four tendons in the foot at the insertion of the EDL, 
each extending to one of the digits but not the large toe.

 10. Use the microscissors to cut all four tendons (Fig. 8C).
 11. Using fine forceps, gently isolate and pull the portion of the ten-

don before its division (into four tendons) at the ankle up from 
the paw (Fig. 8D, E); the tendon should slide up and out from 
under the connective tissue sheath at the ankle, with the four divi-
sions trailing behind it. Carefully work the tendon of the EDL out 
from underneath the TA tendon and pull the tendon out of the 
ankle with the four divisions trailing behind it (Fig. 8E).

 12. Identify the two tendons that are located by the knee cap, fac-
ing the lateral part of the leg (i.e., opposite to the midline of 
the body).
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Fig. 8 Dissection of EDL muscle from the hind limb of adult mouse. (A) Anterior lower hind limb with the skin 
removed. (B) The fascia covering the anterior lower hind limb muscles is removed to allow access to tendons. 
(C) The four foot tendon insertion points of the EDL are isolated and cut. (D) The common tendon of the EDL is 
carefully exposed and isolated at the ankle. (E) Once isolated and foot insertions are cut, the EDL tendons are 
pulled proximally up from the foot; arrows indicate the direction of pulling. The tendons should easily slide 
underneath the connective tissue sheath at the ankle up from the foot. If the tendons do not easily slide out, 
then reexamine the foot tendons to ensure that they have been cut. (F) Origin of the EDL is exposed and then 
cut at the lateral surface of the tibia condyle head. (G) Grasping only the EDL tendon (do not grasp the muscle 
as it can easily be damaged), carefully pull distally toward the toes to remove the EDL muscle; arrow indicates 
the direction of pulling. (H) The EDL should slide underneath the TA muscle and should pull out easily. It is 
important to pull gently and there should be little resistance; if the muscle does not slide out easily, one or both 
tendons at the muscle origin may still be attached to the bone. In this case identify the attached tendon and 
cut it. From [86]

Mouse Myofiber Culture



76

 13. Use microscissors to cut these tendons as far as possible from 
the muscle itself (Fig. 8F).

 14. Grasp the four tendons and carefully pull distally toward the 
toes to remove the EDL muscle.

 15. The EDL should slide underneath the TA muscle and should 
pull out easily (Fig. 8G, H). It is important not to apply too 
much force. If the muscle does not slide out easily, one or both 
tendons at the muscle origin at the knee may still be attached 
to the bone. In this case, identify the yet attached tendon and 
cut it.

 16. The muscle should be handled only by its tendons to prevent 
damage to the myofibers. Be careful not to injure the anterior 
tibial artery that supplies blood to the EDL, to avoid blood cell 
contamination of the myofiber preparation.

 1. Holding the muscle by its four tendons, place the EDL in a 
35-mm tissue culture dish containing warm DMEM to rinse. 
Next, transfer the muscle to the 35-mm tissue culture dish 
containing 0.4 % collagenase I solution. A pair of EDLs can be 
digested in the same dish.

 2. Place the dish inside the tissue culture incubator for 45–60 min 
(see Notes 7 and 21). Gently swirl the dish every 15–20 min 
during digestion (alternatively, one can use a low-speed agita-
tor placed inside the tissue culture incubator) to facilitate mus-
cle dissociation.

Use a stereo dissecting microscope throughout the procedure, 
which involves rinses of the digested muscle bulk and a 3-step 
sequence of muscle bulk trituration to release myofibers. All 
Pasteur pipettes used in this process should be fire polished. It is 
recommended to spend no more than 5–7 min at a time per each 
trituration step. When processing multiple EDLs, it is a good strat-
egy to alternate between muscle bulks so that only one EDL is 
outside of the incubator at a time in order to minimize muscle 
cooling. Additionally, the recommended number of rinses of the 
digested muscle and of individual myofibers as detailed in this sec-
tion should not be overlooked. The myofiber rinses are essential 
for minimizing the contribution of non-myogenic cells that are 
released from the muscle bulk during the enzymatic digestion. 
Unless myofibers are well rinsed, such non-myogenic cells will be 
co-isolated with the myofibers and eventually produce many prog-
eny in the rich culture conditions:

 1. Inspect the muscle under the stereo dissecting microscope to 
make sure that the myofibers are loosened from the muscle 
bulk; the muscle should look like a loose skein of yarn. If the 

3.2.5 Enzymatic 
Digestion

3.2.6 Liberation of Single 
Myofibers from Muscle 
Bulk
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myofibers are not loosened, continue enzymatic digestion for 
another 10 min and check again.

 2. Retrieve from the incubator the three 100-mm Petri dishes 
containing 9-ml DMEM (rinse plates). Use the widest-bore 
Pasteur pipette to transfer the muscle bulk from the collagenase 
solution to the first DMEM rinse plate to wash away the colla-
genase and debris that might have dissociated from the muscle 
during digestion. Transfer the muscle to the second then third 
Petri dish for further dilution of any possible collagenase that 
may remain. These rinses must be performed with great care; 
limit the amount of mechanical manipulation of the muscle or 
swirling of the dish until the trituration step is reached.

 3. Retrieve from the incubator one of the six 100-mm Petri dishes 
that were pre-coated with HS and filled with DMEM (this will 
be the holding dish for the muscle bulk and will be used in 
several of the steps described below). Transfer the rinsed mus-
cle bulk into the holding dish. Place the dish in the incubator 
for approximately 10 min to allow the tissue to warm up.

 4. Retrieve from the incubator a second HS-coated DMEM con-
taining 100-mm dish. Using the same widest-bore pipette, 
transfer the muscle bulk to this dish (first trituration dish). 
Return the holding dish to the incubator to warm.

 5. Use another HS-coated Pasteur pipette (tip diameter: approxi-
mately 3–4 mm) to triturate the muscle along its length. This 
orientation of the EDL muscle during triturations is critical to 
prevent damage to the myofibers.

 6. When single myofibers are liberated from the muscle, its diam-
eter decreases. Therefore, use a narrower-bore pipette for sub-
sequent triturations.

 7. When 10–15 viable single myofibers are released, retrieve from 
the incubator the holding plate, transfer the muscle bulk into 
it, and place it back in the incubator. Additionally, place the 
dish with the single myofibers in the tissue culture incubator to 
keep the fibers warm (typically the fibers from this first tritura-
tion round are not used, but save the plate in case it is needed). 
Allow the holding plate with muscle bulk to warm up for at 
least 5–10 min in the incubator before the next round of 
trituration.

 8. Retrieve from the incubator a third HS-coated DMEM con-
taining 100-mm dish (second trituration dish) and the hold-
ing plate with muscle bulk. Transfer the muscle bulk to the 
second trituration dish using the same widest-bore pipette 
used in the first trituration dish. Using a wide-bore pipette 
with a smaller diameter, triturate the tissue until 30–50 myo-
fibers are obtained (but do not triturate the tissue for more 
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than 5–7 min). Transfer the muscle bulk back to the holding 
dish and place both the holding dish and the dish with released 
myofibers back in the incubator.

 9. Follow the pattern of moving the muscle bulk as described 
above in steps 7 and 8, and create a third trituration dish; 
triturate the muscle bulk until approximately 100 myofibers 
have been released. When the third trituration step is com-
plete, transfer the tissue back into the holding dish, and place 
both the holding dish and the dish with released myofibers 
back into the incubator. Typically, three rounds of triturations 
are sufficient to dissociate the muscle bulk entirely.

 10. Using a HS-coated 9" pipette (standard bore size), begin to 
transfer individual fibers from the second and third trituration 
plates to the remaining two HS-coated DMEM containing 100- 
mm Petri dishes (collection plates). Refresh the HS coating of 
the pipette before each fiber transfer so that fibers do not adhere 
to the glass. Alternate between (at least) two collection plates to 
minimize cooling of the myofibers. As a general scheme:
(a) Transfer ten fibers from the second trituration dish to one of 

the collection plates, and then move both plates back to the 
incubator.

(b) Remove the third trituration dish from the incubator and 
transfer ten fibers to a second collection plate. Try to avoid 
using the first trituration dish as the fibers from this tritu-
ration are much more fragile and often have more non-
myogenic cells attached to them.

(c) Repeat this process when triturating the second EDL, 
alternating with the first EDL throughout the processing. 
If using only one EDL, always allow the plates to rest for 
10 min in the incubator before repeating the process. 
Collect those fibers that are relatively straight and are not 
partially contracted.

 11. Once a large enough number of fibers have been collected 
(generally 20–30 per collection plate), begin selecting fibers 
that will be used for analysis. Remove the 100-mm collection 
plates one at a time and visually inspect the fibers under the 
highest magnification available. Avoid fibers that have visible 
associated debris, and also avoid those that are kinked or par-
tially contracted (see Note 7). Transfer fibers that pass these 
criteria to another HS-coated 60-mm dish (final dish). Try not 
to place too many fibers into one single plate as the fibers may 
become entangled with each other or associated with debris 
that may have been carried over in the transfer (as an approxi-
mation, no more than 3 fibers/1 cm² of dish surface area). 
Although including this step of fiber selection and transfer to 
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the final plate requires extra time, it allows for another wash 
step to remove non-myogenic cells that may have been carried 
over during trituration, thereby ensuring a more optimal fiber 
preparation.

As noted in the introduction, for Time 0 analyses, we recommend 
working with myofibers that have been allowed to adhere to the 
dish surface before fixation rather than using non-adherent myofibers 
(see Note 3):

 1. Transfer a Matrigel-coated, 24-well multiwell dish from the incu-
bator to the tissue culture hood and open its lid to allow mois-
ture (generated during the incubation period) to evaporate.

 2. Bring the 60-mm Petri dish containing single fibers (final dish) 
to the dissection microscope along with the 24-well plate.

 3. Under the dissection microscope, use a fire-polished, HS- 
coated 9" Pasteur pipette to select fibers that are free of associ-
ated tissue debris. Transfer one fiber at a time with residual 
DMEM (~150 μl) into the center of a Matrigel-coated well 
(one fiber per well). The fiber should be sitting in a droplet of 
DMEM, on top of the Matrigel to ensure that it does not dry 
out. After myofibers are dispensed to the desired number of 
wells, check again under the stereo dissecting microscope to 
ensure that indeed there is a myofiber in each well. This step is 
necessary since occasionally myofibers adhere to the Pasteur 
pipette and are not released into the well or the fiber becomes 
damaged in the transfer. Avoid excessive agitation of the fibers.

 4. If needed, add a myofiber to empty well(s) or replace with an 
intact myofiber. Minimize the length of time the 60-mm final 
plate and the multiwell dish are held at room temperature; 
transfer dishes back to the incubator after 10 min to warm 
while continuing dispensing fibers.

 5. After the desired number of fibers has been dispensed (1 per well), 
place the plate back in the incubator for 3 h to allow the fibers 
to adhere more firmly to the Matrigel. Minimize the amount 
of time that the fibers remain outside of the incubator and do 
not subject the plate to sudden motion. Extra special care 
should be exercised when handling such early time points for 
microscopic examination or immunostaining because the fibers 
are only loosely adhered and too much manipulation can dam-
age the fibers and cause contraction.

 1. Transfer a Matrigel-coated, 24-well multiwell dish from the 
incubator to the tissue culture hood and open its lid to allow 
moisture, generated during the incubation period, to evapo-
rate. Add 500 μl of pre-warmed, culture medium (see item 7 in 
Subheading 2.6) to each well.

3.2.7 Plating Freshly 
Isolated EDL Adherent 
Myofibers for Time 0 
Satellite Cell Analysis

3.2.8 Culturing Single 
Adherent EDL Myofibers
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 2. Bring the 60-mm Petri dish containing single fibers (final dish) 
to the dissection microscope along with the 24-well plate.

 3. Follow steps 3 and 4 in Subheading 3.2.7.
 4. When the desired number of fibers has been plated, place the 

24-well multiwell dish in the tissue culture incubator. Avoid 
handling the plate (i.e., to inspect fibers) for a minimum of 
18 h (overnight).

 5. After the fibers have been in culture for three days, gently add 
an additional 500 μl of complete media to the fibers. After 
three more culture days, replace the entire old medium with 
500 μl of fresh growth medium. Continue changing the media 
every three days. We typically maintain myofiber cultures for 
10–14 days without any apparent decline in culture quality. 
Depending on the goal of the project, we also have maintained 
fiber cultures for up to 3 weeks, but Matrigel may be partially 
degraded by then, and myotubes may detach from the plate. 
Moreover, the medium change schedule may need to be more 
frequent for longer culture periods.

 1. Add 500 μl of pre-warmed, culture medium (see item 8 in 
Subheading 2.6) to each well of a non-coated 24-well plate.

 2. Bring the 60-mm Petri dish containing single fibers (final dish) 
to the dissection microscope along with the 24-well plate.

 3. Follow steps 3 and 4 in Subheading 3.2.7.
 4. When the desired number of fibers has been plated, place the 

24-well multiwell dish in the tissue culture incubator. When 
the effect of growth factors on satellite cell proliferation/dif-
ferentiation is investigated, parallel specimens are maintained 
in 0.3 ml of culture medium with/without additives, and the 
replenishment of the medium is ensured by adding fresh 
medium (0.2 ml) on culture day 1 and performing partial 
medium change (0.25 ml) on culture day 2. This approach 
ensures that growth factors do not become rate limiting and 
that myofibers are not disturbed during medium change.

This section details current protocols used in our laboratory to fix 
myofiber cultures for immunofluorescent studies of satellite cells 
and their progeny. Extra care should be taken when working with 
Time 0 myofibers as these are loosely attached to the plate com-
pared to myofibers in later time point cultures. Use of a stereo 
dissecting microscope throughout the procedure to ensure that 
the fibers are not lost or become damaged is recommended. All 
wash steps should be performed using a glass fire-polished Pasteur 
pipette to minimize myofiber damage.

Freshly plated (Time 0) and cultured FDB myofibers are typi-
cally fixed with ice-cold methanol (the preferred fixative when 

3.2.9 Culturing Single 
Non-adherent EDL 
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working with dishes coated with PureCol collagen), whereas 
freshly plated (Time 0) and cultured EDL myofibers are typically 
fixed with paraformaldehyde that is pre-warmed to room tempera-
ture; methanol fixation is not optimal for the longer EDL myofi-
bers as it can lead to their hypercontraction. Overall, when 
analyzing single myofibers via immunofluorescence, fixatives 
should be optimized for both preserving the myofibers and the 
antigens being analyzed. Table 2 summarizes primary and second-
ary antibodies used in our immunostaining studies depicted in this 
chapter. Protocols described in this section are also appropriate for 
detecting proliferating satellite cells in single myofibers by autora-
diography following labeling with 3H-thymidine [47, 49] or when 
analyzing proliferation using bromodeoxyuridine [31, 35, 56, 77]. 
All steps are done in a sterile manner. Handling antibodies strictly 
in the tissue culture hood minimizes possible contamination and 
helps maintain antibody stocks for years.

 1. Warm DMEM in a water bath set at 37 °C.
 2. Rinse cultures with 500 μl warm DMEM three times. Following 

the final rinse, add 1 ml ice-cold 100 % methanol to each 35-mm 
tissue culture dish, and transfer the dishes to 4 °C for 10 min.

 3. Return dishes to room temperature, aspirate the methanol, 
and allow the dishes to air-dry for 10–15 min in the tissue 
culture hood (see Note 24).

 4. Add 1.5 ml of blocking solution (TBS-NGS) to each culture 
dish, to block nonspecific antibody binding.

 5. Cultures are then kept at 4 °C for at least overnight and up to 
2 weeks. Bring cultures to room temperature when ready to 
start antibody labeling.

 6. Dilute the appropriate primary antibody in the NGS-TBS 
blocking solution. If not otherwise published, before diluting 
your antibody, test a range of dilutions to determine the lowest 
concentration of antibody that gives a clear specific signal with-
out nonspecific background.

 7. Rinse the cultures three times with 500 μl TBS-TW20.
 8. Remove the final TBS-TW20 rinse and add 100 μl of the primary 

antibody solution. Incubate for 1 h at room temperature fol-
lowed by an overnight incubation at 4 °C in a humidified cham-
ber (see Notes 25 and 26). Primary and secondary antibodies are 
applied at the center of the dish followed by a light swirling on a 
flat surface to ensure optimal spreading of the antibody across 
the dish. This approach allows using just 100 μl antibody solu-
tion, which is beneficial for conserving antibody stocks.

 9. Dilute the appropriate secondary antibody in the NGS-TBS 
blocking solution. Secondary antibodies are often diluted at 

3.3.1 Freshly Isolated 
(Time 0) and Cultured FDB 
Adherent Myofibers
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1:1000 or greater, but the researcher needs to determine the 
optimal dilutions for their specific study.

 10. Rinse cultures with 500 μl TBS-TW20 three times.
 11. Remove the final TBS-TW20 rinse and add 100 μl of the 

diluted secondary antibody. Incubate for 1–2 h at room 
temperature.

 12. Remove the secondary antibody and wash three times with 
500 μl TBS-TW20.

 13. For nuclear visualization, add at least 100 μl of DAPI working 
solution (1 μg/ml, diluted in TBS-NGS prior to use; see item 
10 in Subheading 2.7) and incubate for 30 min at room 
temperature.

 14. Rinse the cultures twice with 500 μl TBS-TW20 followed by a 
final rinse with 500 μl TBS.

 15. Remove the TBS and mount in Vectashield mounting medium. 
Add one drop at the center of each culture dish, and cover 
gently with a cover slip, avoiding generating air bubbles. 
Cultures should be viewed as soon as possible but, if not, then 
stored at 4 °C sealed in Parafilm, covered with aluminum foil 
to protect from light, and viewed within a week after immu-
nostaining to avoid fading.

 1. Use a fire-polished Pasteur pipette to slowly add the 4 % parafor-
maldehyde fixative solution (pre-warmed to room temperature) 
until the droplet containing the fiber (see Subheading 3.2.7) has 
approximately doubled in volume. Allow the fiber to sit in the 
fixative solution for 10 min at room temperature, then carefully 
remove (using a Pasteur pipette) the DMEM- paraformaldehyde 
fixative mixture, and rinse each well three times with 500 μl TBS.

 2. Add 500 μl of TBS-TRX100 for 5 min at room temperature. 
Alternatively, Triton X−100 can be omitted as some antigens 
may be more optimally detected if Triton X−100 has not been 
used.

 3. Add 500 μl of blocking solution (TBS-NGS) to each of the 24 
wells, to block nonspecific antibody binding.

 4. Follow steps 5–14 as described in Subheading 3.3.1. However, 
when exposed to antibodies, the 24-well multiwell trays should 
be continuously and gently swirled as described in Note 26, as 
uneven antibody staining can otherwise occur.

 5. Remove the final TBS rinse, and add one drop of Vectashield 
mounting medium as in step 15, Subheading 3.3.1. We prefer 
not to use cover slips when working with 24-well multiwell 
trays. Instead, we add 300 μl of the glycerol mounting solu-
tion (25 % glycerol in TBS) following the initial drop of 
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Vectashield to allow sufficient mounting medium coverage of 
individual wells in 24-multiwell trays.

 6. Observe and analyze the fibers under the microscope, then seal 
the multiwell tray with Parafilm, and store at 4 °C and in the 
dark (e.g., can be stored wrapped with aluminum foil) when 
not in use. Trays should be viewed as soon as possible. If they 
cannot be viewed immediately, they should be stored at 4 °C, 
sealed in Parafilm, and covered with aluminum foil to protect 
from light. Typically, we aim to complete analyses within a 
week after immunostaining to avoid fading.

 1. While observing each myofiber under the stereo dissecting 
microscope, use a Pipetman to gently, without agitating the 
culture or touching the myofiber, add an equal volume (500 μl) 
of 4 % paraformaldehyde fixative solution (pre-warmed to 
room temperature) to the culture medium in each well in the 
24-well dish. Allow 10 min at room temperature for the fixa-
tion, then carefully remove (by aspiration or using a pipette) 
the culture medium-paraformaldehyde fixative mixture, and 
rinse each well three times with 500 μl TBS.

 2. Follow steps 2–6 as described in Subheading 3.3.2.

 1. Slowly add to the culture medium an equal volume of 4 % para-
formaldehyde fixative solution (pre-warmed to room tempera-
ture) while observing each myofiber under the stereo dissecting 
microscope. Allow the fiber to sit in the fixative solution for 
10 min at room temperature, then carefully remove (using a 
Pasteur pipette) the culture medium-paraformaldehyde fixative 
mixture, and rinse each well three times with 500 μl TBS.

 2. Follow steps 5–14 as described in Subheading 3.3.1, except 
that extra care had to be taken due to the non-adherent nature 
of the myofibers.

 3. Follow step 5 as described in Subheading 3.3.2 for mounting 
the specimen.

 4. Observe and analyze the fibers under the microscope, then seal 
the multiwell tray with Parafilm, and store at 4 °C and in the 
dark (e.g., can be stored wrapped with aluminum foil) when 
not in use. Typically, we aim to complete analyses within a 
week after immunostaining to avoid fading.

As detailed in the introduction, the Nestin-GFP transgenic mouse 
provides an efficient tool for monitoring satellite cells on freshly 
isolated live (or fixed) myofibers by direct detection of GFP fluo-
rescence (Fig. 2), which enables linking initial Time 0 numbers and 
subsequent performance upon culturing [31]. The Nestin-GFP 
transgene also facilitates the isolation of satellite cells using 
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fluorescent- activated cell sorting and subsequent studies of puri-
fied populations [13, 32]. Table 3 illustrates satellite cell quantifi-
cation in three different muscles based on direct detection of the 
Nestin-GFP transgene on live myofibers isolated, compared with 
satellite cells detection by Pax7 (Fig. 9) and Myf5nLacZ (Fig. 10) 
expression.

Myofibers are fixed and immunostained following steps described 
in Subheading 3.3.2. When performing Pax7 immunostaining, a 
direct detection of GFP fluorescence is typically satisfactory; how-
ever, if warranted, an enhancement of the GFP signal can be 
achieved by GFP immunostaining (Table 2).

As detailed in the introduction, we have typically crossed the 
Nestin-GFP transgene with Myf5nLacZ knockin mice, providing 
dual marking for satellite cells, and MLC3F-nLacZ transgenic 
mice, which distinguishes myofiber nuclei but is not expressed in 
satellite cells (Fig. 10). The detection of the Nestin-GFP transgene 
in satellite cells is possible in combination with X-gal staining for 
lacZ reporters following the procedure described below:

 1.  Fibers are plated as in Subheading 3.2.7.
 2. Pre-warm the X-gal dilution buffer at 37 °C.
 3. Fix myofibers. Use a fire-polished Pasteur pipette to slowly add 

the 4 % paraformaldehyde fixative solution (pre-warmed to 
room temperature) until the droplet containing the fiber has 
approximately doubled in volume. Allow the fiber to sit in the 
fixative solution for 10 min at room temperature, then care-
fully remove (using a fire-polished Pasteur pipette) the DMEM-
paraformaldehyde fixative mixture, and rinse each well three 
times with 500 μl PBS (note the use of PBS here versus the use 
of TBS rinses when performing immunostaining).

3.4.1 Co-detection 
of Nestin-GFP and Pax7 
on Fixed Myofibers

3.4.2 Detection 
of Nestin-GFP 
in Combination with X-gal 
Staining for lacZ Reporters

Table 3  
Satellite cell numbers according to Nestin-GFP detection on freshly isolated live myofibers prepared 
from EDL, diaphragm (DIA), and masseter (MAS) muscles of 6-month-old micea

Muscle 
type

Number 
of mice

Number of 
fibers

Nestin-GFP+ cells per 
fiber (mean ± SEM)

Agreement between Nestin- GFP+ cells and

Pax7+ cellsb (%) Myf5nLacZ+ cellsc (%)

EDL 11 275 8.51 ± 0.19 98.8 98.7

DIA  8 161 7.18 ± 0.23 98.3 96.8

MASd  7 176 6.10 ± 0.27 99.3 98.4
aAnalyses are done with adherent myofibers (see Note 3)
bBased on 13 EDL, 12 DIA, and 16 MAS fibers isolated from three mice
cBased on 58 EDL, 22 DIA, and 83 MAS fibers isolated from three mice
dSee Note 3
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 4. Dilute the X-gal substrate in the pre-warmed X-gal dilution 
buffer at a 1:40 ratio, and then dispense 500 μl of this X-gal 
staining solution to each of the desired wells in the 24-well 
multiwell dish.

 5.  Incubated myofibers in X-gal staining solution using a 37 °C 
chamber (we typically use the humidified tissue culture incu-
bator). In our laboratory, myofibers are incubated for up to 
16 h when working with Myf5nLacZ reporter or up to 2 h for 
MLC3F-nLacZ reporter. However, conditions may vary; 
therefore, myofibers should be monitored regularly during 
incubation and the X-gal staining stopped when positive nuclei 

Fig. 9 Parallel phase and fluorescent micrographs of Time 0 adherent myofibers isolated from EDL (A–A‴), 
diaphragm (B–B‴), and masseter (C–C‴) muscles, demonstrating co-expression of the Nestin-GFP transgene 
and the satellite cell marker Pax7. Myofibers were isolated from adult Nestin-GFP mice and plated individually in 
24-well multiwell tissue culture dishes coated with Matrigel. Myofibers were fixed with paraformaldehyde and 
analyzed by immunostaining as described in Subheading 3.3.2. (A, B, C) Phase images. (A′, B′, C′) DAPI- staining 
(both myofiber nuclei and satellite cell nuclei are labeled with DAPI). (A″, B″, C″) Nestin-GFP expression in satellite 
cells is observed by direct detection of the GFP fluorescence. (A‴, B‴, C‴) Pax7 immunofluorescence expression 
in Nestin-GFP+ satellite cells. Arrowheads depict Nestin-GFP+/Pax7+ satellite cells. Scale bar 50 μm
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Fig. 10 Parallel phase and fluorescent micrographs depicting Nestin-GFP and LacZ reporter detection in Time 
0 adherent EDL myofibers isolated from (A–A′) an adult Nestin-GFP/Myf5nLacZ mouse and (B–B″) an adult 
Nestin-GFP/MLC3F-nLacZ mouse. Myofibers were plated individually in 24-well multiwell tissue culture dishes 
coated with Matrigel and fixed with paraformaldehyde and analyzed by X-gal staining as described in 
Subheading 3.4.2. (A–A″) For optimal detection of the Myf5nLacZ reporter in satellite cells, myofibers were 
incubated for 16 h in X-gal staining solution, which also resulted in a strong green autofluorescence of the 
entire myofiber together with quenching of direct Nestin-GFP fluorescent signal in the LacZ+ satellite cells. 
Therefore, to recover a clear Nestin-GFP signal in satellite cells, the myofiber was immunostained with an 
anti-GFP combined with a red fluorescent secondary antibody. The strong X-gal staining of the satellite cell 
nucleus also typically extinguishes DAPI fluorescent signal as shown in panel A″. (B-B”) Optimal detection of 
the MLC3F-nLacZ reporter in myonuclei is typically achieved by as little as 15 min incubation in the X-gal 
staining solution, with lack of LacZ expression in GFP+ satellite cells; satellite cells remained negative for 
X-gal staining even after overnight incubation. The extinguished DAPI fluorescent signal in myonuclei by 
strong X-gal staining also allows identification of satellite cell nuclei that are LacZ negative but DAPI+/GFP+. 
Arrowheads depict a GFP+/LacZ+ satellite cell that is DAPI- (A–A″) and a GFP+/LacZ- satellite cell that is DAPI+ 
(B–B″). Images in (B–B″) were previously published in [13]. Scale bars 50 μm
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can be clearly distinguished. A particular attention should be 
exerted with the Myf5nLacZ reporter, as a too short exposure will 
only stain some satellite cells, while a too long exposure may 
lead to myofiber nuclei staining as well.

 6. Rinse each well three times with 500 μl TBS.
 7. If immunostaining is desired, follow steps 3–5 as described in 

Subheading 3.3.2. When working with myofibers from Nestin-
GFP/Myf5nLacZ mice, the use of an anti-GFP antibody (com-
bined with a red fluorescent secondary antibody) is necessary 
to enable specific GFP signal detection above the overall green 
fluorescent background produced by the prolonged incubation 
of myofibers in X-gal staining solution (Fig. 10). Differently, 
when working with myofibers from Nestin-GFP/MLC3F-
nLacZ mice, a 15-min incubation in the X-gal staining solu-
tion is typically sufficient and direct GFP signal is preserved 
(Fig. 10).

 8.  For nuclear visualization, add to the rinsed well at least 100 μl 
of DAPI working solution (1 μg/ml, diluted in TBS-NGS 
prior to use; see item 10 in Subheading 2.7), and incubate for 
30 min at room temperature. Then, rinse twice with 500 μl 
TBS-TW20 followed by a final rinse with 500 μl TBS.

 9. Remove the final rinse, and add one drop of Vectashield plus 
300 μl 25 % glycerol-TBS (as in step 5 Subheading 3.3.2)

 10. Observe and analyze the fibers under the microscope, then seal 
the multiwell tray with Parafilm, and store at 4 °C and in the 
dark (e.g., can be stored wrapped with aluminum foil) when 
not in use. Typically, we aim to complete analyses within a 
week following fiber harvesting.

4 Notes

 1. The Nestin-GFP transgenic mouse used in our studies has 
been developed originally to study neural stem cells [57]. 
Indeed, nestin, an intermediate filament protein, was originally 
identified as a marker of neural progenitors. However, nestin 
protein expression was subsequently detected in other cell 
types [78, 79], including myogenic cells [31, 80–82]. 
Furthermore, Nestin- GFP transgenic expression was identified 
by us in satellite cells in all muscle groups examined [31, 32, 
54] and in a number of other progenitor lineages [83, 84]. 
While in the context of isolated myofibers, this Nestin-GFP 
transgene can be used to specifically detect satellite cells [31, 
32]; if myofibers are isolated with remnants of associated vas-
culature or neuromuscular junction, non-myogenic cell types 
that express the Nestin- GFP reporter can at times also develop 
in long-term cultures (Fig. 11A–C). This feature has provided 
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Fig. 11 Parallel phase and direct GFP fluorescent micrographs depicting expression of the Nestin-GFP transgene 
in endothelial, neuronal, and myogenic reserve cells. (A, A′) Two associated Time 0 EDL myofibers isolated 
from adult Nestin- GFP/mdx4cv mice, demonstrating the presence of remnants of a capillary bed whose endo-
thelial cells express the Nestin-GFP transgene as we previously published [31]. Notably, such fibers isolated 
with associated connective tissue are prevalent when working with adult and old mdx (dystrophin-null) mice 
even if thorough rinses are performed during the liberation of single myofibers (Subheading 3.2.6). (B–D′) 
Long-term/high-density cultures prepared from the skeletal muscle of adult Nestin-GFP mice and grown in 
Matrigel-coated plates maintained in mitogen-rich growth medium (see item 7 in Subheading 2.6), demon-
strating Nestin-GFP expression in (B, B’) endothelial tubes (also immunostained for the endothelial marker 
CD31, not shown) [31], (C, C’) neuronal cells (also immunostained for the marker Tuj1, not shown) [108] (we 
postulated that these neuronal cells originate from neuromuscular junctions that can occasionally be detected 
at the surface of isolated myofibers) [10], and (D, D’) myogenic reserve cells (also immunostained for Pax7, Fig. 
2) [31, 32]. The myogenic reserve cell represents the only Nestin-GFP+ cell type that develops in pure myo-
genic cultures derived solely from satellite cells, typically residing adjacent to myotubes. Notably, all the 
three Nestin-GFP+ cell types discussed above emerge only in high-density cultures, and these cultures are 
clearly void of Nestin-GFP expressing cells before such cells appeared. Scale bars 50 μm. Images in Panel (A) 
were contributed by our former lab member, Andrew Shearer
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an additional tool to evaluate the level of myogenic purity of 
the isolated myofiber and the resulting cultures. Indeed, adip-
ogenic cells that have been occasionally observed in myofiber 
cultures and initially considered to derive from satellite cells 
undergoing fate change [80, 85] could be eliminated by fur-
ther rinses of isolated fibers before culturing ([13, 86]; current 
manuscript) and were eventually proven not of satellite cell ori-
gin, but rather derived from fibro-/adipogenic cells co-isolated 
with myofibers ([87, 88]; additional unpublished studies from 
our lab tracing lineage fate with myogenic reporter mice). The 
aforementioned Nestin- GFP+ non-myogenic cells (Fig. 11B, C) 
should not be mistaken for the Nestin-GFP+ myogenic reserve 
cells (Fig. 11D) that represent the only Nestin-GFP+ cell type 
developing in long-term pure myogenic cultures and like satel-
lite cells are Pax7+, MyoD-, and quiescent [13, 31].

Notably, it is unknown if other Nestin-GFP transgenic 
mice that have been reported in the literature (apart from the 
one used in our studies [31, 57]) are of relevance for satellite 
cell detection. Both the regulatory elements used in the trans-
gene cassette and the genomic insertion site of the transgene 
can contribute to the specific expression of Nestin-GFP by 
satellite cells as seen in our studies.

 2. Isolation and analysis of single myofibers can be a challenging 
and time-intensive task. Just by the look of this chapter, it is 
clear that there are numerous details involved. So why did we 
get into all this? Following our initial publication on satellite 
cell isolation and culture [43], it appeared essential to progress 
toward investigating satellite cells at their native niche for pur-
suing studies on satellite cell dynamics and the role of growth 
factors (while bypassing the complexity of the whole tissue). 
For this, we turned in the late 1980s to the isolated myofiber 
model, adapting the approach of Richard Bischoff of single 
myofiber isolation, especially focusing on details provided in 
his 1986 seminal articles about studying satellite cells in myo-
fibers isolated from the hind feet of the rat flexor digitorum 
brevis (FDB) muscle [47, 89]. Once we had the FDB myofiber 
culture system in place, it became clear that studying satellite 
cell proliferative response in isolated myofibers solely based on 
tritiated thymidine uptake would require a lot of wait time for 
the autoradiographies to develop after each experiment. At that 
stage, we elected to try a novel approach for tracing proliferat-
ing satellite cells in isolated myofibers, developing an immu-
nostaining protocol for the proliferating cell nuclear antigen 
[36]. Indeed, we demonstrated the same pattern of satellite 
cell proliferation when comparing cell tracing in FDB myofi-
bers by PCNA labeling versus tritiated thymidine autoradiog-
raphy [49]. Satellite cell proliferation peaked early in these 
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myofiber cultures (days 1.5–2) and then declined to a baseline 
level by culture day 4, and it was unclear where the cells headed 
once proliferation declined. We then learned that several labs 
had developed antibodies against the myogenic regulatory fac-
tors MyoD and myogenin and were able to receive aliquots of 
these antibodies for further immunostaining studies of isolated 
FDB myofibers—we were pleased to find out that only nuclei 
of satellite cells (or their progeny) were positive for MyoD and 
myogenin proteins, while myofiber nuclei were not, enabling 
studies on satellite cell progression from activation to differen-
tiation [36, 49, 51]. We are grateful to the developers of these 
antibodies for their generous antibody gifts long before these 
antibodies became widely available to the research community: 
Stefano Alemo, rabbit anti-MyoD; Peter Dias, mouse anti- MyoD 
clone 5.8A; and Woodring Wright, mouse anti- myogenin 
clone F5D. Collectively, our immunostaining approach estab-
lished that the satellite cells were rapidly transiting through 
proliferation and differentiation in the FDB myofiber cultures. 
A year following our first lab publication on the analysis of 
satellite cells in isolated myofibers [36], David Rosenblatt and 
colleagues reported on a different type of isolated myofiber 
cultures (mostly from the extensor digitorum longus “EDL” 
muscle) in which the satellite cells emigrated from the parent 
myofiber and gave rise to a large progeny pool, similar to satel-
lite cell behavior in primary cultures [52]. Indeed, in the early 
2000s, we began adapting the Rosenblatt myofiber model to 
compare the growth capacity of satellite cells from young and 
old mice [24]. Nevertheless, we have continued using myofi-
ber culture models where satellite cells are retained at the myo-
fiber surface for studies where we wish to model closely the in 
vivo state of muscle homeostasis (which does not involve major 
muscle trauma and robust activation of satellite cells for tissue 
repair) [24, 34, 44, 50, 51]. Indeed, the association of the 
satellite cell with its parent myofiber has been shown to regu-
late the satellite cell self-renewal versus commitment to prolif-
erate and differentiate [90, 91].

In this chapter, we are also providing details regarding the 
utility of the Nestin-GFP mouse (described in see Note 1) to 
trace satellite cells in live (and fixed) myofibers. We extend our 
gratitude to Grigori Enikolopov for making this mouse avail-
able to us in the mid-2000s [31, 57]. Initially, we have intro-
duced the Nestin-GFP transgenic mouse to our lab based on 
our long-standing interest in the expression of the intermedi-
ate filament proteins desmin, vimentin, and nestin in myogenic 
and vascular smooth muscle cells [80, 92–94]. While we were 
considering the possibility that the Nestin-GFP transgene 
would permit a direct means for tracing proliferating progeny 
of satellite cells, its expression in quiescent satellite cells was 
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discovered by serendipity. It certainly was an astonishing sur-
prise and a fluorescence magic when we observed for the first 
time the satellite cell expressing the green fluorescence protein 
while the rest of the freshly isolated myofiber was void of fluo-
rescence when our team member, Gabi Shefer, got first look of 
EDL myofibers from this transgenic mice. This magic feeling 
comes back each time we look at a freshly isolated myofiber 
from the Nestin-GFP mouse, regardless of muscle group 
being processed. Since then, we have been extensively utiliz-
ing the Nestin- GFP transgenic mouse to trace, analyze, and 
isolate satellite cells.

Overall, the isolation and analysis of single myofibers can 
turn out to be an extremely detailed process, and one should 
approach this task with a passion or one should not start this 
route at all. It can take many attempts before things all fit in 
place. But the reward eventually is enormous, being able to 
look at the myofiber and its satellite cells and follow these mag-
nificent cells as they perform their myogenic task at the myofi-
ber niche.

 3. Working with freshly isolated EDL myofibers from Nestin-
GFP adult mice, we compared satellite cell numbers before and 
after fixation of adherent and non-adherent fibers and con-
cluded that for the non-adherent Time 0 fibers, some satellite 
cells can be lost during the fixation process. This may explain 
the  differences in average satellite cell numbers obtained for 
masseter myofibers from adult mice between our data (adher-
ent myofibers, Table 3, MAS) and a previously published study 
(non- adherent myofibers, [95]), whereas satellite cell numbers 
in adherent EDL myofibers are in agreement between the lat-
ter group [96] and our data (Table 3, [24, 31]).

 4. Isolation of myofibers from masseter, diaphragm, and extra-
ocular muscles. Details in this section are provided in brief and 
focus mainly on muscle harvesting and dissociation. All 
reagents are as described for EDL myofiber isolation and cul-
ture in earlier sections of this chapter. For all muscles, tissue is 
dissociation with 0.4 % collagenase (type I, source as listed 
item 12, Subheading 2.6, and preparation as in step 1, 
Subheading 3.2.5).

The diaphragm muscle consists of two portions; the costal 
muscle, radially arrayed from a central non-contractile tendon 
(the central tendon), and the crural diaphragm through which 
the aorta, thoracic duct, and esophagus are transmitted. When 
isolating single myofibers from the diaphragm [54], we have 
found that at the risk of contaminating the preparation with a 
greater amount of debris and shorter intercostal fibers of the 
ribcage, removal of the diaphragm in whole with its immediate 
supporting ribcage structure provides the greatest fiber yield. 
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After removing the diaphragm, rinse the muscle in a dish con-
taining pre-warmed DMEM. Observe the diaphragm under 
the dissection scope, and without touching the muscle, care-
fully remove any obvious fat or connective tissue; otherwise, 
this material can foul the prep. Other steps that ensure higher 
and purer yield of fibers are the addition of a wash step post-
enzymatic digest and not “over-digesting” the muscle. 
Digesting for 45–60 min in 0.4 % collagenase is recommended. 
The muscle is triturated centrally from the position of the cen-
tral tendon and ends of the ribcage using the largest bore, fire- 
polished pipette. Expect no more than 50 ideal fibers 
(undamaged and without associated debris) per diaphragm.

The masseter muscle of the jaw (like the diaphragm) 
requires harvesting some of the supporting skeletal structure 
along with the muscle for the highest fiber yields. The masseter 
muscle is a multilayered muscle with complex and extensive 
investment geometry. We have found that including the origin 
and investment surfaces in the enzymatic digest, rather than 
risking damage to the muscle at the tendon-bone interface, 
ensures more intact muscle fibers. Once removing the masseter 
muscles with the associated bones, rinse and remove debris in 
a pre-warmed 100-mm Petri dish containing DMEM. Digest 
the masseter muscle en bulk with jaw and skull bone attach-
ments in 0.4 % collagenase for 45 min followed by careful 
washes and triturations. This preparation typically yields 
30–100 fibers.

EOM are a unique set of muscles that control eye move-
ments. There are 6 EOMs per eye accessed by first bisecting 
the skull from the top of the head and removing the brain to 
expose the bone at top of the eye socket. Once exposed, the 
eye socket is broken along its suture lines to expose the eye. 
Following removal of the lacrimal gland, the entire eye with its 
associated muscles is then removed “en bulk” by first cutting 
the optic nerve at a point just behind the annulus of Zinn (the 
point where 5 of the 6 EOM muscles meet). The isolation is 
completed by cutting the remaining soft tissue from around 
the eye, freeing the eye from the socket. For a comprehensive 
protocol of EOMs isolation please refer to our recently pub-
lished method chapter [97]. The eye, with the muscles still 
attached, is placed in 0.4 % collagenase digest for 90 min at 
37 °C and then transferred to fresh 0.4 % collagenase for an 
additional 45–60-min digestion. Gentle swirling of the digest 
every 15 min will help increase the yield. The rinsing and tritu-
ration steps that follow are similar to those described for the 
EDL, except with less vigor. This procedure yields an array of 
short and long, thick and thin EOM myofibers for analysis; 
30–100 fibers are typically derived per preparation.

Pascal Stuelsatz et al.



93

 5. PureCol collagen (Advanced BioMatrix, product was formerly 
known as Vitrogen) is a sterile solution of purified, pepsin- 
solubilized, bovine hide collagen (97 % type I, 3 % type III) 
dissolved in 0.01 N HCl and stored at 4 °C until used. In our 
studies, PureCol collagen is made isotonic by mixing 6 vol-
umes of stock PureCol collagen with 1 volume of 7× DMEM. 
The isotonic solution is prepared just prior to coating dishes 
because it gels rapidly at room temperature. To obtain consis-
tent coating, the culture dishes should be precooled and coated 
on ice. When removed from the ice, these dishes warm up rap-
idly and are ready for myofiber addition. Preparations of col-
lagen type I from other sources (e.g., Sigma-Aldrich) have 
been used by some laboratories as an alternative to PureCol 
collagen. The use of alternative sources would require pre-
screening to ensure compatibility; we only have experience 
with the bovine-derived product.

 6. Matrigel (BD Biosciences) is a solubilized basement membrane 
preparation extracted from the Engelbreth-Holm- Swarm 
mouse sarcoma, a tumor rich in extracellular matrix proteins. 
Its major component is laminin, followed by collagen IV, 
entactin, and heparan sulfate proteoglycan [98]. Matrigel is 
shipped on dry ice and is stored at −20 °C until aliquoted. 
Matrigel should be thawed on ice; never use at a warmer 
temperature, as it will prematurely gel. To ensure Matrigel sta-
bility, we follow the manufacturer’s handling instructions, 
thawing the product on ice (overnight in an ice bucket placed 
at 4 °C). Once liquefied, Matrigel is aliquoted with prechilled, 
1-ml serological glass pipettes into tubes chilled on ice. 
Typically, we aliquot 200 μl each into 2-ml cryogenic vials 
sealed with O-rings. These aliquots are stored at −20 °C. We 
have observed some batch-to-batch variation in the time it 
takes to thaw the aliquots for final dish coating; therefore, for 
consistency, we typically allow Matrigel aliquots to thaw for 
1.5 h. Matrigel can be purchased in its standard format or in its 
growth factor reduced format. We have typically used the 
growth factor reduced format but more recently have begun 
using the standard format for routine studies in rich growth 
medium. Life Technologies carries Matrigel-like products that 
might be useful as an alternative to Matrigel (e.g., Geltrex); 
however, we do not have sufficient experience with the latter 
product for detailed recommendations.

 7. Aged mice (up to 33 months old) and other mouse strains have 
also been used in our studies following the same myofiber isola-
tion procedures (e.g., [13, 24, 34]. Adjustments, such as con-
centration of collagenase, length of muscle digestion, and 
extent of muscle trituration for releasing myofibers, may be 
needed when isolating myofibers from younger/older mice, 
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other mouse strains, mutant mice, or other rodents such as rats. 
Prolonged digestion and extensive trituration of the muscle 
bulk will result in poor yields of intact myofibers. Myofibers that 
are damaged in the course of the isolation can be distinguished 
from the intact myofibers since they typically hypercontract. 
Bent myofibers are also damaged to some degree and should 
not be collected when preparing myofiber cultures.

 8. When harvesting muscles for fiber preparation, we prefer cervical 
dislocation for euthanizing mice as this method is more rapid 
and minimizes muscle stiffening that occurs after death. Muscle 
stiffening can make the isolation of single fibers more difficult 
and decrease overall fiber yield.

 9. Falcon Primaria 24-well multiwell dishes (BD Biosciences) 
were initially used for single myofiber cultures; however, we 
find that the standard, less expensive, Falcon 24-well multiwell 
dishes are as good.

 10. Horse serum (HS) is used for tissue culture medium and for 
coating plastic and glassware. HS used for tissue culture media 
should be pre-characterized by comparing sera from various 
suppliers (e.g., over years of studies, our preferred serum lots 
came typically from Gibco-Life Technologies, HyClone, or 
Sigma-Aldrich). We select HS based on its capacity to support 
proliferation and differentiation of primary chicken myoblasts 
cultured at standard and clonal densities [99]. One may con-
sider replacing HS with bovine serum albumin (BSA) for coat-
ing plastic and glassware to further minimize any possible 
activation of satellite cells during myofiber isolation. However, 
attention should be given to the purity of the BSA as some lots 
may contain growth-promoting factors.

 11. Fetal bovine serum (FBS) should be pre-characterized by 
comparing sera from several suppliers (e.g., over years of stud-
ies, our preferred serum lots came from Gibco-Life 
Technologies, HyClone, or Sigma-Aldrich). We select FBS 
based on the capacity of the serum to support proliferation 
and differentiation of mouse primary myoblasts cultured at 
various cell concentrations. Only sera able to support growth 
and differentiation over a wide range of concentrations, down 
to a clonal density, are employed in our studies. Primary myo-
genic cultures are prepared according to our published proce-
dures [41, 44].

 12. The controlled processed serum replacement 2 (CPSR-2, 
Sigma-Aldrich) that had been routinely used in our myofiber 
culture studies [24, 36, 44, 49–51, 55] has been discontin-
ued. The source of this discontinued CPSR-2 was dialyzed 
bovine plasma. This product was further processed in a man-
ner that also reduced lipids. Another alternative serum replace-
ment product, serum replacement 2 (50×) (Sigma-Aldrich), 
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contains highly purified bovine serum albumin, insulin, and 
transferrin, and its use for mouse myofiber cultures has been 
previously described [77].

 13. Chicken embryo extract (CEE) is available commercially from 
several sources with which we have no experience. We prepare 
CEE in our laboratory using 10-day-old White Leghorn 
embryos [100]. The procedure is similar to a previously 
described method [101] but uses the entire embryo. We recom-
mend this approach over purchasing CEE if the investigator can 
obtain embryonated chicken eggs, as the quality is thought to 
be higher and the cost lower than that of purchased CEE.

 14. Preparation of chicken embryo extract:
• Embryonated chicken eggs (eight dozen, White Leghorn; 

from Charles River) are maintained in a standard egg 
incubator (incubation conditions: a dry temperature of 
38 °C, a wet temperature of 30 °C, and relative humidity 
of 56 %). The following egg incubator is well suited for 
basic research use: Marsh Automatic Incubator (Lyon 
Technologies, Chula Vista, CA).

• After 10 days, batches of 15–30 eggs are removed from 
the incubator and transferred into the tissue culture hood. 
All steps from here on are performed in a sterile manner.

• Place the eggs lengthwise in the rack and spray with 70 % 
ethanol to sterilize. Wait for several minutes until the ethanol 
evaporates.

• Crack open one egg at a time into a 150-mm Petri dish.
• Remove the embryo from surrounding membranes by 

piercing it with fine forceps. Rinse the embryo by transfer-
ring it through three 150-mm Petri dishes containing 
DMEM supplemented with antibiotics (see item 1 in 
Subheading 2.6). Swirl embryo a few times in each dish for 
a good rinse.

• Empty the egg remains from the initial 150-mm dish 
(described in step d) into a waste beaker and repeat steps 
d–f until the final rinse dish contains about 30 embryos.

• The embryos are transferred with fine forceps into a 60-ml 
disposable syringe, forced through with the syringe 
plunger, and the suspension is collected into a 500-ml ster-
ile glass bottle.

• The extract is diluted with approximately an equal volume 
of DMEM (supplemented with antibiotics as detailed in 
item 1 in Subheading 2.6) and gently agitated for 2 h at 
room temperature. To ensure good agitation, keep the 
maximum volume to one-half bottle capacity and place the 
bottle at a 45° angle during the agitation.
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• The extract is frozen at −80 °C for a minimum of 48 h. It 
is then thawed, dispensed into 50-ml conical tubes, and 
centrifuged at approximately 500 × g for 10 min to remove 
residual tissue.

• The supernatant is pooled, divided into 40-ml aliquots, 
and kept frozen at −80 °C for long-term storage. For 
short-term storage, we typically prepare aliquots of 2.5 ml 
that are kept frozen at −20 °C.

• Prior to use, the CEE-thawed aliquot should again be centri-
fuged at about 800–1000 × g for 10 min to remove aggre-
gates. The supernatant is then collected and added to the 
DMEM-based medium to prepare the rich growth medium 
for EDL myofiber cultures. The growth medium is then 
passed through a sterile 0.22-μm filter (to clear remaining 
particles and sterilize). All details of supplies for generating 
the medium are in Subheading 2.6. To ensure optimal cell 
growth conditions, we typically prepare only 250-ml medium 
each time, and use it up within a few weeks.

 15. Methanol is a colorless flammable liquid with an alcohol-like 
odor. Use nitrile gloves, safety goggles, and a fume hood when 
handling. It is important to refer to the MSDS instructions and 
institutional regulations for further information regarding 
storage, handling, and first aid.

 16. Paraformaldehyde is a white powder with a formaldehyde-like 
odor. It is a rapid fixative and a potential carcinogen. When 
handling paraformaldehyde, wear gloves, a mask, and goggles. 
It is important to refer to the MSDS instructions and institu-
tional regulations for further information regarding storage, 
handling, and first aid.

 17. Preparation of 100 ml of 4 % paraformaldehyde with 0.03 M 
sucrose: In a fume hood, mix 4 g of paraformaldehyde powder 
and 80 ml of deionized water in a glass beaker. Warm the solu-
tion to 60 °C with continuous stirring to dissolve the powder. 
Allow the solution to cool to room temperature. Add one to 
four drops of 1 N NaOH, until the opaque color of the solu-
tion clears. Add 10-ml 1 M sodium phosphate. Adjust the pH 
to 7.2–7.4 using concentrated HCl and color pH strips. Add 
1.026 g of sucrose. Bring the volume to 100 ml and filter 
through a 0.22 μm disposable filter unit (Millipore) into a bot-
tle. Store at 4 °C in an aluminum foil-wrapped bottle for no 
more than 1 month.

 18. Preparation 1 L of 10× Tris-buffered saline (TBS): Weigh 
60.5 g of Tris-Base into a beaker and add 700-ml deionized 
water. Stir on a magnetic stirrer until the powder has dissolved 
and adjust the pH to 7.4. Add deionized water to bring the 
volume up to 1 L, mix well, then autoclave or sterilize by pass-
ing it through a 0.22-μm filter, and store at 4 °C. To make 1 L 
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of 1×TBS, weigh 8.766 g NaCl into a beaker and add 100 ml 
of 10× TB. Mix vigorously until the powder has dissolved. Add 
deionized water to bring the volume up to 1 L, mix well, then 
sterile filter, and store at 4 oC.

 19. DAPI is potentially harmful. Avoid prolonged or repeated 
exposure. We typically dissolve the entire powder in its origi-
nal container and generate a concentrated stock solution. 
Alternatively, a ready-made DAPI reagent is available from 
Molecular Probes. It is important to refer to the MSDS 
instructions and institutional regulations for further informa-
tion regarding storage and handling.

 20. For additional details about the FDB muscle anatomy, refer to 
[102, 103]. For additional details about the EDL muscle anat-
omy, refer to [104–106]. The cited references are web links, 
recommended as good resources for anatomical description, 
and schematic images of the muscles although they refer to 
human muscles.

 21. Collagenase concentration, as well as the optimal time for 
enzymatic digestion, should be adjusted for younger or older 
mice and for other muscle groups. The enzyme sold by Sigma- 
Aldrich tends to have consistent specific activity between 
batches, but attention should be given to the specific activity 
with each batch. The volume needed for the preparation 
should be evaluated based on the size of the tissue, so that the 
tissue will be fully covered by the collagenase solution (e.g., 
1.5 ml is sufficient to cover an EDL muscle, but more will be 
needed to cover a TA).

 22. The time required for the myofiber suspension to settle (at 
1 × g) through 10 ml of 10 % HS can vary between 5 and 
15 min, and the investigator should adjust this time accord-
ingly. A prolonged settling period results in a preparation with 
more debris and residual single-cell carryover (not necessarily 
myofiber associated) released from the digested tissue. 
Depending on mouse age, the number of rounds of myofiber 
settling in the 15-ml glass Corex tubes, as well as the amount 
of medium in the tube, may also need to be adjusted.

 23. The working Matrigel solution can be used to coat additional 
trays after completing the first tray coating. Matrigel that has 
been used to coat too many dishes, however, is less effective in 
supporting myofiber adhesion. We typically limit reuse of 
diluted Matrigel to three rounds of coating. Also, we only use 
Matrigel that has been diluted the day of the fiber isolation to 
maintain consistency.

 24. The tissue culture dishes are dry when the bottom appears 
opaque white.

 25. For some antibodies the cultures may be blocked for just 2–4 h 
at room temperature if overnight blocking is not desired.
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 26. For even and continuous distribution of the antibodies (both 
primary and secondary), it is recommended to place the 
dishes on a gyrating platform rotator (e.g., Lab-Line Maxi 
Rotator) when staining cultures in 24-well multiwell dishes; 
without this agitation, the antibody solution tends to rapidly 
accumulate at the well periphery, leading to uneven staining 
across the culture.
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Chapter 5

Characterization of Drosophila Muscle Stem Cell-Like 
Adult Muscle Precursors

Guillaume Lavergne, Cedric Soler, Monika Zmojdzian, 
and Krzysztof Jagla

Abstract

Uncovering how muscle stem cells behave in quiescent and activated states is central to understand the 
basic rules governing normal muscle development and regeneration in pathological conditions. Specification 
of mesodermal lineages including muscle stemlike adult muscle precursors (AMPs) has been extensively 
studied in Drosophila providing an attractive framework for investigating muscle stem cell properties. 
Restricted number of AMP cells, relative ease in following their behavior, and large number of genetic 
tools available make fruit fly an attractive model system for studying muscle stem cells. In this chapter, we 
describe the recently developed tools to visualize and target the body wall and imaginal AMPs.

Key words Drosophila, Adult muscle precursors (AMPs), Muscle stem cell, Muscle development, 
Imaging

1 Introduction

The development of Drosophila muscles is a complex process lead-
ing in fine to the formation of adult fly musculature. Two distinct 
waves of myogenesis take place during the life cycle of Drosophila. 
The first embryonic wave leads to the formation of larval body wall 
muscles and to specification of a small population of myoblasts 
called adult muscle precursors (aPs/AMPs) that keep an undiffer-
entiated state and share several features with vertebrate muscle 
stem cells [1, 2].

Two populations of AMPs can be distinguished: abdominal 
AMPs and thoracic AMPs. They differ by their anatomical position 
and the adult muscle type they give rise to. In the thoracic seg-
ments, the AMPs gather in cluster of six to seven ventrally located 
cells associated with the primordia of imaginal discs. In each abdom-
inal hemisegment, six AMPs are present in a stereotyped pattern of 
one dorsal AMP, two dorsolateral AMPs, two lateral AMPs, and 
one ventral AMP (Fig. 1). The specified abdominal AMPs stay in 
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close vicinity of specific muscle fibers and are characterized by the 
persistent expression of the basic helix-loop-helix transcription fac-
tor Twist (Twi) [3] and the activation of the Notch pathway. The 
cooperation between Notch and Twist results in the expression of 
two known repressors of muscle differentiation: Holes in muscle 
(Him) [4] and Zinc finger homeodomain 1 (Zfh1) [5].

We took advantage from the fact that the Notch pathway is 
active in AMPs by using the Notch-responsive element of E(spl)
M6 gene to drive membrane-targeted GFP and to follow AMP 
cells in vivo. We observed that the embryonic AMPs send long cel-
lular processes, which make AMPs interconnected [6] but also 
short filopodia that make them connected to the surrounding 

Fig. 1 Non-differentiated, muscle-committed fate of AMPs. (a) Lateral views of stage 13 and (b) stage 15 
embryos stained for myogenic factor Twi. Arrowheads point to Twi-positive abdominal adult muscle precursors 
(six per hemisegment). DAMP, dorsal AMP; DLAMP, dorsolateral AMPs; LAMP, lateral AMP; and VAMP, ventral 
AMP. Twi-expressing AMPs are Mef2 negative (c, d) and β3-tubulin negative (arrowheads) indicating their non- 
differentiated fate

Guillaume Lavergne et al.
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muscles (Fig. 2). The capacity to produce cellular protrusions and 
make connections has also been described for quiescent satellite 
cells sitting on muscle fibers [7]. Thus, studying AMPs in embryos 
could provide insights into how muscle stem cells recognize their 
muscle niche and how stem cell homing process is regulated.

On the other hand, in middle of the second larval instar, the 
quiescent AMPs get reactivated and start to proliferate to generate 
a pool of myoblasts required for the second wave of myogenesis 
and the formation of adult fly muscles. Accordingly, abdominal 
AMPs are at the origin of all the adult abdominal muscles, whereas 
thoracic AMPs associated with wing and leg imaginal discs give rise 
to flight and leg muscles [3]. Studying reactivation of AMPs and 
their exit from the quiescent state could help in understanding 
how homologous processes are regulated in vertebrate muscle 
stem cells. Here we provide some tips to detect AMPs at the onset 
of their reactivation in the second instar larva (Fig. 3).

As mentioned above, in the thoracic segments, most AMPs are 
associated with wing and leg imaginal discs. These cells, known as 
imaginal myoblasts or adepithelial cells, give rise to flight and leg 
muscles [3]. In both types of discs, imaginal myoblasts reside at 
precise positions [3, 8]. For instance, in wing imaginal discs, they 
are positioned in the notum part of the disc since the second instar. 
Most of the thoracic muscles, including leg muscles, direct flight 
muscles (DFM), and dorsoventral muscles (DVMs), are formed de 
novo. However, a subset of indirect flight muscles (IFMs), the dor-
sal longitudinal muscles (DLMs), uses larval templates for develop-
ment [9, 10]. The DLMs are formed by a regeneration-like process 
consisting of fusion of imaginal AMPs from the wing disc with 
persisting larval oblique muscles (LOMs). This leads to remodel-
ing of the three LOMs into six adult DLMs. Thus, like mammalian 
satellite cells, the AMPs contribute to the regeneration and remod-
eling of preexisting muscles.

Various genes are expressed in myoblasts associated with ima-
ginal discs, sometimes long before they start to differentiate, and 
could thus be used as their markers. Several genes are expressed in 
all adepithelial cells. This is the case of Twist, maintained in all 

Fig. 2 AMPs send filopodia to contact neighboring muscles. (a–c) Lateral view of stage 15 M6-gapGFP–AMP- 
sensor embryo stained for GFP (a) to reveal AMP cell shapes and for β3-tubulin (b) to reveal body wall muscle 
network. (c) A merged view. Arrows point to filopodia that extend from lateral AMPs to contact lateral muscles

Characterization of Drosophila Muscle Stem Cell-Like Adult Muscle Precursors
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AMPs from embryonic stages, and Mef2 [3, 11]. Mef2 is expressed 
from the late third instar, but its activity is restrained until several 
hours after pupae formation (APF) by its inhibitor Him [4, 12]. 
Many genes, such as cut, vestigial, scalloped, or ladybird, involved 
in muscle specification in the embryo are used again to specify 
adult muscle precursors [13–16]. These genes are differentially 
expressed in myoblasts associated to leg and wing discs and mark 
the distinct subsets of thoracic AMPs (Fig. 4).

Taken together, the described characteristics of AMPs illus-
trate the diversity of myogenic processes to which they contribute 
through Drosophila development. Below we provide a set of tools 
that allow to visualize and to target the AMPs during embryogen-
esis and during larval stages.

2 Materials

The embryonic/larval AMP sensor line M6-gapGFP and the driver 
M6-GAL4 were generated in our lab [6]. Note that many useful 
Drosophila lines are already available at Bloomington Drosophila 
Stock Center.

 1. Egg collection cages: 100 ml plastic beakers with pierced holes 
on the top attached to freshly prepared small plastic Petri 
dishes plated with grape juice (50 % grape juice, 2.5 % agar) 

2.1 Drosophila 
Stocks

2.2 Embryo 
Collection 
and Dechorionation

Fig. 3 Second larval instar AMPs keep filopodia-based connections with mus-
cles. Two lateral AMPs revealed by M6-gapGFP sensor are shown (arrows) asso-
ciated with neighboring segment border muscle (SBM) and lateral oblique 1 
(LO1) muscle. Arrowheads point to filopodia extending from the AMP cell bodies 
and connecting the SBM

Guillaume Lavergne et al.
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and covered with yeast paste (dry baker’s yeast mixed with 
water till obtaining a paste consistency).

 2. Plastic baskets prepared from cutoff 15 ml Falcon tubes with 
Nitex® mesh screwed by a cap cut in the center to allow embryo 
collection.

 3. 3 % commercial bleach.
 4. Paint brushes and distilled water in squirt bottle.

 1. Dissecting microscope.
 2. Agar (50 % grape juice, 5 % agar) and needles with handle.
 3. Technau glue: heptane/glue mix.
 4. 22 × 40 mm coverslips.
 5. Halocarbon oil (Voltalef 10S).

 1. Dissecting microscope.
 2. Sylgard® dish and three well glass dish.
 3. Dissection solution: phosphate-buffered saline (PBS 1×, 

pH 7.4) with 25 mM EDTA.
 4. Insect pins® 0.2 mm diameter (Fine Science Tools).
 5. Sharp forceps (Dumont #55) and scissors (Fine Science Tools).

 1. Fixative solutions:
4 % formaldehyde, 80 mM PIPES pH 7.4, 1.6 mM EGTA, 
and 0.8 mM MgSO4 (modified 4 %) FA.
4 % formaldehyde in PBS 1× (4 % FA).
4 % paraformaldehyde in PBS 1× (4 % PFA).

2.3 In Vivo Imaging 
of Embryonic AMPs

2.4 Larvae 
Dissection

2.5 Immunostaining 
of Embryonic 
and Larval AMPs

Fig. 4 Markers of AMPs associated with leg imaginal discs. (a–c) Two distinct subsets of leg disc AMPs are 
detected by Vg and Cut transcription factors. Vg labels AMPs in the stalk region of the disc, whereas Cut- 
positive AMPs are associated with the leg disc proper. (d–f) Twist marks all imaginal AMPs, a subset of which 
expresses homeodomain transcription factor Lbe

Characterization of Drosophila Muscle Stem Cell-Like Adult Muscle Precursors
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 2. Heptane, methanol, and ethanol.
 3. Rocking platform.
 4. PBS 1×, pH 7.4.
 5. 0.01 % Triton-X-100 PBS 1× (0.01 % PBT).
 6. 0.1 % Triton-X-100 PBS 1× (0.1 % PBT).
 7. 0.5 % Triton-X-100 PBS 1× (0.5 % PBT).
 8. Blocking solution: 10 % horse serum in PBT.
 9. Fluoromount-G® mounting medium.

