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Abstract
Background Children with cerebral palsy have impaired
muscle growth and muscular contractures that limit their
ROM. Contractures have a decreased number of serial
sarcomeres and overstretched lengths, suggesting an as-
sociation with a reduced ability to add the serial sarcomeres
required for normal postnatal growth. Contractures also
show a markedly reduced number of satellite cells—the
muscle stem cells that are indispensable for postnatal
muscle growth, repair, and regeneration. The potential role
of the reduced number of muscle stem cells in im-
paired sarcomere addition leading to contractures must be
evaluated.

Questions/purposes (1) Does a reduced satellite cell
number impair the addition of serial sarcomeres during
recovery from an immobilization-induced contracture? (2)
Is the severity of contracture due to the decreased number
of serial sarcomeres or increased collagen content?
Methods The hindlimbs of satellite cell-specific Cre-
inducible mice (Pax7CreER/+; Rosa26DTA/+; n = 10) were
maintained in plantarflexion with plaster casts for 2 weeks
so that the soleus was chronically shortened and the
number of its serial sarcomeres was reduced by approxi-
mately 20%. Subsequently, mice were treated with either
tamoxifen to reduce the number of satellite cells or a
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vehicle (an injection and handling control). The transgenic
mouse model with satellite cell ablation combined with a
casting model to reduce serial sarcomere number recreates
two features observed in muscular contractures in children
with cerebral palsy. After 30 days, the casts were removed,
the mice ankles were in plantarflexion, and the mice’s
ability to recover its ankle ROM by cage remobilization for
30 days were evaluated. We quantified the number of serial
sarcomeres, myofiber area, and collagen content of the
soleus muscle as well as maximal ankle dorsiflexion at the
end of the recovery period.
Results Mice with reduced satellite cell numbers did not
regain normal ankleROM in dorsiflexion; that is, themuscles
remained in plantarflexion contracture (-16° 6 13° versus
31° 6 39° for the control group, -47 [95% confidence in-
terval -89 to -5]; p = 0.03). Serial sarcomere number of the
soleus was lower on the casted side than the contralateral side
of the mice with a reduced number of satellite cells (22146
333 versus 25436 206, -329 [95% CI -650 to -9]; p = 0.04)
but not different in the control group (2644 6 194 versus
27296 249, -85 [95%CI -406 to 236]; p = 0.97). The degree
of contracture was strongly associated with the number of
sarcomeres andmyofiber area (r2 =0.80; P < 0.01) rather than
collagen content. No differences were seen between groups
in terms of collagen content and the fraction of muscle area.
Conclusions We found that a reduced number of muscle
stem cells in a transgenic mouse model impaired the
muscle’s ability to add sarcomeres in series and thus to
recover from an immobilization-induced contracture.
Clinical Relevance The results of our study in transgenic
mouse muscle suggests there may be a mechanistic re-
lationship between a reduced number of satellite cells and a
reduced number of serial sarcomeres. Contracture de-
velopment, secondary to impaired sarcomere addition in
muscles in children with cerebral palsy may be due to a
reduced number of muscle stem cells.

Introduction

Cerebral palsy, which is caused by a nonprogressive brain
injury during the perinatal period, is the most common
movement disability in children [57]. Although the primary
injury is nonprogressive, the growing musculoskeletal
system is progressively impaired. Muscle weakness, im-
paired longitudinal muscular growth, increased extracel-
lular matrix components [37, 53], and contractures that
limit joint ROM are observed [23]. Cross-sectional muscle
growth is also lower in children with cerebral palsy than in
children with typical development [4, 5, 45]. The natural
progression of walking leads to a gradual reduction in total
joint excursion [7, 30]. Correspondingly, passive ROM of
the lower limb decreases from early childhood to adoles-
cence [46], suggesting that longitudinal muscle growth is

unable to align with bone growth. Most rehabilitation
approaches for children with cerebral palsy, such as serial
casting, stretching, strengthening, and splinting, focus on
promoting appropriate muscle growth and preventing or
treating muscular contractures [23]. Neural changes be-
cause of a brain injury, such as spasticity, are thought to
contribute to the development of contractures [27]. Long-
term studies show that dorsal rhizotomies and botulinum
toxin reduce spasticity but do not prevent contractures [55,
56]. Even lengthening of muscles surgically to correct
contractures does not prevent the recurrence of con-
tractures [48]. The biological basis of contracture de-
velopment, which affects these children’s ability to move
[49], is thus poorly understood.

During the postnatal development of mammals, skeletal
muscle growth leads to increases in the length of myofiber
and area of existing myofibers [21]. Longitudinal growth
occurs by the addition of sarcomeres (the basic skeletal
muscle force-generating unit) in series so that there is a
several-fold increase in the number of serial sarcomeres
[61]. This presumably maintains an appropriate sarcomere
length and generates optimal forces [22]. This growth, in
response to increasing bone length [8], ensures the mus-
cle’s ability to function efficiently over the appropriate
joint ROM as the body’s size changes [15]. Even in
adulthood, skeletal muscles are able to add or subtract
sarcomeres in response to chronic stretching or shortening
[62] and to recover to prestretching or shortening con-
ditions. In contrast, during postnatal growth, children with
cerebral palsy show impaired muscle growth and routinely
develop muscular contractures [46]. These contractures
demonstrate a decrease in the number of serial sarcomeres
[38], over-stretched sarcomeres [35, 53], and reduced [14,
37] and heterogeneous [11] myofiber areas, suggesting that
an inability to appropriately add sarcomeres during growth
might lead to contracture development.

