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Satellite cell number and cell cycle kinetics in response
to acute myotrauma in humans: immunohistochemistry
versus flow cytometry
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In humans, muscle satellite cell (SC) enumeration is an important measurement used to
determine the myogenic response to various stimuli. To date, the standard practice for
enumeration is immunohistochemistry (IHC) using antibodies against common SC markers
(Pax7, NCAM). Flow cytometry (FC) analysis may provide a more rapid and quantitative
determination of changes in the SC pool with potential for additional analysis not easily
achievable with standard IHC. In this study, FC analysis revealed that the number of Pax7+

cells per milligram isolated from∼50 mg of fresh tissue increased 36% 24 h after exercise-induced
muscle injury (300 unilateral maximal eccentric contractions). IHC analysis of Pax7 and neural
cell adhesion molecule (NCAM) appeared to sufficiently and similarly represent the expansion
of SCs after injury (28–36% increase). IHC and FC data illustrated that Pax7 was the most
widely expressed SC marker in muscle cross-sections and represented the majority of positive
cells, while NCAM was expressed to a lesser degree. Moreover, FC and IHC demonstrated a
similar percentage change 24 h after injury (36% increase, Pax7; 28% increase, NCAM). FC
analysis of isolated SCs revealed that the number of Pax7+ cells per milligram in G2/M phase of
the cell cycle increased 202% 24 h after injury. Number of cells per milligram in G0/G1 and cells
in S-phase increased 32% and 59% respectively. Here we illustrate the use of FC as a method
for enumerating SC number on a per milligram tissue basis, providing a more easily under-
standable relation to muscle mass (vs. percentage of myonuclei or per myofibre). Although IHC
is a powerful tool for SC analysis, FC is a fast, reliable and effective method for SC quantification
as well as a more informative method for cell cycle kinetics of the SC population in humans.
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Introduction

Post-natal skeletal muscle is a terminally differentiated
tissue, yet it retains a remarkable regenerative capacity.
Although skeletal muscle fibres are post-mitotic and
unable to divide, a class of stem cells residing on the
periphery of the fibre maintains the capacity for tissue
remodelling and muscle regeneration. These stem cells,
referred to as satellite cells (SCs) based on their anatomical
location between the basal lamina and sarcolemma, are
directly responsible for post-natal muscle development,
homeostasis and regeneration (Maura, 1961; Seale &
Rudnicki, 2000; Charge & Rudnicki, 2004; Zammit

et al. 2006). Following muscle damage (or a hyper-
trophic stimulus), SCs activate and undergo rounds
of proliferation before differentiating and fusing with
existing myofibres (Holterman & Rudnicki, 2005; Le
Grand & Rudnicki, 2007). Progression of SCs through
the myogenic program is controlled by the coordinated
up- and down-regulation of the myogenic regulatory
factors (MRFs). The upregulation of Myf5 marks the
earliest phase of myogenic commitment followed by the
concomitant expression of MyoD, which together mark
the majority of newly activated SCs (myoblasts) (Charge
& Rudnicki, 2004; Dhawan & Rando, 2005). Following
proliferation, these cells express markers of myoblast
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differentiation (MRF4 and myogenin) and ultimately fuse,
contributing their nuclei to existing myofibres or giving
rise to nascent myotubes, aiding in the repair process
(Charge & Rudnicki, 2004; Dhawan & Rando, 2005).

Studies examining human muscle SC generally utilize
immunohistochemistry (IHC) of muscle cross-sections to
enumerate the SC response to a given stimuli such as acute
myotrauma or resistance exercise training (Crameri et al.
2004; Kadi et al. 2004; Dreyer et al. 2006; O’Reilly et al.
2008; McKay et al. 2009). Although SC enumeration is an
important measure, it provides limited data with regards
to the regulatory events associated with SC function. In
the majority of studies investigating human muscle SCs,
neural cell adhesion molecule (NCAM; CD56) was used
to mark SCs for enumeration (Kadi et al. 1999, 2004;
Kadi & Thornell, 2000; Crameri et al. 2004; Eriksson
et al. 2005; Dreyer et al. 2006; Mackey et al. 2007a,b,c,
2009; O’Reilly et al. 2008). More recently, the paired box
transcription factor Pax7, which can activate transcription
and control the expression of the MRF in quiescent and
activated SCs (Zammit, 2008), has been used to identify
SCs in human muscle cross-sections (McKay et al. 2009;
Mikkelsen et al. 2009). Typical human SC analysis is more
often than not limited to a satellite cell marker (NCAM
or Pax7) co-stained with Ki67 or proliferating cell nuclear
antigen (PCNA), which provides important, yet limited
cell cycle information (Mackey et al. 2009; McKay et al.
2009). Understanding the kinetics of SCs entering and
progressing through the cell cycle during the response
to damage is imperative to understanding deficiencies in
muscle repair and growth in conditions such as ageing or
cachexia.

Flow cytometry is routinely used to analyse cells based
on multiple-antigen labelling in vitro and used extensively
in stem cell research to purify obscure cell populations
from a larger cellular milieu. We propose FC analysis
on human tissue as an alternate means to objectively
enumerate SC number on a per milligram of tissue basis,
while allowing for the determination of SC cell cycle
kinetics (in vivo) with resolution virtually unobtainable by
IHC techniques alone. Furthermore, we aim to validate the
use of Pax7 as an accurate marker for human SC analysis
through direct comparison with NCAM using both FC
and IHC methods.

Methods

Subjects

Twelve healthy males (age 21 ± 2 years, height 185 ± 5 cm,
weight 82 ± 11 kg) were recruited from the McMaster
University community. Subjects underwent a routine
screening, completed a health questionnaire, and were
not involved in a lower-body resistance exercise training
programme for at least six months prior to participating

in the study. Subjects were told to refrain from exercising
throughout the time course of the study. All subjects were
informed of the procedures and potential risks associated
with the study and gave their written informed consent
to participate. This study was approved by the Hamilton
Health Sciences Research Ethics Board and conforms to
the Declaration of Helsinki concerning the use of human
subjects as research participants.

