
University of Kentucky University of Kentucky 

UKnowledge UKnowledge 

Physical Therapy Faculty Publications Physical Therapy 

7-10-2017 

Differential Requirement for Satellite Cells During Overload-Differential Requirement for Satellite Cells During Overload-

Induced Muscle Hypertrophy in Growing Versus Mature Mice Induced Muscle Hypertrophy in Growing Versus Mature Mice 

Kevin A. Murach 
University of Kentucky, kevin.murach@uky.edu 

Sarah H. White 
University of Kentucky, s.white@uky.edu 

Yuan Wen 
University of Kentucky, yuan.wen@uky.edu 

Angel Ho 
University of Kentucky, angel.ho@uky.edu 

Esther E. Dupont-Versteegden 
University of Kentucky, eedupo2@uky.edu 

See next page for additional authors 
Follow this and additional works at: https://uknowledge.uky.edu/rehabsci_facpub 

 Part of the Musculoskeletal System Commons, Physiology Commons, and the Rehabilitation and 

Therapy Commons 

Right click to open a feedback form in a new tab to let us know how this document benefits you. Right click to open a feedback form in a new tab to let us know how this document benefits you. 

Repository Citation Repository Citation 

Murach, Kevin A.; White, Sarah H.; Wen, Yuan; Ho, Angel; Dupont-Versteegden, Esther E.; McCarthy, John 

J.; and Peterson, Charlotte A., "Differential Requirement for Satellite Cells During Overload-Induced 

Muscle Hypertrophy in Growing Versus Mature Mice" (2017). Physical Therapy Faculty Publications. 79. 

https://uknowledge.uky.edu/rehabsci_facpub/79 

This Article is brought to you for free and open access by the Physical Therapy at UKnowledge. It has been 
accepted for inclusion in Physical Therapy Faculty Publications by an authorized administrator of UKnowledge. For 
more information, please contact UKnowledge@lsv.uky.edu. 

http://uknowledge.uky.edu/
http://uknowledge.uky.edu/
https://uknowledge.uky.edu/
https://uknowledge.uky.edu/rehabsci_facpub
https://uknowledge.uky.edu/rehabsci
https://uknowledge.uky.edu/rehabsci_facpub?utm_source=uknowledge.uky.edu%2Frehabsci_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/938?utm_source=uknowledge.uky.edu%2Frehabsci_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/69?utm_source=uknowledge.uky.edu%2Frehabsci_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/749?utm_source=uknowledge.uky.edu%2Frehabsci_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/749?utm_source=uknowledge.uky.edu%2Frehabsci_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uky.az1.qualtrics.com/jfe/form/SV_9mq8fx2GnONRfz7
https://uknowledge.uky.edu/rehabsci_facpub/79?utm_source=uknowledge.uky.edu%2Frehabsci_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:UKnowledge@lsv.uky.edu


Differential Requirement for Satellite Cells During Overload-Induced Muscle Differential Requirement for Satellite Cells During Overload-Induced Muscle 
Hypertrophy in Growing Versus Mature Mice Hypertrophy in Growing Versus Mature Mice 

Digital Object Identifier (DOI) 
https://doi.org/10.1186/s13395-017-0132-z 

Notes/Citation Information Notes/Citation Information 
Published in Skeletal Muscle, v. 7, 14, p. 1-13. 

© The Author(s). 2017 

This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and 
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license, and indicate if changes were made. The Creative 
Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) 
applies to the data made available in this article, unless otherwise stated. 

Authors Authors 
Kevin A. Murach, Sarah H. White, Yuan Wen, Angel Ho, Esther E. Dupont-Versteegden, John J. McCarthy, 
and Charlotte A. Peterson 

This article is available at UKnowledge: https://uknowledge.uky.edu/rehabsci_facpub/79 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://uknowledge.uky.edu/rehabsci_facpub/79


RESEARCH Open Access

Differential requirement for satellite cells
during overload-induced muscle
hypertrophy in growing versus
mature mice
Kevin A. Murach1,3†, Sarah H. White1,3,4†, Yuan Wen2,3, Angel Ho1,3, Esther E. Dupont-Versteegden1,3,

John J. McCarthy2,3 and Charlotte A. Peterson1,3*

Abstract

Background: Pax7+ satellite cells are required for skeletal muscle fiber growth during post-natal development in

mice. Satellite cell-mediated myonuclear accretion also appears to persist into early adulthood. Given the important

role of satellite cells during muscle development, we hypothesized that the necessity of satellite cells for adaptation

to an imposed hypertrophic stimulus depends on maturational age.

Methods: Pax7CreER-R26RDTA mice were treated for 5 days with vehicle (satellite cell-replete, SC+) or tamoxifen

(satellite cell-depleted, SC-) at 2 months (young) and 4 months (mature) of age. Following a 2-week washout, mice

were subjected to sham surgery or 10 day synergist ablation overload of the plantaris (n = 6–9 per group). The

surgical approach minimized regeneration, de novo fiber formation, and fiber splitting while promoting muscle

fiber growth. Satellite cell density (Pax7+ cells/fiber), embryonic myosin heavy chain expression (eMyHC), and

muscle fiber cross sectional area (CSA) were evaluated via immunohistochemistry. Myonuclei (myonuclei/100 mm)

were counted on isolated single muscle fibers.

Results: Tamoxifen treatment depleted satellite cells by ≥90% and prevented myonuclear accretion with overload

in young and mature mice (p < 0.05). Satellite cells did not recover in SC- mice after overload. Average muscle fiber

CSA increased ~20% in young SC+ (p = 0.07), mature SC+ (p < 0.05), and mature SC- mice (p < 0.05). In contrast,

muscle fiber hypertrophy was prevented in young SC- mice. Muscle fiber number increased only in mature mice

after overload (p < 0.05), and eMyHC expression was variable, specifically in mature SC+ mice.

Conclusions: Reliance on satellite cells for overload-induced hypertrophy is dependent on maturational age, and

global responses to overload differ in young versus mature mice.

Keywords: Pax7, Synergist ablation, Regeneration, Fiber splitting, Development, Muscle hypertrophy
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Background
Satellite cells (Pax7+) comprise the predominant skeletal

muscle stem cell population. Located between the muscle

fiber plasma membrane and the basal lamina [1, 2], these

cells are activated in response to muscle injury and are

indispensable for muscle fiber regeneration [3–6]. Most

evidence supports the conclusion that myonuclei are post-

mitotic [7–11], so another role for satellite cells is to fuse

into muscle fibers for the purpose of myonuclear addition

and/or replacement. During muscle fiber hypertrophy,

satellite cell-mediated myonuclear accretion stabilizes the

“myonuclear domain,” a hypothetically fixed area of the

cytoplasm that each myonucleus transcriptionally governs

[12–16]. The theorized importance of maintaining the

myonuclear domain underpins the argument that satellite

cells are necessary for muscle fiber hypertrophy.

Contrary to the myonuclear domain theory of muscle

growth, numerous investigations report robust muscle

fiber hypertrophy in the absence of satellite cell-

mediated myonuclear accretion [4, 17–26]. Utilizing the

Pax7CreER-R26RDTA tamoxifen-inducible mouse model,

our laboratory showed similar hypertrophic responses in

vehicle-treated (satellite cell-replete, SC+) versus

tamoxifen-treated (satellite cell-depleted, SC-) adult mice

after 2 weeks of mechanical overload of the plantaris [4,

27]. We subsequently found that resident myonuclei in

adult SC- mice can robustly up-regulate transcriptional out-

put to meet biosynthetic demands during the early phase of

hypertrophy [26]. Following an extended overload period

(8 weeks) in SC- mice, average muscle fiber size increased

>25%, but pronounced extracellular matrix (ECM) depos-

ition appeared to attenuate muscle fiber hypertrophy [25].

