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SUMMARY

An important unresolved question in skeletal muscle plasticity is whether satellite cells are necessary for muscle fiber hypertrophy.
To address this issue, a novel mouse strain (Pax7-DTA) was created which enabled the conditional ablation of >90% of satellite
cells in mature skeletal muscle following tamoxifen administration. To test the hypothesis that satellite cells are necessary for
skeletal muscle hypertrophy, the plantaris muscle of adult Pax7-DTA mice was subjected to mechanical overload by surgical
removal of the synergist muscle. Following two weeks of overload, satellite cell-depleted muscle showed the same increases in
muscle mass (approximately twofold) and fiber cross-sectional area with hypertrophy as observed in the vehicle-treated group.
The typical increase in myonuclei with hypertrophy was absent in satellite cell-depleted fibers, resulting in expansion of the
myonuclear domain. Consistent with lack of nuclear addition to enlarged fibers, long-term BrdU labeling showed a significant
reduction in the number of BrdU-positive myonuclei in satellite cell-depleted muscle compared with vehicle-treated muscle.
Single fiber functional analyses showed no difference in specific force, Ca?* sensitivity, rate of cross-bridge cycling and
cooperativity between hypertrophied fibers from vehicle and tamoxifen-treated groups. Although a small component of the
hypertrophic response, both fiber hyperplasia and regeneration were significantly blunted following satellite cell depletion,
indicating a distinct requirement for satellite cells during these processes. These results provide convincing evidence that skeletal
muscle fibers are capable of mounting a robust hypertrophic response to mechanical overload that is not dependent on satellite

cells.

KEY WORDS: Stem cells, Growth, Adaptation, Mouse

INTRODUCTION

In the original description of satellite cells, Mauro (Mauro, 1961)
showed remarkable insight when he proposed that satellite cells
might have a role in skeletal muscle adaptability (Mauro, 1961).
Since then, a great deal of effort has confirmed Mauro’s prediction
by providing a wealth of evidence showing satellite cells are
involved in muscle maturation during postnatal development,
regeneration from injury, hypertrophy and re-growth following
atrophy (Kuang and Rudnicki, 2008; Zammit et al., 2000).
Although there is a large body of literature documenting satellite
cell activity during these different types of muscle plasticity, there
remains no study that has directly tested the requirement of satellite
cells for any of these processes. Collins and co-workers (Collins et
al., 2005), however, showed, using muscle fiber grafts, that the few
satellite cells associated with a single fiber were sufficient to
generate over 100 new myofibers in vivo (Collins et al., 2005). The
clearest evidence to date for the necessity of satellite cells for
muscle growth is provided by the Pax7 knockout mouse in which
postnatal muscle growth is severely blunted as the result of a
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progressive depletion (~90%) of satellite cells during maturation
(Oustanina et al., 2004). Not surprisingly, these same mice were
incapable of mounting a normal regenerative response to muscle
injury (Oustanina et al., 2004).

Unfortunately, the Pax7-null mouse is not a good model for
determining the necessity of satellite cells in muscle growth in the
adult because of severe maturation problems and high mortality
(<10% survive to adulthood) (Oustanina et al., 2004; Seale et al.,
2000). In addition, conclusions regarding satellite cell participation
in postnatal growth cannot be extrapolated to adult muscle with
confidence, as recent work has shown that satellite cells in adult
muscle are intrinsically different from satellite cells at earlier
periods of development as they do not require Pax7 gene
expression (Lepper et al., 2009). Historically, studies investigating
the role of satellite cells in hypertrophy and re-growth have
attempted to prevent satellite cell activity by blocking DNA
synthesis through the use of y-irradiation or chemical agents
(Fleckman et al., 1978; Fortado and Barnett, 1985; Mitchell and
Pavlath, 2001; Rosenblatt and Parry, 1992; Rosenblatt et al., 1994).
Based on the results of these studies, satellite cell proliferation is
currently thought to be a necessary step for mounting a robust
growth response. Although the aforementioned methods are very
effective at blocking cell proliferation, their utility has been
questioned given the lack of cellular specificity (McCarthy and
Esser, 2007). As a consequence, it is difficult to arrive at a
definitive conclusion regarding the necessity of satellite cells
during muscle growth. This controversy was highlighted in a
published debate on whether or not satellite cell addition was
obligatory for muscle hypertrophy (McCarthy and Esser, 2007;



3658 RESEARCH ARTICLE

Development 138 (17)

O’Connor and Pavlath, 2007). The final consensus reached by both
parties was that more research was needed to answer definitively
the question of whether or not satellite cell addition was necessary
for muscle growth in the adult (O’Connor et al., 2007). Towards
this end, we developed a genetic mouse model to conditionally and
specifically ablate satellite cells in adult skeletal muscle to test
rigorously the hypothesis that satellite cells are necessary for
skeletal muscle hypertrophy.