Muscle damage protocol

To induce muscle damage we employed a protocol
involving maximal isokinetic unilateral muscle-
lengthening contractions of the quadriceps femoris
performed on a Biodex dynamometer (Biodex-System
3, Biodex Medical Systems, Inc., Shirley, NY, USA) at
3.14 rad s−1 as previously described (McKay et al. 2009).
Briefly, for each subject, the dominant leg was selected
to complete the protocol. Subjects were required to
perform 30 sets of 10 maximal muscle lengthening
contractions with 1 min of rest between sets for a total of
300 lengthening contractions.

It has been well documented that this protocol induces
some level of skeletal muscle damage with some cellular
disruption evidenced by z-band streaming, discontinuous
desmin staining, an increase in plasma creatine kinase, an
infiltration of leukocytes, macrophage and neutrophils,
and a significant myogenic regulatory factor (MRF) and
muscle satellite cell response (Beaton et al. 2002b; O’Reilly
et al. 2008; Mahoney et al. 2008; McKay et al. 2008, 2009;
Lauritzen et al. 2009; Paulsen et al. 2010). Although overt
damage is sometimes observed from this type of exercise, it
may not induce a significant level of necrosis as evidenced
by a lack of regenerating fibres expressing embryonic
myosin heavy chain (indicative of a newly formed or
regenerated fibre) 8 days following 200 maximal eccentric
contractions of the quadriceps (Mikkelsen et al. 2009).
Furthermore, it was shown that electrical stimulation of
human quadriceps can induce far more necrosis and thus
represents a model of tissue degeneration/regeneration
compared to normal physiological damage observed with
eccentrically biased exercise (Crameri et al. 2007).

Muscle biopsies

Two percutaneous needle biopsies were obtained from the
mid-portion of the vastus lateralis under local anaesthetic
(1% lidocaine) using manual suction (Bergstrom, 1975;
Hennessey et al. 1997; Bourgeois & Tarnopolsky, 2004).
One muscle biopsy was obtained from the non-working
leg prior to the intervention. Baseline measures were
generated from the pre-intervention biopsy (PRE). The
other biopsy was obtained from the working leg 24 h
post-intervention. Approximately 25 mg of each biopsy
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sample was mounted in optimum cutting temperature
(OCT) compound and frozen in isopentane cooled in
liquid nitrogen. Approximately 50 mg (50.8 ± 3.4 mg)
of fresh muscle tissue was placed in ice-cold Ham’s
(F-10) culture medium (Gibco/Invitrogen, Carlsbad,
CA, USA) supplemented with 20% fetal bovine serum
(FBS) (Gibco/Invitrogen) and 1% penicillin–streptomycin
(Gibco/Invitrogen) for immediate flow cytometry
preparation.

Fluorescence activated cell sorting and flow
cytometry

Determination of myogenic satellite cell number and
cell cycle kinetics using Pax7 and propidium iodide
(PI). PRE and 24 h muscle biopsy tissue was prepared
for fluorescence activated cell sorting (FACS) analysis
using standard methods and criteria (Megeney et al.
1996; Parise et al. 2008; Alexander et al. 2009;
Conboy et al. 2010). Briefly, after weighing, muscle
samples were mulched using sterile surgical scissors in
3.5 cm tissue culture plates in a sterile tissue culture
hood. After tissue was adequately mulched, 1 ml of
a collagenase–dispase solution (10 mg ml−1 collagenase
B, Roche Diagnostics, Mannheim, Germany; 2.4 U ml−1

dispase, Gibco/Invitrogen; with 5 μl ml−1 of 0.5 M CaCl2)
was added to the plate and placed in a tissue culture
incubator for 10 min (5% CO2, 37◦C). Another 0.5 ml
of collagenase–dispase was added to the plate and the
mixture was manually triturated through a 5 ml and
1 ml plastic serological pipette to further disrupt the
tissue. The mixture was then incubated for 5–10 min.
Following the incubation, 5 ml of ice-cold Ham’s (F-10
with 20% FBS and 1% penicillin–streptomycin) culture
medium was added and the mixture was triturated
several times and filtered through a 50 μm mesh filter
(BD Biosciences, Mississauga, ON, Canada) into a 50 ml
conical bottom tube. The mixture was then centrifuged
at 800 g for 5 min to obtain a pellet containing mono-
nuclear cells. The pellet was resuspended in 1 ml of 1×
phosphate-buffered saline (PBS; 10 mM, pH 7.4) and a
10 μl sample was taken for analysis of total mononuclear
cell concentration using a haemocytometer (Hausser
Scientific, Horsham, PA, USA). The cell suspension was
added drop-wise to ice-cold 70% ethanol under gentle
agitation for fixation. Total time of tissue removal from
the subject to fixation was no longer than 1 h, as great
care was taken to reach fixation as quickly as possible
to maintain the in vivo cell cycle characteristics. After
fixation, cells were pelleted and re-suspended in a blocking
solution (2% BSA, 5% FBS, 0.2% Triton X-100, 0.1%
sodium azide) and incubated on ice for 10 min. Cells were
then pelleted and resuspended in 500 μl of anti-human
Pax7 primary antibody (cell supernatant from hybridoma