Prolonged absence of satellite cells causes aberrant ECM

accumulation under various conditions [5, 24, 25, 28, 29],

as activated satellite cells directly communicate with fibro-

blasts to coordinate ECM dynamics during adaptation

[24]. However, the presence of satellite cells during the

first week of plantaris overload was sufficient to ensure

proper ECM remodeling; deletion of satellite cells after

the first week resulted in uncompromised muscle fiber

hypertrophy with minimal myonuclear accretion by

8 weeks [24]. Collectively, these data indicate that striking

muscle fiber hypertrophy (and consequently myonuclear

domain expansion) occurs in the absence of significant

satellite cell-mediated myonuclear accretion.

All investigations utilizing the Pax7CreER-R26RDTA model

from our laboratory have involved mature mice ≥4 months

of age. Although some evidence indicates that satellite cell

fusion into muscle fibers is complete by post-natal day 21

[30], others report that satellite cells contribute to muscle

fibers beyond 2 months of age [31, 32], suggesting a matur-

ational reliance on satellite cells into early adulthood that

may have consequences for adaptation. The primary pur-

pose of this investigation was to rigorously test the

requirement for satellite cell-mediated myonuclear accre-

tion during overload in young mice. We hypothesized

that young mice would have a more stringent require-

ment for satellite cells during adaptation to overload

than mature mice.

Methods
Mice

All animal procedures were carried out in accordance with

institutional guidelines for the care and use of laboratory

animals, as approved by the Institutional Animal Care and

Use Committee of the University of Kentucky. Mice were

housed in a temperature- and humidity-controlled room

with a 14:10-light-dark cycle. Food and water were pro-

vided ad libitum. The Pax7CreER/+-R26RDTA/+ strain, desig-

nated Pax7-DTA from here onward, was generated by

crossing the Pax7CreER/CreER mouse strain from the

Kardon laboratory [5] with the Rosa26DTA/DTA mouse

strain. Upon tamoxifen administration, Cre-mediated

recombination drives expression of diphtheria toxin A

chain (DTA), thereby killing satellite cells that express the

Pax7 gene. As a control, mice from the parental strain,

Pax7CreER/CreER, designated Pax7-CreER, were also utilized

(n = 3 per group). Male C57BL6 mice >4 months of age

were obtained from the Jackson Laboratory (Bar Harbor,

ME, USA).

Conditional ablation of satellite cells

A study design schematic is found in Fig. 1a. Young

(8-week-old) and mature (16-week-old) male mice were

treated with vehicle (15% ethanol in sunflower seed oil) or

tamoxifen (2 mg/d) for five consecutive days. Following a

2-week washout period, mice were randomly divided into

sham surgery or bilateral synergist ablation surgery

groups. Mice were overloaded for 10 days and then

sacrificed in order to harvest the plantaris muscles. Pax7-

CreER mice were also injected with vehicle or tamoxifen

at 8 weeks of age, allowed a 2-week washout, then

subjected to sham surgery or synergist ablation surgery to

determine the effects of tamoxifen treatment on the

hypertrophic response, independent from satellite cell de-

pletion. Results of this experiment in mature mice were

published previously by our laboratory [25].

Synergist ablation surgery

To overload the plantaris of Pax7-DTA mice, we

employed a modified version of the bilateral synergist

ablation surgical approach. Traditionally, this surgery

involves removal of a significant portion of the gastro-

cnemius and soleus muscles, thereby overloading the

synergist plantaris muscle [26]. To minimize regener-

ation, de novo fiber formation, and increased fiber num-

ber that is often associated with the aforementioned

approach [4, 33], we modified the surgery. Mice were
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anesthetized using isoflurane under sterile conditions,

and a longitudinal incision on the dorsal aspect of the

hindlimb exposed the Achilles tendon. Carefully probing

the plantaris tendon away from the Achilles, the soleus-

gastrocnemius complex was isolated, and the tendon,

myotendinous junction, and a small portion of gastro-

cnemius and soleus muscles (~5 mg) were excised with-

out disturbing the innervation or blood supply to the

plantaris. The sham surgery consisted of all the afore-

mentioned steps except removal of the tendon and

muscle. Following 10 days of overload or normal ambu-

lation, mice (n = 6–9 per group for both young and ma-

ture) were euthanized, plantaris muscles were harvested

and weighed, and appropriately processed for immuno-

histochemical or single muscle fiber analyses.

To gain further insight into the hypertrophic responses

to a more severe overload stimulus, we re-analyzed the

effects of the traditional 14-day bilateral synergist abla-

tion approach used previously by our laboratory in

greater detail [4]. We also conducted a 14-day “synergist

tenotomy” surgical overload approach in C57BL6 mice.

This surgery involved careful removal of the gastrocne-

mius tendon and a small portion of medial and lateral

gastrocnemius muscles, leaving the soleus and plantaris

intact. Since the soleus provides support to the plantaris

using this approach, a longer overload period without

a

f g

b c

d e

Fig. 1 Conditional depletion of satellite cells (Pax7+) in young and mature mice before synergist ablation surgery to overload the plantaris

muscle for 10 days (OV). a Study design schematic demonstrating the duration of vehicle (satellite cell-replete, SC+) and tamoxifen (satellite

cell-depleted, SC-) treatment, washout, and sham or OV surgery in young and mature mice. b–e Immunohistochemistry (IHC) representative

images visualizing b laminin (green), c myonuclei (blue), d Pax7 (red), and e merged fields, where satellite cells are identified as Pax7+/DAPI+.

White arrows denote the same satellite cell in each image; scale bar=20 μm. f Satellite cell density in young sham (n = 7 SC+, n = 6 SC-) and OV

(n = 8 SC+, n = 6 SC-) mice. g Satellite cell density in mature sham (n = 9 SC+, n = 7 SC-) and OV (n = 6 SC+, n = 7 SC-) mice. *p < 0.05 compared

to analogous SC+ group
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significant muscle damage is possible. Plantaris muscles

were harvested and processed as described above.

Immunohistochemistry and single fiber analysis

For immunohistochemistry (IHC) analyses, the plantaris

muscle was covered in Tissue-Tek optimal cutting

temperature compound (Sakura Finetek, Torrance, CA,

USA) and pinned at resting length to a cork covered in

aluminum foil. Muscles were frozen in liquid nitrogen-

cooled isopentane and stored at −80 °C. At the time of

sectioning, muscles were trimmed to mid-belly using a

razor blade and oriented upright in tissue Tissue-Tek,

which was then frozen using freeze spray in order to se-

cure the muscle sample in place. Mid-belly plantaris

muscle sections were cut on a cryostat at −23 °C. Frozen

muscle sections (7 μm) were air-dried for ≥2 h and

stored at −20 °C. For Pax7/Laminin/DAPI IHC, muscles

were fixed in 4% paraformaldehyde for 7 min, incubated

with rabbit anti-laminin IgG antibody overnight (1:100,

L9393, Sigma-Aldrich, St. Louis, MO, USA), then incu-

bated with Alexa Fluor 488 goat anti-rabbit IgG (1:250,

A11034, Invitrogen, Carlsbad, CA, USA) for 1 h. Follow-

ing epitope retrieval in sodium citrate (10 mM, pH 6.5)

for 20 min at 92 °C, endogenous peroxidases were

blocked for 7 min with 3% hydrogen peroxide in

phosphate-buffered saline (PBS), followed by 1 h with

1% Tyramide Signal Amplification (TSA) blocking re-

agent (TSA kit, T20935, Invitrogen) supplemented with

Mouse-on-Mouse (MoM) IgG blocking reagent (Vector

Laboratories, Burlingame, CA, USA). Sections were

washed in PBS and incubated overnight with mouse

anti-Pax7 IgG1 antibody (1:100, Developmental Studies

Hybridoma Bank (DHSB), Iowa City, IA, USA) diluted

in 1% TSA blocking reagent. The next day, sections were

washed with PBS, incubated for 70 min in goat anti-

mouse IgG1 biotinylated secondary antibody (1:1000,

115-065-205, Jackson ImmunoResearch, West Grove, PA,

USA), washed in PBS, incubate for 1 h in streptavidin-

horseradish peroxidase (1:500, S-911, Invitrogen) diluted in

PBS, washed again in PBS, then incubated for 15 min in

TSA Alexa Fluor 594 (1:100, TSA kit, Invitrogen) in the

supplied amplification diluents. Sections were stained

with DAPI (1:10,000 in PBS, D35471, Invitrogen) for

5 min and mounted with VectaShield fluorescent

mounting media (Vector).