A common way for expressing a variety of fluorescent proteins in a 
tissue-specific manner is to use the GAL4/UAS system [17]. For 
visualization of AMPs, we dispose several tools relying on this sys-
tem. We developed a new M6-GAL4 line [6] driving expression of 
UAS reporters specifically in all embryonic AMPs till the end of the 
third larval instar. While M6-GAL4 expression is decreasing, other 
lines can be used to follow larval AMPs. The 1151-GAL4 line is 
the most common line used for driving expression of fluorescent 
protein in imaginal myoblasts [8, 18]. As this driver does not drive 
expression during embryogenesis, it is also useful for expressing 
any molecule without affecting embryonic development. Other 
known Gal4 driver lines can be used such as 24B-Gal4 and Mef2- 
Gal4 [19, 20] to follow myogenic progression of myoblasts derived 
from AMPs. Fluorescent proteins expressed in imaginal myoblasts 
can be visualized on living or fixed discs without performing any 
immunostaining. On the contrary, an immunostaining is required 
to visualize fluorescent proteins in fixed preparation of embryos 
due to the alcohol-based fixation method.

Expression of several genes can be used to selectively mark the vari-
ous types of adult muscle precursors at each stage of development 
(listed in Table 1). During embryogenesis, AMPs are characterized 
by the expression of Twist (Twi), which is the most common 
marker used to visualize them. Shared markers of embryonic AMPs 
also include the transcription factors Cut [6] and Zfh1 [21] as well 
as the Mef2 inhibitor Him [4]. However, AMPs are a heteroge-
neous population as illustrated by the expression of different 
 identity genes in specific AMP subpopulations. Within the abdom-
inal segments, the AMPs display differential expression of identity 
markers depending on their dorsoventral position. The lateral 
AMPs express the transcription factors Ladybird (Lb) [15] and 
Krüppel (Kr) [6, 22], whereas the ventral AMPs express Slouch 
(Slou) and Pox meso [23, 24]. Starting from the embryonic stage 
12, a subpopulation of thoracic AMPs that expresses Vestigial (Vg) 
can also be distinguished [13].

2.6 Detection 
and Markers of AMPs

2.6.1 Expression 
of Fluorescent Proteins

2.6.2 Markers 
of Embryonic AMPs

Guillaume Lavergne et al.
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Twist expression is maintained in all AMPs, including imaginal myo-
blasts, and is detectable in both leg and wing discs associated with 
myoblasts until several hours after pupae formation [3]. Mef2, a key 
factor of differentiation in embryo and adult myogenesis, is first 
expressed from the very late third instar and is maintained until adult 
stages [11, 25, 26]. Embryonic identity genes are also required in 
adult muscle diversification and can be used as specific markers to 
detect different populations of AMPs associated with imaginal discs. 
In wing disc, two populations of AMPs are distinguishable, Vestigial 
(Vg), and low levels of Cut are expressed in myoblasts giving rise to 
the IFMs, whereas myoblasts required for DFM development show 
a high level of Cut but no Vg [13]. In leg disc, Vg is expressed in a 
small subset of myoblasts associated with the dorsal proximal region 
and very likely participating to thoracic flight muscle. Other leg 
myoblasts expressing a high level of Cut [14]; (Fig. 4a–c) are at the 
origin of all leg muscles. We also found that Ladybird early (Lbe) 
[15], an orthologue of Lbx1, a key regulator of appendicular myo-
genesis in vertebrates [27], is expressed in leg myoblasts. Lbe is ini-
tially detected at the early third instar in a small subset of leg 
myoblasts, and then its expression extends progressively to all myo-
blasts (except most proximal myoblasts expressing Vg). However, 
dorsal myoblasts are characterized by a lower level of Lbe expression 
compared to ventral myoblasts [14] (Fig. 4d–f).

2.6.3 Markers 
of Imaginal Myoblasts 
Associated with Leg 
and Wing Discs

Table 1 
General markers of embryonic and imaginal disc associated with AMP cells

Genes

Embryonic 
AMP 
expression Adepithelial cell expression

Vertebrate 
orthologue Antibody Reference/source

Twist All AMPs All AMPs of wing and leg discs Twi Rabbit 
(1/500)

Figeac et al. 2010 
[6]

Mef2 Not expressed All AMPs of wing and leg discs Mef2 Rabbit 
(1/1000)

Lilly et al. 1995 
[28]

Vg Subset of 
thoracic 
AMPs

In wing disc, large group of 
proximal AMPs; in leg disc, 
small group of most 
proximal AMPs

VGLL Rabbit 
(1/200)

Kim et al. 1996 
[22]

Cut All AMPs In wing disc, small distal group 
of AMPs; in leg disc, most 
AMPs

Cux2 Mouse 
(1/100)

DHSB

Lb Lateral AMPs All AMPs associated to leg 
discs (except most proximal 
region); ventral myoblasts 
express a higher level than 
dorsal ones

Lbx Mouse 
(1/200)

Jagla et al. 1997 
[29]

Characterization of Drosophila Muscle Stem Cell-Like Adult Muscle Precursors
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3 Methods

 1. Set up the cross in fly food vial with about 40 females and 
10–20 males for 2 days at 25 °C, and then transfer the flies to 
the egg collection cage.

 2. Collect embryos after overnight egg laying.
 3. Transfer embryos into a plastic basket using distilled water and 

a paintbrush. Then wash with distilled water to remove yeast 
paste residuals.

 4. Proceed to dechorionation by transferring the basket- containing 
embryos into a 3 % bleach solution for 3 min. Ensure that 
embryos are well immerse during this step. Dechorionated 
embryos should float on the surface (see Note 1).

 5. Thoroughly rinse the embryos with distilled water. Place the 
basket on a paper towel to absorb water prior to perform in 
vivo confocal microscopy (see Subheading 3.3) or immunos-
taining (see Subheading 3.5).

Proper staging of larvae is critical for the accuracy of following 
experiments, especially when studying reactivation of AMPs. Here 
we describe an easy way to ensure the recovery of staged larvae:

 1. Set up the cross as mentioned in Subheading 3.1, step 1 (e.g., 
for the weekend).

 2. The day of egg collection: synchronize the eggs laying by 
changing the plates 2–3 times with 2 h interval.

 3. Collect the plates with embryos after 2 h of laying (T0–T2).
 4. Allow the embryos to develop at 25 °C.
 5. To ensure proper staging of larvae, at 22 h from T0, remove all 

hatched larvae.
 6. At 24 h from T0, collect all hatched larvae (first larval instar, 

first larval day), and put on a fresh plate enriched in yeast/fly 
food*.

 7. Allow the larvae to develop for 66 h at 25 °C.
 8. After 72–96 h (96–120 h from T0), collect the larvae (third 

instar) for imaginal disc staining (see Subheading 3.5) or larva 
body wall staining (see Subheading 3.6).
*For second instar larvae:

 7 Allow the larvae to develop for 26 h at 25 °C.
 8 After 26 h (50 h from T0), collect the larva (beginning of the 

second instar, second larval day) for dissection.

One of the advantages of Drosophila model is the possibility to eas-
ily follow embryonic development by live imaging. Nevertheless, 
special care should be taken with the choice of fluorescent proteins 

3.1 Embryo 
Collection 
and Dechorionation

3.2 Second 
and Third Instar Larva 
Collection

3.3 In Vivo Confocal 
Microscopy 
of Embryonic AMPs

Guillaume Lavergne et al.
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and settings when performing in vivo confocal microscopy (see 
Note 2):

 1. Transfer the dechorionated embryos with a paintbrush onto a 
slice of agar laid on a glass slide.

 2. Under a dissecting microscope, use a needle with handle to 
carefully align embryos of the desired stage (see Note 3).

 3. Spread a drop of heptane/glue on the surface of a 22 × 40 mm 
coverslip, and let it dry. Transfer the embryos on the coverslip 
by delicately pressing the coverslip on the slice of agar.

 4. Cover the embryos with Voltalef 10S oil.
 5. Embryos are ready for live imaging.

The protocol presented below is routinely used in our lab for most 
of immunostaining procedure. Please note that in some specific 
cases, some steps should be adapted (see Notes 4 and 5).

 1. Prepare a mix of 600 μL of heptane and 600 μL of fixative 
solution (modified 4 % FA) in a 1.5 ml Eppendorf tube (see 
Note 4).

 2. Transfer the dechorionated embryos with a paintbrush in the 
heptane/fixative solution.

 3. Incubate for 20 min at room temperature on a rocking device.
 4. After fixation, carefully remove the lower phase leaving only 

the embryos in the heptane phase. Add 600 μL of methanol, 
and shake vigorously during 4 min (see Note 5).

 5. Let the embryos settle, and carefully remove the heptane and 
methanol phases. Embryos which stay between the two phases 
did not popped out their vitelline membrane and should be 
discarded.

 6. Wash two times with methanol by letting embryos sink at the 
bottom of the tube, and discard the methanol.

 7. Wash one time in ethanol 100 %. At this stage, dehydrated 
embryos can be stored in ethanol 100 % for several months at 
−20 °C.

 8. Prior to immunostaining, embryos need to be rehydrated 
using ethanol/0.1 % PBT series. Incubate embryos in ethanol 
70 %, then in ethanol 50 %, and finally in ethanol 30 % for 
5 min each, at room temperature on a rocking device.

 9. Rinse three times for 5 min with 0.1 % PBT at room tempera-
ture on a rocking device.

 10. Remove the 0.1 % PBT, and block nonspecific protein-binding 
sites by adding the blocking solution (10 % horse serum in 
0.1 % PBT) for at least 1 h at room temperature on a rocking 
device.

3.4 Embryo 
Immunostaining

Characterization of Drosophila Muscle Stem Cell-Like Adult Muscle Precursors
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 11. Remove the blocking solution, and add primary antibodies at 
recommended concentration in blocking solution (see Note 6).

 12. Incubate overnight at 4 °C on a rocking device.
 13. Wash with 0.1 % PBT quickly two times and then three times 

for 10 min on a rocking device.
 14. Remove the 0.1 % PBT, and add appropriate secondary anti-

bodies at recommended concentration in blocking solution. If 
secondary antibody is conjugated to light sensitive compound, 
keep the sample in the dark from this step.

 15. Incubate 2 h at room temperature on a rocking device.
 16. Repeat step 13, and then transfer embryos on slide in a drop of 

Fluoromount-G® mounting medium using a cutoff pipet cone.

The following protocol describes the immunostaining of imaginal 
discs of the third instar larvae; for pupal stage discs, some precau-
tions should be taken (see Note 8). All steps of fixation, blocking, 
washing, and antibody incubations are performed on a rocking 
device.

 1. Collect the third instar larvae with a paintbrush (see Note 8).
 2. Transfer collected larvae to a three-well clear glass dish filled 

with PBS 1×.
 3. Pre-dissection: using forceps cut the larvae in half and invert 

the inside–outside tissue so that associated with the head 
region imaginal discs are outside, and remove the trachea and 
fat body.

 4. Transfer inverted sections into 1.5 ml Eppendorf tube filled 
with fixative solution (4 % PFA), and incubate for 20–30 min 
at room temperature on a rocking device (see Note 8).

 5. Rinse three times for 10 min with PBT 0.5 % at room 
temperature.

 6. Remove the 0.5 % PBT, and add the blocking solution (10 % 
horse serum in 0.5 % PBT) for at least 1 h at room 
temperature.

 7. Remove the blocking solution, and add primary antibodies at 
recommended concentration.

 8. Incubate overnight at 4 °C.
 9. Rinse three times with 0.5 % PBT for 10 min.
 10. Add appropriate secondary antibodies diluted in blocking 

solution.
 11. Incubate 2 h at room temperature.
 12. Rinse three times for 10 min with PBS 1×.

3.5 Imaginal Disc 
Immunostaining

Guillaume Lavergne et al.
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 13. Transfer immunostained sections back into three-well glass 
dish filled with PBS 1×.

 14. Carefully dissect each disc with fine forceps, and transfer them 
on microscope slide in a drop of Fluoromount-G® mounting 
medium.

To detect/visualize AMP cells in the second and third instar larvae, 
we use M6-gapGFP individuals which are dissected as described 
below and then stained with anti-GFP and/or anti-Twist antibod-
ies. Muscle pattern is revealed using phalloidin staining (see Fig. 3).

 1. Put the larva of the desired stage on a Sylgard® dish.
 2. Using the forceps, pin the larva with the small pins in the ante-

rior end and posterior end keeping the dorsal side up.
 3. Pour the larva with a drop of dissection solution (PBS containing 

25 mM EDTA), and with sharp scissors, incise the body wall 
close to the posterior end, and open the larva to the anterior end.

 4. Using the forceps, gently remove all internal tissue (intestine, 
fat body, salivary gland, etc.).

 5. Incise finely the body wall close to the pins, and using the for-
ceps, pin the body wall making it flat.

 6. Remove the brain and remaining tissues.
 7. Rinse the larva in dissection solution.
 8. Remove the remaining dissection solution, and add the fixative 

solution (4 % FA) for 20 min at room temperature.
 9. Remove the fixation solution and rinse in 0.01 % PBT.
 10. Transfer the dissected larva into 1.5 ml Eppendorf tube. Up to 

five dissected larvae can be pooled at this step.
 11. Rinse three times for 5 min at room temperature.
 12. Incubate the tissue in blocking solution (10 % horse serum in 

0.01 % PBT) for 30 min at room temperature.
 13. Incubate in primary antibody diluted in blocking solution at 

4 °C overnight.
 14. Rinse three times with 0.01 % PBT for 10min at room 

temperature.
 15. Incubate in secondary antibody diluted with 0.01 % PBT for 

2 h at room temperature.
 16. Repeat step 12.
 17. If needed to visualize body wall muscles, incubate with phal-

loidin, diluted in 0.01 % PBT for 20 min at room temperature 
in the dark.

 18. Repeat step 12, and then mount on a slide in Fluoromount- G® 
mounting medium (see Note 7).

3.6 Second 
and Third Instar 
Larvae 
Immunostaining
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4 Notes

 1. Proper removal of the chorion can be observed under a dis-
secting microscope. Exceeding 3 min of bleach exposure can 
affect normal architecture of the embryos.

 2. Photobleaching during in vivo confocal imaging can occur 
when applying high-laser power, high-resolution, and low- 
speed scanning settings.

 3. Experimented manipulator can easily recognize the different 
embryo stages under a dissecting microscope. To facilitate 
alignment of a defined stage embryo, it is also possible to set 
up short egg-laying window as mentioned in Subheading 3.2, 
steps 2 and 3, and then let embryos develop until the desired 
stage is reach.

 4. Alternative fixative methods can be applied depending on the 
antigen targeted. For example, for immunostaining of the 
cytoskeleton, the use of 4 % paraformaldehyde, either in PBS 
or phosphate buffer fixative solutions, is recommended.

 5. For some staining, like phalloidin, the devitellinization step 
requires to avoid the use of methanol. In this case, replace the 
methanol with 90 % ethanol and vortex for 1 min.

 6. It is recommended to use a minimal volume of 200 μL when 
performing immunostaining in 1.5 ml Eppendorf tube.

 7. When mounting the slide, take care to ensure that the body 
wall muscles are well oriented for proper visualization (e.g., on 
the upper side for inverted microscope).

 8. After pupae formation (APF), dissection of imaginal discs is 
more delicate. As pupal case is a hard tissue and inside pressure 
increases with pupae age, it is preferable to open the pupae 
progressively and delicately from its center. After 2 h of APF, 
imaginal discs are not anymore strongly connected to sur-
rounding tissues (e.g., brain, cuticle, etc.), and they tend to 
disperse; it is recommended to not transfer the samples into an 
Eppendorf but rather to perform all steps in three-well clear 
glass.
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Chapter 6

Using Transgenic Zebrafish to Study Muscle  
Stem/Progenitor Cells

Phong D. Nguyen and Peter D. Currie

Abstract

Understanding muscle stem cell behaviors can potentially provide insights into how these cells act and 
respond during normal growth and diseased contexts. The zebrafish is an ideal model organism to examine 
these behaviors in vivo where it would normally be technically challenging in other mammalian models. 
This chapter will describe the procedures required to successfully conduct live imaging of zebrafish trans-
genics that has specifically been adapted for skeletal muscle.

Key words Zebrafish, Skeletal muscle, Muscle progenitor, Satellite cell, Live imaging, Timelapse, 
Transgenics, Stem cell

1 Introduction

Satellite cells were first identified to be anatomically positioned 
between the basal lamina and sarcolemma of muscle fibers, hence, 
given the name “satellite cell” [1]. Since then, there have been 
many insights into the molecular and cellular mechanisms in the 
maintenance of their population and their responses during injury 
and regeneration [2].

One limitation of studying this stem cell in mammals is the 
accessibility of these cells in a native environment. Most of the 
findings of satellite cell behaviors come from histological or ex vivo 
techniques. Since satellite cells actively interact with the surround-
ing tissues, it may be more beneficial to examine stem cell behav-
iors in vivo.

The zebrafish is an ideal vertebrate animal model to examine in 
vivo cell behaviors, and a muscle stem/progenitor cell population 
has been identified to have similar properties to a satellite cell but 
is not yet fully characterized [3–5]. The optical clarity and fast 
development of the zebrafish allows easy access to skeletal muscle 
during development. Additionally, transgenic fish can be generated 
to mark specific cell populations and track them over time, thus 
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providing a unique opportunity to follow their live dynamics dur-
ing growth, injury, and regeneration.

This chapter will provide the methodologies and techniques to 
establish live imaging of zebrafish muscle and stem/progenitor 
cells using confocal microscopes. Once established, the user can 
take advantage of the genetic tools in zebrafish to further modulate 
cells of interest in overexpression, knockdown and knockout envi-
ronments. In addition, other imaging techniques can potentially 
be applied such as photoconversions, cell ablation, FRET/FRAP, 
birefringence, and light sheet microscopy to further understand 
the functional mechanisms of stem/progenitor cells in skeletal 
muscle.

2 Materials

 1. Transgenic zebrafish (see Note 1).
 2. Breeder boxes.
 3. Tea strainer.
 4. 90 mm plastic petri dishes.
 5. Incubator set to 28.5 °C.

 1. Microwave.
 2. Water bath set to 42 °C.
 3. Fluorescent stereo microscope.
 4. Sylgard 184 Silicone Elastomer (Dow Corning).
 5. Plastic Microinjection Mold (TU-1, Adaptive Science Tools).
 6. Rotating centrifuge.
 7. Dumont forceps INOX #04.
 8. Glass Pasteur pipette.
 9. Plastic Pasteur pipette.
 10. 10 μl pipette tips.
 11. 30 G needles attached to 1 ml syringe that has been blunted 

with a sharpening stone.

 1. Confocal microscope with heated stage/chamber (e.g., Zeiss 
LSM 710, Nikon C1 invert).

 2. 20× objective.
 3. 24 well plate.

 1. Imaging processing software (e.g., Fiji/ImageJ, Imaris, 
Metamorph).

2.1 Fish Husbandry

2.2 Mounting

2.3 Confocal 
Imaging

2.4 Image Analysis
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 1. System water: water in a closed zebrafish circulating system 
that has been filtered for biological matter, disinfected with 
UV, and is dechlorinated.

 2. E3 water (embryo medium): add 0.292 g NaCl, 0.013 g KCl, 
0.044 g CaCl, and 0.081 g MgSO4 to 1 l dH2O. Add methy-
lene blue to the final concentration of 0.01 % as a fungicide. 
Store solution at room temperature.

 3. 0.4 % tricaine (3-aminobenzoic acid ethyl ester): add 2.1 ml of 
1 M Tris buffer (pH 9.5) and fill to 100 ml with ddH2O. Add 
0.4 g tricaine. Mix well and adjust pH to around 7. Don’t 
autoclave. Store at 4 °C.

 4. 100 mM PTU: dissolve 1.52 g in 100 ml ethanol. If precipita-
tion occurs, briefly shake at 37 °C. Store at room temperature.

 5. 1 % agarose: add 1 g of low-melt agarose to 100 ml E3 water, 
dissolve by heating in microwave, and mix occasionally. Once 
dissolved, store at room temperature where it will solidify.

3 Methods

 1. In the afternoon, fill breeder boxes containing dividers with 
system water.

 2. Place a male and female of the desired transgenic fish line, and 
ensure fish are separated with the divider.

 3. In the following morning, pull the dividers and allow fish to 
mate. Once fish have laid, collect eggs with a tea strainer, and 
place into a petri dish with E3 water.

 4. Incubate at 28.5 °C until the desired time point. Add 50 μl of 
100 mM PTU per petri dish if necessary (see Note 2).

 1. Melt 1 % agarose in E3 solution with a microwave until com-
pletely molten, and place in a 42 °C water bath to cool and 
maintain agarose in liquid state.

 2. Take fish out of the incubator, and select the fluorophore- 
positive fish using a fluorescent stereo microscope.

 3. Dechorionate fish if they are still within their chorions with 
forceps.

 4. Add 0.4 % tricaine dropwise using a plastic Pasteur pipette until 
fish stop moving but still have beating hearts (see Note 3).

 5. Using a glass Pasteur pipette (see Note 4), pick up the fish and 
place fish into a dry petri dish (see Note 5).

 6. Remove as much liquid as possible from the petri dish without 
drying the fish.

2.5 Buffers 
and Reagents

3.1 Fish Husbandry

3.2 Mounting
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 7. Draw up some cooled agarose (see Note 6) with a plastic 
Pasteur pipette, and place onto the fish (see Note 7).

 8. Using 10 μl pipette tips or 30 G needles that have been blunted, 
orientate the fish into the lateral position with the anterior 
pointed to the left, and hold in position until the agarose has 
solidified (see Note 8).

 9. Immerse the dish with fresh E3 water, add tricaine and PTU, 
and transport fish to the microscope.

 1. Turn on confocal microscope (see Note 9).
 2. Place the dish under the confocal and using the software, and 

focus onto the region of interest (see Note 10).
 3. Select the lowest laser power intensity with the appropriate 

lasers that still allow visualization of the cells of interest to 
avoid photobleaching.

 4. Set up the z-axis limits to define the z-stack that will be used to 
image the fish (see Note 11).

 5. Conduct imaging (see Notes 12–14).
 6. If the same fish is required to be imaged at later stages, release 

fish from the agarose by carefully removing agarose with 
blunted needles or forceps.

 7. Transfer fish into a petri dish containing E3 water and PTU, or 
if individual fish are being tracked, place the fish in individual 
wells of a 24-well plate with E3 and PTU, and incubate at 
28.5 °C until desired (see Note 15).

 1. Save images into the file type of choice (typically the default 
company setting).

 2. Export and load the file in imaging processing software such as 
Fiji/ImageJ, Imaris, and Metamorph and analyze according to 
manufacturer’s instructions (see Notes 16 and 17).

4 Notes

 1. A number of transgenic fish have now been published that mark 
satellite cell-like populations. These include pax3a [3], pax7a 
[3], and myf5 [6]. Other potentially useful transgenics have the 
fluorophore under the control of various muscle- specific pro-
moters. Some are pan-muscle markers such as acta1 [7] and 
unc600 [8]; others mark subsets of muscle groups such as slow 
muscle and adaxial cells (smyhc) [9], fast muscle (fmyhc) [10], 
muscle pioneers (prox1a) [11], and differentiating muscle cells 
(myod) [3]. New transgenic lines can also be generated if a 
particular one is not available. When maintaining transgenic 

3.3 Confocal 
Imaging

3.4 Image Analysis
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lines, it is important to screen for the brightest fish that cor-
rectly recapitulates the expected expression pattern as silencing 
of the transgene is possible over multiple generations.

 2. If examining stages later than 1 day post fertilization (dpf), 
PTU must be added to inhibit pigmentation as melanocytes lie 
directly on top of the muscle and obstruct images of the under-
lying muscle. For further steps, if fish are moved into a fresh 
petri dish, PTU must be added again as pigmentation comes 
back in the absence of this chemical. PTU is toxic, wear gloves, 
and handle with care.

 3. Fish become more sensitive to tricaine as they are older so the 
amount required varies. If the heart stops beating following 
addition of too much tricaine, quickly place fish into fresh E3, 
and wait for fish to wake up again.

 4. While it only happens occasionally, fish can stick to a plastic 
Pasteur pipette when compared to a glass Pasteur pipette, par-
ticularly at earlier stages.

 5. An alternative to mounting fish onto the petri dish is to mount 
them in precast silicon molds [12]. This allows fish to be 
mounted in the same orientation at roughly the same z-axis 
depth to avoid focusing through large z-axis depths, hence 
imaging between different fish faster. To make the mold, mix 
curing agent with base at a 1:10 ratio. Mix at 4 °C with a rotat-
ing centrifuge for 2 h. Once mixed, pour mixture over a plastic 
injection mold that is placed within an empty petri dish. Allow 
the mixture to cure over 2 days and gently remove the plastic 
mold. The silicon mold is ready to use. Bubbles often form 
however over the curing stage; these will naturally be elimi-
nated. To mount fish, use a glass pipette and place a fish into 
the well. Remove as much liquid as possible and add some 
melted agarose. Use 10 μl pipette tips or 30 G needles that 
have been blunted to orientate the fish, and hold in position 
until agarose has solidified.

 6. Hot agarose will kill the fish. As a general rule, it is too hot if 
you cannot place a drop of agarose onto your wrist. Holding 
the pipette that has already drawn some agarose in your palm 
for 10–15 s will usually quickly cool agarose to a safe 
temperature.

 7. Try not to add too much agarose as the object lens will not be 
able to focus into the working distance; however, adding too 
little agarose will cause the fish to pop out and float away.

 8. Low-melt agarose generally takes 30–60 s to solidify.
 9. Many types of confocals can be adapted for zebrafish imaging. 

If using an upright confocal, a water-immersion dipping lens is 
required which is not necessary if using an inverted confocal. 

Using Transgenic Zebrafish to Study Muscle Stem/Progenitor Cells



122

The confocal microscope should include either a heated stage 
or chamber set to 28.5 °C. This is particularly important if 
conducting long-term time-lapse imaging. The appropriate 
lasers and filters for illuminating the fluorophore need to be 
present such as 405 nm for tagBFP, 488 nm for GFP, 560 nm 
for mCherry, and 633 nm for crimson.

 10. Routine imaging of trunk muscle is usually focused at the myo-
tomes surrounding the end of the yolk extension and start of 
the anal pore as this is the region that contains the most muscle 
without other organs impeding view (such as the gut). 
Different muscle populations can be anatomically identified. 
The external cell layer contains muscle stem/progenitor cells 
and is located at the lateral-most position on the myotome. 
Underneath this structure is a single layer of slow muscle fibers, 
and medial to this is fast muscle, which makes up the bulk of 
the myotome. Muscle stem/progenitors are also located within 
this fast muscle layer (see Fig. 1 and [13]).

 11. Fish grow bigger over time. If a timelapse is being conducted, 
the size of the z-stack must be sufficiently large enough to cap-
ture the entire muscle.

 12. If time-lapse imaging is desired, choose the minimum number 
of cycles between each z-stack acquisition that will still capture 
the event of interest. One major issue especially with long 
timelapses is the amount of data generated. The large file sizes 
as a result make it difficult to quickly analyze data. Reducing 
the number of cycles along with the number of z-stacks will aid 
in reducing the file size.

 13. If time-lapse imaging is conducted, ensure there is sufficient 
E3 water present. As the confocal will be heated, there will be 
water evaporation over long timelapses. Excess evaporation of 
water will distort the image during the scan.

 14. If imaging multiple fish is desired during time-lapse imaging, 
the multiposition function can be used as long as there is suf-
ficient scanning time. The duration between each cycle and the 
time taken to complete one z-stack will dictate how much fish 
can be imaged in one session.

 15. Fish kept for longer than 6 dpf for downstream experiments 
need to be fed. Live imaging of fish after 12 dpf is technically 
challenging due to their considerable size, requirement for 
oxygenated water to pass along their gills, and the presence of 
scales that causes imaging aberrations and distortions. 
Histological techniques will need to be conducted if later time-
points are desired.

 16. A data management strategy must be taken into account as file 
sizes will be the biggest limitation to analyzing data. If possi-
ble, try to analyze files on a high-performance computer to 
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speed up processing times. If they are too large to process, it 
may be necessary to split data points or modify image acquisi-
tion settings for the next imaging session to reduce file sizes.

 17. A standard imaging and analysis pipeline we perform is to first 
decide on the transgenic line we wish to image and in what 
context, for example, in a native, disease, or injury model. This 
will dictate the number of time points required to capture the 
behavior of cells. At the desired time point, fish are placed 
under the confocal microscope (we use a Zeiss LSM 710 
upright confocal with a 20× water-dipping objective). If imag-
ing for the first time, the laser power is first set to a low setting 
such as 2–3 % laser power to determine the fluorescence inten-
sity of the transgenic fish. The laser power is gradually increased 

Fig. 1 Schematic of different muscle populations in zebrafish. In zebrafish, muscle populations are contained 
within defined anatomical positions. The epidermis (orange) is the most lateral structure. Lying directly beneath 
is a single layer of muscle progenitors also known as the external cell layer (green). This layer also penetrates 
deep into the myotome at the midpoint of the dorsal-ventral axis into a structure called the horizontal myosep-
tum. Medial to the external cell layer is a monolayer of slow muscle fibers (blue). Finally, the deepest muscle 
layer and the largest in fiber number and size is the fast muscle population (red). Within this fast muscle popu-
lation contains a second pool of muscle progenitors (pink). Transverse sections are created at the level of the 
dotted line on the zebrafish embryo
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until a fluorescent signal is sufficiently strong while not being 
overexposed. Examining the saturation levels can assist this pro-
cess. A z-stack is conducted and the file is saved (we use a .LSM 
extension). The file is then loaded onto an imaging processing 
program (we use Imaris software), and images are examined. 
Depending on the experimental paradigm, we typically look at 
cell morphology, cell number, cell size, and location. If time-
lapse imaging was also conducted, we additionally analyze cell 
behaviors such as motility, velocity, and proliferation activity. 
This can all be achieved within the software. An example of a 
confocal image of muscle progenitors located within the fast 
muscle population is shown in Fig. 2 (arrowhead).
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Chapter 7

Muscle Interstitial Cells: A Brief Field Guide to  
Non- satellite Cell Populations in Skeletal Muscle

Francesco Saverio Tedesco*, Louise A. Moyle*, and Eusebio Perdiguero*

Abstract

Skeletal muscle regeneration is mainly enabled by a population of adult stem cells known as satellite cells. 
Satellite cells have been shown to be indispensable for adult skeletal muscle repair and regeneration. In the 
last two decades, other stem/progenitor cell populations resident in the skeletal muscle interstitium have 
been identified as “collaborators” of satellite cells during regeneration. They also appear to have a key role 
in replacing skeletal muscle with adipose, fibrous, or bone tissue in pathological conditions. Here, we 
review the role and known functions of these different interstitial skeletal muscle cell types and discuss their 
role in skeletal muscle tissue homeostasis, regeneration, and disease, including their therapeutic potential 
for cell transplantation protocols.

Key words Skeletal muscle, Interstitial cells, Pericytes, Mesoangioblasts, Mesenchymal progenitors, 
Fibro-adipogenic progenitors, Pw1, Interstitial cells, Stem cells, Muscle regeneration

1  Introduction

The primary role of skeletal muscle is to generate movement, 
maintain posture, and support soft tissues, whilst also contributing 
to body metabolism and temperature control. Muscle contraction 
and force generation are mediated by the interaction of actin and 
myosin proteins within the complex sarcomere unit. Aligned sarco-
mere units make myofibrils, bundles of which span the length of 
each muscle fiber (myofiber). In turn, numerous bundles of myo-
fibers make up each muscle [1]. These multinucleated, syncytial 
cells are formed during the process of myogenesis [2]. However, as 
myofiber nuclei are postmitotic, they are unable to contribute to 
growth and repair [3].

It is generally accepted that satellite cells, a population of mus-
cle stem cells that reside beneath the basal lamina of myofibers, are 
responsible for the regenerative capacity of adult skeletal muscle. 

* The three authors contributed equally to this work.
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Satellite cells are a heterogeneous group of stem cells of embryonic 
somitic origin that normally reside in a quiescent state until acti-
vated by damage or growth signals [4–6]. The vast majority of 
mammalian satellite cells can be identified by expression of the 
paired-box transcription factor Pax7, which is satellite cell specific 
in skeletal muscle. Many other proteins mark the majority of satel-
lite cells, including integrin-α7, M-cadherin, caveolin-1, CD56/
NCAM, CD29/integrin-β1, and syndecans 3 and 4 (reviewed in 
[4, 7, 8]). However, these markers can be expressed only in sub-
populations (i.e. Pax3), by other non-satellite cell populations in 
muscle (i.e. CD34, syndecan 3/4) or in a species-specific manner 
depending on activation stage (i.e. CD56). Therefore, they should 
be used in combination to ensure specificity (Table 1). Once acti-
vated, satellite cells undergo defined proliferation/differentiation 
or self-renewal processes to contribute either to tissue repair or 
replenishment of their stem cell pool [9–11].

Other stem/progenitor cell populations present in the adult 
skeletal muscle (Fig. 1) have been identified as capable to contrib-
ute to or to modulate muscle regeneration. The role of these pop-
ulations in normal muscle homeostasis and function is still under 
investigation, although some populations, including pericytes/me
soangioblasts, Pw1+ cells, and CD133+ cells, hold special interest 
as therapeutically useful cell types to substitute satellite cells in clin-
ical applications, such as stem cell transplantation. Other popula-
tions, referred here as mesenchymal progenitors, have been 
investigated as pharmacological targets for tissue remodeling.

Here, we provide an overview and discuss the role and known 
functions of these non-satellite cells residing in adult skeletal mus-
cle, focusing on studies published in the last decade. Additional 
information on other cell populations (e.g., muscle resident “side 
population”) can be found in Table 1. We direct the reader to 
other review articles for a more comprehensive analysis of develop-
mental origins of muscle stem cells, molecular networks, functions, 
and use in cell-based therapies [4, 8, 12–18]. We define satellite 
cells as a Pax7+ cells located underneath the basal lamina and inter-
stitial cells as those resident between myofibers and outside their 
basal lamina. This will help to distinguish satellite cells from occa-
sional Pax7+ cells in the muscle interstitium, which could either be 
separate interstitial stem cell populations or satellite cells trapped 
outside the basal lamina following myofiber remodeling (Paolo 
Bianco, personal communication).

2  Pericytes and Mesoangioblasts

Pericytes are a heterogeneous group of contractile cells which 
encircle the endothelium of microvessels, first described by Rouget 
in 1873 [19]. Present in all vascularized tissues, pericytes regulate 
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blood vessel growth, homeostasis, and permeability, in addition to 
other tissue-specific roles (reviewed in [14]). In skeletal muscle, 
blood vessels run adjacent to myofibers resulting in the close asso-
ciation and likely cross talk between pericytes and satellite cells 
[20–22]. Indeed, pericytes have been shown to regulate postnatal 
myogenesis and satellite cell quiescence [23]. At rest, pericytes are 
embedded within the vascular basement membrane, which sepa-
rates them from other periendothelial mesenchymal cells [14, 22].

A major limitation in the study of muscle pericytes is the lack 
of a specific marker to distinguish them from other satellite and 
non-satellite cell populations (reviewed in [12, 14]). Therefore, 
they are mainly defined by their anatomical location and by the 
combined expression of multiple genes. Additionally, expression of 
accepted pericyte markers differs between species, cellular subpop-
ulations, and developmental stage [14, 21, 24, 25]. Furthermore, 
not all muscle pericytes have the potential to contribute to skeletal 
myogenesis. The subpopulation of pericytes with skeletal myo-
genic capacity can be distinguished in vivo by expression of tissue 
nonspecific alkaline phosphatase (TNAP) in murine and human 
muscle [21, 26]. Skeletal muscle pericytes/perivascular cells with 
myogenic potential can also be identified by the expression of 
CD146 ([27], [28] and Paolo Bianco and Mara Riminucci, per-
sonal communication) or nestin [24], although nestin is also 
expressed in satellite cells [29]. The extent to which these three 
populations overlap is currently unknown. Notably, Sacchetti et al. 
reported that human CD146+ myogenic pericytes express PAX7 
and behave like satellite cells in some in vitro and in vivo assays, 
suggesting that they could even be subsets of the same population 
randomly recruited to different (but close) anatomical sites (i.e. 
satellite cell niche or perivascular area) [28]. Interestingly, a recent 
report has confirmed that human pericytes isolated from skeletal 
and smooth muscle tissues are functionally different and that only 
the pericytes isolated from skeletal muscle are able to contribute to 
skeletal muscle regeneration [30].

Mesoangioblast is a term for vessel-associated mesodermal 
stem/progenitor cells expanded in vitro, initially used for cells iso-
lated from the murine embryonic dorsal aorta [31]. Mesoangioblast 
markers depend on the stage of development at which they are 
isolated; embryonic mesoangioblasts deriving from the dorsal 
aorta express mostly endothelial markers such as VE-cadherin and 
CD34 [32, 33]. Cells similar to embryonic mesoangioblasts can 
be derived from adult skeletal muscle pericytes, expressing varying 
degrees of pericyte markers such as neuroglial 2 proteoglycan 
(NG2), platelet-derived growth factor receptor-beta (PDGFR-β), 
alpha smooth muscle actin (αSMA), desmin, and, most importantly, 
TNAP, while being negative for endothelial and myogenic makers 
[14, 21, 24–26]. Mesoangioblasts also express Pw1 (see below), 
which was shown to be essential for proper stem cell function [34]. 
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To simplify relationships with other cell types resident in postnatal 
skeletal muscle, mesoangioblasts could be considered as the acti-
vated progeny of pericytes in the same way that myoblasts are the 
activated progeny of satellite cells (Fig. 1).

Although myogenic pericytes may have a lower myogenic 
capacity than myoblasts, their advantageous traits of expansion, 
migration, and extravasation upon intra-arterial delivery in dystro-
phic models [21, 25, 35–38] make them suitable candidates for 
cell therapies of muscle disorders. Additionally, activated mesoan-
gioblasts can self-renew or migrate under the basal lamina and 
contribute to the satellite cell pool during skeletal muscle growth 

Fig. 1 Illustration of the main cellular populations in adult skeletal muscle. A skeletal muscle fiber and a blood 
vessel are shown. Satellite cells, interstitial populations, and vessel-associated cell populations and their main 
protein markers (blue) are indicated. Differentiation of satellite cells, pericytes, and mesenchymal progenitors/
PICs is showed

Francesco Saverio Tedesco et al.
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and in chronic and acute muscle regeneration [25, 26, 36, 39]. 
Importantly, Pax7+ cells are also found when expanded mesoan-
gioblasts are transplanted. Notably, a first-in-human phase I/II 
clinical trial based upon intra-arterial delivery of pericyte-derived 
mesoangioblasts in five boys with Duchenne muscular dystrophy 
was recently completed [40]. The study showed a good safety pro-
file (one adverse event with no clinical sequelae), and functional 
parameters appeared to have transiently stabilized in two out of 
three ambulant patients (statistical analysis was limited by the small 
number of patients). Although donor-derived dystrophin was 
detected in one patient, several aspects of the current protocol will 
need optimization in order to reach clinical efficacy. Examples of 
future improvements may include (1) enrollment of younger chil-
dren, (2) increase of cell dose (e.g., by means of iPS cell-derived 
progenitors) [41], (3) modulation of inflammation [42, 43], and 
(4) enhanced engraftment or differentiation by acting on proper-
ties of donor cells [44, 45] or recipient patients [38].

Finally, several recent publications have implicated a role for 
pericytes in fibro-adipose infiltration of tissues (reviewed in [46]). 
In muscle, some pericytes may be precursors of myofibroblasts, 
interstitial cells which regulate fibrosis. Indeed, Birbair and col-
leagues have shown that type 1 non-myogenic pericytes contribute 
to fatty-fibrotic accumulation in aged and regenerating muscle 
[24, 47]. Therefore, pericyte-based therapies should focus on pro-
moting myogenic differentiation while repressing fibro-adipogenic 
differentiation.

3  Fibro-adipogenic/Mesenchymal Progenitors

Other resident muscle interstitial progenitor populations may have 
increased propensity to differentiate toward non-myogenic cell 
types. One such population has been identified upon expression of 
PDGFR-α, CD34, and stem cell antigen-1 (Sca1). Initial reports, 
based on in vitro experiments, showed that these cells could be an 
important source of pro-differentiation signals for myoblasts dur-
ing the process of muscle regeneration and that were able to dif-
ferentiate into myofibroblasts and/or adipose cells [48, 49]. 
Consequently, they were named fibro-adipogenic progenitors 
(FAPs) or mesenchymal progenitors (MPs). Recent reports have 
demonstrated that these cells are also capable of osteogenic and 
chondrogenic differentiation in vivo [50]; therefore, we will refer 
to these cells using the more general term “mesenchymal progeni-
tors” (Fig. 1). However, they should not be confused with “mes-
enchymal stem cells,” whose markers and properties are still a 
matter of active discussion [51]. We apologize to the reader for the 
oversimplification of the model (and the possible occasional inap-
propriate nomenclature) and redirect them to excellent reviews 
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that clarify terminology and lineage relationships of mesenchymal 
stem/progenitor cells in other mesodermal tissues [51, 52].

It has been shown that during acute muscle injury, these 
mesenchymal progenitors activate, rapidly expand, and then disap-
pear [48, 49, 53]. Once activated, they have been shown to inter-
act with satellite cells and with the regenerating muscle environment, 
promoting satellite cell differentiation and myofiber formation 
[48, 49]. However, it was recently shown that upon aging, mesen-
chymal progenitors have a deleterious effect on satellite cell func-
tion, repressing satellite cell myogenesis [54]. Moreover, epigenetic 
reprograming of mesenchymal progenitors by treatment with 
HDAC inhibitors has been shown to drive them toward a myo-
genic lineage and improve regeneration of dystrophic mice [55], 
opening a therapeutic avenue for these progenitors. Interestingly, 
mesenchymal progenitors have been isolated from human muscles 
[56] and demonstrated to contribute to adipocyte formation [57].

The expansion of resident mesenchymal progenitors has been 
shown to be mediated by the cytokine interleukin 4 (IL-4), pro-
duced by eosinophils during the early phases of regeneration [58]. 
Also, a recent report from Rossi lab has demonstrated that pro- 
inflammatory cytokines (i.e., tumor necrosis factor, TNF) pro-
duced by the first wave of infiltrating macrophages induce apoptosis 
of mesenchymal progenitors. During chronic injury, where pro- 
inflammatory and anti-inflammatory macrophage populations 
coexist [59], changes in the cytokine milieu (i.e., higher levels of 
transforming growth factor β1, TGFβ1) prevent the apoptosis of 
mesenchymal progenitors and induce their differentiation into per-
sistent matrix-producing cells [53]. The cytokine combination to 
induce adipogenic differentiation remains to be determined, 
although certain types of injury (with different inflammatory 
response and therefore different cytokine environment) can highly 
increase differentiation to the adipogenic lineage [49]. Lemos and 
colleagues’ findings are in line with a previous report demonstrat-
ing that a subpopulation of mesenchymal progenitors expressing 
the metalloproteinase ADAM12 is one of the major sources of 
fibrotic tissue accumulation after muscle damage [60]. This sub-
population of mesenchymal progenitors rapidly differentiates into 
myofibroblasts upon TGFβ1 stimulation, and it may represent a 
more committed fibrogenic progenitor. Interestingly, ADAM12+ 
mesenchymal progenitors share features with pericytes, being asso-
ciated with blood vessel walls and expressing NG2, a marker of 
pericytes [60].

Muscle-resident fibroblasts are the cell population classically 
thought to be responsible for extracellular matrix remodeling and 
accumulation of fibrosis in pathological conditions such as mus-
cular dystrophies. However, they also support healthy myogene-
sis, as ablation of transcription factor 4 (Tcf4)-positive muscle 
fibroblasts has been shown to impair muscle regeneration through 
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premature differentiation of satellite cells and reduction of the 
satellite cell pool [61]. Interestingly, Tcf4 is expressed by both 
fibroblasts and mesenchymal progenitors, making it difficult to 
decipher the individual roles of each cell type using current exper-
imental strategies. For example, whether some of the functions 
currently accounted to fibroblasts may be in fact performed by 
different populations of mesenchymal progenitors (and vice 
versa). Additionally, in chronic injury models, resident myoblasts 
and endothelial and hematopoietic cells have been shown to 
transdifferentiate into fibroblastic cells, advancing dystrophic 
pathology [61, 62], with a mechanism of transdifferentiation that 
occurs through an intermediate mesenchymal stem cell step [62]. 
Therefore, the definition of which cells are fibroblast or mesen-
chymal progenitors and their origin may be even more difficult 
than expected.

Besides their role during muscle regeneration and chronic 
pathologies, resident mesenchymal progenitors may have a role in 
skeletal muscle homeostasis. They secrete a number of Wnt ligands 
and myokines such as IL-6 [48, 49, 53]. Moreover, it has been 
demonstrated that interstitial mesenchymal cells are the main pro-
ducers of collagen VI in resting muscle [63]. Collagen VI fibers are 
abundant in the endomysium of skeletal muscle and are a regular 
component of the satellite cell niche [64]. Mutations in collagen 
VI-encoding genes cause several diseases associated with muscle 
weakness in humans [65, 66], and collagen VI-deficient mice show 
myofiber degeneration, reduced strength, and deficient satellite 
cell self-renewal [64, 67–69]. Interestingly, mesenchymal progeni-
tors of synovial origin secreted collagen VI when engrafted into 
muscle [70], indicating that this may be one of the functions of 
muscle-resident mesenchymal progenitors.

4  PW1+ Interstitial Cells

In 2010, Mitchell et al. isolated a Pax7- non-satellite cell muscle- 
resident population located in the skeletal muscle interstitial space 
and capable of myogenic differentiation [18, 71]. Apart from their 
location, these cells are characterized by the expression of the 
PW1/paternally expressed gene 3 (Peg3) and were named as PICs 
(PW1+ interstitial cells). In addition, PICs were mostly Sca1+ and 
CD34+. Lineage-tracing experiments demonstrated that PICs do 
not share the same embryonic origin of satellite cells and have 
increased potency, since they are capable to generate smooth and 
skeletal muscle cells and adipocytes [71].

Interestingly, satellite cells and mesoangioblasts also express 
PW1 [33, 34, 71]. Another report using a PW1 reporter mouse 
demonstrated that the combination of PW1, Sca1, and PDGFRα 
markers may be used to separate all the different stem cell 
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 populations in skeletal muscle [72]. Using this isolation strategy, 
the PW1+/Sca1+/PDGFRα+ subpopulation of cells results the 
most abundant and comprises the totality of the fibro-adipogenic 
mesenchymal progenitors with pro-adipogenic potential. 
Interestingly, this population is similar to the recently described 
Sca1+ brown adipocyte progenitors resident in skeletal muscle 
[73]. PW1−/Sca1+ cells were also functionally similar to the 
FAPs/MPs, although with just pro-fibrotic potential. In the 
referred study, this is the only cell subpopulation having a fibro-
blastic fate. It is therefore tempting to propose that fibro-adipo-
genic mesenchymal progenitors may be a heterogeneous population 
of muscle- resident Sca1+ cells that upon pro-fibrotic environmen-
tal cues (e.g., TGFβ) will turn into fibroblastic cells or, upon still 
poorly characterized signals, will acquire PW1 expression and 
become adipogenic. The PW1+/Sca1+/PDGFRα– subpopulation 
comprises a small group of cells with myogenic potential but nega-
tive for Pax7, defined by the authors as “non-satellite cell progeni-
tors with myogenic potential”, although they also hold some 
pro- adipogenic potential in vitro. These cells may account for the 
Sca1+ primary myoblast subpopulations described in some reports 
in the early 2000s [74–78]. Finally, the PW1+/Sca1−/PDGFRα– 
subpopulation included Pax7+ satellite cells and Pax7− cells which 
were positive for adult myogenic pericyte markers (e.g., NG2+/
PDGFRβ+/Myf5−). Interestingly, PW1 is expressed in pericyte- 
derived mouse and human mesoangioblasts, where it regulates 
their myogenic ability and migration capacity [34].

5  CD133+ Cells

CD133 (prominin 1) was identified as a surface marker of both 
neural and hematopoietic stem and progenitor cells [79], and its 
expression has been used to characterize a population of human 
blood and muscle-derived myogenic stem cells. A small fraction of 
adult peripheral blood cells expressing CD133 was initially shown 
to display myogenic potential [80]. Muscle-resident human 
CD133+ cells are found both in the muscle interstitium and under-
neath the basal lamina of myofibers, co-expressing Pax7 [81]. 
When expanded in vitro, CD133+ preparations contained a het-
erogeneous population of cells expressing myoblast, pericyte, and 
mesenchymal genes [81, 82]. Additionally, expression of CD133 is 
unstable in culture and influenced by culture media; a thorough 
expression analysis has not been performed on freshly isolated cells 
due to their rarity [81–83]. When injected intramuscularly, human 
CD133+ cells effectively engraft in the muscle and contribute to 
myogenesis with a proportion entering the satellite cell compart-
ment [81–83]. Transplanted human CD133+/Pax7+ cells are 
functional and capable of regenerating mouse muscle following 

Francesco Saverio Tedesco et al.



139

injury [81]. Taken together, the variability of genes and anatomical 
location implies that CD133 positivity may distinguish a heteroge-
neous set of stem cells with high myogenic capacity. This makes 
them an interesting candidate for cellular therapies, and indeed 
they were tested in a pilot, phase I autologous clinical study for 
Duchenne muscular dystrophy based upon intramuscular trans-
plantation without genetic correction [84]. However, whether the 
proportion of cells that extravasates and engrafts into muscles 
downstream of the injection site derives from the population 
expressing pericyte or mesenchymal markers or whether the 
CD133+/Pax7+ population is able to be safely injected systemi-
cally is currently unknown. Although there have been no reports 
on the contribution of murine CD133+ cells to skeletal muscle 
regeneration (probably due to technical limitations), the use of 
reporter mouse models for CD133 expression in other stem cell 
niches [85] may allow future lineage-tracing studies in murine 
skeletal muscle.

6  Concluding Remarks and Future Prospects

Adult muscle growth and regeneration is fueled by satellite cells. 
However, a growing milieu of interstitial stem or progenitor cells 
has been described both in resting and regenerating skeletal mus-
cle, which are able to cross talk with satellite cells, myoblasts, myo-
fibers, and cells of vascular and hematopoietic origin. These 
interstitial cells can differentiate into vascular, fibrogenic, adipo-
genic, osteogenic, and chondrogenic lineages in pathological con-
ditions (e.g., [24, 56, 57, 86]), although their function and lineage 
relationships in healthy tissue (where non-myogenic differentia-
tion pathways have a supportive role, or are absent, or are repressed) 
are still far from being understood.

Moreover, there is an urgent need to improve the characteriza-
tion and distinction of the different populations of muscle intersti-
tial progenitors, in order to determine whether particular cell types 
identified in different studies might actually be analogous and to 
find out which of them should be enhanced (or repressed) to foster 
efficient myogenesis. In the near future, advanced flow cytometry 
techniques such as spectral flow cytometry [87, 88] or flow cytom-
etry coupled with mass spectrometry (mass cytometry or CyTOF) 
[89, 90], which is able to discriminate between many factors at the 
same time, could allow researchers to answer these questions.

A question likely to arise from this in-depth analysis is when 
does the differential expression of markers correspond to a sub-
population or to a separate progenitor population? Additionally, 
how definitive are these populations? During normal growth and 
regeneration, some interstitial muscle progenitors are known to 
have lineage plasticity. A well-characterized example of this is 
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pericytes becoming Pax7+ stem cells residing under the basal 
lamina [26]. Whether these cells are identical to satellite cells and 
whether they can transdifferentiate back to the pericyte lineage is 
unknown. Moreover, lineage plasticity between many of the mus-
cle resident cell populations has been demonstrated to increase 
greatly in pathogenic conditions [62, 91], implying that cellular 
relationships and composition of the cellular populations in unin-
jured, acutely, or chronically injured skeletal muscle could vary 
dramatically. Furthermore, it is crucial that in vivo analysis of cell 
populations is performed on freshly isolated cells, as changes in 
the physical environment and culture medium during ex vivo 
expansion can greatly impact surface-marker expression, as can 
different isolation protocols.

The majority of studies describing interstitial muscle stem cells 
in healthy and pathological tissue have been performed in rodents. 
Differences in marker expression between species are well docu-
mented in satellite cells (reviewed in [7]), and the field is now 
gradually improving the knowledge on the human satellite cell 
niche, their markers, and properties [92]. Similar characterization 
efforts are being performed on human mesenchymal progenitors 
[57]. Therefore, it is crucial to identify and characterize the com-
parable interstitial muscle stem cell populations in human muscle 
to the well-known rodent ones, in order to maximize therapeutic 
relevance.

Finally, a thorough characterization of the different subpopu-
lations of muscle satellite cells and interstitial progenitors may 
enable the development of next-generation protocols to derive 
them from human pluripotent stem cells [93] for drug screening, 
tissue engineering, and cell therapies of skeletal muscle disorders.
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Chapter 8

Isolation and Characterization of Vessel-Associated  
Stem/Progenitor Cells from Skeletal Muscle

Rossana Tonlorenzi, Giuliana Rossi, and Graziella Messina

Abstract

More than 10 years ago, we isolated from mouse embryonic dorsal aorta a population of vessel-associated 
stem/progenitor cells, originally named mesoangioblasts (MABs), capable to differentiate in all 
mesodermal- derived tissues, including skeletal muscle. Similar though not identical cells have been later 
isolated and characterized from small vessels of adult mouse and human skeletal muscles. When delivered 
through the arterial circulation, MABs cross the blood vessel wall and participate in skeletal muscle regen-
eration, leading to an amelioration of muscular dystrophies in different preclinical animal models. As such, 
human MABs have been used under clinical-grade conditions for a Phase I/II clinical trial for Duchenne 
muscular dystrophy, just concluded. Although some pericyte markers can be used to identify mouse and 
human MABs, no single unequivocal marker can be used to isolate MABs. As a result, MABs are mainly 
defined by their isolation method and functional properties. This chapter provides detailed methods for 
isolation, culture, and characterization of MABs in light of the recent identification of a new marker, 
PW1/Peg3, to screen and identify competent MABs before their use in cell therapy.

Key words Mesoangioblasts, Muscle stem cells, Pericytes, Mesodermal lineages, Cell culture, 
PW1/Peg3

1 Introduction

Skeletal muscle regeneration is assured by satellite cells (SCs), which 
are localized between the basal lamina and the sarcolemmal mem-
brane [1]. Despite their indispensable role in the regeneration of 
adult skeletal muscle [2–6], in the last years, several groups identi-
fied different atypical muscle progenitors of non-somitic origin that 
are able to differentiate in skeletal muscle [7–18]. Among these, in 
the last years mesoangioblasts (MABs) demonstrated to be the most 
promising. MABs are blood vessel-associated stem/progenitor cells 
that can differentiate into mesoderm cell types, including skeletal 
muscle [7]. Most importantly, when systemically delivered, MABs 
cross the blood vessel wall and participate in skeletal muscle regen-
eration, leading to an amelioration of muscular dystrophies in dif-
ferent preclinical models [19–23]. The ability of MABs to cross the 
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vessel wall confers an advantage as therapeutic donor stem cells as 
compared with SCs and myoblasts that need to be delivered directly 
into the muscle tissue to properly engraft [24, 25]. Consistently, 
human MABs, expanded under clinical-grade conditions, have been 
recently used for a Phase I/II clinical trial for Duchenne muscular 
dystrophy (EudraCT no. 2011-000176-33; [26]).

Both human and mouse MABs can be retrospectively charac-
terized by a combination of markers not all shared by both cell 
populations (Table 1).

This chapter provides an updated guide for isolation, expan-
sion, and characterization of MABs from adult human and mouse 
skeletal muscle (see Subheadings 3.1–3.3 and 3.9). Various differ-
entiation methods are also described: spontaneous skeletal muscle 
differentiation (see Subheadings 3.5), induction of smooth muscle 

Table 1 
List of the positive and negative markers used to characterize human and 
mouse MABs

Marker mMABs hMABs

Sca-1 + NA

c-kit − −

CD45 (leukocyte common antigen) − −

CD34 − −

CD31 (PECAM-1) − −

VE-cadherin − −

Tie2 − −

Pax3 + +

Pax7 − −

Myf5 − −

MyoD − −

PW1/Peg3 + +

Alkaline phosphatase +/− +/−

Ng2 + +

Pdgfrb + +

CD44 (hyaluronan-binding protein) + +

CD56 (NCAM) − −

CD133 (prominin-1) − −

CD146 (MCAM) +/− +/−

Rossana Tonlorenzi et al.
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by TGF-β (see Subheading 3.6), induction of osteoblasts by BMP2 
(see Subheading 3.7), and induction of adipocytes (see Subheading 
3.8). Additionally, in light of the recent identification of PW1/
Peg3 as a key marker essential in regulating MAB competence 
[27], a paragraph will be dedicated to the description of the meth-
ods developed to detect PW1/Peg3 in mouse and human MABs 
(see Subheading 3.9).

Successful isolation, propagation, and characterization of 
MABs require basic animal handling and competences in cellular 
and molecular biology. Notably, for human MABs, cell cultures 
must be cultured under physiological O2 conditions (3 % O2, 5 % 
CO2, 92 % N2). Importantly, all the procedure described in this 
chapter should be performed under sterile conditions in either 
Class II biohazard flow hoods (especially for human cells) or lami-
nar flow horizontal hoods. For mouse samples, the Institutional 
Animal Welfare Body (AWB), Ethics Committee, and National 
Local Authority must approve the protocols. Muscle biopsies must 
be performed under general or local anesthesia with the minimum 
degree of pain. Approval of Institutional Ethics Committee and 
patients’ informed consent are necessary in case of human 
samples.

2 Materials

 1. 5 % CO2, 3 % O2, 92 % N2 humidified (water-saturated) 
incubator.

 2. Biohazard flow hood.
 3. Benchtop centrifuge.
 4. Inverted phase-contrast microscope.
 5. Stereoscopic microscope (optional).
 6. Water bath.
 7. +4 °C refrigerator.
 8. −20° freezer.
 9. −80° freezer.
 10. Liquid nitrogen tank.
 11. Collagen solution (250 ml) and Petri dish coating: transfer 

250 mg of lyophilized collagen type 1 to a sterile glass bottle. 
Gradually add 50 ml of glacial acetic acid. Due to variable 
purity in different collagen preparations, the time necessary for 
complete dissolution of collagen may vary. Overnight incuba-
tion at room temperature is recommended. After  complete 
collagen dissolution in acetic acid, gradually add 200 ml of 
ultrapure distilled water. Mix gently without shaking. Store up 
to 6 months at 4 °C.

2.1 Basic Materials, 
Media, and Solutions

Isolation and Characterization of Vessel-Associated Stem/Progenitor Cells…
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To obtain an efficient solution, it is very important to wait 
for the collagen to be completely dissolved in acetic acid before 
adding ultrapure distilled water.

Membrane filtration is not recommended (a substantial 
portion of collagen will be lost or degraded).

For coating, place the appropriate number of Petri dishes 
under a biohazard flow hood. Carefully add the collagen type 
I solution into each Petri dish making sure the whole surface 
is completely covered. Use 1, 5, and 10 ml of collagen solu-
tion for 3.5-, 6-, and 9-cm petri dish, respectively, and let 
stand 5 min. Slowly remove most of the solution (80–90 %), 
leaving the surface of the dish uniformly wet and let dry 
completely.

 12. Collagenase/Dispase solution (50 ml): depending on enzyme 
activity U/W (specified by the manufacturer for each lot), 
weigh the appropriate amounts to prepare 50 ml of 1 U/ml 
collagenase, 0.5 U/ml Dispase II stock solution in PBS. Filter 
through a 0.22-μM syringe filter and store in 5-ml aliquots up 
to 6 months at −20 °C.

 13. D2 medium (250 ml): 245 ml high-glucose DMEM supple-
mented with 5 ml heat-inactivated horse serum (HS, 
Euroclone), 2 mM glutamine, 1 % penicillin/streptomycin 
solution (10,000 U/ml and 10 μg/ml, respectively), 1 mM 
sodium pyruvate.

Store up to 4 weeks at +4 °C.
 14. D20 medium (250 ml): 200 ml high-glucose DMEM supple-

mented with 50 ml heat-inactivated fetal bovine serum (FBS, 
Euroclone), 2 mM glutamine, 1 % penicillin/streptomycin 
solution (10,000 U/ml and 10 μg/ml, respectively), and 
1 mM sodium pyruvate.

Store up to 4 weeks at +4 °C.
 15. M5 medium (250 ml): 237.5 ml Megacell DMEM supple-

mented with 12.5 ml heat-inactivated FBS, 2 mM glutamine, 
1 % penicillin/streptomycin solution (10,000 U/ml and 
10 μg/ml, respectively), 0.1 mM β-mercaptoethanol, 1 % non-
essential amino acids, and 1.25 μg human recombinant bFGF 
(Life Technologies).

Store up to 2 weeks at +4 °C.
 16. Matrigel stock and Petri dish coating.

Thaw a 10-ml bottle of growth factor-reduced Matrigel 
(Corning) overnight on ice. Prepare aliquots by using sterile 
microcentrifuge tubes chilled on ice and pipet tips kept at 
+4 °C. Store undiluted Matrigel in 100-μl aliquots up to 
12 months at −20 °C.

Concentrated Matrigel solution tends to polymerize very 
quickly at room temperature.

Rossana Tonlorenzi et al.
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Frozen aliquots have to be thawed on ice and immediately 
diluted in cold sterile solutions.

Gentle and slow pipetting is recommendable for either 
diluted or concentrated Matrigel solutions, to avoid degrada-
tion of the components. Matrigel solutions cannot be mem-
brane filtered.

For Petri coating, thaw Matrigel stock solution on ice and 
prepare the working solution by diluting the stock 1:80 in 
cold DMEM (without any supplement). Place the appropriate 
number of Petri dishes to be coated under a hood and apply 
Matrigel working solution carefully into each Petri dish mak-
ing sure the whole surface is completely covered.

Use 1, 3, and 7 ml of Matrigel working solution for 3.5-, 5-, 
and 9-cm Petri dishes, respectively, and incubate 30 min–2 h at 
37 °C. Just before use, remove the Matrigel working solution 
and gently rinse the dish surface with appropriate culture medium. 
Matrigel-coated Petri dishes have to be freshly prepared.

Diluted Matrigel working solution can be stored up to 24 h 
at +4 °C.

 17. Human recombinant bFGF stock solution (1 ml): reconstitute 
50 μg of human recombinant bFGF (Life Technologies ) in 
1 ml of 10 mM Tris–HCl, pH 7.6.

Store in 25-μl aliquots up to 6 months at −20 °C.
 18. Freezing solution (50 ml): 45 ml heat-inactivated FBS supple-

mented with 5 ml Hybri-Max DMSO. Prepare fresh.

 1. Human skeletal muscle fragments (at least 200 mg of tissue; see 
Note 1).

 2. Ca2+/Mg2+ free phosphate-buffered saline (CMF-PBS).
 3. M5 medium.
 4. 6- and 15-cm Petri dishes (Nunc).
 5. 3.5- and 6-cm collagen-coated Petri dishes.
 6. Rounded-edge disposable scalpels.
 7. Curved forceps.
 8. Sharp-edged straight forceps.
 9. 0.05 % (w/v) trypsin/0.02 % (w/v) EDTA.
 10. 25, 75-cm2 tissue culture flasks (vented, Nunc).
 11. M5 medium.
 12. Freezing solution.
 13. Hemacytometer.
 14. 1.8-ml sterile cryovials , ice cold.
 15. Cryogenic-controlled rate freezing container or insulated 

cardboard/polystyrene foam box.

2.2 Isolation, 
Propagation, 
and Freezing of MABs 
from Human Skeletal 
Muscle (hMABs)
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 1. Trypsin/EDTA.
 2. Ca2+/Mg2+ free phosphate-buffered saline (CMF-PBS).
 3. M5 medium.
 4. CD56 microbeads, human (Miltenyi).
 5. LD columns (Miltenyi).
 6. MidiMACS MultiStand (Miltenyi).
 7. MidiMACS Separator (Miltenyi).
 8. 40-μm cell strainers.
 9. Trypan blue.
 10. Hemocytometer.
 11. Buffer for microbeads separation (500 ml): CMF-PBS (pH 7.2) 

supplemented with 0.5 % BSA and 2 mM EDTA. Store up to 
4 weeks at +4 °C.

 1. Mouse skeletal (tibialis anterior) muscle fragments (at least 
50 mg of tissue; see Note 1).

 2. Ca2+/Mg2+ free phosphate-buffered saline (CMF-PBS).
 3. D20 medium.
 4. 6- and 15-cm Petri dishes (Nunc).
 5. 3.5- and 6-cm collagen-coated Petri dishes.
 6. Matrigel-coated 48-well multiwells.
 7. Rounded-edge disposable scalpels.
 8. Curved forceps.
 9. Sharp-edged straight forceps.
 10. 0.05 % (w/v) trypsin/0.02 % (w/v) EDTA.
 11. 25, 75-cm2 tissue culture flasks (vented, Nunc).