During postnatal muscle growth with an increasing
number of serial sarcomeres, multinucleated myofibers add
myonuclei along the length of the fiber [18, 61]. Because
myonuclei are postmitotic (that is, they are unable to di-
vide), these new myonuclei come from satellite cells [42].
These cells, situated between the basal lamina and sarco-
lemma, are resident muscle stem cells [13] that are essential
for repair and regeneration of skeletal muscles after an
injury [26, 34, 58, 64]. Muscle stem cells are indispensable
for muscle growth during postnatal development [2, 33, 47]
and their number (pool size) dictates myogenic potential
[51]. While it is not entirely clear how the original brain
injury can affect the muscle stem cells, surprisingly muscle
contractures in children with cerebral palsy have 60% to
70% fewer satellite cells (that is, a decreased cell pool) [14,
52, 59]. Consequently, muscle contractures may be caused
by an impaired addition of sarcomeres because of a reduced
number of satellite cells.
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Understanding the potential role of reduced satellite cell
number in contracture development and impaired sarcomere
addition may be valuable for the development of therapeu-
tic strategies for contracture prevention and treatment.
Currently, it is not possible to measure sarcomere addition in
humans noninvasively and the biological basis for con-
tractures is poorly understood. Current animal models of
cerebral palsy are useful for certain research questions fo-
cused on brain repair and development [12, 16, 31] but are
limited in their ability to test such a hypothesis for the bi-
ological basis of contractures. This is primarily because either
they do not capture the full clinical picture due to fatalities
that limit them to the immediate neonatal time period or they
exhibit mild symptoms [12, 16, 31]. Consequently, one op-
tion is to focus only on the muscular system by combining a
previously established muscle stem cell ablation-capable
transgenic mouse model (Pax7CreER/+;Rosa26DTA/+) [20, 28,
32, 39] with properties of sarcomeres to create a clinical
contracture-like state, that is, a reduced serial sarcomere
number, increased extra-cellular matrix, and reduced muscle
stem cells and then to evaluate recovery. Previously, we used
this transgenic mice (Pax7CreER/+;Rosa26DTA/+) model, in
which the number of satellite cells was experimentally re-
duced with tamoxifen, and showed that even with a reduced
number of satellite cells, a limited addition of serial sarco-
meres in response to chronic stretching may occur, but this is
accompanied by a marked alteration in muscle morphology
and in the extracellular matrix [32]. This suggested that a
reduced number of satellite cells negatively affected muscle
homeostasis.

In this study we asked: (1) Does a reduced number of
satellite cells impair the addition of serial sarcomeres
during recovery from an immobilization-induced contrac-
ture? (2) Is the severity of contracture due to the decreased
number of serial sarcomeres or increased collagen content?

Materials and Methods

Study Design and Study Outcomes

We used a two-factorial study design to evaluate the role of
satellite cells in sarcomere addition during recovery from an
immobilization-induced contracture in a transgenic mouse
model. First, we created a plantarflexion contracture model
by casting one hindlimb in ankle plantarflexion to reduce the
number of sarcomeres in the soleus and reduce ankle ROM
(Fig. 1). Second, we pharmacologically reduced muscle
stem cell number by using the transgenic construct and
assessed the ability of the muscle to recover ankle range of
motion by sarcomere addition after cast removal (Fig. 1).
Our two-factorial design involved comparing the tamoxifen
group (treatment group) to a vehicle group (control group)
and the casted limb with the contralateral limb. We believe

this model is relevant to muscles in children with cerebral
palsy since we are recreating, at a muscular level, two spe-
cific deficits that are seen in these children—contractures
with a reduced number of sarcomeres along the length of the
muscle and a reduced number of muscle stem cells.
Additionally, we assessed the ability of these muscles to
recover from this state as way of potentially understanding
the cause of contractures.

Our primary study outcome of interest was the ability to
add basic muscle contractile proteins—sarcomeres—
during the process of recovery from a contracture-like state
using a transgenic mouse model that had a reduced number
of muscle stem cells. We quantified serial sarcomere
number (the number of sarcomeres longitudinally), myo-
fiber area (sarcomeres in a muscle cross-section) and ex-
tracellular matrix components from the muscles. Our
secondary study outcome of interest was the severity of
ankle contracture, that is, maximal ankle dorsiflexion an-
gle, as a measure of recovery from the plantarflexion cast.
We assessed whether maximal ankle angle was different in
the group with reduced number of stem cells and if ankle
contractures were associated with sarcomere addition or
extracellular components.

Ethical Approval

All procedures were conducted in accordance with in-
stitutional guidelines for the care and use of laboratory
animals as approved by the Institutional Animal Care and
Use Committee at the University of California, San Diego.

Animals

Ten Pax7CreER/+; Rosa26DTA/+ mice (systemic satellite
cell-specific, conditional ablation-capable mice, referred to
in this paper as Pax7-DTA), aged 8 weeks, were used for
the experiments [39]. They were crossed from individual
homozygous Pax7CreER/CreER and Rosa26DTA/DTA strains
(Jackson Laboratories, stock numbers 010530 and 010527,
Bar Harbor, ME, USA) and divided into two groups: the
Pax7-DTA control (vehicle) group (n = 5; four male mice
and one female) and Pax7-DTA treatment (tamoxifen)
group (n = 5; three male and two female mice). Pax7CreER/
+; Rosa26DTA/+ mice treated with tamoxifen underwent
ablation and reduction of their number of satellite cells by
the diphtheria toxin via Cre-Lox recombination but not
with a vehicle control [39]. The efficacy of this knockdown
is 70% to 90%, systemic, and permanent. Mice were
housed in a temperature- and humidity-controlled envi-
ronment and maintained on a 12:12-hour light-dark cycle
with free access to food and water. Briefly, the experi-
mental protocol was initial immobilization of the hindfoot
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in plantarflexion for 14 days to reduce serial sarcomeres in
the soleus, followed by tamoxifen or vehicle treatment for
5 days, washout for 10 days, removal of the cast, and re-
covery with cage remobilization for 30 days (Fig. 2A). We
chose the minimum number of mice to allow us to assess
this based on the anticipated large effect of 70% to 90%
depletion of satellite cells (treatment group), 40% to 50%
reduction in myofiber area (contralateral leg group) and
20% to 30% reduction in serial sarcomere number (con-
tralateral leg group) at the end of the casting period, as
reported in other studies [39, 50, 62]. Furthermore, we
divided the muscles in half longitudinally to conduct
analyses on both frozen and fixed tissue from the same
mice to better answer questions of association.