To quantify embryonic myosin heavy chain (eMyHC)

and fiber cross-sectional area (CSA), sections were incu-

bated for 1 h with MoM, then incubated overnight with

MyH3 anti-eMyHC IgG1 (Neat, F1.652, DHSB) and anti-

laminin (1:100, Sigma Aldrich). The following day, sec-

tions were washed and incubated with goat anti-mouse

Alexa Fluor 488 IgG1 (1:250, A-21121, Invitrogen) and

Alexa Fluor 647 donkey anti-rabbit IgG (1:100, A31573,

Invitrogen) for 1 h, stained with DAPI (Invitrogen), then

mounted with VectaShield (Vector). In C57BL6 mice,

dystrophin IHC was used to visualize fiber borders. Frozen

sections were blocked with MoM (Vector), incubated

overnight in primary antibody against dystrophin (1:100,

VPD505, Vector), incubated with IgG1 Alexa Fluor

488 (1:250, A-21121, Invitrogen), and mounted with

Vectashield (Vector).

Myonuclear counts were conducted on isolated single

muscle fibers, as previously described by our laboratory

and others [4, 34]. Briefly, plantaris muscles of sham and

overloaded mice were fixed in situ at resting length in

4% paraformaldehyde for 48 h. Fixed whole muscles

were removed from the hindlimb, manually dissected

apart, then dissociated in 40% sodium hydroxide at

room temperature. Isolated fibers were then stained with

DAPI and carefully pipetted on to glass slides and cov-

ered using Vectashield. Thirty fibers per mouse were

used for myonuclear density analysis.

Immunohistochemistry and single muscle fiber

myonuclear quantification

For IHC, images were captured at ×20 magnification at

room temperature using a Zeiss upright fluorescent micro-

scope (Zeiss AxioImager M1 Oberkochen, Germany).

Whole muscle sections were obtained using the mosaic

function in Zeiss Zen 2.3 imaging software. Capturing the

entire muscle cross section is important for quantifying

average muscle fiber cross CSA; counting all fibers elimi-

nates the possibility of bias due to the regional nature of

the plantaris and accounts for the potential effects of in-

creased fiber number via de novo muscle fiber formation

and/or fiber splitting. Muscle fiber cross-sectional area and

eMyHC proportion were analyzed using custom software,

developed by the University of Kentucky Center for Muscle

Biology. This robust and highly sensitive muscle analysis

software has been validated against manual human counts

and is both accurate and reliable. Centrally nucleated

muscle fibers were quantified manually. For myonuclear

analysis, single muscle fibers were imaged at ×20 magnifi-

cation using the Z-stack function within the Zen software.

To determine satellite cell density (Pax7+ cells/fiber),

satellite cells (Pax7+/DAPI+) were counted manually using

tools in the Zen software. Satellite cell counts were normal-

ized to fiber number, delineated by laminin+ boundaries.

All manual counting was performed by a blinded, trained

technician.

Statistical analysis

Two-way ANOVAs within each group (young and

mature) utilizing original or log-transformed data were

used for analysis. When an interaction was found, post

hoc pairwise comparisons were made using the Fisher’s

procedure, and Tukey’s pairwise comparisons were used

otherwise. Sham mice did not express eMyHC in any
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group; independent t tests were used to compare eMyHC

expression after overload in young and mature mice. Sig-

nificance was set at p ≤ 0.05, and trends were reported if

p ≤ 0.10. Data are presented as mean ± standard error. All

statistical analyses were performed in JMP statistical soft-

ware (SAS, Cary, NC).

Results

Satellite cells are effectively depleted with tamoxifen

administration and do not recover after overload

Following tamoxifen treatment in Pax7-DTA mice, we

routinely observed satellite cell depletion ≥90% in young

and mature mice (p < 0.0001), as determined by Pax7

IHC (Figs. 1b–e). Mice <90% depleted were not included

in the analysis. In SC- mice, the few remaining satellite

cells did not proliferate and replenish the satellite pool

after overload. Due to variability in SC+ mice, the appar-

ent increase in satellite cell density (Pax7+/fiber) did not

reach significance with overload relative to sham mice

(+61% in young, +69% in mature, Figs. 1f–g). However,

when the aberrant low responder in each overload group

is removed, the increase in satellite cell density

approached significance in both young (+69%, p = 0.06)

and mature (+79%, p = 0.07) SC+ mice. We previously

reported that removing a larger portion of the gastro-

cnemius and soleus to elicit greater overload of the plan-

taris (see “Methods”) resulted in a 360% increase in

satellite cell density in mature SC+ mice [4]. The less

pronounced satellite cell proliferation highlights that the

approach used here is a comparatively less extreme and

more translatable model to human muscle biology. The

magnitude of satellite cell proliferation in SC+ mice here

is similar to what is observed in human models of

exercise-induced hypertrophy [35–40].

Myonuclear accretion after 10 days of overload is

prevented in satellite cell-depleted mice

Myonuclei on isolated single muscle fibers were counted

to quantify satellite cell-mediated myonuclear accretion,

as previously described [4, 34]. Representative images of

myonuclei per fiber for young and mature mice are

shown in Figs. 2a–d. With overload in young and

mature SC+ mice, myonuclei/100 mm increased 21%

(p = 0.009) and 31% (p < 0.0001), respectively, relative to

SC+ shams (Figs. 2e–f ). Myonuclear accretion with

overload was essentially eliminated following satellite cell

depletion in young and mature mice, consistent with our

previous reports in mature mice [4, 24, 25, 41]. Although

a b

c d

e f

Fig. 2 Satellite cell-mediated myonuclear accretion is prevented in satellite cell-depleted (SC-) but not satellite cell-replete (SC+) mice after

synergist ablation overload of the plantaris for 10 days (OV). a–d Representative image of myonuclei per fiber length after OV in a young SC+,

b mature SC+, c young SC-, d and mature SC- mice; scale bar=20 μm. e Myonuclei per 100 mm in young sham (n = 6 SC+, n = 5 SC-) and OV

(n = 6 SC+, n = 6 SC-) mice. f Myonuclei per 100 mm in mature sham (n = 9 SC+, n = 7 SC-) and OV (n = 6 SC+, n = 7 SC-) mice. *p < 0.05

compared to respective sham

Murach et al. Skeletal Muscle  (2017) 7:14 Page 5 of 13



there appeared to be fewer myonuclei in young sham SC-

mice relative to young sham SC+ mice, the difference was

not significant.