The idea that satellite cells are required for muscle hypertrophy
has been conceptually justified by the idea of myonuclear domain as
first suggested by Cheek et al. (Cheek et al., 1965). The myonuclear
domain theory posits that each nucleus within a muscle fiber
syncytium has ‘jurisdiction’ over a set amount of cytoplasm.
Accordingly, during periods of muscle hypertrophy, when
cytoplasmic volume is increasing, the number of myonuclei per fiber
increases, presumably to maintain a constant myonuclear domain
(Adams et al., 2002; Bruusgaard et al., 2010; Snow, 1990; Tamaki et
al., 1996). Given that myonuclei are post-mitotic, the mechanism of
myonuclear accretion is thought to occur through the fusion of
satellite cells to the growing myofiber, thereby contributing a nucleus
(Moss and Leblond, 1970; Schiaffino et al., 1976).

To test directly the necessity of satellite cells for muscle
hypertrophy, we used synergist ablation (SA) to induce
hypertrophy as it provides the greatest increase in muscle mass of
established animal models of muscle growth; a doubling of muscle
mass within the first two weeks has been reported (Miyazaki et al.,
2011; Timson, 1990). The growth response induced by SA is
considered to be maximal as even the administration of an anabolic
androgen failed to enhance the degree of hypertrophy (Tamaki et
al., 2009a). Furthermore, it is well documented that SA induces
satellite cell proliferation and the accretion of ‘new’, BrdU*
myonuclei, presumably derived from the fusion of satellite cells
(Ishido et al., 2009; Westerkamp and Gordon, 2005). Thus, if
satellite cells are necessary for hypertrophy, then the growth
challenge provided by SA is guaranteed to be sufficient to require
satellite cells. In addition to fiber hypertrophy, the SA model has
also been reported to induce both fiber hyperplasia and
regeneration, providing the opportunity to assess the necessity of
satellite cells in these distinct processes (Tamaki et al., 2009b).

The findings from this study indicate that satellite cells do not
appear to be necessary for fiber hypertrophy but are required for
both the de novo formation of new fibers and fiber regeneration.
Given that the latter two processes are minor components of the
overall hypertrophic response, the increase in muscle mass was no
different in satellite cell-depleted muscle compared with control.

MATERIALS AND METHODS

Mice

All animal procedures were conducted in accordance with institutional
guidelines for the care and use of laboratory animals as approved by the
Animal Care and Use Committee of the University of Kentucky. Mice were
were housed in a temperature- and humidity-controlled room and
maintained on a 14:10 hour light-dark cycle with food and water ad
libitum. The Pax7<"*“** - Rosa26P™* strain, designated Pax7-DTA, was
generated by crossing Pax7ERCeER and Rosa26P™P™ strains. The
Pax7"ER strain was generated by placing an ires-CreER™-FRT-Neo-FRT
cassette into the Clal site of the Pax7 gene 3'-UTR following the stop
codon in exon 9 (Nishijo et al., 2009). Pax7-DTA pups were genotyped by
PCR are as previously described (Nishijo et al., 2009; Wu et al., 2006).

Conditional ablation of satellite cells

Adult (4 months of age), female Pax7-DTA mice were administered by
intraperitoneal (IP) injection either vehicle (15% ethanol in sunflower seed
oil) or tamoxifen (2 mg/day) for five consecutive days. The IP injections

were carried out two hours prior to when the lights were turned off in the
room because mice become more physically active in darkness. Following
a two-week washout period, vehicle and tamoxifen-treated mice were
randomly divided into sham or synergist ablation (SA-2, synergist ablation
for two weeks; SA-6, synergist ablation for six weeks) groups. To identify
replicating satellite cells and any subsequent fusion event, mice were
administered BrdU via drinking water (0.8 mg/ml) for two weeks starting
immediately after the synergist ablation surgery.

Synergist ablation surgery

Surgical removal of synergist muscles (gastrocnemius and soleus) places a
mechanical overload on the remaining plantaris muscle resulting in robust
hypertrophy as demonstrated by a twofold change in mass within two
weeks (see Fig. SIA,B in the supplementary material) (Gordon et al.,
2001). Following a two-week washout period after vehicle or tamoxifen
treatment, mice were subjected to either sham or synergist ablation surgery.
The synergist ablation was performed as described by Tsika et al. (Tsika et
al., 1995). Mice were anesthetized with an IP injection of ketamine (100
mg/kg) and xylazine (10 mg/kg). Once anesthetized and under sterile
conditions, a longitudinal incision on the dorsal aspect of the lower
hindlimb was made exposing the gastrocnemius muscle. The tendon of the
gastrocnemius muscle was isolated and used to guide the excision of this
muscle; the soleus muscle was then carefully removed without disturbing
the nerve, blood supply and plantaris muscle. Upon excision, the
gastrocnemius muscle was mounted, covered with a thin layer of freezing
medium and then frozen in liquid nitrogen-cooled isopentane in preparation
for Pax7 immunohistochemistry to determine the effectivness of satellite
cell ablation. The incision was sutured and animals allowed to recover.
Following two (n=6-8) or six (n=2-4) weeks, mice were anesthetized, the
plantaris muscle excised and the animal euthanized by cervical dislocation.
Following excision, each plantaris muscle was weighed and processed
accordingly for histochemistry or single fiber function, fixed in 4%
paraformaldehyde or quickly frozen in liquid nitrogen and stored at —80°C.