 1. Human or murine MAB cultures (grown in 3.5-cm Petri 
dishes).

 2. CMF-PBS.
 3. AP buffered solution, pH 9.5 (10 ml): 10 ml of 100 mM Tris–

HCl (pH 9.5), additioned with
100 mM NaCl, 50 mM MgCl2, 0.1 % (v/v) Tween 20.
Adjust pH with 0.1 N HCl or 0.1 N NaOH.
Particular attention must be paid to the exact pH (9.5).
Prepare fresh.

 4. Alkaline phosphatase (AP) staining solution (10 ml): dissolve 
135 μg of 4-nitroblue tetrazolium chloride (NTC, Roche) and 
1.75 mg of 5-bromo-4-chloro-3-indolyl phosphate (BCIP, 
Roche) in AP buffered solution.
Prepare fresh.

2.3 CD56+ Cell 
Fraction Depletion by 
Magnetic Microbeads 
Separation

2.4 Isolation, 
Propagation, 
and Freezing of MABs 
from Murine Skeletal 
Muscle (mMABs)

2.5 AP Staining
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 1. MABs to be tested grown in a 25-cm2 flask.
 2. M5/D20 medium.
 3. 3.5-cm Petri dishes, coated with growth factor-reduced 

Matrigel.
 4. 3.5-cm elastic surface (ESS) Petri dishes (IBIDI), coated with 

growth factor-reduced Matrigel.
 5. CMF-PBS.
 6. D2 medium.

 1. MABs to be tested grown in a 25-cm2 flask.
 2. M5 medium/D20 medium.
 3. D2 medium.
 4. Human recombinant TGF-β stock solution (1 ml): reconstitute 

5 μg human recombinant TGF-β (Life Technologies) in 1 ml 
of 10 mM citric acid, additioned with 0.1 % BSA.

Store in 25-μl aliquots up to 6 months at −20 °C.

 1. MABs to be tested grown in a 25-cm2 flask.
 2. M5 medium/D20 medium.
 3. D2 medium.
 4. Human recombinant BMP2 stock solution (1 ml): reconstitute 

100 μg human recombinant BMP2 (Life Technologies ) in 
1 ml of 20 mM Acetic Acid.

Store in 25-μl aliquots up to 6 months at −20 °C.

 1. MABs to be tested grown in a 25-cm2 flask.
 2. M5 medium/D20 medium.
 3. Adipogenic medium (LONZA cat. no. 3004).
 4. Oil Red O solution: dissolve 350 mg of Oil Red O powder in 

100 ml of 2-propanol in a glass bottle. Let stand overnight at 
room temperature, protected from light. Do not mix. Filter on 
3-MM chromatography paper into a new glass bottle. Add 
75 ml of distilled water. Let stand overnight at +4 °C, pro-
tected from light. Do not mix. Filter two times through 3-MM 
chromatography paper into a new glass bottle.

Store up to 6 months at room temperature, protected from 
light. Oil Red O is a very strong staining agent and should be 
handled carefully according to the manufacturer’s product data 
sheet instructions.

2.6 Skeletal Muscle 
Differentiation

2.7 Induction 
into Smooth Muscle 
by TGF- β1 Treatment

2.8 Induction 
of Osteoblast 
Differentiation 
by BMP2 Treatment

2.9 Induction 
of Adipocyte 
Differentiation
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For general information, refer to [27, 28].

Maintain all components on ice while preparing PCR mix; store 
solutions containing Sybr Green protected from light. Clean bench 
and pipettes before starting with the procedure and eventually use 
DNAZap for cleaning.

 1. cDNA retrotranscribed from 1 μg of RNA, using random 
primers (iScript reverse transcription supermix, Biorad). cDNA 
should be diluted in nuclease-free water 1:10 before use.

 2. Nuclease-free water.
 3. PW1/Peg3-specific primers:

Mouse Forward: GAGAATCCTCCATTTATATC
Mouse Reverse: TCATGAATCTTCTGGTGCTC
Human Forward: GATCCAAGAGAAGTGCCTACC
Human Reverse: GGAAGATTCATCTTCACAAATCCC
Reference gene-specific primers; we use GAPDH to normalize 

expression:
Forward: TTCACCACCATGGAGAAGGC
Reverse: GGCATGGACTGTGGTCATGA

 4. Real-Time PCR Thermal Cycler (CFX-96 Connect, Biorad).
 5. Optically clear PCR tubes or plates.
 6. Sybr Green Master Mix (iTaq Universal SYBR Green Supermix 

(Biorad) for murine PW1 and Sso Advanced Universal SYBR 
Green Supermix (Biorad) for human Peg3).

 1. mMABs Petri dish.
 2. 4 % paraformaldehyde solution in PBS.
 3. +4 °C refrigerator.
 4. −20 °C freezer.
 5. Precooled (at −20 °C) methanol.
 6. Blocking solution: PBS additioned with 5 % goat serum, 2 % 

Bovine Serum Albumin (BSA).
 7. 0.1 % BSA solution: PBS additioned with 0.1 % BSA.
 8. 5 % BSA solution: PBS additioned with 5 % BSA.
 9. Rabbit anti-mouse PW1 primary antibody (see Note 2).
 10. Fluorophore-conjugated goat anti-rabbit secondary antibody.
 11. DAPI solution.

2.10 PW1/Peg3 
as a Screening Molecule 
to Identify the Best 
Mesoangioblast 
Populations

2.10.1 Real-Time PCR 
for Murine and Human 
PW1/ Peg3

2.10.2 Immuno-
fluorescence for Murine 
PW1
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 12. Fluorescence mounting medium (Dako fluorescence mount-
ing medium).

 13. Fluorescence microscope.

 1. Murine MABs.
 2. RIPA lysis buffer: PBS additioned with 1 % NP40, 0.5 % sodium 

deoxycholate, 0.1 % SDS, 1 mM PMSF, 3.5 mM Na3VO4, 
proteases, and phosphatases inhibitors.

 3. Ice.
 4. Refrigerated centrifuge.
 5. 1.5-ml tubes.
 6. 2× loading buffer: 100 mM Tris–HCl pH 6.8 additioned with 

200 mM DTT, 4 % SDS, 0.2 % bromophenol blue, and 20 % 
glycerol (MilliQ water to volume).

 7. 6 % acrylamide gel.
 8. Running buffer pH 8.3: 125 mM Tris hydroxymethilamino-

methane additioned with 1.25 M glycine and 0.5 % SDS 
(MilliQ water to volume).

 9. Western blot electrophoretic apparatus.
 10. iBlot Dry Blotting System (Life Technologies).
 11. 5 % skimmed milk solution: PBS additioned with 5 % skimmed 

milk and 0.05 % Tween 20.
 12. Rabbit anti-mouse PW1 primary antibody (the same antibody 

used for the immunofluorescence).
 13. HRP-conjugated goat anti-rabbit secondary antibody (Biorad).
 14. T-PBS: PBS additioned with 0.05 % Tween 20.
 15. ECL Western blot detection reagent.
 16. X-ray developer, developing liquids, or digital chemilumines-

cence imaging system (ChemiDoc, Biorad).

3 Methods

The preliminary step for the isolation of both human and murine 
mesoangioblasts (hMABs and mMABs) is a short-time primary 
culture of skeletal muscle fragments.

Aim of this outgrowth phase is to increase, by selective culture 
conditions and procedures, the proportion of MAB populations 
originating from tissue explants.

Notably, the presence of CD56 expression reveals myogenic 
progenitors that may be derived from contaminating satellite cells 
or, alternatively, from in vitro differentiation of hMABs into satel-
lite cells (lineage-tracing studies in Tg:TN-AP-CreERT2 mouse 

2.10.3 Western Blot 
for Murine PW1
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model indicate that this event may occur spontaneously during 
postnatal unperturbed development of skeletal muscle) [29]. 
CD56+ cell fraction depletion can be performed either by mag-
netic microbeads separation (as described in the Subheading 3.2) 
or by FACS sorting procedures. Notably, magnetic microbead 
separation is a fast purification step that does not affect cell viabil-
ity, can be repeated more than once (to increase cell purity), and is 
adaptable to GMP protocols.

Efficiency in derivation of MABs may vary depending on age 
and intrinsic characteristics of skeletal muscle fragments. The accu-
rate selection of tissue portions may however help to obtain opti-
mal yield for each sample.

Sterile and tissue culture-grade reagents are recommended for 
all steps described.

All reagents are provided by Sigma, unless otherwise 
specified.

 1. Rinse each skeletal muscle fragment in CMF-PBS to remove 
residual blood.

 2. Set a 10-ml Petri dish containing 3–4 ml of M5 medium to 
start dissection.

 3. Cut each fragment in 2 mm pieces using a round-edge scalpel, 
with the help of straight forceps (see Note 3).

 4. Pretreat 6-cm diameter collagen-coated Petri dish by pipetting 
2 ml of M5 medium into each dish, making sure that the sur-
face is completely covered. Remove most of the medium, leav-
ing the dish thoroughly wet.

 5. Transfer the selected fragments into each dish (5–10 frag-
ment/dish) with the help of curved forceps.

 6. Add 2 ml of pre-warmed M5 medium pipetting it along the 
edge of the dish to prevent detachment and floating of 
fragments.

Incubate overnight in a 37 °C, 5 % CO2, 3 % O2, and 
92 % N2 humidified incubator (see Notes 4 and 5).

 7. Around 24 h after initiation of cultures, carefully add two addi-
tional ml of pre-warmed M5 medium to each dish.

 8. After 5–7 days, examine the cultures for preliminary growth of 
adherent cells.

 9. Add 1.5 ml of pre-warmed M5 medium to each dish.
 10. After additional 2–3 days, examine the cultures for hMABs: 

MABs initially look round and small, and then they tend to 
attach to the substrate as more flat/spindle-shaped cells. With 
passages, the floating fraction tends to reduce, and the adher-
ent fraction increases in percentage (Fig. 1A).

3.1 Isolation, 
Propagation, 
and Freezing of MABs 
from Human Skeletal 
Muscle (hMAB)
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 11. Carefully transfer culture medium and floating cells to a new, 
uncoated 6-cm Petri dish.

In case of poor recovery of floating cells, transfer them to a 
smaller Petri dish (3.5 cm) to increase cell density and favor 
proliferation.

 12. Add pre-warmed fresh medium if necessary (to reach a total 
volume of 5 ml).

 13. After 24 h, examine the cultures. Around 50–70 % of the cells 
should adhere to the plastic surface, but a floating fraction 
should always be clearly distinguishable (see Notes 6 and 7).

 14. When the adherent fraction of the cell population reaches 
70–80 % confluence, proceed to trypsinization and transfer to 
25-cm2 flask.

 15. At 70–80 % confluence of the adherent cell population, remove 
culture medium and set aside in 15-ml centrifuge tubes.

 16. Rinse the growing surface with 2 ml CMF-PBS.
 17. Add 2 ml of trypsin/EDTA and incubate 3–5 min at room 

temperature. Check under a microscope for complete detach-
ment of cells.

 18. Use the medium set aside to collect all cells. In this way, both 
floating and adherent populations are recovered.

 19. Centrifuge 10 min at 188 × g, room temperature.
 20. Gently suspend the pellet in 6-ml M5 medium and transfer to 

a single 75-cm2 tissue culture flask or dispense 2-ml aliquots of 
cell suspension into each of the three 25-cm2 flasks (1:3 split).

 21. Add M5 medium to reach a final volume of 5 ml for 25-cm2 
tissue culture flasks (12 ml for 75-cm2 tissue culture flasks) (see 
Notes 8–10).

 22. To freeze hMABs, detach cells with trypsin/EDTA according to 
corresponding steps described for cell propagation (see Note 11).

 23. Spin 5 min at 227 × g, discard supernatant and suspend the cell 
pellet in 5 ml of M5 medium.

 24. Count cells with a hemocytometer.
 25. Centrifuge 5 min at 227 × g, room temperature.
 26. Discard supernatant and gently suspend cells in appropriate 

volume of cold freezing solution (optimal range of cell concen-
tration: 1–2 × 106 cells/ml).

 27. Set up the appropriate number of 1.8-ml cryovials and dis-
pense 1 ml of cell suspension into each.

Each cryovial should be clearly labeled with date, cell line 
code, and passage number.

 28. Transfer vials into a freezing container and place overnight at 
−80 °C.

Isolation and Characterization of Vessel-Associated Stem/Progenitor Cells…
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Fig. 1 Differentiation of mouse and human MABs into different mesodermal-derived cell types. (A, B) Phase- 
contrast images of growing human (A) and mouse (B) MABs; (C, D) immunofluorescence for all sarcomeric 
myosins (MyHC, in red) on differentiated human (C) and mouse (D) MABs; (E, F) smooth muscle actin (SMA, in 
red) immunofluorescence analysis of human (E) and mouse (F) MABs after TGF-β1 stimulation; (G, H) alkaline 
phosphate staining after BMP2 treatment of human (G) and mouse (H) MABs; (I, J) Oil Red O staining of human 
(I) and mouse (J) MABs after culturing in adipogenic medium. Scale bars 100 μm

Rossana Tonlorenzi et al.
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 29. On the following day, transfer vials to −135 °C or to a liquid 
nitrogen container (see Note 12).

The morphology of hMABs after few passages in culture at 
the inverted phase contrast microscope is shown in Fig. 1A.

 1. Trypsinize hMABs as described in Subheading 3.1.
 2. Centrifuge at 188 × g for 10 min.
 3. Resuspend the pellet in 10 ml of depletion buffer and pass the 

suspension through a cell strainer to remove any clump (see 
Note 13).

 4. Count viable cells by trypan blue exclusion.
 5. Centrifuge at 188 × g for 10 min.
 6. Discard completely the supernatant (remove the last drops 

using carefully a P200 pipettor without touching the cell 
pellet).

 7. Resuspend the cell pellet in 80 μl of depletion buffer.
 8. Add 20 μl of CD56 microbeads.
 9. Mix by pipetting carefully and incubate at 4°–8 °C (fridge or 

cold room) for 15 min. Mix rapidly by flicking during incuba-
tion (once). Higher temperature and/or longer incubations 
lead to nonspecific labeling.

 10. Add 2 ml of depletion buffer to wash the cells. Centrifuge at 
188 × g for 10 min.

 11. Rinse the column with 500 μl of depletion buffer (see Note 
14).

 12. Resuspend the cells in 500 μl of depletion buffer and apply the 
suspension onto the column.

 13. Wash the column with 500 μl three times, once the reservoir is 
empty (see Note 15).

 14. Collect the total effluent, containing the CD56− depleted cell 
fraction.

 15. Centrifuge the total effluent at 188 × g for 10 min.
 16. Resuspend the cell pellet in 5 ml of M5 medium and proceed 

to counting of viable cells by trypan blue exclusion.
 17. Plate the cells in M5 medium (6000 cells/cm2) and put imme-

diately in the incubator at 37 °C.
A scheme of the CD56 depletion is shown in Fig. 2.

At variance with the protocol set for hMABs, a cloning step by 
limiting dilution has been introduced for mMABs isolation.

Primary polyclonal population, derived from murine skeletal 
muscle culture under physiological O2 tension, can be cloned with-
out the support of any feeder layer, on Matrigel-coated 
plasticware.

3.2 CD56+ Cell 
Fraction Depletion by 
Magnetic Microbead 
Separation

3.3 Isolation, 
Propagation, and 
Freezing of MABs 
from Murine Skeletal 
Muscle (mMABs)
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Fig. 2 Depletion of CD56+ cells using magnetic beads. Scheme of the procedure used to separate mesoangio-
blasts from CD56+ satellite cells
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Isolated populations are subsequently screened for PW1/Peg3 
to select the ones with highest efficiency in differentiation (see 
Subheading 3.9). On top of physiological O2 tension, the use of 
Matrigel, which mimics an extracellular matrix-like microenviron-
ment, represents an additional strategy to improve culture condi-
tions during cloning steps.

Primary culture of murine skeletal muscle is initiated following 
the same procedures described for human skeletal muscle, (steps 
1–8), using D20 medium instead of M5.

After 5–7 days, proceed to dissociate the culture as follows:

 1. Remove D20 culture medium and carefully rinse twice with 
1 ml of CMF-PBS at room temperature, avoiding to touch 
either the tissue fragments or the surrounding cells.

 2. Remove PBS and add 2 ml of collagenase/Dispase solution 
(see recipe in Subheading 2.1) to each dish.

 3. Carefully remove cells first and then the tissue fragments by 
gentle pipetting and mild scraping using a pipettor.

 4. Transfer the cells and tissue suspension into 15-ml centrifuge 
tube.

 5. Repeat steps 2 and 3 three additional times.
 6. Add an additional 2 ml of collagenase/Dispase solution directly 

to centrifuge tube (the digestion of tissue fragments and cells 
is performed in a final volume of 10 ml for each dish).

 7. Incubate 15 min in a 37 °C water bath.
Flick and invert the tube three times during incubation, moni-
toring the dissociation of tissue.

 8. Stop the reaction by adding 3 ml FBS to the tube. Centrifuge 
at 188 × g for 15 min at room temperature.

 9. Discard supernatant and suspend the pellet in 300 μl of D20 
medium.

 10. Pipet up and down several times using a 1000-μl pipettor with 
filtered tips to disaggregate muscle fragments as much as pos-
sible. Let the larger debris sediment for few seconds and trans-
fer the upper mere homogeneous cell suspension in a new 
15-ml centrifuge tube.

 11. Count viable cells by trypan blue exclusion and proceed to 
cloning (see Note 16).

 12. Dilute cells in D20 medium to obtain 150 ml of each of the 
following concentrations:
1 cell/ml.
10 cells/ml.
20 cells/ml.
30 cells/ml.
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 13. For each cell concentration, plate 1 ml/well in three 48-well 
plates.

 14. Prepare a humidified chamber by placing the 48-well plates 
into a clean plastic box, along with two open 6-cm Petri dishes 
filled with sterile water. Cover the box with aluminum foil.

 15. Place the cultures in a 37 °C, 5 % CO2, 3 % O2, and 92 % 
humidified incubator for at least 1 week.

 16. After 1 week, carefully inspect the cultures with a microscope 
to distinguish the first clone. If clones appear in dishes plated 
with 1 cell/well, discard dishes plated at higher density.

 17. Add 200 μl D20 medium to each well.
 18. Passage the clones when the cells have covered at least 50 % of 

the well surface.
 19. At the time of first passage, carefully aspirate the medium and 

rinse each well with 1 ml of CMF-PBS at room temperature.
 20. Add 200 μl of 0.025 % trypsin/EDTA to each well. Incubate 

5–10 min at 37 °C, monitoring under microscope for com-
plete detachment of cells.

 21. Inactivate trypsin by adding 800 μl D20 medium down the 
growing surface of each well. Carefully collect all cells.

 22. Transfer cells and medium to a 15-ml centrifuge tube and cen-
trifuge 5 min at 188 × g, room temperature.

 23. Discard supernatant, suspend the pellet in 1 ml fresh D20 
medium, and plate in uncoated well of a 24-well plate (see 
Note 17).

 24. When 70–80 % confluent, proceed to trypsinization of estab-
lished mMABs and transfer to uncoated 25-cm2 flask.

 25. To propagate mMABs, aspirate and discard the medium and 
rinse with 2 ml of CMF-PBS for 25-cm2 flask (5 ml for 75-cm2 
flasks).

 26. Add 1 ml trypsin/EDTA to 25-cm2 flask (2 ml for 75-cm2 
flasks), and incubate 3–5 min at 37 °C. Check under a micro-
scope for complete detachment of cells.

 27. Collect the cells with 4 ml of D20 medium (8 ml for 75-cm2 
flasks).

 28. Centrifuge cells 5 min at 227 × g, room temperature. Discard 
supernatant.

 29. Suspend the pellet thoroughly in 6–10 ml of D20 medium and 
dispense 2-ml aliquots of cell suspension into each of three or 
five flasks (1:3 or 1:5 split, depending upon proliferation rate). 
Add D20 medium to reach a final volume of 5 ml for 25-cm2 
flasks (12 ml for 75-cm2 flasks). Drag the flasks with a cross 
movement on the incubator shelf, to ensure homogeneous dis-
tribution of cells. Incubate at 37 °C.
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Murine MABs are frozen according to the procedure 
described for human MABs, using D20 instead of M5 medium.

The morphology of mMABs after few passages in culture at 
the inverted phase contrast microscope is shown in Fig. 1B.

A general scheme on the procedures used for isolation and 
characterization of human and mouse MABs is shown in Fig. 3.

The protocols described in this unit lead to the isolation of MAB 
populations that, at early passage, express AP at a percentage usu-
ally ≥50 %.

In case of very low expression percentage (≤10 %), a FACS 
step can be introduced [30]. Notably, AP expression physiologi-
cally presents high variability and may decrease with passages dur-
ing in vitro propagation.

 1. Remove medium from Petri dishes, rinse the growing surface 
with 1 ml CMF-PBS.

 2. Fix with 1 ml of 4 % PFA 5 min at room temperature.
 3. Remove 4 % PFA and rinse with1 ml CMF-PBS.

Proceed immediately to alkaline phosphatase staining.
Fixed cultures may be stored up to 48 h at 4 °C. If stored, 

add 0.5 ml CMF-PBS to each dish and seal with Parafilm to 
avoid drying out and/or contamination.

 4. Remove CMF-PBS and add 1 ml of alkaline phosphatase stain-
ing solution to each dish.

 5. Incubate 2 h at room temperature in the dark.

3.4 AP Staining

Fig. 3 Schematic framework recapitulating the different steps used for isolation 
and characterization of human and mouse MABs
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 6. Examine cultures under inverted phase-contrast microscope 
for a brown cytoplasmic stain, whose intensity is roughly pro-
portional to the level of enzymatic activity.

Selected MAB populations can be tested for their capability to 
spontaneously differentiate into skeletal muscle on Matrigel-coated 
plastics.

 1. Plate 0.5–1 × 105 m MABS or 1–2 × 105 h MABs on Matrigel- 
coated dishes in 2 ml D20 or M5 medium, respectively.Slight 
adjustment in cell number/dish may be necessary, due to vari-
ability in cell proliferation rate and differentiation efficiency.

 2. Incubate overnight at 37 °C, 5 % CO2.
 3. Remove medium and rinse each dish with 1 ml CMF-PBS.
 4. Add 2 ml D2 differentiation medium to each dish.
 5. Incubate at least 1 week in at 37 °C, 5 % CO2.

At that time, first myotubes should be evident. A time period 
of 7–8 days is usually sufficient for mMAB differentiation, 
while 10–14 days may be necessary for hMABs.

 6. Remove medium from Petri dishes and carefully rinse the 
growing surface with 1 ml CMF-PBS.

 7. Fix with 1 ml of 4 % PFA, 5 min at room temperature.
Remove 4 % PFA and rinse with 1 ml CMF-PBS. Proceed 
immediately to immunofluorescence for the expression of sar-
comeric MyHC by MF20 antibody (Hybridoma Bank), or 
store up to 48 h at 4 °C.

 8. Calculate percentage of myogenic differentiation as the num-
ber of MAB cell nuclei (detected by DAPI) inside myosin posi-
tive cells or myotubes divided by the total MAB nuclei 
multiplied by 100. Examples of human and mouse MAB skel-
etal muscle differentiation are shown in Fig. 1C, D.

 1. Plate 5 × 104 cells/3.5-cm Petri dish in 2 ml of medium (D20 for 
murine, M5 medium for human cells). For each cell line to be 
tested, plate at least two dishes (one test and one control dish).

 2. Incubate overnight in a 37 °C, 5 % CO2 incubator.
 3. Remove medium and rinse each dish with 1 ml CMF-PBS.
 4. Add 1.5 ml D2 medium to each dish.
 5. Add 1.5 μl TGF-β1 stock solution to test dishes (5 ng/ml final 

concentration). No addition has to be made to control dishes.
 6. Each other day add 1.5 μl TGF-β1 stock solution to test dishes.
 7. Check cultures for smooth muscle differentiation, which 

should be complete after 7–8 days.

3.5 Skeletal Muscle 
Differentiation

3.6 Induction 
into Smooth Muscle 
by TGF- β1 Treatment
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 8. Remove medium from Petri dishes and carefully rinse the 
growing surface with 1 ml CMF-PBS.

 9. Fix with 1 ml of 4 % PFA 5 min at room temperature.
 10. Remove 4 % PFA and rinse with 1 ml CMF-PBS. Proceed imme-

diately to immunofluorescence, or store up to 48 h at 4 °C.
 11. Calculate percentage of smooth muscle differentiation as the 

number of MABs expressing a smooth muscle phenotype 
(detected by an antibody directed against smooth alpha actin) 
(Sigma cat. no. A2547) or calponin (Sigma cat.no. C2687) 
divided by total number of mesoangioblast nuclei multiplied 
by 100.

Examples of human and mouse MAB smooth muscle dif-
ferentiation are shown in Fig. 1E, F.

BMP2 treatment results in a strong increase of original alkaline 
phosphatase activity of MABs, which can be easily detected by AP 
staining (see Subheading 3.4).

Follow steps 1–4 described for Subheading 3.6.

 5. Add 15 μl BMP2 stock solution to each test dish (100 ng/ml 
final concentration).

No addition has to be made to control dishes.
 6. Each other day add 15 μl fresh BMP2 stock solution to test 

dishes.
 7. Assess the cultures for differentiation, which should be com-

plete after 7–8 days.
 8. Remove medium from Petri dishes, and carefully rinse the 

growing surface with 1 ml CMF-PBS.
 9. Fix with 1 ml of 4 % PFA 5 min at room temperature.
 10. Remove 4 % PFA and rinse with 1 ml CMF-PBS.

Proceed immediately to alkaline phosphatase staining (see 
Subheading 3.4) (see Note 18).

Examples of human and mouse MAB osteoblast differentia-
tion tested as AP staining are shown in Fig. 1G, H.

Follow steps 1–3 described for Subheading 3.6.
 4. Add 1.5 ml of adipogenic induction medium to each test dish.

Add 1.5 ml D2 medium to each control dish.
 5. Check cultures for differentiation after 6 to 7–10 days (see 

Note 19).
Examples of human and mouse MAB adipocyte differentia-

tion tested as Oil Red O staining are shown in Fig. 1I, J.

3.7 Induction 
of Osteoblast 
Differentiation 
by BMP2 Treatment

3.8 Induction 
of Adipocyte 
Differentiation
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Several processes crucial to cell fate determination, such as adhe-
sion, migration, spreading, and differentiation, have been dem-
onstrated to be deeply influenced not only by biochemical but 
also by physical and mechanical characteristics of surrounding 
microenvironment.

Among physical parameters, the impact of low oxygen on 
stemness, proliferation, and differentiation potential has been 
widely described for several cell type models [31–35]. As far as 
hMABs are concerned, physiological O2 tension has been proved 
to be essential for their isolation, proliferation, and preservation of 
chromosomal stability, which are crucial parameters for efficient 
and safe high-scale propagation in cell therapy. Figure 4 shows dif-
ferences in growth rate of hMABs grown at different conditions of 
O2 tension (Fig. 4A–C).

Regarding mechanical parameters, substrate stiffness has been 
indicated as a primary modulator for stem cell commitment, being 
capable of directing the differentiation of pluripotent and multipo-
tent stem cells [36–38]. It has been indeed shown how the use of 
gels with stiffness typical of normal muscle for myoblasts differen-
tiation leads to the formation of myotubes exhibiting highly 
defined sarcomeric organization [39, 40].

We tested the effect of commercially available elastic substrates 
on hMAB skeletal muscle differentiation. Specifically, we used a 
special kind of Petri dish (IBIDI), whose bottom presents a 
40-μm-thick polydimethylsiloxane layer. The layer confers stiffness 
very close to that of mammalian skeletal muscle (28 KPa, accord-
ing to Young’s Modulus) and, differently from most plastic for cell 
culture (approximately 300,000 times stiffer), may provide in vitro 
culture conditions closer to physiology. Figure 4 shows the 
 remarkable effect of this kind of substrate on hMAB orientation 
and differentiation (Fig. 4D–G).

As mentioned in the Abstract, we have recently identified a new 
marker of MABs, PW1/Peg3, whose expression is shared by all the 
MABs isolated so far, regardless of the species and the develop-
mental stages [27]. PW1/Peg3 expression strongly correlates with 
the two main MAB properties, their ability to differentiate in skel-
etal muscle and to cross the blood vessel wall (Fig. 5). Therefore, 
we are currently using PW1/Peg3 to screen and identify compe-
tent MABs before their use in cell therapy.

 1. Thaw all reagents on ice.
 2. Prepare the PCR mix; for a final reaction volume of 20 μl, pre-

pare 15 μl of premix for each sample. For each well/tube, cal-
culate to add the following components: 10 μl iTaq Universal 
or Sso Advanced SYBR Green Supermix (2×); 300 nM of each 
primer; water to 15 μl. Always consider an additional well to be 
used as no template control. Prepare the mix in excess.

3.9 Effect of Different 
O2 Tension 
and Substrate Stiffness 
on hMAB Growth 
and Differentiation

3.10 PW1/Peg3 
as a Screening 
Molecule to Identify 
the Best 
Mesoangioblast 
Populations

3.10.1 Real-Time PCR 
for Murine and Human 
PW1/ Peg3
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 3. Aliquot 15 μl of premix in each well. High precision while 
pipetting is necessary (see Note 20).

 4. Load each sample in triplicate. For each well, add 5 μl of 
diluted sample cDNA. Mix by pipetting up and down. High 
precision while pipetting is necessary (see Note 21).

Fig. 4 Effects of stiffness and oxygen levels on MAB cell cultures. (A) Example of 
a growth curve of hMABs in different oxygen conditions (5 %, 3 %, and atmo-
spheric oxygen levels); (B, C) appearance of hMABs when cultured at 5 % (B) or 
3 % (C) oxygen; (D–G) differentiation properties of hMABs when cultured on 
different substrates. (D, E) Immunofluorescence analysis for all sarcomeric myo-
sins (MyHC, in red) of hMABs differentiated on regular plastic (D) or on an elastic 
surface (stiffness 28 KPa) (E). (F, G) Phase-contrast images of hMABs differenti-
ated on regular plastic (F) or on a Matrigel substrate on elastic surface (G)
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 5. Close tubes/plate and load in the Real-Time PCR Thermal 
Cycler.

 6. Apply the following thermal protocols:
 (a)  For murine PW1: 98 °C, 30 s; (95 °C, 3 s; 54 °C 30 s) for 

40 cycles; melt curve (65–95 °C, 0.5 °C increments at 
2 s/step).

 (b)  For human Peg3: 98 °C, 30 s; (98 °C, 3 s; 60 °C 10 s; 
72 °C 15 s) for 40 cycles; melt curve (65–95 °C, 0.5 °C 
increments at 2 s/step).

 7. Normalize each sample to the housekeeping gene (GAPDH) 
and calculate expression levels using the comparative threshold 
cycle [41] method (see Note 22).

 1. Rapidly wash cells with PBS to eliminate cell culture medium 
excess.

 2. Fix cells with 4 % paraformaldehyde in PBS, for 10 min at 4 °C.
 3. Eliminate paraformaldehyde and wash three times with PBS 

(5 min each at RT).
 4. Permeabilize cells with precooled methanol at −20 °C for 

6 min.
 5. Block with blocking solution for 3 h at RT.

3.10.2 Immuno-
fluorescence for Murine 
PW1

Fig. 5 Scheme exemplifying the importance of PW1/Peg3 activity for both human and mouse MAB main prop-
erties: skeletal muscle differentiation and vessel transmigration
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 6. Incubate cells overnight at 4 °C with rabbit anti-mouse PW1 
primary antibody (1:3000) diluted in blocking solution (see 
Note 2).

 7. The day after, wash cells three times (15 min each at RT) with 
0.1 % BSA in PBS.

 8. Wash again in 5 % BSA in PBS for 15 min at RT.
 9. Incubate cells with secondary antibody (we use Jackson Laboratories 

Antibodies, 1:500), together with DAPI (1:500, Sigma) diluted 
in blocking solution for 2 h at RT (see Note 23).

 10. Rinse cells with 0.1 % BSA in PBS for three times (15 min each 
at RT).

 11. Rinse cells with 5 % BSA in PBS for 15 min at RT.
 12. Mount cells with fluorescence mounting medium and cover 

with a coverslip.
 13. Watch under fluorescence microscope (see Note 24).

 1. Proceed with protein extraction. Lyse samples in RIPA lysis 
buffer, scraping cells from the Petri dish and transferring the 
sample to a 1.5-ml tube. Let samples on ice for 30 min, 
 vortexing every 10 min. Centrifuge for 10 min at 12000 × g, 
4 °C. Transfer protein-enriched supernatant to a new tube.

 2. For every sample, load 30 μg of protein extracts along with 2× 
loading buffer (pre-boil samples for 5 min at 95 °C) on a 6 % 
acrylamide gel.

 3. Perform the run in running buffer, at constant voltage (100 V).
 4. Transfer the gel on nitrocellulose membrane using the iBlot 

Dry Blotting System (Life Technologies), for 10 min.
 5. Block the nitrocellulose membrane with 5 % skimmed milk, 

0.05 % Tween 20 in PBS for 1 h at RT on a rotating 
platform.

 6. Incubate overnight at 4 °C on a rotating platform, with rabbit 
anti-mouse PW1 primary antibody (1:10,000) diluted in 5 % 
skimmed milk, 0.05 % Tween 20 in PBS.

 7. The day after, wash four times (10 min each) with T-PBS at RT 
while shaking.

 8. Incubate with HRP-conjugated goat anti-rabbit secondary 
antibody (1:10,000) diluted in 5 % skimmed milk in T-PBS for 
45 min at RT while shaking.

 9. Repeat the washes as described in step 7.
 10. Incubate with ECL chemiluminescence reagents.
 11. Expose the membrane to an X-ray film and develop or acquire 

signal with the digital chemiluminescence imaging system (see 
Note 25).

3.10.3 Western Blot 
for Murine PW1
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4 Notes

 1. Both human and murine skeletal muscle fragments can be 
stored in D20 medium, at 4 °C, up to 24 h before being 
processed.

 2. A reliable antibody that recognizes human Peg3 is not avail-
able commercially. The one used for mouse PW1/Peg3 has 
been described in the following studies [27, 28]. This group 
has recently generated a monoclonal antibody for the human 
form of Peg3 as well. For further information, please contact 
Dr. Sassoon at david.a.sassoon@gmail.com.

 3. The use of a stereomicroscope may help for best selection in 
case of damaged tissue (especially for samples obtained from 
donors undergoing post-traumatic surgery). Try to identify 
portions of interstitial tissue containing small vessels. Remove 
as much adipose tissue as possible (since its presence may delay 
hMAB proliferation). Proceed with sharp and neat cuts (avoid 
any shearing/dissociation of the tissue, which may lower the 
yield of hMAB isolation).

 4. Due to small volume of medium used at early stages of culture 
initiation, it is critical to prevent its evaporation (since this will 
cause tissue suffering and cell death), setting a humidified 
chamber. This can be obtained by placing the dish containing 
the dissected fragments into a 15-cm Petri dish, along with an 
open Petri dish filled with sterile distilled water.

 5. Early phase of hMAB derivation requires a constant O2/CO2 
tension and humidity level. Therefore use a dedicated incuba-
tor or at least a rarely opened incubator.

 6. Gentle pipetting may help to detach the weakly adhering cells 
around the explants. Plate detached cells in uncoated Petri dish 
(same size of dish used for primary culture assembling). 
Incubate 1–3 days. At this point, the floating population of 
hMABs should be easily distinguishable. Transfer medium and 
floating cells to a new dish or 25-cm2 tissue culture flask. 
Discard the primary mixed population of adherent cells.

 7. hMABs cultured in vitro in M5 medium grow as floating cells 
when in duplicative phase. Consequently the floating fraction 
represents a stable and renewable source of uncommitted 
hMABs. When transferred to untreated plasticware, hMABs 
can adhere, but a floating/low-adhering fraction of dividing 
cells should always be present in healthy cultures, particularly 
in early stage populations. The recovery of an early floating/
low-adhering fraction is a crucial step for proper hMAB isola-
tion. The coating of plasticware is not necessary after primary 
culture step.
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 8. hMABs are very sensitive to trypsin. If cells are healthy, their 
detachment should be very quick and complete at room temp. 
The day after trypsinization, the floating population may be 
reduced. Normally, this fraction should start to expand again 
after 48 h.

 9. When MABs have been expanded to 25-cm2 tissue culture 
flasks (approximately 500,000 cells/flask), proceed to:

●● Karyotype analysis.
●● Phenotype analysis and eventual CD56+ cell fraction 

depletion.
●● PW1/Peg3 screening.
●● Freezing of early passage cells, for backup and further 

propagation.
 10. hMABs can be expanded up to 20 passages under 3 % O2 ten-

sion. At pre-senescence a strong reduction in the floating pop-
ulation of cells is observed, in addition to the presence of large, 
flat, or elongated, vacuolated cells. Late passage hMABs cell 
lines can be easily screened for the presence of senescent cells 
by assays based on histochemical stain for β-galactosidase activ-
ity at pH 6 (senescence histochemical staining kit, SIGMA cat. 
No. CS0030).

 11. At moment of freezing hMABs should be in active prolifera-
tion (a floating fraction should be evident), and adherent frac-
tion of cells should be at 70–80 % of confluence.

 12. Upon thawing, which has to be performed quickly in a 37 °C 
water bath, transfer the vial content into a 15-ml centrifuge 
tube containing 5 ml of pre-warmed M5 culture medium; cen-
trifuge 5 min at 227 × g, room temperature; discard superna-
tant to remove DMSO; and resuspend cells in M5 medium and 
plate.

 13. In order to obtain an efficient depletion, it is very important to 
obtain a single cell suspension. Pre-wet the cell strainer with 
2 ml of depletion buffer before use, to prevent the attachment 
of cells to the filter membrane.

 14. During the centrifugation of the sample, insert the LD column 
in the magnetic separator, and put the separator on its stand 
and a suitable collection tube under the column. All the deple-
tion procedure has to be performed under a flow hood.

 15. To increase purity, the procedure can be repeated with a new 
column, without any effect on cells viability.

 16. In parallel to cloning, a small aliquot (30 μl) of total cell sus-
pension should be plated in a single well of 48 Matrigel-coated 
multiwell to check for cell survival rate. It is recommendable to 
expand and freeze an aliquot of polyclonal mix for backup and 
further analysis.
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 17. From this step on, no Matrigel coating will be necessary, but 
particular attention will have to be paid to the density of cells. 
Until the third/fourth passage, cells must be grown at high 
density and must be split when confluent into progressively 
larger wells (from 48- to 24- to 12- to 6-well plates). This 
phase is the most critical for mesoangioblast derivation; in fact, 
many clones may differentiate or go to senescence and/or sta-
sis; if culture conditions are inadequate, all clones may be lost 
at this stage. The successful, continuously proliferating clones 
usually represent a small percentage of all subcultured clones 
(from 5 to 10 %). A clone can be considered “established” if 
cells proliferate at a regular rate (approximately 12 h doubling 
time) and maintain a typical morphology. Once established, all 
clones (or at least a significant number) need to be propagated 
and characterized (phenotype analysis, AP staining, PW1/
Peg3 screening).

 18. For a more rigorous test of osteoblast differentiation, in vitro 
formation of von Kossa positive, calcified nodules (Chaplin 
and Grace, 1975) should be characterized.

 19. Differentiation into adipocytes is morphologically easy to 
detect. It is characterized by the presence of gradually enlarg-
ing, translucent vacuoles in the cytoplasm of a percentage of 
cells (up to 60–70 %). The presence of lipid content in these 
vacuoles must be confirmed by appropriate staining (Oil Red 
O staining).

 20. To ensure maximal precision while pipetting the PCR mix and 
avoid bubble formation, we usually apply the repetitive pipet-
ting technique. This technique consists in overloading the tip 
while aspirating the mix, pressing the operating button to the 
second stop, and dispensing the mix by pressing the operating 
button to the first stop. When using this pipetting technique, a 
single tip can be used to aliquot the PCR mix in all the wells/
tubes used.

 21. Change tip for every well/tube loaded with samples. While 
dispensing cDNA, mix several times by pipetting up and down. 
To avoid bubble formation, mix and dispense samples pressing 
the operating button just to the first stop.

 22. It is always necessary to assess primers efficiency in the tem-
perature and condition used before proceeding with the 
analysis.

 23. To avoid the waste of antibody, delimit the immunofluores-
cence area with a liquid-blocker pen (we use PAP pen, Sigma). 
Use the pen to draw a hydrophobic circle around the area of 
interest. This will limit the amount of antibody to be used 
(typically 200 μl for 35-mm petri dishes).
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 24. The immunostaining for PW1 in murine MABs is clearly 
nuclear, with nucleolus exclusion.

 25. Typically, incubation with PW1 antibody results in a predomi-
nant, aspecific band around 100 kDa and a correct band 
around 250 kDa.
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Chapter 9

Fibro/Adipogenic Progenitors (FAPs): Isolation by FACS 
and Culture

Marcela Low, Christine Eisner, and Fabio Rossi

Abstract

Fibro/adipogenic progenitors (FAPs) are tissue-resident mesenchymal stromal cells (MSCs). Current 
literature supports a role for these cells in the homeostasis and repair of multiple tissues suggesting that 
FAPs may have extensive therapeutic potential in the treatment of numerous diseases. In this context, it is 
crucial to establish efficient and reproducible procedures to purify FAP populations from various tissues. 
Here, we describe a protocol for the isolation and cell culture of FAPs from murine skeletal muscle using 
fluorescence- activated cell sorting (FACS), which is particularly useful for experiments where high cell 
purity is an essential requirement. Identification, isolation, and cell culture of FAPs represent powerful 
tools that will help us to understand the role of these cells in different conditions and facilitate the develop-
ment of safe and effective new treatments for diseases.

Key words Fibro/adipogenic progenitors, FACS, Cell culture, Skeletal muscle, Mesenchymal stro-
mal cell

1 Introduction

Almost all postnatal tissues contain MSCs, which are normally qui-
escent but quickly respond to damage [1]. These cells, isolated from 
skeletal muscle by various research groups including ours, are capa-
ble of differentiating along the fibrogenic and adipogenic lineages in 
vitro and in vivo and have therefore been described as fibro/adipo-
genic progenitors (FAPs) [2, 3]. Furthermore, FAPs also can gener-
ate osteogenic lineage cells in a BMP-dependent manner [4]. While 
strong evidence exists supporting a role for FAPs in normal regen-
eration and tissue degeneration, the signals regulating their growth, 
survival, and differentiation remain largely unknown and under 
intense investigation. Due to their multipotency, FAPs have emerged 
as a potential therapeutic target for the treatment of reparative disor-
ders, such as adipocyte accumulation (fatty degeneration), ectopic 
bone formation, and fibrous tissue deposition. Traditionally, meth-
ods used to isolate muscle and non- muscle tissue-resident MSCs 
have resulted in heterogeneous  populations of cells, making it 
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difficult to untangle the phenotypic and functional relationships 
between different populations (see Note 1). In order to investigate 
the properties and therapeutic potential of these cells, it is crucial to 
establish efficient and reproducible protocols for isolation and cul-
ture of a homogeneous population of FAPs. Utilizing antibodies to 
cell-specific surface antigens and FACS, we are able to identify and 
isolate the various tissue-resident cell types including FAPs, which 
represent 2–3 % of the cells in skeletal muscle.

FACS is a standard technique for the purification of subpopu-
lations of cells. It allows separation of a heterogeneous sample into 
distinct groups of cells based on size, granularity, and fluorescence 
emission when using fluorophore-conjugated antibodies. The abil-
ity to differentiate between cells expressing different levels of spe-
cific antigens using FACS permits the isolation of highly pure and 
specific populations. Tissue-specific differences in antigen expres-
sion, target cell abundance, and extracellular matrix composition 
further complicate isolation and purification of FAPs by FACS and 
require protocol modifications. For this reason, tissue-specific pro-
tocols for the isolation of FAPs need to be established.

In this chapter we provide a detailed protocol for the isolation 
and culture of FAPs from skeletal muscle. FAPs were originally 
described based on the expression of the surface markers CD34, 
Sca1, and PDGFRα [2, 3]. In the following protocol, skeletal mus-
cle FAPs are identified as a population of CD45−/CD31−/α7 
integrin−/Sca1+ cells. It is important to remember that in other 
tissues, additional markers may be required for their purification. 
Cells expressing fibroblast markers (ER-TR7/FSP1/α-SMA), 
adipogenic markers (perilipin/Oil red), and osteogenic markers 
(alkaline phosphatase/Osterix) arise from individual multipotent 
progenitors contained within this population [2, 3].

FACS, coupled with cell culture, is a potent tool to evaluate 
FAP growth capabilities, differentiation properties, and response 
to environmental stimuli. Cell-based experiments such as drug 
screening and expansion for tissue transplant are crucial to estab-
lish a role for FAPs in regenerative medicine. In this work we offer 
guidelines and suggestions on how to reproducibly isolate and cul-
ture murine FAPs.

2 Materials

Mice (C57BL/6 J or equivalent strains). Note: All protocols 
involving the use of rodents must adhere to all relevant institu-
tional and governmental regulations.
Ice.
Ethanol.
Conical centrifuge tubes 15 ml (BD Falcon).
Conical centrifuge tubes 50 ml (BD Falcon).

2.1 Reagents

Marcela Low et al.
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Conical microcentrifuge tubes 1.5 ml (Eppendorf or equivalent).
Round bottom polypropylene tubes 5 ml (BD Falcon).
Round bottom polystyrene tubes 5 ml with cell strainer cap (BD 

Falcon).
Plastic Pasteur Pipettes.
Sterile surgical tools.
Sterile cell strainer 40 μm (Fisherbrand).
Fetal bovine serum (FBS) (HyClone).
Collagenase II (Sigma) 250 CDU/ml.
Collagenase D (Roche Biochemicals) 1.5 U/ml/Dispase II (Roche 

Biochemicals) 2.4 U/ml.
Phosphate-buffered saline (PBS).
FACS buffer (PBS, 2 % FBS, 2 mM EDTA pH 7.9).
Hoechst 33342 (Sigma).
Propidium iodide (PI) (Sigma).
FITC anti-mouse CD31 (eBioscience).
FITC anti-mouse CD45 (AbLab).
PECy7 anti-mouse Sca1 (eBioscience).
APC anti-mouse α7-integrin (AbLab).

Growth medium: Dulbecco’s modified eagle medium 
(DMEM) (Invitrogen), 10 % FBS, penicillin 10,000 U/ml, strep-
tomycin 10,000 μg/ml (Gibco), 2.5 ng/ml basic fibroblast growth 
factor (βFGF) (Invitrogen).

Cell culture dishes (Falcon).

FACS Aria IIu, equipped with three lasers (488, 405, and 633 nm) 
(Becton Dickinson).
Influx, equipped with five lasers (488, 561, 405, 640, and 355 nm) 

(Becton Dickinson).

Eppendorf benchtop centrifuge, model: 5417R.
Eppendorf benchtop centrifuge, model: 5810R.

Biosafety cabinet (class II type A/B3).
Incubator set to 37 °C, 5 % CO2.
Aspiration pump (vacuum pump).

3 Methods

The protocol is divided into two main sections: FAP isolation and 
cell culture. The first section is subdivided into tissue collection, 
enzymatic digestion, antibody staining, and cell sorting. Figure 1 
provides an overview of the experimental procedure.

2.2 Equipment

2.2.1 Cell Sorters

2.2.2 Centrifuges

2.2.3 Cell Culture

FAPs Isolation



182

All procedures are performed at room temperature unless oth-
erwise specified.

 1. Euthanize 7–12-week-old mice by CO2 inhalation or accord-
ing to approved institutional guidelines. A pair of tibialis ante-
rior (TA) muscles and/or a calf muscle from the same or an 
extra mouse is used to set up the unstained, single-color con-
trols and fluorescence-minus-one (FMO) control samples. 
Place mice on a paper towel, and spray coat liberally with 70 % 
(v/v) ethanol (see Note 2).

 2. Using forceps, lift the skin of the abdominal region with for-
ceps and make a small pelvic incision using sharp scissors.

 3. Grasping the skin on either side of the incision firmly, pull in 
opposite directions (cranial and caudal), to completely expose 
the hind limb muscles underneath.

 4. Dissect the muscle tissue away from the tibia and femur using 
blunt dissection and place in a six-well plate, using one well for 
every muscle group (two TA, two quadriceps, and one calf 
muscle per dish or well). Arrangement of the separate muscle 
groups is shown in Fig. 2a. If a large number of mice need to 
be processed, combine all muscle groups from each mouse in a 
60 mm petri dish instead of separating them to allow easier 
processing. Keep the muscles on ice until enzymatic digestion.

Throughout this section, use sterile reagents and tools and work 
under sterile conditions.

3.1 FAP Isolation 
(4–5 h)

3.1.1 Tissue Collection

3.1.2 Enzymatic 
Digestion

Fig. 1 Overview of FAP isolation from skeletal muscle. Skeletal muscle is isolated from adult mice and followed 
by sequential enzymatic digestions. Staining is then performed using fluorochrome-conjugated antibodies to 
label different populations, allowing isolation and culture of the desired FAP population

Marcela Low et al.
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 1. Using two sets of forceps (one serrated, one toothed), gently 
tear the tissue along the muscle fibers until the muscle is in 
small pieces (about 1 mm3) (Fig. 2b). All non-muscle tissue, 
including fat and tendons, should be removed at this time. 
Gentle handling at this stage is critical (see Note 3).

 2. Prepare the Collagenase II for the first digestion by adding 
10 μl of 250 mM CaCl2 per ml of Collagenase II. Add 0.5 ml 
of the activated Collagenase to each dish or well, containing 
two TAs, one calf, or two quadriceps. For pooled muscles in 
60mm petri dishes, use 2 ml of Collagenase II (see Note 4).

 3. Cover the well plate and incubate at 37 °C for 30 min (see 
Note 5).

 4. After incubation, use a 1 ml syringe plunger to thoroughly 
mash the tissue pieces. Use one plunger for each sample to 
avoid contamination (see Note 6).

 5. Add ~3 ml sterile ice-cold PBS to each dish or well and transfer 
the tissue sludge into a 15 ml conical tube, rinsing the dish as 
necessary to recover all the tissue. For pooled samples, use a 50 
ml conical tube and increase the volume of PBS used in the 
wash steps accordingly. Keep the tubes on ice.

 6. Top the tubes with PBS to 10–15 ml and centrifuge at 130 × g 
for 5 min at 4 °C.

 7. While the muscle is spinning, prepare the enzyme solution for 
the second digestion by adding 10 μl of 250 mM CaCl2 per 
1 ml of Collagenase D/Dispase II.

 8. Discard the supernatant and add 0.5 ml of the activated 
Collagenase D/Dispase II solution to each tube. Add 1 ml of 
enzyme to pooled samples

 9. Incubate the tubes with rotation at 37 °C for 1 h. Vortexing the 
tubes every 15 min is highly recommended to help keep the 
sample homogenous and aid in proper enzymatic digestion.

Fig. 2 Organization of the group of muscles after dissection. Muscles, once dis-
sected, should be kept on ice in individual groups. Panel (a) shows the separate 
muscle groups collected from a single mouse and kept in a six-well plate on ice. 
Panel (b) shows the same muscles after being gently torn into smaller muscle 
fibers prior to the first enzymatic digestion

FAPs Isolation



184

 10. Add ~5–10 ml cold FACS buffer and triturate using Pasteur 
pipettes. For pooled samples, increase the volume of PBS to 
20–30 ml/tube

 11. Put the tubes on ice and filter the suspension through a 40 μm 
cell strainer placed on top of a 50 ml conical tube.

 12. Top each of the tubes with FACS buffer to 40–50 ml then 
centrifuge at 515 × g for 5 min at 4 °C.

 13. Discard the supernatant. If the pellet is large, an additional 
wash step is recommended before proceeding to staining. The 
cells are now ready for antibody staining.

 1. To generate compensation and gating controls, resuspend the 
control sample in 1 ml of FACS buffer and aliquot 100 μl per 
tube into nine pre-labeled 1.5 ml microcentrifuge tubes. 
Controls should include an unstained sample, a single-color 
staining control each (five total) for Hoechst, PI, FITC, PeCy7, 
and APC and three “fluorescence minus one” (FMO) controls 
for FITC, PeCy7, and APC.

 2. Add antibodies to the appropriate tubes, mix well, and incu-
bate cells on ice in the dark for 30 min.

 3. For the main sample, prepare the antibody cocktail at predeter-
mined concentrations; CD31-FITC 1:500, CD45-FITC 1:1000, 
Sca1-PeCy7 1:5000, and α7 integrin-APC 1:1500 (see Note 7).

 4. At this stage, cells from the individual muscle groups of each mouse 
can be consolidated if desirable (i.e., combine TAs, calves, and 
quadriceps of each mouse or genotype in one tube). Resuspend the 
main samples in 100–200 μl of the antibody cocktail/2TA (volume 
dependent on cell number to obtain optimal antibody concentra-
tion), e.g., five mice (TA, 1 ml; TA + calves, 2–3 ml). Staining of the 
main sample can be performed in the 50 ml conical tube.

 5. Mix well and incubate on ice in the dark for 30 min.
 6. Wash: Add 500 μl of FACS buffer to each of the nine control 

tubes; add 20–30 ml of FACS buffer to the main sample.
 7. Centrifuge the Eppendorf tubes at 850 × g for 5 min 

4 °C. Centrifuge the 50 ml sample tube at 515 × g for 5 min 4 °C.
 8. Discard supernatant and resuspend cells in FACS buffer 

(0.5 ml for each of the controls, 1–3 ml for the main sample, 
depending on the size of the pellet). Stain with a viability dye 
such as PI (1:1000) and/or Hoechst (1:500) (see Note 8).

 9. Filter cells through a 40 μm cell strainer cap into 5 ml polypro-
pylene round bottom collection tubes to remove cell clumps 
and debris (see Note 9). For maximum cell yield, it is best to 
proceed immediately to cell sorting.

 1. Set up the cell sorter according to the manufacturer’s instruc-
tions, using the unstained sample to ensure the voltage settings 
are correct. Single-color and FMO controls should be used to 

3.1.3 Antibody Cell 
Staining

3.1.4 Sorting

Marcela Low et al.
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ensure that the population of interest is visible in all channels 
and to set the compensation values (see Note 10). Gating strat-
egies can vary, but generally, we select first for live cells and 
for lineage negative cells (CD45/CD31-) and finally for α7 
integrin-/Sca1+ cells to identify FAPs (see Note 11). Figure 3 
shows an example of the gating strategy used to identify FAPs 
using the markers outlined above.

 2. Sort cells into 2 ml of collection buffer (FAP growth medium) 
in pre-cooled 5 ml polystyrene round bottom tubes (see Note 
12). Whole muscle (two TAs, two calves, two quadriceps) from 
a single mouse usually yields approximately 70,000–10,000 
FAPs (see Note 13). The viability of the sorted cells is generally 
well above 95 % when reanalyzed by FACS (see Note 14).

All the steps described in this section should be performed in ster-
ile conditions:

 1. Immediately after sorting, centrifuge the cells at 515 × g for 
5–10 min at 4 °C.

 2. Working within a biosafety cabinet, open the tube and aspirate 
the supernatant carefully. Leaving some collection buffer 
(~100–200 μl) is recommended to avoid aspirating pelleted 
cells, as small cell pellets may not be clearly visible.

 3. Resuspend the cell pellet in 1–3 ml of FAP growth media. The 
volume of growth media used will depend on the size of the 
cell pellet and expected cell number.

 4. Plate cells at a density of 10,000 cells per cm2 in non-treated 
culture dishes (see Note 15).

 5. Cells should be maintained in an incubator kept at standard 
growth conditions of 37 °C and 5 % CO2.

3.2 Cell Culture

Fig. 3 Gating strategy for isolate FAPs from skeletal muscle by FACS. The sequential gating strategy used to 
isolate FAPs from a heterogeneous skeletal muscle preparation. (a) General gating using FSC (linear scale) and 
SSC (logarithmic scale) to discard debris and identify the primary cell population (P1). (b) Hoechst vs CD31/CD45 
selects for lineage, (CD31−/CD45–), live (Hoechst+) cells. (c) Sca1 vs α7-integrin gating allows distinction 
between α7-integrin+ muscle progenitors and the Sca1+ FAPs

FAPs Isolation
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 6. After 72 h in culture, most FAPs should have adhered to the 
plate and adopted a spindle shape with short projections 
(Fig. 4). A small amount of floating debris and/or dead cells is 
considered normal and should be removed by changing the 
growth media.

 7. Cells can continue to be cultured with FAP growth media 
under standard conditions until the desired confluence is 
reached. Media should be changed every 48 h to maintain 
growth of the FAPs (see Note 16). Alternatively, for differen-
tiation assays, media can be changed to differentiation media as 
previously described [2–4].

Proper identification of FAPs is a crucial step for understanding the 
biology and physiological functions of this cell population and per-
mits multiple downstream applications including cell culture, trans-
plantation, gene expression, and single cell analysis. Establishing a 
universal protocol for the isolation and culture of FAPs is essential 
to standardize experiments and aid in the interpretation of results 
obtained by various research groups.

The protocol described here provides guidelines for obtaining 
a highly pure population of FAPs using FACS. Additionally, the 
high viability of the cells makes this protocol suitable for cell cul-
ture and further downstream applications. It should be noted how-
ever that this method does not yield absolute purity. In most cases 
it is prudent to assume that up to 1 % of the cells may be contami-
nants that could selectively expand in specific culture conditions.

4 Notes

 1. Traditionally the isolation of these cells relied on their plastic- 
adherent properties, because of their low frequency in tissue and 
the lack of specific surface markers. However there are several limi-

3.3 Conclusions

Fig. 4 Bright field images of FAPs in culture. FAPs isolated from adult mice at 
72 h in culture. The cells were cultured in growth medium to promote cell growth 
and survival. Note the elongated cell processes and small cell body characteris-
tic of FAPs in culture, (a) 100 μm and (b) 50 μm
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tations to isolating mouse MSCs by plastic adherence. Cells isolated 
in this way can contain contaminating hematopoietic cells, and to 
avoid contamination several passage steps, repeated medium 
changes and prolonged culture times (several weeks) are required, 
which often modify the properties of MSCs. These in vitro-induced 
changes have made it difficult to uncover the in vivo identity, physi-
ological function, and biological properties of mouse MSCs. The 
development of more efficient isolation methods such as those 
based on combinations of surface markers and FACS, yielding a 
near-homogeneous cell population of multipotent MSCs, is able to 
overcome these limitations. Due to its sensitivity and quantitative 
precision, FACS is particularly advantageous over other available 
methods when a cell population needs to be purified based on a 
weakly expressed surface marker or when two or more populations 
need to be purified which have different levels of expression of the 
same surface marker.

 2. 70,000–100,000 cells can be isolated from the whole hind 
limb muscle of 7–12-week-old mice. Certain factors can affect 
the cell yield including the age of the animal, genetic muta-
tions, and muscle damage. To obtain the maximum number of 
FAPs possible, we suggest damaging the TA muscle using car-
diotoxin or notexin and collecting tissue on day 3 after damage 
when FAPs peak in the damaged tissue [5].

 3. While it is important to mechanically liberate cells from the 
starting tissue, care must be taken to avoid excessive tearing as 
this will dramatically reduce cell viability and final yield.

 4. Each muscle group should be individually enzymatically digested 
and washed (ideally using a six-well plate). Pooling the muscle 
groups together necessitates additional wash steps and results in 
increased debris and lower viable cell yield. However, when pro-
cessing several mice, pooling muscle groups is the preferred 
option. Pooling the mucle groups reduces processing time and 
therefore results in increased viable cell yield.

 5. Depending on the source and batch of enzyme, enzymatic activity 
may vary and affect digestion times. We suggest each lab test their 
batch of enzyme to optimize the digestion. Conditions that affect 
muscle stiffness/fibrosis such as age or genetic mutations may 
also affect the amount of time required for digestion and will 
require individual optimization. Muscle is considered properly 
digested by Collagenase II when the fibers easily dissociate. The 
first enzymatic digestion only partly digests the muscle; pieces of 
tissue that are not fully dissociated are normal.

 6. If you cannot immediately proceed to mechanical dissociation 
using the syringe plunger, place the muscle digest on ice to 
slow enzymatic activity and avoid over-digestion.

 7. Selecting the appropriate antibody combination and deter-
mining the optimal antibody concentration prior to starting 
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multicolor flow cytometry is a critical step. Fluorophore com-
binations should be chosen to minimize spectral overlap and 
to enhance signal from weak or low abundance antigens. Each 
antibody should be titrated prior to use to determine the opti-
mal concentration to use. Using the wrong concentration of 
antibody can result in nonspecific staining and/or poor reso-
lution of the desired populations.

 8. The exclusion of dead cells is a key part of the protocol, as cel-
lular debris can interfere with subsequent culture and growth 
of FAPs. Typical dyes used to distinguish between dead and 
live cells are Hoechst (identifying nucleated cells, which helps 
excluding debris) and propidium iodide (PI) (identifying dead 
cells). Double labeling with Hoechst and PI is ideal if it does 
not interfere with other fluorochromes.

 9. Clumps in the sample induced by reagents and procedures 
used throughout the protocol can clog the nozzle in the cell 
sorter and affect cell yield. Thus, filtering the stained sample 
should be the last step before cells are sorted and is critical to 
obtain a good yield.

 10. The process of setting up a flow cytometer, including setting 
cross channel compensation values, varies depending on the 
model and needs to be performed by appropriately trained per-
sonnel. For sterile sorts, sterilize the instrument according to 
the manufacturer’s instructions.

 11. The gating strategy for the protocol described here is as fol-
lows: (a) FSC vs SSC gate to discriminate between cells and 
debris, (b) FITC vs Hoechst to identify live cells and linage 
negative (Lin−) population (CD31- and CD45-), and (c) APC 
vs PeCy7 to discriminate between muscle progenitors 
(α7-integrin+) and FAPs (Sca1+).

 12. The collection medium can vary depending on the down-
stream application. For cell culture, growth medium works 
well. However, for genomic DNA extraction or RNA extrac-
tion, PBS+10 % FBS is preferable.

 13. Cell viability and yield can be compromised during the sorting 
process and can later affect the quality of the cell culture. 
Recovery of the cells can be increased collecting sorted cells in 
serum-rich media and inverting collection tubes during the 
process. Keep the cells on ice and seed them as soon as possible 
after the sorting help to improve the cell viability.

 14. Performing a post-sort analysis on the sorted cells helps to 
determine their purity and viability. The final cell yield when 
sorting is highly influenced by the time taken to process the 
sample. A proper balance between the number of mice pro-
cessed, and the time required for processing/sorting, is crucial 
in obtaining highly pure and viable cell populations.
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 15. To enhance cell viability and efficiency of expansion, cells 
should be plated at the recommended density or higher. 
Plating FAPs at a lower density can negatively affect cell viabil-
ity and expansion in culture. FAPs may be plated on specially 
coated plates for specialized assays or applications as required.

 16. In general, passaging FAPs is not recommended, as it is associ-
ated with loss of multipotency. However, if absolutely required, 
FAPs can be passaged 1–2 times at confluence of ≤70 % and still 
maintain the ability to differentiate along multiple lineages.
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Chapter 10

Single Cell Gene Expression Profiling of Skeletal  
Muscle- Derived Cells

Sole Gatto, Pier Lorenzo Puri, and Barbora Malecova

Abstract

Single cell gene expression profiling is a fundamental tool for studying the heterogeneity of a cell popula-
tion by addressing the phenotypic and functional characteristics of each cell. Technological advances that 
have coupled microfluidic technologies with high-throughput quantitative RT-PCR analyses have enabled 
detailed analyses of single cells in various biological contexts. In this chapter, we describe the procedure for 
isolating the skeletal muscle interstitial cells termed Fibro-Adipogenic Progenitors (FAPs) and their gene 
expression profiling at the single cell level. Moreover, we accompany our bench protocol with bioinformat-
ics analysis designed to process raw data as well as to visualize single cell gene expression data. Single cell 
gene expression profiling is therefore a useful tool in the investigation of FAPs heterogeneity and their 
contribution to muscle homeostasis.