Changes in eMyHC expression and fiber number after

overload are different between young and mature mice

To quantify the regenerative response to overload,

eMyHC expression, muscle fiber number, and centrally

nucleated muscle fibers were counted in young and ma-

ture mice (Fig. 3). In all sham-operated mice, eMyHC+

fibers were very rare (<0.1%), so these animals were not

included in further analyses. Analysis of eMyHC expres-

sion in response to overload is shown in Fig. 3a, and a

representative image of eMyHC expression in a mature

overloaded SC+ mouse is shown in Fig. 3b. Consistent

with our previous report in mature mice [4], eMyHC+

fibers were on average <1% (range, 0.0–1.7%) in all

overloaded SC- mice regardless of age. In SC+ mice after

overload, eMyHC-expressing fibers remained low to un-

detectable in young mice (range, 0.1–1.4%). In mature

SC+ mice following overload, eMyHC+ fibers were more

abundant (range, 0.2–18.4%) suggesting that, although

variable, mature mice are more susceptible to a regen-

erative response in this surgical model. This is also con-

sistent with the observation that muscle fiber number

did not increase regardless of satellite cell content or

overload in young mice (Fig. 3c), whereas muscle fiber

number after overload increased in mature mice (Fig. 3d).

However, because the fiber number increase was not sig-

nificantly affected by the frequency of eMyHC+ fibers in

mature mice, we analyzed the number of centrally nucle-

ated muscle fibers as an additional marker of muscle

fiber repair/regeneration. Figures 3e–f show that central

nuclei (CN) occur in both eMyHC+ and eMyHC-

a

c d

e f

b

Fig. 3 Changes in embryonic myosin heavy chain expression (eMyHC) and muscle fiber number per whole cross section in young versus mature

satellite cell-replete (SC+) and -depleted (SC-) mice after synergist ablation overload of the plantaris for 10 days (OV). a eMyHC expression after OV in

young (n = 8 SC+, n = 6 SC-) and mature (n = 7 SC+, n = 7 SC-) mice, *p < 0.05 SC+ versus SC- OV within each age group. b IHC representative image

visualizing eMyHC fibers of differing size in a mature SC+ mouse; green arrow points to a small-caliber eMyHC+ muscle fiber <300 μm2. c Muscle fiber

number in young sham (n = 7 SC+, n = 6 SC-) and OV (n = 8 SC+, n = 6 SC-) mice. d Muscle fiber number in mature sham (n = 9 SC+, n = 7 SC-) and

OV (n = 6 SC+, n = 7 SC-) mice. *p < 0.05 compared to respective sham. e–f Representative image showing central nuclei (white arrows) in eMyHC+

(green) and eMyHC- (unstained) muscle fibers (pink borders). Scale bar=50 μm
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muscle fibers in mature mice, indicating that these occur-

rences can be uncoupled (white and blue arrows, Figs. 3e–f).

Therefore, CN+/eMyHC+ and CN+/eMyHC- muscle fibers

were quantified separately. CN+/eMyHC+ fibers that are

small in caliber (<300 μm2) and intensely stained for

eMyHC are likely de novo formed fibers derived from sat-

ellite cells (green arrows, Figs. 3b, e–f). However, some

large fibers also expressed high levels of eMyHC and con-

tained a central nucleus (white arrows, Figs. 3e–f ), which

may represent rapid growth of a de novo formed fiber, or

satellite cell-mediated fiber repair. In mature mice after

overload, on average, 3% of all fibers were CN+/eMyHC+

in SC+ mice; only two SC- mice had any of these

fibers, and they were very rare (<1%). The frequency

of CN+/eMyHC- fibers with overload was comparable

between SC+ and SC- mature mice, averaging 1–3% of

the fibers, suggesting that CN+/eMyHC- fibers are not

dependent on satellite cells.

To further explore the possibility that central nuclei

can occur independent of a satellite cell-mediated regen-

erative event, we re-evaluated 5-bromo-2′-deoxyuridine

(BrdU) incorporation in central nuclei from a previous

overload investigation conducted by our laboratory [4].

Both BrdU+ and BrdU- central nuclei are apparent

following overload in mature mice (Additional file 1),

suggesting that some, but not all, central myonuclei may

be derived from satellite cells that proliferated prior

to fusion.

Overload-induced muscle fiber hypertrophy is attenuated

in young, but not mature SC- mice

Average muscle fiber size in response to overload in

young and mature mice is shown in Fig. 4, and muscle

fiber size frequency distributions are found in Additional

file 2. Fibers with a cross-sectional area (CSA) <300 μm2

were omitted from these analyses in an attempt exclude

de novo fibers (see green arrows, Fig. 3e–f ), whereas

eMyHC fibers >300 μm2 were included. Larger muscle

fiber CSA after overload in young SC+ mice approached

significance (19%, p = 0.07), but no increase was apparent

in young SC- mice. The hypertrophic response to overload

in young parental Pax7-CreER mice did not differ follow-

ing vehicle or tamoxifen treatment (Additional file 3), in-

dicating that the lack of hypertrophy in young SC- mice is

attributable to satellite cell depletion and not Cre/Tamoxi-

fen toxicity. Average muscle fiber CSA increased 20% in

both SC+ and SC- mature mice (p < 0.05). When all

eMyHC fibers were excluded in mature mice (very few

eMyHC+ fibers were present in young mice), hypertrophy

of SC+ muscle fibers was slightly greater than when

eMyHC+ fibers were included (22%, p < 0.0001 relative to

sham). Body weights, absolute plantaris weights, and plan-

taris weights normalized to body weights for young and

mature groups are presented in Additional file 4. Body

weight did not change with satellite cell depletion or over-

load in young or mature mice. Absolute plantaris weight

increased in young SC+, mature SC+, and mature SC-

mice with overload (p < 0.05), but not young SC- mice.

Plantaris weight normalized to body weight increased in

all overloaded young and mature mice, regardless of satel-

lite cells (p < 0.05).

Alternative adaptations to overload in mature mice

Increased fiber number and the appearance of CN+/eMyHC-

fibers in mature mice suggested that muscle growth may

not be entirely reflected by increased fiber CSA after over-

load. To explore this possibility, a more prolonged overload

approach (14 day synergist tenotomy in C57BL6 mice, see

“Methods” section) was employed in an effort to increase

the frequency of these events without inducing significant

regeneration. In eMyHC- fibers (<2% of fibers on average),

we sometimes observed centrally nucleated muscle fibers

concomitant with overt signs of muscle fiber splitting on

histological cross sections (Additional file 5A–E), as well as

longitudinal fiber splitting in isolated single muscle fibers

(Additional file 5F). Fiber splitting is a characteristic of ex-

treme overload, and the process seems coupled to muscle

fiber central nucleation.

Discussion

This investigation reports significantly different growth

responses in SC+ and SC- mice across a relatively small

maturational time frame: 11 weeks compared to 19 weeks

of age. With mechanical overload, satellite cell depletion

in young mice (at 2 months of age) prevents hyper-

trophic growth measured by fiber CSA, whereas skeletal

muscle fibers in mature adult mice (>4 months of age)

grow following satellite cell depletion and the absence of

myonuclear accretion. Young mice also display different

responses to overload relative to mature mice; eMyHC-

expressing fibers do not increase in abundance, and fiber

number does not increase, regardless of the presence of

satellite cells in young mice. Our laboratory previously

reported that myonuclei in adult mice have a robust

transcriptional reserve capacity to support muscle fiber

hypertrophy in the absence of satellite cell-mediated

myonuclear accretion [26]. Future investigations will de-

termine if myonuclei of young mice lack this reserve

capacity, or whether immature myonuclei are transcrip-

tionally unresponsive to increased tension. The require-

ments for satellite cells during adaptation seem to

change along a dynamic continuum throughout the life-

span, and the age at which muscle overload experiments

are conducted can profoundly affect outcomes.