BaCly-induced muscle injury

Mice were anesthetized with isoflurane and the tibialis anterior (TA)
injected with either 50 pl of 1.2% BaCl, solution or sterile phosphate-
buffered saline (PBS). After seven days, TA muscles were collected,
covered in OCT compound and frozen in liquid nitrogen-cooled
isopentane. Muscle samples were sectioned (10 um), fixed in 95% ethanol
and stained with Hematoxylin and Eosin.

Immunohistochemistry and western blot reagents

Antibodies and reagents used were: anti-phospho-S6K1 (T389, cat# 9205),
anti-phospho-S6K1 (T421/S424, cat# 9204), anti-Akt (cat# 9272), anti-
phospho-Akt (T308, cat# 9275), anti-phospho-Akt (Serd73, cat# 9271), all
from Cell Signaling Technology; anti-S6K1 (C-18, cat# sc-230, Santa Cruz
Biotechnology); anti-Pax7, anti-embryonic myosin (F1.652) both from
Developmental Studies Hybridoma Study Bank; anti-dystrophin (cat# VP
D505); Mouse IgG Blocking Reagent (cat# MKB-2213); Vectashield
mounting medium (cat# H-1000); streptavidin-FITC (cat# SA-5001);
Alkaline Phosphatase (AP) Substrate Kit (cat# SK-5100), all from Vector
Laboratories; anti-BrdU (cat# 11170376001, Roche); Texas Red-
conjugated  goat anti-mouse (cat# 610-109-121, Rockland
Immunochemicals); biotinylated anti-mouse IgG (cat# 115-065-205,
Jackson ImmunoResearch); Tyramide Signal Amplification (TSA) Kit
(cat# T20935), DAPI (cat# D1306) both from Invitrogen; AP-conjugated
goat anti-mouse IgG (cat# ab7069, Abcam).

Immunohistochemistry

Gastrocnemius or plantaris muscle was pinned to a cork block at resting
length, covered with a thin layer of Tissue Tek OCT compound (Sakura
Finetek) and then quickly frozen in liquid nitrogen-cooled isopentane and
stored at —80°C until sectioning. Frozen muscles were sectioned (7 wm),
air dried and stored at —20°C. For Pax7 detection, sections were fixed in
4% paraformaldehyde followed by epitope retrieval using sodium citrate
(10 mM, pH 6.5) at 92°C for 20 minutes. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide in PBS for 7 minutes followed
by an additional blocking step with Mouse-on-Mouse Blocking Reagent
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(Vector Laboratories). Incubation with Pax7 antibody was followed by
incubation with the biotin-conjugated secondary antibody and streptavidin-
HRP included within the TSA kit. TSA-Alexa Fluor 594 was used to
visualize antibody-binding. DAPI (10 nM) was added briefly, then slides
were washed and mounted with Vectashield fluorescent mounting media.
The dystrophin antibody was applied to fresh frozen sections followed by
Texas Red-conjugated goat anti-mouse secondary antibody. Sections were
post-fixed in 4% paraformaldehyde and then stained with DAPI, unless
BrdU detection was performed. Following dystrophin detection, sections
were fixed in absolute methanol, treated with 2N HCI to denature DNA and
neutralized with 0.1 M borate buffer (BORAX), pH 8.5. BrdU antibody
incubation was followed by biotin-conjugated goat anti-mouse secondary
antibody and streptavidin-FITC. Sections were post-fixed in
paraformaldehyde and stained with DAPI. For detection of embryonic
myosin heavy chain expression, sections were incubated with hybridoma
supernatant F1.652 followed by AP-conjugated goat anti-mouse secondary
antibody. The AP substrate kit was used for visualization followed by
Hematoxylin staining of nuclei and post-fixation.

Immunohistochemistry quantification

Images were captured with a Zeiss upright microscope (Axiolmager M1)
and analysis carried out using the AxioVision Rel software (v4.8). To
determine muscle fiber cross-sectional area, dystrophin-stained 20X
magnification images were used. To capture the entire plantaris muscle
cross-section required 15-20 images (700-1000 fibers for sham-operated
muscle and 1000-1600 fibers for SA-2) to be analyzed. The same images
used to determine cross-sectional area were used to determine the number
of myonuclei per fiber. DAPI-stained nuclei that clearly resided within the
muscle fiber were scored as myonuclei using the interactive measurement
software. Satellite cell abundance was assessed using Pax7 staining (5X
magnification) and only those loci that were scored as Pax7" by the
software and were DAPI" were counted.

Myonuclear domain size

SA-2 plantaris muscle was fixed in situ at resting length by fixation in 4%
paraformaldehyde for 48 hours. Single fibers were isolated by 40% NaOH
digestion as described (Brack et al., 2005). Single fibers were stained with
DAPI and nuclei from 15-25 fibers per animal (n=4 animals/group) within
a given segment counted by z-stack analysis using the Axiolmager M1
microscope. AxioVision Rel software (v4.8) was used to measure fiber
segment diameter, fiber segment length, myonuclear number per fiber
segment and myonuclear length.

