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�2-Integrins contribute to skeletal muscle hypertrophy in mice
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Marino JS, Tausch BJ, Dearth CL, Manacci MV, McLough-
lin TJ, Rakyta SJ, Linsenmayer MP, Pizza FX. �2-Integrins
contribute to skeletal muscle hypertrophy in mice. Am J Physiol
Cell Physiol 295: C1026 –C1036, 2008. First published August 27,
2008; doi:10.1152/ajpcell.212.2008.—We tested the contribution of
�2-integrins, which are important for normal function of neutrophils
and macrophages, to skeletal muscle hypertrophy after mechanical
loading. Using the synergist ablation model of hypertrophy and mice
deficient in the common �-subunit of �2-integrins (CD18�/�), we
found that overloaded muscles of wild-type mice had greater myofiber
size, dry muscle mass, and total protein content compared with
CD18�/� mice. The hypertrophy in wild-type mice was preceded by
elevations in neutrophils, macrophages, satellite cell/myoblast prolif-
eration (5�-bromo-2�-deoxyuridine- and desmin-positive cells), mark-
ers of muscle differentiation (MyoD1 and myogenin gene expression
and formation and size of regenerating myofibers), signaling for
protein synthesis [phosphorylation of Akt and 70-kDa ribosomal
protein S6 kinase (p70S6k)], and reduced signaling for protein deg-
radation (decreased gene expression of muscle atrophy F box/atrogin-
1). The deficiency in �2-integrins, however, altered the accumulation
profile of neutrophils and macrophages, disrupted the temporal profile
of satellite cell/myoblast proliferation, reduced the markers of muscle
differentiation, and impaired the p70S6k signaling, all of which could
serve as mechanisms for the impaired hypertrophy in overloaded
CD18�/� mice. In conclusion, our findings indicate that �2-integrins
contribute to the hypertrophic response to muscle overload by tem-
porally regulating satellite cells/myoblast proliferation and by enhanc-
ing muscle differentiation and p70S6k signaling.

skeletal muscle growth; neutrophils; macrophages; compensatory hy-
pertrophy

MECHANICAL LOADING of skeletal muscle initiates an inflammatory
response and cellular and molecular events that cause hypertro-
phy. The inflammatory response is characterized by the accumu-
lation of neutrophils and macrophages in skeletal muscle in the
hours to days after mechanical loading (10, 33, 46). Hypertrophy,
defined by an increase in the size, mass, and protein content of
affected muscles, occurs when the rate of protein synthesis ex-
ceeds the rate of protein degradation. Hypertrophy induced by
mechanical loading appears to be dependent on both the prolifer-
ation of satellite cells (1, 31, 38) and cell signaling for protein
synthesis via activation of protein kinase B (Akt), mammalian
target of rapamycin (mTOR), and 70-kDa ribosomal protein S6
kinase (p70S6k) (52). Cell signaling for protein degradation in
skeletal muscle can occur via reduced Akt signaling and/or in-
creased expression of muscle atrophy F box (MAFbx or atro-
gin-1) and muscle ring finger 1 (MuRF1), two muscle-specific E3
ubiquitin ligases (19). The contribution of neutrophils and/or

macrophages to cellular and molecular regulation of hypertrophy,
however, is poorly understood.

In compensatory hypertrophy models, neutrophils and macro-
phages accumulate in skeletal muscle (3, 10, 46) when signs of
satellite cell proliferation (1, 31, 41) and signaling for protein
synthesis (52) are also evident. This temporal association may
indicate that neutrophils and/or macrophages contribute to muscle
hypertrophy. Neutrophils and macrophages could influence hy-
pertrophy by producing factors (e.g., cytokines and reactive oxy-
gen species; ROS) that influence satellite cells and/or protein
balance in skeletal muscle (14, 17). Indeed, macrophages and/or
their derived products promote proliferation of cultured myoblasts
(7, 8), aid regrowth of injured skeletal muscle (7, 44), and appear
to be required for compensatory hypertrophy (10).