Key words Fibro-Adipogenic Progenitors (FAPs), Muscle regeneration, Single cell gene expression, 
Fluorescence Activated Cell Sorting (FACS), Flow cytometry, Data analysis, Fluidigm® technology, 
Principal component analysis, Hierarchical clustering heatmap, Violin plots, Bar plots

1 Introduction

Evaluation of gene expression in cells has been crucial information 
that molecular biologists have pursued in the last 50 years. Major 
technical advances in the area of next-generation sequencing have 
allowed for high-throughput, unbiased, genome-wide analysis of 
gene expression. While these technologies helped to overcome the 
obstacles of analyzing more than one gene at the time, they are 
unable to address the more fundamental and technically challeng-
ing question that is how different are cells from each other. What 
we could observe until recently was gene expression from bulk 
population, that is the average expression profile from a pool of 
cells. Technological advances that have coupled microfluidic tech-
nologies with high-throughput quantitative RT-qPCR (Real-Time 
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supplementary material, which is available to authorized users.
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quantitative Polymerase Chain Reaction) analyses (and next- 
generation sequencing, not covered in this chapter) have revolu-
tionized the way we can describe cell populations. Using current 
state-of-the art technologies, specifically Fluidigm®, we can learn 
single cell-specific gene expression profiles. This knowledge will 
allow us to untangle the most heterogeneous cell populations into 
cell-specific gene expression profiles and maybe have a more 
detailed and plastic definition of the function of those cells.

Fibro-adipogenic progenitors (FAPs) are a population of skel-
etal muscle interstitial cells whose contribution during muscle 
regeneration is greatly influenced by the microenvironment. In a 
healthy muscle, FAPs support skeletal muscle regeneration by 
releasing pro-myogenic trophic factors [1–4]. However, in patho-
logical conditions, FAPs are the major drivers of fibrotic scarring 
and intramuscular fatty infiltration [1, 5–9].

On account of the functional heterogeneity and plasticity of 
FAPs in response to surrounding signals [10–13], the assessment 
of FAPs behavior by studying the bulk population may mask their 
distinct functions. Therefore, single cell gene expression profiling 
is a powerful tool to resolve FAPs functional heterogeneity, allow-
ing the study of each single cell as a distinct biological entity.

In this chapter, we describe in detail single cell RT-qPCR anal-
ysis of FAPs. Briefly, FAPs are first isolated from murine skeletal 
hind-limb muscles by fluorescence-activated cell sorting (FACS) 
based on expression of cell surface markers CD34 and Sca1, and 
absence of CD45, Ter119, CD31, and Itga7 (alpha7 Integrin) 
(modified protocol from[14, 15]). Afterward, Fluidigm® auto-
mated microfluidic system is used to rapidly and reliably isolate 
single cells, extract RNA, synthesize cDNA, and perform multiple 
qPCRs on each isolated single cell. The generated dataset contains 
the expression levels of 96 genes for the 96 cells. Primary data 
analysis and visualization are then performed combining Fluidigm® 
RT-PCR analysis software and custom analysis in R.

2 Materials

In this section, we list the specific materials, reagents, laboratory 
equipment, instruments, and software required for conducting the 
single cell gene expression analysis starting from mouse muscle dis-
section and single cell isolation with FACS. Single cell capture and 
cDNA synthesis is performed with Fluidigm® C1 Single-Cell Auto 
Prep system and single cell RT-qPCR is run on Fluidigm® BioMark 
system. Standard lab equipment, such as 1.5 ml tubes, conical cen-
trifuge 15 and 50 ml tubes, 0.2–1000 μl pipettes, tips, pipettor, 
serological pipettes are needed, but not specifically listed here.
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 1. FACS buffer: HBSS (Hank’s Balanced Salt Solution) contain-
ing 0.2 % (w/v) BSA and 10 Units/ml Penicillin + 10 μg/ml 
Streptomycin. Filter sterile using 0.22 μm bench-top filter 
units. (see Note 1).

 2. Digestion Solution: Under sterile conditions prepare 4 ml 
Digestion buffer for one mouse (muscles from two hind- 
limbs), containing 2 mg/ml Collagenase A, 2.4 U/ml Dispase 
I and 10 μg/ml DNase I (Roche) in FACS buffer: in the tissue 
culture cabinet mix 3.2 ml FACS buffer with 0.4 ml 20 mg/ml 
Collagenase A, 0.4 ml 24 U/ml Dispase I and 4 μl 10 mg/ml 
DNAse I. (see Note2).

 3. Parafilm.
 4. Tweezers.
 5. Scissors.
 6. 70 % Ethanol.
 7. 100 mm petri dish.
 8. 35 mm petri dish.
 9. 100 μm cell strainer.
 10. 40 μm cell strainer.
 11. 0.22 μm bench top filter units for large volumes over 50 ml.
 12. 0.22 μm filters with syringes for small volumes up to 50 ml.
 13. Centrifuge with a cooling system for 15–50 ml conical tubes.
 14. Water bath set to 37 °C.
 15. Cell culture sterile cabinet (hood).

 1. FACS buffer (see Subheading 2.1).
 1. Propidium Iodide (Sigma) (see Note3).
 2. Goat serum, sterile.
 3. Anti-CD31-PacificBlue conjugated antibody (RM5228, Life 

Technologies).
 4. Anti-CD45-eFluor450 (Pacific Blue replacement) conjugated 

antibody (clone 30-F11, eBioscience).
 5. Anti-Ter119-eFluor450 (Pacific Blue replacement) conjugated 

antibody (clone TER-119, eBioscience).
 6. Anti-Sca1-FITC (Fluorescein isothiocyanate) conjugated anti-

body (clone E13–161.7, BD Pharmingen).
 7. Anti-CD34 conjugated with Alexa Fluor® 647 conjugated 

antibody (clone RAM34, BD Pharmingen).
 8. Anti-α7integrin-PE (Itga7, R-Phycoerythrin) conjugated anti-

body (clone R2F2, AbLab).
 9. 5 ml Polystyrene round-bottom tubes (FACS tubes).

2.1 Muscle Isolation 
and Homogenization 
into Mononuclear Cell 
Suspension

2.2 Fluorescence 
Activated Cell Sorting 
(FACS)-Assisted 
Purification of FAPs

Single Cell Profiling of Muscle Cells
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 10. 5 ml round-bottom tubes with cell strainer cap.
 11. Hemocytometer.
 12. Centrifuge with a cooling system for 15–50 ml conical tubes.
 13. Centrifuge with a cooling system for 1.5 ml tubes.
 14. Cell culture cabinet (hood).
 15. Flow Cytometry analyzer (e.g., FACSAria—BD Biosciences).

 1. Pre-PCR sterile cabinet.
 2. Post-PCR sterile cabinet.
 3. C1 System (Fluidigm, cat. #100-7000).
 4. C1 System User Guide (Fluidigm, protocol #100–4977).
 5. Confocal microscope (see Note 4).
 6. PCR plates and Thermal Seals.
 7. Eight channels multichannel pipette 0.5–10 μl.
 8. C1 Single-Cell Auto Prep Array for Pre-Amp (10–17 μm) (cat. 

#100-5479)—Integrated Fluidic Circuit (IFC).
 9. DELTAgene assays (100 μM F+R primers) (Fluidigm®) (see 

Note 5).
 10. C1 Single-Cell Auto Prep Module 1 and Module 2 kits 

(Fluidigm, cat. #100–5319).
 11. Single Cell-to-CT Kit (Life Technologies, cat. #4458237).
 12. Live/Dead Viability/Cytotoxicity Kit, for mammalian cells 

(Life Technologies, cat. #L-3224) (optional).

 1. Pre-PCR sterile cabinet.
 2. Post-PCR sterile cabinet.
 3. BioMark HD system (see Fluidigm® Real-Time PCR User 

Guide (#68000088)).
 4. Fluidigm® IFC Controler (see Fluidigm® Real-Time PCR User 

Guide (#68000088)).
 5. multichannel pipette 0.5–10 μl (eight channels).
 6. Dynamic Arrays for Gene Expression (we have used 96 × 96 

Dynamic Array, Fluidigm, cat. #BMK-M-96.96, for 96 
genes × 96 assays) (see Note 6).

 7. GE 96.96 Dynamic Array DNA Binding Dye Sample and Assay 
Loading Reagent Kit—ten chips (Fluidigm, cat. #100-3415).

 8. 96.96 Control Line Fluid (Fluidigm, cat. #89000021).
 9. 2×Sso Fast EvaGreen SuperMix with Low ROX (Bio-Rad 

Laboratories, cat. #172-5211).
 10. DELTAgene assays (100 μM Forward + Reverse primers) 

(Fluidigm) (see Note 5).

2.3 C1-Assisted 
Single Cell Capture, 
RNA Isolation 
and cDNA Preparation

2.4 BioMark 
Real-Time PCR 
on Single Cell C1 
Harvested cDNA
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 11. 1× DNA Suspension Buffer: 10 mM TRIS–HCl pH 8.0, 
0.1 mM EDTA pH 8.0, 0.2 μm sterile-filtered.

 12. Refrigerated benchtop centrifuge with plate adaptors (see 
Note7).

 1. FACSDiva software (only on a Windows environment—
http://www.bdbiosciences.com/us/instruments/research/
software/flow-cytometry-acquisition/bd-facsdiva-software/
m/111112?cc=US).

 2. FlowJo software (available for Windows and Mac http://
www.flowjo.com/download-flowjo/).

 3. Fluidigm® BioMark HD Data Collection Software (only on a 
Windows environment—Fluidigm, User Guide: 100–2451).

 4. Fluidigm® BioMark RT PCR analysis software (only on a 
Windows environment—http://207.218.201.42/home/flu-
idigm/downloads/BioMark.zip).

 5. R (runs on Linux, Mac and Windows—http://cran.r-project.
org).

3 Methods

In this section, we describe in detail the experimental procedures 
for FAPs single cell-qPCR analysis from FAPs isolation (modified 
protocol from [14]) to data analysis.

Isolation of primary cells requires working in a clean and desig-
nated laboratory space, preferably in the tissue culture sterile cabi-
net. Sterilize the tools—scissors and forceps—in 70 % ethanol, and 
allow them to dry on a clean tissue (see Note 8).

 1. Anesthetize mice with isoflurane and sacrifice by cervical dislo-
cation. Spray skin of the mouse with 70 % ethanol. Cut the skin 
around the abdomen and pull the skin down exposing the 
hind- limb muscles. Cut the legs off the body, avoid cutting 
through the quadriceps, and place in the 100 mm petri dish 
with ice cold FACS buffer (Fig. 1a). Remove unwanted fat and 
muscle tissue, exposing Tibialis Anterior (TA), Quadriceps and 
Gastrocnemius (Fig. 1b). Excise hind-limb muscles Tibialis 
Anterior, Quadriceps, and Gastrocnemius from the bones and 
place in a clean 35 mm petri dish (Fig. 1c).

 2. Mechanically mince muscles to an almost homogeneous con-
sistency using forceps and scissors for about 5–10 min. At this 
stage the remaining muscle pieces should be about 1 mm3 in 
size, or smaller (Fig.1d, e).

2.5 Software

3.1 Muscle Isolation 
and Homogenization 
into Mononuclear Cell 
Suspension

Single Cell Profiling of Muscle Cells
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 3. Transfer muscle slurry with forceps into a 15 ml conical tube 
containing 4 ml Digestion solution (Fig. 1e) (see Subheading 
2.1 for recipe). Close the tube tightly, seal the cap with parafilm, 
and incubate for 40–90 min at 37 °C with gentle horizontal 
rocking (about 1 rpm/s) (see Note 9). During digestion the 
extracellular matrix of muscle tissue is disrupted and single 
mononucleated cells are released. Digestion solution contains 
Collagenase A (protease that degrades the triple-helical native 
collagen fibrils) and Dispase I (protease that cleaves fibronectin 
and type IV collagen). It is critical to monitor the level of tissue 
digestion regularly. As soon as the solution becomes homoge-
neous and small pieces of muscles appear to have been effi-
ciently digested (compare Fig. 1e, f), stop the reaction by 
placing the tube on ice, and proceed to the next step immedi-
ately. From now on, always keep cells on ice.

Fig. 1 Muscle isolation. (a) Hind-limbs isolated from mouse. (b) Exposed Gastrocnemius, Tibialis Anterior, and 
Quadriceps. (c) Isolated and excised muscles Gastrocnemius, Tibialis Anterior, and Quadriceps. (d) Mechanical 
mincing of muscles. (e) Minced muscles in the Digestion Solution at the beginning of the enzymatic digestion. 
(f) Digested muscles at the end of enzymatic digestion
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 4. In a sterile cell culture cabinet, add 10 ml ice cold FACS buffer 
(see Subheading 2.1 for recipe) to the digested muscle homog-
enate and pipette up-and-down five times. Filter the cell suspen-
sion through 100 μm cell strainer placed on the top of 50 ml 
conical tube, collect flow-through containing cells in the 50 ml 
tube. Wash the 15 ml tube, where muscles were digested, with 
10 ml cold FACS buffer and pass through the filter on the top 
of 50 ml tube. Repeat one more time. The final volume of cells 
in FACS buffer in 50 ml tube is about 35 ml (see Note 10).

 5. Centrifuge cells at 300 × g for 5 min at 4 °C. Discard superna-
tant by careful decantation.

 6. Repeat step 4 using 40 μm cell strainer.
 7. After centrifugation decant the supernatant carefully. 

Remaining liquid with cells will be about 300–500 μl. Adjust 
to 555 μl total volume with FACS buffer (55 μl of cells will be 
used for flow cytometry controls—see Subheading 3.2, final 
sample volume will be 500 μl), resuspend cells pipetting gently 
up-and- down and transfer cell suspension to a sterile 1.5 ml 
tube (see Note 11).

 8. Block unspecific cellular surface protein affinity by adding 
13.9 μl of goat serum per 555 μl cell suspension (final concen-
tration 2.5 %) and incubate 5 min on ice.

 1. When establishing a Flow Cytometry protocol, it is important 
to set up single color controls (SCC) and Fluorescence Minus 
One (FMO) controls for each fluorophore to confirm the 
specificity of the antibodies and for the proper interpretation of 
flow cytometry data. Prepare eleven 15 ml FACS control tubes 
(see Table 1).

 2. Stain remaining cells in 1.5 ml tube (from now on called “sam-
ple” to distinguish it from the controls) in 500 μl suspension 
with primary antibodies. Add 10 μl anti-CD31, 10 μl anti-
CD45, 10 μl anti-Ter119, 10 μl anti-Sca1, 20 μl anti- CD34, 
and 1 μl anti-Itga7. Do not add Propidium iodide yet (see 
Note 12).

 3. Incubate controls on ice for 30 min, and the sample at 4 °C on 
a rotator for 30 min. Keep in the dark.

 4. Add 4 ml FACS buffer to each control tube to wash cells. 
Transfer sample to a 15 ml tube and add 14 ml FACS buffer. 
Gently mix by inversion. Centrifuge cells at 300 × g for 5 min 
at 4 °C. Decant the supernatants carefully leaving small amount 
of residual buffer. Adjust sample to 500 μl total  volume with 
FACS buffer and pipette gently up-and-down (do not adjust 
controls). Resuspend the cell pellets in the controls by gentle 
vortexing for 5 s. Keep all tubes on ice. The controls are now 
ready to be analyzed by FACS.

3.2 Fluorescence 
Activated Cell Sorting 
(FACS)-Assisted 
Purification of FAPs

Single Cell Profiling of Muscle Cells
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 5. Add 1 μl of Propidium iodide to the sample. Dead cells in the 
sample will stain with Propidium iodide and will be eliminated 
by flow cytometry analysis. Filter the sample through the cell 
strainer cap containing round-bottom tube to eliminate cell 
aggregation. There is no need to filter the SSC and FMO con-
trols. The sample is now ready to be analyzed by FACS (see 
Note 3).

 6. We typically use the FACSAria instrument for sorting, and we 
analyze the data using the FACSDiva software (Fig. 2).

 7. Analyze no color control and SCC controls to set the gates for 
FACS populations.

 8. Analyze FMO controls to ensure that the combination of 
remaining fluorophores in each FMO control does not lead to 

Table 1 
Pipetting scheme for tubes containing single color controls (SCC) and FMO controls

Tubes Cells + FACS buffer Antibodies/propidium iodide

1. no staining 
control

5 μl of cells, 95 μl of 
FACS buffer

SCC 2. Propidium iodide 
(see Note3)

5 μl of cells, 95 μl of 
FACS buffer

1 μl Propidium iodide

3. Pacific Blue 5 μl of cells, 95 μl of 
FACS buffer

2 μl of each anti-CD45, anti-Ter119 and 
anti- CD31 antibody

4. FITC 5 μl of cells, 95 μl of 
FACS buffer

2 μl of anti-Sca1 antibody.

5. Alexa Fluor® 647 5 μl of cells, 95 μl of 
FACS buffer

4 μl of anti-CD34 antibody.

6. PE 5 μl of cells, 495 μl of 
FACS buffer

1 μl of anti-Itga7 antibody.

FMO 7. Pacific Blue 5 μl of cells, 495 μl of 
FACS buffer

10 μl anti-Sca1, 20 μl anti-CD34 and 1 μl 
anti- Itga7 antibodies, 1 μl Propidium iodide

8. FITC 5 μl of cells, 495 μl of 
FACS buffer

10 μl anti-CD31, 10 μl anti-CD45, 10 μl 
anti- Ter119, 20 μl anti-CD34 and 1 μl 
anti-Itga7 antibodies, 1 μl Propidium iodide

9. Alexa Fluor® 647 5 μl of cells, 495 μl of 
FACS buffer

10 μl anti-CD31, 10 μl anti-CD45, 10 μl 
anti- Ter119, 10 μl anti-Sca1, 20 μl and 1 μl 
anti-Itga7 antibodies, 1 μl Propidium iodide

10. PE 5 μl of cells, 495 μl of 
FACS buffer

10 μl anti-CD31, 10 μl anti-CD45, 10 μl 
anti- Ter119, 10 μl anti-Sca1, 20 μl anti-
CD34 antibodies, 1 μl Propidium iodide

11.  Propidium 
iodide (see 
Note3)

5 μl of cells, 495 μl of 
FACS buffer

10 μl anti-CD31, 10 μl anti-CD45, 10 μl 
anti- Ter119, 10 μl anti-Sca1, 20 μl anti-
CD34 and 1 μl anti-Itga7 antibodies.
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an emission with the wavelength of the absent fluorophore 
tested (compensation).

 9. Analyze the sample. Here, cell granularity (side scatter, SSC), 
dimension (forward scatter, FSC), and Propidium iodide stain-
ing is used to enclose in the gate events corresponding to live 
cells (Fig. 2a–d). Collect FAPs as events corresponding to cells 
that are negative for CD45, Ter119, CD31 and a7-int, and 
positive for CD34 and Sca1 (Fig. 2e–g), in 5 ml FACS tubes 
containing 300 μl FACS buffer.

 10. After the FACS-based isolation of FAPs, centrifuge FAPs at 
300 × g for 5 min at 4 °C. Resuspend cells at the concentration 
of about 5 × 105/ml, based on the flow cytometry events count 
for FAPs. FAPs concentration should be at the range 
2.5–5 × 105/ml for optimal loading onto a C1 IFC in the next 
step. Double check the cell concentration by counting isolated 
FAPs cell using hemocytometer.

For isolation of single cell RNA and its reverse transcription to 
cDNA, we use C1 Single-Cell Auto Prep System developed by 
Fluidigm. The C1 system uses microfluidic technology to isolate 
up to 96 single cells on an Integrated Fluidic Circuit (IFC) solid 
surface. Cells are then sequentially lysed, RNA is isolated, and gene 
target-specific pre-amplified cDNA is synthesized. This system is 

3.3 C1-assisted 
Single Cell Capture, 
RNA Isolation 
and cDNA Preparation

Fig. 2 Representative flow cytometry data to illustrate the gating strategy for FACS-based purification of FAPs: 
Mononucleated (SSC and FCS plots) and live (Propidium iodide negative) cells were further selected as nega-
tive for Lineage markers CD45, Ter119, CD31 (Pacific Blue and Fluor450 (Lin-)) and negative for alpha7integrin 
(PE) (a7int-), while positive for CD34 (CD34+, Alexa Fluor® 647) and Sca1 (Sca1+, FITC) markers. Thus, FAPs 
cell population is gated as Lin-/a7int-/CD34+/Sca1+. SSC = side scatter, FSC = forward scatter
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highly efficient and involves minimal manipulation of the isolated 
single cells. However, the fact that the C1 instrumentation can 
only run one chip at the time, and that the single cell cDNA prepa-
ration process lasts for about 8 h, limits throughput to one C1 run 
per day. This limitation is particularly important since each C1 IFC 
chip has to be loaded with live cells and therefore only one biologi-
cal sample per day can be processed. We balance this drawback by 
combining samples from different C1 runs on the same 96.96 
Dynamic Array when performing RT-PCR on the BioMark sys-
tem. We consider this step very important to control for biological 
sample variations due to processing in different days and for tech-
nical variations among individual BioMark runs.

In our experimental setting, after isolating FAPs with FACS 
sorting, we followed the detailed protocol “Using C1 to Capture 
Cells from Cell Culture and Perform Preamplification Using Delta 
Gene Assays” for cell isolation and cDNA synthesis (proto-
col#100–4904 from Fluidigm). FAPs are on average about 
12–13 μm in diameter; therefore, we determined that 10–17 μm 
C1 IFC size is optimal for capturing live FAPs.

Briefly, after priming the C1 IFC chip, cells are loaded and 
stained for Live/Dead cytotoxicity and viability assay. Fluidigm® 
guidelines recommend cell concentration to be 2.5 × 105/ml. We 
have observed high capture efficiencies when starting with an ini-
tial suspension of FAPs at concentration 5 × 105/ml in FACS buf-
fer. Live/Dead cytotoxicity and viability kit used with C1 Auto 
Prep System is based on fluorescent detection of calcein (labeling 
live cells) and Ethidium homodimer (labeling dead cells). In our 
experimental setting FAPs are labeled with FITC (anti-Sca1 FITC- 
conjugated antibody) and Alexa Fluor® 647 (anti-CD34 Alexa 
Fluor® 647-conjugated antibody). FITC and calcein have similar 
excitation and emission spectra profile; therefore, it is not possible 
to distinguish between FITC-labeled and calcein-labeled cells. 
Ethidium homodimer enters dead cells with damaged membranes 
and produces a bright red fluorescence upon interaction with DNA 
with excitation at 517 nm and emission peak at 617 nm. Alexa 
Fluor 647 is excited at 650 nm and emits at 668 nm. Since the 
excitation spectra for Alexa Fluor® 647 and Ethidium homodimer 
are different, it is possible to use these settings to monitor dead 
Alexa Fluor® 647-labeled FAPs (CD34) by confocal microscopy 
using Ethidium homodimer-based detection. In conclusion, in our 
setting, we cannot discriminate for the “live” signal, but we can 
reliably detect cells marked by Ethidium homodimer as “dead.” 
Nevertheless, in our experience, we do not exclude a priori the 
cells marked as “dead.” These cells usually pass all our quality con-
trols and show a gene expression profile comparable to live cells. 
This could probably be due to the resilient nature of the FAPs and, 
even if the membrane is damaged enough to allow access to the 
dye, it does not interfere with the RNA quality (see Note 4).
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Inspection of captured cells on the C1 IFC under the confocal 
microscope is a crucial quality control step. We carefully distin-
guish the situation in which a single cell is captured from the one 
in which there is no cell or more than one cell captured. These situ-
ations will be used to label cells for the purpose of the data analysis 
(see Note 13). After this step, Lysis mix, Reverse Transcription 
mix, and PreAmp mix (containing the DELTAgene Assays—prim-
ers) are loaded onto the chip (see Note 14).

After the C1 run is finished, cDNA has to be harvested in a 
96-well plate containing 25 μl/well of C1 DNA dilution reagent 
(see Note 15).

At this point we store the cDNA plate at −20 °C.

For real-time PCR analysis of cDNA prepared from single FAPs 
cells we have used Fast Gene Expression Analysis Using EvaGreen® 
on the BioMark HD System analyzing 96 cells with 96 gene-spe-
cific assays. The user guide for Fluidigm® Real-Time PCR is 
detailed and regularly updated (#68000088). Here, we will 
describe our observations and tips. Briefly, the 96.96 BioMark 
Dynamic Array exploits a microfluidic technology to perform 
RT-PCR on cDNA from up to 96 single cells with 96 different 
gene assays. This technique allows the evaluation of the transcrip-
tion level of 96 genes in the same cells for 96 cells at the same time.

The Fluidigm protocol suggests an optional exonuclease I 
treatment of C1 harvested cDNA to eliminate unincorporated 
primers. We skip this step, since we have not observed an interfer-
ence of unincorporated primers from the cDNA pre-amplification 
step with the gene-specific qPCR reactions on BioMark. When set-
ting up the first run we prepared control tubes according to 
BioMark user guide, from bulk cell population of FAPs as well as 
from muscle Satellite cells, to control for the amplification quality 
and melting curves of genes typically expressed in FAPs and 
Satellite cells or in both. Based on the control tubes we select the 
correct amplicon melting temperature (Tm) range for each gene 
analyzed in BioMark, and save these settings for all BioMark runs 
(see also Subheading 3.5.1 Quality control with BioMark RT-PCR 
analysis software). We combine in one BioMark run cDNA from 
two or three C1 experiments, to control for the technical variations 
between BioMark plates (that are usually minimal) and for  technical 
variations among C1 runs. Moreover, we typically run a mixture of 
cDNA prepared from several single cells, as our standard positive 
control for each BioMark PCR run.

The aim of this section is to focus on describing the single cell gene 
expression analysis performed on FAPs in our experience, rather 
than offering an exhaustive overview of all the available methods 
for data analysis or visualization.

The general workflow describing how to get from the raw 
qPCR run data to a matrix containing gene expression values for 

3.4 BioMark 
Real-Time PCR 
on Single Cell C1 
Harvested cDNA

3.5 Data Analysis
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each cell from all the experiments performed is illustrated in Fig. 3. 
In the first part of the analysis, we perform quality control of the 
run using the Fluidigm® RT-PCR analysis software and export the 
file with the Ct (cycle threshold) for each assay (green box). Then, 
for the primary analysis, we upload our data in R, transform the 
data into a matrix, filter the failed assays and the outlier cells, cal-
culate expression levels, and pool all data. The ultimate goal of the 
single cell primary data analysis is to have gene expression values 
that can be compared across cells and samples. Single-cell data is 
typically represented as expression level higher than Limit of 
Detection (LoD) on a log scale (Log2Ex).

Log2Ex=LoD Ct- Assay Ct; Log2Ex=0 if Assay 
Ct > LoD Ct.

Here, Log2Ex represents transcript level above background 
expressed in log base 2 [16]. The LoD is the highest Ct accepted 
for the gene to be considered expressed.

Once the BioMark qPCR run is completed, the first round of qual-
ity control can be performed using the BioMark RT-PCR analysis 
software (see Fluidigm® Real-Time PCR User Guide (#68000088)). 

3.5.1 Quality Control 
with BioMark RT-PCR 
Analysis Software

Fig. 3 Analysis workflow of single cell gene expression data from FAPs
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The sample plate and detector (primer) plate have to be loaded in 
the software to label the data. The plates contain the 96 cells iden-
tifiers and the 96 genes identifiers in the order in which they have 
been loaded on the BioMark chip. It is important to name the 
single cells in a unique way to be able to assign them to the right 
biological samples and eliminate the control cells, without too 
much manipulation and with standardization of the procedure (see 
Note 13).

A visual inspection of the heatmap in the BioMark RT-PCR 
analysis software will help to evaluate the overall quality of the run 
(Fig. 4). Moreover, it is easy to monitor how the positive and nega-
tive controls performed by looking at their expression pattern  
(* and ** in Fig. 4 mark, respectively, negative and positive con-
trols). When running single-cell qPCR in FAPs with DELTAgene 
assays for the first time, we suggest adding also cDNA prepared 
from bulk cell populations from both FAPs and satellite cells (or 
any other cell population, the “tube control”). This will allow all 
primer sets to be tested, including those amplifying genes known 
to be expressed or not in FAPs (i.e., positive: Ly6a (Sca1); nega-
tive: Pecam1 (CD31) and Itga7). As in a standard qPCR, melting 
curves have to be visually inspected for each gene and the melting 
temperature threshold information (Tm range) has to be manually 
set by the user based on the test run. When saving the detector 
plate to be used for the following runs the Tm range is saved along 
with it. This will ensure that the information is saved for future 
runs, keeping the range standard among several BioMark qPCR 
experiments. This is particularly important as each set of biological 

Fig. 4 Two examples of the heatmap representation of a BioMark run from the Fluidigm RT-PCR analysis soft-
ware. The two plates have been run with the same samples at different times. (a) The overall high Ct of all the 
cells with all primers in this run shows that the quality of this run was very low. (b) Example of a good run. 
* marks negative controls, ** positive controls
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samples will be analyzed on more than one BioMark array (to com-
bine several C1 runs on one BioMark run), but the data from all 
the BioMark runs will have to be ultimately analyzed all together. 
It is important to note that at this stage many cell-primer couples 
with valid Ct values (threshold cycle lower than 999, that generally 
marks failed runs or no expression) could be marked as “Failed” in 
the results table if their melting curve does not fit the defined Tm 
range. This is important for the subsequent steps of the analysis, 
since the values from failed PCRs will be manually set to 999 and 
the gene will be considered as not expressed in the given cell.

Data can be saved and exported from the Fluidigm® Real-Time 
PCR Analysis Software as a csv file (comma separated value) con-
taining the Ct for each gene in each cell in a table format (Fig. 5 
and sample data—Plate 1.csv, Plate 2.csv, Plate 3.csv).

In order to perform the primary data analysis Fluidigm® offers the 
SiNGuLAR™ Analysis Toolset (the latest version of the complete 
manual for the software can be found here: https://www.fluidigm.
com/binaries/content/documents/fluidigm/resources/singular- 
analysis- toolset-v3.0-100-5066/singular-analysis-toolset-
 v3.0-100-5066/fluidigm:file). This software is built on R [17] and 
enables simple primary data analyses. However, data analysis can be 
done in R in a customized way, with the advantage of designing 
the analysis to be more comprehensive and tailored to specific 
experimental needs. In the following example data analysis work-
flow, we will describe the steps to run in R to obtain a comprehen-
sive data matrix of Log2Ex values starting from the csv tables 
obtained from the Real-Time PCR Analysis Software (in this exam-
ple, “Plate1.csv”). The example data is from FAPs single cell gene 
expression data in three different mice (Samples A, B, C) run on 
three different BioMark Arrays (Plates 1–3). For convenience, all 

3.5.2 Primary Data 
Analysis with R

Fig. 5 Header of the result table from the BioMark Real-Time PCR Analysis Software (csv file)
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the functions listed below can be collected in a single file (i.e., 
“SingleCellAnalysis. R”) and loaded in R as a source file:

> source("/Users/SCGE/SingleCellAnalysis.R")

Doing so will allow the user to directly use the functions with-
out having to explicitly run them every time. (Refer to “source” 
function in R documentation).

First, set the working directory in R workspace:

> setwd(“/Users/SCGE”)

Now the csv file can be uploaded in R. First, load the function 
GetDataFromCsv, which allows uploading x as a data.frame in R 
workspace:

> GetDataFromCsv=function(x)
 {
 col=c("WellID","SampleName","SampleType","Samp
leConc","GeneName","GeneType","CtValue","CtQua
l","CtCall","CtTreshold","TmInRange","TmOutRan
ge","TmPeakRatio","Comments")
 return(read.csv(x, skip=12, header=FALSE, col.
names=col))
 }

In “GetDataFromCsv” function “x” is the csv table from the 
Fluidigm® RT PCR Analysis Software (See supplementary Table 
“Plate1.csv”). To upload the file in the R workspace as an object 
with a data.frame structure, with the file in the working directory, 
run the function:

> MyPlate1=GetDataFromCsv("Plate1.csv")

Once the dataset is loaded, the data marked as failed by Fluidigm® 
RT PCR Analysis Software (column “CtCall”) having numeric Ct 
values different from 999 (column “CtValue”) needs to be changed 
to 999. This process will generate a “genes by cells” matrix contain-
ing all the Ct values, including those from reactions that failed the 
quality control of the PCR product and are set to 999 (see Tm range 
above). We believe that in these cases where the quality control 
failed, there is a high probability that the given gene is not expressed 
in that cell and the produced melting curve is an artifact.

> RemoveFail=function(x,y,z)
 {
 l = nrow(x)
 tableFail=x
 for(i in 1:l)
  {
   if(x[i,9]=="Fail")
   {
   tableFail[i,7]=999
}
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}
 if (z=="ON")
  {
	write.table(tableFail,file=paste(y,"_fail-
Removed.csv",sep=""), sep=",", dec=".", 
quote=FALSE, row.names=F)
}
 return(tableFail)
}

In “RemoveFail” function “x” is the data frame object 
uploaded in R with GetDataFromCsv function, “y” is the name of 
the file that will be saved with the suffix: “_failRemoved.csv” and 
“z” can be “ON” or “OFF,” depending on if the user wants to 
save (ON) or not (OFF) the final csv file. Running this function 
returns an object with data.frame structure:

> MyPlate1NoFail=RemoveFail(MyPlate1,"MyPla
te1_NoFail","ON")

The next step includes the transformation of the data frame 
into a matrix and the calculation of Log2Ex values. LoD (Limit of 
Detection) is used to convert Ct values to Log2 values (Log2Ex), 
which represent expression levels above background. For BioMark 
System the recommended LoD value is 24, as suggested by Livak 
and colleagues [16]. To run this function it is required to upload 
the reshape package (http://had.co.nz/reshape/). Reshape is an 
R package for flexibly restructuring and aggregating data. It can be 
installed following this command:

> install.packages("reshape")

Then load the CalcLog2Ex function:

> CalcLog2Ex=function(x,y,z,w)
 {
 require(reshape) #loads the library when the 
function is executed
 dt=x[,c("SampleName","GeneName","CtValue")]
 mtable=cast(dt, SampleName ~ GeneName)
 if (z=="ON")
 {
	write.table(mtable,file=paste(y,"_fail-
Removed_matrix.csv",sep=""),	sep=",",	dec=".",	
quote=FALSE, row.names=F)
}
 log2Ex=data.frame(mtable[,-1], row.
names=mtable[,1])
 LOD=w
 r = nrow(log2Ex)
 c = ncol(log2Ex)
 for(i in 1:r)
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 {
  for(j in 1:c)
  {
   if(LOD-log2Ex[i,j]>0)
   {
    log2Ex[i,j]=LOD-log2Ex[i,j] 
#log2Ex=LoD Ct-Ct
}
   else
   {
    log2Ex[i,j]=0 #log2Ex=0 if Ct 
> LoD
}
}
}
 if (z=="ON")
 {
	write.table(log2Ex,file=paste(y,"_log2Ex_
matrix.csv",sep=""), sep=",", dec=".", 
quote=FALSE, row.names=T)
}
 return(log2Ex)
}

In “CalcLog2Ex” function “x” is the data frame object from 
RemoveFail, “y” is the name of the two files that will be saved with 
the suffixes: “_failRemoved_matrix.csv” and “_log2Ex_matrix.
csv,” “z” is ON or OFF, depending on if the user wants to save 
(ON) or not (OFF) the final files, and “w” is the number indicat-
ing the LOD (Limit of Detection). Running this function will 
return an object with data.frame structure:

> MyMatrix1=CalcLog2Ex(MyPlate1NoFail,"MyMatri
x1","ON",24)

The “CalcLog2Ex” function creates a data.frame shaped as a 
matrix with genes as columns, cells as rows, and Log2Ex values at 
the intersections. For each plate we need to be able to eliminate 
outlier cells that might show a drastically different gene expression 
average profile compared with the other cells. The function “make-
Boxplot” uses the Log2Ex matrix to make boxplots.

> makeBoxplot=function(x,y)
{
 require(reshape)
 mlog2Ex=melt(as.matrix(x))
 colnames(mlog2Ex)=c("SampleName","GeneName","L
og2Ex")
 mlog2Exss=subset(mlog2Ex, mlog2Ex[,3] >0)
 mlog2Exss$TYPE < with(mlog2Exss, 
reorder(SampleName,-Log2Ex, median))
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	jpeg(file=paste(y,"_log2Ex_boxplots.
png",sep=""), quality=100, width=2000, 
height=700,pointsize = 18)
 mar.orig <− par()$mar # save the original val-
ues
 par(mar = c(10,4,4,4)) # set new values
 boxplot(Log2Ex ~ TYPE, data=mlog2Exss, las 
= 2, col="blue",ylab="Expression(Log2Ex)", 
varwidth=T,	main="Outlier	identification")
 par(mar = mar.orig) # put the original values 
back
 dev.off()
}

In this case “x” is the matrix from CalcLog2Ex, “y” is the 
name of the file that will be saved with the suffix: “_log2Ex_box-
plots.png.” This function does not return an object but it saves the 
boxplot image in the working directory (Fig. W).

> makeBoxplot(MyMatrix1,"MyMatrix1")

This function will create the boxplot in Fig.6 using the data 
from Plate1. Representing the data as boxplots is useful since it 
helps to identify cells behaving as outliers. In the example in Fig. 6 
we can immediately spot the cells that will have to be excluded by 
the analysis, being the ones expressing few or no genes (All “nocell” 
samples and 1-SampleA-89) and having the median lower than 
average (i.e., 1-positive-14).

Once the matrix is created, before proceeding to further analysis 
we need to eliminate the outlier cells. For the analysis of FAPs we 
eliminate cells that do not express Ly6a (Sca1, that is the FAPs 
marker) or that express Pecam1 (CD31, endothelial marker) or 
Itga7 (satellite cells marker) during this step. At this point having 
“no cell” controls, i.e., cDNA synthetized from a spot in the C1 IFC 
chip where there was no cell captured, is important to be able to 
detect “faulty” gene assays that may produce false-positive signals.

Fig. 6 Example of gene expression boxplots from the example Plate1, representing the gene expression distri-
bution in each cell
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We disregard “no cell” controls and other “faulty” cDNAs, i.e., 
the ones coming from C1 capture sites having two cells captured, 
identified during the visual inspection of C1 IFC after cell capture. 
To do this, we extract from the matrix only cells we previously 
labeled as “Sample” (that are the spots on the IFC C1 where only 
one cell was captured during the visual inspection, see Note 13):

> MyMatrixSamples1=MyMatrix1 
[c(grep("SampleA", rownames(MyMatrix1)),grep("
SampleB", rownames(MyMatrix1)),grep("SampleC", 
rownames(MyMatrix1))),]

We also eliminate outlier samples identified from the boxplot 
inspection:

> MyMatrixSamples1= MyMatrixSamples1[grep("1-
SampleA-89", rownames(MyMatrixSamples1)),]

Then filter matrix for control genes expression: Ly6a=Gene32 
(FAPs marker); Pecam1=Gene11 (endothelial marker); 
Itga7=Gene19 (satellite cells marker):

> MyMatrixClean1=MyMatrixSamples1
[MyMatrixSamples1[,"Gene32"]!=0& 
MyMatrixSamples1[,"Gene11"]<=0& MyMatrixSample
s1[,"Gene19"]<=0,-97]

At this point, we will have a matrix for each BioMark run plate 
looking as follows:

> head(MyMatrixClean1)
   Gene1Gene10Gene11Gene12Gene13Gene14
1-SampleA-04   7.551524  8.651576  08.990779  
7.650140  0.000000
1-SampleA-22   4.490049  7.492508  08.320329  
0.000000  0.000000
1-SampleA-36   8.811958  6.963579  09.085393  
0.000000  0.000000
1-SampleA-42   0.000000  6.768611  07.267674  
0.000000  0.000000
1-SampleA-48   0.000000  7.279961  07.651894  
0.000000  7.625663
1-SampleA-52   8.871920  7.298877  08.186965  
6.244493  0.000000

To proceed to secondary analysis, process each of three files 
(Supplementary Tables Plate1.csv, Plate2.csv, Plate3.csv) the same 
way (and eliminate cell “3-SampleA-86” from the Plate3 to have 
the same results shown in the next steps of the analysis). Join the 
matrices from each plate using rbind (making sure that the column 
names are the same and in the same order):

AllData=rbind(MyMatrixClean1, MyMatrixClean2, 
MyMatrixClean3)
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The secondary data analysis for single cell gene expression is very 
much data-driven since it is contingent to the particular experi-
mental setting and tailored to answer to specific biological ques-
tions. Here, we will describe four basic visualization tools that can 
provide users with useful information about data quality, sample 
homogeneity, and gene expression profiles: PCA, heatmap, bar 
plots, and violin plots (see Note 16).

First, labeling of samples and plates has to be specified in 
R. Two vectors of the size of the data frame row count have to be 
created (basically one label each cell), one with the sample names 
(Sample A, Sample B, etc.) and the other with the plate identifiers 
(Plate 1, Plate 2, etc.). These vectors will be used as labels for the 
single cells in the data representation and the order has to respect 
the same order as in the matrix:

> Plate=c(rep("Plate1",65), rep("Plate2",67), 
rep( "Plate3",71))

> Sample=vector(length=nrow(AllData))

With the “rep” function we repeat the label as many times as 
there are cells in that plate (Refer to “rep” function in R documenta-
tion). We can use this command to count how many cells are, for 
example, in plate 1 (Refer to “grep” function in R documentation):

> length(grep("1-",rownames(AllData)))

At this point, we can attach the label to the matrix (see Note 17).

> AllDataLabeled=cbind(AllData,Plate,Sample)

“grep” function returns a vector of the indices of the elements 
of the object AllData that yielded a match:

> SampleA=grep("SampleA",rownames(AllData))
> SampleB=grep("SampleB",rownames(AllData))
> SampleC=grep("SampleC",rownames(AllData))

In the Sample column we write the sample identity according 
to the row name (cell name):

> for(i in 1:nrow(AllDataLabeled)){
 if(i %in% SampleA){
  AllDataLabeled[i,"Sample"]="SampleA"
 }
 if(i %in% SampleB){
  AllDataLabeled[i,"Sample"]="SampleB"
 }
 if(i %in% SampleC){
  AllDataLabeled[i,"Sample"]="SampleC"
}
}

This way the last two columns of the file will contain the spe-
cific label for each cell.

3.5.3 Introduction 
to Data Visualization with R
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Now we can save the plate in our working folder:

write.table(AllDataLabeled,file="AllDataLabel
ed.csv", sep=",", dec=".", quote=FALSE, row.
names=T)

The PCA is a statistical procedure that transforms the set of values 
from related variables (i.e., individual expression of 96 genes in 
single cells) into a set of unrelated variables. The highest variance 
in the data is represented in the first components of the data. 
Plotting the first two (or three) components will position the 
 individual cells in the space in relation to each other on the basis of 
the similarity between their gene expression profiles. In order to 
plot a PCA we will need to download the “ggbiplot” package:

> install.packages("devtools")
> library(devtools)
>	install_github("vqv/ggbiplot")
and then load it in the workspace:
> library(ggbiplot)

(see Note 18).
Now we can run the PCA analysis eliminating all columns that 

sum up to 0 (we use the file with no labels for that):

> pcaAll=prcomp(AllData[,colSums(AllData)!=0],
scale. = TRUE)

(see Note 19).
Using the analysis just performed we can now plot our bidi-

mensional PCA plot with ggbiplot, where the cells are represented 
as dots. Each dot will be colored according to the Plate column 
(i.e., red for Plate 1, blue for Plate 2, green for Plate 3).

>	pdf("Results_PCA_loadings_byPlate.pdf",	
width = 8, height=6)
> g <- ggbiplot(pcaAll, obs.scale = 1, var.
scale = 1, groups=as.character(AllDataLabeled$
Plate), var.axes=F)
>	g	<-	g	+	scale_colour_manual(values	
=	c("red","blue","green"))	+scale_fill_
manual(values = c("red","blue","green"))
> g <- g + theme(legend.direction = 'horizon-
tal', legend.position = 'top')
> print(g)
> dev.off()

The same plot can be done coloring the cells (dots) according 
to the Sample column (i.e., white for Sample A, gray for Sample B, 
black for Sample C).

Principal Component 
Analysis (PCA)

Single Cell Profiling of Muscle Cells
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>	pdf("Results_PCA_loadings_bySample.pdf",	
width = 8, height=6)
> g <- ggbiplot(pcaAll, obs.scale = 1, var.
scale = 1, groups=as.character(AllDataLabeled$
Sample), var.axes=F)
>	g	<-	g	+	scale_colour_manual(values	=	
c("white","grey50","black"))	+scale_fill_
manual(values = c("white","grey50","black"))
> g <- g + theme(legend.direction = 'horizon-
tal', legend.position = 'top')
> print(g)
> dev.off()

The resulting pdf files visualizing PCA on our data set will be 
saved in the working directory (Fig. 7a, b). The most interesting 
information we can extrapolate by looking at these graphs is that 
the cells will not cluster according to the BioMark run plates. 
Instead, the cells show a tendency to aggregate according to their 
sample nature. This is the expected result of such analysis, showing 
that there is no plate-related bias influencing the biological infor-
mation and showing that there is no need for data normalization.

Heatmaps are a popular way of large datasets visualization. The 
hierarchical clustering shows how cells cluster together according 
to their gene expression profile, and the heatmap visualization 
allows the association of gene expression profiling to cell clusters 
(Fig. 8). We start creating a vector with the colors we want to use 
for the plates and the samples:

> PlateCol=c(rep("Blue",65), rep("Red",67), 
rep("Green",71))

Heatmap with Hierarchical 
Clustering

Fig. 7 Example of Principal Component Analysis (PCA) visualization of single cell gene expression. (a) Cells are 
colored according to the BioMark Array (plate) their gene expression was tested on. (b) Cells are colored 
according to the biological sample they belong to

Sole Gatto et al.
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> SampleCol=c(rep("Grey95",55), 
rep("Grey50",75), rep("Black",73))

We install the gplots package and load it in the workspace:

> install.packages("gplots")
> library("gplots")

We create the heatmap with a colored column on top labeling 
with the proper color each cell and save it as a jpg file in the work-
ing directory:

>	jpeg("Heatmap_ColorByPlate.jpg",	width=3000,	
height=1500, quality=100, pointsize = 18)
> heatmap.2(t(as.matrix(AllDataLabeled[order(A
llDataLabeled$Plate),-c(ncol(AllDataLabeled),n
col(AllDataLabeled)-1)])), trace="none", col=g
reenred(10),ColSideColors=PlateCol).
> dev.off()

Fig. 8 Example of evaluation of single cell gene expression using heatmap with 
hierarchical clustering. Colored bars on the right side label the identity of each 
cell in terms of biological sample or BioMark Array (plate) run

Single Cell Profiling of Muscle Cells
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Note that we sort the data according to the Plate column to 
allow a perfect match with the color vector uploaded before 
(PlateCol).

We do the same to add a colored column for the samples:

>	jpeg("Heatmap_ColorBySample.jpg",	
width=3000, height=1500, quality=100, point-
size = 18)
> heatmap.2(t(as.matrix(AllDataLabeled[order(A
llDataLabeled$Sample),-c(ncol(AllDataLabeled),
ncol(AllDataLabeled)-1)])), trace="none", col=
greenred(10),ColSideColors=SampleCol)
> dev.off()

Figure 8 shows the heatmap resulting from these commands, 
highlighting again that the cells cluster according to biological 
samples of their origin, rather than according to BioMark run 
plates. Moreover, this graph shows how the gene expression pat-
terns correlate with clusters of cells.

Single cell gene expression analysis is an extremely valuable tech-
nique because it can define subpopulations of cells within a hetero-
geneous cell population. Genes that we normally consider as 
expressed can be highly expressed in some cells in the population 
and lowly expressed or absent in other cells within the same cell 
population. This is why it can be interesting to visualize the 
 percentage of cells that expresses each given gene and how it varies 
among samples. Here, we will show how to plot bar plots for each 
gene, with the three samples in different colors (Fig. 9).

First, we prepare a matrix 96 × 3 with genes as rows and sam-
ples as columns:

M=matrix(data=0, nrow=length(unique(AllDataLab
eled[,98])),ncol=ncol(AllData))
rownames(M)=unique(AllDataLabeled[,98])
colnames(M)=colnames(AllData)

Bar Plots

Fig. 9 Example of bar plot showing the percentage of cells expressing the genes in the different samples 
(expression higher than 0)

Sole Gatto et al.
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Then we count how many cells in each sample express each 
gene and write it in the matrix M:

for (j in 1:ncol(AllData)){
 for(i in SampleA){
  if(AllData[i,j]!=0){
   M[1,j]=M[1,j]+1
}
}
}
for (j in 1:ncol(AllData)){
 for(i in SampleB){
  if(AllData[i,j]>0){
   M[2,j]=M[2,j]+1
}
}
}
for (j in 1:ncol(AllData)){
 for(i in SampleC){
  if(AllData[i,j]>0){
   M[3,j]=M[3,j]+1
}
}
}

Then we calculate the percentage of each sample expressing 
the gene:

Mnorm=M
Mnorm[1,]=M[1,]/length(SampleA)*100
Mnorm[2,]=M[2,]/length(SampleB)*100
Mnorm[3,]=M[3,]/length(SampleC)*100

Finally, we plot the percentage of cells expressing each gene for 
the first 32 genes:

jpeg("BarPlot_CellCountPerGene_all.jpg",	width	
= 2000, height=500, quality=100, pointsize = 
18)
par(las=2)
barplot(Mnorm[,1:32], main="Cell Percentage 
per Gene",col=c("white","grey50","black"),besi
de=TRUE)
dev.off()

Figure 9 results from this analysis and shows, for example, that 
gene 2 is expressed in a higher percentage of cells in sample B than 
in the others, while the other genes do not show differences in 
terms of percentage expression in the samples.

Single Cell Profiling of Muscle Cells
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While bar plots only discriminate between genes expressed and not 
expressed, violin plots finely visualize the expression levels within 
each sample. Violin plots are smoothed versions of histograms rep-
resented sideways and are used to show the distribution of single cell 
gene expression within a certain population (gene expression is on y 
axis and population density is on x axis). Figure 10 demonstrates the 
visual outcome of such representation of gene-by-gene expression of 
the first 43 genes in each sample population (see Note 20).

Violin Plots

Fig. 10 Example of evaluation of single cell gene expression with violin plots. See text for detailed 
explanation

Sole Gatto et al.
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This plot shows how genes can have monophasic and biphasic 
distribution of expression and that the distribution can be com-
pared across populations to identify signature genes.

First, install and load the necessary packages, as follows:

> install.packages("ggplot2")
> install.packages("scales")
> library(ggplot2)
> library(scales)

Then, format the matrix and plot the violin plots with ggplot:

> mdat=melt(AllDataLabeled 
[1:nrow(AllDataLabeled),-c(43:97)], 
id.vars="Sample")
>	pdf("ViolinPlots_Samples.pdf")
> ggplot(mdat, aes(factor(Sample), value)) 
+	geom_violin(aes(fill	=	factor(Sample)),	
trim	=	FALSE)	+	scale_fill_manual(values	=	
alpha(c("white","grey50", "black"), 1)) + 
theme(legend.position="none", axis.text.x 
=	element_text(vjust=0.5,	size=6,	an-
gle = 90, hjust = 1), axis.text.y = el-
ement_text(vjust=0.5,	size=6))+	facet_
wrap(~variable)
> dev.off()

From Fig. 10 we can clearly see how some genes show a 
sample- specific expression profile, which would probably be missed 
on a bulk cell population gene expression analysis. For example, 
bimodal expression of genes 23 and 30 in sample A becomes more 
uniform in samples B and C and genes 2 and 25 fluctuate a lot 
between high and low expression within the same sample.

4 Notes

 1. Keep the buffer on ice all the time to keep it cold. FACS Buffer 
can be stored at 4 °C for couple of weeks. 200 ml FACS Buffer 
is sufficient for one cell sorting procedure (one mouse).

 2. Keep the Digestion Solution on ice. Always prepare fresh 
before use.

 3. Using DAPI instead of Propidium Iodide to monitor dead 
cells may improve the background in flow cytometry analysis.

 4. Inverted microscope may be sufficient to observe cells cap-
tured on C1 chip without Live/Dead staining. FAPs are robust 
and viable cells, it is sufficient to monitor their capture on C1 
array using an inverted microscope without using live/dead 
staining.

Single Cell Profiling of Muscle Cells
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 5. An alternative source of primers can be used. Forward and reverse 
primers need to be mixed together at the concentration 100 μM 
each. TaqMan® gene expression assays with TaqMan PCR system 
are an alternative to DELTAgene assays used with EvaGreen.

 6. Different sizes of Dynamic Arrays are available according to the 
experimental need (https://www.fluidigm.com/faq/ge-20).

 7. For detailed information see https://www.fluidigm.com/faq/
ge-20.

 8. Semisterile work may be sufficient. If isolated cells will not be 
cultured, single cell gene expression profiling does not require 
cells to be sterile.

 9. Multiple 15 ml tubes can be taped together. Tubes in the water 
bath can be kept stable by sandwiching them between two 
heavy weights.

 10. If smaller amount of muscle is processed resulting in smaller 
cell yield, scale down accordingly, avoid 100 μm cell trainer, 
and use directly 40 μm cell strainer to avoid cell loss.

 11. If the cell suspension is too concentrated, dilute cells with cold 
FACS buffer.

 12. If cells are too concentrated and need to be diluted to a higher 
volume, adjust the amount of antibodies accordingly to keep 
the antibodies concentration constant.

 13. We generally name the cells like this: plateNumber_
SampleName_CellNumber (1_SampleA_1). Spots where no 
cells or more than one cell was detected do not have the 
“Sample” nomenclature, instead they have either “NoCell” or 
“X cells”: plateNumber_NoCell_CellNumber (1_NoCell_1).

 14. During this step it is possible to pre-amplify the single cell 
cDNA with more than 96 DELTAgene Assays (in our experi-
ence we have had good results with up to 109 assays).

 15. We find it useful to collect the 3 μl of C1 cDNA released by the 
C1 IFC chip by resuspending it with 10 μl of the C1 DNA 
dilution reagent from the plate using a multichannel pipette to 
assist with collection of such small volumes.

 16. For data visualization in R a simple guide can be found here: 
http://www.cookbook-r.com/Graphs/.

 17. Be careful! At this stage we are simply “attaching” the labels, 
so it is of extreme importance that the labels and the cells have 
the same order.

 18. For more information about the ggbiplot, refer to its source 
https://github.com/vqv/ggbiplot and to http://www.r-  
bloggers.com/computing-and-visualizing-pca-in-r/.

 19. For more information about the prcomp analysis refer to the R 
manual https://stat.ethz.ch/R-manual/R-devel/library/
stats/html/prcomp.html.
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 20. Here you can find a reliable reference where to find more 
information about violin plots: http://docs.ggplot2.org/cur-
rent/geom_violin.html.
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Chapter 11

Engraftment of FACS Isolated Muscle Stem Cells 
into Injured Skeletal Muscle

Matthew Tierney and Alessandra Sacco

Abstract

Skeletal muscle stem cell (MuSC) isolation and transplantation are invaluable tools to assess their capacity 
for self-renewal and tissue repair. Significant technical advances in recent years have led to the optimization 
of these approaches, improving our ability to assess MuSC regenerative potential. Here, we describe the 
procedures for Fluorescent Activated Cell Sorting (FACS)-based isolation of MuSC, their intramuscular 
transplantation, and analysis of their engraftment into host tissues.

Key words FACS-based cell isolation, Skeletal muscle stem cells, Transplantation, Engraftment, 
Muscle regeneration

1 Introduction

The development of fluorescence-activated cell sorting (FACS)-
based strategies to isolate muscle stem cells (MuSC) based on cell 
surface markers has made a significant impact in the skeletal muscle 
field. Previous approaches included the isolation of myogenic pro-
genitors through tissue enzymatic digestion and cell culture based 
on adhesion properties, which presented inherent limitations such 
as the selection of cells in culture, extensive passaging in vitro, and 
subsequent changes in composition of the cell population [1]. In 
subsequent years, the isolation and transplantation of single myofi-
bers from muscle tissue enabled the study of MuSC behavior in 
their satellite cell niche [2, 3]. This approach also allowed MuSC 
transplantation without removal from their native microenviron-
ment [4]. However, this procedure is restricted to the limited and 
variable number of MuSC contained per myofiber, preventing the 
analysis of single cells in vivo. With the use of FACS-based isola-
tion strategies, several combinations of cell surface molecules have 
been utilized to prospectively isolate MuSC from skeletal muscle 
tissue, including CD34, α7-integrin, β1-integrin, CXCR4, Vcam1, 
syndecan-4 [5–11]. Intramuscular transplantation of freshly 
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 isolated MuSC revealed their robust capacity for muscle repair and 
ability to colonize the satellite cell niche. Finally, we have conclu-
sively shown by single cell transplantation that freshly isolated 
MuSC are indeed capable of self-renewal in vivo [10], generating 
more copies of themselves while also giving rise to committed pro-
genitors. These studies have also demonstrated the deleterious 
impact of in vitro propagation on MuSC function, as only a few 
days in culture significantly reduce their ability to engraft and con-
tribute to host muscles [8, 10, 12]. Here, we provide details on the 
procedure to freshly isolate and transplant MuSC and assess their 
function in vivo.

2 Materials

Prepare and store all reagents and antibodies at 4 °C (unless indi-
cated otherwise). Follow all waste disposal regulations when dis-
posing waste materials.

 1. Isoflurane vaporizer, supply gas (oxygen), flowmeter, and 
induction chamber.

 2. Isoflurane (catalog number SC-363629RX) (Santa Cruz).
 3. Razor blades, surgical scissors, and forceps for tissue dissection 

and mincing.
 4. Shaking water bath, heated to 37 °C.
 5. Media: Ham’s F-10 media containing 10 % horse serum. Add 

450 ml Ham’s F-10 media and 50 ml horse serum to a 500 ml 
filtration unit, 0.2 μm pore size. Filter and store @ 4 °C.

 6. Digestion solution I: Media (see step 5) containing 700 units/
ml collagenase type II (catalog number 17101-015) (Gibco). 
Weigh after determining the correct amount to match activity 
units (varies with each batch) and suspend immediately prior 
to use (see Note 1).

 7. Digestion solution II: Media (see step 5) containing 100 units/
ml collagenase type II and 2 units/ml dispase II (catalog num-
ber 04942078001) (Roche). Weigh enzymes as in the previous 
step and suspend immediately prior to use (see Note 2).

 8. Syringes, 10 ml with 20G × 1″ needles (catalog number 
309644) (BD Biosciences).

 9. Cell strainers, 70 μm (catalog number 22363548) (Fisher 
Scientific).

 1. FACS buffer: PBS, pH7.4 (1×) containing 2.5 % normal goat 
serum, 1 mM ethylenediaminetetraacetic acid (EDTA). Add 
486.5 ml PBS, 12.5 ml goat serum, and 1 ml 0.5 M EDTA to 

2.1 Skeletal Muscle 
Digestion

2.2 Cell Staining 
and FACS Sorting
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a 500 ml filtration unit, 0.2 μm pore size. Filter and store @ 
4 °C.

 2. FACS round-bottom tubes, 5 ml (catalog number 352063) 
(BD Falcon).

 3. FACS antibodies.
 (a)  Biotin CD45, clone 30-F11, 0.5 mg/ml (catalog number 

553078) (BD Biosciences).
 (b)  Biotin CD31, clone 390, 0.5 mg/ml (catalog number 

13-0311-85) (eBiosciences).
 (c)  Biotin CD11b, clone M1/70, 0.5 mg/ml (catalog num-

ber 553309) (BD Biosciences).
 (d)  Biotin Ly-6A/E-Sca1, clone E13-161.7, 0.5 mg/ml 

( catalog number 553334) (BD Biosciences).
 (e)  Alpha7-integrin/PE or FITC, clone R2F2, 1 mg/ml 

( catalog number 53-0010-01) (AbLabs).
 (f)  CD34/Alexa Fluor 647, clone RAM34, 0.2 mg/ml 

( catalog number 560230) (BD Biosciences).
 (g)  Streptavidin APC-Cy7, 0.2 mg/ml (catalog number 

554063) (BD Biosciences).
 4. Streptavidin microbeads (catalog number 130-048-101) 

(Miltenyi Biotec).
 5. LS columns (catalog number 130042401) (Miltenyi Biotec).
 6. MACS magnetic separator and multi-stand (catalog numbers 

130-042-302, 130-042-303) (Miltenyi Biotec).
 7. FxCycle Violet stain, 0.5 mg/ml (catalog number F10347) 

(Life Technologies).
 8. Flow cytometer, FACSAria II (BD Biosciences) (see Note 3).

 1. Isoflurane vaporizer, supply gas (oxygen), flowmeter, and 
induction chamber.

 2. Small animal hair clippers (catalog number CLP-22965) 
(Braintree Scientific).

 3. Insulin syringes, 0.3 ml with 29G × 0.5″ ultra-fine needles 
(catalog number 309301) (BD Biosciences).

 4. Fixative solution: PBS, pH7.4 (1×) containing 0.5 % parafor-
maldehyde (see Note 4).

 5. PBS, pH7.4 (1×) containing 20 % sucrose.
 6. Biopsy cryomolds, 10 × 10 × 15 mm (catalog number 4565) 

(VWR).
 7. O.C.T. compound (catalog number 4583) (VWR).

2.3 Intramuscular 
Transplantation 
and Tissue Collection
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 1. Research cryostat, CM3050 S (Leica).
 2. Microscope slides, Superfrost Plus, 25 × 75 × 1.0 mm (catalog 

number 12-550-15) (Fisher Scientific).
 3. Hydrophobic PAP pen (catalog number 00-8899) (Life 

Technologies).
 4. Slide staining humidity box, black cover (catalog number 

71397-B) (Electron Microscopy Sciences).
 5. Fixative solution: PBS, pH7.4 (1×) containing 1.5 % 

paraformaldehyde.
 6. Blocking buffer: PBS, pH7.4 (1×) containing 20 % normal 

goat serum, 0.1 % Triton X-100 (catalog number H5142) 
(Promega).

 7. Antigen retrieval solution: deionized water containing 100× 
citrate-based antigen unmasking solution, pH6.0 (catalog 
H-3300) (Vector). Add 0.5 ml antigen unmasking solution to 
49.5 ml deionized water and store @ 4 °C (see Note 5).

 8. Antibodies.
 (a)  Rabbit anti-GFP, 2 mg/ml (catalog number A11122) 

(Life Technologies).
 (b)  Rabbit anti-RFP, 2 mg/ml (catalog number 600-401- 

379) (Rockland).
 (c)  Rat anti-laminin B2, clone A5, 0.5 mg/ml (catalog num-

ber 05-206) (Millipore).
 (d)  Mouse anti-Pax7 concentrate (catalog number Pax7) 

(Developmental Studies Hybridoma Bank).
 (e)  Alexa Fluor secondary antibodies (Life Technologies).

 9. Hoechst 33258, 10 mg/ml (catalog number H3569) (Life 
Technologies).

 10. Fluoromount-G mounting medium (catalog number 0100- 
01) (Southern Biotech).

 11. Microscope cover glass, 24 × 50 mm (catalog number 12-545- 
F) (Fisher Scientific).

3 Methods

Carry out all procedures at room temperature unless otherwise 
specified. For a detailed description of FACS isolation of MuSC, 
see also [13].

 1. Warm media to 37 °C and prepare digestive solution I, also 
stored at 37 °C until after muscle harvest.

2.4 Tissue 
Cryosectioning 
and Immunostaining

3.1 Skeletal Muscle 
Digestion
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 2. Turn on the flowmeter to 200 ml/min oxygen and the isoflu-
rane vaporizer to 2 %. Anesthetize the mouse by placing inside 
the induction chamber and wait 2–3 min until breathing has 
slowed and the mouse appears asleep. Remove the mouse from 
the induction chamber, confirm it is nonresponsive to a foot or 
tail pinch, and sacrifice by cervical dislocation.

 3. Place the mouse on a surgical bench and soak the hind limbs in 
70 % ethanol. Also soak the forceps, surgical scissors, and razor 
blade in 70 % ethanol to disinfect. Remove the skin covering 
the hind limb muscles by making an incision near the hip and 
slowly pull the skin down the limb and over the ankle.

 4. To remove the gastrocnemius and soleus muscles, sever the 
Achilles tendon and grasp with forceps. Slowly pull up the limb 
until fully separated from the anterior muscle groups. Use a 
razor blade to remove from the surrounding hamstring mus-
cles. Use a razor blade to sever the distal tendons of the ante-
rior compartment, including the tibialis anterior and extensor 
digitorum longus. Group these tendons with forceps and slide 
a razor blade between these muscles and the tibialis bone until 
fully separated. Similarly, sever the quadriceps tendon and use 
a razor blade to separate the quadriceps from the femur. Place 
all muscles in a 10 cm tissue culture dish containing 5 ml 
media. Repeat this process with the contralateral limb.