Single fiber functional analysis

Muscle fibers were chemically permeabilized with Triton X-100 and
attached to a force transducer (403, Aurora Scientific, resonant frequency
600 Hz) and a motor (312B, Aurora, step-time 0.6 mseconds). Steady-state
force and tension recovery kinetics were measured as a function of the
activating Ca®" concentration as previously described (Campbell, 2006).

Fluorescence-activated cell sorting (FACS)

Cells were isolated by enzymatic digestion of individual gastrocnemius
muscles and resuspended in PBS with 0.5% fetal bovine serum (PF buffer)
as described by Hidestrand et al. (Hidestrand et al., 2008). Cells were
counted, re-pelleted and resuspended in viral supernatant 2.4G2 (HB197,
ATCC) at a concentration of 5X10° cells/ml for 15 minutes to block non-
specific antibody binding. Cells were incubated with four primary
antibodies: PE-anti-0.7 integrin (Itga7); Alexa Fluor 647-anti-CD34; FITC-
anti-CD31 (Pecaml); and APC-Alexa Fluor 750-anti-CD45 (Ptprc).
Labeled cells were washed in PF buffer, filtered through a 30 um filter and
subjected to FACS analysis on a BD Biosciences FACS Aria II cell sorter
equipped with lasers emitting light at 488 and 635 nm. Cell viability was
>80% according to their ability to exclude propidium iodide, and only
viable cells were analyzed for antibody staining. Analysis was performed
at a flow rate of <5000 cells/second and data from 10,000 cells/file were
obtained. Gates were set using isotype antibody controls and single-color
controls. Data were analyzed using FlowJo software v7.6.

Real-time PCR

Muscles were snap frozen in liquid nitrogen and stored at —80°C. Total
RNA was isolated from mouse plantaris muscle using TRIzol (Invitrogen)
according to manufacturer’s instructions. RNA samples were treated with
TURBO DNase (Ambion) to remove genomic DNA contamination and
RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies). First-strand cDNA synthesis from total RNA (500 ng) was
performed with oligo(dT)2.;s primer using qScript cDNA Supermix
(Quanta Biosciences) according to manufacturer’s instructions. The PCR
reaction (21 ul) consisted of 4 pl of cDNA, 1X Perfecta SYBR Green
FastMix (Quanta Biosciences) and 0.36 uM of each primer; for 18S
expression cDNA was diluted 50-fold. The primers for the Pax7 gene
spanned exons 8 and 9 with a predicted Ty, of ~60°C. Primer sequences
and product size for each gene are as follows: Pax7: F=5'-
GCTACCAGTACAGCCAGTATG-3', R=5'-GTCACTAAGCATGGG-
TAGATG-3', 328 bp; 18S: F=5"-TTCGGACGTCTGCCCTATCAA-3’,
R=5"-ATGGTAGGCACGGCGACTA-3'. Melt curve analysis confirmed
amplification of a single product for each primer set. To account for any
starting difference in the amount of total RNA, Pax7 expression was
normalized to 18S expression.

Western blot analysis

To prepare total protein lysate, frozen muscle samples were homogenized
in ice-cold RIPA buffer [1% Nonidet P40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM NaCl, 20 mM Tris-HCI pH 7.6, 1 mM PMSF, 5 mM
benzamidine, | mM EDTA, 5 mM N-ethylmaleimide, 50 mM NaF, 25 mM
B-glycerophosphate, 1 mM sodium orthovanadate, 10 pl/ml protease
inhibitor cocktail for mammalian tissues (P8340, Sigma-Aldrich)] and
protein concentration determined by the Bradford method. Protein extracts
were run on SDS-PAGE gels and transferred to polyvinylidene difluoride
membranes. Membranes were blocked in Odyssey Blocking Buffer (LI-
COR) and then incubated with each primary antibody followed by anti-
rabbit IgG (Alexa 680), visualized using the Odyssey Infrared Imaging
System. Band intensity for a protein of interest was quantified using
Odyssey Infrared Imaging System Application Software Version 3.0.21.

Statistical analysis

A two-factor ANOVA (vehicle/tamoxifen X sham/surgery) was performed
to determine whether a significant interaction existed between factors for
each dependent variable under consideration. If a significant interaction
was detected, Scheffé post-hoc comparisons were performed to identify the
source of significance with P<0.05.