A potential mechanism by which neutrophils and/or macro-
phages could influence hypertrophy is via activation of �2-
integrins (CD11/CD18), which are heterodimers exclusively
expressed by cells of the hematopoietic lineage (23). �2-
Integrins are important to the inflammatory response because
they control the entry of neutrophils into tissues and the ability
of neutrophils and monocytes/macrophages to produce ROS
and cytokines (9, 22, 27, 29, 30, 37, 48, 49). Several cytokines
that appear to be controlled by �2-integrins [e.g., tumor necro-
sis factor-� (TNF-�) interleukin (IL)-6, IL-1�, and transform-
ing growth factor �1 (TGF-�1)] (9, 29, 30, 49) have been
reported to be elevated in hypertrophying skeletal muscle (16,
46) and to influence satellite cells, protein synthesis, and/or
protein degradation (14, 17). A role of �2-integrins in control-
ling cytokine production in skeletal muscle is indicated by
Hamada et al. (13), who reported significant correlations be-
tween transcript levels of CD18 and TNF-�, IL-6, IL-1�, and
TGF-�1 in human skeletal muscle after exercise. Thus, �2-
integrin signaling in neutrophils and/or macrophages could
influence hypertrophy induced by mechanical loading.

In the present study, we used the synergist ablation model to
test the hypothesis that �2-integrins are necessary for muscle
hypertrophy. In support of our hypothesis, we found greater
myofiber size, dry muscle mass, and total protein content in
overloaded plantaris muscles of wild-type mice compared with
mice deficient in CD18 (CD18�/�). We then tested the con-
tribution of �2-integrins to overload-induced changes in neu-
trophil and macrophage accumulation, satellite cell/myoblast
proliferation, muscle differentiation, and cell signaling for
protein synthesis and protein degradation.

METHODS

Animals. Male wild-type (C57BL/6) and CD18�/� (Itgb2tm1Bay;
C57BL/6 background) mice were commercially obtained (Jackson
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Laboratory, Bar Harbor, ME). The CD18�/� mice are hypomorphic
homozygotes for the CD18 allele and unlike the null mutants, do not
exhibit any known pathology nor die prematurely (50). Mutations in
CD18 are known to cause reductions in the �- subunits (e.g., CD11b)
of �2-integrins and thus significantly compromise the function of all
�2-integrins (43). Mice were fed standard laboratory chow and water
ad libitum. Experimental procedures were approved by the University
of Toledo Institutional Animal Care and Use Committee and were
performed on mice of 3–4 mo of age.

Surgical procedures. Mice were anesthetized with an intraperito-
neal injection of 2% tribromoethanol (0.015 ml/g body mass), and
supplemental doses were given as needed. Chronic overload of the
plantaris was achieved by surgical, bilateral removal of the gastroc-
nemius and soleus muscles using aseptic techniques. The plantaris
muscle was left intact to function as the primary plantar flexor during
normal cage ambulation. A sham operation was performed on a
different set of mice by exposing, but not surgically removing, the
soleus and gastrocnemius muscles. Mice were permitted to ambulate
for 3, 7, or 14 days following surgical procedures. An additional set
of mice who had normal cage activity and who did not undergo
surgery were used as controls.

Mice were killed by cervical dislocation under anesthesia. Plantaris
muscles were dissected out, blotted dry, and weighed. Muscles used
for histological analyses were frozen as previously described (33),
whereas other muscles were frozen in liquid nitrogen and analyzed for
dry muscle mass, total protein content, or protein or gene expression.
Muscles analyzed for gene expression were treated with RNALater
(Qiagen) and subsequently stored in liquid nitrogen.

Dry muscle mass. Plantaris muscles were weighed, freeze dried for
72 h, and reweighed. Percent water content was calculated from the
difference between wet and dry mass for individual muscles. The
percent change in wet and dry muscle mass (mg/g body mass) relative
to control values was calculated and used to calculate the percent
contribution of changes in muscle water to changes in wet muscle
mass for each individual muscle. Total protein content of dry muscles
was not determined.