cells obtained from Developmental Studies Hybridoma
Bank (DSHB), University of Iowa, Iowa, IA, USA;
50 ± 2 μg ml−1 mAb). After incubation on ice for 45 min,
cells were pelleted and washed before being re-suspended
in 2 ml of the appropriate secondary antibody (Alexafluor
488, Invitrogen, 1:500 for 45 min). After incubation in
the secondary antibody cells were then pelleted and
washed several times before being re-suspended in 300 μl
of a propidium iodide (PI) solution (0.1 mg ml−1 PI
(Calbiochem/EMD Chemicals, Gibbstown, NJ, USA),
0.2 mg ml−1 RNase A (Roche Diagnostics) and 0.1%
Triton X-100 (Sigma-Aldrich, Canada) in 1× PBS).
Flow cytometry was conducted using a Beckman-Coulter
Epics XL flow cytometer (Beckman-Coulter Inc., Brea,
CA, USA). Optical alignment and fluidics of the cyto-
meter were verified daily using Flow-Check fluorospheres
(Beckman-Coulter) and optimum instrument settings
were verified daily using a Flow-Set kit (Beckman-Coulter)
by a trained technician. Gating strategies were optimized
through multiple experiments which included various
unstained, secondary only, and PI only samples (for an
example see supplemental Fig. S2). Furthermore, gates
were set to include only cells with DNA (PI positive),
thus gating out cellular debris commonly observed
in isolating cells from solid tissues. The population
of interest encompassed cells with a wide spread of
side-scatter (SS) and forward scatter (FS), which we
expected based on the fact that quiescent SCs have
a very low cytoplasmic and organelle volume, while
activated and cycling SCs have varying degrees of
organelle and cytoplasmic volume (Charge & Rudnicki,
2004). Furthermore, cells beginning to differentiate
upregulate different cellular machinery, altering SS and
FS compared to quiescent SCs making discrete SS and
FS gating (as with done with blood cells) more difficult.
Repeated running of controls periodically throughout
the study helped ensure the consistency of our gating
strategies. Specific fluorochrome details are as follows:
PI excitation = 520 nm, emission = 610 nm; Pax7 (Alexa
488) excitation = 494 nm, emission = 519 nm; NCAM
(PE-Cy5.5) excitation = 488 nm, emission = 690 nm.

Determination of Pax7 and NCAM cell number. For
co-staining with Pax7 and NCAM, tissue from a group
of four subjects (22.5 ± 1.0 years) was isolated as stated
above. Preparation was the same as above except during the
primary antibody incubation, cells were incubated with a
cocktail of Pax7 (cell supernatant from hybridoma cells
obtained from DSHB; ∼50 μg ml−1 mAb) and neural cell
adhesion molecule (NCAM, CD56, 35-0569 eBioscicence
CD56-PE Cy5.5 conjugated mouse anti-human mAb,
titrated to 2 μg/1 million cells). Appropriate positive,
single stained and unstained control samples were re-run
to establish the correct gates for N-CAM and Pax7.
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FACS of Pax7 positive cells. For sorting Pax7+ cells, tissue
from four subjects (22.5 ± 1.0 years) was isolated as above;
however cells were not resuspended in PI, but rather in
1× PBS and sorted on Pax7 only. Cells were sorted onto
silane (aminoalkysilane) coated slides (Sigma-Aldrich)
and into 1.5 ml culture tubes and cytospun (StatSpin
Cytofuge 2, IRIS International, Chatsworth, CA, USA)
onto silane-coated slides for immunocytochemistry of
desmin content (see below). Sorting was conducted
using a Beckman-Coulter Epics Altra Cell Sorter. Gating
strategies, optimization and controls were conducted as
above.

Verification of myogenic lineage using desmin. Mono-
nuclear cells isolated from muscle biopsies and
FACS-sorted Pax7+ cells were then stained with an anti-
body against desmin, a muscle specific marker (Bar et al.
2004). Briefly, slides were washed with 1× PBS prior to
incubation in the primary antibody. Slides were incubated
in the primary antibody (anti-human desmin mAb,
1:500, Abcam, Cambridge, MA, USA) overnight at 4◦C.
Following three 5 min washes, slides were incubated in the
appropriate secondary antibody (Alexafluor 594, 1:500,
Molecular Probes/Invitrogen) for 2 h. Mononuclear cells
were then cytostained with Pax7 as described below. Slides
were then washed with PBS and DAPI (Sigma-Aldrich)
for nuclear staining. Staining was verified using the
appropriate positive and negative controls to ensure
specificity of staining. Stained slides were viewed with the
Nikon Eclipse 90i Microscope (Nikon Instruments, Inc.,
Melville, NY, USA) and images were captured and analysed
using NIS Elements 3.0 software (Nikon Instruments).
The mononuclear cell preparation served as an additional
confirmation that the sorted Pax7 cells were, indeed, of
the myogenic lineage.

Muscle tissue titration experiments. To determine the
optimal amount of tissue needed to accurately reproduce
Pax7+ cell number and Pax7+ cells per mg tissue, we
conducted a series of separate titration experiments
using the above methods. Briefly, we divided muscle
biopsies obtained PRE and 24 h after damage from a
separate subject group (n = 5) into five different tissue
weight classes (approximately 15, 25, 50, 75 and 100 mg).
Each sample was compared to the other weights for
reproducibility of the number of cells per mg tissue value
at each time point. The PRE samples were compared
against tissue obtained 24 h after injury to determine the
reproducibility of the expansion of the number of Pax7+

cells per mg tissue for each subject. We determined that
40–50 mg of fresh tissue was sufficient for satellite cell
analysis using FACS since there was little variance observed
in Pax7+ cell per mg with tissue weights ranging between
40 and 110 mg.