 5. Bring the two 10 cm tissue culture dishes to a sterile laminar 
flow hood. Using two razor blades, mince the muscles into 
small pieces (see Note 6). Once all muscles have been minced, 
use forceps to transfer the muscle slurry from each hind limb 
into a 15 ml centrifuge tube. Collect all media in the plate and 
wash plate with ready-made digestion media I to collect all 
remaining muscle pieces, reaching a final volume of 10 ml per 
hind limb (see Note 7). Place samples in a shaking water bath, 
warmed to 37 °C, at 200 rpm for 90 min.

 6. Remove samples from the water bath and centrifuge at 300 × g 
for 5 min. Return samples to the laminar flow hood, aspirate 
the supernatant, and resuspend in ready-made 10 ml digestive 
solution II (see Note 8). Briefly vortex samples and place in a 
shaking water bath, warmed to 37 °C, at 200 rpm for 30 min.

 7. Remove samples from the water bath, disinfect with 70 % etha-
nol, and return to the laminar flow hood. Pipet several times 
and pass each sample through a 10 ml syringe equipped with a 
20G × 1” needle to mechanically break down remaining mus-
cle pieces. Repeat this process 10 times to be sure all cells have 
been released into suspension (see Note 9). Transfer samples to 
a 50 ml centrifuge tube, washing the original tube twice to 
reach a final volume of 40 ml media. Centrifuge samples at 
300 × g for 5 min.

Procedures to Assess Muscle Stem Cell Engraftment
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 8. Return samples to the laminar flow hood, aspirate the superna-
tant, and resuspend in 10 ml media. Pass each sample through 
a 70-μm cell strainer placed over a 50 ml centrifuge tube to 
filter any remaining debris, including muscle tendons. Wash 
the original tube twice to reach a final volume of 40 ml media 
and centrifuge the samples at 300 × g for 5 min.

 1. Return samples to the laminar flow hood, aspirate the superna-
tant, and transfer the cell suspension to a 15 ml centrifuge 
tube. Combine samples from both legs at this step, washing 
the original tubes once each to reach a final volume of 2 ml 
media.

 2. To prepare single stain or single color controls for proper com-
pensation during FACS sorting, add 10 μl cell suspension to 
500 μl media contained in 5 ml FACS round-bottom tubes. 
One sample should be prepared for each antibody or stain used 
in the FACS sort and an additional sample as an unstained, 
negative control (see Note 10). Add the following volumes of 
antibody to each single color control: 1 μl α7-integrin/PE or 
FITC, 4 μl CD34/Alexa Fluor 647, 1 μl biotin CD45, and 
1 μl FxCycle Violet stain. Add the following volumes of anti-
body to the main sample: 5 μl biotin CD45, 10 μl biotin 
CD31, 10 μl biotin CD11b, and 10 μl biotin Ly-6A/E-Sca1. 
Briefly vortex each sample and incubate for 20 min at 4 °C.

 3. Following the primary incubation, add 10 ml chilled media to 
the main sample or 3 ml FACS buffer to each single color con-
trol sample and centrifuge at 300 × g for 5 min at 4 °C.

 4. Return samples to the laminar flow hood, aspirate the superna-
tant, and resuspend in 1.5 ml media for the main sample or 
500 μl FACS buffer for the single color control samples. Add 1 μl 
streptavidin APC-Cy7 to the biotin CD45 single color control. 
Add 150 μl streptavidin microbeads and the following volumes 
of antibody to the main sample: 10 μl α7-integrin/PE or FITC, 
30 μl CD34/Alexa Fluor 647, and 10 μl streptavidin APC-Cy7 
(see Note 11). Briefly vortex and incubate for 20 min at 4 °C.

 5. Following the secondary incubation, add 10 ml chilled media 
to the main sample or 3 ml FACS buffer to the biotin CD45/
APC-Cy7 single color control sample and centrifuge at 300 × g 
for 5 min at 4 °C. During centrifugation, set up the MACS 
magnetic separator with LS column in the laminar flow hood 
and prepare the LS column for depletion by preloading with 
3 ml media.

 6. Return samples to the laminar flow hood, aspirate the superna-
tant, and resuspend in 1 ml media for the main sample or 500 μl 
FACS buffer for the biotin CD45/APC-Cy7 single color con-
trol sample. Load the main sample onto the LS column placed 

3.2 Cell Staining
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on the MACS magnetic separator and allow it to pass through 
the column. Wash the original centrifuge tube twice with 3 ml 
media and pass each wash through the column (see Note 12). 
Centrifuge the collected cell suspension after depletion at 
300 × g for 5 min at 4 °C.

 7. Return samples to the laminar flow hood, aspirate the superna-
tant, and transfer the depleted sample to a 5 ml FACS round- 
bottom tube. Resuspend the sample in 2 ml FACS buffer and add 
2 μl FxCycle Violet stain to the sample. Keep the main sample and 
single color control samples at 4 °C until ready for sorting.

 1. Bring the main sample and single color control samples to the 
flow cytometer and prepare the machine according to the facil-
ity instructions.

 2. Run the unstained control sample, collecting >10,000 events. 
Adjust the forward-scattered light (FSC) and side-scattered 
light (SSC) detector gain and area scaling factor to ensure all 
signals are on scale (see Note 13). Wash with deionized water 
for 1 min to remove debris trapped within the fluidics system.

 3. Run each single color control sample, collecting >10,000 
events per sample (see Note 14), washing between each sample 
deionized water for 1 min. Determine the correct voltage for 
each fluorophore and rerun samples if necessary. Compensation 
should be performed using these control samples to avoid 
spectral overlap leading to “false positive” detection of one 
fluorophore into another. If prepared, FMO controls should 
also be run to aid proper gating in the next step.

 4. Once proper voltage determination and compensation has 
been performed, wash with 10 % bleach for 1 min and deion-
ized water for 2 min or until no events are observed. Load the 
main sample in the sample chamber and run to collect >20,000 
events. The following steps should be taken to set up the 
proper gating scheme for MuSC isolation (Fig. 1):

3.3 FACS Sorting

Fig. 1 Fluorescent-based cell sorting (FACS) of MuSC from adult hind limb skeletal muscle. Gating schemes to 
purify living (DAPI-negative) satellite cells negative for CD45, CD31, CD11b, and Sca1 and expressing a7-inte-
grin and CD34 (left). This FACS strategy yields a population of MuSC with a purity of >95 % (right)
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 (a)  To discriminate single cells and remove debris or cell dou-
blets, gate conservatively for cells of low-to-medium cell 
size and low granularity. Additional pulse geometry gates 
can be established (ex. FSC-A vs. FSC-H) to further elimi-
nate cell doublets.

 (b)  To remove dead cells (DAPI) and hematopoietic, endo-
thelial or mesenchymal cell types (CD45, CD11b, CD31, 
and Ly-6A/E-Sca1 conjugated to APC-Cy7), gate for 
cells negative for all markers.

 (c)  To select for MuSC, gate for cells positive for both 
α7-integrin (conjugated to PE) and CD34 (conjugated to 
APC).

 5. Begin sorting into a FACS round-bottom tube containing 
0.5 ml PBS, pH7.4 and placed in the collection block. If pos-
sible, keep the sample chamber and collection block at 4 °C to 
preserve cell viability and prevent premature activation of 
MuSC, especially if presumed quiescent from undamaged 
muscle.

 6. When FACS sorting has been completed, collect a small ali-
quot of sorted cells and wash with 10 % bleach for 1 min and 
deionized water for 2 min or until no events are observed. 
Transfer the aliquot of sorted cells to the sample chamber and 
run briefly until >5000 events have been collected to assess the 
purity of the sorted sample (see Note 15).

 7. Centrifuge the sorted sample at 300 × g for 5 min at 4 °C and 
resuspend in a volume of PBS, pH7.4 conservatively less than 
the total volume of all transplantations (typically less than 
150 μl). Count the cells using a hemocytometer and adjust the 
volume to the desired concentration (see Note 16). Keep the 
cell suspension at 4 °C until ready for transplantation.

 1. Prepare the desired volume of cell suspension to be trans-
planted in 0.3 ml insulin syringes with a 29G × 0.5” ultra-fine 
needle (see Note 17). Set aside until recipient mice have been 
prepared for transplantation.

 2. Turn on the flowmeter to 200 ml/min oxygen and the isoflu-
rane vaporizer to 2 %. Anesthetize the recipient mouse by plac-
ing inside the induction chamber and wait 2–3 min until 
breathing has slowed and the mouse appears asleep. Remove 
the mouse from the induction chamber, divert flow from the 
flowmeter, and vaporizer to an anesthesia mask on a surgical 
bench and quickly place this mask on the mouse. Wait 2–3 min 
and confirm it is nonresponsive to a foot or tail pinch.

 3. Remove hair from the transplantation site at the anterior hind 
limb with small animal hair clippers. Use an alcohol wipe to 
disinfect the transplantation site.

3.4 Intramuscular 
Transplantation
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 4. Insert the needle at the center of the tibialis anterior muscle, 
maintaining an angle of 45 degrees between the needle and the 
length of the tibialis (see Note 18). Slightly withdraw, main-
taining the needle tip still in the center of the tibialis anterior 
muscle, to allow space for the cell suspension. Inject the cell 
suspension, holding the needle in place for 2–3 s to ensure the 
volume will not leak out from the muscle once the needle has 
been removed.

 5. Remove the anesthesia mask and return the recipient mouse to 
its cage. Allow for up 5 min for the mouse to awaken. Reflect 
on the animal’s health status to confirm normal activity and 
proper ambulation after an adjustment period of up to 15 min 
(see Note 19).

 1. At the desired time of harvest following cell transplantation, 
collect the recipient mouse for sacrifice, and prepare the fixa-
tive solution.

 2. Turn on the flowmeter to 200 ml/min oxygen and the isoflu-
rane vaporizer to 2 %. Anesthetize the mouse by placing inside 
the induction chamber and wait 2–3 min until breathing has 
slowed and the mouse appears asleep. Remove the mouse from 
the induction chamber, confirm it is nonresponsive to a foot or 
tail pinch, and sacrifice by cervical dislocation.

 3. Place the mouse on a surgical bench and soak the hind limbs in 
70 % ethanol. Remove the skin covering the hind limb muscles 
by making an incision near the hip and slowly pull the skin 
down the limb and over the ankle. Use a razor blade to sever 
the distal tendon of the tibialis anterior muscle. Hold this ten-
don with forceps, gently pulling toward the knee while sliding 
a razor blade between the muscle and the tibialis bone until 
fully separated. Place the muscle directly in fixative solution 
and incubate for 4 h at 4 °C (see Note 20).

 4. Transfer the muscle from fixative solution to PBS, pH 7.4 con-
taining 20 % sucrose (see Note 21). Incubate overnight at 
4 °C.

 5. Prepare for tissue freezing by gathering dry ice and liquid 
nitrogen. Chill a volume of 2-methylbutane sufficient to sub-
merge the biopsy cryomold in liquid nitrogen until it begins to 
solidify. Transfer the recipient muscle to biopsy cryomolds 
containing O.C.T. compound, positioned longitudinally so 
cross-sections can be achieved by sectioning from top to bot-
tom. Place the bottom of the cryomold on the top of the 
chilled 2-methylbutane until it has completely frozen over and 
then submerge for 1 min. Remove the cryomold and place on 
dry ice. Frozen samples can be stored at −80 °C until ready to 
be cryosectioned.

3.5 Tissue Harvest 
and Cryosectioning
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 6. Set the cryostat chamber temperature to −20 °C, place sam-
ples into the cryostat, and allow them to come to temperature 
for 30 min. Cut and place two 10 μm sections serially on 4–8 
slides, subject to the number of immunostainings that will be 
performed. Once two sections have been placed on each slide, 
eliminate 200 μm of tissue and resume normal cryosectioning. 
Repeat this process until the core 80 % of the muscle has been 
sectioned so as to represent the entire muscle and allow for 
analysis of the entire transplant area. Once completed, label 
and store slides at −20 °C.

 1. Remove slides from storage at −20 °C and let come to room 
temperature. Encircle sections with a hydrophobic PAP pen to 
retain solution on the mounted tissue. Place slides in a humid 
incubation box (dark, UV safe), where all subsequent steps 
should be performed.

 2. Fix sections in PBS, pH 7.4 containing 1.5 % paraformalde-
hyde for 15 min.

 3. Aspirate fixative and wash in PBS, pH 7.4 for 5 min. Block and 
permeabilize sections in blocking buffer for 1 h.

 4. Incubate sections with the following primary antibodies, 
diluted in blocking buffer for 2 h (or overnight): rat anti- 
laminin B2 (1:200 dilution) and either rabbit anti-GFP (1:500 
dilution) or rabbit anti-RFP (1:200 dilution), dependent upon 
the endogenous fluorophore present in the transplanted cells.

 5. Aspirate primary antibodies and perform three washes in PBS, 
pH 7.4 for 5 min each. Incubate sections with the appropriate 
secondary antibodies (see Note 22), diluted in blocking buffer 
for 1 h.

 6. Aspirate secondary antibodies and perform three washes in 
PBS, pH 7.4 for 5 min each. Postfix sections PBS, pH 7.4 con-
taining 1.5 % paraformaldehyde for 15 min to preserve the 
signal specific to all antibodies used thus far. Antigen retrieval 
procedures are somewhat harsh and can greatly reduce signal 
without this step.

 7. Aspirate fixative and wash in PBS, pH 7.4 for 5 min. Immerse 
slides in pre-warmed antigen retrieval solution contained in 
either a plastic or ceramic Coplin jar and incubate in a heated 
water bath maintained at >80 °C for 15 min.

 8. Remove Coplin jar containing slides from the heated water 
bath and let cool for 5 min. Wash in PBS, pH 7.4 for 5 min. 
Reblock and permeabilize sections in blocking buffer for 
30 min. Incubate sections with mouse anti-Pax7 (1:100 dilu-
tion) in blocking buffer overnight.

3.6 Immunostaining
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 9. Aspirate primary antibodies and perform three washes in PBS, 
pH 7.4 for 5 min each. Incubate sections with the appropriate 
secondary antibodies and Hoechst 33258 (1:1000 dilution) in 
blocking buffer for 1 h.

 10. Aspirate secondary antibodies and wash in a Coplin jar with 
PBS, pH 7.4 for 30 min. Mount slides with Fluoromount-G 
water-based mounting medium and microscope cover glasses. 
Once the cover glass has been placed on the slide, utilize for-
ceps to gently push visible air bubbles to the side of the slide as 
they can dry the sample and generate significant autofluores-
cence. Store slides at 4 °C until ready for imaging (see Note 
23) (Fig. 2).

4 Notes

 1. Stock concentrations of collagenase type II may be prepared 
prior to skeletal muscle digestion, aliquoted and stored @ 
−20 °C for up to 2 months.

 2. Remaining stock solution of collagenase type II intended for 
the second digestion step may be used if stored @ 4 °C to mini-
mize loss of enzymatic activity. We recommend that dispase 
type II is weighed and added to the digestion media immedi-
ately prior to use.

 3. The FACS sorter must be equipped with 488, 405, and 633 nm 
lasers, given the antibodies listed. However, color combinations 
can be adjusted to match the laser combinations available.

 4. This concentration of paraformaldehyde is appropriate for the 
tibialis anterior muscle, or other skeletal muscles of similar size. 
If fixing muscles considerably larger or smaller, both fixative 
concentration and time should be adjusted to optimize results.

Fig. 2 Histological analysis and immunostaining of 1000 TdTomato+ freshly iso-
lated MuSC transplanted into the tibialis anterior muscle and harvested after 15 
days. Donor cells have engrafted to both repair damaged myofibers and colonize 
the satellite cell niche (arrow). Scale bar 100 μm
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 5. Antigen retrieval solution at working concentration can be 
reused up to five times if stored at 4 °C in between uses.

 6. The mincing of skeletal muscle into small pieces is a key step. 
Mincing into small pieces will artificially lower yield, ostensibly 
exposing the cells to prolonged enzymatic digestion. However, 
mincing into large pieces will result in an incomplete digestion. 
Mincing should be performed with only one to two plates kept 
at room temperature at once; if sorting hind limb muscles from 
more than one mouse, keep all other samples at 37 °C.

 7. If 5 ml media is used during tissue mincing, prepare digestive 
solution I as a 2x concentrated stock so that it can be directly 
added to the muscle slurry once collected in a 15 ml centrifuge 
tube.

 8. Prepare digestive solution II near the end of the first incuba-
tion to minimize the time the muscle slurry is kept at room 
temperature between digestive steps.

 9. No visible muscle pieces should be present once completed; 
however, some remaining debris, including muscle tendons, is 
expected to remain until filtration through cell strainers in the 
next step.

 10. Additional Fluorescence Minus One (FMO) controls can be 
prepared at this step to properly determine gating boundaries 
when sorting. Single color controls only allow for proper com-
pensation of each fluorophore prior to sorting and should not 
be strictly used to determine gating boundaries.

 11. Add the streptavidin microbeads before the streptavidin 
APC- Cy7 antibody to give it an advantage in binding to its 
target cell types. This improves the efficiency of depletion 
while still allowing the elimination of cells expressing CD45, 
CD31, CD11b, or Ly-6A/E-Sca1 during the sort.

 12. If the positive cellular fraction expressing CD45, CD31, 
CD11b, or Ly-6A/E-Sca1 is desired following the depletion 
step, the plunger packaged with the LS column can be used to 
recover these cells.

 13. Forward-scattered light is proportional to cell surface area or 
size and side-scattered light is proportional to cell granularity.

 14. Cells from skeletal muscle preparations should be run through 
the flow cytometer at 20 psi through a 100 μm nozzle and at 
not more than 5000 events per second to avoid erratic stream-
ing of the cells through the fluidics system.

 15. The purity of living cells in the sorted sample should be >95 %; 
however, cell viability is negatively affected by the sorting pro-
cess and only 50–70 % of the sorted cells are expected to remain 
negative for DAPI upon resorting. If the purity is less than 90 %, 
the sample can be resorted to eliminate cellular contaminants.
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 16. The number of cells transplanted largely depends on the assay 
being performed and the expected effect of any experimental 
manipulation on muscle stem cell behavior. We recommend 
transplanting 1000 cells, if freshly isolated, in any loss-of- 
function studies. If the cells are to be plated prior to transplanta-
tion as part of the experimental strategy, >5000 cells should be 
transplanted to achieve similar levels of engraftment to regener-
ating myofibers. Plating muscle stem cells in standard culture 
conditions, even overnight, dramatically reduces their engraft-
ment potential to the satellite cell niche, while longer periods in 
culture will reduce both niche engraftment and myofiber repair.

 17. The ideal transplantation volume is 10–15 μl, resulting in a 
localized donor cell engraftment site. Up to 40 μl may be 
injected into the tibialis anterior muscle, but the donor cells 
should be expected to be more sparely located and increasing 
the risk of leakage outside the muscle.

 18. An angle of 45 degrees relative to the length of the tibialis 
increases the probability of successful and consistent transplanta-
tion into the tibialis anterior muscle, given its elongated shape.

 19. In the event transplantation should be performed into injured 
muscle, the tibialis anterior muscle should be injected with 
50 μl of notexin, cardiotoxin or 1.2 % barium chloride solution 
in PBS pH7.4 one day prior to cell transplantation.

 20. Fixation concentration and time has been optimized for the 
tibialis anterior muscle. The fixation of smaller or larger muscle 
groups may require shorter or longer fixation times to success-
fully perfuse the tissue.

 21. Incubation in sucrose solution following fixation protects the 
tissue from damage associated with freezing by increasing cel-
lular solute concentration. Muscles incubated in fixative should 
float when initially placed in sucrose but eventually sink to the 
bottom of the tube. An additional change of sucrose solution 
is optional if significant freezing damage is observed.

 22. Preference for any secondary antibody matched with either 
Pax7 or laminin is dependent upon the endogenous  fluorophore 
identifying donor cells and available or preferred spectra given 
the researcher’s imaging microscope.

 23. To quantify donor cell contribution to regenerating myofibers 
following stable engraftment, the entire slide should be scanned 
by eye and a single section closest to the core of the transplan-
tation area should be selected for quantification. If the 
researcher is unsure, several sections can be chosen for analysis 
and the section containing the largest number of donor myofi-
bers should be chosen. Analysis of several sections should be 
avoided, as donor myofibers are likely to span a significant por-
tion of the muscle but cannot be distinguished. To quantify 
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donor cell contribution to the satellite cell niche, each section 
on the slide should be imaged and quantified. As mononucle-
ated cells are not expected to span the >40 μm length given 
four serial slides, there is little risk of scoring the same cell 
twice. Although tedious, this method enables a more accurate 
estimate of the total number of engrafted satellite cells in the 
recipient tissue and reduces the risk of nonrepresentative totals 
scored in any single section.
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Chapter 12

Transplantation of Skeletal Muscle Stem Cells

Monica N. Hall, John K. Hall, Adam B. Cadwallader, 
Bradley T. Pawlikowski, Jason D. Doles, Tiffany L. Elston, 
and Bradley B. Olwin

Abstract

Transplanting adult stem cells provides a stringent test for self-renewal and the assessment of comparative 
engraftment in competitive transplant assays. Transplantation of satellite cells into mammalian skeletal 
muscle provided the first critical evidence that satellite cells function as adult muscle stem cells. 
Transplantation of a single satellite cell confirmed and extended this hypothesis, providing proof that the 
satellite cell is a bona fide adult skeletal muscle stem cell as reported by Sacco et al. (Nature 456(7221):502–
506). Satellite cell transplantation has been further leveraged to identify culture conditions that maintain 
engraftment and to identify self-renewal deficits in satellite cells from aged mice. Conversion of iPSCs 
(induced pluripotent stem cells) to a satellite cell-like state, followed by transplantation, demonstrated that 
these cells possess adult muscle stem cell properties as reported by Darabi et al. (Stem Cell Rev Rep 
7(4):948–957) and Mizuno et al. (FASEB J 24(7):2245–2253). Thus, transplantation strategies involving 
either satellite cells derived from adult muscles or derived from iPSCs may eventually be exploited as a 
therapy for treating patients with diseased or failing skeletal muscle. Here, we describe methods for isolat-
ing dispersed adult mouse satellite cells and satellite cells on intact myofibers for transplantation into recipi-
ent mice to study muscle stem cell function and behavior following engraftment.

Key words Skeletal muscle, Satellite cell, Muscle myofiber, Adult muscle stem cell, Stem cell 
transplantation

1 Introduction

Skeletal muscle is comprised of large multinucleated cells referred 
to as myofibers, which contain hundreds of nuclei from cell fusion 
during development. Skeletal muscle is dynamic, capable of hyper-
trophy and atrophy depending on the demands placed on the tis-
sue. A rapid regenerative response is provided by a stem cell, 
ensuring lifelong function [1, 2]. Myofiber nuclei are terminally 
differentiated and thus, require muscle stem cells, termed satellite 
cells, to replenish myonuclei for tissue repair [1, 2]. During repair, 
satellite cells, which are typically mitotically quiescent, activate and 
then enter the cell cycle expanding as myoblasts where a majority 



238

fuse to repair myofibers and a minority undergo self-renewal to 
replenish the stem cell pool [3, 4]. When injected into injured or 
diseased host muscles, donor satellite cells expand, fuse into myo-
fibers, and engraft into the host satellite cell niche [4]. Thus, satel-
lite cell transplantation may prove useful for treating muscle 
diseases and age-associated atrophy in humans. Transplantation of 
skeletal muscle cells typically involves isolation of muscle cells from 
dissected muscle that is enzymatically digested to free cells of tissue 
debris, enriched by differential plating on tissue culture substrates, 
density gradient sedimentation, or by FACS (fluorescence acti-
vated cell sorting), followed by injection into a recipient muscle.

The first experiments demonstrating engraftment of donor 
myogenic cells and incorporation into mouse recipient muscle 
were performed in the 1980s [5–7]. An initial study on myoblast 
transplantation observed low survival rates postinjection with a 
small minority of donor cells exhibiting stem cell-like properties 
that survived long-term and participated in muscle homeostasis 
[8]. The observation that a subset of muscle cells possesses stem 
cell potential enabled the development of purification protocols to 
identify and study satellite cell subpopulations. FACS is typically 
used to separate satellite cell subpopulations with differing engraft-
ment capacities [4, 9–11]. Isolation of individual multinucleated 
myofibers as a vehicle for transplanting associated satellite cells is a 
successful strategy, where transplantation of a few myofibers 
increased engraftment efficiencies with donor nuclei found in myo-
fibers and occupation of donor cells in the satellite cell niche fol-
lowing transplantations [4, 12]. A similar approach was successful 
for xenografts, involving transplantation of human myofiber frag-
ments into the irradiated muscle of immunodeficient mice, where 
donor cells engrafted into the host satellite cell niche and fused 
into myofibers as myonuclei [13]. Bioengineered substrates 
enhance satellite cell engraftment as they recapitulate key biophysi-
cal and biochemical features of the satellite cell niche [14]. Methods 
for transplanting isolated satellite cells and for transplanting 
myofiber- associated satellite cells described in this Chapter involve 
standard procedures, cell culture techniques, and reagents that 
permit isolation of a donor satellite cell population that engrafts 
into the host satellite cell niche and produces myoblasts capable of 
participating in skeletal muscle maintenance and regeneration.

2 Materials

Prepare and store all reagents at room temperature unless indicated 
otherwise. Follow all institutional waste disposal regulations when 
disposing of waste materials. Cell culturing requires standard tissue 
culturing techniques, reagents, and consumables with the addition 
of a low oxygen (4–6 % O2) incubator. A fluorescent activated cell 
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sorter, MoFlo XDP or equivalent, will be required for fluorescent 
activated cell sorting. We routinely screen multiple lots of horse 
serum and collagenase for cell survival, growth, and differentiation. 
Sufficient variability exists between lots of serum and collagenase 
such that lots that do not support cell survival and growth will 
result in failed transplants despite identical isolation methods. We 
strongly advise advance screening and selection of horse serum and 
collagenase lots prior to attempting cell transplantations.

 1. Concentrated Saline G (20×): To 600 ml distilled water, add 
160 g/l sodium chloride, 8.0 g/l potassium chloride, 3.0 g/l 
monopotassium phosphate, 3.0 g/l sodium phosphate dibasic, 
22.0 g/l dextrose, 100 mg/l phenol red. Stir until dissolved 
and bring volume to 1 l. Filter sterilize solution with 0.2 μM 
filter in a tissue culture hood. Store at 4 °C.

 2. Collagenase Type I (Worthington Biochemicals, LS004197) 
4000 U/ml: Add collagenase to an appropriate volume of 
Saline G (1× or a 1:20 dilution of 20× stock) to generate 
4000 U/ml, 10× stock solution. Stir 3–5 h at 4 °C until col-
lagenase is dissolved. Serial filter the solution with 0.40 μM 
filter followed by a 0.22 μM filter. Aliquot 1 ml collagenase 
into 1.5 ml Eppendorf tubes or 15 ml conical tubes and store 
at −20 °C.

 3. F-12C: To prepare 2 l of media, add 1 l tissue culture water to 
an Erlenmeyer flask containing a clean stir bar. Slowly add 
2.352 g/2l powdered F-12 Media (Life Technologies, 21700- 
075) with stirring until dissolved. Add 2.352 g/2l sodium 
bicarbonate. Adjust pH to 7.15–7.20. Add penicillin/strepto-
mycin to 100 U/ml penicillin, 100 μg/ml streptomycin, and 
8 ml 0.2 M calcium chloride. Add tissue culture water to bring 
volume to 2 l as needed. Filter the final solution with a 0.22 μM 
filter and store at 4 °C.

 4. Collagenase digestion media: 9 ml F-12C media, 1 ml Type I 
Collagenase 4000 U/ml.

 5. FGF-2: Basic human fibroblast growth factor-2 (Promega) 
5 ng/ml stock.

 6. Growth Media: F-12C, 15 % Horse Serum: Life Technologies, 
Lot No. 1312382, 1 % penicillin/streptomycin (100 U/ml 
penicillin, 100 μg/ml streptomycin), 2 nM FGF-2.

 7. Red Blood Cell Lysing Buffer: Sigma R7757.
 8. Hanks’ Balanced Salt Solution: Sigma H6648.
 9. FACS Buffer: Hanks’ Balanced Salt Solution, 5 % Horse 

Serum: Life Technologies.
 10. Antibodies for FACS: FITC conjugated rat anti mouse CD31 

(MEC 13.3) 0.5 mg/ml, FITC conjugated rat anti mouse 

2.1 Cell Isolation 
and Purification
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CD45 (30-F11) 0.5 mg/ml, FITC conjugated rat anti mouse 
Ly6A/E (E13-161.7) 0.5 mg/ml, AbLab, anti-Alpha7 
Integrin (R2F2) -647 (1:100). An anti-Sydecan4 antibody can 
be substituted for anti-Alpha7 Integrin and is available per 
request from Dr. Olwin, University of Colorado, Boulder.

 11. SiteClick Antibody Labeling kits: Life Technologies (Thermo 
Fisher Brand) for direct conjugation of antibodies to 
fluorophores.

1.2 % Barium Chloride in 0.9 % Saline: Fill clean beaker with 50 ml 
of distilled water and add stir bar. While stirring add 0.9 g sodium 
chloride and 1.2 g barium chloride dehydrate. After salts have dis-
solved bring final volume to 100 ml in a clean graduated cylinder. 
In a tissue culture hood, filter 100 ml solution through a 0.22 μm 
Steritop filter (bottle top style filter) into a sterile tissue culture 
bottle. Aliquot for single use and store at 4 °C.

3 Methods

The following involves transplanting mononucleated satellite cell 
cultures or myofiber-associated satellite cells. Mononucleated cells 
must be transplanted immediately upon isolation or following 
purification via Fluorescence Activated Cell Sorting (FACS) with-
out intervening cell culture. All mice were housed in a pathogen- 
free facility, and the Institutional Animal Care and Use Committee 
at the University of Colorado approved all protocols. Small rodent 
procedures require standard animal anesthesia setup, medical sup-
plies and dissection tools. Follow all institutional regulations and 
safety protocols for animal care and use.

 1. Harvest skeletal muscle tissue from the hindlimb of humanely 
euthanized mice via isoflurane inhalation and subsequent cer-
vical dislocation.

 2. Mince skeletal muscle in a glass petri dish using scissors or scal-
pels until a slurry is achieved (typically 5–10 min thorough 
mincing is required). Add the slurry to 10 ml of collagenase 
digestion media in a 15 ml conical tube and place at 
37 °C. Gently vortex the slurry every 10 min for 1 h. For skel-
etal muscle myofibers, isolate the EDL and peroneus muscles 
and immediately place in collagenase digestion media for 1.5 h 
at 37 °C and precede to Subheading 3.4.

 3. Filter the digest solution through a series of cell-strainer filters: 
100, 70, and 40 μM. Sediment cells by centrifugation 1000 × g 
for 5 min. Suspend cells into 500 μl of phosphate buffered 
saline and determine cell concentration with a standard hema-
cytometer. If no further purification of the cells is desired, 

2.2 Cell 
and Myofiber 
Transplantation

3.1 Cell Isolation 
and Purification
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proceed to Subheading 3.3 Cell Transplantation. Alternatively, 
cells can be purified via FACS in Subheading 3.2 or pre-plated 
to enrich for satellite cells and myoblasts (see Note 1).

 4. Suspend cells in 10 ml of growth media containing FGF-2 and 
plate onto a 100 mm gelatin-coated tissue culture plate. Place 
in 6 % low oxygen tissue culture incubator (see Note 1).

 1. Directly conjugate the anti-Alpha7 Integrin antibody to an 
appropriate fluorophore using SiteClick Antibody Labeling 
kits according to manufacturer’s instructions.

 2. For FACS, all steps are performed at 4 °C. One mouse hindlimb 
yields 10,000–200,000 sorting events.

 3. Sediment cells by centrifugation for 5 min at 1400 × g at 4 °C 
and resuspend the cells in 2 ml Red Blood Cell Lysing Buffer. 
Incubate the slurry for 1 min in lysing buffer and quench with 
20 ml of phosphate buffered saline (see Note 2). Filter cells 
through a 40 μM cell strainer.

 4. Sediment cells by centrifugation for 5 min at 1000 × g. Examine 
the cells for the presence of red blood cells, if red blood cells 
are present repeat steps 2 and 3 until blood cells are not 
detected.

 5. Bring cell solution to an appropriate final volume of Hanks’ 
Balanced Salt Solution taking into account multiple immunos-
taining conditions and controls. Divide the cell solution among 
2 ml Eppendorf tubes for immunostaining. Minimal volumes 
recommended: controls 200 μl and experimental conditions 
500 μl.

 6. Add the directly conjugated Alpha7 Integrin antibody at 1:100 
dilution and FITC conjugated CD31, CD45, and Ly6A/E 
each at a 1:500 dilution.

 7. Incubate tubes for 1 h at 4 °C on a rotary-style shaker.
 8. Wash cells by adding 1 ml FACS Buffer and incubate for 5 min 

at 4 °C with gentle agitation.
 9. Sediment cells by centrifugation for 5 min at 1400 × g, care-

fully remove the FACS buffer, and resuspend the cells in 500 μl 
fresh FACS buffer (see Note 3).

 10. Label dying cells with either propidium iodide or DAPI 
(4′,6-diamidino-2-phenylindole).

 11. Perform FACs, sorting for Alpha7 (positive) or Syndecan-4 
(positive) and against CD31, CD45 and Ly6A/E (negative). 
The FITC conjugated antibodies can be run on a single 
channel.

 12. Sort cells into F-12C growth media and keep on ice.

3.2 FACS Enrichment 
of Satellite Cells
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 1. Sediment cells by centrifugation in a 1.5 ml Eppendorf tube 
and suspend in 50 μl 1.2 % barium chloride for intramuscular 
injection. Cells may be suspended in F-12C or saline if no 
muscle injury is desired. Keep cells on ice until injection.

 2. Anesthesize the host mouse with isofluorane and locate the 
tibialus anterior (TA) muscle of the hindlimb. With the syringe 
parallel to the length of the TA muscle, insert the syringe just 
below the kneecap and push the syringe in until the tip has 
reached the bottom of the TA near the ankle. Slowly pull 
syringe out while injecting so that the injection volume is 
released along the entire length of the TA muscle. This ensures 
delivery of donor cells to the entire TA muscle and the most 
consistent TA muscle injuries.

 1. Place muscle slurry into 100 mm tissue culture plates contain-
ing growth media. To clean myofibers of debris, use a dissec-
tion microscope to identify shiny (live) myofibers, transferring 
them onto a fresh media plate using a fire-polished glass Pasteur 
pipet with attached latex rubber bulb (see Note 4).

 2. Place myofiber cultures in a 6 % low oxygen tissue culture incu-
bator. Refeed cultures with 2 nM FGF-2 every 24 h.

 3. For transplantation, transfer donor myofibers to a 35 mm dish 
containing 2 ml of 1.2 % Barium chloride, or 0.9 % saline. 
Using a dissection scope, identify myofibers and draw up the 
desired number of myofibers into a 27 G1/2 cc tuberculin 
syringe (Becton-Dickinson Company). To clear excess volume 
from the syringe, hold the syringe needle up and allow the 
myofibers to settle near the plunger. Once the correct volume 
is obtained, rotate the syringe so myofibers are centered within 
the syringe’s solution. Inject myofibers along the length of the 
TA muscle (see Note 5).

Regeneration of skeletal muscle appears complete at 30 days post 
BaCl2 injection where donor satellite cells have homed to the host 
satellite cell niche and are quiescent, the minimum feret’s diameter 
is stabilized and there is no evidence of infiltrating immune cells. 
Therefore, all analyses of cell engraftment should include a 30 days 
postinjection time point. Donor cells are most readily differenti-
ated by host cells if they are lineage marked prior to transplanta-
tion. An alternative includes allosome (Y chromosome) labeling 
from male donor mice in female hosts [15]. FACS provides a 
quantitative measure of donor versus host populations present in 
engrafted skeletal muscle, while immunostaining of muscle cross- 
sections will provide visual identification and quantification of both 
donor and host satellite cells but is time consuming. Satellite cells 
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are defined as mononuclear cells located between the myofiber 
plasma membrane and the basal lamina of myofibers [2]. Satellite 
cells can be readily identified by immunoreactivity to Pax7 [16], 
Syndecan-4 [10], or Calcitonin Receptor [17]. Quantification of 
donor cells that have fused into the host myofiber is not possible as 
all proteins produced by donor cell nuclei diffuse throughout the 
host myofiber, but the number of myofibers containing fused 
donor cells is readily quantified. Quantification of myofibers con-
taining donor nuclei should be reported as percent of the total 
myofibers scored so that data are readily compared between 
research groups.

4 Notes

 1. For mononucleated cell cultures, significant debris will be 
present in tissue extracts. Pre-plating for the first 12 h in cul-
ture permits separation of satellite cells from debris and con-
taminating cell populations that adhere to tissue culture plates 
as satellite cells require laminin, gelatin, or collagen to adhere.

 2. Removal of red blood cells from satellite cell preparations is 
required for cell sorting and will prevent cell sorter nozzle 
clogging and improve profiling and sorting. Whenever possi-
ble primary directly conjugated antibodies should be used for 
FACS, the use of secondary labeled antibodies is not 
recommended.

 3. To reduce nozzle clogging during FACS isolation of satellite 
cells, horse serum is added to the FACS buffer. Additional 
measures could involve increasing the percentage of serum or 
treatment of cell solutions with DNAse.

 4. Select myofibers that are phase bright indicating live myofi-
bers. Avoid opaque damaged myofibers. Cultured myofibers 
will remain suspended and not attach to tissue culture plates.

 5. Following injection of myofiber-associated satellite cells into 
host mouse, pull up buffer into syringe and flush out several 
times while viewing under a dissecting microscope to quantify 
the number of myofibers that were injected as myofibers can be 
found following injection in the syringe.
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Chapter 13

Simultaneous Measurement of Mitochondrial 
and Glycolytic Activity in Quiescent Muscle Stem Cells

James G. Ryall

Abstract

Cellular metabolism has recently been identified as an important regulator of cell identity, with several 
adult stem cell populations having been observed to undergo a shift in metabolism during important 
changes in cell state, such as during the shift from quiescence to proliferation. In this chapter, a method to 
characterize the metabolism of quiescent skeletal muscle stem cells is presented. This technique will allow 
for the comparison of quiescent muscle stem cells isolated from two or more different mouse models.

Key words Metabolism, Satellite cells, Glycolysis, Oxidative phosphorylation, Mitochondria

1 Introduction

Skeletal muscle possesses an incredible capacity for repair and 
regeneration following injury, a result conferred on this tissue by a 
specialized population of skeletal muscle stem cells (MuSCs, also 
termed satellite cells) [1, 2]. In healthy adult individuals, MuSCs 
exist in a quiescent state outside the cell cycle, termed G0. A similar 
state of quiescence has been observed in several tissue-specific 
adult stem cell populations, including hematopoietic stem cells and 
hair-follicle stem cells among others [3].

Over the last decade a significant amount of research has 
focused on the regulation of stem cell quiescence, as any disrup-
tion to this important cell state can lead to depletion and/or 
exhaustion of the stem cell pool [4–6]. Recently, cellular metabo-
lism has been identified as an important regulator of changes in cell 
state (quiescence-to-activation) and lineage progression [7, 8]. 
The study of stem cell energetics has exploded over the last decade, 
with a change in stem cell metabolism leading to a change in cell 
identity now termed “metabolic reprogramming” [9, 10]. 
Coupling of advanced cell sorting techniques with downstream 
analyses has greatly enhanced our understanding of the quiescent 
state [7, 11–13].
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The introduction of the Seahorse Bioscience extracellular flux 
(XF) bioanalyzer in 2006 has allowed for the simultaneous measure-
ment of oxygen consumption rates (OCR, a measure of mitochon-
drial oxidative phosphorylation activity) and extracellular acidification 
rates (ECAR, a measure of glycolysis) in live cells, tissues, and organ-
isms [14]. The further development of assays designed to exploit 
several metabolic activators/inhibitors has led to the ability to inves-
tigate several aspects of mitochondrial and glycolytic kinetics [15]. 
Using freshly isolated quiescent MuSCs, the method presented in 
this chapter is designed to allow the user to measure basal metabo-
lism (mitochondrial and glycolytic activity), mitochondrial bioener-
getics (oxygen consumed for the production of ATP and the 
maintenance of the mitochondrial proton gradient; maximum mito-
chondrial activity; spare respiratory capacity; and, non-mitochon-
drial respiration), and maximal (and spare) glycolytic activity.

2 Materials

 1. Freshly isolated MuSCs in ice-cold media (see Note 1).
 2. Centrifuge (with plate adapters).
 3. Seahorse XF24 cell culture microplate.
 4. OPTIONAL: Cell Tak or matrigel (see Note 2).

 1. Seahorse XF assay media (see Note 3).
 2. 45 % D-glucose solution.
 3. 100 mM sodium pyruvate.
 4. 2 M hydrochloric acid (HCl) and 2 M sodium hydroxide 

(NaOH) for adjusting pH.

 1. Seahorse XF24Bioanalyzer (see Note 4).
 2. Seahorse XF24 sensor cartridge.
 3. Seahorse XF calibrant solution.
 4. Seahorse XF assay media (see Note 3).
 5. 25 mM oligomycin (see Note 5).
 6. 25 mM carbonyl cyanide 4-(trifluoromethoxy)phenylhydra-

zone (FCCP, see Note 5).
 7. 50 mM rotenone (see Note 5).
 8. 25 mM antimycin A (see Note 5).
 9. 2-deoxy-D-glucose (2-DG, see Note 6).

 1. Trypsin-EDTA (0.25 %).
 2. Phosphate buffered saline containing 2 % horse serum 

(PBS+2 % HS).
 3. A cell counter.

2.1 MuSC Seeding

2.2 XF Assay Media

2.3 Analysis 
of Mitochondrial/
Glycolytic Kinetics

2.4 Post-assay 
Cell Counts

James G. Ryall
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3 Methods

Analysis of cellular metabolism during quiescence can be con-
ducted on any adult stem cell population where cell isolation and 
purification can be completed without inducing cell activation. For 
MuSCs the recommended protocol is to use fluorescence activated 
cell sorting, as previously described [7]. It should be possible to 
isolate greater than 1.5 × 105MuSCs from the hindlimb muscula-
ture of an adult C57BL/6 male mouse. The isolation of MuSCs 
must be completed on the same day as the assay (so that analysis is 
complete while MuSCs are still in a state of quiescence).

 1. This step should be completed the day prior to the assay (see 
Note 7). Open one Seahorse XF24 sensor cartridge and add 
750 μl of the supplied calibrant solution to each well of the 
calibrant plate.

 2. Replace the (green) XF24 sensor cartridge and lid (making 
sure the notches in the bottom left of the calibrant plate, sen-
sor cartridge and lid match up) and wrap in parafilm.

 3. Place the XF24 sensor cartridge in a non-CO2 incubator at 
37 °C overnight.

 1. Prior to running an assay on the Seahorse XF24 bioanalyzer, it 
is necessary to design the assay protocol and configure the 
plate layout. As the plate layout is assay/user dependent it will 
not be presented here, although users are recommended to 
keep at least three wells blank for background normalization.

 2. Utilizing the XF24 assay wizard, enter the assay protocol as 
indicated in Fig. 1.

 1. MuSCs should be isolated and sorted on the day of the assay. 
This can be completed on the morning of the assay so the cells 
are ready to be analyzed in the afternoon. The XF assay media 
and drug solutions described in this section can be made while 
the cells are sorting.

 2. Aliquot 49 ml of XF assay media into a 50 ml falcon tube and 
add 500 μl D-glucose (final concentration 25 mM) and 500 μl 
sodium pyruvate (final concentration 1 mM). Recap the falcon 
tube and place in a water bath set to 37 °C for at least 30 min.

 3. Once the assay media has reached 37 °C remove the falcon 
tube and measure the pH of the solution (see Note 8). Carefully 
add HCl or NaOH as needed to obtain a pH of 7.40 ± 0.02.

 4. Decant 20 ml of the assay media into 4 × 5 ml aliquots in 
15 ml falcon tubes and replace the remaining assay media in 
the 37 °C water bath. Label each 15 ml falcon tube as “A,” 
“B,” “C,” or “D.”

3.1 Hydrating 
the Sensor Cartridge

3.2 Designing 
the Assay Protocol

3.3 Preparation of XF 
Assay Media 
and Mitochondrial/
Glycolytic Inhibitors
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 5. Add 4 μl of oligomycin to tube A; 1 μl of FCCP to tube B; and 
2 μl of rotenone and 4 μl of Antimycin A to tube C (see Note 9). 
Create a 1 M 2-DG solution by adding 2-DG directly to tube D 
(see Note 6). These tubes provide a 10× concentrate that will be 
added to each of the four Seahorse XF sensor plate ports. The 
final working concentration for each compound (following port 
injection) is as follows: 2 μM oligomycin; 500 nM FCCP; 1 μM 
rotenone; 1 μM antimycin A; and, 100 mM 2-DG.

 6. Remove the hydrated sensor plate from the non-CO2 incuba-
tor and remove the parafilm and plastic lid. Ensuring the green 

Fig. 1 Protocol design for the Seahorse assay, using XF24 software

James G. Ryall
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sensor plate is correctly aligned (notch in the bottom left) add 
the diluted compound from tubes A–D to every port as fol-
lows: port A, add 70 μl tube A; port B, add 78 μl tube B; port 
C, add 86 μl tube C; port D, add 96 μl tube D (see Fig. 2).

 7. Start the equilibration and calibration phase of the assay by 
selecting “Start Assay” on the Seahorse computer and carefully 
placing the sensor cartridge (and calibrant plate) onto the 
loading tray, making sure the barcode on the sensor cartridge 
faces toward the back of the machine, and click “Start.”

 1. Immediately following isolation of MuSCs, the total cell num-
ber should be accurately determined via cell counting (either 
via manual or automated techniques).

 2. Once the total number of cells has been determined, centri-
fuge the MuSCs (5 min at 540 × g) and carefully remove the 
suspension buffer.

 3. Slowly add ~1 ml of warmed XF assay media per 1 × 105 
MuSCs and centrifuge for 5 min at 540 × g.

 4. Carefully remove the XF assay media (without disturbing the 
cell pellet) and resuspend the cells (with slow trituration) in 
630 μl warmed XF assay media per 7.5 × 104MuSCs.

 5. Add 630 μl of the resuspended MuSCs to the desired number 
of wells in an XF24 cell plate by angling the tip of the pipette 

3.4 Seeding 
of Freshly Isolated 
MuSCs

Fig. 2 Port layout for each well in an XF24 sensor cartridge. Before loading the 
ports, ensure the sensor cartridge is in the correct orientation. The optical probe 
is lowered into the center hole of the sensor cartridge, do not let any solution leak 
into this area

Measuring Metabolism of Quiescent Stem Cells
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toward the opposite wall of the well and ejecting the cells in a 
single constant motion. Ensure to leave at least three wells 
empty for background readings.

 6. Immediately spin the XF24 cell plate on a centrifuge equipped 
with swing bucket plate holders (5 min at 200 × g). Following 
centrifugation, confirm even cell seeding on an inverted micro-
scope (see Note 10).

 7. Remove the calibration plate from the Seahorse Bioanalyzer 
and replace with the XF24 cell plate containing the MuSCs 
and start the measurement phase of the assay.

 1. At the completion of the assay remove the XF cell plate and 
sensor cartridge from the Bioanalyzer and discard the used 
sensor cartridge.

 2. Transfer the XF assay media from each well to a labeled 15 ml 
falcon tube, and then add 100 μl pre-warmed (37 °C) Trypsin- 
EDTA to each well of the XF cell plate. Following 5 min of 
incubation, remove the trypsin (and cells) from each well and 
transfer to the labeled tubes containing the XF assay media.

 3. Centrifuge all 15 ml falcon tubes for 5 min at 540 × g and 
remove the supernatant. Resuspend the cell pellet in 100 ml of 
PBS+2 % HS and count the total number of cells in each well 
(either via manual or automated techniques). Oxygen con-
sumption and extracellular acidification rates can be corrected 
to absolute cell numbers (pmol/min/105 cells and mpH/
min/105 cells).

 4. By calculating the area under the curve following the addition 
of each compound, it is possible to characterize several mea-
sure of mitochondrial and glycolytic function (Fig. 3a, b). In 
addition, by plotting the mean basal OCR (Y-axis) against 
ECAR (X-axis) it is possible to generate a metabolic pheno-
gram (Fig. 3c). These analyses will allow a detailed investiga-
tion of cellular metabolism during quiescence and the 
comparison of metabolism following in vivo transgenic or 
pharmacologic manipulations.

4 Notes

 1. MuSCs isolated via FACS are generally sorted in FACS buffer 
consisting of PBS + 2 % horse serum, and kept on ice. This 
buffer is appropriate for cell seeding if the experimenter wishes 
to let the cells settle and attach to the XF cell plate without 
centrifugation. In this case, cells should be left for several hours 
to attach.

 2. While not essential for seeding of quiescent MuSCs, users may 
wish to pre-coat the XF cell plate with a thin layer of either Cell 

3.5 Post-assay 
Analysis
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Tak or matrigel. However, if a coating is to be applied, ensure 
that it does not contain serum or a buffering agent (as this will 
interfere with the measurement of OCR and ECAR).

 3. While this protocol calls for the use of XF assay media, this can 
be substituted with XF base media which does not contain 

Fig. 3 (a, b) Representative Seahorse traces of the OCR and ECAR data generated from the described protocol. 
By determining the area under the curve of the indicated segments, it is possible to obtain values for several 
aspects of mitochondrial and glycolytic activity. (c) A metabolic phenogram can be constructed to directly 
compare the metabolic phenotype of two or more populations of quiescent MuSCs (QSCs) by plotting basal 
OCR against basal ECAR

Measuring Metabolism of Quiescent Stem Cells
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GlutaMAX. This can be useful if you wish to replace GlutaMAX 
with L-Glutamine).

 4. The protocol described has been optimized for the XF24; 
however, it should be possible to adapt cell numbers and vol-
umes to the XF96 (this should be optimized by individual 
users). Additionally, users of XFe machines may find that cell 
numbers can be reduced to obtain similar values.

 5. While Seahorse Bioscience sells these compounds as a kit, users 
may prefer to purchase each compound individual and make 
concentrated stock solutions by dilution in DMSO. Concentrated 
stocks should be stored at −20 °C in aliquots.

 6. 2-DG should be diluted directly in Seahorse assay media, to a 
concentration of 1 M.

 7. If necessary, calibration can be completed on the day of the 
assay. We have incubated flux plates for as little as 4 h with no 
observable decrease in recordings (although overnight calibra-
tion is preferable).

 8. Typically at this point the XF assay media will be slightly acidic 
(pH: 7.00–7.25) and requires the addition of a small volume 
of NaOH.

 9. Following the addition of the compounds to tubes A–D it is 
important to readjust the pH of each solution to 7.40 ± 0.02.

 10. Correct cell seeding, with an even distribution of cells across 
each well, is essential to obtain good data. Uneven seeding will 
result in high well-to-well variability. To improve cell attach-
ment users may wish to pre-coat the XF24 cell plate with Cell- 
Tak or similar (as described in Note 2).
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Chapter 14

Monitoring Autophagy in Muscle Stem Cells

Laura García-Prat, Pura Muñoz-Cánoves*, and Marta Martínez-Vicente*

Abstract

Autophagy is critical not only for the cell’s adaptive response to starvation but also for cellular homeostasis, 
by acting as quality-control machinery for cytoplasmic components. This basal autophagic activity is par-
ticularly needed in postmitotic cells for survival maintenance. Recently, basal autophagic activity was 
reported in skeletal muscle stem cells (satellite cells) in their dormant quiescent state. Satellite cells are 
responsible for growth as well as for regeneration of muscle in response to stresses such as injury or disease. 
In the absence of stress, quiescence is the stem cell state of these cells throughout life, although which 
mechanisms maintain long-life quiescence remains largely unknown. Our recent findings showed that 
autophagy is necessary for quiescence maintenance in satellite cells and for retention of their regenerative 
functions. Importantly, damaged organelles and proteins accumulated in these cells with aging and this 
was connected to age-associated defective autophagy. Refueling of autophagy through genetic and phar-
macological strategies restored aged satellite cell functions, and these finding have biomedical implications. 
In this chapter, we describe different experimental strategies to evaluate autophagic activity in satellite cells 
in resting muscle of mice. They should facilitate our competence to investigate stem cell functions both 
during tissue homeostasis as in pathological conditions.

Key words Stem cell, Satellite cell, Skeletal muscle, Autophagy, Quiescence, Aging

1 Introduction

All organisms undergo continuous tissue and cell renovation. This, 
in part, occurs to replace old components with fresh, better-quality 
ones. Such “cellular renovation” requires synthesis of new con-
stituents but also degradation of pre-existing, often damaged 
materials, which can serve as building blocks for “the novo synthe-
sis” [1]. Autophagy is a process whereby intracellular cytosolic 
components including both macromolecules, such as proteins, gly-
cogens, lipids and nucleotides, and organelles, such as mitochon-
dria, peroxisomes, ribosomes, and endoplasmic reticulum among 
others, are degraded within the lysosome [2–8]. Lysosomes are 
cellular organelles that contain acid hydrolases (proteases, lipases, 

*These authors contributed equally to this work.
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nucleases, etc.) that break down macromolecules internalized 
inside this organelle. Once the macromolecules are degraded, their 
essential components can be transferred back to the cytosol for the 
building of new cellular material.

In mammals there are three types of autophagy: macroautoph-
agy, microautophagy, and chaperone-mediated autophagy. 
Macroautophagy, which will be simply referred to here as autoph-
agy, is mediated by the autophagosome. A small portion of the 
cytoplasm is engulfed by an isolated membrane or phagophore, 
leading to the formation of a double-membrane vesicle called 
autophagosome. Then, the autophagosome fuses with the lyso-
some, giving rise to an autolysosome, and materials inside the 
autophagosome are degraded by lysosomal hydrolases. Thus, 
autophagy is considered a dynamic process that comprises the fol-
lowing sequential steps: initiation, nucleation of the autophago-
some membrane, recognition, and trapping of the substrate, 
transport of the loaded autophagosomes toward the lysosomes, 
fusion of both vesicles, and ultimately degradation of the cargo [9] 
(Fig. 1).

Although autophagy can be a nonselective degradation path-
way where intracellular components are randomly engulfed, under 
some conditions and in response to certain signals, autophagy is a 
highly selective process by recognizing and eliminating compo-
nents like mitochondria (mitophagy), peroxisomes (pexophagy) 
[10], ER portions (reticulophagy) [11], ribosomes(ribophagy) 
[12], lipid droplets (lipophagy) [13], pathogens (xenophagy) [14], 
or ubiquitinated-aggregates (aggrephagy) [15]. Most of these 

Phagophore
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Lysosome Autolysosome
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Autolysosome maturation/
Degradation
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Low pH
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Fig. 1 The process of autophagic flux
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pathways require the action of autophagy adaptors, like p62, that 
act as linkage between the autophagosome (interacting with 
LC3-II proteins) and the substrate (binding to its ubiquitin chain) 
[16–18].

The most fundamental and evolutionary conserved role of 
autophagy is the supply of amino acids in the “adaptation response” 
to starvation conditions for new protein synthesis and energy pro-
duction [19, 20]. However, under conditions of stress, such as 
mitochondrial damage, ER stress, hypoxia, redox stress, accumula-
tion of aggregated proteins, or pathogen-associated molecular pat-
terns (PAMPs), autophagy might also be induced as part of the 
cellular stress-response mechanism [8].

Growing evidence points to the importance of basal autoph-
agy, operating constitutively at low rate, even under a nutrient-rich 
environment, and to its key role in global turnover of cellular com-
ponents including organelles. Consistent with this, constitutive 
autophagy acts as the quality-control machinery for cytoplasmic 
components, being crucial for cellular homeostasis. The impor-
tance of constitutive autophagy is specially critical in postmitotic 
cells-like neurons, which require an effective and basal autophagy 
activity to maintain cell homeostasis and survival [21, 22]. More 
recently, quiescent muscle stem cells (also called satellite cells) have 
also been shown to require constitutive autophagy to maintain 
their stemness status [23]. In this context, autophagy has been 
demonstrated to operate in two different scenarios. In the first 
one, a recent study reported that suppression of autophagy inhibits 
activation of young satellite cells from quiescence upon injury 
[24]. The authors proposed that autophagy is induced by Sirt1 
during satellite cell activation to provide the nutrients necessary to 
meet bioenergetic demands during the transition from quiescence 
to activation [24]. Of note, this study proposed a relative lack of 
nutrient availability to induce autophagy during the satellite cell 
activation phase, mimicking starvation- induced autophagy, a pro-
cess necessary for cellular adaptation to nutritional stress, similar to 
what was described in hematopoietic stem cells [25]. In a second 
scenario, we have demonstrated that young quiescent satellite cells 
(in resting muscle) display a basal autophagy flux, and that this 
basal activity preserves cell integrity and fitness over time. Through 
Atg7 (one of the essential genes for the formation of the autopha-
gosomes) genetic deletion in young satellite cells, we have shown 
that constitutive autophagy, which declines during aging, func-
tions as a cytoprotective and cellular quality control mechanism to 
balance protein and organelle homeostasis, which is essential to 
maintain both the population of satellite cells and their functional 
properties. These findings reflect the relevance of autophagy in 
stem cells homeostasis regulation.

Because of the low number of quiescent satellite cells, the 
peculiarities of their isolation in a resting state, and their particular 
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morphology (very low proportion of cytoplasm), the study of the 
autophagic process in these stem cells and the consequences of its 
impairment, is therefore challenging. In this chapter, we review a 
variety of methods developed to study autophagy in quiescent 
muscle stem cells.

2 Materials

DMEM (Dulbecco’s Modified Eagle Medium) (Biowest, 
L0101-500)

Penicillin/Streptomycin (Biowest, L0022-100)
Fetal Bovine Serum (FBS) (Capricorn Scientific, FBS-12A)
Filters 100, 70, and 40 μM (SPL Lifescience, 93100/93070/93040)
Lysis Buffer (BD Pharm lyse, 555899)
FACS Buffer: PBS 1×, 5 %Goat Serum (Gibco, 16210-064)
Antibodies:

 –  PE/Cy7 anti-mouse/human Ly-6A/E (Sca-1) (Biolegend, 
108114).

 –  PE/Cy7 anti-mouse/human CD45 (Biolegend, 101216).
 – α-7 integrin R-Phycoerythrin (AbLab, 53-0010-05).
 –  Alexa Fluor 647 Rat anti-mouse CD34 (BD Pharmingen, 

560230).
Digestion mix (four limb muscles of one mouse require 100 ml of 

digestion mix):
 –  Collagenase D, 0.8 % final concentration (Roche, 

11088882001).
 –  Trypsin 2.5 %, 0.125 % final concentration (Gibco, 

15090-046).
 –  DMEM, 1 %P/S.

DAPI, stock solution 1 mg/ml, final concentration 1 μg/ml 
(Invitrogen, D1306)

FACS Buffer: PBS 1×, 5 % Goat Serum (Gibco, 16210-064)
Antibodies:
 –  PE/Cy7 anti-mouse/human Ly-6A/E (Sca-1) (Biolegend, 

108114).
 –  PE/Cy7 anti-mouse/human CD45 (Biolegend, 101216).
 – α-7 integrin R-Phycoerythrin (AbLab, 53-0010-05).
 –  Alexa Fluor 647 Rat anti-mouse CD34 (BD Pharmingen, 

560230).
Bafilomycin A1, 10 nM final concentration (Sigma, B1793)
DMSO (Dimethyl sulfoxide) (Sigma, D2650)

2.1 Isolation 
of Quiescent Satellite 
Cells by Fluorescence- 
Activated Cell Sorting 
(FACS)

2.2 Autophagic Flux 
Determination

2.2.1 Turnover of LC3-II 
by Western Blotting 
of Isolated Quiescent 
Satellite Cells

Laura García-Prat et al.
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Immunoprecipitation (IP) Buffer:
 – 50 mM Tris–HCl.
 – 150 mM NaCl.
 – 1 % NP-40.
 – 5 mM EGTA.
 – 5 mM EDTA.
 – 20 mM NaF.

IP Working Soultion (for 10 ml):
 –  One tablet of protease inhibidor (ComplteMini, Roche, 

11836153001).
 – 50 μl phosphatase inhibitor Cockatil 1 (Sigma, P2850).
 – 50 μl phosphatase inhibitor Cocktail 2 (Sigma, P5726).
 – NaVanadate, 0.1 mM final concentration.
 – PMSF, 1 mM final concentration.
 – Glicerophosphate, 10 mM final concentration.

Resolving gel 12 % (two gels):
 – 8.6 ml ddH20.
 – 6 ml 40 % acrylamide.
 – 3 ml 1.5 M Tris–HCl, pH 8.8.
 – 200 μl 10 % SDS.
 – 200 μl 10 % APS.
 – 8 μl TEMED.

Stacking gel 5 % (two gels):
 – 5.9 ml ddH20.
 – 1 ml 40 % acrylamide.
 – 1 ml 1.0 M Tris–HCl, pH 6.8.
 – 80 μl 10 % SDS.
 – 80 μl 10 % APS.
 – 8 μl TEMED.

Running Buffer (pH 8.3):

 – 0.025 M Tris–HCl.
 – 0.192 M Glycine.
 – 0.1 % SDS.

Transfer Buffer:
 – 0.025 M Tris.
 – 0.192 M Glycine.
 – 20 % M ethanol.

Blocking Solution: 5 % milk, TBS-T

Monitoring Autophagy in Muscle Stem Cells
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Antibody solution: 5 % BSA, TBS-T
PVDF membrane (Amersham Hybon PVDF, GE Healthcare 

LifeScience, 10600023)
Tris buffered sali.e (TBS, 10×): 1.5 M NaCl, 0.1 M Tris–HCl, 

pH 7.4.
TBS-T: TBS 1×, 0.05 % Tween
5× Laemmli Buffer:

 – 100 mM Tris pH 6.8.
 – 32 % Glycerol.
 – 2 % SDS.
 – 0.05 % β-mercaptoethanol.
 – 0.1 % Bromopehnol Blue.
 – ddH20.

Antibodies:
 – anti-LC3 (Novus Biologicals NB100-2331).
 – Anti-Tubulin (Sigma, T-6199).
 –  Polyclonal Goat anti-rabbit Immunoglobulins/HRP 

(Dako, P0448).
 – Alexa fluor 680 Goat anti-mouse IgG (Invitrogen, A21058).
 –  anti-p62/SQSTM1 antibody produced in rabbit (Sigma, 

P0067).
ECL reagent (Amersham ECL Western Blotting Detection 

Reagents, GE Healthcare LifeScience, RPN2209)
X ray-film (Amersham Hyperfilm ECL, GE Healthcare LifeScience, 

28906837)
Odyssey Blocking Buffer (PBS) (LI-COR, 927-40000)

FACS Buffer: PBS 1×, 5 % Goat Serum (Gibco, 16210-064)
Antibodies:
 –  PE/Cy7 anti-mouse/human Ly-6A/E (Sca-1) (Biolegend, 

108114).
 – PE/Cy7 anti-mouse/human CD45 (Biolegend, 101216).
 – α-7 integrin R-Phycoerythrin (AbLab, 53-0010-05).
 –  Alexa Fluor 647 Rat anti-mouse CD34 (BD Pharmingen, 

560230).

Bafilomycin A1, 10 nM final concentration (Sigma, B1793)
DMSO (Dimethyl sulfoxide) (Sigma, D2650)
Eight-well glass slides (Thermo Scientific, 177402)
Poly L-lysin (Sigma, P8920)

2.2.2 GFP-LC3 
Fluorescence Microscopy 
of Isolated Quiescent 
Satellite Cells

Laura García-Prat et al.
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PBS 1×, 0.02 % azide
Fixation: 4 % PFA
Mowiol

Blocking Solution: 10 % Goat serum (Gibco, 16210-064), 10 % 
FBS (Capricorn Scientific, FBS-12A) in PBS 1×

Washes: PBS 1×, 0.01 % Tween (Sigma, P1379)
Permeabilization: PBS 1×, 0.5 % Triton (Sigma, T8787)
DAPI, stock solution 1 mg/ml, final concentration 1 μg/ml 

(Invitrogen, D1306)
Antibodies:

 –  anti-p62/SQSTM1 antibody produced in rabbit (Sigma, 
P0067).

 – mouse monoclonal antibody to LC3 (NanoTools, 5F10).
 – LAMP-1 (Santa Cruz Biotechnology, sc-19992).