Abnormally small muscle fibers with few myonuclei

are reported in mice that survive germline deletion of

Pax7 [42–44]. These findings underscore the importance

of Pax7+ satellite cells for myonuclear accretion and
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growth during post-natal skeletal muscle development.

The extensor digitorum longus (EDL), a non-weight-

bearing muscle of the mouse hindlimb, reportedly

reaches an asymptote in myonuclear accretion by post-

natal day 21 [30]. On the other hand, the Gundersen

laboratory reported significant myonuclear accretion be-

yond 2 months of age in the soleus (weight bearing) and

EDL of mice when monitoring myonuclear number

throughout the lifespan [31]. The Olwin laboratory also

reported that satellite cell contribution to muscle fibers

does not stabilize until ~3 months of age [32]. Collect-

ively, these data suggest that mice in this age range are

within a critical period of skeletal muscle development/

maturation, potentially tied to long bone growth [45],

that is dependent on satellite cells. We hypothesize that

the satellite cell-dependency during this maturational

period is associated with a stringent requirement for sat-

ellite cells to adapt to an imposed hypertrophic stimulus.

Our results suggest that a transition occurs between 2.5

and 4 months, so that mice >4 months of age can grow

a b 

c d 

e 

Fig. 4 Average muscle fiber cross-sectional area (CSA) increases in young and mature satellite cell-replete (SC+) and mature satellite cell-depleted

mice (SC-), but not young SC- mice after synergist ablation overload of the plantaris for 10 days (OV). IHC representative images visualizing muscle

fiber borders (pink) in a young sham (SC+, SC-) and OV (SC+, SC-) mice, and b mature sham (SC+, SC-) and OV (SC+, SC-) mice; scale bar=20 μm.

c Average muscle fiber CSA in young sham (n = 7 SC+, n = 6 SC-) and OV (n = 8 SC+, n = 6 SC-) mice, excluding fibers <300 μm2. d Average

muscle fiber CSA in mature sham (n = 9 SC+, n = 7 SC-) and OV (n = 6 SC+, n = 7 SC-) mice, excluding fibers <300 μm2, but including eMyHC+ fibers.

e Average muscle fiber CSA in mature mice, excluding fibers <300 μm2, as well as eMyHC+ fibers. *p < 0.05 compared to respective sham
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in the absence of satellite cells by expanding the myo-

nuclear domain. Two recent studies from other labora-

tories show attenuated muscle fiber hypertrophy when

satellite cell-mediated myonuclear accretion was pre-

vented in mice that were ~3 [46] or 3–4 months of age

[47]. It is possible that mice in these investigations were

still within this critical window of satellite cell depend-

ence, but usage of different mouse strains [46], plantaris

overload technique [46, 47], and tamoxifen treatment

strategy [46] may also contribute to the lack of growth

in the aforementioned studies.

Robust muscle fiber hypertrophy (>25%) occurs with

minimal or non-existent satellite cell-mediated myonuc-

lear accretion after 8 weeks of synergist ablation in

mature mice (>4 months of age) [24, 25]. We now show

average muscle fiber hypertrophy of ~20% in mature

mice without satellite cells utilizing a short term

(10 days) modified synergist ablation approach. Despite

a marked shift to larger muscle fibers, a previous investi-

gation from our laboratory showed ~10% increases in

average muscle fiber CSA in mature SC+ and SC- mice

after 14 days of synergist ablation [4]. We attributed the

relatively modest increase in average muscle fiber CSA

to a preponderance of newly formed small-caliber

muscle fibers, which were revealed by analyzing all fibers

in the entire plantaris cross section [4, 27]. Since muscle

fiber number increased in both SC+ and SC- mice in

that investigation, these new fibers were not exclusively

satellite cell-derived. When revisiting the 14-day over-

load time point, we observed obvious signs of muscle

fiber splitting. Fiber splitting during robust overload may

therefore explain the relatively modest increase in aver-

age fiber CSA in our previous 14-day study [4].

Fiber splitting is well documented in response to vari-

ous overload strategies in animals [48–57]. However, it

is generally not well understood and typically disre-

garded as a hypertrophy mechanism in post-natal skel-

etal muscle [53, 58]. On muscle cross sections after

overload, fiber splitting can be readily identified by faint

or partial muscle fiber borders concomitant with cen-

trally located myonuclei, uncoupled from regeneration

(i.e., eMyHC expression) (Additional file 5). Consistent

with earlier reports, central myonuclei appear to be a

prominent feature of muscle fiber splitting [50, 52, 57, 59].

Furthermore, central myonuclei that arise during extreme

overload in mice may or may not be BrdU+, suggesting

that these nuclei are not necessarily derived from satellite

cells (Additional file 1). Interestingly, extreme muscle fiber

hypertrophy in bodybuilders and powerlifters produces

fiber splitting morphology similar to what we observe with

overload in mice, and the phenotype is exaggerated by en-

hanced hypertrophy and/or loading facilitated by anabolic

steroid usage [59–63]. Thus, fiber splitting may constitute

a non-pathological response to severe overload, perhaps

to maintain oxygen diffusion distances when fibers grow

too large [64, 65].

We did not observe overt signs of muscle fiber split-

ting after 10 days in our modified, minimally invasive

overload approach utilized here. CN+/eMyHC- fibers

did increase in mature SC+ and SC- mice after overload,

but the overall prevalence was very low. While fiber

splitting cannot be definitively ruled out, increased fiber

number detected on muscle cross sections after overload

in mature mice may be due to a change in muscle geom-

etry, specifically pennation angle, which is known to

occur during muscle growth [33, 66, 67]. The extent to

which this accounts for the apparent change in fiber

number in plantaris muscle cross sections in mature

mice after mechanical overload remains to be

determined. With the exception of a small number of

eMyHC+ fibers <300 μm2 only in SC+ mice, which did

not contribute significantly to overall muscle size, in-

creased fiber CSA and increased fiber number were com-

parable in mature SC+ and SC- mice in response to

overload. The shape of the fiber size frequency distribu-

tion curve also did not differ between mature SC+ and

SC- mice after overload, suggesting a homogenous

hypertrophic response (see Additional file 2). Our

data collectively indicate that the nature and duration

of overload surgery, as well as taking into account the

total number of fibers in the muscle, are important

considerations for accurate characterization of the

hypertrophic response.

The lack of muscle fiber number increase in young

SC+ mice, combined with the almost complete absence of

eMyHC expression, suggest that maturational age affects

the fundamental response to overload. Some potential ex-

planations for these unique responses in young mice are

(1) absolute body mass is not yet great enough to elicit the

same overload response that mature mice experience

during normal ambulation, (2) young mice are less suscep-

tible to muscle damage and remodeling due to differences

in the extracellular milieu, (3) young mice have an

accelerated regenerative response, and/or (4) there are

differences in activity level (and therefore, loading

frequency and/or intensity) between young and mature

mice. Regardless of the explanation, divergent hyper-

trophic responses depending on age must also be consid-

ered when conducting overload investigations in mice.

With this investigation, our laboratory has now evalu-

ated the hypertrophic response to overload in young,

mature, and aged mice in both the presence and absence

of satellite cells. Satellite cell-mediated myonuclear ac-

cretion is required for overload-induced muscle fiber

hypertrophy in young growing mice, is not necessary for

hypertrophy in mature mice [4, 24–26], and cannot drive

hypertrophy in aged anabolic-resistant mice (>24 months

of age) (Fig. 5) [41]. The effects of satellite cell-mediated
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myonuclear accretion during muscle fiber hypertrophy

therefore exist along a dynamic continuum throughout

the lifespan.