RESULTS

Effective ablation of satellite cells in adult
skeletal muscle

To test rigorously the hypothesis that satellite cells are necessary for
skeletal muscle hypertrophy, we developed a genetic mouse model
to conditionally ablate satellite cells in adult skeletal muscle. The
satellite cell-specific driver strain (Pax7FRCER) was crossed with
a strain harboring a floxed diphtheria toxin A (DTA) gene to produce
the double heterozygous Pax7¢*** - Rosa26”™" strain, designated
Pax7-DTA (Keller et al., 2004; Nishijo et al., 2009; Wu et al., 20006).
Adult (4 months of age), female Pax7-DTA mice were administered
either vehicle or tamoxifen (2 mg/day via IP injection) for five
consecutive days followed by a two-week washout period.
Immunohistochemical analysis of Pax7 expression in gastrocnemius
muscles removed during SA surgery showed >90% ablation of
satellite cells in tamoxifen-treated mice compared with vehicle-
treated mice (Fig. 1A,B). FACS analysis confirmed the effective
depletion of satellite cells, identified as the CD34"/a7-
integrin"/CD317/CD45~ population (Fig. 1C) (Blanco-Bose et al.,
2001; Rooney et al., 2009; Sacco et al., 2008). There was no change
in immunohematopoietic (CD45") or endothelial (CD31") cell
profiles, indicating that exposure to tamoxifen or the loss of satellite
cells did not alter these cell populations in skeletal muscle (Fig.
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Fig. 1. Conditional ablation of satellite cells in adult skeletal muscle. (A) Pax7 immunohistochemistry (IHC) was performed on gastrocnemius
muscle from vehicle and tamoxifen-treated Pax7-DTA mice to identify satellite cell nuclei (green). Sections were counterstained with DAPI (blue) and
Pax7*/DAPI* nuclei (white arrowhead) were counted. Scale bar: 100 um. (B) Quantification of Pax7*/DAPI* nuclei showed >90% (range 84-98%)
ablation of satellite cells in tamoxifen-treated muscle compared with vehicle-treated muscle (vehicle, 49.2+5.0 vs tamoxifen, 4.70+0.5 satellite
cells/muscle cross-section; n=10/treatment). (C) Fluorescence-activated cell sorting (FACS) analysis revealed depletion of CD34*/0.7-
integrin*/CD317/CD45 cells in tamoxifen-treated group relative to vehicle (compare red dotted box in Q2). (D) Quantification of FACS analysis
showed >80% loss of satellite cells (CD34*/a.7-integrin*/CD317/CD457) in tamoxifen-treated muscle relative to vehicle-treated muscle (vehicle,
392452 vs tamoxifen, 70+5 cells/10,000 cells; n=4/treatment) with no change in immunohematopoietic (CD45*) or endothelial (CD317) cell
profiles. (E) The tibialis anterior muscle was severely damaged by 1.2% BaCl; injection and allowed to regenerate for seven days. Hematoxylin and
Eosin (H&E) staining showed successful regeneration in vehicle-treated muscle, as indicated by distinct myofibers with centrally located nuclei,
whereas tamoxifen-treated muscle depleted of satellite cells failed to regenerate. Scale bar: 50 um. Values are presented as mean + s.e.m. with
significant difference (P<0.05) between vehicle and tamoxifen groups designated by an asterisk.

1C,D). As further confirmation that satellite cells had been  absence of distinct muscle fibers with central nuclei compared with
significantly depleted, we examined muscle regeneration in muscle  vehicle-treated muscle (Fig. 1E). These results demonstrate that the
severely injured by BaCl, injection. Regeneration was significantly =~ Pax7-DTA strain provided an effective strategy to substantially
compromised in muscle depleted of satellite cells as indicated by the  deplete satellite cells in adult skeletal muscle.
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Fig. 2. Robust hypertrophy in satellite
cell-depleted plantaris muscle.
(A) Normalized muscle weight (muscle

weight/body weight, mg/g) increased
approximately twofold in both SA-2 and SA-
6 groups relative to their respective sham
control. (B) In response to SA-2, Pax7
immunohistochemistry (IHC) showed that
satellite cell abundance, relative to sham
control, increased by 360% in vehicle-

Vehicle SA-2

Tamoxifen SA-2 treated muscle but remained unchanged in
tamoxifen-treated muscle. (C) As measured
by real-time RT PCR, Pax7 mRNA expression
increased by ~15-fold in vehicle SA-2 muscle

relative to sham control but was

undetectable in tamoxifen sham and SA-2
groups, consistent with ablation of satellite
cells. (D) Single fiber mechanics revealed no
difference in maximum isometric force
normalized to fiber cross-sectional area
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Satellite cell-depleted muscle fibers undergo
hypertrophy

Two weeks after synergist ablation (SA-2), satellite cell-depleted
muscle (tamoxifen SA-2) showed the same twofold increase in
plantaris muscle weight as the vehicle SA-2 group (Fig. 2A).
Moreover, the increased muscle mass in response to SA was
maintained until 6 weeks after synergist ablation (SA-6, the longest
time point examined) with no difference in muscle weight between
vehicle and tamoxifen SA-6 groups (Fig. 2A). Pax7
immunohistochemistry indicated that the abundance of satellite
cells in the hypertrophied plantaris muscle increased by 360% in
the vehicle SA-2 group but remained unchanged in the tamoxifen
SA-2 group relative to their respective sham control groups (Fig.
2B and see Fig. S2A in the supplementary material). In agreement
with this finding, Pax7 transcript levels increased 15-fold in vehicle
SA-2 but remained undetectable in both tamoxifen sham and SA-
2 groups (see Fig. SI1C in the supplementary material). Functional

analysis performed on single muscle fibers showed no difference
between SA-2 groups for a number of different parameters,
including maximum isometric force normalized to fiber cross-
sectional area (specific force) (Fig. 2C), &, in maximally activating
solution (maximal rate of cross-bridge cycling), pCasy (Ca?"
concentration required for half-maximal activation) and n (Hill
coefficient, indicative of the cooperativity of the contractile
apparatus) (Fig. S2B-D in the supplementary material).
Collectively, these results demonstrate that the hypertrophic growth
of satellite cell-depleted muscle was functionally no different from
the vehicle SA-2 group.