Cassettes 15 × 15 × 5 mm (Tissue-Tek Cryomold, Sakura)
OCT (Tissue-Tek, Sakura)
Blocking Solution 1: 1/50 MOM mouse IgG blocking reagent 

(Vector, MKB-2213), 0.01 % Triton, PBS 1×
Blocking Solution 2: 10 % Goat Serum, 10 % FBS, PBS 1×
Washes: PBS 1×, 0.01 % Triton (Sigma, T8787)
Permeabilization: PBS 1×, 0.5 % Triton (Sigma, T8787)
Mowiol
Fixation: 4 % PFA
DAPI, stock solution 1 mg/ml, final concentration 1 μg/ml 

(Invitrogen, D1306)

FACS Buffer: PBS 1×, 5 % Goat Serum (Gibco, 16210-064)
Antibodies:

 – PE/Cy7 anti-mouse/human Ly-6A/E (Sca-1) (Biolegend, 
108114).

 – PE/Cy7 anti-mouse/human CD45 (Biolegend, 101216).
 – α-7 integrin R-Phycoerythrin (AbLab, 53-0010-05).
 – Alexa Fluor 647 Rat anti-mouse CD34 (BD Pharmingen, 

560230).

Bafilomycin A1, 10 nM final concentration (Sigma, B1793)
DMSO (Dimethyl sulfoxide) (Sigma, D2650)
DAPI, stock solution 1 mg/ml, final concentration 1 μg/ml 

(Invitrogen, D1306)

2.2.3 Immunostaining 
Analysis of Freshly Isolated 
Quiescent Satellite Cells

2.2.4 Immunostaining 
Analysis of GFP- LC3 
Quiescent Satellite Cells 
in Tissue Sections

2.2.5 Flow Cytometry 
Analysis of GFP- LC3 
Quiescent Satellite Cells
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Growth medium: HAM’S F-12 (Biowest, l0140-500), 20 % FBS 
(Capricorn Scientific, FBS-12A), 1 % L-Glutamine (Biowest, 
X0550-100), 1 % P/S (Biowest, L0022-100)

Bafilomycin A1, 10 nM final concentration (Sigma, B1793)
DMSO (Dimethyl sulfoxide) (Sigma, D2650)
DAPI, stock solution 1 mg/ml, final concentration 1 μg/ml 

(Invitrogen, D1306)
Coating Solution: 0.1 mg/ml of Collagen (Becton Dickinson, 

354236), 0.02 N acetic acid (Sigma, 320099)
Fixation: 4 % PFA
Mowiol
Lipofectamine 3000 (Life Technologies, L3000001)
mRFP-GFP-LC3 plasmid[26]
Eight-well glass slides (Thermo Scientific, 177402)

Fixation: 2 % paraformaldehyde/2.5 % glutaraldehyde in phos-
phate buffer (0.1 M; pH 7.4)

q-RT-PCR
RNeasy Micro kit (Qiagen, 74004)
SuperScript III Reverse Transcriptase (Invitrogen 1674043)
LightCycler 480 System using Light Cycler 480 SYBR Green I 

Master reaction mix (Roche Diagnostic Corporation)
Primers (Sigma) (see Table 1)
Global gene expression analysis of quiescent satellite cells
RNeasy Micro kit (Qiagen, 74004)
Agilent SurePrint G3 Mouse GE 8 × 60 K (Agilent Technologies, 

G4852A)

Rapamycin (LC Laboratories, R-5000)
Spermidine (Sigma, S2626)
LV-Atg7 (ref)
Lentivirus infection:

 – Retronectin (Takara, T100A).
 –  Hank’s Balanced Salt Solution (HBSS) (Gibco, 

14025-050).
 – Bovine Serum Albumins (BSA) (Sigma, A7906).
 – Hepes (Sigma, H3375).

Bafilomycin A1 (Sigma, B1793)
Chloroquine (Sigma, C-6628)
E64d (Sigma, E3132)

2.2.6 Fluorescence 
Microscopy Analysis of Cell 
Expressing the mRFP-GFP- 
LC3 Plasmid

2.3 Transmission 
Electron 
Microscopy (TEM)

2.4 Transcriptional 
Regulation

2.5 Autophagy 
Modulation: (In Vivo 
and In Vitro 
Treatments)

2.5.1 Activation

2.5.2 Inhibition

Laura García-Prat et al.

http://www.lifetechnologies.com/order/catalog/product/L3000001


263

Pepstatin A (Sigma, P-5318)
Leupeptin (Sigma, L2884)

Tamoxifen (Sigma, T5648)
Corn Oil

3 Methods

Muscle stem cells (satellite cells) are located surrounding the basal 
lamina and outside the myofiber plasma membrane in a quiescent 
state. These small stem cells were first described in adult muscle in 
1961 by Alexander Mauro [27], using electron microscopy. This 
technique also revealed other morphological attributes: large 
nuclear-to-cytoplasmic ratio, few organelles, and condensed inter-
phase chromatin. This morphology is in harmony with the notion 
that most satellite cells, in healthy unstressed muscles, are mitoti-
cally quiescent (arrested in the G0 phase of the cell cycle) and tran-
scriptionally inactive. The steps for isolation of these cells by FACS 
(see Fig. 2a) are described below:

 1. Muscles from fore and hind limbs are collected in cold DMEM 
1 %P/S into 50 ml falcon tubes.

 2. Decant all the muscles collected in a petri dish and remove 
DMEM 1 %P/S completely.

2.6 Mouse Models 
Useful for Monitoring 
Autophagy in 
Quiescent Satellite 
Cells

3.1 Isolation 
of Quiescent Satellite 
Cells by FACS

Table 1 
Primer sequences used for real-time PCR of autophagy-related mouse genes

Gene Forward primer Reverse primer

Atg7 TCTGGGAAGCCATAAAGTCAGG GCGAAGGTCAGGAGCAGAA

Map1lc3 TTATAGAGCGATACAAGGGGGAG CGCCGTCTGATTAT

Beclin1 ATGGAGGGGTCTAAGGCGTC TCCTCTCCTGAGTTAGCCTC

Bnip3I TTGGGGCATTTTACTAACCTTG TGCAGGTGACTGGTGGTACTAA

Atg12 TTCGCTCCACAGCCCATTTC TCCCCGGAACGAGGAACTC

Atg4b ATTGCTGTGGGGTTTTTCTG AACCCCAGGATTTTCAGAGG

Cathepsin GTGGACTGTTCTCACGCTCAAG TCCGTCCTTCGCTTCATAGG

p62 CCCAGTGTCTTGGCATTCTT AGGGAAAGCAGAGGAAGCTC

Bnip3 TTCCACTAGCACCTTCTGATGA GAACACCGCATTTACAGAACAA

Vps34 TGTCAGATGAGGAGGCTGTG CCAGGCACGACGTAACTTCT

Gabarapl1 GGACCACCCCTTCGAGTATC CCTCTTATCCAGATCAGGGACC

Monitoring Autophagy in Muscle Stem Cells
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 3. Mince muscles with scissors.
 4. Mince muscles further with razor blades.
 5. Collect minced muscles into a 50 ml falcon tube and add cold 

DMEM 1 %P/S. Leave muscle sediment and remove DMEM 
1 %P/S, discarding floating fat pieces. Repeat this step to fur-
ther clean the sample from non-muscle pieces.

 6. In the last wash, remove DMEM 1 %P/S as much as possible 
and split the minced muscle into two 50 ml falcon tubes.

 7. Add 10 ml of the prepared digestion mix (collagenase/trypsin) 
to each tube.

 8. Incubate 25 min at 37 °C in a shaking water bath.
 9. At the end of the digestion, leave the tube for 5 min on ice to 

let the sample sediment.
 10. Transfer the digestion supernatant to a new 50 ml falcon tube 

on ice.
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Fig. 2 (a) Representative example of the FACS strategy and gating scheme to isolate quiescent satellite cells 
from resting muscles of wild type (WT) mice. (b) LC3 and Tubulin protein quantity by western blot analysis of 
young WT satellite cells treated with Bafilomycin A1 or vehicle for 4 h prior to analysis
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 11. Add 10 ml of the digestion mix again and incubate 25 min at 
37 °C.

 12. Collect the new digestion supernatant and pool it with the 
supernatant from the first digestion round.

 13. Steps 6–12 are repeated two more times.
 14. If some pieces of muscle still remain, decant the sample on a 

petri dish for a new mincing process until no more are seen, 
and repeat one round of digestion. At the end of the fourth 
round of digestion, all muscle tissue should be digested.

 15. Add 5 ml of fetal bovine serum (FBS) to each 50 ml falcon 
tube to block the digestion.

 16. Filter the supernatant with 100 and 70 μM filters.
 17. Centrifuge the supernatant 10 min at 50g and at 4 °C.
 18. Collect the supernatant and discard the pellet (optional: the 

pellet can be washed and the supernatant collected and pooled 
with the previous supernatants).

 19. Centrifuge at 670×g for 15 min at 4 °C, repeat three times. 
The supernatant is discarded at each round and the pellet is 
resuspended gently in cold DMEM 1 %P/S.

 20. After three centrifugations at 1700 rpm, pellets from both 
tubes are pooled together in cold DMEM 1 %P/S, and passed 
through a 40 μM filter.

 21. Centrifuge at 1700 rpm for 15 min at 4 °C.
 22. Resuspend the pellet in 3 ml of 1× Lysis Buffer and incubate at 

4 °C for 10 min (protect from light). Before centrifugation 
add cold DMEM 1 %P/S up to 50 ml.

 23. Centrifuge at 1700 rpm for 15 min at 4 °C.
 24. Discard the supernatant and resuspend the pellet in 1 ml of 

cold DMEM 1 %P/S.
 25. Count the number of cells for each sample.
 26. Centrifuge at 1700 rpm for 15 min at 4 °C and resuspend the 

pellet at 1 × 104cells/μl (1 × 106 cells in 100 μl) in FACS 
Buffer.

 27. Staining with antibodies:
 (a)  Negative selection: Sca1-PECy7 and CD45-PECy7 

(0.5/100 μl FACS Buffer)
 (b)  Positive selection: α-7 integrin-PE (1/100 μl FACS 

Buffer) and CD34-APC (1.5/100 μl FACS Buffer)
 (c)  Controls: Single staining and FMO controls are required 

to set up the gates
 28. Incubate the cells with antibodies for 20 min at 4 °C, pro-

tected from light.
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 29. Centrifuge at 1700 rpm for 15 min at 4 °C.
 30. Discard the supernatant and resuspend the cell bulk in 1 ml of 

FACS Buffer for sample sorting.
 31. Add DAPI (final concentration 1 μg/ml) 5 min prior FACS to 

detect and exclude dead cells.
 32. Collect Sca1-/CD45-/CD34+/α7-integrin+ satellite cells in 

Eppendorf tubes with 500 μl of FACS Buffer at 4 °C.

The term “autophagic flux” refers to the dynamic process of 
autophagy, including all the steps described before (see Fig. 1). The 
simple determination of numbers of autophagosomes is insuffi-
cient for an overall estimation of autophagic activity. Given that the 
autophagosome is an intermediate structure in a dynamic pathway, 
the number of autophagosomes observed at any specific time point 
depends on the balance between the rate of their generation and 
the rate of their conversion into autolysosomes [28]. Thus, accu-
mulation of autophagosomes may represent either autophagy 
induction or, alternatively, suppression (dysfunction) of steps in 
the autophagy pathway downstream of autophagosome formation 
(as observed in satellite cells of advanced age) (Laura García-Prat, 
in press). The main biological autophagy marker used is the 
microtubule- associated protein LC3-II. LC3-I is normally located 
in the cytoplasm but is cleaved and lipidated by phosphatidyletha-
nolamine when incorporated into the autophagosome inner leaflet 
of the membrane as LC3-II [29]. Thus, for autophagic flux deter-
mination, it is important to use inhibitors of autophagosome clear-
ance to discern between increased autophagy or impaired 
autophagosome clearance. Currently, several compounds are used. 
In particular, we use Bafilomycin A1 (a vacuolar H+-ATPase inhibi-
tor) (see Fig. 3a)—but other lysosomal inhibitors can be used, like 
chloroquine and NH4Cl (both impairing lyosomal acidification) or 
protease inhibitors (like pepstatin A, E64d, or leupeptin).

Another widely used autophagy marker is p62, also called 
sequestrome 1 (SQSTM1), which binds directly LC3 and 
GABARAP (Atg8 orthologues) proteins via a short LC3 interac-
tion region (LIR). This may serve as a mechanism to deliver selec-
tive autophagic cargo for degradation in lysosomes. The p62 
protein is itself degraded by autophagy, acting as a marker of cargo 
degradation and is, consequently, useful to study autophagic flux as 
a complementary technique to LC3-II turnover [17, 19, 30, 31]. 
Thus, when autophagy is activated, p62 levels decrease, while 
autophagy inhibition leads to p62 accumulation [29].

 1. After step 29 of the protocol for isolation of quiescent satellite 
cells, transfer and divide the bulk of cells (already stained with 
the antibodies) into two Eppendorf tubes (500 μl/each).

 2. Add FACS Buffer up to 1 ml.

3.2 Autophagic Flux 
Determination

3.2.1 LC3-II Turnover 
Analysis by Western 
Blotting

Laura García-Prat et al.



267

 3. Treat the cells with BafilomycinA1 (10 nM) or DMSO in 
FACS Buffer prior to FACS analysis for 4 h at 37 °C in the 
incubator.

 4. Add DAPI (final concentration 1 μg/ml) 5 min prior FACS to 
detect and exclude dead cells.

 5. Collect 200,000 satellite cells (Sca1−/CD45−/CD34+/
α7-integrin+) from each sample in Eppendorf tubes with 500 μl 
of FACS Buffer at 4 °C.

 6. Centrifuge at 14,000 × g for 5 min at 4 °C.
 7. Remove the supernatant as much as possible. At this step, sam-

ples can be stored at −80 °C.
 8. Add 100 μl of IP Working Solution in each Eppendorf tube for 

cell lysis.
 9. Ensure complete cell lysis by incubating suspensions for 45 min 

at 4 °C with shaking.
 10. Remove remaining cell debris by centrifuging at 14,000 × g for 

15 min at 4 °C. The supernatant contains the proteins and can 
be quantified using the standard Bradford Assay. However, 
since quiescent satellite cells contain small amounts of proteins, 
and since the same number of satellite cells has been used for 
each sample, the protein quantification step can be omitted.

 11. Prepare samples for gel loading: 40 μl of each sample with 5× 
Laemmli Buffer (10 μl).
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Fig. 3 (a) GFP-LC3 autophagosomes in quiescent satellite cells. Z projections. (b) p62 and Ub immunostaining 
in quiescent satellite cells freshly isolated from Atg7WT and Atg7ΔPax7 mice. (c) LAMP-1 immunostaining in 
quiescent satellite cells freshly isolated from old mice
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 12. Incubate samples for 5 min at 95 °C.
 13. Prepare the stacking gel at 5 % and the resolving gel at 12 %, 

use 1.5 mm gel and 10-well comb to be able to load 50 μl of 
sample.

 14. Load the maximum sample volume (around 50 μl).
 15. Run the samples at 100 V with Running Buffer.
 16. Transfer at 100 V for 1 h, using PVDF membrane and Transfer 

Buffer.
 17. Block membrane with Blocking Solution for 1 h at RT. The 

membrane can be divided into different parts by cutting it hori-
zontally at different levels, to allow Western blotting of proteins 
with different molecular weights, by using different antibodies.

 18. Incubate O/N with the primary antibody (anti-LC3) in 
Antibody Solution. Dilution 1/200.

 19. Wash 3× with TBS-T.
 20. Incubate with the secondary HRP antibody for 2 h at RT, pro-

tected from light.
 21. Wash 3× with TBS-T.
 22. Detect HRP using ECL reagent and X-ray film. Ensure that 

the exposures are in the linear range.
 23. Wash 3× with TBS-T.
 24. Incubate O/N with the primary antibody used as loading con-

trol (Tubulin) in Antibody Solution.
 25. Wash 3× with TBS-T.
 26. Incubate with infrared secondary antibody for 2 h at RT, protected 

from light. Dilution 1/4000 in Odyssey Blocking Buffer (PBS).
 27. Wash 3× with TBS.
 28. Odyssey infrared imager (LI-COR) is used for antibody 

detection.
 29. Quantify the bands using imageJ. LC3-I is usually detected on 

a gel at a molecular mass around 16kD, and LC3-II at approxi-
mately 14 kD (see Fig. 2b).

Note: Which is the best indicator of autophagy? The amount of 
LC3-II, the LC3-II/LC3-I ratio, or LC3-II/(LC3-I+LC3-II) 
ratio is now used. Levels of LC3-II should be compared preferably 
to tubulin or any other housekeeping protein instead of LC3-I.

 1. After step 29 of the protocol for quiescent satellite cell isola-
tion from muscles of GFP-LC3 mice, transfer and divide the 
bulk of cells (already stained with the antibodies) into two 
Eppendorf tubes (500 μl on each).

 2. Add FACS Buffer up to 1 ml.

3.2.2 GFP-LC3 
Fluorescence Microscopy 
of Isolated Quiescent 
Satellite Cells
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 3. Treat the cells with BafilomycinA1 (10 nM) or DMSO in 
FACS Buffer prior to FACS analysis for 4 h at 37 °C in the 
incubator.

 4. Add DAPI (final concentration 1 μg/ml) 5 min prior FACS to 
detect and exclude dead cells.

 5. Collect Sca1−/CD45−/CD34+/α7-integrin+ satellite cells in 
Eppendorf tubes with 500 μl of FACS Buffer at 4 °C.

 6. Coat eight-wells glass slide with Poly L-lysin 30 min at room 
temperature.

 7. Remove Poly L-lysin (it can be reused).
 8. Add cell suspension (10,000–15,000 cells/well). Ensure that 

cell suspension is evenly distributed in the well; if necessary, 
add PBS1×.

 9. Spin the slides 5 min at 50 × g.
 10. Remove supernatant from each well.
 11. Add 4 % PFA (200 μl) in each well. Incubate 10 min at RT.
 12. Remove 4 % PFA and perform two washes with PBS1×. At this 

point, slides can be stored at 4 °C with PBS1× 0.02 % azide.
 13. Mount slides with mowiol.
 14. Analyze fluorescence in images obtained with Leica SPE con-

focal laser scanning microscope and Superresolution micros-
copy using stimulated emission depletion (STED), Leica TCS 
SP5 STED.

 15. The number and percentage of cellular area occupied by GFP- 
LC3 puncta can be determined on digital images with Fiji and 
the cell image analysis software CellProfiler.

Note: Quiescent satellite cells have low cytoplasm content, and 
autophagosomes are hard to discern in such small cytoplasm. For this 
reason, high objectives with good resolution are necessary. In addi-
tion, doing several z-sections can improve their visualization. One 
needs to be able to see the increased number of autophagosomes in 
Bafilomycin-treated samples (see Fig. 3a). Video resconstructions of 
autophagosomes can be generated in Imaris software using full con-
focal z-stacks of each satellite cell. Z-stacks must be previously 
imported to Fiji software for background adjustments and then 
deconvolved using the blind-deconvolution wizard of Huygens soft-
ware. Eventually, endogenous LC3 might also be detected by immu-
nofluorescence with antibodies against LC3, but the sensitivity is 
much lower and detection in most of the cases is not feasible. 
Whenever possible it is recommended to use GFP-LC3 mice.

We can combine GFP-LC3 fluorescence analysis of quiescent satel-
lite cells with other autophagy markers to assess for their colocal-
ization (Fig. 3). For instance, impairment of autophagy in several 
cell types is accompanied by accumulation of p62 and Ubiquitin 

3.2.3 Immunostaining 
Analysis of Quiescent 
Satellite Cells
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aggregates that stain positive for LC3 (Fig. 3b). In addition, 
LAMP-1 (lysosome marker) can be used to study the different 
phases of the autophagy process (Fig. 3c). Co-localization between 
p62 or ubiqitin and GFP-LC3 indicates a selective cargo of autoph-
agy recognized by an autophagosome. Co-localization of GFP-LC3 
with LAMP-1 (always in the presence of lysosomal inhibitors to 
avoid LC3-II degradation) is a marker of autolysosomes.

 1. After step 12 of the previous protocol, perform the following 
steps.

 2. Permeabilize cells with PBS1× 0.5 % Triton for 15 min at RT.
 3. Wash 3× with PBS1×.
 4. Add Blocking Solution for 30 min at RT.
 5. Incubate with primary antibody in Blocking Solution O/Nat 

4 °C.
 6. Wash 3× with PBS 1×, 0.01 %Tween
 7. Incubate with secondary antibody in PBS 1×, 0.01 %Tween 

1 h 30 min at RT (seat in the dark).
 8. Wash 3× PBS 1×, 0.01 %Tween.
 9. Add DAPI (final concentration 1 μg/ml) for 5 min at RT.
 10. Wash 3× PBS 1×, 0.01 %Tween.
 11. Mount with mowiol.
 12. Analyze fluorescence, by doing confocal images taken using 

Leica SPE confocal laser scanning microscope system and 
Superresolution microscopy using stimulated emission deple-
tion (STED), Leica TCS SP5 STED.

Note: Co-localizations can be determined on digital images Fiji, 
according to [32], with respect to the total cellular area. The 
Pearson’s coefficient (r) is used to analyze the correlation of the 
intensity values of green and red pixels in dual-channels images. 
This coefficient measures the strength of the linear relationship 
between the intensities in two images calculated by linear regres-
sion and ranges from 1 to −1, with 1 standing for complete posi-
tive correlation.

 1. Collect muscles from GFP-LC3 mice and put them in cassettes 
with OCT.

 2. Freeze the muscles in isopentane cooled with liquid nitrogen 
and stored at −80 °C until analysis.

 3. Cut the muscle samples in 10 μm sections with a cryostat.
 4. Fix muscle sections with 4 % PFA 12 min on ice.
 5. Wash 3× with PBS1× for 5 min.
 6. Permeabilize with PBS 1×, 0.5 % Triton for 20 min at RT.

3.2.4 Immunostaining 
Analysis of GFP- LC3 
Quiescent Satellite Cells 
in Tissue Sections
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 7. Wash 3× with PBS1× for 5 min.
 8. Add Blocking Solution 1 for 1 h at RT.
 9. Add Blocking Solution 2 for 20 min at RT.
 10. Incubate primary antibody in Blocking Solution 2, O/N at 

4 °C.
 11. Wash 3× with PBS 1×, 0.01 % Triton for 5 min.
 12. Incubate secondary antibody in Blocking Solution 2, for 2 h at 

RT (protected from light).
 13. Wash 3× with PBS1×, 0.01 % Triton for 5 min.
 14. Add DAPI (final concentration 1 μg/ml) for 5 min at RT.
 15. Wash 3× with PBS 1×, 0.01 % Triton for 5 min.
 16. Mount with mowiol.
 17. Analyze fluorescence in images obtained with Leica SPE con-

focal laser scanning microscope system and Superresolution 
microscopy using stimulated emission depletion (STED) Leica 
TCS SP5 STED. Acquisition is performed using Leica 
Application or LAS AF software (Leica).

Note: For analysis of quiescent satellite cells in muscle section, we 
need to use a satellite cell marker, such as Pax7, for its identifica-
tion (Fig. 4a). Analysis of autophagosomes in quiescent satellite 
cells on muscle sections is very difficult because of the small 
 cytoplasm and the localization adjacent to the myofiber (Fig. 4a). 
This analysis would be an additional/complementary approach, 
but not a definitive one. Once more, to improve our analysis, we 
can use other antibodies as autophagy markers, such as LAMP-1, 
p62, and ubiquitin.

 1. After step 29 of the protocol for quiescent satellite cell isola-
tion from muscles of GFP-LC3 mice, transfer and divide the 
bulk of cells (already stained with the antibodies) into two 
Eppendorf tubes (500 μl on each).

 2. Add FACS Buffer up to 1 ml.
 3. Treat the cells with BafilomycinA1 (10 nM) or DMSO in 

FACS Buffer prior to FACS analysis for 4 h at 37 °C in the 
incubator.

 4. Add DAPI (final concentration 1 μg/ml) for 5 min prior FACS 
to detect and exclude dead cells.

 5. Analyze GFP-LC3 fluorescence in FACS LSR Fortesa (Becton 
Dickinson) of 10,000 satellite cells (Sca1−/CD45−/CD34+/
α7-integrin+) for each sample.

 6. GFP-LC3 fluorescence signal is achieved by determining the 
mean fluorescence intensity (MFI) of the whole histogram signal 
for satellite cells and compared to the corresponding negative 
control sample (no GFP-LC3) in an overlaid histogram [33].

3.2.5 Flow Cytometry 
Analysis of GFP- LC3 
Quiescent Satellite Cells
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 7. For autophagy flux determination, relative changes in linear 
scaled MFI are compared between samples with or without 
Bafilomycin A1 (see Fig. 4b).

Note: MFI refers to the fluorescence intensity of each event (in 
average) of the selected cell population, in the chosen fluorescence 
channel.

Measuring autophagy flux through this method is based on the 
concept of lysosomal quenching of GFP. GFP is a stably folded 
protein and relatively resistant to lysosomal proteases. However, 
the low pH inside the lysosome quenches the fluorescent signal of 
GFP, which makes it difficult to trace the delivery of GFP-LC3 to 
lysosomes. In contrast, RFP exhibits more stable fluorescence in 
acidic compartments, and mRFP-LC3 can readily be detected in 
autolysosomes. By exploiting the difference in the nature of these 
two fluorescent proteins (i.e., lysosomal quenching of GFP fluo-
rescence versus lysosomal stability of RFP fluorescence), 

3.2.6 Fluorescent 
Microscopy Analysis 
of mRFP- GFP- LC3 Plasmid
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Fig. 4 (a) Pax7 and GFP immunostaining on tissue sections from resting TA mus-
cles of old GFP-LC3 mice. (b) Autophagy flux analyzed by flow cytometry in qui-
escent satellite cells isolated by FACS from young mice. Satellite cells were 
treated with Bafilomycin A1 (+Baf) or vehicle for 4 h prior to analysis. (c) mRFP- 
GFP- LC3 plasmid was transfected into young satellite cells, for detecting 
autophagosomes (yellow signal) and their maturation into autolysosomes (red 
signal), and treated with Bafilomycin A1 or vehicle for 4 h prior to cell fixation. 
Three z projections are shown
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autophagic flux can be morphologically traced with an mRFP-
GFP-LC3 tandem construct [26] (see Fig. 4c).

 1. After step 31 of the protocol for quiescent satellite cell isola-
tion, satellite cells (Sca1-/CD45-/CD34+/α7-integrin+) are 
collected in Eppendorf tubes with 500 μl of Growth Medium 
(GM).

 2. Coat eight-well glass slides with Coating Solution (0.1 mg/ml 
collagen in sterile water and 0.02 N acetic acid).

 3. Plate sorted satellite cells in coated glass slides and culture 
them in GM.

 4. After 4 days in culture, transfect satellite cells with mRFP- 
GFP- LC3 plasmid [34] using Lipofectamine 3000.

 5. After 48 h of plasmid transfection, add Bafilomycin A1 (10 nM) 
or DMSO in the culture medium and incubate cells for 4 h at 
37 °C.

 6. Fix cells with 4 %PFA for 10 min at RT.
 7. Wash 3× with PBS1×.
 8. Stain cell nuclei with DAPI (final concentration 1 μg/ml) in 

PBS1× for 5 min at RT.
 9. Wash 3× with PBS1×.
 10. Mount with mowiol.
 11. Analyze fluorescence in images obtained with Leica SPE con-

focal laser scanning microscope system and Superresolution 
microscopy using stimulated emission depletion (STED) Leica 
TCS SP5 STED.

 12. Co-localization of mRFP-LC3 and GFP-LC3 puncta is deter-
mined on the maximum projection of three Z-sections using 
Fiji automated macro pipeline calculating single and double- 
positive autophagosomes (Fig. 4c).

Note: With this tandem construct, autophagosomes and autolyso-
somes are labeled with yellow (i.e., mRFP and GFP) and red (i.e., 
mRFP only) signals, respectively (Fig. 4c). Results can be expressed 
as the percentage of yellow or red puncta from total (yellow + red) 
puncta. In Bafilomycin-treated samples, yellow puncta should be 
increased.

TEM is a valid and important method for both qualitative and 
quantitative analyses of changes in various autophagic structures. 
Autophagosomes have a double membrane and contain cytosol 
and/or organelles that look morphologically intact, while autoly-
sosomes usually have only one limiting membrane, and contain 
cytoplasmic material and/or organelles at various stages of degra-
dation. In quiescent satellite cells, as explained above, images with 

3.3 Transmission 
Electron 
Microscopy (TEM)
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very high resolution will be required for proper analysis of the 
presence of autophagosomes/autolysosomes due to the reduced 
size and cytoplasmic cell content.

 1. Intact muscles are collected and fixed with 2 % paraformalde-
hyde/2.5 % glutaraldehyde in phosphate buffer (0.1 M, 
pH 7.4), as fast as possible.

 2. Process sample for TEM analysis following standard 
procedures.

 3. Images were acquired using a Jeol 1010 microscope, working 
at 80 kv and equipped with a CCD Megaview III camera.

 4. Identification of satellite cells in skeletal muscle by electron 
miscoscopy was based on cell size, content of heterochroma-
tin, and position with respect to basal lamina.

Analysis of the transcriptional regulation of the autophagy gene 
network can also provide valuable information about possible 
alterations in the autophagic system. We chose a list of autophagic- 
related genes involved in different steps of the autophagic machin-
ery, from autophagic initiation to lysosomal clearance.

 1. After step 31 of the protocol for quiescent satellite cell isola-
tion, satellite cells (Sca1−/CD45−/CD34+/α7-integrin+) are 
collected in Eppendorf tubes with 500 μl of FACS Buffer.

 2. Centrifuge Eppendorf tubes at 14,000 × g for 5 min.
 3. Remove supernatant.
 4. Perform total RNA extraction using RNeasy Micro kit follow-

ing manufacturer’s protocol.
 5. Complementary DNA (cDNA) is synthesized from total RNA 

using SuperScript III Reverse Transcriptase according to man-
ufacturer’s protocol.

 6. Real-time PCR reactions are performed on a LightCycler 480 
System using Light Cycler 480 SYBR Green I Master reaction 
mix and specific primers.

 7. Thermocycling conditions: initial step of 10 min at 95 °C, then 
50 cycles of 15 s denaturation at 94 °C, 10 s annealing at 
60 °C, and 15 s extension at 72 °C.

 8. Reactions must be run in triplicate, and automatically detected 
threshold cycle (Ct) values are compared between samples.

 9. Transcripts of the ribosomal protein L7 or GAPDH house-
keeping genes can be used as endogenous control, with each 
unknown sample normalized to L7 or GAPDH content.

 10. Primers of autophagy-related genes (mouse) (Table 1).

3.4 Transcriptional 
Regulation

3.4.1 RT–qPCR
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 1. After step 31 of the protocol for quiescent satellite cell isola-
tion, satellite cells (Sca1−/CD45−/CD34+/α7-integrin+) are 
collected Eppendorf tubes with Lysis Buffer.

 2. Extract total RNA using RNeasy Micro kit according to manu-
facturer’s protocol.

 3. Analyze transcriptome with Agilent SurePrint G3 Mouse GE 
8 × 60 K high-density microarray slides.

 4. Raw data must be taken from the Feature Extraction output 
files and corrected for background noise using the normexp 
method.

 5. Normalize data using cyclic loess, and identify differentially 
expressed genes using AFM 4.0 [35] for all pairwise comparisons.

 6. Use quantile normalization to assure comparability across 
samples.

 7. Analyze differential expression analysis on noncontrol probes 
with an empirical Bayes approach on linear models (limma).

 8. Results must be corrected for multiple testing according to the 
False Discovery Rate (FDR) method.

 9. Statistical analysis can be done with the Bioconductor project 
(http://www.bioconductor.org/) in the R statistical 
environment.

 10. Gene ontology analysis functional annotation using DAVID 
[36].

 11. Venn diagrams can be generated using BioVenn [37].

Autophagy is induced as a response to both extracellular stress con-
ditions (nutrient deprivation, hypoxia, and oxidative stress) and 
intracellular stress conditions (endoplasmic reticulum stress, accu-
mulation of damaged organelles, and aggregation of proteins). 
The large number of stimuli able to trigger autophagy implies the 
involvement of multiple signaling pathways in autophagosome 
formation.

Autophagy upregulation may have therapeutic benefits in a range 
of diseases. New research related to autophagy activators has 
become a hot topic owing to their potential clinical value [38].

 1. Rapamycin is a natural product with potent antifungal and 
immunosuppressive activities. It forms a complex with the 
immunophilin FK506-binding protein 12 (FKBP12), which 
then stabilizes the raptor-mTOR association and inhibits the 
kinase activity of mTOR. As an inhibitor of mTOR, rapamycin 
has been widely reported in the literature to induce autophagy 
both in vivo and in vitro [39].

3.4.2 Global Gene 
Expression Analysis 
of Quiescent Satellite Cells

3.5 Autophagy 
Modulation: In Vivo 
and In Vitro 
Treatments

3.5.1 Activation

Pharmacological
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For in vivo induction of autophagy in quiescent satellite cells:
Inject mice intraperitonally with Rapamycin (4 mg/kg) or 

vehicle every day for 2 weeks.
For in vitro induction of autophagy in satellite cells:
Add Rapamycin (100 ng/ml final concentration) or vehicle 

(DMSO) in cell media for 48 h.
 2. Spermidine is a polyamine compound found in citrus fruit and 

soybean, which has recently been shown to increase lifespan of 
yeast, nematodes, and flies in an autophagy-dependent manner 
(Einsberg et al. 2009). Spermidine acts as an acetylase inhibi-
tor that stimulates autophagy independently of SIRT1 and 
mTOR in human and yeast as well as in nematodes [39, 40].
For in vivo induction of autophagy in quiescent satellite cells:
Treat mice with Spermidine (3 mM final concentration) in 

drinking water for 2 weeks. Water should be changed every 
2 days.

For in vitro induction of autophagy in satellite cells:
Add Spermidine (5 μM) or vehicle (DMSO) in cell media for 

48 h.

Note: To assess autophagy induction, Bafilomycin A1 treatment 
(4 h at 37 °C) is necessary to observe the increase in autophago-
some accumulation.

The autophagy-related genes and their products are named ATG 
and Atg, respectively. Once the pagophore has been formed, the 
membrane structure expands to sequester materials to form 
autophagosome; this process is mediated by two ubiquitin-like 
conjugation systems, the Atg12-Atg5 and Atg8 conjugation sys-
tems. Of these Atgs, Atg7 is an E1-like activating enzyme that 
activates Atg12 for its conjugation with Atg5 as well as the Atg8 
family proteins for their conjugation with phosphatidylethanol-
amine. Thus, Atg7 is essential for autophagosome formation [41].

Ex vivo infection of freshly isolated quiescent satellite cells with 
LV-ATG7 [42]

 1. After step 31 of the protocol for quiescent satellite cell isola-
tion, satellite cells (Sca1−/CD45−/CD34+/α7-integrin+) are 
collected in Eppendorf tubes with 500 μl of Growth Medium 
(GM).

 2. Coat petri dishes for cell culture with Coating Solution 
(0.1 mg/ml of Collagen in sterile water and 0.02 N acetic 
acid).

 3. Plate sorted satellite cells in coated petri dishes and culture 
them with GM.

Genetic: LV-Atg7
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 4. Centrifuge petri dishes at 50 × g for 5 min.
 5. After 22 h, coat new petri dishes with Retronectin (10 μg/ml) 

for 2 h at 37 °C.
 6. Recover Retronectin and wash with 2 % BSA for 30 min at RT.
 7. Wash with HBSS, 2.5 % Hepes 1 M.
 8. Transfer satellite cells from Collagen to Retronectin-coated 

dishes.
 9. Add LV-Atg7[42] or LV-control (105 pfu, final concentration) 

in cell media.
 10. Centrifuge petri dishes at 50 × g for 5 min.
 11. Culture cells with Lentivirus O/N.
 12. Change cell media.
 13. At that point, infected satellite cells can be transplanted in vivo 

or cultured in vitro for new experiments.

Note: To assess rapidly autophagy induction by LV-ATG7 infec-
tion, GFP-LC3 satellite cells can be infected, and the increase in 
GFP-LC3 fluorescence can be monitored by flow cytometry 
between samples with or without Bafilomycin A1 treatment. 
Alternatively, in other cell types, LV-Beclin 1 has also been used as 
a genetic activator of autophagy [43, 44].

Autohagy could potentially be suppressed at any stage of autopha-
gic flux. To do so, many chemical inhibitors have been identified 
and used in various cells and animal models. However, most chem-
ical inhibitors of autophagy are not entirely specific, and caution 
should be taken when interpreting the findings obtained with the 
use of these compounds, especially regarding their dose and incu-
bation time [38].

 1. Bafilomycin A1. Vacuolar-type H (+)-ATPases (V-ATPases) 
are found within the membranes of many organelles including 
lysosomes, endosomes, and secretory vesicles, where they play 
a variety of roles crucial for organelle function. Bafilomycin A1 
is a specific inhibitor of V-ATPases in cells, which inhibits the 
acidification of lysosomes and endosomes and consequently 
the activity of their enzymes that are active at acidic 
pH. Bafilomycin A1 was reported to prevent maturation of 
autophagic vacuoles by inhibiting the fusion between autopha-
gosomes and lysosomes; however, contradictory results have 
also appeared; nevertheless, this alternative effect does not 
affect the interpretation of the autophagic flux [38].
Bafilomycin A1 is used at 10 nM for 4 h at 37 °C.

3.5.2 Inhibition

Pharmacological
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 2. Chloroquine. Chloroquine is a lysosomal lumen alkalizer and 
is used to block the autophagic progress by impairing lyso-
somes [38].
Cholorquine is used at 50 mg/ml for 4 h at 37 °C.

 3. Protease inhibitors. The lysosome is the ultimate degradative 
autophagic compartment in the cell. Protease inhibitors block 
autophagy at the step of degradation of cytoplasm enclosed in 
lysosomes, and cause accumulation of autolysosomes and/or 
many cytoplasmic inclusions in the central vacuoles. Leupeptin 
is a naturally occurring protease inhibitor that inhibits cysteine, 
serine, and threonine peptidase.

Lysosomal cathepsins, which are enclosed in lysosomes, 
help maintain the homeostasis of the cell’s metabolism by par-
ticipating in the degradation of autophagic bodies. E64d and 
pepstatin A are two autophagy inhibitors that function by sup-
pressing lysosomal proteases. E64d is a membrane-permeable 
inhibitor of cathepsin B, H, and L, whereas pepstatin A is an 
inhibitor of cathepsin D and E [38].

Cocktail of protease inhibitors used: Pepstatin A 10 μM, 
Leupeptin 100 μM, E64d 10 μM, for 4 h at 37 °C.

The GFP-LC3 transgenic mouse was first described by Mizushima 
et al. (2004) [45]. Detection of GFP-LC3 is not only simple but 
also generally highly specific. Specificity for GFP-LC3 puncta was 
previously determined by several studies. This transgenic mouse 
contains an enhanced GFP (EGFP)-LC3 cassette inserted between 
the CAG promoter (cytomegalovirus immediate-early (CMV) 
enhancer and chicken β-actin promoter) and the SV40 late polyad-
enylation signal [46]. GFP-LC3 fragment is randomly integrated 
into the mouse genome, but does not affect the functions of other 
genes [47].

For initial experiments, it is recommended to maintain GFP- 
LC3 mouse colony in heterozygosis, because to distinguish true 
GFP-LC3 signals from background autofluorescent signals, it is 
important to compare transgenic mice with wild-type (nonfluores-
cent) siblings. After finishing the initial experiments (or if litter-
mate control is not necessary), GFP-LC3 mice can be maintained 
in homozygosis [46].

Note: Some cautions should be taken regarding the use GFP- LC3 
transgenic mice. GFP-LC3 can be incorporated into protein aggre-
gates independently of autophagy [48]. LC3 localization should be 
carefully interpreted in cells having protein aggregates or inclusion 
bodies, such as cells defective in autophagy machinery [21, 41].

 1. Constitutive deletion. Atg7-floxed mouse (Atg7f/f) was previ-
ously described in Komatsu et al., 2005 [41]. To examine the 
consequences of deleting Atg7 in satellite cells from the embry-

3.6 Mouse Models 
Useful for Monitoring 
Autophagy 
in Quiescent Satellite 
Cells

3.6.1 GFP-LC3 
Transgenic Mice

3.6.2 Specific Deletion 
of Atg7 Gene in Muscle 
Stem Cells
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onic stage, we bred Atg7f/f mice with transgenic mice express-
ing the Cre recombinase under the control of the Pax7 
promoter [49].

 2. Inducible deletion. For inducible deletion of the Atg7 gene in 
Pax7-expressing cells (satellite cells), Atg7f/f mice were bred 
with transgenic mice expressing the Cre recombinase under 
the control of the Pax7 promoter, and in the presence of 
tamoxifen [50].

Tamoxifen administration: one injection per day for 4 days 
of 5 mg/25 g body weight. (10 mg/ml in corn oil).
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Chapter 15

Mimicking Muscle Stem Cell Quiescence in Culture: 
Methods for Synchronization in Reversible Arrest

Reety Arora, Mohammed Rumman, Nisha Venugopal,  
Hardik Gala, and Jyotsna Dhawan

Abstract

Growing evidence supports the view that in adult stem cells, the defining stem cell features of potency and 
self-renewal are associated with the quiescent state. Thus, uncovering the molecular logic of this reversibly 
arrested state underlies not only a fundamental understanding of adult tissue dynamics but also hopes for 
therapeutic regeneration and rejuvenation of damaged or aging tissue. A key question concerns how adult 
stem cells use quiescence to establish or reinforce the property of self-renewal. Since self-renewal is largely 
studied by assays that measure proliferation, the concept of self-renewal programs imposed during non- 
proliferating conditions is counterintuitive. However, there is increasing evidence generated by decon-
structing the quiescent state that highlights how programs characteristic of this particular cell cycle exit 
may enhance stem cell capabilities, through both cell-intrinsic and extrinsic programs.

Toward this end, culture models that recapitulate key aspects of stem cell quiescence are useful for 
molecular analysis to explore attributes and regulation of the quiescent state. In this chapter, we review the 
different methods used to generate homogeneous populations of quiescent muscle cells, largely by manip-
ulating culture conditions that feed into core signaling programs that regulate the cell cycle. We also provide 
detailed protocols developed or refined in our lab over the past two decades.

Key words Quiescence, In vitro, G0 phase, Stem cell, Satellite cell

1 Introduction

The defining characteristics of stem cells are captured by two pri-
mary features: self-renewal, the process by which stem cells gener-
ate more stem cells, and potency, the program whose expression 
allows stem cell progeny to have distinct fates. Self-renewal and 
potency are associated with different programs in embryonic and 
adult stem cells. In embryonic stem cells (ESC) both self-renewal 
and potency are linked to the highly proliferative state whose 
molecular regulation is different from the somatic cell cycle (Fig. 1) 
[1–3]. Consequently, any perturbation that slows the rate of cell 
division activates differentiation programs, and negatively impacts 
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both self-renewal and potency of the slower dividing progeny. 
Adult mammalian tissues also retain a small pool of resident stem 
cells, which contribute to homeostatic maintenance as well as 
repair and regeneration. Unlike ESCs, adult stem cells (ASC) are 
quiescent or nondividing lineage-committed precursors,  embedded 
in the surrounding milieu of the fully differentiated functional 
tissue [4, 5].
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Fig. 1 Regulation of the cell cycle differs in embryonic stem cells and adult stem cells. The ESC cell cycle is 
characterized by a truncated G1 phase, low Cyclin D1 expression, and persistent phosphorylation of Rb, such 
that entry into S phase is not a highly regulated step as it is in somatic cells. Consequently, ESC populations 
display a far greater proportion of cells in S and G2/M as compared to somatic cells. The ASC cell cycle essen-
tially follows the regulation of a typical somatic cell cycle showing oscillating phase-specific expression of the 
cyclins. The duration of G1 phase in somatic cells is extended, phosphorylation of Rb is tightly controlled at the 
restriction point, and CDKI inhibitory activity is integrated as a brake on the cell cycle. Most importantly, ASC 
can exit the cell cycle and enter into quiescence (G0) in response to growth inhibiting signals or lack of growth 
promoting signals. The G0 phase is visualized here as a quiescence cycle to underscore its reversible nature. 
Typical cell cycle profile comparing ES cells vs. C2C12 myoblasts, visualized using flow cytometric analysis of 
DNA content revealed by DRAQ5 staining. Note the greatly increased proportion of the ESC population in S 
phase of cell cycle compared to somatic cells, along with a decrease in the G1 population.[Note: Panels (a) and 
(b) are modified from Berthet & Kaldis 2007; panel (c) depicts data from our lab]
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Proliferative activity of these quiescent adult progenitors 
defines two types of tissue homeostatic mechanisms: ASC activa-
tion may occur in an episodic, programmed fashion as in the con-
tinually renewing bone marrow compartment to ensure a constant 
supply of the diverse circulating cells of the blood, immune and 
inflammatory system, or only in response to damage as in solid tis-
sues such as epithelia or skeletal muscle [5]. In skeletal muscle, 
dormant stem cells break quiescence when activated by damage- 
induced signals, and reentry of a minor population of the activated 
stem cells into a quiescent state follows a period of expansion, dif-
ferentiation, and restoration of stable functional tissue [5]. During 
differentiation, cell cycle withdrawal is coupled to the irreversible 
induction of the myogenic program. Thus, multinucleated myofi-
bers are incapable of reentering the cell cycle when damage occurs, 
and they undergo necrosis or apoptosis, leaving the regeneration 
of the tissue to the activity of the quiescent stem cell.

Although its role in adult stem cell biology has long been 
recognized, the quiescent state in mammalian cells is still poorly 
understood. Earlier studies considered quiescence as a default state 
resulting simply from the depression of biosynthetic, signaling, and 
metabolic pathways as an adaptation to starvation for nutrients or 
mitogens [6]. However, there is mounting evidence for active con-
trol of entry into this reversibly arrested state, suggesting a specific 
program analogous to but distinct from other states characterized 
by mitotic inactivity, such as terminal differentiation, senescence, 
and apoptosis. It is now apparent that quiescent adult stem cells 
exercise active control to preserve reversibility of arrest and fulfill 
their regenerative role when activated. For example, dormant cells 
must simultaneously maintain their genomes in a mutation-free 
state, remember their identity as tissue-specific stem cells, conserve 
energy, as well as retain the ability to respond specifically to activa-
tion signals. A critical component of the quiescence program is the 
suppression of alternative nondividing programs, such as senes-
cence, death, and differentiation. We have recently reviewed the 
evidence that the quiescence program is evolutionarily ancient, by 
comparing conserved pathways from yeast to mammals [7]. 
Despite the differences in complexity, broadly conserved concep-
tual frameworks appear to describe entry and exit into quiescence 
in these disparate systems, and studies from yeast have been instru-
mental for identifying key metabolic, signaling, and regulatory 
events that control entry into and exit from quiescence.

In this chapter, we briefly review the evidence linking the 
pathways controlling quiescence in adult muscle stem cells in the 
context of methods for generating homogeneous populations of 
reversibly arrested myoblasts.

Quiescence is a reversibly arrested cell cycle state characterized 
primarily by the absence of cell growth and proliferation. 
Proliferating cells in vitro will exit the cell cycle and enter G0 or 
quiescence in response to growth-inhibiting signals or due to 
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absence of growth-promoting signals. Quiescent cells possess an 
un-replicated genome or G1 DNA content, altered metabolism 
(such as increased autophagy), and increased nucleus to cytoplasm 
ratio [8–11]. Growth arrest associated with G0 is fundamentally 
different from that observed in terminally differentiated cells or 
senescent cells as the former retains the ability to reenter cell cycle 
[4, 12, 13] (Fig. 2). This state of reversible arrest is achieved by 
active suppression of alternate pathways leading to permanent 
arrest [14, 15].

Much of our knowledge about quiescence has been derived 
from studies in cultured cells- from yeast to mammalian cells. In 
baker’s yeast, Saccharomyces cerevisiae, quiescence is often induced 
by nutrient limitation [6], and induces a survival mechanism that 
maintains viability in adverse environmental conditions [16, 17].

In multicellular organisms, postnatal tissue homeostasis and 
regeneration after injury is dependent on the presence of a small 
population of cells known as Adult Stem Cells (ASCs) that have 
the capacity to self-renew and differentiate into lineage-specific 
cell types that comprise the tissue in which they are resident. ASCs 
reside in normal uninjured tissues, remain in a quiescent 

Fig. 2 The quiescence program is not only reversible but also inhibits other out-of-cycle states. Quiescence is 
reversible and resists differentiation, senescence, and apoptosis

Reety Arora et al.
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undifferentiated state, and are activated upon tissue damage by 
signals emanating from the damaged tissues [18–20]. Upon activa-
tion, ASCs proliferate, producing committed progenitors, which 
in turn differentiate to produce functionally mature cells that 
mediate tissue regeneration. A small minority of these activated 
ASCs exit the cell cycle and self-renew by reentering quiescence to 
maintain the stem cell reserve that can respond to future demands 
[21, 22]. Thus, quiescence ensures a steady number of ASCs avail-
able for tissue regeneration. Quiescence also plays a protective role 
in cells against proliferation-associated stresses [23–25].

In mammalian skeletal muscle, differentiated myofibers are 
permanently arrested (post-mitotic), but a rare population of stem 
cells called satellite cells enters an alternate cell cycle exit (quies-
cence or G0), retaining the option to reactivate and repair damage 
(reviewed in [26]). With recent evidence it is becoming clear that 
rather than a state of passive hibernation, quiescence is a transcrip-
tionally [8, 27] and epigenetically [28, 29] actively regulated pro-
gram. From the perspective of the quiescent stem cell, failure to 
enter G0 can lead to uncontrolled proliferation (underlying tumor-
igenesis), whereas failure to exit G0 leads to a loss of progenitor 
function (leading to degenerative disease) [5]. Thus, understand-
ing the mechanisms that control quiescence has implications 
beyond developmental tissue dynamics to disease.

In vitro, early indications of cells entering quiescence include a 
gradual drop in proliferative rate, and upregulation of genes 
responsible for cell cycle inhibition [8]. At a molecular level, the 
quiescent state is characterized by downregulation of positive reg-
ulators of cell proliferation such as cyclins and cyclin-dependent 
kinases (CDKs) and upregulation of negative regulators of cell 
cycle such as CDKIs [8, 30]. This feature is similar to cells that are 
entering differentiation, but a distinct family of negative growth 
regulators appears to accompany stable differentiation associated 
arrest [31, 32]. Quiescence is also associated with strong reversible 
suppression of global RNA and protein synthesis [9, 33]. In adult 
stem cells particularly, besides suppression of pro-cell cycle and 
induction of anti-proliferative genes, the G0 state is also associated 
with active suppression of pro-differentiation genes and upregula-
tion of anti-differentiation factors, preventing the cells from per-
manent cell cycle exit [32, 34].

Direct molecular analysis of quiescent stem cells in vivo poses 
a significant challenge, as they constitute a minor proportion of the 
tissue (satellite cells constitute ~2 % of adult muscle) and that the 
removal of these cells from their niche invariably leads to their 
 activation. Freshly isolated primary stem cells are a possible source 
of studying these cells; however, the isolation procedures are com-
plicated (invariably triggering activation) and the number of cells 
obtained is low [35], requiring enrichment by flow cytometry. 
Isolated single muscle fibers have served as an excellent model to 
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study satellite cells in their niche particularly using immunohisto-
chemistry [36–38]. Though robust and useful, these isolation 
techniques also activate the fiber-associated satellite cells rendering 
studies of quiescence difficult.

To study how cells enter, maintain, and exit the quiescent state 
we describe here an established and well-characterized culture 
method. By manipulating simple culture conditions (anchorage 
restriction in mitogen-rich semisolid medium), relatively homoge-
neous populations of viable quiescent myoblasts can be generated 
from muscle cell lines and primary muscle cells of both mouse and 
human origin (Figs. 3 and 4). Despite the caveats associated with 
the loss of the complex signaling environment of the tissue, the 
resultant G0 cells in culture mimic key cellular attributes and behav-
iors of quiescent stem cells in vivo (Fig. 3). Importantly, this cell 
cycle arrest is not accompanied by activation of tissue-specific genes 
or the senescence/death pathways and the undifferentiated cells 
can then be synchronously activated back into the cell cycle upon 
restoration of surface contacts, by simply re-plating cells harvested 
from suspension culture. The advantage of this method is that a 
large number of cells can be arrested in G0 and subsequently reac-
tivated as synchronized homogenous populations, enabling robust 

Fig. 3 Quiescence in culture mimics elements of quiescent satellite cells in vivo. The micrographs depict a 
section of an isolated myofiber showing the peripheral location of two satellite cell nuclei on a multinucleated 
muscle fiber (left panel) and adherent cultured myoblasts (right panel). Nuclei are visualized by DAPI staining. 
The schematic depicts satellite cell reactivation during damage-induced regeneration in vivo (left panel); 
events during suspension culture and reactivation in vitro (right panel)

Reety Arora et al.
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genome-wide profiling of epigenetic states, transcriptomes, and 
proteomes, single cell analysis using flow cytometric or immuno-
fluorescence studies, as well as targeted studies using RNAi. When 
used as an adjunct to in vivo studies, these culture methods allow 
considerable insights into aspects of quiescence biology that can-
not be readily accessed in intact animals.

In Fig. 4 we compare synchronization by suspension culture [4, 
39] with other methods used to generate quiescent myoblasts. These 
include the purification of a minor population of undifferentiated 
mononucleated cells or “reserve cells” [40] from heterogeneous cul-
tures employed to generate differentiated multinucleated myotubes 

Fig. 4 Different protocols for achieving reversible arrest: abrogation of adhesion-dependent signals leads to 
homogeneous populations of quiescent cells while mitogen withdrawal leads to heterogeneous mixtures of 
differentiated (multinucleated) and quiescent (mononucleated) cells. Exposure of an asynchronously proliferat-
ing population of undifferentiated myoblasts to mitogen deprivation triggers fusion and terminal differentiation 
(irreversible) in the majority of cells but a minority enters the “reserve cell” pool and remains mononucleated 
and enters reversible arrest (a). By contrast, inhibition of adhesion (suspension culture, b), or contractility using 
myosin inhibitors (BDM, ML7; c), or plating on a soft substrate (d) leads to homogeneous populations of revers-
ibly arrested myoblasts

Mimicking Stem Cell Quiescence in vitro
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and inhibition of acto-myosin contractility by the use of pharmaco-
logical agents that target the non-muscle myosins [41] and restriction 
of amino acids in low mitogen media [42]. We have used the suspen-
sion culture protocol not only to model the quiescent state but also to 
uncover new programs associated with entry into and maintenance of 
reversible arrest [29, 32, 43–46]. The degree to which synchronization 
is achieved and maintained in populations released from G0 can be seen 
by stage-specific gene expression and flow cytometric analysis (Fig. 5).

Importantly, synchronized C2C12 mouse myoblasts are able 
to effectively model some key molecular characteristics of muscle 
satellite cells (MuSCs) in vivo [4, 29, 43] (Fig. 3). These include 
arrest in G0 accompanied by suppression of differentiation and 
appropriate regulation of genes such as CD34, Pax7, MyoD, c-Met, 
and M-cadherin, which are implicated in satellite cell arrest, com-
mitment, and activation respectively [37, 47, 48]. In accordance 
with the induction of MyoD mRNA in activated satellite cells within 
6 h of muscle injury [37, 48], suspension-arrested myoblasts also 
express MyoD RNA in G1 by 6 h after replating [4, 44, 49] (Fig. 5a). 
Thus, the G0 myoblasts in the suspension culture model mimic 
MuSCs in vivo. The morphology and gross cytoskeletal configura-
tion of cells derived from serum deprivation (myotubes) and adhe-
sion deprivation (quiescent myoblasts) are shown in Fig. 6.

The suspension culture protocol has been successfully used to 
investigate and understand important pathways that are associated 
with quiescence in muscle satellite cells (mouse and human) [4, 5, 
39], and primary mesenchymal cells (mouse and human) (Rumman 
et al, in preparation).

2 Materials

Prepare and store all reagents at 4 °C (unless indicated otherwise). 
Be careful while weighing and dissolving solutions and diligently 
follow all waste disposal regulations.

 1. Cell lines: This method was originally developed for C2C12 
mouse myoblasts [45], and subsequently extended to mouse 
primary myoblasts [Subramaniam et al. unpublished], human 
myoblasts derived from patients (cc-2580) [46], and primary 
human mesenchymal stem cells [Rumman et al. in prepara-
tion]. The medium requirements are adjusted to provide con-
ditions optimized for survival of each cell line.

 2. Proliferation medium:
C2C12 growth medium
Dulbecco’s Modified Eagle Medium (DMEM, high glucose) 

(Gibco # 11965-092), Fetal Bovine Serum—20 % (Gibco 
# 16000-044), Glutamax—1 % (Gibco # 35050-061), 
Penicillin- Streptomycin—1 % (Gibco #15140122).

2.1 Cell Lines 
and Cell Culture 
Reagents

Reety Arora et al.
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Primary human MSC growth medium
MEM Alpha (Gibco # A10490-01), Fetal Bovine Serum—20 % 

(Gibco # 16000-044), Glutamax—1 % (Gibco # 35050- 
061), Penicillin-Streptomycin—1 % (Gibco #15140122).

Fig. 5 G0 myoblasts synchronously reenter the cell cycle upon replating and recapitulate satellite cell activation 
in vivo: A time-course of reactivation of G0-synchronized myoblasts showing landmark events and associated 
genes. The CDKI p27 (cell cycle inhibitor) and regulator of G protein signaling RGS2 (associated with self-
renewal) are highly induced during entry into quiescence and sustained in G0, whereas MyoD expression is 
suppressed. Reactivation leads to a G0-G1 transition during which the expression of TTP, c-fos, c-myc, LIX, and 
Cyclin D1 is induced with 30 min-2 h of replating. An important landmark is the induction of MyoD expression 
at 4–6 h in the G1 phase, marking a recoupling of lineage determination with cell cycle progression and the 
return of competence for differentiation. The G1-S transition and entry into S phase are marked by expression 
of Cyclins E and A that drive DNA replication.

Reentry time course monitored by flow cytometry. Staining with DRAQ5, followed by quantitative flow 
cytometric estimation of DNA content in the population, clearly depicts the distribution of cells between G1 (2N, 
unreplicated genome), S (2N-4N, replication to different extents in different cells in the population), and G2/M 
(4N, completely duplicated genome) DNA content in asynchronous myoblasts (MB). After 48 h in suspension 
culture, the entire population is shifted to 2N DNA content (G0). After 6 and 12 h of reactivation by restoration 
of surface contacts (R06, R12), the population has still largely remained in G1, while at R18, a substantial 
“shoulder” of S phase cells appears, followed by the emergence of the G2/M peak at R24 when cell cycle 
progression has moved beyond S phase. Note the increased enrichment of G2/M cells in R24 compared to Mb, 
indicating that the population as a whole has a distinct profile from the asynchronous state

Mimicking Stem Cell Quiescence in vitro
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Primary human myoblast growth medium
Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine 

Serum—10 %, Penicillin-Streptomycin—1 %.
 3. Phosphate Buffer Saline (PBS)—For 1 liter—Dissolve 

200 mg of Potassium Chloride, 200 mg of Potassium biphos-
phate, 8 g of Sodium Chloride, 1.15 g of disodium hydrogen 
phosphate in deionized water. Make up the volume to 1 l with 
deionized water.

 4. 1 M HEPES pH 7.4—For 1 l dissolve 238.3 g HEPES 
(Sigma #H3375 ) in 800 ml of deionized water, Adjust the pH 
to the 7.4 with 10 N NaOH. Make up the volume to 1 l with 
deionized water.

 1. Methylcellulose—(Sigma # M0512).
 2. Lymphoprep ™ (Stem Cell Technologies #07861).
 3. Tissue Culture grade dishes.
 4. Polypropylene conical bottom centrifuge tubes- 50 ml falcon 

tubes (Corning # 430829).
 5. Polypropylene conical tubes with cap, 175 ml (Nalgene, 

352076) (see Note 1).
 6. Schott DURAN glass bottles (1 l with wide mouth).

2.2 Chemicals, 
Plastic-Ware, 
and Equipment

actin filaments, actin Actin filaments
filaments

organization

fibers

G0

G0

Fig. 6 Morphology of proliferating, quiescent, and differentiated myoblasts. (a) Phase contrast images, nuclei 
are stained with DAPI. (b) Immuno-staining to show altered actin cytoskeleton in the three states—actin is 
stained with phalloidin (Green) and the nucleus with DAPI (blue)
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 7. Centrifuge and appropriate adaptors (Eppendorf #5810 R or 
Sorvall TC -7000, swinging bucket rotor).

 8. 10 ml Syringes and 0.22 μm Syringe Filters (Millipore # 
SLGP033RS).

 9. Autoclave.
 10. Water bath—temperature adjustable (37–55°).
 11. CO2 Incubator for Tissue Culture.
 12. Laminar Flow Hood (Sterile conditions for Tissue Culture).
 13. Magnetic stir-bar and magnetic stirrer (with heating).
 14. 4 °C Refrigerator.

3 Methods

 1. Add 10 g methylcellulose powder to an empty wide-mouth 
1-liter media glass bottle. Add a clean large magnetic stir-bar 
to the bottle and autoclave (120 °C, 20 min). Cool the bottle 
to room temperature (see Note 2).

 2. Heat DMEM to 55 °C for 10 min in a water bath (Do not 
warm media for longer as heat-sensitive components will 
denature).

 3. In a laminar flow hood (sterile conditions) add 250 ml of 
pre- warmed (at 55 °C) DMEM into the 1-liter bottle containing 
autoclaved methylcellulose powder.

 4. Place the bottle on a magnetic stirrer on a medium speed for 1 h 
at room temperature to allow the methylcellulose to dissolve.

 5. In the laminar flow hood add the remaining 250 ml media, 
pre- warmed to 37 °C. Stir at room temperature on magnetic 
stirrer for 1 h. At this point the methylcellulose is well dis-
persed in the medium, and gelation has been initiated but not 
yet completed. The media looks frothy and fine white particles 
of methylcellulose can still be discerned if the stirring is 
stopped.

 6. Stir on a magnetic stirrer for 12–16 h (overnight) at 4 °C, to 
dissolve completely. At this time, the methylcellulose solution 
should clarify and become a semisolid, viscous transparent gel.

 7. Transfer the viscous medium to 50 cc centrifuge tubes by 
pouring in a continuous manner without tipping back media 
from the lip, in a laminar flow hood. You will find that the rate 
of pouring can be easily controlled due to the viscous nature of 
the gel. Cap the tubes tightly and centrifuge at 3200 × g, at 
4 °C for 30 min in, to sediment all the un-dissolved fines of 
methylcellulose. Use only the top 80 % of the gel medium for 
further steps (see Notes 3 and 4)

3.1 Suspension 
Media (Methocel) 
Preparation Protocol 
(For 500 ml):

Mimicking Stem Cell Quiescence in vitro
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 8. Before use, loosen the cap of the tube and warm to 37 °C, in 
the CO2 incubator.

 1. Passage the cultured cells that you wish to suspend 1 day before 
starting the suspension protocol. Cells should be in the expo-
nential growth phase when collected for suspension culture, 
i.e., should be grown till no greater than 70 % confluent 
(see Note 5).

 2. On the day of the experiment, prepare the suspension mix 
(FBS, Glutamine, Penicillin-Streptomycin and HEPES) as 
mentioned in Table 1. Sterilize the suspension mix using a 
syringe and 0.22 micron filter (see Note 6).

 3. Pour required volume of methocel into a 50 ml falcon tube 
(Refer to Table 2 for volumes for a 10 ml suspension culture) 
(see Note 7).

 4. Add the filter-sterilized suspension mix to the pre-aliquoted 
methocel and mix thoroughly by capping the tube and rotating. 
Be careful not to allow the supplemented gel mix to touch the 
top of the tube. After adding the mix, the suspension culture 
media will change color (turns orange, due to HEPES which is 
added to ensure stable pH in the first hours of culture during 
equilibration in the CO2 atmosphere of the incubator).

3.2 Suspension 
Culture Protocol

Table 1  
Suspension mix

Cell culture reagents Volume Final concentration

FBS 2 ml 20 %

200 mM Glutamine 200 μl 4 mM

Penicillin-Streptomycin 100 μl 1×

1 M HEPES pH 7.4 100 μl 10 mM

(For addition to methocel generate 10 ml suspension culture)

Table 2  
Volumes of components for standard suspension culture (10 ml)

Component Volume

1 Methocel (from Subheading 3.1, step 8) 6.6 ml

2 Suspension Mix (from Subheading 3.2,  
step 2)

2.4 ml

3 Single cell suspension (from Subheading 
3.2, step 6)

1 ml (1 × 106 cells/ml)
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 5. Trypsinize and resuspend cells in pre-warmed (37 °C) prolif-
eration medium, making sure to disperse trypsinized cells 
well by pipetting, to get a single cell suspension (check under 
microscope to ensure). If cells are clumped, they will not 
enter quiescence but proliferate as spheres and will not repre-
sent G0.