Hindlimb Immobilization

The right hindlimbs were immobilized in maximal plantar-
flexion for 30 days in a plaster cast created with plaster strips
(BSN Medical, Rutherford College, NC, USA) combined
with Webril undercast padding (Covidien, Mansfield, MA,
USA) and self-adherent bandage (3M, St. Paul, MN, USA)
(Fig. 2A). The first 2 weeks were sufficient to create muscle
shortening and an approximately 20% loss of serial sarco-
meres in the soleus, similar to previous reports [50]. The
contralateral noncasted hindlimb served as an internal control
for all the mice. Casts were routinely inspected and
repaired/replaced if they broke down. Casting and cast repairs
were performed with mice under anesthesia via inhalation of

Fig. 1 This figure shows an overview of the experiments. The right ankle of the transgenic
Pax7-DTA mice were casted in plantarflexion such that the soleus fibers would shorten in
length, while the tibialis anterior will add sarcomeres and increase in length. The contra-
lateral leg served as a casting-control. After this, the mice underwent treatment for satellite
cells (muscle stem cells) with tamoxifen inducing the Cre-Lox system to systemically ablate
satellite cells from all muscles (right). The casts were then removed with all mice demon-
strating resting plantarflexion angle. The tamoxifen (right) and vehicle-control (left) groups
were allowed to recover their ankle ROM over 30 days.
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2% isoflurane (Butler Schein,Dublin,OH,USA) delivered by
an Ohmeda anesthesia system (model VMA; Amersham,
UK). Overall, the casts held up for the whole period and were
repaired only once or twice during the experiment.

Satellite Cell Ablation

After the first 2-weeks in a cast, the mice in the treatment
group (tamoxifen group) were administered tamoxifen (2
mg/100 uL per day, dissolved in 10% ethanol in peanut oil;
MP Biomedicals, Solon, OH, USA) via oral gavage for 5
consecutive days to use the CreLox system and activate
diphtheria toxin expressionwithin the satellite (muscle stem)
cells leading to targeted cell death. Mice in the Pax7-DTA
control group were administered a vehicle treatment (10%
ethanol in peanut oil), which does not affect the CreLox
system and does not kill the satellite cells via diphtheria
toxin. We used the oral gavage, then had a 10-day washout
period, as used previously [32, 39], before removing the

casts (Fig. 2A). The casts weremaintained during this period
to ensure there was no confounding of partial response by
sarcomere addition before satellite cells depletion.

Recovery Period and Ankle ROM

After 30 days in total, we removed the casts under anesthesia,
and the animalswere allowed normal cage activity for 30 days
(Fig. 2A). After cast removal, all mice had a completely
plantarflexed ankle consistent with the casting procedure. A
previous study showed that 30 days is sufficient to restore the
normal number of serial sarcomeres and ankle ROM [62].
After 30 days, under anesthesia, the mouse was positioned on
its side and a blunt forceps was used to move the foot pas-
sively into the maximal permissible dorsiflexion using steady
force while stabilizing the leg, and pictures were obtained in
the sagittal plane. The same person (MCK) performed the
tests on all mice using the same technique. The maximal
dorsiflexion angle was then calculated from the images using

Fig. 2 This figure shows (A) the experimental casting protocol in which the hindlimb of Pax7-DTA mice were immobilized in
plantarflexion for 2 weeks to reduce the number of serial sarcomeres in the soleus muscle. The mice were treated with oral gavage
for 5 days with tamoxifen or a vehicle control. Subsequently, the mice were allowed to recover for 1 month and their muscles were
harvested. (B) This is a representative image from the fluorescence-activated cell sorting analysis of the gastrocnemius and
quadriceps muscles to quantify satellite cells; that is, a-7 integrin+/neural cell adhesion molecule+/CD31-/CD45- cells in the
tamoxifen-treated (right) and vehicle-treated groups (left). The blue boxes indicate the representative cell populations. (C) The
number of satellite cells was quantified with a fluorescence-activated cell sorting analysis, and this image shows substantial
knockdown in satellite cells in mice in the tamoxifen-treated group (right) compared with those in the vehicle-treated control
group. Data are shown as the mean 6 SD.
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the angle between the shank and the proximal foot using
ImageJ (National Institutes of Health, Bethesda, MD, USA),
and this angle was used as a measure of recovery from
plantarflexion. After the recovery period, animals were eu-
thanized under anesthesia using cervical dislocation.

Passive Torque Measurement

Immediately after euthanizing the mice, we positioned their
ankles in a specially designed footplate (Aurora Scientific,
Ontario, Canada) that allowed us to measure ankle torque
and control of the ankle’s position, as previously described
[3]. Briefly, the immobilized ankle was secured in a foot jig
with strips of bandage to align the center of the ankle joint
with the jig’s center of rotation, and the ankle was firmly
held in place. A custom program allowed us to position the
ankle in 30° of plantarflexion from either neutral (0°) or the
minimal plantarflexion angle allowed, in case of persistent
contractures. The ankle was passively moved into dorsi-
flexion at 30°, followed by movement back into plantar-
flexion at the rate of 10° per second, during which passive
ankle torquewas measured. During passive dorsiflexion, the
peak torque was calculated using a custom Matlab program
(Mathworks, Natick, MA, USA) and this parameter was
used as the primary outcome variable. We were unable to
measure this value in one mouse from the tamoxifen group
because it had severe contractures and was thus not included
in our analysis of the peak passive torque.