Dystrophin immunohistochemistry of SA-2 cryosections
revealed no difference in the gross morphology of muscle fibers
between vehicle- and tamoxifen-treated SA-2 groups (Fig. 2E).
Consistent with the increase in muscle weight observed in both SA-
2 groups was a rightward shift in the fiber size distribution,
reflecting an increase in the number of large fibers, particularly
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fibers with cross-sectional area of 600-1400 um? (Fig. 2F and see
Fig. S2E in the supplementary material). Muscle fiber hypertrophy
in both vehicle- and tamoxifen-treated SA-2 groups was
accompanied by comparable muscle protein concentrations and an
increase in total RNA (see Fig. S2F,G in the supplementary
material), as well as an increase in activation of the Akt/mTOR
signaling pathway, which is known to have a central role in skeletal
muscle growth by enhancing protein synthesis through activation
of downstream targets (Bodine et al., 2001). Phosphorylation of
Akt (T308) and p705°%! (T389) was elevated more than twofold in
both SA-2 groups (see Fig. S2H,I in the supplementary material),
suggesting that the increase in anabolic signaling in response to
mechanical overload was not dependent on satellite cells.

Regenerative process is independent of muscle
hypertrophy

The mechanical overload placed on the plantaris muscle from
synergist ablation is associated with the appearance of small fibers
which are thought to be formed de novo from satellite cells at sites
of muscle injury (McCormick and Schultz, 1992; Tamaki et al.,
1996). Although the distribution of large, hypertrophied fibers was
not affected by the loss of satellite cells, there was an ~8-fold
increase in the total number of small fibers (cross-sectional area
<300 um?) in the vehicle SA-2 group that was significantly
reduced in the tamoxifen SA-2 group relative to respective sham
control groups (Fig. 3A). Post-hoc analysis showed a significant
correlation (r=0.68, P=0.004) between the number of residual
satellite cells and the number of de novo fibers. We next quantified
the number of fibers that expressed embryonic myosin heavy chain
and had centrally located nuclei: two hallmarks of newly
regenerating fibers. Approximately 30% of fibers in the vehicle
SA-2 group expressed embryonic myosin or had centrally located
nuclei, whereas less than 7% and 10% of fibers in satellite cell-
depleted SA-2 muscle were positive for embryonic myosin or
contained central nuclei, respectively (Fig. 3B-D). These results
suggest that the regenerative process associated with this model of
muscle growth was significantly blunted in muscle depleted of
satellite cells. Together, these findings indicate that muscle fiber
hyperplasia and regeneration are distinct from fiber hypertrophy
with only the former two processes requiring satellite cells.

Expansion of myonuclear domain in satellite cell-
depleted muscle hypertrophy

To maintain the ratio of myonuclei to cytoplasmic volume, i.e. the
myonuclear domain, the number of myonuclei usually increases
during hypertrophy, presumably through the fusion of satellite cells
into the fiber. To determine whether myonuclear abundance
increased in response to SA-2, we quantified the total number of
myonuclei for the entire muscle cross-sectional area; myonuclei
were identified as DAPI™ nuclei residing within the muscle fiber,
which was delineated by dystrophin immunoreactivity (see Fig.
S3A in the supplementary material). The number of myonuclei per
fiber significantly increased by 63% in the vehicle-treated SA-2
group but remained unchanged in the satellite cell depleted SA-2
group relative to their respective sham control groups (Fig. 4A). To
quantify the myonuclear domain size in fibers, we counted DAPI-
stained myonuclei of fixed single fibers from vehicle- and
tamoxifen-treated SA-2 groups (see Fig. S3B in the supplementary
material). The myonuclear domain of the tamoxifen SA-2 group
increased by 32% in comparison with the vehicle SA-2 group, in
agreement with the diminished incorporation of satellite cells in the
tamoxifen SA-2 group (Fig. 4B). The increased myonuclear

domain in tamoxifen SA-2 fibers was accompanied by a 17%
increase in the size of individual myonuclei (see Fig. S3C in the
supplementary material).

Growth response is independent of satellite cell
abundance

To monitor directly myonuclear accretion, we quantified the number
of myonuclei that had incorporated BrdU, the presumption being that
such nuclei are derived from satellite cells that have replicated and
then subsequently fused to the growing fiber (Schiaffino et al., 1976).
BrdU was administered via drinking water (0.8 mg/ml) throughout
the entire SA-2 period. Immunohistochemistry using BrdU and
dystrophin antibodies showed that 27% of fibers in the vehicle SA-
2 group contained a BrdU™ myonucleus, whereas ~6% of fibers in
the tamoxifen SA-2 group were BrdU" (Fig. 4C,D). The paucity of
BrdU" muscle fibers in the tamoxifen SA-2 group provides further
support for the finding that adult skeletal muscle hypertrophy does
not require satellite cells or any other potentially proliferative cells.
In fact, post-hoc analysis revealed no correlation between satellite
cell number and growth response (r=0.241, P=0.254, Fig. 4E).
Figure 4E also shows that there is no apparent threshold in the
satellite cell number required to sustain growth, as muscle with <2%
of its satellite cells hypertrophied to the same degree as muscle with
100% of its satellite cells. Thus, although satellite cell number is
normally correlated with myonuclear number during hypertrophy
(see Fig. S4 in the supplementary material), robust hypertrophy does
not require myonuclear accretion.