Conclusions

Young mice (2–2.5 months of age) require satellite cell-

mediated myonuclear accretion in order to undergo

overload-induced hypertrophy. Furthermore, young mice

respond differently to overload compared to mature

(>4 month old) mice; young mice do not demonstrate

an increase in eMyHC+ fibers in the presence of satellite

cells and do not have increased fiber number regardless

of satellite cells. Elevated fiber number with overload in

mature mice may be at least partially due to muscle fiber

splitting and/or altered muscle geometry. However, in-

creased fiber number in mature mice does not disguise

the ~20% average muscle fiber growth in SC+ and

SC- mice after overload, further supporting the notion

that satellite cells are not required for hypertrophy in fully

grown adult mice. Future investigations will focus on

compensatory mechanisms that enable mature mouse

muscle to hypertrophy in the absence of satellite cell-

mediated myonuclear accretion.

Additional files

Additional file 1: Example of 5-bromo-2′-deoxyuridine (BrdU) staining

after 14 days of traditional synergist ablation overload (removal of large

portion of gastrocnemius and soleus). The overall BrdU findings can be

found in a previous investigation from our laboratory [4], but the relationship

of BrdU staining to central myonuclei was not reported. Panels a-d illustrate

that BrdU+ (white arrow) and BrdU- (blue arrows) central myonuclei can be

found after overload, suggesting that this process may be dependent on

or independent from satellite cell proliferation. Pink arrows show a BrdU+

Fig. 5 Dynamic continuum of satellite cell (SC) participation in overload-induced muscle fiber hypertrophy throughout the lifespan. Satellite cells

are required for hypertrophic growth in young adult mice (2.5 months of age), are not required for hypertrophic growth in mature adult mice

(>4 months of age), and are not permissive for hypertrophy in aged anabolic resistant mice (>24 months of age, refer to Lee et al. [41]). CSA

cross-sectional area
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myonucleus that is not mispositioned. Staining protocols are found in

McCarthy et al. [4]. Scale bar = 20 μm. (PDF 156 kb)

Additional file 2: Average muscle fiber cross sectional area (CSA) is

shifted rightward with a consistent distribution in young and mature

satellite cell-replete (SC+) and mature cell-depleted mice (SC-), but not

young SC- mice after synergist ablation overload of the plantaris for

10 days (OV). Average muscle fiber CSA in a young SC+ sham (n = 7) and

OV (n = 8) mice, b mature SC+ sham (n = 9) and OV (n = 6) mice,

c young SC- sham (n = 6) and OV (n = 6) mice, d and mature SC- sham

(n = 7) and OV (n = 7) mice. (PDF 129 kb)

Additional file 3: Hypertrophic response after synergist ablation overload

of the plantaris for 10 days (OV) in young vehicle- and tamoxifen-treated

Pax7-CreER mice (n = 2 F/1 M per group, with the appropriate fiber size

correction applied to females [26]). Tamoxifen treatment does not affect a

muscle fiber size or b satellite cell density after overload. (PDF 30 kb)

Additional file 4: Body weight (a-b), absolute plantaris muscle wet

weight (c-d), and plantaris wet weight normalized to body weight (e-f)

in young and mature satellite cell-replete (SC+) and -depleted (SC-) mice

after synergist ablation overload of the plantaris for 10 days (OV). (PDF

41 kb)

Additional file 5: Muscle fiber splitting after 14 days of mechanical

overload. Panels a-d illustrate fiber splitting over ~50 μm span on serial

cross sections of a frozen plantaris muscle. Representative images

visualize laminin (red) and dystrophin (green) to identify muscle fiber

borders, and myonuclei (blue). Blue arrows point to central myonuclei

that manifest prior to the appearance of each new branch in the muscle

fiber (white arrows). The inset in panel c shows a partial fiber border

(laminin+/dystrophin+) that arises during the splitting process on

cross-sections. Panel e shows a phase-contrast image of a trifurcated single

muscle fiber from this same mouse, along with myonuclei (blue). Panel f

illustrates the extent of fiber splitting morphology in this mouse, with

minimal eMyHC expression (pink muscle fiber, denoted with pink

arrow). Note that many fibers contain >1 mispositioned myonucleus.

Immunohistochemistry images were captured at ×20 and ×40 magnification,

and single fiber image was captured at ×40; Scale bars = 50 μm.

(PDF 3413 kb)

Abbreviations
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phenylindole; DTA: Diphtheria toxin A; ECM: Extracellular matrix;

eMyHC: Embryonic myosin heavy chain; HRP: Horseradish peroxidase;

IgG: Immunoglobulin G; IHC: Immunohistochemistry; MoM: Mouse-on-Mouse;

OV: Overload; Pax7: Paired box 7; PBS: Phosphate-buffered saline; TSA: Tyramide

signal amplification; SC: Satellite cell; Tam: Tamoxifen; Veh: Vehicle

Acknowledgements

The authors wish to thank Alejandro Tezanos for his assistance with statistics

and Kate Kosmac, PhD, for her technical assistance.

Funding

This work was supported by grants from the NIH to KAM (AR071753), and to

CAP and JJM (AG049806 and AR060701).

Availability of data and materials

The datasets used and/or analyzed during the current study are available

from the corresponding author on reasonable request.

Authors’ contributions

KAM carried out the animal sacrifices, tissue collection, data collection, data

analysis, and statistical analysis; participated in the study design; made

figures; and drafted the manuscript. SHW carried out the animal sacrifices,

tissue collection, data collection, and data analysis; participated in the study

design; and helped draft the manuscript. YW participated in data analysis

and critically revised the manuscript. AH participated in tissue collection and

data analysis and critically revised the manuscript. EDV participated in the

study design and critically revised the manuscript. JJM conceived of the

study, participated in the study design, carried out experiments, coordinated

the data collection and analysis, and helped draft the manuscript. CAP

conceived of the study, participated in the study design, coordinated the

data collection and analysis, and helped draft the manuscript. All authors

read and approved the final manuscript.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1Department of Rehabilitation Sciences, College of Health Sciences, 900

South Limestone, Lexington, KY 40536, USA. 2Department of Physiology,

College of Medicine, 800 Rose Street, Lexington, KY 40536, USA. 3The Center

for Muscle Biology, University of Kentucky, 900 South Limestone, Lexington,

KY 40536, USA. 4Department of Animal Science, Texas A&M University,

College Station, TX 77843, USA.

Received: 20 April 2017 Accepted: 26 June 2017

References

1. Katz B. The terminations of the afferent nerve fibre in the muscle spindle of

the frog. Phil Trans Royal Soc Lond Ser B, Biol Sci. 1961;243:221-40.

2. Mauro A. Satellite cell of skeletal muscle fibers. J Biophy Biochem Cyt.

1961;9:493–5.

3. Lepper C, Partridge TA, Fan C-M. An absolute requirement for Pax7-positive

satellite cells in acute injury-induced skeletal muscle regeneration.

Development. 2011;138(17):3639–46.

4. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R,

Lawson BA, Grimes B, Keller C, et al. Effective fiber hypertrophy in satellite

cell-depleted skeletal muscle. Development. 2011;138(17):3657–66.

5. Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon G. Satellite

cells, connective tissue fibroblasts and their interactions are crucial for

muscle regeneration. Development. 2011;138(17):3625–37.

6. Sambasivan R, Yao R, Kissenpfennig A, Van Wittenberghe L, Paldi A,

Gayraud-Morel B, Guenou H, Malissen B, Tajbakhsh S, Galy A. Pax7-expressing

satellite cells are indispensable for adult skeletal muscle regeneration.