Immunofluorescence

Muscle cross-sections of 7 μm were stained with anti-
bodies against Pax7 (neat; cell supernatant from cells
obtained from the DSHB, USA); neural cell adhesion
molecule (NCAM/CD56/ Leu-19) (1:100, 559043, BD,
Canada); C-Met (2 μg ml−1; 71-8000 Rabbit anti-C-Met,
Zymed Laboratories/Invitrogen); and Laminin (1:1000,
L8271, Sigma-Aldrich). Secondary antibodies used were:
Pax7 (AlexaFluor 488 or AlexaFluor 594, 1:500, Molecular
Probes/Invitrogen or when using two mouse primary
antibodies an immunoglobulin biotinylated secondary
antibody, 1:200, Dako Canada, Inc., Mississauga,
ON, Canada; followed by a streptavidin-FITC fluoro-
chrome, 1:100, Biosource/Invitrogen); NCAM (CD56)
(AlexaFluor 488 or AlexaFluor 594, 1:500, Molecular
Probes/Invitrogen); C-Met (Texas Red, 1:500, Molecular
Probes/Invitrogen) and Laminin (AlexaFluor 488, 1:500,
Molecular Probes/Invitrogen). Histochemical methods
were adapted from previously published methods from
our lab (O’Reilly et al. 2008; McKay et al. 2008, 2009).
Briefly, for co-immunofluorescence staining (Pax7 and
NCAM, Pax7 and Laminin, Pax7 and C-Met, NCAM
and Laminin, or C-Met and Laminin), sections were
fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich)
for 10 min followed by several washes in PBS. Sections
were then covered for 60 min in a blocking solution
containing 2% BSA, 5% FBS, 0.2% Triton X-100, 0.1%
sodium azide. Following blocking, sections were incubated
in the primary antibody at 4◦C overnight. After several
washes, sections were then incubated in the appropriate
secondary antibodies. Sections were then re-fixed in
4% PFA to prevent migration of the secondary anti-
bodies and re-blocked in 10% GS in 0.01% Triton X-100
(Sigma-Aldrich). The sections were then incubated in
the second primary antibody, followed by incubation
in the appropriate secondary antibody. Sections were
then washed with PBS and 4′,6-diamidino-2-phenylindole
(DAPI, 1:20000; Sigma-Aldrich) for nuclear staining.
Staining was verified using the appropriate positive and
negative controls to ensure specificity of staining. Stained
slides were viewed with the Nikon Eclipse 90i Micro-
scope (Nikon Instruments, Inc.) and images were captured
and analysed using the Nikon NIS Elements 3.0 software
(Nikon Instruments, Inc.).

Blood measures

A resting blood sample was obtained from the antecubital
vein immediately prior to the intervention and at 24 h
post-intervention. Approximately 20 ml of blood was
collected and separated into one serum and one plasma
vacutainer tube (BD, Canada) at each time point. Samples
were separated into 50 μl aliquots and stored at −80◦C
for analysis at a later date. Serum samples were thawed
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on ice and analysed for creatine kinase (CK) protein
concentration using a commercially available kit according
to the manufactures’ instructions (Pointe Scientific Inc.,
Canton, MI, USA).

Statistical analysis

Statistical analysis was performed using SigmaStat 3.1.0
analysis software (Systat Software Inc., San Jose, CA,
USA). Serum creatine kinase concentrations, immuno-
histochemistry and flow cytometry were analysed
using a one-way repeated-measures analysis of variance
(ANOVA). Statistical significance was accepted at
P < 0.05. Significant interactions and main effects were
analysed using the Tukey’s HSD post hoc test. Data are
presented as means ± S.D.

Results

Tissue titration and myogenic lineage determination

To ensure specificity of the antibody labelling, we
preformed a series of confirmatory experiments. Pax7+

cells were sorted and subsequently cytostained with the
muscle-specific intermediate filament protein desmin. Of
the 1615 Pax7+ cells sorted, 100% of the Pax7+ cells were
positive for desmin (cells that were Pax7− were negative
for desmin). Supplemental Fig. S1a shows the localization
of desmin (red) to the cytoplasm of Pax7+ sorted cells.
The results of the FACS analysis were further confirmed
using whole mononuclear preps isolated from muscle
biopsies and cytostained for both desmin and one of
Pax7 or NCAM. One hundred per cent of the cells which
stained positive for Pax7 or NCAM were also positive for
desmin, confirming that Pax7 (and NCAM) were specific
for mononuclear cells restricted to the myogenic lineage
(Fig. S1b and c). Furthermore, of the mononuclear cells,
Pax7 negative cells did not show any desmin staining
(Fig. S1d). Following confirmation of the specificity of the
antibody, we conducted a series of titration experiments
to determine the optimal amount of tissue needed to
accurately reproduce the SC enumeration. The number
of Pax7+ cells per mg muscle tissue was consistent from
approximately 110 mg down to 50 mg with no significant
loss in the reproducibility of cell number per mg of
tissue. At tissue weights below 40–50 mg there was an
abrupt loss in cell number in both resting and 24 h
post-damage samples (Fig. S1e). Thus it was determined
that a minimum of ∼50 mg of muscle was needed for
reproducibility and an average of 50.8 ± 11.7 mg was used
in the present study.

Enumeration of Pax7 positive cells using flow
cytometry following myotrauma

The number of Pax7+ cells per mg of fresh muscle
tissue was analysed before (PRE) and 24 h after a
bout of damaging muscle contractions via flow cyto-
metry. The extent of muscle damage was assessed
using a creatine kinase (CK) assay. Muscle CK in the
blood increased 212% 24 h after damaging exercise
(167.1 ± 112.2 IU l−1 PRE to 522.3 ± 252.2 IU l−1 at 24 h).
The number of total mononuclear cells tended to increase
24 h post-damage (Fig. 1A: 27 155.7 ± 8221.1 cells mg−1

PRE to 34,824.2 ± 11,495.1 cells mg−1 at 24 h; P = 0.08).
The number of Pax7+ cells mg−1 increased 36% 24 h
post-damage (Fig. 1B: 17,407.0 ± 5953.1 Pax7+ cells mg−1

PRE to 23,664.6 ± 8547.2 Pax7+ cells mg−1 at 24 h,
P = 0.04), with a visible shift in the mean fluorescence
of the FITC+ (Pax7+) cell population (Fig. 1C).
Furthermore, there was a detectable change in both the
forward scatter (FS) and side scatter (SS) of the FITC+ cell
population, which indicates an increase in the size (FS)
and granularity (SS or complexity, i.e. increased organelle
volume; Fig. 1D), which would be expected as the SCs exit
quiescence and enter the cell cycle.