DISCUSSION

The most significant finding from this study is that satellite cells are
not required for skeletal muscle fiber hypertrophy; however, satellite
cells are necessary for both the formation of new fibers and fiber
regeneration. Given that new fibers and regeneration represent a
minor component of the hypertrophic response, satellite cell-depleted
muscle showed the same overall increase in muscle mass as vehicle-
treated control muscle following two weeks of overload. The
increase in fiber cross-sectional area in satellite cell-depleted muscle
occurred independently of myonuclear accretion, resulting in a
significant expansion of the myonuclear domain. Despite the greater
myonuclear domain, satellite cell-depleted muscle was able to sustain
the hypertrophic state for six weeks (the longest time point
examined). Although we did not identify a compensatory mechanism
enabling fiber growth without satellite cell participation, such as an
increase in Akt/mTOR signaling, we did find an increase in the size
of myonuclei in satellite cell-depleted muscle, suggesting an
alteration in gene transcription as a result of chromatin reorganization
(Brandt et al., 2006). It will be of great interest to determine in a
future study whether satellite cell ablation leads to a compensatory
change in gene expression that allows for the maintenance of a larger
fiber size with an expanded myonuclear domain.

The development of the Pax7-DTA strain represents a significant
improvement in the ability to ablate satellite cells in adult skeletal
muscle, both in terms of specificity and effectiveness. In previous
studies examining the necessity of satellite cells in muscle
hypertrophy, y-irradiation was most often used to ablate satellite
cells (Adams et al., 2002; Phelan and Gonyea, 1997; Rosenblatt
and Parry, 1992; Rosenblatt and Parry, 1993; Rosenblatt et al.,
1994). These studies consistently showed that following 7y-
irradiation the hypertrophic response was either blunted or
completely prevented, thus giving rise to the general consensus that
satellite cells are required for muscle hypertrophy. Unfortunately,
at the time these studies were performed, there was not yet an
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established method for reliably identifying satellite cells so it was
not possible to assess directly the effectiveness of satellite cell
ablation by y-irradiation. A further limitation of these studies was
the inability of y-irradiation to ablate satellite cells specifically, thus
opening up the real possibility that other cells important for
hypertrophy were also adversely affected. Collectively, these
methodological limitations call into question the conclusion that
satellite cells are required for hypertrophy and emphasize the need
for a more specific method of ablating satellite cells in adult
muscle. The results from this study clearly show that the Pax7-
DTA strain allows for >90% ablation of satellite cells in mature
muscle. This high degree of effectiveness in cell ablation is similar
to the 70-90% cell ablation reported in other cell populations using
the DTA system (Arnold et al., 2007; Nir et al., 2007; Ohnmacht et
al., 2009). Moreover, given that the murine genome does not harbor
a DTA receptor, there is no collateral damage to either neighboring
or distant cells as the satellite cells undergo apoptosis upon
exposure to DTA. The finding from FACS analysis that neither
immunohematopoietic (CD45") nor endothelial (CD31%) cell
profiles were altered is consistent with this idea and highlights the
specificity of the system. Beyond the findings of this study, the
Pax7-DTA strain will be an invaluable resource for exploring the
role of satellite cells in other aspects of skeletal muscle biology,
such as re-growth following muscle atrophy and the maintenance
of muscle structure and function with age.

The ability to specifically ablate satellite cells in mature muscle
allowed us to revisit and rigorously test the hypothesis that satellite
cells are necessary for skeletal muscle hypertrophy. We found that
depletion of satellite cells did not prevent or blunt the hypertrophic
response in terms of muscle mass or fiber cross-sectional area,
demonstrating that satellite cells were not necessary for hypertrophy.
This unexpected finding goes against established dogma in the field
and suggests that the use of y-irradiation to ablate satellite cells also
adversely affected another cell population(s) that, in combination
with satellite cells, was needed for hypertrophy (Adams et al., 2002;

Vehicle SA-2

Tamoxifen SA-2

Phelan and Gonyea, 1997; Rosenblatt and Parry, 1992; Rosenblatt
and Parry, 1993; Rosenblatt et al., 1994). An alternative explanation
for our finding is that the growth stimulus provided by SA was
insufficient and was below some threshold requiring satellite cells,
resulting in a false-negative, type II error. We think that this is an
unlikely possibility given that SA has been shown to induce a
maximal hypertrophic response that, in our hands, resulted in a
twofold increase in muscle mass within two weeks (Tamaki et al.,
2009a). The significant increase in Pax7" cells, myonuclei per fiber
and BrdU" positive myonuclei in the vehicle-treated group are in
agreement with previous studies and support the view that satellite
cells are involved in the hypertrophic response induced by SA
(Akiho et al., 2010; Ishido et al., 2009). The significant number of
myonuclei that were BrdU" in the vehicle SA2 group was consistent
with an earlier study by Westerkamp and Gordon (Westerkamp and
Gordon, 2005) that reported that ~25% of myonuclei in rat plantaris
muscle were BrdU* following SA (Westerkamp and Gordon, 2005).
Thus, although satellite cells appear to be involved in muscle
hypertrophy under normal circumstances, our findings indicate that
they are not necessary.