Muscle Harvesting and Fixation

After euthanizing the animals, hindlimbs were skinned and
under a dissecting microscope, we measured the lengths of
the soleus myotendinous and distal tendon in vivo with the
ankle close to neutral (in approximately 0° of dorsiflexion
or minimal plantarflexion) using a digital caliper. We
carefully dissected the tibialis anterior, extensor digitorum
longus, and soleus muscles from the hindlimb. The soleus
and tibialis anterior muscles were divided longitudinally to
provide two specimens: one that was chemically fixed and
one that was flash frozen. For one mouse in the tamoxifen
group, the tibialis anterior, extensor digitorum longus, and
soleus muscles were only fixed due to severe contractures.
In addition, the gastrocnemius and quadriceps muscles
were used to evaluate the efficacy of tamoxifen treatment
inducing the Cre-Lox system to reduce satellite cell number
with flow cytometry. Muscle specimens were pinned at an
in vivo length on a piece of cork and flash frozen in liquid
nitrogen-cooled isopentane (-159° C) and stored in a -80° C
freezer until subsequent analysis.

The soleus, tibialis anterior, and extensor digitorum
longus muscles were pinned on a piece of cork near their

in vivo lengths and fixed for 48 hours in 10% formalin
(Fisher Scientific, Fair Lawn, NJ, USA). After fixation, the
muscles were rinsed three times in phosphate-buffered
saline to remove any residual fixative and were stored in
phosphate-buffered saline for subsequent analysis.

Flow Cytometry

We used previously used procedures for flow cytometry
[32] to quantify global ablation of muscle stem cells-
satellite cells in the quadriceps and gastrocnemius muscles.
Briefly, the muscles were incubated in a digestion buffer
consisting of collagenase and dispase at 37° C, tissues were
mechanically broken down with surgical tools and filtered
with a 40-mmmesh. This was centrifuged at 1300 rpm at 4°
C for 10 minutes to create a pellet containing all the
mononuclear cells from the sample and then resuspended in
fluorescence-activated cell sorting buffer (1 mM of EDTA,
2.5% goat serum in phosphate-buffered saline, and pH of
7.4). Fluorophore-conjugated antibodies were used for a7-
integrin (AbLab, Vancouver, Canada, 1:200), CD31
(eBiosciences, San Diego, CA, USA, 1:200), and CD45
(eBiosciences, San Diego, CA, USA, 1:200), respectively.
An unconjugated antibody for the neural cell adhesion
molecule (BD Biosciences, San Jose, CA, USA, 1:200) was
used with a secondary fluorescent antibody (Goat anti-
mouse Alexafluor 488, Invitrogen, Waltham, MA, USA).

We performed cell sorting using a Canto instrument (BD
Biosciences, San Jose, CA, USA). R-phycoerythrin fluo-
rochromes were used for a7-integrin and the neural cell
adhesion molecule, Pacific blue was used for CD31 and
CD45 (endothelial cells and inflammatory cells), and data
for 60,000-100,000 cells per sample were obtained. We
performed primary gating to exclude cellular debris and
performed secondary gating analysis using FlowJo software
version 10 (BD Biosciences, San Jose, CA, USA). In our
samples, we defined satellite cells as a7-integrin+/ neural
cell adhesion molecule+/CD31-/CD45- cells. Unstained
controls and gating controls (a7-integrin/neural cell adhe-
sion molecule-/CD31+/CD45+) ensured specificity of satel-
lite cell quantification. In tamoxifen-treated Pax7-DTA
mice, 0.58% 6 0.32% of all mononuclear cells were a7-
integrin+/neural cell adhesion molecule+/CD31-/CD45- sat-
ellite cells compared with 3.05% 6 1.75% of cells in the
vehicle-treated Pax7-DTAmice (Fig. 2B). A 76% reduction
(range 74%-79%) in the number of satellite cells was ob-
served in the treatment group (p = 0.001) (Fig. 2C).

Muscle Architecture Measurements

Methods for measuring the architecture of the muscles were
modified from a protocol previously described in detail [9].

Volume 478, Number 4 Satellite Cells, Sarcomere Addition, and Contracture 891

Copyright © 2020 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.



Briefly, the muscles were dissected with sharp forceps and
spring scissors longitudinally into numerous segments
starting from the proximal and distal part of the muscles.
From these segments, three to six fiber bundles of 10 to 15
fibers were dissected from the proximal and distal segments
and lengths measured under a dissecting microscope with
digital calipers. Fiber lengths were measured from three fiber
bundles whenever possible (in two specimens, there was
insufficient tissue and only two measurements were
obtained) andwere averaged to provide themean fiber length
for each sample. These fiber bundles were mounted on slides
and cover slipped to measure sarcomere lengths (Ls) to cal-
culate serial sarcomere number for each sample. Due to
structural changes measurement of Ls using the gold-
standard laser diffraction method [36] did not work.
Consequently, the lengthsweremeasured optically by bright-
field microscopy at 40x magnification (Leica DM3000,
Buffalo Grove, IL, USA). The distance between 10 to 15
serial Z-bands was measured using the computerized caliper
and divided by the corresponding number of sarcomeres to
calculate the average sarcomere length for each sample
bundle. We made measurements for three to five bundles,
which we averaged to provide themean sarcomere length for
each muscle. Then, we calculated the number of serial sar-
comeres by dividing the mean fiber length (Lf) by the mean
sarcomere length (Ls). This measurement was our main
outcome measure for muscle architecture since it accounts
for any variability in the pinning and fixation process that
would affect both the fiber lengths and sarcomere lengths.