Development. 2011;138(17):3647–56.

7. Stockdale FE, Holtzer H. DNA synthesis and myogenesis. Exp Cell Res.

1961;24:508–20.

8. Moss F, Leblond C. Nature of dividing nuclei in skeletal muscle of growing

rats. J Cell Biol. 1970;44(2):459–61.

9. Moss FP, Leblond CP. Satellite cells as the source of nuclei in muscles of

growing rats. Anat Rec. 1971;170(4):421–35.

10. Pullman WE, Yeoh GC. The role of myonuclei in muscle regeneration: an in

vitro study. J Cell Phys. 1978;96(2):245–51.

11. Schiaffino S, Bormioli SP, Aloisi M. Cell proliferation in rat skeletal muscle

during early stages of compensatory hypertrophy. Virchow Archiv B Cell

Patho. 1972;11(3):268–73.

12. Qaisar R, Larsson L. What determines myonuclear domain size? Ind J Physiol

Pharmacol. 2013;58(1):1–12.

13. Teixeira CE, Duarte JA. Myonuclear domain in skeletal muscle fibers.

A critical review. Archiv Exerc Health Dis. 2011;2(2):92–101.

14. Van der Meer S, Jaspers R, Degens H. Is the myonuclear domain size fixed?

J Musculo Neuro Interact. 2011;11(4):286–97.

15. Cheek D, Holt A, Hill D, Talbert J. Skeletal muscle mass and growth: the

concept of the deoxyribonucleic unit. Ped Res. 1971;5:312–28.

16. Hall ZW, Ralston E. Nuclear domains in muscle cells. Cell. 1989;59:771–2.

17. Lowe DA, Alway SE. Stretch-induced myogenin, MyoD, and MRF4

expression and acute hypertrophy in quail slow-tonic muscle are not

dependent upon satellite cell proliferation. Cell Tiss Res. 1999;296(3):531–9.

18. Amthor H, Otto A, Vulin A, Rochat A, Dumonceaux J, Garcia L, Mouisel E,

Hourde C, Macharia R, Friedrichs M, et al. Muscle hypertrophy driven by

Murach et al. Skeletal Muscle  (2017) 7:14 Page 11 of 13

dx.doi.org/10.1186/s13395-017-0132-z
dx.doi.org/10.1186/s13395-017-0132-z
dx.doi.org/10.1186/s13395-017-0132-z
dx.doi.org/10.1186/s13395-017-0132-z


myostatin blockade does not require stem/precursor-cell activity. Proc Nat

Acad Sci U S A. 2009;106(18):7479–84.

19. Lee S-J, Huynh TV, Lee Y-S, Sebald SM, Wilcox-Adelman SA, Iwamori N,

Lepper C, Matzuk MM, Fan C-M. Role of satellite cells versus myofibers in

muscle hypertrophy induced by inhibition of the myostatin/activin

signaling pathway. Proc Nat Acad Sci U S A. 2012;109(35):E2353–60.

20. Wang Q, McPherron AC. Myostatin inhibition induces muscle fibre

hypertrophy prior to satellite cell activation. J Physiol. 2012;590(9):2151–65.

21. Welle S, Bhatt K, Pinkert CA, Tawil R, Thornton CA. Muscle growth after

postdevelopmental myostatin gene knockout. Am J Physiol Endo Metab.

2007;292(4):E985–991.

22. Blaauw B, Canato M, Agatea L, Toniolo L, Mammucari C, Masiero E,

Abraham R, Sandri M, Schiaffino S, Reggiani C. Inducible activation of Akt

increases skeletal muscle mass and force without satellite cell activation.

FASEB J. 2009;23(11):3896–905.

23. Raffaello A, Milan G, Masiero E, Carnio S, Lee D, Lanfranchi G, Goldberg AL,

Sandri M. JunB transcription factor maintains skeletal muscle mass and

promotes hypertrophy. J Cell Biol. 2010;191(1):101–13.

24. Fry CS, Kosmac KC, McCarthy JJ, Peterson CA. Satellite cells regulate

extracellular matrix remodelling during skeletal muscle adaptation.

Cell Stem Cell. 2016;20(1):56–69.

25. Fry CS, Lee JD, Jackson JR, Kirby TJ, Stasko SA, Liu H, Dupont-Versteegden EE,

McCarthy JJ, Peterson CA. Regulation of the muscle fiber microenvironment by

activated satellite cells during hypertrophy. FASEB J. 2014;28(4):1654–65.

26. Kirby TJ, Patel RM, McClintock TS, Dupont-Versteegden EE, Peterson CA,

McCarthy JJ. Myonuclear transcription is responsive to mechanical load and

DNA content but uncoupled from cell size during hypertrophy. Molec Biol

Cell. 2016;27(5):788–98.

27. McCarthy JJ, Dupont-Versteegden EE, Fry CS, Murach KA, Peterson CA.

Methodological issues limit interpretation of negative effects of

satellite cell depletion on adult muscle hypertrophy. Development.

2017;144(8):1363–5.

28. Fry CS, Lee JD, Mula J, Kirby TJ, Jackson JR, Liu F, Yang L, Mendias CL,

Dupont-Versteegden EE, McCarthy JJ, et al. Inducible depletion of satellite

cells in adult, sedentary mice impairs muscle regenerative capacity without

affecting sarcopenia. Nat Med. 2015;21(1):76–80.

29. Liu W, Wei-LaPierre L, Klose A, Dirksen RT, Chakkalakal JV. Inducible

depletion of adult skeletal muscle stem cells impairs the regeneration of

neuromuscular junctions. elife. 2015;4:e09221.

30. White RB, Biérinx A-S, Gnocchi VF, Zammit PS. Dynamics of muscle fibre

growth during postnatal mouse development. BMC Dev Biol. 2010;10(1):21.

31. Bruusgaard J, Liestøl K, Gundersen K. Distribution of myonuclei and

microtubules in live muscle fibers of young, middle-aged, and old mice.

J Appl Physiol. 2006;100(6):2024–30.

32. Pawlikowski B, Pulliam C, Betta ND, Kardon G, Olwin BB. Pervasive satellite

cell contribution to uninjured adult muscle fibers. Skeletal Musc. 2015;5:42.

33. Goodman CA, Frey JW, Mabrey DM, Jacobs BL, Lincoln HC, You JS,

Hornberger TA. The role of skeletal muscle mTOR in the regulation of

mechanical load‐induced growth. J Physiol. 2011;589(22):5485–501.

34. Brack AS, Bildsoe H, Hughes SM. Evidence that satellite cell decrement

contributes to preferential decline in nuclear number from large fibres

during murine age-related muscle atrophy. J Cell Sci. 2005;118(20):4813–21.

35. Olsen S, Aagaard P, Kadi F, Tufekovic G, Verney J, Olesen JL, Suetta C,

Kjær M. Creatine supplementation augments the increase in satellite cell

and myonuclei number in human skeletal muscle induced by strength

training. J Physiol. 2006;573(2):525-534.

36. Kadi F, Schjerling P, Andersen LL, Charifi N, Madsen JL, Christensen LR,

Andersen JL: The effects of heavy resistance training and detraining on

satellite cells in human skeletal muscles. J Physiol. 2004;558(3):1005-012.

37. Petrella JK, Kim JS, Cross JM, Kosek DJ, Bamman MM. Efficacy of

myonuclear addition may explain differential myofiber growth among

resistance-trained young and older men and women. Am J Physiol

Endo Metab. 2006;291(5):E937–946.