 6. Count cells and adjust volume to ensure a cell density of 
1 × 106 cells per ml. The final density of cells in suspension 
culture should be no greater than 1 × 105 cells per ml (see Note 8). 
For 10 ml methylcellulose suspension culture 1 × 106 cells are 
suspended. (For scaling up see Note 9)

 7. Add trypsinized single cell suspension to the supplemented gel 
mixture, pre-aliquoted in the falcon tube. Rotate the falcon 
gently by hand for 3 min to mix media well. A homogenous 
color should be achieved. Remove a small aliquot by dipping 
in a Pasteur pipette and transferring to a microscope slide to 
examine under inverted microscope and ensure a single cell 
suspension has been achieved.

 8. Loosen the cap of the falcon tube by one turn and place in a 
wire rack within the incubator at 37 °C, 5 % CO2 for 48 h 
(see Note 10).

 9. After 24 h close cap of tube, remove from incubator to hood, 
and rotate the tube gently for 5 min to mix media again and 
ensure that cells are still dispersed in suspension.

Suspended cell populations being to enter quiescence within 
12–24 h of abrogation of the adhesion, and by 36–48 h greater 
than 99 % of cells do not incorporate BrdU and are still viable. 
Cultures at 48 h post suspension therefore show near complete 
synchronization in G0. Cells continue to show undiminished via-
bility for another 24 h after which some cell death is initiated. 
Therefore, we normally harvest cells at either 48, or 72 h to repre-
sent quiescent populations.

(For C2C12 myoblasts and primary human myoblasts, this method 
is critical particularly for FACS analysis where any clumps cause 
problems in the flow cell)

 1. Pre-warm sterile PBS to 37 °C in the water bath.
 2. In the hood, add pre-warmed PBS to the tube containing the 

suspension culture. Fill the tube (to the 50 cc mark) using 
PBS. Mix well by rotating the tube. (PBS should be about four 
times the volume of the culture).

 3. Spin down the mix using a centrifuge at 1250 × g for 25 min 
without brakes. (The brakes on the centrifuge should be set to 0 
so that the centrifugation process is smooth and the loose cell 
pellet is not disturbed by juddering during braking).

3.3 Cell Harvest

3.3.1 By Density 
Gradient Medium Method 
Using Lymphoprep™ (see 
Note 11)
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 4. Carefully decant the supernatant without dislodging the pellet, 
which is still very loose at this first collection step, leaving 
2–3 ml of media/PBS mix in the tube.

 5. Resuspend the pellet in the residual minimum volume (i.e., 
2–3 ml) using a 1 ml pipetteman so as to generate a complete 
dispersal of the cells. At this point you can pool multiple sam-
ples into one tube, if needed, and add PBS to make a total 
volume of 20 ml.

 6. Prepare 15 ml each of 70 and 40 % Lymphoprep™ in PBS. 
(70 % = 10.5 ml Lymphoprep™ and 4.5 ml PBS, 40 % = 6 ml 
Lymphoprep™ and 9 ml PBS).

 7. Add 15 ml of the 70 % Lymphoprep™ solution to an empty 
50 ml falcon tube.

 8. Slowly and carefully overlay 15 ml of the 40 % solution on the top 
of this 70 % layer to create a density gradient (see Note 12).

 9. Carefully and slowly add the 20 ml of cell-PBS mix to the 40 % 
layer.

 10. Centrifuge at 290 × g for 15 min with brakes on. (The brakes 
of the centrifuge can be reactivated at this point).

 11. After the spin, decant most of the PBS as above, without dis-
turbing the pellet.

 12. Resuspend with PBS and make up the volume to 50 ml.
 13. Centrifuge again at 290 × g for 10 min with brakes on.
 14. Aspirate all PBS and resuspend the cells in appropriate prolif-

eration medium/buffer for replating/analysis of quiescent 
cells (Fig. 6).

 15. A viability test for live cells by propidium iodide exclusion 
should reveal >95 % cell viability at this stage—trypan blue 
staining is misleading as it is taken up by residual methocel 
particles.

 16. At this point the quiescent cells that have been harvested can 
be used for DNA, RNA, protein, immunofluorescence—please 
see Immunostaining section below), or replated for further cell 
cycle stage analysis.

(For C2C12 myoblast, primary human myoblasts and primary 
human MSCs)

 1. Pre-warm sterile PBS to 37 °C in a water bath.
 2. Fill the cell suspension tube with pre-warmed PBS (up to the 

50 ml mark of the Falcon tube). Mix well by rotating the tube 
and centrifuge at 1250 × g for 25 min (1800 × g, 30 min for 
MSCs) with brakes off. (The brakes on the centrifuge should 
be set to 0, so that the centrifugation process is smooth).

3.3.2 PBS 
Washing Method
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 3. Carefully decant the supernatant (leaving about 15 ml in the 
tube) without dislodging the pellet.

 4. Repeat step 2.
 5. Decant the supernatant again (leaving about 10 ml in the tube) 

without dislodging the pellet.
 6. Resuspend the cell pellet and fill the tube again with pre-

warmed PBS.
 7. Centrifuge at 290 × g for 10 min with breaks on. (The brakes 

of the centrifuge can be resumed to the highest setting (usually 
9) at this point).

 8. If necessary, give another PBS wash (steps 6 and 7) to remove 
all methylcellulose.

 9. Aspirate all PBS and resuspend the cells in appropriate prolif-
eration medium/buffer for replating/analysis (see Notes 13 
and 14).

 1. Harvested cells should be resuspended in proliferation medium 
and replated at subconfluent densities (for C2C12 myoblasts, 
not more than 4 × 105 cells per 60 mm dish, 1 × 106 cells per 
100 mm dish, 10,000 cells per 18 mm2 coverslip or 3000 cells 
per 13 mm2 coverslips in proliferation medium) (see Note 15).

 2. After replating, cells rapidly and synchronously undergo G0-G1 
transition and can be harvested at different time points 
(30 min, 1, 2, 6, 8, 12, and 24 h). After attachment, 6 h is 
required to enter G1, and S phase peaks at 20–24 h (Fig. 5b).

For immunofluorescence assays, quiescent cells that have been 
harvested following protocols mentioned above should be fixed 
and stained while in suspension to avoid attachment-induced reac-
tivation into cell cycle.

Fixing:

 1. Resuspend cells into a minimal volume of PBS and add drop-
wise into 5 ml of appropriate fix solution in a 50 cc falcon tube 
while continually mixing.

 2. Wash the cells by filling up the falcon tube to the 50 ml mark 
with PBS to dilute out the fix solution, followed by centrifuga-
tion at 290 × g for 10 min.

 3. Aspirate PBS carefully without disturbing the cell pellet and resus-
pend the fixed cells in 1 ml of PBS. These cells can be stored in 
1.5 ml centrifuge tubes at 4 °C or immediately used for immunos-
taining following standardized protocols for immunostaining 
(permeabilization, blocking, antibody concentrations).
Immunostaining

 1. Immunostaining for up to 1 × 105 cells can be performed effi-
ciently in 200 μl volumes in 1.5 ml centrifuge tubes. All washes 

3.4 Replating

3.5 Immunostaining 
for Suspended 
(Quiescent) Cells

Mimicking Stem Cell Quiescence in vitro



298

should be performed by diluting the sample to 1.5 ml with 
blocking buffer followed by centrifugation to ensure proper 
recovery of cells (see Notes 16 and 17).

 2. After staining is complete, resuspend cells in 200 μl of PBS and 
centrifuge onto a labeled slide using a cyto-centrifugation 
instrument such as Cytospin (Thermo Scientific), add moun-
tant, coverslip, remove excess mountant by wicking off with 
Whatman #1 filter paper and proceed for imaging.

 1. Isolation of RNA:
Resuspend the final cell pellet obtained after harvesting 

in TRIzol® reagent and proceed as recommended by 
manufacturer.

 2. Protein lysates for Western Blotting:
(a) Wash the final cell pellet in ice cold PBS, making sure to 

aspirate out as much of PBS as possible.
(b) Resuspend the cell pellet in Laemmli buffer, incubate on 

ice for 30 min.
(c) Sonicate briefly and centrifuge at 20,000 × g for 10 min at 

4 °C to clear insoluble debris.
(d) Collect supernatant and heat at 95 °C for 5 min before 

proceeding for quantification using standard Amido Black 
protocols and use for western blotting.

4 Notes

 1. For small-scale experiments involving analysis by qRT-PCR, 
western blots, or IFA, 50 ml Falcon tubes containing a maxi-
mum of 12.5 ml suspension culture are sufficient for each time 
point. However for larger-scale experiments involving replat-
ing time courses or genome-wide studies either 250 ml poly-
propylene flat bottom centrifuge bottles or 175 ml 
polypropylene tubes with conical bottom, from Nalgene, can 
be used. The maximum suspension culture mix to be incu-
bated in these bottles is 60 ml (for 250 ml bottle) or 45 ml (for 
175 ml bottle)-this is vital to maintain optimal gas exchange 
during culture. If using these bottles/tubes ensure you have 
the necessary centrifuge adaptors for them. A dedicated set of 
these tubes and bottles (if reusable) should be kept aside for 
suspension culture. Wash well to get rid of residual methocel 
gel immediately after use, prior to autoclaving for reuse.

 2. After autoclaving the bottle with methylcellulose powder, it 
may take several hours for the bottle to cool down. You can 
choose to autoclave one day earlier and leave the bottle over-
night at room temperature to cool down.

3.6 Biochemical 
Analysis
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 3. This centrifugation of the methylcellulose medium is very 
important as it sediments the undissolved fines. Make sure to 
keep the tubes upright after the centrifugation and discard the 
bottom 20 % of centrifuged medium, using only the top 80 %.

 4. These aliquots can be kept for up to 1 month after preparation 
at 4 °C. Make sure that the tubes are tightly capped and 
parafilmed.

 5. It is important that the cells (to be suspended) are growing at 
subconfluent conditions and in the exponential phase of 
growth. This ensures that the cells exit the cell cycle and enter 
into the G0 phase upon suspension.

 6. A suspension mix (FBS, Glutamine, Penn-Strep and HEPES) 
can be made beforehand and stored at 4 °C for up to 1 month.

 7. Pipetting methylcelullose medium is not recommended due to 
its highly viscous nature because of which you cannot dispense 
the correct volume from the pipette. It is useful to pipette the 
exact amount of PBS into the tube and mark the level with a 
marker before disposing the PBS; then pour in the methocel.

 8. Cell density is a critical parameter in suspension culture experi-
ment for optimal viability and entry into quiescence, as high 
cell density suspensions may not arrest efficiently. Greater den-
sity can compromise quiescence and cells will proliferate and 
will not represent G0.

 9. The suspension culture can be scaled up according to the num-
ber of cells that have to be suspended. The scaling up should 
be done in the same ratio as mentioned: 1 × 106 per 10 ml of 
suspension medium. Also the 10 ml is the maximum solution 
that should be kept in a 50 ml Falcon tube for a 48-h suspen-
sion experiment (i.e., one fifth the total volume). Hence if a 
175 ml conical flask is being used, a maximum of 3.5 × 106 
cells in 35 ml suspension mix should be used.

 10. The incubation conditions used for suspension cultures are the 
same as that for adherent cells.

 11. We have used Lymphoprep™ as a density gradient medium for 
isolation of quiescent myoblasts. However, either Percoll or 
Ficoll-Paque can be used for the cell harvest protocol. Both 
give similar efficiencies and cellular yields.

 12. Set the pipetteman on slow-dispense setting and hold the tip of 
the serological pipette along the wall of the tube to dispense 
the liquid slowly.

 13. The density gradient method is faster and gives a higher cellu-
lar yield than the PBS wash method. The density gradient 
method is preferred for replating experiments and harvest for 
protein. RNA can be extracted using Trizol after either method 
of cell harvest.
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 14. Tips on volumes of methylcellulose culture (number of cells) 
to use for various experiments:
• Immunostaining (BrdU incorporation or endogenous 

antigen): We usually suspend 5 × 105 cells (5 ml culture) 
and replate cells (after 48 h in suspension culture) at 3000 
cells per 13 mm cover slip placed in a 24-well dish. This 
cell number is therefore sufficient for ~30 time points/
conditions).

• RNA for Northerns, DNA for genomic southerns: you will 
need at least 50 ml methylcellulose culture (5 × 106 cells 
total) per condition-yield (Trizol) ~100–120 μg).

• For FACS analysis: you may have to filter the fixed cells 
using a tube-top cell strainer (100 μ) to get rid of clumps.

 15. For early time points in the cell cycle (2–12 h, i.e., prior to the 
onset of DNA synthesis) we often plate cells at 2 × 106 cells 
per 100 mm dish. For later time points (18–36 h) 1 × 106 cells 
per 100 mm dish is sufficient as cells spread and go through 
S phase.

 16. Fixed cells in suspension do not sediment efficiently upon 
centrifugation. Hence, it is essential to add detergent and 
BSA/serum to ensure efficient recovery. For this purpose we 
have performed all washes in blocking buffer instead of wash 
buffer.

 17. We have used Eppendorf tabletop centrifuges (MiniSpin or 
Eppendorf 5417R) for immunostaining. For this purpose, use 
low speed settings (not more than 600 × g) so that the pellet is 
collected but loose enough to permit ready dispersal, else cell 
damage will occur from pipetting).
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Chapter 16

Methods for Observing and Quantifying Muscle  
Satellite Cell Motility and Invasion In Vitro

Dane K. Lund*, Patrick McAnulty*, Ashley L. Siegel*,  
and DDW Cornelison

Abstract

Motility and/or chemotaxis of satellite cells has been suggested or observed in multiple in vitro and in vivo 
contexts. Satellite cell motility also affects the efficiency of muscle regeneration, particularly in the context 
of engrafted exogenous cells. Consequently, there is keen interest in determining what cell-autonomous and 
environmental factors influence satellite cell motility and chemotaxis in vitro and in vivo. In addition, the 
ability of activated satellite cells to relocate in vivo would suggest that they must be able to invade and transit 
through the extracellular matrix (ECM), which is supported by studies in which alteration or addition of 
matrix metalloprotease (MMP) activity enhanced the spread of engrafted satellite cells. However, despite its 
potential importance, analysis of satellite cell motility or invasion quantitatively even in an in vitro setting 
can be difficult; one of the most powerful techniques for overcoming these difficulties is timelapse micros-
copy. Identification and longitudinal evaluation of individual cells over time permits not only quantification 
of variations in motility due to intrinsic or extrinsic factors, it permits observation and analysis of other 
(frequently unsuspected) cellular activities as well. We describe here three protocols developed in our group 
for quantitatively analyzing satellite cell motility over time in two dimensions on purified ECM substrates, 
in three dimensions on a living myofiber, and in three dimensions through an artificial matrix.
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1 Introduction

The sequence of events involved in satellite cell activity in vivo is gen-
erally listed as activation, proliferation, migration, differentiation, and 
self-renewal (reviewed in [1–4]). Some of these, such as proliferation, 
are relatively easy to quantify in vitro and in vivo using commonly 
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accepted methods. Others are more difficult to observe and quantify, 
and few standardized techniques exist, and thus the degree, function, 
and even occurrence of these are somewhat more controversial. In 
particular, the questions of whether, how much, how, and why satel-
lite cells translocate through the tissue as a component of damage-
induced muscle regeneration are not yet fully resolved.

The strongest argument for the ability of satellite cells to leave 
their original location in vivo in response to more distal trauma has 
been the successful replacement of muscle tissue after injuries (such 
as experimental freeze-crush) that would be expected to kill effec-
tively all local cells including stem cells [5–7], although some cases 
were described in which repeated freezing successfully prevented 
muscle regeneration [8]. Similarly, several groups described results 
suggesting that satellite cells could cross the basal laminae of their 
host myofibers in vivo (as they are routinely observed to do in 
single myofiber culture) and/or move between myofibers in the 
interstitial space [9–11]. However, evaluation of the role and 
requirement for satellite cell motility during muscle regeneration 
in vivo has been difficult, as even observing satellite cell motility in 
vivo directly is technically challenging [12].

Thus, the majority of work on satellite cell motility has neces-
sarily been done in vitro, and multiple studies examining the cel-
lular and environmental factors influencing total [13–16] and/or 
directional motility [17–20] of satellite cells can be found in the 
literature. Many of them use timelapse microscopy to record the 
total and directional displacement of single satellite cells, followed 
by quantitative analysis. This is a powerful technique, however due 
to differences in culture conditions, imaging parameters, and video 
analysis it can be difficult to compare results between different 
datasets. It also has the limitation that it is a two-dimensional rep-
resentation of what is in fact a three-dimensional process, on an 
artificial substrate that is neither biochemically nor biophysically 
equivalent to the host myofiber.

Another factor to be considered when developing a model of 
satellite cell motility in vivo is the presumed difficulty of moving 
through the dense interstitial matrix (reviewed in [21]). Cell types 
that are notable for their ability to negotiate such environments, 
such as tumor cells and endothelial cells, do so by modifying the 
matrix via metalloproteinases [22, 23]. While comparatively little is 
known regarding the matrix invasion capacity of satellite cells, 
modifying satellite cell metalloproteinase activity in vitro increased 
invasive capacity [24, 25] and changes in metalloproteinase activity 
are associated with neuromuscular disease [26, 27]; augmenting 
metalloproteinase activity has also been shown to enhance the 
spread of exogenous myoblasts in vivo [28–31].

We describe here three independent techniques for evaluating 
satellite cell motility in vitro (1) in two dimensions; (2) in three 
dimensions on a physiologically appropriate substrate (the 
 myofiber); and (3) in three dimensions through an artificial 
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extracellular matrix. All three techniques are amenable to modifica-
tion of cell type/genotype, exogenous factors, and (if appropriate 
reagents are available) cell-specific factors contributing to total, 
directional, and invasive motility. All three are designed for 
timelapse imaging, although the invasion assay can be evaluated 
quantitatively without timelapse microscopy.

2 Materials

Ca++, Mg++-free Dulbecco’s Modified Phosphate-buffered saline 
(D-PBS).
Collagenase Type I (Worthington Biochemical).
Ham’s F-12 medium (Gibco).
Horse serum (Equitech).
Gelatin (USB, 0.66 %) or precoated plates.
Laminin (Sigma).
Optically transparent (i.e., Corning Costar) multiwell tissue cul-

ture plates.
Microscopy platform appropriate for timelapse capture 

(inverted microscope with motorized stage control and enclosure 
or stagetop incubator) and timelapse-capable image acquisition 
program [i.e., MetaMorph (Molecular Devices)].

Ham’s F-12 medium (Gibco).
Horse serum (Equitech).
Penicillin/streptomycin (Gibco).
Recombinant human FGF-2 (R&D Systems).
Acid-extracted rat tail type I collagen (Sigma).
M-199 medium (Gibco).
5 N NaOH.
Growth factors, antibodies, pharmacological agents, etc. as desired.
Optically transparent (i.e., Corning Costar) 48-well tissue culture 

dishes.
Microscopy platform appropriate for timelapse capture 

(inverted microscope with motorized stage control and enclosure 
or stagetop incubator) and timelapse-capable image acquisition 
program [i.e., MetaMorph (Molecular Devices)].

M-199 medium (Gibco)DMEM (Gibco).
Fetal calf serum (Gibco).
Penicillin/streptomycin (Gibco).
Recombinant human HGF (Miltenyi).

2.1 Timelapse Video 
Analysis of Satellite 
Cells In Vitro 
on Purified Substrates

2.2 Timelapse Video 
Analysis of Satellite 
Cells on Single 
Myofibers

2.3 Method for 
Assessing 3D Human 
Satellite Invasion In 
Vitro

2.3.1 Cell Culture
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Ca++, Mg++-free Dulbecco’s Modified Phosphate-buffered saline 
(D-PBS).

Trypsin-EDTA (Gibco).
Acid-extracted rat tail type I collagen (Sigma).
5 N NaOH.
Growth factors, antibodies, pharmacological agents, etc. as desired.
Optically transparent (i.e., Corning Costar) 96-well tissue culture 

dishes.

4 % Paraformaldehyde (PFA).
30 % and 50 % sucrose in PBS (filter sterilize).
1.5 ml Eppendorf tubes.
Biopsy cryomolds (Tissue-Tel).
Optimal cutting temperature O.C.T. (Tissue-Tek®).
(Superfrost™ Plus Gold Slides (Fisher)).
Humid chamber for staining.
Hydrophobic marker (Vector).
0.5 % TritonX-100 solution: 0.5 % Triton X-100, 0.2 % sodium 

azide in 1× TBS (filter sterilize).
Tris–glycine buffer: 1.5 g tris-base, 7.2 g glycine, 1 g sodium azide 

(0.2 %), in 500 ml 1× TBS (filter sterilize).
Tween-20 solution: 500 ml ddH2O, 1.2 ml Tris (1 M), 4.5 g NaCl, 

500 μl Tween-20 10 % goat serum (or other as appropriate for 
secondary antibodies used) with 1 % NP-40.

If timelapse analysis is to be done, you will also need a microscopy 
platform appropriate for timelapse capture (inverted microscope 
with motorized stage control and enclosure or stagetop incubator) 
and timelapse-capable image acquisition program [i.e., MetaMorph 
(Molecular Devices)].

3 Methods

 1. ~ 6 h before cells are needed on day 4 of a mass satellite cell 
prep [as described in [32] or elsewhere in this volume] remove 
plates and aspirate supernatant.

 2. Wash 4–6 plates of cells with 5 ml each D-PBS and add to a 
50 ml conical. Repeat.

 3. Add 1 ml of 117.5 U/ml collagenase to each 10 cm plate and 
place in an incubator for ~10 min or until cells detach.

 4. Rinse each plate with 5 ml D-PBS and add to conical, then 
rinse with 5 ml F-12 and add to conical.

2.3.2 Staining

2.3.3 Timelapse Imaging

3.1 Timelapse Video 
Analysis of Satellite 
Cells In Vitro on 
Purified Substrates

3.1.1 Preparing Cells 
(This wash step helps 
to eliminate most debris)
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 5. Centrifuge for 5′ @ 180 × g.
 6. Aspirate supernatant and resuspend pellet in F-12 media w/ 

15 % HS (10 ml/plate).
 7. Transfer cell suspension onto (4) gelatin-coated 10 cm plates. 

The gelatin-coated plate is essential for proper cell adhesion as 
satellite cells do not adhere well to plastic.

 1. ~2–3 h before you plan to start prepare the plates you will seed 
with satellite cells and track. Our lab prefers to use laminin as a 
substrate for motility assays; however, other substrates can be 
used, provided the user is mindful that the choice of substrate 
will have an effect on motility.

 2. Dilute laminin 1:100 in D-PBS and pipet sufficient volume to 
completely coat the bottom of each well into the inner wells of 
your plate. Do not coat or seed the outer wells of the plate as 
some mechanical stages have trouble aligning on these wells to 
properly track. It is also frequently helpful to add sterile DI 
water to the outer wells to normalize humidity in the plate 
during imaging.

 3. Place laminin-coated plates in a standard tissue culture incuba-
tor (humidified, 5 % CO2 at 37 °C) and wait 2–3 h before use.

 1. Aspirate media off 10 cm plates from part A.
 2. Wash with 5 ml D-PBS (you can use the same D-PBS for each 

plate) and transfer to 15 ml conical.
 3. Add 1 ml of 117.5 U/ml collagenase to each plate and incu-

bate until cells have detached (~5–10′).
 4. Wash plates with 5 ml D-PBS and transfer to 15 ml conical 

from step 2.
 5. Centrifuge cells for 5′ at 180 × g.
 6. Aspirate supernatant and add 1 ml of F-12 to pellet. Triturate 

gently with a blue tip pipette 10–15 times to get a single cell 
suspension.

 7. Count an aliquot of cells.
 8. Aspirate laminin from plates prepared in part B and plate cells 

@ 5000 cells/cm2 (or less) with appropriate media volume for 
the well size.

 9. Incubate plate for 30 min to allow cells to attach before mov-
ing on to image acquisition.

 1. Turn on the microscope, check that CO2 and humidity in the 
incubation chamber match those of the tissue culture incuba-
tor, mount the plate, and close the chamber.

 2. Set the image acquisition conditions; both the interval and dura-
tion of the capture are defined by the goal of the experiment. 

3.1.2 Preparing 
Tracking Plates

3.1.3 Seeding Cells

3.1.4 Image Acquisition

Satellite Cell Motility and Invasion
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Interval: in our hands, an interval of 5 min is sufficient for the 
stage to image all inner wells of a 48-well plate at multiple posi-
tions. Additionally, this interval is short enough that the cells 
movement is generally trackable from one frame to the next 
provided you have plated at the proper density. Shorter intervals 
run the risk of not completing an image cycle before the program 
begins a new cycle. This may need to be optimized for each 
mechanical stage. Duration: the viability of the cells is finite, and 
may vary depending on culture conditions and according to indi-
vidual incubator/imaging setups. We recommend running trial 
experiments in which motility and cell viability is evaluated for 
24 h. In our hands, a duration of 12 h gives sufficient data points 
to track motility while maintaining a high degree of cell viability.

 3. Select multiple regions of interest to track in each well and focus 
the camera on a per position basis. Ensure that you have a nam-
ing convention for each position to keep track of the images.

 4. For brightfield images an exposure time of ~30 ms produces 
clear images although optimization will be necessary depend-
ing on the individual setup. For fluorescent imaging, deter-
mine the optimum exposure time empirically.

 5. Turn off all light in the room and acquire images. Watch the 
first acquisition cycle to ensure that the capture proceeds as 
expected and all images are in focus.

 6. When the experiment is over, wash plates in PBS and fix in 4 % 
paraformaldehyde for reference.

 1. Ideally, use an automated tracking program (i.e., [33, 34]) with 
parameters appropriate to your cells/experiment. When tracking 
manually, we have found that even with the same initial set of 
“rules” for cell selection and tracking there is significant person- 
to-person variability. Automated tracking is faster, more repro-
ducible, and generates larger datasets than manual tracking.

 2. If tracking manually, the experimental conditions should be 
blinded to prevent unconscious selection bias. Either get 
someone to track that does not know the naming conventions, 
or have someone else record and change the naming conven-
tion of the original data file.

 3. Before tracking, define a set of criteria that all cells must meet 
to be included in the dataset. For example:

 (a)  All cells must be chosen at random initially and checked to 
see if they meet the remaining criteria. If the cell meets all 
the criteria, it is tracked.

 (b)  All cells must stay within the field of view for the entire 
duration of the experiment.

 (c)  All cells must remain viable for the entire duration of the 
experiment.

3.1.5 Image Tracking

Dane K. Lund et al.
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 (d)  All cells must move freely (i.e., do not get stuck on bits of 
debris on the plate).

 (e)  If a cell divides, choose the cell to the right of the last point 
to continue the track.

 4. Open tracking program and load a suite of images that corre-
sponds to one position in one well.

 5. Look at the last frame taken for a given suite of images and 
pick a cell at random (criterion i). If the cell is present in this 
frame, it satisfies criterion iii that all cells remain viable for the 
entire timelapse.

 6. Follow this cell backward through the suite of images until you 
reach the very first image. If the cell never left the screen then 
criterion ii has been satisfied.

 7. Did the cell pass the other selection criteria you set forth? If so 
you have found a cell that should be tracked.

 8. Starting at the beginning of the suite of images track the cell as 
it moves through each frame. Try to standardize where you 
click on the cell to track, as clicking sometimes on the leading 
edge and sometimes the trailing edge of a cell will result in a 
different distance traveled and therefore a different velocity. To 
overcome this issue zoom in on the images until they are suf-
ficiently large to easily click on the nucleus in each frame.

 9. Repeat steps 4–7 for additional cells in a given ROI. We usu-
ally track 5+ cells per ROI to include a representative sample.

Isolate viable myofibers from mouse muscle using your preferred 
protocol and, if not imaging immediately, culture for 12–24 h in 
Ham’s F-12 supplemented with 15 % horse serum, P/S, and 
0.5 nmol/L recombinant human FGF-2. This culture step will 
help to eliminate any damaged or otherwise nonviable myofibers 
and increase the success rate during embedding and imaging.

 1. Make up 5 ml of collagen gel: to a 15 ml conical tube add in 
order
2500 μl acid-extracted rat tail type I collagen (Sigma) 2 mg/ml.
250 μl 10× M-199.
15 μl5 N NaOH.
2235 μl growth media.

All reagents should be cold and mixed on ice. An equal vol-
ume of water in a separate 15 ml conical tube should be com-
pared to the volume of collagen since collagen is very viscous. 
While mixing make sure to pipet slowly to avoid bubbles. 
Make sure to mix until the solution has a homogenous appear-
ance. Use low adherence tips whenever handling collagen.

3.2 Timelapse Video 
Analysis of Satellite 
Cells on Single 
Myofibers

3.2.1 Myofiber Isolation

3.3 Embedding

3.3.1 Important: prechill 
all tubes, plates, pipettes, 
etc. and keep all solutions, 
plates, and tubes on ice 
at all times until Step 5

Satellite Cell Motility and Invasion
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 2. If you are adding growth factors, antibodies, or other condi-
tions to the gel add them prior to adding the fibers. If using 
multiple conditions, aliquot the collagen before adding and be 
sure to reserve at least 1–2 ml of the collagen for pre- 
equilibrating the fibers.

 3. For this step, it helps if there are two people (one with the plate 
and one with the fibers). Using an optically clear 48-well plate 
(Corning Costar) add 200 μl of collagen to each experimental 
well; do not use the wells at the perimeter of the plate. With a 
fire-polished glass Pasteur pipette that has been prerinsed in 
medium with serum to prevent the myofibers from sticking, 
using a dissection scope pick about twice the number of fibers 
needed for the entire experiment into a 3 cm culture dish (on 
ice). Remove as much of the media as possible without drying 
out the fibers and add 1–2 ml of cold collagen to the edges of 
the pool of fibers, then move the myofibers carefully into the 
gel with the fire-polished pipette and swirl gently.

 4. Using the same glass pipette, aspirate 3–5 myofibers in the 
minimum amount of collagen possible and gently dispense 
into the center of a well of collagen. Continue until fibers have 
been added to all wells, check in the microscope to be sure all 
wells have visible fibers and they are well dispersed in the gel.

 5. Put the plate in a tissue culture (humidified, 5 % CO2 at 37 °C) 
incubator to polymerize for 30′.

 6. After 30′, overlay the wells containing the fibers with 300 μl 
medium and add 500 μl of sterile DI water to the wells on the 
perimeter. This will help both with humidity and heat disper-
sion while imaging.

 1. Turn on the microscope, check that temperature, CO2, and 
humidity in the incubation chamber match. Minimize the time 
taken to transfer the culture dish to the chamber. Mount the 
plate and close the chamber.

 2. Set the image acquisition conditions; we generally use 10′ 
intervals and image for 24 h.

 3. Select multiple regions of each myofiber to image, trying to 
focus on the surface (top or bottom). Ensure that you have a 
naming convention for each position to keep track of the images.

 4. For brightfield images an exposure time of ~30 ms produces 
clear images although optimization will be necessary depend-
ing on the individual setup. For fluorescent imaging, deter-
mine the optimum exposure time empirically.

 5. Turn off all light in the room and acquire images. Watch the 
first acquisition cycle to ensure that the capture proceeds as 
expected and all images are in focus.

3.3.2 Timelapse Imaging
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All the procedures should be carried out in a Class II biosafety 
cabinet using sterile technique (human cells of any kind are consid-
ered Biosafety Level 2). Also make sure to wipe the hood down 
with ddH2O and 70 %EtOH before and after use.

Human myoblasts immortalized by expression of telomerase 
and cdk4 [35, 36] can be requested from MYOBANK, affiliated 
with EUROBIOBANK. These cells can be cultured in a multitude 
of medias, but in our hands these three are most effective:

X-Media: (25 % M-199 in DMEM) supplemented with 
2.5 ng/ml hepatocyte growth factor, 10−7 M dexamethasone, and 
20 % fetal calf serum.

SkGM™-2 (LONZA).
Skeletal Muscle Cell Growth Medium (PromoCell).

 1. The day of the experiment, prepare collagen gel (ml = number 
of wells/10 + 10 %). Mix in a 15 ml conical tube in order:
50 % Collagen Type I (2 mg/ml final concentration).
5 % 10× M199.
0.6 % NaOH (5 N).
45.4 % growth media.

All reagents should be cold and mixed on ice. While mixing 
make sure to pipet slowly to avoid bubbles. An equal volume of 
water should be compared to the volume of collagen since col-
lagen is very viscous. Make sure to mix until the solution has a 
homogenous appearance.

 2. If you are adding growth factors, antibodies, or other conditions 
to the gel, aliquot the collagen as appropriate before adding.

 3. Once the collagen solution has been mixed, add 100 μl of the 
solution per well to a prechilled 96-well tissue culture plate. 
Place the plate in a 37 °C tissue culture incubator for at least 
30′ to allow ample time for polymerization. It can be left in the 
incubator for 1–2 h.

 4. Human myoblasts should be grown on a 10cm2 tissue culture 
plate to approximately 60–80 % confluency prior to lifting. 
When ready, aspirate all of the media off the plate and gently 
rinse with 1× D-PBS. Afterward, add 2 ml of 0.25 % Trypsin 
to the plate and place it in a 37 °C incubator or on a 37 °C hot 
plate for 5–10 min. Checking frequently to see if the cells have 
lifted from the bottom. Collect the 2 ml of trypsin with cells 
into a 15 ml conical tube and centrifuge for 5′ at 260 × g at 
4 °C. After pelleting, aspirate the supernatant and resuspend 
the cell pellet in 1 ml D-PBS. Repeat the centrifugation step.

 5. Aspirate the supernatant and resuspend the cell pellet in 1 ml 
of growth medium. Count cells and make up to 106 cells/ml 
with growth medium. Pipette 100 μl (100,000 cells) gently on 

3.4 Method for 
Assessing 3D Human 
Satellite Invasion In 
Vitro

3.4.1 Culture of Human 
Myogenic Cells

3.4.2 Seeding 
Onto Collagen Gels
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top of each collagen well and return the plate to the incubator. 
Warm growth media can be changed every 2–4 days by gently 
pipetting off the top layer of media. Cells should be allowed to 
penetrate the 3D matrix for roughly 90 h.

 6. If timelapse video analysis of invasion (see Supplemental Movie 1) 
is planned, instead of returning the plate to the incubator refer to 
protocol II.C above. Select multiple planes in the Z-axis (even 
though there no cells currently visible) at 10-micron intervals. If 
cells have been seeded underneath a 3D layer of collagen (see 
Subheading 4) focus on the bottom of the monolayer and select 
multiple Z planes at 10-micron intervals going up.

 1. For the fixed analysis, the plate should gently be removed from 
the incubator. The culture media should gently be pipetted off 
without puncturing the 3D collagen. Gently pipet 100 μl of 1× 
DPBS on top of each gel and remove. Place the 96-well plate 
on ice and add 100 μl of 4 % paraformaldehyde (PFA) to each 
well containing the 3D collagen. Allow 3D gels to fix for 
20–30 min on ice. Remove the PFA and rinse gently three 
times with 1× PBS.

 2. Gently use forceps to circle 3/4 of the perimeter of the gel and 
pluck it out into a 1.5 ml Eppendorf tube with 1 ml of 30 % 
sucrose solution. Place the gel with the sucrose solution at 
4 °C with gentle agitation. Wait 30′ and remove the solution 
and replace with fresh, cold 30 % sucrose. Repeat this process 
two more times and then remove the 30 % sucrose, add 1 ml 
50 % sucrose, and incubate the matrices at 4 °C overnight with 
gentle agitation. The matrices should sink to the bottom of the 
50 % sucrose solution after the overnight incubation.

 3. Next, gently use forceps to remove the 3D matrix and place it 
into a biopsy-size cryomold with OCT. Ensue that the orienta-
tion of the matrix is as it would rest in the 96-well plate (with 
the initial monolayer of cells on top).

 4. Place the cryomold with the embedded matrix carefully on dry 
ice and make sure that the gel remains in proper orientation. 
Once the OCT turns completely opaque the gel can be stored 
at −80 °C. The gel is now ready to be cryosectioned.

 1. Cryosection the 3D matrix at 40 μm onto high-adhesion glass 
slides. Immediately place into a humid chamber; all subsequent 
steps are done in the humid chamber. Draw a hydrophobic 
perimeter around the sections using a hydrophobic pen. Next, 
cross-link the sections to the slide using 4%PFA for 10–15′ on 
ice. Rinse 2× gently with 1× PBS and add 0.5 % Triton X-100 
solution to the top of the slides and incubate at 4 °C for 1 h.

 2. Remove the 0.5 % Triton X-100 solution and add the Tris- 
glycine solution to neutralize the permeabilization.

3.4.3 Embedding 
Matrices for Cryosectioning

3.4.4 Cryosectioning 
and Staining
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 3. Add blocking serum (usually 10 % serum from the source of 
the secondary antibody) to slide and incubate at 4 °C for 
3–4 h. Remove blocking solution and incubate in primary anti-
body at 4 °C overnight (this is necessary).

 4. Remove the 1° antibody and excess serum. Add an excess of 
Tween-20 solution and aspirate. Follow by four consecutive 
washes with Tween-20 solution for 30′ each at 4 °C.

 5. Remove final wash of Tween-20 solution and add 2° antibody 
solution. Incubate at 4 °C for 1–2 h.

 6. Remove 2° solution and perform four consecutive Tween-20 
washes for 30′ each at 4 °C.

 7. Add mounting medium and seal the slide, it is now ready for 
imaging. We calculate the maximum and average penetration 
of invading cells using in-software micrometers.

4 Notes

I. Timelapse Analysis of Satellite Cells In Vitro on Purified 
Substrates

1. If tracking manually, be aware of the potential for devia-
tion (not necessarily error) in results between different 
people, even for the same movies. You can avoid this by 
using automated tracking software, or mitigate it by hav-
ing only one tracker for each set of movies that are to be 
compared. Alternatively, you can try to “train” each other 
to select that same cells for tracking by comparing results 
from the same movie.

2. If you want to do immunohistochemistry to get expression 
data from the cells after the movies are analyzed, you 
should be able to stain the fixed plate, put it in the micro-
scope you used for the timelapse, reopen the series, and 
have the microscope automatically return to the same 
fields for fluorescent imaging.

II. Timelapse Video Analysis of Satellite Cells on Single Myofibers.
The most likely cause of failure in this assay is death of the 

myofibers after they are embedded. This can be caused by rough 
handling during transfer to the collagen gel, shear forces due to 
uneven polymerization of the collagen gel, or changes in tem-
perature during transfer to the microscope. Unfortunately, 
death of one myofiber in a well frequently leads to death of the 
remaining fibers, due to the effects of proteases released from 
the fiber that depolymerize the gel. Particularly when testing 
multiple conditions, we recommend at least three wells per con-
dition to help ensure that duplicate wells will be viable for all 
conditions.

Satellite Cell Motility and Invasion
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III. Method for Assessing 3D Human Satellite Invasion In Vitro

1. If you want to see if the cells will “invade up,” let them first 
adhere to the bottom of a gelatin-coated 96-well plate for 
several hours then add the cold collagen on top and let 
polymerize. Continue as listed, except bear in mind the 
reversed orientation during embedding and sectioning. 
Importantly, make sure to set the Z plane deep enough to 
capture the bottom most visible cells.
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Chapter 17

Effects of Macrophage Conditioned-Medium  
on Murine and Human Muscle Cells: Analysis 
of Proliferation, Differentiation, and Fusion

Marielle Saclier*, Marine Theret*, Rémi Mounier, and Bénédicte Chazaud

Abstract

Skeletal muscle is a highly plastic tissue, which is able to regenerate after an injury. Effective and complete 
regeneration requires interactions between myogenic precursor cells and several cell types such as macro-
phages. Bone marrow derived macrophages in mouse and monocyte-derived macrophages in human 
are useful tools to obtain macrophage populations that may be specifically activated/polarized in vitro 
(e.g., pro-inflammatory, anti-inflammatory, and alternatively activated macrophages). In vitro, human or 
murine primary myogenic cells recapitulate the adult myogenesis program through proliferation, myo-
genic differentiation, and fusion. Macrophages being highly secreting cells, they act on various biological 
processes including adult myogenesis. Here, we present protocols to analyze in vitro the effect of 
macrophage- secreted factors on muscle cell proliferation or differentiation in both mouse and human.

Key words Macrophages, Muscle precursor cells, Proliferation, Differentiation, Myogenesis, Human, 
Mouse, Conditioned media

1 Introduction

Macrophages are immune cells essential to skeletal muscle regen-
eration [1]. During this process, they adopt distinct and sequen-
tial phenotypes [1–3]. Soon after injury, circulating blood 
monocytes infiltrate the damaged muscle and differentiate into 
inflammatory macrophages. These macrophages stimulate the 
proliferation of muscle precursor cells (MPCs) through the secre-
tion of pro- inflammatory molecules such as TNFα, IL-6, and 
IL-1β. Upon phagocytosis of muscle debris, inflammatory macro-
phages skew their phenotype to an anti-inflammatory profile, 
which sustains the differentiation and fusion of MPCs and the 
growth of myofibers through the secretion of anti-inflammatory 
effectors (e.g., IL-10, TGFβ) [1–2]. Thus, depending on their 
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phenotype, macrophages support and act on the sequential phases 
of muscle regeneration. This sequence of inflammatory then anti-
inflammatory macrophages has been also evidenced in human 
regenerating muscle, although both inflammatory types of macro-
phages may be present in the same regenerating muscle areas at 
the same time [2]. In vitro, mouse Bone Marrow Derived 
Macrophages (BMDM) [4] and monocyte-derived macrophages 
in human [1] have been shown to be useful to characterize mac-
rophage functions in well- defined inflammatory conditions. As mac-
rophages are highly secreting cells, culture of MPCs with conditioned 
media (CM) of macrophages is an efficient way to analyze the effects 
of macrophage populations on the different steps of myogenesis 
(proliferation, differentiation, and fusion). Here are presented the 
conditions that have been already used to stimulate macrophages in 
distinct inflammatory phenotypes: pro-inflammatory (stimulation 
with IFNγ and /or LPS), anti-inflammatory (IL10 and/or gluco-
corticoids), and alternatively activated macrophages (IL-4). Of 
course, a variety of stimuli may be tested to trigger specific inflam-
matory state in macrophages [5].

2 Materials

 1. 2-well permanox Lab-Tek® (Nunc #177429, see Note 1).
 2. 12- and 24-well plates.
 3. Matrigel® low growth factor (Corning #356231).
 4. Horse serum, heat inactivated at 56 °C for 30 min.
 5. Ultroser™ G serum substitute (#15950-017, Pall Corporation) 

(see Note 2).
 6. Serum-free macrophage medium: DMEM Glutamax, 4.5 g/l 

glucose, 1× pyruvate (#31966-021) containing 100 U/ml 
Penicillin/streptomycin (P/S).

 7. Macrophage medium: DMEM Glutamax, 4.5 g/l Glucose, 1× 
Pyruvate (#31966-021), containing10 % Heat-inactivated 
Fetal Bovine Serum (FBS) and 100 U/ml P/S.

 8. MPC growth medium: DMEM/F-12 Glutamax (#31331- 028), 
20 % FBS, 100 U/ml P/S. Filter through Stericup-GP 0.22 μm 
and add 2 % Ultroser G (see Note 2).

 9. Cytokines (R&D system) are dissolved in PBS 1X Ca2+ and Mg2+ 
free (PBS): IFNγ (#485-MI, stock solution at 50 μg/ml), IL-4 
(#404-MI, stock solution at 5 μg/ml), IL-10 (#417- ML, stock 
solution at 5 μg/ml).

 10. Murine MPCs are isolated from gastrocnemius and tibialis 
anterior and cultured as previously described in [6].

 11. Murine macrophages are isolated from bone marrow and pre-
pared as previously described in [7].

2.1 Culture of Murine 
Macrophages 
and MPCs
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 1. 4 % Paraformaldehyde (PFA) (Boster Biological Technology 
#AR1068).

 2. Anti-Ki67 antibody made in rabbit (Abcam #ab15580, use at 
5 μg/ml).

 3. Anti-desmin antibody made in rabbit (Abcam #ab6322, use at 
0.085 μg/ml).

 4. Donkey anti-rabbit Cy3 secondary antibodies (Jackson 
Immuno Research Inc. #711-165-152) (see Note 3).

 5. Hoescht 33342 (Sigma Aldrich #B2261, dilute in PBS at 2 mM 
for stock, use at 2 nM).

 6. Mounting medium (Interchim#FP-483331).
 7. Coverslips 18 × 18 mm.

 1. 12-well plates.
 2. T75 culture flasks.
 3. Glass coverslips 18 mm diameter (Marienfeld #0111580) that 

have been sterilized.
 4. MPC growth medium: Ham-F12 Glutamax (#31331) con-

taining 15 % FBS, 100 U/ml P/S (#15140).
 5. MPC differentiation medium: Ham-F12Glutamax (#31331) 

containing 5 % FBS, 100 U/ml P/S.
 6. Macrophage medium: Advanced RPMI 1640 (#12633) con-

taining 1× Glutamine, 100 U/ml P/S, 10 mM Hepes, 100× 
MEM vitamins, 0.5 mM2-mercaptoethanol, 15 % FBS.

 7. Low serum macrophage medium: Advanced RPMI 1640 con-
taining 1× Glutamine, 100 U/ml P/S, 10 mM Hepes, 100× 
MEM vitamins, 0.5 mM 2-mercaptoethanol, 0.5 % FBS.

 8. Lipopolysaccharide (LPS) (#L4130 Sigma Aldrich, stock solu-
tion at 1 mg/ml in culture medium)

 9. Dexamethasone (Dex) (D4902 Sigma Aldrich, stock solution 
at 20 μg/ml, add 1 ml of 100 % ethanol per mg, and then add 
49 ml of culture medium per ml of ethanol).

 10. Cytokines (R&D system): IFNγ (#285-IF/CF, stock solution 
at 0.1 mg/ml in deionized water), IL-4 (#204-IL/CF, stock 
solution at 0.1 mg/ml in PBS, IL-10 (#217-IL/CF, stock 
solution at 50 μg/ml are dissolved in PBS).

 11. Cell Proliferation ELISA, BrdU (colorimetric) (Roche 
Diagnostics GmbH #11647229001).

 12. Human MPCs are isolated from human muscle biopsies and 
cultured as previously described [8].

 13. Human macrophages are isolated from human blood and 
cultured as previously described [8].

2.2 Immunolabeling 
of Murine MPCs

2.3 Culture 
of Human 
Macrophages 
and MPCs

Effects of Macrophage Conditioned-Medium on Murine and Human Muscle Cells…
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 1. 4 % PFA (Boster Biological Technology #AR1068).
 2. Anti-Myogenin antibody made in mouse (BD Pharmingen 

#556358, use at 10 μg/ml).
 3. Anti-desmin antibody made in rabbit (Abcam #32362, use at 

60 μg/ml).
 4. Donkey anti-rabbit Cy3 1/200 secondary antibodies (Jackson 

Immunoresearch Inc. #711-165-152), biotinylated anti-mouse 
antibodies (Vector Laboratories #BA-2000), and Streptavidin 
DTAF (Beckman Coulter #PN IM0307) (see Note 3).

 5. Hoescht 33342 (Sigma Aldrich #B2261, dilute in PBS at 
2 mM for stock, use at 2 nM).

 6. Mounting medium (Interchim#FP-483331).
 7. Microscopic slides.

3 Methods

 1. Day 0, macrophages are seeded at 71,000 cells/cm² in three 
wells for each condition (24-well plate) in macrophage medium 
(500 μl/well).

 2. 6 h after plating, macrophages (that should have adhered) are 
activated with cytokines: IFNγ (50 ng/ml), IL-10 (10 ng/ml), 
IL-4 (10 ng/ml) in macrophage medium to obtain pro- 
inflammatory, anti-inflammatory, and alternatively activated 
macrophages, respectively.

 3. Day 3, cells are washed three times with PBS 1× (500 μl/well) 
and once with 500 μl serum-free DMEM medium (see Note 4).

 4. 250 μl of serum-free macrophage medium is added per well 
(three empty wells are used for the control) and the cells are 
incubated for 24 h for the preparation of macrophage-CM.

2.4 Immunolabeling 
of Human MPCs

3.1 Effect 
of Macrophage-CM 
on MPC Proliferation 
in Mouse (Fig. 1)

Fig. 1 Method to analyze the effects of macrophage-CM on MPCs. Day 0: macrophages are polarized with 
specific activators. Day 3: conditioned medium from macrophages is prepared through incubation of the cells 
for 24 h in serum-free or low-serum medium. MPCs are seeded. Day 4: macrophage-CM is recovered and 
added to MPC cultures. Day 5: Proliferation is analyzed by immunofluorescence or BrdU incorporation. Day 7: 
Differentiation/fusion is analyzed by immunofluorescence

Marielle Saclier et al.
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 5. Day 3 (see Note 5), MPCs are seeded at 10,000 cells/cm2 on 
matrix-coated Lab-Tek®(Nunc #177429, see Note 6) in MPC 
growth medium.

 6. Day 4, macrophage-CM is recovered. Triplicate-wells are 
pooled in 15 ml conical centrifuge tubes, FBS is added at 2.5 % 
(see Note 7) and macrophage-CM is centrifuged for 10 min at 
800 × g, to eliminate any cell debris.

 7. MPC cultures are carefully washed (see Note 8) three times 
with PBS 1× and 700 μl of macrophage-CM per well is added.

 8. Day 5 and 24 h after addition of macrophage-CM, perform 
the Ki67 labeling (see Note 9 and Subheading 3.3 for the 
protocol).

 1. Day 0, macrophages are seeded at 71,000 cells/cm² in two 
wells for each condition (12-well plate) in macrophage medium 
(1 ml/well).

 2. After 6 h of plating, macrophages are activated with cytokines: 
IFNγ (50 ng/ml), IL-10 (10 ng/ml), IL-4 (10 ng/ml) in 
macrophage medium, to obtain pro-inflammatory, anti- 
inflammatory, and alternatively activated macrophages, 
respectively.

 3. Day 3, cells are washed three times with PBS 1× (1 ml/well) and 
once with 1 ml serum-free macrophage medium (see Note 4).

 4. 500 μl of serum-free macrophage medium is added per well 
(two empty wells are used for the control) and the cells are 
incubated for 24 h for the preparation of macrophage-CM.

 5. Day 3 (see Note 5), MPCs are seeded at 30,000 cells/cm2 on 
matrix-coated Lab-Tek®(Nunc #177429, see Note 6) in MPC 
growth medium.

 6. Day 4, macrophage-CM is recovered. Duplicate-wells are 
pooled in 15 ml conical centrifuge tubes, 2 % horse serum is 
added (see Note10), and macrophage-CM is centrifuged for 
10 min at 800 × g, to eliminate any debris.

 7. MPC cultures are carefully washed (see Note 8) three times 
with PBS 1× and 700 μl of macrophage-CM per well is added.

 8. Day 7, check that in the untreated condition MPCs are dif-
ferentiated (see Note 11), then perform desmin labeling 
(see Note 9 and Subheading 3.3 for the protocol).

All steps are performed at room temperature (RT), unless otherwise 
indicated (see Note 12).

 1. The above part of the Lab-Tek® is removed (walls and silicone 
joint).

 2. Cells are washed three times for 5 min with PBS 1× in a 
Coplin jar.

3.2 Effect 
of Macrophage-CM 
on MPC Differentiation 
in Mouse (Fig. 1)

3.3 Immunolabelings 
in Mouse

Effects of Macrophage Conditioned-Medium on Murine and Human Muscle Cells…
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 3. Cells are fixed for 15 min with PFA 4 % in a Coplin jar.
 4. Cells are washed three times for 5 min with PBS 1× in a 

Coplin jar.
 5. Cells are permeabilized for 10 min with 0.5 % Tritonin PBS 1× 

in a Coplin jar.
 6. Cells are washed three times for 5 min with PBS 1× in a 

Coplin jar.
 7. 40 μl of primary antibodies diluted in PBS 1× (anti-Ki67 anti-

body for the proliferation assay or anti-desmin antibody for the 
differentiation assay) is dropped on each well and is covered 
with a piece of parafilm (see Note 13).

 8. Cells are incubated with primary antibodies for 2 h at 37 °C in 
a humid chamber (see Note 14).

 9. The parafilm is carefully removed and cells are washed three 
times for 5 min with PBS 1× in a Coplin jar.

 10. 40 μl of secondary antibodies diluted in PBS 1× (anti-rabbit 
antibody and cover the wells with a piece of parafilm) is 
dropped on each well and is covered with a piece of parafilm 
(see Note 13).

 11. Cells are incubated with secondary antibodies for 1 h at 37 °C 
in a humid chamber (see Note 14).

 12. The parafilm is carefully removed and cells are washed three 
times for 5 min with PBS 1× in a Coplin jar.

 13. Cells are quickly (10 s) incubated in a Coplin jar containing 
2 nM Hoechst in PBS 1×.

 14. Cells are washed once for 5 min with PBS 1× in a Coplin jar.
 15. Cells are mounted in mounting medium with a coverslip and 

stored at +4 °C.
 16. About 10 pictures of each well are recorded at 20× magnification 

with an epifluorescence microscope (see Note 15 and Fig. 2).

 1. Day 0, macrophages are seeded at 36,000 cells/cm² in three 
wells for each condition (24-well plate) in macrophage medium 
(500 μl/well).

 2. After 6 h (minimum) of plating, macrophages are activated 
with cytokines and hormone for polarization: LPS (1 μg/ml) 
and IFNγ (10 ng/ml), IL-10 (10 ng/ml) and Dex (80 ng/ml), 
and IL-4 (10 ng/ml), to obtain pro-, anti- and alternatively 
activated macrophages, respectively, in macrophage medium 
(500 μl/well).

 3. Day 3, macrophages are washed three times with 500 μl PBS 
1× (see Note 4).

 4. 250 μl of low serum macrophage medium is added per well 
(three empty wells are used for the control) and cells are 
incubated for 24 h.

3.4 Effect 
of Macrophage-CM 
on MPC Proliferation 
in Human (Fig. 1)

Marielle Saclier et al.
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Fig. 2 Immunolabeling of murine MPCs cultured with inflammatory or anti- inflammatory macrophage-CM in 
proliferation or fusion conditions. Proliferation (upper panel): Ki67 (red) and nuclei (blue) labeling of MPCs in prolifera-
tion condition with inflammatory macrophage-CM (left) or anti-inflammatory macrophage-CM (right). Fusion 
(lower panel): Desmin (red) and nuclei (blue) labeling of MPCs in differentiation condition with inflammatory 
macrophage-CM (left) or with anti-inflammatory macrophage-CM (right). Inflammatory macrophage-CM acti-
vates proliferation of MPCs while anti-inflammatory macrophage-CM activates fusion of MPCs. Bar = 50 μm

Effects of Macrophage Conditioned-Medium on Murine and Human Muscle Cells…
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 5. MPCs are seeded at 12,000 cells/cm² in a 24-well plate in MPC 
growth medium (three wells per condition) (see Note 16).

 6. Day 4, macrophage-CM is recovered: triplicate-wells are 
pooled in 15 ml conical centrifuge tubes and centrifuged for 
10 min at 800 × g.

 7. MPCs are washed three times MPCs with PBS 1× and 250 μl 
of macrophage-CM is added per well.

 8. BrdU is added at 10 μM in each well.
 9. Day 5, MPCs are fixed and BrdU is measured as recommended 

by manual supplier (colorimetric assay).

 1. Day 0, macrophages are seeded at 36,000 cells/cm² in three 
wells for each condition (12-well plate) in macrophage medium 
(1 ml/well).

 2. After 6 h (minimum) of plating, macrophages are activated 
with cytokines and hormone for polarization: LPS (1 μg/ml) 
and IFNγ (10 ng/ml), IL-10 (10 ng/ml) and Dex (80 ng/ml), 
and IL-4 (10 ng/ml), to obtain pro-, anti- and alternatively 
activated macrophages, respectively, in macrophage medium 
(500 μl/well).

 3. Plate MPCs at 3000 cells/cm² in a 75 cm² culture flask in 
MPC differentiation medium (see Note 17).

 4. Day 3, macrophages are washed three times with 1 ml of PBS 
1× (see Note 4).

 5. 500 μl of low serum macrophage medium is added per well 
(three empty wells are used for the control) and cells are incu-
bated for 24 h.

 6. Glass coverslips are deposited in the bottom of 12-well plates 
(three wells for each condition), and 500 μl of MPC differen-
tiation media is added (the air under the coverslip is removed 
by pressing the coverslip with a tip or a pipette so that the 
coverslip sticks in the bottom of the well).

 7. MPCs (which are now myocytes) are trypsinated: cells are 
washed with PBS 1× then incubated with 1.5 ml of Trypsin- 
EDTA. Cell detachment is monitored under a microscope and 
should occur within few minutes. Cells are recovered in MPC 
differentiation media, centrifuged for 10 min at 250 × g, and 
seeded at 500 cells/cm² in MPC differentiation media on the 
coverslips in the 12-well plates.

 8. Day 4, macrophage-CM is recovered. Triplicate-wells are 
pooled in 15 ml conical centrifuge tubes and centrifuged for 
10 min at 800 × g to remove cell debris.

 9. MPCs are washed three times with PBS 1× and 500 μl of mac-
rophage- CM is added per well.

3.5 Effect 
of Macrophage- CM 
on MPC Differentiation 
in Human (Fig. 1)

Marielle Saclier et al.
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 10. Day 7, MPCs are washed three times with PBS 1×. Myogenin- 
desmin immunolabeling is directly performed or coverslips. 
Alternatively, coverslips can be dry at RT and stocked at −20°C 
for further use (see Subheading 3.6 for the protocol).

Steps are performed at RT unless otherwise indicated (see Note 12). 
Washes of coverslips are done in staining blocs (Vaccine dishes 
#2020, Glaswarenfabrik Karl Hecht GmbH & Co KG). Coverslips 
are handled with thin forceps, on the edges of the coverslips 
(see Note 18).

 1. If the coverslips have been frozen, they must be rehydrated for 
5 min in PBS 1×.

 2. Cells are fixed with PFA 4 % for 15 min.
 3. Cells are washed three times with PBS 1× for 5 min.
 4. Cells are permeabilized with 0.5 % triton in PBS 1× for 10 min.
 5. Cells are washed three times with PBS 1× for 5 min.
 6. A big piece of parafilm is secured in the bottom of an incuba-

tion box. 50 μl of primary antibodies diluted in PBS 1× (anti- 
myogenin and anti-desmin antibodies) is dropped on the 
parafilm. The coverslip is laid on the antibody drop (cells fac-
ing the antibody) and incubated for 2 h at 37 °C in a humid 
chamber (see Note 14).

 7. Cells are washed three times with PBS 1× for 5 min.
 8. Using the same procedure as for primary antibodies, cells are 

incubated with the secondary antibodies diluted in PBS 1× 
(anti-mouse biotinylated and anti-rabbit secondary antibodies) 
for 1 h at 37 °C in a humid chamber (see Note 14).

 9. Cells are washed three times with PBS 1× for 5 min.
 10. Using the same procedure as for the antibodies, the cells are 

incubated with Streptavidin-DTAF for 20 min at 37 °C in a 
humid chamber (see Note 14).

 11. Cells are washed four times with PBS 1× for 5 min.
 12. Each coverslip is quickly (10 s) incubated with 2 nM Hoechst 

in PBS 1× (either the coverslip is laid on the top of 50 μl of 
Hoechst on a piece of parafilm, or the coverslip handed with a 
forceps is soaked for 10 s in a jar containing Hoechst).

 13. Cells are washed once with PBS 1× for 5 min.
 14. Coverslips are mounted with 50 μl of mounting medium on 

glass slides and stored at +4 °C.
 15. About 10 pictures of each condition are recorded at 20× mag-

nification with an epifluorescence microscope (see Note 19).

3.6 Myogenin- 
Desmin 
Immunolabeling 
on Human MPCs

Effects of Macrophage Conditioned-Medium on Murine and Human Muscle Cells…
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4 Notes

 1. Lab-Tek® are made in glass, permanox, or Poly D-lysine coated. 
Murine MPCs adhere only on permanox, although it induces 
some background in immunofluorescence. 2-well Lab-Tek® 
(each well is 4.3 cm²) are used to minimize impacts of the 
edges, which favor MPC fusion. Thus, areas near the edges 
should be excluded of the analysis.

 2. 20 ml of sterile H2O are added to one bottle of Ultroser 
G. After 15–20 min at RT, shaking the bottle ensures complete 
dissolution. Solution is filtered through 0.22 μm (Millipore 
#SLGP033RS) and kept aliquoted at −20 °C.

 3. Antibodies and streptavidin are diluted in 400 μl of H2O and 
400 μl of glycerol and stored at −20 °C. They are used at 
1/200 in PBS 1×.

 4. Washes are here important to remove any trace of the reagents 
used for macrophage activation.

 5. The best time to plate MPCs is the evening. Cells adhere during 
the night and thus do not stay too long in growth medium (thus 
not too high number of cells resulting in proliferation).

 6. For Lab-Tek® coating, Matrigel® is diluted in cold serum-free 
DMEM/F-12 at 1/10. 1 ml is added per well and incubated 
for 30 min at 37 °C. Excess of Matrigel® is discarded and the 
well is washed three times with PBS 1× to remove Matrigel® 
aggregates.

 7. Mouse MPCs do not proliferate well under very low FBS 
concentrations in the medium. On the other way, doing the 
coculture experiment in 10 % FBS would hide the effect of 
factors contained in macrophage-CM. 2.5 % has been shown 
to be the minimum concentration of FBS for an effective 
MPC proliferation.

 8. Cells detach easily, carefully aspirate PBS.
 9. Freezing the Lab-Tek® prevents good immunolabeling.
 10. Low concentration (2 %) of horse serum, coupled with high 

cell density, induces rapid murine MPC differentiation and 
fusion.

 11. The untreated MPCs should show signs of differentiation, i.e., 
the presence of myotubes. If not, the experiment is not valid.

 12. The preparation must never dry during the whole procedure.
 13. The drop of diluted antibodies is deposited in a corner of the 

well and a piece of parafilm is slowly laid. Parafilm size should 
be over that of the well. Ideally, one parafilm is used to cover 
the entire Lab-Tek®, i.e., the same labeling is realized in the 
two wells. Use separate smaller pieces of parafilm and avoid 

Marielle Saclier et al.
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mixing of antibodies in neighboring wells if doing different 
labelings in each well.

 14. To avoid drying of the preparation during the incubation, wet 
papers are placed in the incubating box.

 15. For the analysis of proliferation, the number of Ki67+ nuclei is 
calculated as a percentage of the total number of nuclei. For 
the differentiation assay, fusion is evaluated as the percentage 
of nuclei into myotubes among the total number of nuclei 
(Fig. 2).

 16. If macrophage-CM is recovered in the morning of day 4, 
MPCs should be seeded in the evening of day 3. If macro-
phage- CM is recovered in the afternoon, MPCs should be 
seeded in the early morning of day 4 (at least 6 h of plating).

 17. Human MPCs are seeded at low concentration of FBS to 
induce differentiation and at low density to avoid their fusion.

 18. The user must keep in mind during the whole procedure on which 
side of the coverslip the cells are. She/he should establish an own 
rule, e.g., “the cells are on the up side for the washings.”

 19. Desmin staining discriminates myogenic cells from non- 
myogenic cells (that may have raised in the culture with time). 
Only desmin positive cells and desmin-myogenin positive cells 
should be taken into account. Differentiation is evaluated as 
the percentage of the number of double myogenin-desmin+ 
cells among the total number of desmin+ cells.
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Chapter 18

Optimization of Satellite Cell Culture Through Biomaterials

Sadegh Davoudi and Penney M. Gilbert

Abstract

Hydrogels, a type of biomaterial, are an invaluable part of biomedical research as they are highly hydrated 
and properties such as elasticity, porosity, and ligand density can be tuned to desired values. Recently, cul-
ture substrate stiffness was found to be an important regulator of muscle stem cell self- renewal. Polyethylene 
glycol (PEG), a synthetic polymer, can be fabricated into hydrogels that match the softness of skeletal 
muscle tissue, thereby providing a culture surface that is optimal for maintaining muscle stem cell self-
renewal potential ex vivo. In this Chapter, we describe a method to produce flat PEG hydrogels across a 
range of stiffnesses, including a formulation that matches the bulk stiffness of healthy skeletal muscle 
(12 kPa), while maintaining a constant ligand density. Since PEG is inert to protein adsorption, the steps 
required to surface functionalize the hydrogel with an adhesive interface (e.g., laminin) are also described.