Muscle Histology and Immunohistochemistry

We created slides from serial cross-sections (10mm) of flash-
frozen soleus and tibialis anterior muscles embedded in an
optimal cutting temperature compound were created on a
cryostat at -25° C (MicromHM500,Walldorf, Germany) and
stored in a -20° C freezer. Hematoxylin and eosin staining
were used to evaluate the general morphology and area
fraction (the fraction of muscle area) of the soleus muscle, as
described previously [32]. We obtained images of three to
four sections per specimen under 10x objective and ImageJ
(National Institutes of Health) was used to calculate this.
Color thresholding, based on the hue and saturation of the
hematoxylin and eosin-stained sections, were used to differ-
entiate between the pink (that is, the muscle area), and the
white (that is, the extracellular matrix area) regions.
Measurement values of the muscle area were normalized to
the area of thewhole tissue section (100%), whichwe referred
to as the fraction of muscle area [32, 40]. For myofiber area
calculation using Laminin immunohistochemistry, the slides
were washed with phosphate-buffered saline and covered
with a blocking solution (2% bovine serum albumin, 5% fetal
bovine serum, 0.2% Triton X-100, 2% goat serum, and 1 x

phosphate-buffered saline) for 30 minutes. A primary un-
conjugated antibody (Laminin 9393, rabbit polyclonal,
Sigma, St. Louis, MO, USA) for the basal lamina of the
myofibers and a secondary fluorescent antibody (Alexafluor
488 goat anti-rabbit IgG, Invitrogen, Waltham, MA, USA)
were used. A fluorescent mounting medium containing 4’,6-
diamidino-2-phenylindole (DAPI) to stain nuclei was used,
and the slides were sealed with a cover slip. Fluorescence
microscopywas used to capture images of the sections at 10X
magnification and myofiber areas were calculated from the
slides for 4396163 fibers per sample using ImageJ (National
Institutes of Health), as described previously [41].

Hydroxyproline Content

Collagen content was determined with a spectrophotomeric
analysis for hydroxyproline content using our standardized
protocol [17, 53]. Briefly, muscle samples were hydrolyzed
in 6 N of hydrochloric acid for 24 hours at 110° C. Samples
were pipetted into 96-well plates and treated with 37.5 ml or
chloramine T solution for 20 minutes at room temperature,
followed by a 37.5-mL solution of p-diaminobenzaldehyde
for 30 minutes at 60° C. Subsequently, sample absorbance
was read with a spectrophotometer at 550 nm in triplicate
and compared against a standard curve to determine the
hydroxyproline content. The hydroxyproline content, nor-
malized to the wet weight of tissue, was converted to the
collagen content using a constant (7.46) that defines the
number of hydroxyproline residues per collagen molecule.

Statistical Analysis

Satellite cells were expressed as the percentage of all
mononuclear cells in both the tamoxifen and vehicle groups.
Values for samples in the tamoxifen group were normalized
to the average value of the vehicle group as a measure of
satellite cell knockdown. Each flow cytometry session in-
cluded both samples from the tamoxifen and vehicle groups
to correct for any differences in gating for cell selection
across sessions. We used ANOVA to compare the per-
centage of satellite cells between groups. The significance
level (a) for all tests was set at 0.05 (Prism 6.0d; GraphPad
Software Inc, La Jolla, CA, USA). We used two-way
ANOVA (cast x treatment) to compare the number of serial
sarcomeres, fiber length, distal tendon length, myotendinous
length, myofiber area, fraction of muscle area, and collagen
content between immobilized and nonimmobilized hin-
dlimbs and between vehicle-control and tamoxifen groups,
andmultiple-comparisonsweremade using Sidak’s post hoc
tests. Maximal dorsiflexion angle of the immobilized limbs
was assessed with a one-way ANOVA. Linear regression
analysis was performed to quantify the association among
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the number of serial sarcomeres and maximal dorsiflexion
angle. We used analysis of covariance (ANCOVA) to
evaluate the difference in these associations between the
tamoxifen and vehicle groups. Univariate and multivariate
regression analyses were used to evaluate the associations
among collagen content, number of sarcomeres, maximal
dorsiflexion angle, and peak passive torque. In addition,
ANCOVA was used to evaluate the difference in these
associations between the tamoxifen and vehicle groups.
Data are presented as themean6SD (mean difference [95%
CI]; p value), unless otherwise noted.

Results

Reduced Satellite Cell Number Impairs Serial
Sarcomere Addition During Contracture Recovery

Our results showed that recovery from an immobilization-
induced contracture by addition of sarcomeres was impaired
with a reduced number of satellite cells but muscle mor-
phology and collagen content was not altered. The number
of serial sarcomeres in the soleus muscle was lower on the
tamoxifen-casted side (22146 333) than on the contralateral
side (25436 206, -329 [95% confidence interval -650 to -9];
p = 0.04), while these were not different between the vehicle
control-casted side (2644 6 194) and the contralateral side
(27296 249, -85 [95%CI -406 to 236]; p = 0.97) (Fig. 3A).
Correspondingly, the number of serial sarcomeres in the
antagonistic extensor digitorum longus muscle was higher
on the tamoxifen-casted side (2732 6 416) than on the
contralateral side (2009 6 210, 723 [95% CI 377 to 1068];
p = 0.001), but there were no differences in the number of
serial sarcomeres in the extensor digitorum longus between
the casted (2479 6 285) and contralateral sides (2179 6
245, 300 [95% CI -86 to 686]; p = 0.12) for the vehicle
control group (Fig. 3B). No differences were observed in the
number of serial sarcomeres in the tibialis anterior in the
tamoxifen-treated group between the casted (3204 6 387)
and noncasted sides (31276 100, 77 [95% CI -362 to 516];
p = 0.87) or with the vehicle-treated group (3255 6 391,
3497 6 228, respectively, -153 [95% CI -592 to 287]; p =
0.60) (Fig. 3C).