Cell cycle analysis of isolated Pax7 positive cells
following myotrauma

In the resting condition (PRE) cell cycle analysis using
propidium iodide (PI) staining of individual cells iso-
lated from fresh tissue revealed that the majority of Pax7+

cells were in the G0/G1 phase of the cell cycle (84.6 ±
4.4% G0/G1) with very few cells actively dividing (i.e.
in G2/M; 2.6 ± 1.7%; Fig. 2A). There was a significant
increase in Pax7+ cells entering the cell cycle at 24 h,
evidenced by an increase in the proportion of cells
in S-phase and G2/M-phase of the PI DNA histogram
(Fig. 3B). The PI data translated into a 32% increase
in Pax7+ cells mg−1 in G0/G1, 59% increase in Pax7+

cells mg−1 in S-phase and 202% increase in Pax7+

cells mg−1 in G2/M 24 h after myotrauma (P < 0.001 for
each phase; Fig. 2C–F).

Immunohistochemical analysis of Pax7, NCAM
and C-Met following myotrauma

To validate the expansion of the SC pool quantified
using flow cytometry, we utilized common immuno-
histochemical analysis of several known SC markers.
Muscle cross-sections were stained with Pax7, NCAM,
or C-Met alone (with laminin to determine proper
anatomical location of the SCs) and sections were also
co-stained with Pax7 and NCAM or Pax7 and C-Met
to determine the co-expression of these markers on SCs
(Fig. 3A–C). There was no change in the average number
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of myonuclei per myofibre following contraction-induced
myotrauma (Fig. 3D). Each marker (Pax7, NCAM, C-Met)
illustrated a significant increase in the number of positive
cells per 100 myofibres (MFs) (Fig. 3E). However, there
were significantly fewer C-Met positive SCs in the PRE
condition compared to either Pax7 or NCAM (Fig. 3E
and F). Furthermore, the number of SCs increased
when expressed either as SCs per 100 MFs (Fig. 3E)
or as a percentage of total myonuclei (MN; Fig. 3F)
regardless of marker used except for the increase in
NCAM+ SCs as a percentage of MN, which did not reach
statistical significance (P = 0.06, Fig. 3B). In agreement

with Lindstrom & Thornell (2009), expressing SCs per MF
(or per 100 MFs) appears to be a more relevant expression
of SC number, which is more relatable to the FACS data,
which is expressed per mg of tissue. However, to allow
for comparisons with other studies we have provided SC
enumeration as both % MN and per 100 MFs.

The co-expression of Pax7 and NCAM or Pax7 and
C-Met are depicted in Fig. 4A and B, respectively. The
number of Pax7+/NCAM+ cells was higher at PRE
compared to Pax7+/C-Met+ cells (P = 0.003; Fig. 4C).
However, the number of Pax7+/C-Met+ cells significantly
increased 24 h after muscle damage (P = 0.016), while the

Figure 1. Satellite cell enumeration via flow cytometry before (PRE) and 24 h after muscle damage
A, total mononuclear cells isolated from whole muscle biopsies. B, total Pax7+ cells mg−1 isolated from whole
muscle biopsies. Pax7+ cells mg−1 increased 36% (P = 0.04; mean ± S.D., n = 12). C, representative flow cyto-
metry histograms of total FITC (Pax7) fluorescence versus cell number of a secondary only control (CON), a
pre-exercise (PRE) and 24 h post-exercise (24 h) cell sample. D, representative flow cytometry histograms of
forward scatter (FS, y-axis) vs. side scatter (SS, x-axis) of an ungated sample and Pax7+ cells (gated on Pax7 and
propidium iodide PRE and 24 h).
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Figure 2. Cell cycle analysis via flow cytometry
A and B, representative DNA histograms of SC (Pax7+ cells) isolated from muscle biopsies before (A, PRE) and
24 h after (B, 24 h) muscle damage. Cells in Go/G1 of the cell cycle are depicted in blue, cells with increasing DNA
content (S-phase) are depicted in purple and cells with 2 compliments of DNA (cells in G2/M) are depicted in red.
C, total number of Pax7+ cells mg−1 which are in Go/G1 of the cell cycle before (PRE) and 24 h after muscle
damage. D, total number of Pax7+ cells mg−1 in S-phase of the cell cycle before (PRE) and 24 h after
muscle damage (24 h). E, total number of Pax7+ cells mg−1 in G2/M of the cell cycle before (PRE) and 24 h
after muscle damage (24 h). F, total number of Pax7+ cells mg−1 in each phase of the cell cycle as a proportion of
the total number of SCs before (PRE) and 24 h after muscle damage. ∗Significant difference from PRE (P < 0.05).
All data are means ± S.D., n = 12.
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number of Pax7+/NCAM+ cells showed a strong trend
to increase (P = 0.07). In both cases there were several
SCs that only stained positive for one of the two SC
markers suggesting some heterogeneity in the SC pool
(e.g. supplemental Fig. S3). There were significantly more
Pax7+ only cells compared to either NCAM+ or C-Met+

only cells (P = 0.001; as % MN, Fig. 4D). Following

myotrauma there was no detectable increase in any of
the single-marker positive cell populations; however the
number of Pax7+ only cells was no longer significantly
higher than NCAM+ or C-Met+ only cell populations
(P = 0.065, Fig. 4D).