Key words Muscle stem cell, Hydrogel, Polyethylene glycol, Substrate stiffness, Culture substrate, 
Self-renewal

1 Introduction

The cell-material interface is an important regulator of stem cell 
behavior [1]. A plethora of studies have shown that substrate stiff-
ness is one of a variety of material properties that can influence 
myogenic and stem cell fate [2–6]. Hydrogels including, but not 
limited to collagen, polyacrylamide, hyaluronic acid, alginate, and 
polyethylene glycol (PEG) gels can be produced across a wide 
range of physiological stiffnesses including 1 to 500 kPa [1]. The 
ability to tune the stiffness of these hydrogels has allowed research-
ers to mimic the elasticity of many tissues in the human body in 2D 
and 3D culture studies.

Skeletal muscle stem cells (MuSC), also known as satellite cells, 
can sense and respond to variations in substrate stiffness [4, 5, 7]. 
Studies suggest that ignoring substrate stiffness as a biophysical 
regulator of MuSC fate is a compounding factor resulting in the 
rapid depletion of MuSC regenerative potential when cultured 
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in vitro. Compared to muscle stem cells cultured on stiff tissue 
culture plastic (106 kPa), MuSCs grown on soft (12 kPa) PEG 
hydrogels mimicking the Young’s Modulus of healthy skeletal 
muscle, self-renew in vitro and maintain their regenerative capacity 
as revealed by transplantation assays [4, 5]. Notably, soft hydrogels 
also improve MuSC viability but do not seem to impact prolifera-
tion rate to a great extent [5].

In this Chapter, we describe in detail a method to fabricate flat 
PEG hydrogels [8] with tunable stiffness varying from ~3.5 to 
128 kPa. The major steps described are the preparation of the 
hydrogel components (PEG-VS, PEG-SH), calculating the ratio of 
each component to achieve the desired stiffness, preparation of 
laminin as the functionalizing protein, and producing the hydro-
phobic slides required for casting the gels.

2 Materials

 1. 0.2 M, Triethanolamine (TEAO) Buffer Solution, store at 
4 °C (Sigma Aldrich, St. Louis, MO, USA).

 2. Distilled (DI) and MilliQ water.
 3. 8-arm PEG ((CH2)2-VS)8, MW 10,000 polymer powder 

(Sunbright HGEO-100VS; NOF Corporation, Tokyo, Japan), 
store at −20 °C.

 4. 4-arm PEG, ((CH2)2-SH)4, MW 10,000 polymer powder 
(Sunbright PTE-100SH; NOF Corporation, Tokyo, Japan), 
store at −20 °C.

 5. 5 ml syringe.
 6. 0.2 μm filter membrane syringe attachment.
 7. Plain glass slides (i.e. no coating, no charged surface).
 8. Sigmacote® (Sigma Aldrich, St. Louis, MO, USA).
 9. Lab soap (e.g., Sparkleen, DriClean Labware Detergent, etc.).
 10. Paper towels.
 11. Fume hood.
 12. 1.5 ml Eppendorf tubes.
 13. Binder clips.
 14. Teflon spacers (1 mm).
 15. Flat spatula.
 16. Biological safety cabinet.
 17. Phosphate buffered saline (PBS) containing 1 % 100× 

Antibiotic- Antimycotic (Anti-Anti).
 18. 24-well tissue culture plate.

2.1 Hydrogel 
Preparation

Sadegh Davoudi and Penney M. Gilbert
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 1. 0.5 mg/ml Laminin from EHS-sarcoma (mouse) filtered 
through 0.2 μm pores (Roche Diagnostics, Mannheim, 
Germany), store at −20 °C.

 2. Sterile PBS.
 3. Dialysis cassette (7000 MWCO; Pierce).
 4. Syringe.
 5. 18 G × 1½ syringe needle.
 6. 1 L glass beaker.
 7. Magnetic stir bar and stir plate.

3 Methods

All procedures should be carried out at room temperature unless 
otherwise specified.

 1. Remove the PEG-VS powder component from the −20 °C 
and allow to reach room temperature.

 2. Prepare a 10 % weight to volume solution in 0.2 M TEAO: 
add 920 μl of 0.2 M TEAO per 100 mg of PEG-VS. Vortex 
until fully dissolved. Sonicate sample in a water bath sonicator 
at setting 5 for 10 s. Set tube on ice for 1 min. Sonicate a sec-
ond time at setting 5 for 10 s.

 3. Sterilize the solution by filtering it using a syringe and a 0.2 μm 
syringe filter.

 4. Aliquot and store at −20 °C.

 1. Remove the PEG-SH powder component from −20 °C and 
allow to reach room temperature.

 2. Prepare a 10 % weight to volume solution in ddH2O: add 
920 μl of ddH2O water per 100 mg of PEG-SH. Vortex until 
fully dissolved. Sonicate sample in a water bath sonicator at 
setting 5 for 10 s. Set tube on ice for 1 min. Sonicate a second 
time at setting 5 for 10 s.

 3. Keep solution on ice to prevent the PEG-SH from forming 
intermolecular disulfide bonds that prevent hydrogel 
formation.

 4. Sterilize the solution by filtering it using the syringe and a 
0.2 μm syringe filter.

 5. Aliquot and store at −20 °C (see Note 1).

This step prepares hydrophobic glass slides for easy removal of the 
polymerized hydrogels (see Note 2).

2.2 Preparation 
of Protein to Hydrogel 
Surface Tethering

3.1 Preparation 
of PEG-VS Solution

3.2 Preparation 
of PEG-SH Solution

3.3 Sigmacoting 
Glass Slides

Satellite Cell Hydrogel Culture
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 1. Wash both sides of the glass slides with lab detergent and then 
rinse with water until detergent is fully removed.

 2. Rinse each side of the glass slides with DI water at least six 
times.

 3. Dry the slides on a paper towel inside the fume hood. Complete 
steps 4–6 in a fume hood.

 4. Cover one side of the slides with Sigmacote® until the whole 
slide is covered (see Note 3).

 5. Allow the Sigmacote® to dry (~20 min) (see Note 4).
 6. Flip the glass slides over and repeat steps 4 and 5.
 7. Place slides in a beaker, cover with aluminum foil, and auto-

clave using the dry cycle.
 8. At this point, the slides are sterile and ready to use. Only use 

the sterile slides in the biological safety cabinet to maintain 
sterility (see Note 5). Sigmacoted® slides can be reused until 
they lose their hydrophobic surface.

In this methods chapter, we covalently tether laminin to the sur-
face of partially polymerized PEG hydrogels to serve as an adhesive 
interface (see Note 6). Since the PEG-VS reacts with primary 
amines, it is important that proteins intended to be functionalized 
on the hydrogel surface (a) contain primary amines and (b) be 
stored in a buffer that lacks primary amines. Dialysis is a commonly 
used method to transfer a protein from a primary amine containing 
solution (e.g., TRIS buffer) into a buffer that lacks primary amines 
(PBS).

 1. Remove laminin solution from −20° and allow to thaw on ice.
 2. Transfer the laminin solution from the glass vial into the dialy-

sis cassette using an 18 G 1½ syringe needle.
 3. Place the dialysis cassette and a magnetic stir bar into 1 L of 

sterile PBS in a glass beaker. Place the beaker on a magnetic stir 
plate at 4 °C and stir for 1 h.

 4. After 1 h, replace the PBS with 1 L of fresh sterile PBS and stir 
overnight at 4 °C.

 5. The next day, replace the PBS with 1 L of fresh sterile PBS and 
stir at 4 °C for one additional hour.

 6. In the biological safety cabinet, remove the laminin from the 
dialysis cassette using a new 18 G 1½ syringe and store at 4 °C 
(see Note 7).

In this Subheading, the instructions for preparing flat hydrogels 
are explained (see Note 8). All of the steps in this Subheading, 
except for the first step, should be performed in a biological 
safety cabinet to minimize the possibility of contamination. The 

3.4 Laminin 
Preparation

3.5 Hydrogel 
Preparation
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polymerization reaction is pH and temperature sensitive, so all 
solutions should be kept on ice to control the speed of 
polymerization.

The relationship between the hydrogel’s stiffness and weight 
to volume percentage (w/v %) can be calculated using the formu-
las below (see Note 9):
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Once the w/v % of the hydrogels has been determined based 
on the desired hydrogel stiffness, use the formulas below to calcu-
late the amount of each component to add. “V”, “VVS”, “VSH”, 
“VTEAO” represent the total hydrogel, PEG-VS solution, PEG-SH 
solution, and TEAO volumes, respectively (see Notes 10 and 11):
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 1. Remove PEG-VS and PEG-SH aliquots from the −20 °C and 
allow to thaw on ice (see Note 12).

 2. Place 1 mm Teflon spacers at each end of a Sigmacoted glass 
slide (Fig. 1a) (see Note 13).

 3. Combine the appropriate hydrogel components in an eppen-
dorf tube by first adding TEAO, followed by PEG-SH, and 
finally PEG-VS (see Note 14).

 4. Immediately vortex the components for 10 s (see Note 15).
 5. Pipette 150 μl of the hydrogel onto the glass slide (Fig. 1a). 

There is enough space to cast two hydrogel onto each slide 
(see Note 16).

 6. Place a second Sigmacoted slide on top of the spacers on the 
first slide and keep it in place using binder clips (Fig. 1b) (see 
Note 17).

 7. Allow the gels to partially polymerize at 37 °C incubator for 
7–10 min (see Note 18).

 8. While the gels polymerize, dilute the dialyzed laminin to 
50 μg/ml (10× dilution) in sterile PBS (see Note 19).

 9. After 7–10 min, remove the hydrogel from the incubator and 
gently remove the top glass (Fig. 1d) (see Note 20).

Satellite Cell Hydrogel Culture
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Fig. 1 Step by step images of flat hydrogel fabrication. (a) Teflon spacers are placed on the edges of 
Sigmacoted glass slide. Vortexed hydrogel mixture is pipetted onto glass slide. (b) Another Sigmacoted glass 
slide is placed onto the first slide and held in place using binder clips. (c) Examples of defects on the top side 
of the cast hydrogel. (d) Binder clips are removed after incubation at 37 °C. (e) Top glass is removed and 
hydrogels are transferred to the top glass with their top side facing down. (f) Hydrogel is surface tethered by 
adding a diluted laminin solution onto the hydrogels. (g) Hydrogels are incubated for 45 min at room tem-
perature in a secondary container. (h) Hydrogel glue is added to the bottom of a well of a multiwell plate and 
spread around with the pipette tip. (i) The excess laminin on top of the hydrogels is removed by tilting the 
hydrogel. (j) Hydrogels are gently lowered into the well and placed on top of glue. (k) Image of glued hydrogel 
at the bottom of 24-well plate

Sadegh Davoudi and Penney M. Gilbert
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 10. Transfer the gels to the top glass with the side that was in con-
tact with the bottom glass facing up (Fig. 1e). This might hap-
pen naturally if when removing the top glass, the hydrogel is 
stuck to it. If the hydrogel is still on the bottom glass, pick 
it up with a flat spatula and flip it over onto the top glass 
(see Note 21).

 11. Pipette 70 μl of the diluted dialyzed laminin onto each hydro-
gel. Spread it out completely on the hydrogel using the pipette 
tip or a flat spatula (Fig. 1f). Avoid touching the hydrogel as it 
might acquire defects (see Note 22).

 12. Allow the protein to incubate for 45 min at room temperature 
(see Note 23). During this time, the hydrogel will continue to 
polymerize (Fig. 1g).

 13. After 45 min, prepare 15 μl of hydrogel glue by combining 
PEG-VS and PEG-SH at a 1:1 ratio (7.5 μl each). Vortex the 
mixture for 10 s.

 14. Pipette 10 μl of the glue into a well of a 24-well plate. Spread 
it evenly into the bottom of the well with the pipette tip 
(Fig. 1h).

 15. Gently pick up a hydrogel with a flat spatula. Tilt it to the side 
and remove excess laminin solution. Gently place it in the well 
with the laminin tethered side facing up (Fig. 1i–j). Gently 
remove any air bubbles that might form under the gel to ensure 
even contact with the glue.

 16. Polymerize the glue by placing the plate into the 37 °C incuba-
tor for 10 min (Fig. 1k).

 17. Add 1 ml PBS + 1 % 100×Anti-Anti to the well and store at 
4 °C overnight (see Note 24).

 1. Prior to culturing cells, equilibrate the hydrogels in culture 
media. Perform a minimum of four 30-min media exchanges 
at 37° prior to use.

 2. Seed cells at appropriate density into the wells and treat the 
hydrogel culture substrates as you would a plastic cell culture 
plate (see Note 25).

4 Notes

 1. Depending on the final hydrogel concentration, different 
amounts of the PEG-VS and PEG-SH components will be 
used. However, the amount of PEG-SH used will be roughly 
twice the amount of PEG-VS. Therefore, it might be useful to 
prepare aliquot volumes that contain twice as much PEG-SH 
as PEG-VS.

3.6 Preparing 
Hydrogel for Cell 
Culture

Satellite Cell Hydrogel Culture
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 2. Be sure to use plain glass and not charged glass. The 
Sigmacoting will not prevent hydrogel adherence if applied to 
charged glass slides.

 3. One method to do this task is to expel the Sigmacote® solution 
from the pipette tip in a zig-zag motion. Then move the 
pipette tip in vertical and horizontal directions to cover the 
entire glass slide.

 4. In order to minimize dust or debris on the finished slides, 
move any particles that land on the slides to a corner while the 
Sigmacote® is still wet.

 5. Avoid soap or ethanol coming in contact with the Sigmacoted 
slides, since they will remove the Sigmacote surface.

 6. Other proteins, such as fibronectin, may also be used.
 7. The dialyzed laminin can be stored for up to 1 month at 4 °C. 

For longer storage, flash freeze aliquots in liquid nitrogen and 
store at −20 °C.

 8. The instructions in Subheading 3.5 are to prepare flat hydro-
gels. An advantage of the flat hydrogels is that since they are 
flat, they are more suitable for imaging cultured cells using a 
microscope. Additionally, although hydrogel adherence is 
robust enough to withstand media exchanges, flat hydrogels 
can be removed from the plate relatively easily and flipped 
upside down onto a glass slide, which makes high-resolution 
imaging much easier (see Note 25). However, if imaging the 
cells or having a flat surface is not required, an easier and faster 
method is to directly cast the hydrogels inside the well. This is 
especially important in the case of smaller wells such as 96-well 
plates in which making flat hydrogels is not possible. A caveat 
of this method is that a meniscus is formed, which is a challenge 
to imaging. The steps for directly casting the hydrogel in the 
well are as follows: steps 1–3: As described in steps 1–3 in 
Subheading 3.5. Step 4: Pipette 200 μl of the hydrogel into the 
well. This volume is appropriate for a 24-well plate. Adjust as 
necessary for other well sizes. Step 5: Allow the gels to partly 
polymerize at 37 °C incubator for 7–10 min (see Note 18). 
Step 6: While the gels polymerize, dilute the dialyzed laminin 
to 50 μg/ml using sterile PBS (see Note 19). Step 7: Pipette 
200 μl of the diluted dialyzed laminin onto each hydrogel (the 
plate can be placed onto an orbital shaker to reduce the amount 
of diluted dialyzed laminin required to cover the well). Step 8: 
Allow the protein to incubate for 1 h at room temperature. 
During this time, the hydrogel will continue to polymerize. 
Step 9: Remove dialyzed laminin and wash with PBS + 1% 
Anti-Anti to the well. Store at 4 °C overnight (see Note 24).

 9. These formulas are valid for hydrogels composed of the 
PEG- VS and PEG-SH from NOF Corporation in Tokyo. To 
obtain the relationship between hydrogel stiffness and w/v %, 
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the stiffness of four different gel compositions was determined 
by compression testing as displayed in Fig. 2. The formulas 
were then calculated by drawing a binomial trendline between 
the data points. Due to variation in manufacturing as well as 
lot- to- lot variation, it is highly recommended to derive new 
formulas if the hydrogel components are purchased from a dif-
ferent vendor and upon obtaining a new lot of polymer.

 10. The formulas are valid for hydrogels composed of PEG-VS and 
PEG-SH from NOF Corporation in Tokyo, which have been 
dissolved at a ten weight per volume percentage (w/v %) in 
TEAO or ddH2O water.

 11. The equations are only valid if the hydrogel is made using 
the components and from the vendors mentioned in the 
materials section. If not, the volumes of each component can 
be calculated from the material properties described below and 
through the following fashion:
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Fig. 2 Graph depicting stiffness measurements of four different hydrogel compo-
sitions and binomial trendline thereby establishing the relationship between 
hydrogel weight/volume percentage and stiffness
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The hydrogels used in this protocol have the following 

properties and the equations displayed in Subheading 3.5 are 
calculated below:
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As an example to make V ml of 2.5w/v% PEG hydrogel,
V =11.7 ml, VVS

, = 130
SSH TEAO= 20.93 ml, and V =97.37 ml are required.
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 12. Over time in the freezer, evaporation of the PEG-VS and 
PEG-SH components may occur. Be sure to pulse spin and 
vortex all aliquots prior to use as evaporation will concentrate 
the effective polymer concentration at the bottom of the tube 
and yield incorrect final hydrogel stiffness.

 13. 1 mm hydrogels (constructed using 1 mm Teflon spacers) are 
difficult to image through due to the thickness of the substrate 
(unless removed and flipped upside down onto a glass slide as 
explained in Note 25). 0.75 mm hydrogels fabricated by using 
0.75 mm Teflon spacers are thin enough to image through and 
are still relatively easy to handle.

 14. The hydrogel polymerizes spontaneously via a Michael-type 
addition click-chemistry reaction. Hence, the hydrogel will 
begin polymerizing as soon as the PEG-VS and PEG-SH com-
ponents are mixed together. The reaction is both pH and tem-
perature sensitive. As a result, it is recommended that no more 
than four hydrogels (two if the user is new to the method) be 
prepared at any instance. All solutions should be kept on ice 
prior to mixing to slow the polymerization process. Also, it 
would be helpful to have a pipette set to the amount that is to 
be added onto the glass slides so as to prevent the hydrogel 
from polymerizing before it is placed between the two glass 
slides (especially in the case of high w/v % gels). To minimize 
the time between hydrogel preparations, the TEAO and 
PEG-SH components can be mixed together in several eppen-
dorf tubes and kept on ice so that only the PEG-VS compo-
nent remains to be added.

 15. It is very important that the components be thoroughly mixed, 
which is the reason for the 10 s vortex. Improper mixing of the 
components will lead to un-polymerized hydrogels, which is a 
common mistake.

 16. 150 μl is the volume required to fabricate 1 mm hydrogels for 
24-well plates. For 48 well plates, add 45 and 50 μl to make 
0.75 mm and 1 mm hydrogels, respectively.

 17. Avoid moving the top glass side horizontally while in contact 
with the hydrogel and try to place it directly in its final position. 
Horizontal movements while in contact with the hydrogel will 
cause it to lose its circular shape and become smeared. To avoid 
bending the glass slides due to the binder clip force, which could 
result in the final hydrogel not being flat, clamp the glass on the 
Teflon spacers. Placing the two binder clips simultaneously will 
also help to obtain a more circular hydrogel.

 18. Stiff hydrogels polymerize faster, so less time is required to 
partially polymerization a stiffer formulation. When making 
hydrogels of different stiffness simultaneously, it is suggested 
to cast the softer hydrogels first so the hydrogels become ready 
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at the same time. The excess gel remaining at the bottom of 
the eppendorf tube used to mix the components can be used 
as an indicator of the polymerization status of the hydrogel.

 19. Lower amounts of surface-tethered laminin can be attained by 
increasing (i.e., 100×) the dilution of the stock dialyzed laminin 
solution.

 20. To facilitate the release of hydrogels from the glass slides, 
remove the binder clips one at a time.

 21. The hydrogel side contacting the bottom slide is generally 
smoother and contains fewer bubble defects compared to the 
top side (Fig. 1c). Bubbles are more common when using PEG 
aliquots that have been stored for a long time in the freezer. As 
a result, the hydrogels are placed so that their bottom side is 
facing up.

 22. Add 30 μl of the diluted dialyzed laminin for hydrogels fitting 
a 48-well plate.

 23. In order to prevent the laminin and the hydrogel from evapo-
rating, place the glass slide inside a 15 cm tissue culture dish 
and close the lid.

 24. Anti-Anti is used to minimize the risk of contamination that 
could occur due to the handling of the gel. The surface tethered 
hydrogel can be stored at 4 °C for up to 1 week.

 25. Paraformaldehyde fixation, cell lysis for protein or RNA isola-
tion, and routine cell culture procedures can be performed on 
hydrogels in a manner similar to methods used with standard 
tissue culture plates. Since the hydrogel is three- dimensional, it 
can be damaged and break upon physical contact with pipette 
tips; therefore, extra care must be taken so as not to disturb the 
hydrogel during various procedures. In addition, the hydrogel 
is porous, so it is important to work quickly with post-culture 
solutions (e.g., lysis buffer) as they will be soaked into the 
pores of the hydrogel. To enhance image quality after staining 
cells cultured on the hydrogel surface, flipping the hydrogel 
onto a glass slide is advised. The hydrogel can be easily removed 
from the bottom of the multiwell plate by gently inserting a 
flat spatula underneath the flat hydrogel. Once the gel has 
been picked up, flip it over upside down (cells contacting the 
glass) onto a glass microscope slide. During imaging, prevent 
the hydrogel from drying by adding drops of PBS or blocking 
solution onto the hydrogel.
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Chapter 19

Systematic Identification of Genes Regulating Muscle 
Stem Cell Self-Renewal and Differentiation

Krishnamoorthy Sreenivasan, Thomas Braun, and Johnny Kim

Abstract

The hallmark of stem cells is their capability to either self-renew or to differentiate into a different cell type. 
Adult skeletal muscle contains a resident muscle stem cell population (MuSCs) known as satellite cells, 
which enables regeneration of damaged muscle tissue throughout most of adult life. During skeletal muscle 
regeneration, few MuSCs self-renew to maintain the muscle stem cell pool while others expand rapidly and 
subsequently undergo myogenic differentiation to form new myofibers. However, like for other stem cell 
types, the molecular networks that govern self-renewal and/or differentiation of MuSCs remain largely 
elusive. We recently reported a method to isolate sufficient amounts of purified MuSCs from skeletal 
muscle which enables us to study their cell autonomous properties. Here, we describe a lentiviral, image- based 
loss-of function screening pipeline on primary MuSCs that enables systematic identification of genes that 
regulate muscle stem cell function.

Key words Muscle stem cells (MuSCs), FAC sorting, RNAi screen, Lentiviral

1 Introduction

Adult muscle stem cells (MuSCs), also known as satellite cells, 
comprise a rare population of adult myogenic precursor cells that 
is required for the regeneration of skeletal muscle [1].

Under resting conditions MuSCs are dormant. Muscle injury 
can induce MuSC activation resulting in their exit out of quies-
cence and entry into the cell cycle. During regeneration most acti-
vated MuSCs proliferate and subsequently undergo myogenic 
differentiation to replenish the damaged muscle tissue while a sub-
set of MuSCs self-renews and returns to quiescence to maintain the 
stem cell pool enabling future potential rounds of regeneration 
[2]. However, as for other stem cell types, the genetic pathways 
that regulate MuSC self-renewal and/or differentiation have 
remained in large parts enigmatic.

At the molecular level, undifferentiated MuSCs can be robustly 
identified by the expression of Pax7, a member of the paired box 
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transcription factor family. Once committed to differentiation Pax7 
expression is lost and coincident with the subsequent expression of 
later markers of myogenic differentiation, such as the basic helix- 
loop- helix transcription factors Myf5, MyoD, and MyoG. At this 
late stage of differentiation, myocytes fuse into mature syncytial 
multinucleated myotubes, negative for Pax7, both in vitro and in 
vivo [3–5].

We and others have generated methods to purify MuSCs from 
freshly dissociated skeletal muscle. Recently, we reported a method 
to isolate relatively large amounts of a pure population of MuSCs 
using transgenic Pax7 reporter mice and FAC sorting [6–9]. 
Significantly, the prospective purification of MuSCs together with 
the observation that Pax7 expression is lost during myogenic dif-
ferentiation means that the relative generation rate of self- renewing 
Pax7+ stem cells vs. Pax7− differentiated cells in a cultured popula-
tion of pure MuSCs can be monitored by immunofluorescent stain-
ing for Pax7 itself [10]. Genome-wide loss of function screens via 
RNAi, and more recently via Crispr/Cas9 technology, have been 
established in both arrayed and pooled formats and have been har-
nessed to understand the molecular mechanisms governing various 
cellular events [11–16]. Lentiviral-based shrna screens have proven 
to be especially advantageous to stably manipulate gene expression 
in cells refractory to conventional transfection methods, including 
MuSCs. The possibility of isolating a large and pure population of 
MuSCs combined with the availability of genome-wide lentiviral 
RNAi and Crispr/Cas9 libraries suitable for efficient gene knock-
down and knockout in these cells has offered opportunity for mas-
sive and parallel investigations on muscle stem cell function. Here, 
we describe a robust image-based lentiviral RNAi screening pipeline 
on purified MuSCs to simultaneously identify genes controlling 
muscle stem cell self-renewal and differentiation (see Fig. 1).

2 Materials

Matrigel (BD Biosciences)
Reagents for Media

 1. Tryptone.
 2. Yeast extract.
 3. NaCl.
 4. DMEM-Glutamax-I, High Glucose, (Gibco-Life Technologies).
 5. Fetal Bovine Serum (Sigma Aldrich).
 6. Penicillin/Streptomycin (Gibco-Life Technologies).
 7. Basic FGF (Pepprotech).
 8. Polybrene (Sigma-Aldrich).

2.1 Cell Culture

Krishnamoorthy Sreenivasan et al.
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 9. Puromycin (Life Technologies).
 10. Ampicillin.
 11. LB media: Dissolve 10 g Tryptone, 5 g Yeast extract, and 10 g 

NaCl with 950 ml of distilled water. Adjust the pH to 7.00 
with 0.5 N NaOH and bring the volume to 1l. Sterilize by 
autoclaving.

 12. Satellite cell growth media (500 ml): 400 ml DMEM- 
Glutamax- I, supplemented with 100 ml of heat-inactivated 
fetal bovine serum (FBS), 1 % penicillin/streptomycin solution, 
and 5 ng/ml bFGF. Store at 4 °C.

 13. HEK293T cell media (500 ml): 450 ml DMEM-Glutamax-I, 
supplemented with 50 ml of heat-inactivated fetal bovine 
serum (FBS) and 1 % penicillin/streptomycin solution. Store 
at 4 °C.

 14. Virus production media: Satellite cell growth media containing 
16 μg/ml polybrene.

 15. Puromycin selection media: Satellite cell growth media 
 containing 4 μg/ml puromycin.

 1. 2.0 ml Deep Well Plates with Shared-Wall Technology (Thermo 
Scientific).

 2. Breathable Sealing Film for Tissue Culture (Axygen).

2.2 Plasmid Isolation

Day 0: Seed HEK293T cells

4 X 96 well plate

Day 7: Fixation and staining

BF

DAPI/Pax7

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A 42,62 33,95 43,8 69,27 43,1 29,09 39,42 31,55 47,11 41,17 46,12 48,23 36,92 38,99 44,1 35,6 60,55 39,03 74,12 39,9 53,85 27,22 39,57 30,59
B 12,77 50,18 27,05 19,01 48,55 28,16 32,56 5,36 35,95 55,77 44,22 53,11 43,31 40,65 30,69 55,48 35,27 27,03 60,37 61,25 36,89 50,28 48,34 32,5
C 54,07 25,64 55,12 60,52 35,69 25,46 51,87 27,68 27,63 23,2 43,57 11,99 40,66 35,15 40,85 37,11 42,82 31,5 20,55 25,5 19,29 2,75 36,53 42,32
D 35,39 15,95 79,97 67,11 39,04 33,29 34,69 22,21 44,04 36,22 57 39,49 48,65 28,21 3,84 49,04 32,77 39,42 5,95 29,55 13,18 13,37 31,04 37,87
E 30,3 49,34 42,34 43,2 38,65 47,43 31,79 39,73 30,96 36,27 34,05 15,61 40 34,51 31,75 45 33,76 23,97 32,39 39,2 44 38,67 30,39 42,51
F 51,06 21,67 45,86 24,68 44,98 47,63 20,21 12,23 34,35 25,96 4 25,69 2,4 38,26 27,82 22,55 31,56 24,39 44,3 25,11 49,54 18,04 29,79 42,94
G 36,46 22,89 50,85 47,82 43,18 79,88 41,61 40,12 41,35 34,13 51,47 57,11 30,17 43,37 48,47 43,86 43,32 45,32 27,62 50,99 41,44 28,22 60,82 57,07
H 75,58 47,84 25,98 17,68 47,22 24,77 39,43 45,8 37,86 25,97 51,24 37,78 23,71 16,23 41,42 24,1 24,72 28,54 17,39 40,38 65,87 44,93 70,82 62,59
I 40,09 42,73 54,06 53,99 39,96 61,69 44,14 5,43 35,65 54,81 51,31 25,3 33,69 38,04 38,03 44,32 40,87 39,98 41,63 47,03 48,13 38 38,84 38,35
J 46,18 39,57 16,86 20,32 23,76 50,62 12,9 21,89 42,33 44,61 27,68 5,78 40,86 32,21 52,52 33,91 61,78 25,17 62,99 12,81 47,65 25,15 44,25 38,47
K 34,97 23,22 49,02 42,53 52,81 53,27 37,91 42,06 41,16 34,14 47,56 29 44,79 44,32 45,11 22,32 34,9 38,28 45,88 56,63 44,72 32,65 24,85 55,5
L 63,6 62,47 52,07 42,39 58,84 53,78 42,69 37,14 36,42 45,5 74,03 48,6 20,78 30,71 24,08 45,46 58,77 36,31 51,65 54,03 46,66 47,24 51,57 47,68
M 35,95 62,04 82,78 58,07 36,7 37,24 44,69 51,09 37,68 20,44 44,89 36,53 35,44 49,13 36,57 38,87 49,07 38,76 45,4 48,93 58,34 47,93 47,88 40,53
N 61,82 53,37 79,49 72,19 39,15 42 23,19 40,52 11,8 41,45 53,21 47,97 20,85 53,54 46,15 46,9 34,4 41,29 52,69 49,95 63,24 64,53 42,2 29,22
O 30,46 26,86 52,42 52,18 50,77 44,72 44,69 44,12 49,25 12,25 37,1 40,93 35,78 56,77 52,31 52,3 41,6 30,13 39,23 51,55 41,57 45,67 30,6 41,78
P 72,37 53,71 30,71 57,57 74,03 42,15 49,7 45,53 52,39 53,7 51,24 45,7 52,66 52,17 59,41 62,56 64,04 54 65,58 46,75 28,2 53,55 51,59 38,61

Day 8: Image analysis

Self-renwal Index (SI) =
∑ Pax7 pos cells

∑ DAPI pos cells4 X 96 well plate 4 X 96 well plate

Day 1: Transfect HEK293T cells Day 3: Viral assembly

Day 2: Seed satellite cells Day 4: Viral transduction

Days 0 1 2 3 4 6 8
1 X 384 well plate 1 X 384 well plate

7

Fig. 1 Schematic illustrates the screening pipeline for one 384-well plate. On Day 0, HEK293T cells are seeded 
into four 96-well plates. On Day 1, HEK293T cells are transfected with the plasmid library for viral production. 
On Day 2, satellite cells are purified by FACS and seeded into the target 384-well plate. On Day 4 activated 
satellite cells are transduced with the supernatants containing lentivirus generated from the HEK293T cells. 
On Day 7 the infected satellite cells are fixed and stained with Pax7 antibody. Subsequently, the 384-well plate 
is subjected to high-throughput image acquisition and analysis. Refer to main text for media exchanges that 
are to be performed throughout the pipeline

Systematic Identification of Genes Regulating Muscle Stem Cell Self-Renewal…
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 3. GenElute™ HP 96 Well Plasmid Miniprep Kit 
(Sigma-Aldrich).

 4. PvuII (NEB).

 1. Cell Culture Microplate, 96 Well, PS, F-Bottom, Clear 
(Greiner bio-one).

 2. Cell Culture Microplate, 96 Well, PS, V-Bottom, Clear 
(Greiner bio-one).

 3. Cell Culture Microplate, 384 Well, PS, F-Bottom, μClear 
(Greiner bio-one).

Buffers
 1. HEPES buffered saline: Prepare 140 mM NaCl, 1.5 mM 

Na2HPO4.2H2O, and 50 mM HEPES. For 10× solution, dis-
solve 4.0 g of NaCl, 0.108 g of Na2HPO4.2H2O, and 4.8 g of 
HEPES in 90 ml of distilled water. Adjust the pH to 7.05 with 
0.5 N NaOH, and adjust the volume to 100 ml with distilled 
H2O. Sterilize the solution using a 0.22 μm filter and store at 
4 °C.

 2. 1.25 M CaCl2.
Plasmids

 1. psPAX2 (packaging plasmid containing gag, pol, and rev 
genes).

 2. pMD2.G (envelope plasmid).
 3. pLKO.1 (lentiviral shrna plasmid). Vector information is avail-

able from TRC website (http://www. broadinstitute.org/
rnai/public/vector/summary).

 1. Fixation: 4 % Paraformaldehyde (Sigma-Aldrich).
 2. Cell permeabilization buffer: 0.05 % PBST (1× PBS with 

0.05 % Triton).
 3. Blocking buffer: 5 % BSA in 0.05 % PBST.
 4. Pax7 monoclonal antibody (R&D systems).
 5. Goat anti-Mouse IgG1 Antibody, Alexa Fluor® 594 conju-

gated (Invitrogen).
 6. DAPI (2 μg/ml in PBS).

 1. Nanodrop 2000c UV-Vis Spectrophotometer (Thermo 
Scientific).

 2. AquaMax 4000 Microplate Washer (Molecular Devices).
 3. ImageXpress Micro XLS Widefield High-Content Analysis 

System (Molecular Devices).

2.3 Virus Production 
and Transduction

2.4 Immunostaining

2.5 Instruments

Krishnamoorthy Sreenivasan et al.
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3 Methods

 1. Prepare an arrayed library of shRNA vectors targeting a set of 
candidate genes. In the method described here, we arrayed 
bacterial glycerol stocks containing plasmids encoding for indi-
vidual short hairpin RNA(shRNA) sequences from the TRC 
shRNA library in 96-well plates [15] (see Note1).

 2. Prepare a 96-well deep-well plate containing 1.8 ml/well of 
LB medium supplemented with ampicillin (1 μg/ml). Transfer 
5 μl of the bacteria containing the shRNA vectors to each well 
of the deep-well plate and culture at 37 °C overnight on a 
shaker (see Note 2).

 3. Centrifuge the deep-well plates at 4000 × g for 10 min to pellet 
the bacteria containing the shRNA vector. Discard the super-
natant. At this point, plates can be stored at −20 °C before 
plasmid isolation.

 4. Isolate shRNA plasmids from the bacterial pellets using a 
96-well plasmid isolation kit according to the manufacturer’s 
protocol. We routinely use the Sigma GenElute™ HP 96 Well 
Plasmid Miniprep Kit kit from which it is possible to obtain 
1–5 μg of high purity plasmid DNA sufficient for efficient 
lentiviral production (see Note 3).

 5. Validate concentration, purity, and integrity of the plasmids for 
each plate from several randomly selected wells. We measure 
DNA concentration using a Nanodrop device. Integrity of 
plko.1 vectors can be diagnostically tested with a PvuII digest 
that results in the generation of 3 bands of 4506, 1993, and 
1217 base pairs.

 1. Seed low passage HEK293T cells at an optimal cell density (80 % 
confluence) in HEK293T growth media on a flat-bottom 96-well 
plate one day before transfection (Day 0) (see Note4).

 2. Using a multi-channel pipette transfect the HEK293T cells 
with the plko.1 shRNA plasmid, the psPax2 packaging plasmid  
and the pMD2. Genvelope plasmid in the ratio of (1):(9):(0.08), 
respectively. We routinely use the calcium phosphate transfec-
tion method [17] that is very cost-effective and results in high 
transfection rates. Refer to Table 1 for the detailed buffer and 
plasmid dilutions (Day 1) (see Note 5).

 3. The transfected HEK293T cells start to produce lentivirus 18 h 
post-transfection. Using a multi-channel pipette replace 
HEK293T growth media with media in which the cell of inter-
est will be transduced and cultured. In the case of satellite cells, 
HEK293T growth media should be exchanged with 50 μl of 
satellite cell growth media 15 h post-transfection. When remov-
ing the HEK293T growth media take care to discard the tips in 
an appropriate waste container (Day 2) (see Note 6).

3.1 Library 
Generation 
for Screening

3.2 Lentiviral 
Assembly and Virus 
Production

Systematic Identification of Genes Regulating Muscle Stem Cell Self-Renewal…
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 4. On the second day after transfection add an additional 50 μl of 
fresh satellite cell growth media to each well of the 96-well 
plate (Day 3).

 5. Spin down the 96-well plates at 300 rpm for 5 min to pellet 
any HEK293T cells or debris. Carefully collect 50 μl of the 
supernatant containing virus that will be used for the transduc-
tion of satellite cells.

 1. Isolate a pure population of muscle stem cells by FACS purifi-
cation from 8-week old Pax7ZsGreen reporter mice as previously 
described (Day 2) [6–9].

 2. Prior to satellite cell isolation pre-coat a 384-well plate with 
35 μl of Matrigel diluted 1:50 with ice-cold satellite cell growth 
media. Matrigel serves as an adhesion matrix for the satellite 
cells in culture (see Note 7).

 3. Seed freshly isolated satellite cells in satellite cell growth media. 
For 384-well Greiner microclear plates seed satellite cells at a den-
sity of 300–500 cells/well in 50 μl of medium (The total volume 
in the well is then 85 μl). Centrifuge the 384-well plate at 100 × g 
for 10 min to facilitate their adhesion to the Matrigel matrix.

 4. One day after seeding, aspirate 50 μl of media using a micro-
plate washer and add 50 μl of fresh satellite cell growth media 
to each well (Day 3). Satellite cells activate and begin to 
 proliferate in vitro 24–36 h post-isolation and are now ready 
for transduction (see Note 8).

 1. Add polybrene to the 384-well plate containing satellite cells 
shortly before the viral transduction. Aspirate 40 μl of media 
using a microplate washer and add 40 μl of fresh media con-
taining polybrene at a concentration of 16 μg/ml. Incubate for 
30 min at 37 °C and then aspirate 40 μl of media using the plate 
washer. Satellite cells are now ready for viral transduction.

3.3 Preparation 
of Target Muscle Stem 
Cells for Lentiviral 
Transduction

3.4 Lentiviral 
Transduction 
and Selection

Table 1  
Volumes for transfection reactions. The master mix for transfection for four 96-well plate includes 
10x HBS, envelope vector (pMD2.G), and packaging vector (psPax2). Prepare the master mix as 
described in Note 5

Stock concentration 
[ng/μl]

Volume for 1 
well [μl]

Volume for 1 × 96 well 
[μl]

Volume for 4 × 96 
well [μl]

shrna vector 50 10 – –

psPax2 250 1.85 178 889

pMD2.G 250 0.06  6  29

10X HBS 1.19 114 572

Krishnamoorthy Sreenivasan et al.
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 2. Using a multichannel pipette carefully transfer 50 μl of viral 
supernatant from the 96-well plate (see Subheading 3.2, step 
5) in which the virus was produced to corresponding wells of 
the 384-well plate containing the satellite cells (Day 4).

 3. Replace the media containing virus with fresh satellite cell 
growth media 6–12 h post-transduction (Day 4).

 4. Check for viral transduction efficiency in wells transduced 
with the control lentiviruses expressing GFP/RFP. 48 hours 
after transduction GFP/RFP expression should be apparent 
in most, if not all, cells. It is also highly recommended to 
have positive controls for the phenotype of interest (Day 6) 
(see Notes 1 and 9).

 5. Select the satellite cells with satellite cell growth media 
 containing puromycin (4 μg/ml) and exchange media every 
day (Days 5–6) to select for transduced cells.

 1. Wash the plate three times with 1X PBS using a microplate 
washer and fix the cells using 4 % PFA for 10 min (Day 7).

 2. Permeabilize the fixed cells using 0.05 % Triton in 1X PBS for 
10 min and block with 1XPBS containing 5 % BSA for 30 min 
before immunostaining.

 3. Freshly isolated and proliferating satellite cells express Pax7 
protein but cannot be detected in differentiated myoblasts and 
myotubes. Therefore, Pax7 staining faithfully reflects the 
undifferentiated state of satellite cells [10]. Incubate wells with 
Pax7-antibody diluted 1:1000 in 1X PBS containing 5% BSA 
and 0.05 % Triton overnight at 4 °C. Using a plate washer, 
wash the cells three times with 1X PBS to remove excess 
unbound antibody. Incubate with fluorescently labeled sec-
ondary anti-mouse IgG1 antibody diluted 1:2000 in 5 % BSA, 
0.05 % PBST for 1 h at room temperature. Wash three times 
with 1X PBS and stain nuclei with DAPI (2 μg/ml) for 5 min 
and wash again three times with 1X PBS.

 4. Image the plates using a high-content imaging microscope 
(see Note 10).

 5. After image acquisition quantify for Pax7 and DAPI positive 
cells to calculate the rate of self-renewing Pax7+ satellite cells 
and differentiated Pax7− cells (see Note 11).

4 Notes

 1. Each 96-well plate should contain several internal controls to 
monitor the efficiency of plasmid transfection and viral trans-
duction (GFP and RFP vectors), as well as positive controls for 
the phenotype of interest.

3.5 Cell Fixation 
and Staining

Systematic Identification of Genes Regulating Muscle Stem Cell Self-Renewal…
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 2. The deep-well plates should be covered with a breathable foil 
for efficient bacterial growth.

 3. High purity of plasmid DNA is essential for optimal transfec-
tion efficiency. Therefore, column-based isolation of plasmid 
shRNA is necessary. As a general rule, a low transfection effi-
ciency will inevitably result in the production of a low viral titer 
and ultimately low transduction efficiency. We routinely use 
GenElute™ HP 96 Well Plasmid Miniprep Kit (Sigma- Aldrich, 
#NA9604) resulting in high transfection and transduction effi-
ciencies as well as low well-to-well variability. It is very impor-
tant that the columns are completely devoid of residual ethanol 
after the washing step, which will otherwise result in low plas-
mid yields.

 4. It is important to use HEK293T cells that express attenuated 
Large T antigen. This promotes the enhanced replication of 
plasmids containing a SV40 origin of replication in dividing 
cells. Significantly, transfected HEK293T cells will thus yield 
higher viral titers. We cannot stress enough that it is manda-
tory to have Safety level 2 working conditions and permission 
when conducting lentiviral assembly and transduction.

 5. Prepare a master mix of the 10X HBSS buffer, packaging, and 
envelope vectors as described in Table 1. Distribute 5 μl of the 
master mix across a fresh 96-well plate (V-bottom) using a 
multichannel pipette. Add 10 μl of plasmid DNA from the 
library plate. Mix well before placing a drop of CaCl2 on the 
side of the well. When this is done, gently tap the plate to 
“drop” the CaCl2. This results in uniform precipitation of the 
plasmid DNA across the plate. Mix the precipitate by gently 
pipetting up and down before adding it to the 96-well plate 
containing the HEK293T cells.

 6. Remove the media from the edge of the plate from one side to 
minimize aspiration of cells. This step will also remove dead 
cells. Immediately add fresh media to the wells to avoid cell 
detachment.

 7. One day before satellite cell isolation thaw the appropriate 
amount of Matrigel on ice overnight. Matrigel is liquid at 
0–15 °C but will form a gel at higher temperatures. Dilute 
Matrigel 1:50 with ice-cold satellite cell growth media and pre-
coat cell culture dishes of the desired format with a volume so 
that the surface is just covered. Incubate at room temperature for 
1 h. It is not necessary to aspirate the residual solution after coat-
ing the cell culture dish. Subsequently, incubate plates at 37 °C 
in a humidified incubator until cells are ready to be plated.

 8. For media exchange, we use an AquaMax Microplate Washer 
(Molecular Devices) which greatly diminishes variability and 
enhances speed of media exchange. Aspirate only 40 μl of 

Krishnamoorthy Sreenivasan et al.
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media (50 % of total media) as to not remove the satellite cells. 
We have successfully performed infection of satellite cells 
before and during activation of satellite cells, hence 24 and 
48 h after seeding, respectively. Maintain the timing of steps 
consistent throughout the screening pipeline to minimize phe-
notypic variability across different plates.

 9. As for any screen, it is important to have positive and negative 
controls. We monitor satellite cell transduction with lentiviruses 
encoding for GFP or RFP in separate wells. If a good transduc-
tion efficiency is achieved most satellite cells, if not all, will express 
GFP/RFP 48 h post-transduction. For phenotypic positive con-
trols in the method described here we employ shRNAs against 
pax7 and nf1 genes that result in enhanced differentiation and 
proliferation and less or more Pax7- expressing cells, respectively, 
72 h post-transduction (Fig. 2a) [5, 18]. These controls are also 
good indications that the transduction was successful and that 
the cells are ready for fixation. Notably, in the method described 
here, the satellite cells in the 384-well plate will be targeted by 
viruses generated from four 96-well plates. Hence, since each 

A

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A 42,62 33,95 43,8 69,27 43,1 29,09 39,42 31,55 47,11 41,17 46,12 48,23 36,92 38,99 44,1 35,6 60,55 39,03 74,12 39,9 53,85 27,22 39,57 30,59
B 12,77 50,18 27,05 19,01 48,55 28,16 32,56 5,36 35,95 55,77 44,22 53,11 43,31 40,65 30,69 55,48 35,27 27,03 60,37 61,25 36,89 50,28 48,34 32,5
C 54,07 25,64 55,12 60,52 35,69 25,46 51,87 27,68 27,63 23,2 43,57 11,99 40,66 35,15 40,85 37,11 42,82 31,5 20,55 25,5 19,29 2,75 36,53 42,32
D 35,39 15,95 79,97 67,11 39,04 33,29 34,69 22,21 44,04 36,22 57 39,49 48,65 28,21 3,84 49,04 32,77 39,42 5,95 29,55 13,18 13,37 31,04 37,87
E 30,3 49,34 42,34 43,2 38,65 47,43 31,79 39,73 30,96 36,27 34,05 15,61 40 34,51 31,75 45 33,76 23,97 32,39 39,2 44 38,67 30,39 42,51
F 51,06 21,67 45,86 24,68 44,98 47,63 20,21 12,23 34,35 25,96 4 25,69 2,4 38,26 27,82 22,55 31,56 24,39 44,3 25,11 49,54 18,04 29,79 42,94
G 36,46 22,89 50,85 47,82 43,18 79,88 41,61 40,12 41,35 34,13 51,47 57,11 30,17 43,37 48,47 43,86 43,32 45,32 27,62 50,99 41,44 28,22 60,82 57,07
H 75,58 47,84 25,98 17,68 47,22 24,77 39,43 45,8 37,86 25,97 51,24 37,78 23,71 16,23 41,42 24,1 24,72 28,54 17,39 40,38 65,87 44,93 70,82 62,59
I 40,09 42,73 54,06 53,99 39,96 61,69 44,14 5,43 35,65 54,81 51,31 25,3 33,69 38,04 38,03 44,32 40,87 39,98 41,63 47,03 48,13 38 38,84 38,35
J 46,18 39,57 16,86 20,32 23,76 50,62 12,9 21,89 42,33 44,61 27,68 5,78 40,86 32,21 52,52 33,91 61,78 25,17 62,99 12,81 47,65 25,15 44,25 38,47
K 34,97 23,22 49,02 42,53 52,81 53,27 37,91 42,06 41,16 34,14 47,56 29 44,79 44,32 45,11 22,32 34,9 38,28 45,88 56,63 44,72 32,65 24,85 55,5
L 63,6 62,47 52,07 42,39 58,84 53,78 42,69 37,14 36,42 45,5 74,03 48,6 20,78 30,71 24,08 45,46 58,77 36,31 51,65 54,03 46,66 47,24 51,57 47,68
M 35,95 62,04 82,78 58,07 36,7 37,24 44,69 51,09 37,68 20,44 44,89 36,53 35,44 49,13 36,57 38,87 49,07 38,76 45,4 48,93 58,34 47,93 47,88 40,53
N 61,82 53,37 79,49 72,19 39,15 42 23,19 40,52 11,8 41,45 53,21 47,97 20,85 53,54 46,15 46,9 34,4 41,29 52,69 49,95 63,24 64,53 42,2 29,22
O 30,46 26,86 52,42 52,18 50,77 44,72 44,69 44,12 49,25 12,25 37,1 40,93 35,78 56,77 52,31 52,3 41,6 30,13 39,23 51,55 41,57 45,67 30,6 41,78
P 72,37 53,71 30,71 57,57 74,03 42,15 49,7 45,53 52,39 53,7 51,24 45,7 52,66 52,17 59,41 62,56 64,04 54 65,58 46,75 28,2 53,55 51,59 38,61
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Fig. 2 (a) Representative segmented images of individual wells stained for Pax7 (violet) and total nuclei (gray). 
Controls include empty vector as negative control and knockdown of Pax7 and Nf1 as positive controls and 
representative hits from the screen for proliferation phenotype as shRNA P and differentiation phenotype as 
shRNA D. (b and c) Representative analyses of a 384-well plate scored for Pax7/DAPI ratios via heat mapping 
(in B) and Poisson distribution of Pax7/DAPI ratios for all targeting shRNAs across the plate (in C). Scale bars 
represent 100 μm
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96-well plate contains the same controls one can assess variability 
across the plates producing lentivirus.

 10. Imaging in high throughput can be achieved by HTS micro-
scopes from different vendors. We employ the ImageExpress 
Micro high-throughput microscope setup that not only allows 
acquisition of fluorescent but also brightfield images. Thus, 
morphological effects upon gene knockdown can be addition-
ally scored. This feature also helps in avoiding false positives 
during downstream analysis.

 11. Here, we scored for DAPI positive cells that are Pax7+or Pax7− 
(Fig. 2). A low Pax7/DAPI ratio indicates genes upon knock-
down of which regulate maintenance of the undifferentiated 
state while a high Pax7/DAPI ratio indicates genes upon 
knockdown of which regulate differentiation of satellite cells.
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allcells

nucleiPax p

− = =∑
∑
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Chapter 20

Bioinformatics for Novel Long Intergenic Noncoding RNA 
(lincRNA) Identification in Skeletal Muscle Cells

Xianlu Peng, Kun Sun, Jiajian Zhou, Hao Sun, and Huating Wang

Abstract

Long intergenic noncoding RNAs (lincRNAs) have emerged as critical participators in gene regulation in 
myriads of cell types. The development of the whole transcriptome sequencing technology, or RNA-seq, 
has enabled novel lincRNA detection, but the bioinformatics analysis toward distinguishing reliable ones 
remains a challenge. Here, we describe the bioinformatics workflow developed for identifying novel lin-
cRNAs step by step, including read alignment, transcriptome assembly and transcript filtering.

Key words lincRNA, RNA-seq, Bioinformatics, Skeletal muscle cells

1 Introduction

Long intergenic noncoding RNAs (lincRNAs), which are larger 
than 200 nucleotides and transcribed from the intergenic regions of 
protein coding genes, have been shown by accumulating findings to 
be widely expressed and extensively functional in many cellular pro-
cesses [1]. Nevertheless, given their cell/tissue-specificity, there is a 
need of identifying novel lincRNAs in a given system. To fulfill this 
purpose, we recently described the bioinformatics workflow for 
detecting novel lincRNAs using a RNA-seq dataset [2]. As shown 
in Fig. 1, aligning reads, reconstructing transcriptome, and filtering 
are three main steps. After preparing RNAs and performing RNA-
seq, sequence information of single-end or paired-end reads are 
obtained. Reads are then mapped or aligned back to a reference 
genome to identify locations where the sequences originate from. 
Fulfilling this purpose, multiple programs have been designed to 
map reads across splice junctions in RNA-seq data, such as TopHat 
[3], GSNAP [4], and STAR [5]. For transcriptome reconstruction, 
Cufflinks [6] and Scripture [7] are commonly used for ab initio 
transcript assembly based on the aligned reads. In the final step, 
several filters need to be applied to discriminate real lincRNA tran-
scripts from assembly artifacts, including filters of transcript length, 

Eusebio Perdiguero and DDW Cornelison (eds.), Muscle Stem Cells: Methods and Protocols, Methods in Molecular Biology, vol. 1556,
DOI 10.1007/978-1-4939-6771-1_20, © Springer Science+Business Media LLC 2017
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expression level and coding potential, etc. To this end, an integra-
tive bioinformatics pipeline, sebnif (self- estimation- based novel lin-
cRNA filtering pipeline) [2] is implemented to identify bona fide 
novel lincRNAs with high quality. Furthermore, sebnif utilities 
enable the annotation of high- confidence lincRNAs using addi-
tional datasets such as ChIP-seq of histone modifications and CAGE 
(Cap analysis gene expression) tags when available.

To walk through the process, in this protocol, a RNA-seq data-
set generated in human skeletal muscle cells (HSkMC) by ENCODE 
project [8] is used as input. After the above-described sequencing 
reads mapping, transcriptome reconstruction, and sebnif filtering, a 
catalog containing 917 novel lincRNAs is successfully built [2].

2 Materials

To complete software installation and lincRNA identification, a com-
puting machine with 64-bit GNU/Linux operating system installed 
and at least 4GB memory as well as Internet access are required.

Fig. 1 Overview of the bioinformatics workflow for the identification of novel 
lincRNAs

Xianlu Peng et al.
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 1. Raw RNA-seq reads of human skeletal muscle cells (SkMCs) 
from ENCODE project. (GEO accession: GSM984615).

 2. Aligned H3K4me3 ChIP-seq reads of human SkMCs from 
ENCODE project. (GEO accession: GSM945214).

 3. Aligned CAGE tags of human SkMCs from ENCODE proj-
ect. (GEO accession: GSM979653).

 1. TopHat (version 2.0.6) (http://ccb.jhu.edu/software/
tophat/index.shtml).

 2. Bowtie (version 0.12.9) (http://bowtie-bio.sourceforge.net/
index.shtml).

 3. Cufflinks (version 2.1.1) (http://cole-trapnell-lab.github.io/
cufflinks/).

 4. sebnif (version 1.2.2) (http://sunlab.lihs.cuhk.edu.hk/
sebnif/).

3 Methods

The primary output of most sequencers consists of .bcl basecall files, 
which store the sequence information and can be converted to 
.fastq.gz files on the sequencer. Publicly available datasets are usu-
ally provided as .fastq.gz files or .sra files, which can be decom-
pressed or converted to .fastq files that can then be used by 
alignment programs as input.

 1. Change to the directory where data are stored.
$ cd /path-to-data/

 2. Download raw RNA-seq data in HSkMC (two biological rep-
licates). (See Note 2)
$ wget
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encod-

eDCC/wgEncodeCshlLongRnaSew/wgEncodeCshl-
LongRnaSeqSkmc9011302CellTotalFastqRd1Rep1.fastq.
gz

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encod-
eDCC/wgEncodeCshlLongRnaSew/wgEncodeCshl-
LongRnaSeqSkmc9011302CellTotalFastqRd2Rep1.fastq.
gz

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encod-
eDCC/wgEncodeCshlLongRnaSew/wgEncodeCshlLon-
gRnaSeqSkmc812190217CellTotalFastqRd1Rep2.fastq.gz

 http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encod-
eDCC/wgEncodeCshlLongRnaSeq/wgEncodeCshlLon-
gRnaSeqSkmc812190217CellTotalFastqRd2Rep2.fastq.gz

2.1 Datasets

2.2 Programs  
(See Note 1)

3.1 Data 
Preprocessing

lincRNA Identification

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM984615
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM945214
http://ccb.jhu.edu/software/tophat/index.shtml
http://ccb.jhu.edu/software/tophat/index.shtml
http://bowtie-bio.sourceforge.net/index.shtml
http://bowtie-bio.sourceforge.net/index.shtml
http://cole-trapnell-lab.github.io/cufflinks/
http://cole-trapnell-lab.github.io/cufflinks/
http://sunlab.lihs.cuhk.edu.hk/sebnif/
http://sunlab.lihs.cuhk.edu.hk/sebnif/
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 3. Decompress .fastq.gz files in the current directory.
 $ gunzip -c wgEncodeCshlLongRnaSeqSkmc9011302Cell-

TotalFastqRd1Rep1.fastq.gz > replicate1.read1.fastq
$ gunzip -c wgEncodeCshlLongRnaSeqSkmc9011302Cell-

TotalFastqRd2Rep1.fastq.gz > replicate1.read2.fastq
$ gunzip -c wgEncodeCshlLongRnaSeqSkmc812190217Cell-

TotalFastqRd1Rep2.fastq.gz > replicate2.read1.fastq
$ gunzip -c wgEncodeCshlLongRnaSeqSkmc812190217Cell-

TotalFastqRd2Rep2.fastq.gz > replicate2.read2.fastq
 4. Merge two replicates.

$ cat replicate1.read1.fastq replicate2.read1.fastq > merged.
read1.fq

$ cat replicate1.read2.fastq replicate2.read2.fastq > merged.
read2.fq

 5. Trim adaptors and remove duplication. (See Note 3)
$ Ktrim merged.read1.fq merged.read2.fq trimmed_out
$ Krmdup trimmed_out.R1.fq trimmed_out.R2.fq skmc
The output files from the above step are skmc.R1.fq and skmc.

R2.fq.

 1. Change to program installation directory.
$ cd /path-to-programs/

 2. Download the binaries for Bowtie and TopHat. Bowtie is an 
aligner adopted in TopHat.
$ wget
http://sourceforge.net/projects/bowtie-bio/files/bow-

tie/0.12.9/bowtie-0.12.9-linux-x86_64.zip
$ wget
http://ccb.jhu.edu/software/tophat/downloads/tophat-

2.0.6.Linux_x86_64.tar.gz
 3. Unpack the packages of TopHat and Bowtie separately. (See 

Note 4)
$ unzip bowtie-0.12.9-linux-x86_64.zip
$ tar -xzf tophat-2.0.6.Linux_x86_64.tar.gz

 4. Change to the Bowtie index directory.
$ cd /path-to-programs/bowtie-0.12.9/indexes

 5. Download a pre-built Bowtie index of hg19 into the Bowtie 
index directory. (See Note 5 and Note 6)
$ wget
ftp://ftp.ccb.jhu.edu/pub/data/bowtie_indexes/hg19.ebwt.zip

 6. Unzip the index.
$ unzip hg19.ebwt.zip

3.2 Read Alignment 
Using TopHat

Xianlu Peng et al.
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 7. Change to the directory where genome or transcriptome refer-
ences are stored.
$ cd /path-to-references/

 8. Download gene annotation of known transcripts [9]. (See 
Note 7)
$ wget
ftp://ftp.sanger.ac.uk/pub/gencode/Gencode_human/

release_16/gencode.v16.annotation.gtf.gz
 9. Unzip the annotation file.

$ gunzip -d gencode.v16.annotation.genes.gtf.gz
 10. Change to project directory.

$ cd /path-to-projects/
 11. Make a new directory for the lincRNA identification project.

$ mkdir lincRNA_skmc
 12. Change to the new directory.

$ cd lincRNA_skmc
 13. Run TopHat. (See Notes 8 and 9)

$ /path-to-programs/tophat-2.0.6.Linux_x86_64/tophat 
--bowtie1 -o tophat_output --phred64-quals -G /path-to- 
references/gencode.v16.annotation.genes.gtf /path-to- 
programs/bowtie-0.12.9/indexes/hg19 /path-to-data/
skmc.R1.fq,/path- to-data/skmc.R2.fq

accepted_hits.bam in the output folder (tophat_output) will be 
used by Cufflinks as input in the following step.

 1. Change to program directory.
$ cd /path-to-programs/

 2. Download the binaries for Cufflinks.
$  wget
http://cole-trapnell-lab.github.io/cufflinks/assets/down-

loads/cufflinks-2.1.1.Linux_x86_66.tar.gz
 3. Unpack the package of Cufflinks.

$ tar -xzf cufflinks-2.1.1.Linux_x86_66.tar.gz
 4. Change to the lincRNA project directory.

$ cd /path-to-projects/lincRNA_skmc
 5. Run Cufflinks. (See Note 10)

$ /path-to-programs/cufflinks-2.1.1.Linux_x86_64/cufflinks 
-o cufflinks_output tophat_output/accepted_hits.bam

transcripts.gtf in the folder of cufflinks_output is the output file 
that will be used by sebnif in the following step.

3.3 Transcriptome 
Assembly Using 
Cufflinks

lincRNA Identification

ftp://ftp.sanger.ac.uk/pub/gencode/Gencode_human/release_16/gencode.v16.annotation.gtf.gz
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 1. Change to program directory.
$ cd /path-to-programs/

 2. Download the binaries for sebnif.
$ wgethttp://sunlab.lihs.cuhk.edu.hk/sebnif/sebnif-1.2.2.tar.gz

 3. Unpack the package of sebnif.
$ tar -xzf sebnif-1.2.2.tar.gz

 4. Configure iSeeRNA used by sebnif, which filters out tran-
scripts with coding potential [10].
$ cd /path-to-programs/sebnif-1.2.2/iSeeRNA
$ sh auto_download_data.sh hg19

 5. Change to the lincRNA project directory.
$ cd /path-to-projects/lincRNA_skmc

 6. Run sebnif. (See Notes 11 and 12)
$ /path-to-programs/sebnif-1.2.2/sebnif -g Homo -o seb-

nif_output cufflinks_output/transcripts.gtf
After the above steps, 9,812 novel transcripts are 

obtained as a primary catalog of novel lincRNAs, which can 
be further annotated by H3K4me3 ChIP-seq and CAGE 
data to increase the reliability using sebnif utilities.

 7. Download H3K4me3 ChIP-seq and CAGE data in HSkMC.
$ cd /path-to-data/
$ wget
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encod-

eDCC/wgEncodeUwHistone/wgEwgEwgEncodeU-
wHiston3k04me3StdAlnRep1.bam

$ wget
http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encod-

eDCC/wgEncodeRikenCage/wgEwgEncodeRikenCag-
eSkmcCellPapAln1.bam

 8. Change to the lincRNA project directory.
$ cd /path-to-projects/lincRNA_skmc

 9. Run sebnif utilities.
$/path-to-programs/sebnif-1.2.2/util/transcript_annotater/

transcript_annotater -tss /path-to-data/wgEwgEwgEnco-
deUwHiston3k04me3StdAlnRep1.bam,/path-to-data/
wgEwgEncodeRikenCageSkmcCellPapAln1.bam -o anno-
tation_output.info -t sebnif_output/novel.final.gtf

 10. Only lincRNAs with at least 10 H3K4me3 reads and 5 CAGE 
tags in their promoter regions (i.e., 2 kbp upstream to 1 kbp 
downstream of the transcript start site (TSS)) are 
selected. (kbp: kilobase pair)

3.4 Novel lincRNA 
Identification Using 
sebnif
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$ sed '1d' annotation_output.info | perl -lane 'my @
h=split(/;/,$F[3]); @h=sort {$b<=>$a} @h; my @
c=split(/;/,$F[4]); @c=sort {$b<=>$a} @c; if($h[0]>=10 && 
$c[0]>=5) {print $F[0],"\t",$F[1];}' > novel_lincRNA.list

The final output file is novel_lincRNA.list containing the informa-
tion of 917 identified novel lincRNAs, including transcript IDs 
(assigned in the Cufflinks assembly), genomic coordinates, and strands.

4 Notes

 1. Several extra program dependencies should be noted. In order 
to use the binary package of TopHat, the Boost library (http://
www.boost.org/) needs to be installed. Moreover, Samtools 
(http://samtools.sourceforge.net/) is also a prerequisite. And 
the execution of sebnif requires Perl (version 5.8 or higher) 
(https://www.perl.org/) and R (version 2.10 or higher with 
MASS library) (http://www.r-project.org/) in the path. 
Installation of these programs should follow the standard pro-
cedure thus no further details will be provided here.

 2. Sufficient depth of the sequencing data can ensure high-quality 
assembly. As specified by ENCODE consortium, a minimal 
depth of 100–200 million 2 × 76 bp or longer reads is cur-
rently recommended to detect reliable novel transcribed ele-
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 5. Note that Bowtie and Bowtie2 use different indexes.
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index is not available for a given species.
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 8. Because Bowtie, instead of Bowtie2, was used, specify the 
parameter of --bowtie1 in the command. Note that if a sequenc-
ing platform like Illumina is used, Bowtie and Bowtie2 are 
both suitable; but for some other platforms like SOLiD, only 
Bowtie is applicable.
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mal results. For example, when users intend to retain more 
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