At the level of fiber lengths, similar results were ob-
served; the soleus fiber length was shorter on the tamox-
ifen casted side (6.73 mm6 1.36 mm) compared with the
contralateral side (7.91 mm 6 0.61 mm, -1.19 [95% CI
-2.35 to -0.02]; p = 0.046), while the vehicle control
casted side (8.10 mm 6 0.77 mm) was not different
compared with the contralateral side (8.52 mm 6
0.90 mm, -0.43 [95% CI -1.59 to 0.74]; p = 0.57).
Correspondingly, the extensor digitorum longus fiber
length was greater on the tamoxifen-treated casted side
(7.11 mm 6 1.21 mm) compared with the contralateral

side (5.53mm6 0.50mm, 1.58 [95%CI 0.69 to 2.47]; p =
0.003), while the vehicle control casted side and the
contralateral side were not different (6.60 mm6 0.39 mm
and 6.29 mm 6 0.25 mm, respectively, 0.31 [95% CI
-0.69 to 1.31]; p = 0.65). The distal tendon of the soleus
was longer on the tamoxifen-casted side (7.05 mm 6
0.84 mm) than on the contralateral side (5.96 mm 6
0.29 mm, 1.08 [95% CI 0.32 to 1.85]; p = 0.01), while it
was not different between the vehicle control-casted side
and the contralateral side (6.04 mm 6 0.60 mm and
6.03 mm6 0.53 mm, respectively, (0.006 [95% CI -0.66
to 0.69]; p >0.99).

Fig. 3 This figure shows the number of serial sarcomeres after
1 month of recovery in (A) the soleus, (B) extensor digitorum
longus, and (C) tibialis anterior muscles in tamoxifen-treated
mice and vehicle-treated mice compared with the contralat-
eral, uncasted side (open bar graphs). Data are presented as
the mean 6 SD.
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The muscle area fraction in the soleus was not different
across the groups and sides: 77%6 5% on the tamoxifen-
casted side, 71% 6 6% on the contralateral side (-7.67
[95% CI -27.83 to 12.49]; p = 0.55), 64% 6 11% on the
vehicle control-casted side, and 72% 6 12% on the con-
tralateral side (5.67 [95% CI -14.49 to 25.83]; p = 0.71)
(Fig. 4A-B).

Similarly, the collagen content of the soleus was not
different: 9.66 mg/mg 6 10.30 mg/mg on the tamoxifen-
casted side, 3.96 mg/mg6 1.10 mg/mg on the contralateral
side (-5.71 [95% CI -22.96 to 11.55]; p = 0.62), 11.36
mg/mg 6 13.70 mg/mg on the vehicle control-casted side,
and 7.68 mg/mg 6 3.56 mg/mg on the contralateral side
(-3.68 [95% CI -19.12 to 11.76]; p = 0.77).

Themyofiber area of the soleuswas not different between
the groups across sides. On the tamoxifen-casted side it was
496mm26 69mm2 comparedwith 789mm26 341mm2 on
the contralateral, uncasted side (293 [95% CI -185 to 771];
p = 0.23). In the vehicle control-treated mice, the casted side
had a myofiber area of 671 mm26 202 mm2 compared with
883 mm26 296 mm2 on the contralateral side (213 [95% CI
-215 to 640]; p = 0.36) (Fig. 4C-D). Similarly, the myofiber
area of the antagonist tibialis anterior muscle was similar
across the groups across the sides; 858 mm2 6 134 mm2 on
the tamoxifen-casted side, 1192 mm2 6 364 mm2 on the
contralateral side (334 [95% CI -163 to 831]; p = 0.19),
1006 mm2 6 407 mm2 on the vehicle control-casted side,

and 1276 mm2 6 580 mm2 on the contralateral side (270
[95% CI -227 to 767]; p = 0.3183).

Severity of Contracture Related to Sarcomere Addition
Rather Than Increased Collagen Content

A reduced number of satellite cells hampered the recovery
from the immobilization-induced contractures and the se-
verity of the residual contractures appeared to be due to
insufficient sarcomere addition rather than an increase in
extracellular matrix. The maximal ankle dorsiflexion angle
in the tamoxifen-treated casted group was lower than that
in the vehicle-treated casted group (-16° 6 13° versus 31°
6 39°, -47 [95% CI -89 to -5]; p = 0.03) (Fig. 5A) (positive
values indicate dorsiflexion). Themaximal ankle angle (the
extent of recovery from contracture) was strongly associ-
ated with the number of serial sarcomeres in the soleus (r2 =
0.61; p = 0.007) (Fig. 5B). This association was greater for
the tamoxifen-treated group (slope = 23 sarcomeres/°)
than the vehicle-treated group (slope = 3.92 sarcomeres/°;
p = 0.035).

Maximal ankle angle was positively associated with the
number of sarcomeres; that is, serial sarcomere number of
the soleus (r2 = 0.73; p = 0.0035) and myofiber area of the
soleus (r2 = 0.78, p = 0.002) but was not associated with
collagen content (r2 =0.27; p = 0.15). The number of

Fig. 4 This figure shows the morphology and myofiber area of the soleus muscle in vehicle-treated (left) and tamoxifen-treated
mice (right) along with their contralateral uncasted soleii (open bars). The representative images show (A) hematoxylin and eosin
staining and (B) quantification of the percentage area of hematoxylin and eosin-stained images as muscle versus extracellular
matrix-related. These images show (C) laminin antibody labeling of the basal lamina and (D) themyofiber area from laminin-labeled
images (scale bar = 50 mm for all images).
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sarcomeres in series (serial sarcomere number) and in
parallel (myofiber area) explained 80% of variance in the
maximal ankle angle, that is, degree of recovery from
contractures (r2 =0.80; p = 0.008). Correspondingly, peak
passive torque was negatively associated with serial sar-
comere number (r2 = 0.47, p = 0.0404) but was not asso-
ciated with collagen content (r2 = 0.43; p = 0.057).