The finding that muscle can hypertrophy independently of satellite
cell participation is not without precedent. Specifically, it was
reported that the muscle hypertrophy resulting from myostatin
inactivation or overexpression of Akt occurred without the
recruitment of satellite cells (Amthor et al., 2009; Blaauw et al.,
2009). More recently, Raffacllo and colleagues (Raffaello et al.,
2010) showed that overexpression of the transcription factor JunB
increased mean cross-sectional area by ~40% and did not involve
satellite cells, as assessed by BrdU labeling of myonuclei (Raffaello
et al., 2010). Consistent with these studies, we found, in satellite cell-
depleted muscle undergoing hypertrophy, no change in the number
of myonuclei per fiber, which was accompanied by a dramatic
reduction (~80%) in BrdU" myonuclei. As a consequence, the size
of the myonuclear domain in satellite cell-depleted fibers increased
by 32%. These findings indicate that the myonuclei within satellite
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cell-depleted muscle possess the intrinsic capacity to ‘oversee’ a
larger cytoplasmic volume, though the mechanism allowing for this
adjustment remains completely unknown. The larger myonuclear
size in hypertrophied satellite cell-depleted fibers is similar to what
has been reported in growing yeast, in which nuclei adjust their size
to maintain a roughly constant ratio between nuclear and cell
volume, termed the ‘karyoplasmic ratio’ (Jorgensen et al., 2007;
Neumann and Nurse, 2007).

Given that we were unable to ablate all the satellite cells, one
possible explanation for our findings is that the remaining ~10% of
satellite cells were sufficient to support the hypertrophic growth.
This scenario proposes that there exists a minimal threshold for the
number of satellite cells capable of supporting a full growth
response, and that if the number falls below that threshold, the
ability to hypertrophy would be impaired. To test this scenario, we
plotted the growth response (i.e. change in the normalized muscle
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weight) against satellite cell abundance for both SA-2 groups. This
post-hoc analysis revealed no correlation between the abundance
of satellite cells and the magnitude of the growth response; muscle
that had only 2% of their satellite cells were still capable of
mounting a full hypertrophic response. By contrast, we did find a
significant correlation between the number of myonuclei and
satellite cell abundance.

Another possible explanation for our findings is that some
other progenitor cell population known to exist in adult muscle
compensated for the loss of satellite cells (for a review, see
Tedesco et al., 2010). This possibility seems unlikely as we did
not see an increase in the number of myonuclei per fiber,
indicating, regardless of cell identity, that few nuclei were being
incorporated to the growing fibers in satellite cell-depleted
muscle. Single fiber analysis and BrdU incorporation
experiments confirmed this finding and provide strong evidence
that no other cell population was substituting for satellite cells
during muscle fiber hypertrophy.

The use of SA to induce muscle hypertrophy provided the
opportunity to determine whether satellite cells are necessary for
the formation of new fibers. The de novo formation of small,
immature fibers has been generally considered to be part of a
regenerative process that is satellite cell-dependent, though this
viewpoint has never been tested directly (Snow and Chortkoff,
1987; Tamaki et al., 1996). The eightfold increase in the number
of small fibers (<300 pum) in the vehicle SA-2 group was
significantly reduced in satellite cell-depleted muscle subjected
to SA. This finding supports the earlier proposition and
represents the first evidence that the de novo formation of these
small fibers requires satellite cells. The loss of small fibers in
tamoxifen-treated muscle had a negligible effect on the overall
hypertrophic response, given that these fibers account for
<0.25% of the total cross-sectional area of the muscle.
Consistent with the notion that small fiber formation is part of a
regenerative process, we also observed a significant reduction in
the number of fibers that expressed embryonic myosin and had
centrally located nuclei in SA-2 satellite cell-depleted muscle.
The failure of muscle fiber regeneration following severe muscle
damage induced by BaCl, exposure confirmed the absolute
necessity of satellite cells in the process of muscle regeneration.

The finding that hypertrophy of existing muscle fibers and muscle
regeneration are mechanistically distinct has important clinical
implications. Historically, it has been assumed that muscle
hypertrophy required muscle damage and subsequent satellite cell
activation to initiate the growth response. The findings from the
current study indicate that fiber hypertrophy and regeneration from
injury are two distinct processes or, at least, that they can be
mechanistically uncoupled. If fiber hypertrophy does occur
independently of muscle injury, as our data suggest, then exercise
protocols designed to promote muscle growth should aim to
minimize muscle damage and maximize intracellular anabolic
processes (Burd et al., 2010; Flann et al., 2011). This might be
particularly important for populations, such as the elderly, in which
satellite cell activity is compromised.
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