38. Fry CS, Noehren B, Mula J, Ubele MF, Westgate PM, Kern PA, Peterson CA.

Fibre type-specific satellite cell response to aerobic training in sedentary

adults. J Physiol. 2014;592:2625-635.

39. Murach KA, Walton RG, Fry CS, Michaelis SL, Groshong JS, Finlin BS, Kern PA,

Peterson CA. Cycle training modulates satellite cell and transcriptional

responses to a bout of resistance exercise. Phys Rep. 2016;4(18):e12973.

40. Petrella JK, Kim J-S, Mayhew DL, Cross JM, Bamman MM. Potent myofiber

hypertrophy during resistance training in humans is associated with

satellite cell-mediated myonuclear addition: a cluster analysis. J Appl Physiol.

2008;104(6):1736–42.

41. Lee JD, Fry CS, Mula J, Kirby TJ, Jackson JR, Liu F, Yang L, Dupont-Versteegden EE,

McCarthy JJ, Peterson CA. Aged muscle demonstrates fiber-type adaptations in

response to mechanical overload, in the absence of myofiber hypertrophy,

independent of satellite cell abundance. J Gerentol Ser A Bio Sci Med Sci.

2016;71(4):461–7.

42. Kuang S, Chargé SB, Seale P, Huh M, Rudnicki MA. Distinct roles

for Pax7 and Pax3 in adult regenerative myogenesis. J Cell Biol.

2006;172(1):103–13.

43. Relaix F, Rocancourt D, Mansouri A, Buckingham M. A Pax3/Pax7-dependent

population of skeletal muscle progenitor cells. Nature. 2005;435(7044):948–53.

44. Seale P, Sabourin LA, Girgis-Gabardo A, Mansouri A, Gruss P, Rudnicki MA.

Pax7 is required for the specification of myogenic satellite cells. Cell.

2000;102(6):777–86.

45. Ferguson VL, Ayers RA, Bateman TA, Simske SJ. Bone development and

age-related bone loss in male C57BL/6J mice. Bone. 2003;33(3):387–98.

46. Goh Q, Millay DP. Requirement of myomaker-mediated stem cell fusion for

skeletal muscle hypertrophy. elife. 2017;6:e20007.

47. Egner IM, Bruusgaard JC, Gundersen K. Satellite cell depletion prevents fiber

hypertrophy in skeletal muscle. Development. 2016;143(16):2898–906.

48. Gonyea W, Ericson G, Bonde‐Petersen F. Skeletal muscle fiber splitting

induced by weight lifting exercise in cats. Acta Physiol Scand.

1977;99(1):105–9.

49. Gonyea WJ, Sale DG, Gonyea FB, Mikesky A. Exercise induced increases

in muscle fiber number. Eur J Appl Physiol Occupat Physiol.

1986;55(2):137–41.

50. Hall-Craggs E. The longitudinal division of fibres in overloaded rat skeletal

muscle. J Anat. 1970;107(Pt 3):459.

51. Hall-Craggs E, Lawrence CA. Longitudinal fibre division in skeletal muscle: a

light-and electronmicroscopic study. Zeits für Zellfor und Mikroskop Anat.

1970;109(4):481–94.

52. Ho KW, Roy R, Tweedle C, Heusner W, Van Huss W, Carrow R. Skeletal

muscle fiber splitting with weight-lifting exercise in rats. Am J Anat.

1980;157(4):433–40.

53. Kelley G. Mechanical overload and skeletal muscle fiber hyperplasia: a

meta-analysis. J Appl Physiol. 1996;81(4):1584–8.

54. Tamaki T, Akatsuka A, Tokunaga M, Uchiyama S, Shiraishi T. Characteristics of

compensatory hypertrophied muscle in the rat: I. Electron microscopic and

immunohistochemical studies. Anat Rec. 1996;246(3):325–34.

55. Vaughan HS, Goldspink G. Fibre number and fibre size in a surgically

overloaded muscle. J Anat. 1979;129:293.

56. Edgerton VR. Morphology and histochemistry of the soleus muscle from

normal and exercised rats. Am J Anat. 1970;127(1):81–7.

57. Soffe Z, Radley-Crabb HG, McMahon C, Grounds MD, Shavlakadze T. Effects

of loaded voluntary wheel exercise on performance and muscle

hypertrophy in young and old male C57Bl/6J mice. Scand J Med Sci Sports.

2016;26(2):172–88.

58. Egner IM, Bruusgaard JC, Gundersen K. An apparent lack of effect of satellite

cell depletion on hypertrophy could be due to methodological limitations.

Response to ‘Methodological issues limit interpretation of negative effects

of satellite cell depletion on adult muscle hypertrophy’. Development.

2017;144(8):1365–7.

59. Eriksson A, Lindström M, Carlsson L, Thornell L-E. Hypertrophic muscle fibers

with fissures in power-lifters; fiber splitting or defect regeneration?

Histochem Cell Biol. 2006;126(4):409–17.

60. Eriksson A, Kadi F, Malm C, Thornell L-E. Skeletal muscle morphology

in power-lifters with and without anabolic steroids. Histo Cell Biol.

2006;126(4):409–17.

61. MacDougall J, Sale D, Elder G, Sutton J. Muscle ultrastructural characteristics

of elite powerlifters and bodybuilders. Eur J Appl Physiol Occupat Physiol.

1982;48(1):117–26.

62. Kadi F, Eriksson A, Holmner S, Thornell L-E. Effects of anabolic steroids on

the muscle cells of strength-trained athletes. Med Sci Sport Exerc.

1999;31(11):1528–34.

63. Yu J-G, Bonnerud P, Eriksson A, Stål PS, Tegner Y, Malm C. Effects of long

term supplementation of anabolic androgen steroids on human skeletal

muscle. PLoS ONE. 2014;9(9):e105330.

64. Swash M, Schwartz MS. Implications of longitudinal muscle fibre splitting

in neurogenic and myopathic disorders. J Neurol Neurosurg Psych.

1977;40(12):1152–9.

Murach et al. Skeletal Muscle  (2017) 7:14 Page 12 of 13



65. Wanagat J, Cao Z, Pathare P, Aiken JM. Mitochondrial DNA deletion

mutations colocalize with segmental electron transport system

abnormalities, muscle fiber atrophy, fiber splitting, and oxidative damage in

sarcopenia. FASEB J. 2001;15(2):322–32.

66. Gollnick P, Timson B, Moore R, Riedy M. Muscular enlargement and number

of fibers in skeletal muscles of rats. J Appl Physiol. 1981;50(5):936–43.

67. Maxwell L, Faulkner J, Hyatt G. Estimation of number of fibers in guinea pig

skeletal muscles. J Appl Physiol. 1974;37(2):259–64.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Murach et al. Skeletal Muscle  (2017) 7:14 Page 13 of 13


	Differential Requirement for Satellite Cells During Overload-Induced Muscle Hypertrophy in Growing Versus Mature Mice
	Repository Citation

	Differential Requirement for Satellite Cells During Overload-Induced Muscle Hypertrophy in Growing Versus Mature Mice
	Digital Object Identifier (DOI)
	Notes/Citation Information
	Authors

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mice
	Conditional ablation of satellite cells
	Synergist ablation surgery
	Immunohistochemistry and single fiber analysis
	Immunohistochemistry and single muscle fiber myonuclear quantification
	Statistical analysis

	Results
	Satellite cells are effectively depleted with tamoxifen administration and do not recover after overload
	Myonuclear accretion after 10 days of overload is prevented in satellite cell-depleted mice
	Changes in eMyHC expression and fiber number after overload are different between young and mature mice
	Overload-induced muscle fiber hypertrophy is attenuated in young, but not mature SC- mice
	Alternative adaptations to overload in mature mice

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