The commonly used marker NCAM co-localized
to approximately 95% of Pax7+ cells using

Figure 3. Immunohistochemical analysis of the satellite cell response to muscle damage before (PRE)
and 24 h after muscle damage
A, representative image of Pax7/laminin co-immunofluorescent stain. Arrow denotes a Pax7+ nucleus (red) beneath
the basal lamina (green). Scale bar = 50 μm. B, representative image of a C-Met/laminin co-immunofluorescent
stain. Arrow denotes a C-Met+ nucleus (green) beneath the basal lamina (red). Scale bar = 50 μm. C,
representative image of NCAM/laminin co-immunofluorescent stain. Arrow denotes a NCAM+ cell (red) beneath
the basal lamina (green). Scale bar = 50 μm. D, total number of myonuclei per muscle. E, SC number (per 100
myofibres) by SC marker. ∗Main effect of time (P < 0.05). F, SC number (as a percentage of total myonuclei) by
SC marker. ∗Significant effect of time between Pax7 and C-met(P < 0.05). †Significant difference between Pax7
and C-met positive cells at PRE (P < 0.05). All data are means ± S.D., n = 12.
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immunohistochemical techniques (data not shown). To
verify that both markers were in fact binding to the same
cells, we isolated mononuclear cells from fresh muscle
and stained them for both NCAM and Pax7 and analysed
them via flow cytometry. Figure 4E is a histogram
illustrating the percentage co-localization of Pax7 and
NCAM using flow cytometry. This experiment verified
the immunohistochemical findings where approximately
95% of the Pax7+ cells also stained positive for NCAM
(section E2, Fig. 4E). In addition, we also observed more
Pax7+ only cells (section E4, Fig. 4E), compared with
NCAM+ only (section E1, Fig. 4E) further verifying our
finding that Pax7 appears to be expressed in a larger
proportion of the SC pool then NCAM alone during the
time course of our experimental protocol.

Comparison of flow cytometry
and immunohistochemistry for muscle satellite
cell enumeration

Both flow cytometry on fresh muscle samples and IHC on
frozen muscle cross-sections illustrated that expression
of Pax7 and NCAM similarly increased 24 h after acute
myotrauma (Figs 1B and 3E). The comparison of the
expansion of both Pax7 and NCAM positive cells expressed
as a percentage change from PRE revealed that both
techniques (FACS or IHC) report similar increases in SC
number. For Pax7, flow cytometry (or FACS) reported a
36% increase in Pax7+ cells mg−1 (P = 0.04), and IHC
reported a 36% increase in Pax7+ cells per 100 myo-
fibres (P < 0.05, Fig. 4F). In addition, NCAM followed
a similar trend increasing approximately 27% using flow
cytometry (P < 0.05) and increasing 28% using immuno-
histochemistry (NCAM+ cells per 100 MFs, P < 0.05;
Fig. 4F).

Discussion

We have demonstrated a significant shift of human muscle
SC from G0/G1 to S- and G2/M-phase of the cell cycle
in vivo in as little as 24 h following contraction-induced
muscle injury. Furthermore, we report that FC or FACS
analysis of freshly isolated human SC is an objective
and reliable method for SC enumeration. Further, we
demonstrate that analysis by FC allows for the accurate
determination of cell cycle kinetics of SC at a resolution
which is virtually unobtainable by IHC. Finally, we
demonstrate that analysis of either Pax7 or NCAM results
in similar increases in the SC pool following acute myo-
trauma; however Pax7 appears to be more widely expressed
as compared to NCAM or C-Met.

In order to verify that FC analysis is an accurate tool
to quantify the SC response to muscle damage, we chose
to use a muscle-lengthening contraction protocol which

we have previously shown to induce a significant increase
in SCs (O’Reilly et al. 2008; McKay et al. 2009) and MRF
mRNA expression (McKay et al. 2008) and an induction
of some level of muscle damage (Beaton et al. 2002a,b;
Mahoney et al. 2008). Muscle damage from our protocol
was verified with a 212% increase in CK observed in
the blood 24 h after the single-leg exercise bout. Myo-
genic lineage of Pax7+ cells was verified using the muscle
intermediate filament protein desmin. Although it is
unknown if all SCs in vivo express desmin, it has been
shown that desmin expression precedes that of MyoD
and may be regulated by Myf5 and thus is one of the
earliest markers of myogenic commitment (Bar et al.
2004). Previously it has been suggested that SCs expressing
desmin may be a subpopulation of fusion competent cells
which do not proliferate but rather are committed to
differentiation, whereas desmin negative cells were able
to undergo rounds of cell division (Rantanen et al. 1995).
However, data from human SCs in culture indicated that
both subpopulations (cells committed to differentiation
and non-fusion competent myoblasts) expressed desmin
(Baroffio et al. 1995). Furthermore, native SCs (freshly
isolated from human muscle) constituted a homogeneous
cell population which expressed desmin and desmin has
been shown to be expressed along with Pax3 and Pax7 in
proliferating myogenic precursors isolated from human
muscle. (Baroffio et al. 1995; Conboy et al. 2010). Of the
mononuclear cells isolated from human muscle in the pre-
sent study, all of the desmin+ cells were Pax7+. In addition,
those cells sorted for Pax7 all stained positive for desmin in
the cytosol. Thus it appears that in humans, Pax7+ cells are
committed to the myogenic lineage, but whether or not
these cells can be further separated into subpopulations
based on fusion competency remains unknown.