Discussion

Children with cerebral palsy have impaired muscle growth
leading to development of contractures, which are associ-
ated with a reduced serial sarcomere number and a reduced
number of satellite cells, that is, muscle stem cells. Here, we
used a transgenic mouse model to create an immobilization-
induced contracture that had reduced ROM, reduced serial
sarcomere number; then we pharmacologically reduced the
number of satellite cells and evaluatedwhether recoverywas
affected. Our results clearly demonstrate that a reduced
number of satellite cells hindered the ability of mice to re-
cover from a contracture-like state and their muscles all
remained in plantarflexion compared with the muscles of
mice with a normal complement of satellite cells that
regained ROM in dorsiflexion. Maximal ankle angle was
negatively associated with the number of serial sarcomeres
in the soleus muscle. The slope of this association was
steeper in mice with a reduced number of satellite cells,
suggesting an increased requirement for the addition of se-
rial sarcomeres during recovery from maximal plantar-
flexion to dorsiflexion. We found that the morphology and

collagen content of the soleus muscle were not altered in
mice, although there was an increase in the length of the
distal tendon inmicewith a reduced number of satellite cells.
Importantly, we showed that the maximal dorsiflexion angle
was positively associated with the number of serial sarco-
meres and myofiber area; that is, sarcomeres in series and
parallel but not collagen content. The peak passive torque
during dorsiflexion was negatively associated with the
number of sarcomeres but not associated with the collagen
content of the soleus muscle.

Limitations

This study has a number of limitations. First, the clinical
question of interest for this studywas whether there is a role
for reduced satellite cell number in impaired muscle
growth, specifically sarcomere addition in children with
cerebral palsy. However, currently it is not possible to
measure this in humans; animal models thus provide an
alternative. Current animal models for cerebral palsy do not
recreate the complex muscular picture observed clinically
[12]. Our transgenic mouse model is not a model of cere-
bral palsy but a satellite cell ablation model. We chose it to
recreate two of the key features observed in muscle con-
tractures: reduced serial sarcomere number and reduced
number of satellite cells to evaluate a relationship between
them. Furthermore, mammalian skeletal muscle physiol-
ogy is fairly conserved across species [10] and mouse
muscles are accepted as a surrogate for human muscles [6].
Consequently, although this work was performed in mice

Fig. 5 This figure shows the severity of contracture 1month aftermobilization. (A) This figure shows themaximal dorsiflexion angle
after 1 month of cage mobilization following the plantarflexion casting in tamoxifen-treated mice and vehicle-treated control mice
(positive values indicate dorsiflexion, negative values indicate plantarflexion). (B) This figure shows the association between the
maximal dorsiflexion angle (that is, the degree of recovery) and the number of serial sarcomeres in the soleus muscle. Data are
shown as the mean 6 SD.
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and is not a brain injury model, we believe that the results
from this study are applicable and relevant to the potential
mechanism of development of contractures in children
with cerebral palsy.

We did not directly measure the number of serial sar-
comeres at the end of the casting phase because of the
limited number of transgenic animals. However, previous
studies in our laboratory and others showed that the number
of serial sarcomeres in the soleus muscle was reduced by
approximately 20% when the muscle was maintained in a
shortened position [50, 61, 62]. Mice in the control group
recovered most of their serial sarcomeres and this number
was only 3% lower than on the contralateral side, whereas
mice in the treatment groups had 13% fewer serial sarco-
meres than on the contralateral side. In addition, our sar-
comere lengths were longer than expected, which could be
because we pinned the muscles at a longer length than
in vivo. To overcome this potential confounder, our main
outcome variable was serial sarcomere number, which is
calculated by normalizing fiber lengths to sarcomere
lengths and is not affected by variations in muscle lengths
that occur during the fixation process [19]. We did not
directly measure cage activity or use any specific strategy
to increase mobility in the mice during the recovery period.
Mice were mobile during both the casting and recovery
phases and did not seem impaired in their ability to eat
food, drink water, and move around. Finally, we had a
mixed group of male and female mice. Because tamoxifen
is an estrogen blocker, it may have other nonspecific
effects. Consistent with the methods of previous studies
[20, 29, 32, 39], we followed a washout period of 10 days
after the treatment to minimize this confounder.

Reduced Satellite Cell Number Impairs Serial
Sarcomere Addition During Contracture Recovery

Our results demonstrate that a reduced number of satellite
cells impaired the addition of serial sarcomeres during re-
covery from an immobilization-induced contracture. The
addition of sarcomeres is believed to occur at the ends of
fibers [61], where satellite cells are in higher concentrations
during the postnatal period [1] and during recovery from a
shortened position, the addition of sarcomeres has been
shown to occur at the end of myofibers [61]. Some authors
[61] posited that satellite cells play a role in this, but they
never directly tested the idea. Our results support this hy-
pothesis. In skeletally mature mice, satellite cell ablation does
not prevent regrowth, at least after unloading-induced atrophy
[29]; however, if present, these cells are activated [25].
Similar results have been observed in adult mice with oblig-
atory hypertrophic processes, such as those seen in synergistic
ablationmodels [39] but satellite cellsmight be required in the
long-term for hypertrophy and maintaining the extracellular

matrix [20]. Our results suggest that regrowth after immobi-
lization in a shortened position is associated with the addition
of sarcomeres in series (serial sarcomere number) and in
parallel (myofiber area), and these sarcomeres were reduced
in the satellite cell-ablated group. The age of themice used for
our experiments was 8 to 10 weeks as opposed to 16 to
20 weeks in previous studies [39]. A recent study using an
obligatory hypertrophy model has shown that satellite cell
ablation in growing mice (8 weeks old) leads to a reduced
muscle hypertrophy, although this is not seen in adult mice
(16 weeks old) [43]. This is consistent with our results.