Cell cycle analysis is particularly important when
evaluating the SC response to a stimulus. However, to date,
SC cell cycle analysis has been limited to the description
of SCs that are either in the cell cycle (i.e. active; Ki67
positive) or not active (Ki67 negative). Currently the use
of Ki67 or proliferating cell nuclear antigen (PCNA) in
muscle cross-sections is routinely used to determine the
percentage of SCs actively proliferating (Mackey et al.
2009; McKay et al. 2009). However both Ki67 and PCNA
provide limited data with regards to cell cycle kinetics.
Ki67 is apparent in the nucleus during all phases of the
cell cycle, and thus its expression does not discern cells in
discrete phases of the cell cycle. PCNA is only expressed
in the nuclei of cells in the DNA synthesis phase (S-phase)
and in late G1 of the cell cycle (Bruno et al. 1992) and
therefore may underestimate the number of cycling cells
in a muscle cross-section. FC analysis using propidium
iodide (PI) allows for a more precise measurement of
cell cycle kinetics based on DNA content of each cell.
Therefore the use of PI allows for the description of the
proliferation characteristics of SC as they were in vivo
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Figure 4. Co-labelling of satellite cell markers before (PRE) and 24 h after muscle damage
A, co-localization of C-Met and Pax7 with DAPI, scale bar = 50 μm; higher magnification of box: (i) C-Met (red),
(ii) nucleus (DAPI, blue), (iii) Pax7 (green), and (iv) merged image showing co-localization. B, co-localization of
NCAM and Pax7 with DAPI, scale bar = 50 μm; higher magnification of box: (i) NCAM (red), (ii) nucleus (DAPI,
blue), (iii) Pax7 (green), and (iv) merged image showing co-localization. C, co-positive SC number by marker as a
percentage of total myonuclei. ∗Significant difference between NCAM/Pax7 and C-Met/Pax7 at PRE (P < 0.05).
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allowing for the determination of the number of cells in
each discrete phase. Our data show that acute myotrauma
is sufficient to induce an increase in the number of SCs
in all phases of the cell cycle. There was a 32% increase
in the number of SCs in G0/G1 of the cell cycle, which
suggests that 24 h was sufficient for a proportion of the
SCs to activate and complete one round of cell division.
This finding is supported by the 36% increase in Pax7+

cells (mg tissue)−1 24 h after injury. Furthermore, there
was a significant increase in the number of SC progressing
through the cell cycle towards mitosis (59% increase in
SCs in S-phase, 202% increase in SCs in G2/M). These data
support previous reports showing a detectable expansion
of the SC pool at 24 h which progresses until at least 72 h
after induced myotrauma (O’Reilly et al. 2008; McKay
et al. 2009). However, here we clearly illustrate that the
active cells are not synchronized (but vary in cell cycle
phase) and thus differences in activation and proliferation
between different groups or populations (i.e. elderly vs.
young) may be readily detectable using this method. In
addition to SC number, determination of cell cycle kinetics
would be invaluable to discern if there is a delay in the SC
response in human elderly muscle (or clinical populations,
etc.).

Through a series of experiments we determined that
the average tissue required for accurate reproducibility
of the FC analysis was ≥50 mg. Although more tissue is
needed for FC as compared to immunohistochemistry,
this technique allows for multiple antigen labelling of
SCs, which allows for not only SC enumeration but
also cell cycle analysis and potentially the determination
of SC-specific expression of many key regulators (such
as IGF-1, IL-6, etc.) in a single analysis. The time and
subjectivity involved in this analysis are significantly less
than with IHC (i.e. ∼4 h for FC vs. several weeks for IHC),
resulting in virtually instantaneous results. FC analysis
of SC expansion was verified by IHC and through the
use of multiple markers (i.e. Pax7, NCAM and C-Met).
FC analysis of both NCAM and Pax7 reported identical
percentage changes in the SC pool compared with IHC
techniques. However, Pax7 was consistently expressed on
∼5% more cells than NCAM, which is in contrast to
the staining pattern observed by others (Mackey et al.
2009; Mikkelsen et al. 2009; Lindstrom & Thornell, 2009)
who reported a slightly higher level of NCAM staining
compared to Pax7 in human muscle cross-sections. We

†Significant effect of time for C-Met/Pax7 (P < 0.05). D, single positive cells (cells expressing only one SC marker)
as a percentage of total myonuclei. ∗Significant difference at PRE between Pax7 only vs. C-Met and NCAM only
(P < 0.05). E, representative flow cytometry histogram of muscle derived mononuclear cells stained for NCAM
and Pax7. Cells expressing both NCAM and Pax7 (E2) represent approximately 95% of all positive cells, while
NCAM only cells (E1) and Pax7 only (E4) represent approximately 5% of all positive cells. Cells negative for both SC
markers are shown in quadrant E3. F, comparison of flow cytometry and IHC enumeration techniques: comparison
of the percentage change in SC number 24 h after muscle damage analysed by flow cytometry and IHC for Pax7
and NCAM. ∗Significant effect of time (PRE vs. 24 h: P < 0.05). All data presented as means ± S.D., n = 12.

verified the IHC finding using flow cytometry, where
95% of Pax7+ cells expressed NCAM with ∼5% of cells
that were Pax7+/NCAM−. This finding supports previous
work where muscle SCs, identified in cross-section by
co-labelling with NCAM and Pax7, showed that 94–96%
of SCs were positive for both NCAM and Pax7 (Verdijk
et al. 2007; Lindstrom & Thornell, 2009). However, our
data suggest that Pax7+ cells are present to a greater
degree than NCAM+ cells. This finding contrasts with
the work by Lindstrom & Thornell (2009), who showed,
in cross-section, that NCAM+ cells represent a greater
proportion of cells than Pax7+ cells (5% of SC total
was NCAM+/Pax7−). Our data show the opposite, with
NCAM−/Pax7+ cells representing approximately 5% of
the total SC pool. This finding was consistent between
FC and IHC, and was repeated with separate sections
to ensure accuracy of our findings. It is unclear at this
time why this discrepancy exists since the same source
for antibodies was used in both studies (Lindstrom &
Thornell, 2009). The stringent staining protocol used by
Lindstrom & Thornell (2009) showed a higher NCAM
expression in 18 of the 19 subjects. Thus, reconciling the
differences between these studies may not be solely due to
enumeration methods. Our previous studies employing
the same damage protocol utilized either NCAM (O’Reilly
et al. 2008) or Pax7 (McKay et al. 2009) as the IHC marker
for SCs. As in the present study, Pax7 illustrated a larger
response from the same relative damage compared to
NCAM (O’Reilly et al. 2008; McKay et al. 2009).

Some of the discrepancy between Pax7 and NCAM
staining may be partially attributed to the fact that
NCAM was recently shown to mark SCs committed to
differentiation (Capkovic et al. 2008). Capkovic et al.
(2008) were able to separate homogeneous primary
myoblast cultures into proliferating and differentiating
fractions based on NCAM expression. Furthermore, in
vitro studies indicated that NCAM is mainly involved in
early myoblast differentiation of cell–cell fusion leading
to enhanced myotube formation (Suzuki et al. 2003). In
addition, NCAM is not a SC specific marker, labelling
intramuscular nerves, motor unit end terminals, Schwann
cells and regenerating myofibres (Cashman et al. 1987;
Illa et al. 1992; Mechtersheimer et al. 1992; Lindstrom &
Thornell, 2009). These studies suggest that NCAM may
not be the most appropriate marker for SC enumeration
alone, especially during the early stages of muscle repair.
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Thus, the fact that NCAM is expressed to a higher degree
in SC committing to terminal differentiation may explain
why there were more NCAM+/Pax7− cells observed
by others (Lindstrom & Thornell, 2009; Mikkelsen
et al. 2009). As the majority of SCs progress towards
differentiation they may begin to lose Pax7 and increase
NCAM to allow for differentiation to occur (Capkovic
et al. 2008; Kuang et al. 2008). Depending on the sampling
time point, the SC pool may differentially express NCAM
and Pax7. For example, a muscle sample at 4–8 days
post-exercise may express NCAM to a greater degree
as cells progress towards differentiation, whereas the
sampling time point of 24 h may only capture the onset
of the proliferative phase of the myogenic programme. It
has been previously demonstrated that Pax7 is a known
modulator of MyoD and Myf5 expression (Relaix et al.
2006; Zammit et al. 2006; McKinnell et al. 2008), and
therefore may represent the SC population to a greater
degree at earlier time points. Further research is warranted
to determine the role of NCAM in the SC response to
physiological damage.

The use of any single satellite cell marker alone
for enumeration may inherently underestimate total SC
number. Importantly, for consistency in reporting SC
number via IHC, the use of laminin to identify the SC niche
is critical especially when using NCAM as a SC marker
(Lindstrom & Thornell, 2009). Pax7 has been shown to be
expressed on the majority of human SCs (Reimann et al.
2004; Eriksson et al. 2005; Verdijk et al. 2007; Mikkelsen
et al. 2009), representing approximately 95% of the SC
pool. Thus to examine this heterogeneity further, the
hepatocyte growth factor (HGF) receptor C-Met was also
examined in the current study as another potential marker
for human SC enumeration. The number of C-Met+ cells
or C-Met+/Pax7+ cells was significantly lower PRE vs.
NCAM+ or NCAM+/Pax7+ or Pax7+ cells, suggesting that
the expression of C-Met is either very low in quiescent
human SCs or that there is significant heterogeneity in
the quiescent SC pool. C-met+ cells increased 80% 24 h
after exercise, which is likely to have represented Pax7+

cells that upregulated C-Met expression rather than an
80% increase in total SCs. This suggests that C-met is
highly inducible and not likely to be an effective immuno-
histochemical marker of SC number since it does not
appear to be basally expressed (or expressed at detectable
levels) on all human SC. Additionally, our data suggest that
the expansion of the SC pool cannot be accounted for by a
cell population expressing only a single SC marker. When
examining cells expressing only Pax7, C-met, or NCAM
(Fig. 4D) no increase in the SC pool could be detected. This
suggests that the expansion of the SC pool was accounted
for by cells expressing multiple markers, which may be
interpreted as an expansion of cells with greater relative
complexity (i.e. greater myogenic commitment). For
example, the percentage of myonuclei represented by cells

only expressing Pax7 was approximately 1.4% at baseline
and this did not change 24 h following damage. However,
since the total number of Pax7+ cells increased 36%
following damage, then the increase could be accounted
for by cells that expressed multiple markers and were
likely progressing through the cell cycle. It may be that the
single positive cells represent quiescent or more primitive
progenitor cells (i.e. C-Met+ or Pax7+ only cells) or
represent cells near terminal differentiation (i.e. NCAM+

only cells; Capkovic et al. 2008). Further work is needed to
investigate C-Met expression and the role of HGF/C-Met
signalling in response to damage. Previous work from
our lab illustrated that components of the HGF signalling
pathway were upregulated 4–24 h after damaging exercise,
suggesting that HGF is playing a role in the SC response
to injury in humans (O’Reilly et al. 2008), and thus the
increase in HGF signalling may have led to the increase in
C-Met observed at 24 h.

For IHC, it appears that multiple labelling (Pax7 and
NCAM or Pax7 and C-Met) provides the best description
of the SC pool and the response to muscle damage.
However, the use of multiple markers can become very
difficult in IHC especially with multiple nuclear anti-
gens. Thus, the use of FC to quantify the expression of
SC specific markers in addition to other measures such as
cell cycle analysis through the application of multiple anti-
bodies and the availability of positive and negative sorts
for enhanced analysis seems preferable.

In conclusion, the use of FC and FACS has proven
to be an objective, reproducible and precise tool for
the investigation of SC cell cycle kinetics. We report the
expansion of SCs in discrete phases of the cell cycle from
cells freshly isolated from human muscle and immediately
fixed to preserve the in vivo characteristics of these cells.
The cell cycle analysis illustrated not only the initial
expansion in SC number (32% increase in cells in G0/G1)
but also that 202% more cells were in G2/M of the cell cycle
progressing toward cell division. Furthermore, FC analysis
illustrated the same percentage expansion of the SC pool
as IHC, with SC number reported as the number of SC
per milligram of tissue. Our findings with both IHC and
FC support previous work illustrating that NCAM and
Pax7 mark approximately 95% of the SC pool and that
both are sensitive enough to detect subtle changes in SC
number as early as 24 h after muscle damage or exercise
stimuli (Verdijk et al. 2007; Lindstrom & Thornell, 2009;
Mikkelsen et al. 2009).
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