Tamoxifen treatment induced a 74% to 79% reduction in
the number of satellite cells in Pax7-DTA mice, slightly
lower than the 80% to 90% reduction reported previously
[39]. However, it is higher than a 60% to 70% reduction in
satellite cells in children with cerebral palsy [14, 52],
allowing us to test our hypothesis as it applies to the clinical
population. There was no correlation between the number of
satellite cells and number of serial sarcomeres. However,
this is not surprising, given that the level of reduction was
similar across the groups (74%-79%). Although serial sar-
comeres were reduced by -13% at the end of the recovery
period in the satellite cell-reduced group, clinically, in
children with cerebral palsy, this reduction is much greater
(-46%), suggesting there is much greater impairment in the
addition of serial sarcomeres because of cerebral palsy.

Severity of Contracture Related to Sarcomere Addition
Rather Than Increased Collagen Content

We also found that the mice with reduced number of satellite
cells had residual plantarflexion contractures at the end of the
recovery period. The severity of these contractures was as-
sociated with the ability to add sarcomeres in series and in
parallel rather than increased collagen content. Because there
is an increase in intramuscular collagen content in the first
few weeks of muscle immobilization in a shortened position
[60, 63], we evaluated whether this explained the residual
contractures we observed in our satellite cell-reduced group.
Our results showed that at the end of the 30-day recovery
period collagen content did not dictate the severity of con-
tracture in the treatment group. Furthermore, the results of the
multiple regression analysis suggested that the maximal an-
kle angle was primarily a function of increased sarcomeres in
series and parallel rather than a function of decreased colla-
gen content. The stepwise regression model showed that the
collagen content did not contribute to an increase in the ankle
angle. Satellite cells negatively regulate the extracellular
matrix [20, 32, 44] and play a role in the reorganization of
increased collagen content during the recovery period. In our
previous work [32], we reported that with chronic stretching,
limited addition of serial sarcomeres was possible if there
was a lower number of satellite cells. However, there was a
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considerable increase in the extracellular matrix and a re-
duction of myofiber areas. Importantly, those muscles had a
normal number of serial sarcomeres before stretching, which
is different from the clinical situation of a reduced number of
serial sarcomeres and gradual addition of sarcomeres.
Consequently, our current study tested the clinically relevant
hypothesis of whether an adequate number of satellite cells is
required for a muscle to add serial sarcomeres and recover
from a contracture. Our results showed that an inadequate
number of satellite cells hinders recovery from a muscular
contracture. Stretching-induced activation of satellite cells
[54] may be affected if a contracture is present, and an ade-
quate number is needed for an appropriate response.

Conclusions

In this transgenic mouse model, we showed that sarcomere
addition in series and in parallel during recovery from
skeletal muscle contractures are dependent on the presence
of an adequate number of satellite cells (muscle stem cells).
The severity of the residual contractures in the presence of
reduced number of satellite cells are related to the number
of serial sarcomeres, fiber length, and myofiber area, rather
than an increase in collagen content. We believe these data
are relevant to children with cerebral palsy, who have
substantial limitations in their joint ROM because of
muscular contractures [49]. These muscles have both a
reduced serial sarcomere number and a reduced number of
satellite cells [14, 52]. Rehabilitation focuses on preventing
contractures and facilitating muscle growth with serial
casting, botulinum toxin injections, and stretching [24], to
increase the number of serial sarcomeres. From our results
in a model system, we speculate that in children with ce-
rebral palsy, longitudinal muscle growth by the addition of
sarcomeres is potentially impaired because of a reduced
number of satellite cells, leading to the development of
contractures. Future work needs to evaluate whether in-
creasing or maintaining the number of satellite cells before
development of contractures by targeted exercise training,
such as endurance training that has a positive impact on
their number and function, or by pharmacological treat-
ment of satellite cells themselves, can promote muscle
growth and prevent development of contractures.
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spasticity matter? A 10-year follow-up after selective dorsal
rhizotomy in cerebral palsy. Dev Med Child Neurol. 2011;53:
724-729.

898 Dayanidhi et al. Clinical Orthopaedics and Related Research®

Copyright © 2020 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.



57. Van Naarden Braun K, Doernberg N, Schieve L, Christensen
D, Goodman A, Yeargin-Allsopp M. Birth prevalence of ce-
rebral palsy: a population-based study. Pediatrics. 2016;137:
1-9.

58. von Maltzahn J, Jones AE, Parks RJ, Rudnicki MA. Pax7 is
critical for the normal function of satellite cells in adult
skeletal muscle. Proc Natl Acad Sci U S A. 2013;110:
16474-16479.

59. von Walden F, Jalaleddini K, Evertsson B, Friberg J, Valero-
Cuevas FJ, Pontén E. Forearm flexor muscles in children with
cerebral palsy are weak, thin and stiff. Front Comput Neurosci.
2017;11.

60. Williams PE, Catanese T, Lucey EG, Goldspink G. The impor-
tance of stretch and contractile activity in the prevention of con-
nective tissue accumulation in muscle. J Anat. 1988;158:109-114.

61. Williams PE, Goldspink G. Longitudinal growth of striated
muscle fibres. J Cell Sci. 1971;9:751-767.

62. Williams PE, Goldspink G. The effect of immobilization on the
longitudinal growth of striated muscle fibres. J Anat. 1973;116:
45-55.

63. Williams PE, Goldspink G. Connective tissue changes in
immobilised muscle. J Anat. 1984;138 (Pt 2):343-350.

64. Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem
cell niche. Physiol Rev. 2013;93:23-67.

Volume 478, Number 4 Satellite Cells, Sarcomere Addition, and Contracture 899

Copyright © 2020 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.