Immunohistochemistry. Neutrophils, macrophages, and CD18�

cells in transverse sections (10 �m) were quantified as previously
described (33). Neutrophils were identified using an anti-mouse Ly6G
antibody [clone RB6-8C5; 1:100 in phosphate-buffered saline (PBS);
BD Pharmingen], whereas macrophages were recognized using an
anti-mouse F4/80 antibody (clone CI:A3-1; 1:100 in PBS; Serotec).
CD18� cells were labeled with an anti-mouse CD18 antibody (clone
M18/2; 1:75 in PBS; BD Pharmingen). Labeled cells in two entire
sections for each muscle were manually counted, and the total number
of cells was expressed relative to the volume of the section area
(Ly6G�, F4/80�, or CD18�/mm3) (33).

Histology. Transverse sections (10 �m) were stained with hema-
toxylin and eosin and examined for signs of both injury and regener-
ation. Myofibers that showed a pale or discontinuous cytoplasmic
staining, were substantially swollen in appearance, or were invaded by
cells were classified as injured. The number of central nucleated
myofibers in two entire sections for each muscle was counted and then
expressed as a percentage of the total number of myofibers within
each section. The cross-sectional area (CSA) of central nucleated and
normal myofibers was determined using digital image analysis soft-
ware (Image Pro Plus). Normal myofibers were defined as those that
did not show signs of injury nor central nucleation.

Satellite cell/myoblast proliferation. Mice were implanted subcu-
taneously at the time of surgery with a continuous release pellet of
5�-bromo-2�-deoxyuridine (BrdU; Innovative Research America), a
thymidine analog. The pellet was intended to deliver �0.025 mg
BrdU �g body mass�1 �day�1. Incorporation of BrdU into the DNA of
mitotically active cells was determined via immunofluorescence.
Transverse sections (10 �m) of muscles were fixed with 4% formal-
dehyde and microwaved for 5 min at �225 W in 50 ml of 10 mM
citrate buffer (pH 6.0) (24). Sections were allowed to cool in citrate

buffer for 5 min and were microwaved again in fresh buffer for 5 min.
Pilot experiments revealed that this protocol was superior to others
tested (e.g., acid treatment) for preparing sections for double labeling.
Sections were then blocked [3% bovine serum albumin (BSA), 0.05%
Tween 20, and 0.2% gelatin in PBS] for 30 min. Mouse anti-BrdU
(catalog no. RPN202, GE Healthcare Life Sciences) and rabbit anti-
desmin (catalog no. D8281, Sigma-Aldrich) were diluted 1:50 in a
solution containing nuclease (GE Healthcare Life Sciences). Slides
were then incubated overnight at 4°C, washed in PBS, and incubated
with anti-mouse fluorescein isothiocyanate-conjugated and anti-rabbit
Cy-3-conjugated secondary antibodies (1:100; Jackson Immuno-
Research Laboratories). The sections were mounted with Vectashield
containing 4�,6-diamidino-2-phenylindole. Proliferation of presump-
tive satellite cells/myoblasts was determined by manually counting
the number of desmin-positive (desmin�) cells that incorporated
BrdU into their nuclei (desmin�BrdU� cells). Counting was per-
formed by someone who was blind to the treatment of the muscle
sections during analysis. The number of double-positive cells in
each muscle section was then expressed relative to muscle area
(desmin�BrdU� cells/mm2).

Protein content. Wet muscles were homogenized in reducing sam-
ple buffer (2% sodium dodecyl sulphate, 1.5% dithiothreitol, 1 M
Tris �HCl, and 10% glycerol) containing protease inhibitors [1 mM
EDTA, 5 �g/ml leupeptin, 5 �g/ml aprotinin, 11 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride, and 5 �g/ml sodium orthovanadate]. Ho-
mogenates were centrifuged (5,000 g, 4°C, 10 min), and the amount
of protein in supernatants was determined (25).

Western blot analysis. Homogenized samples were separated on
7.5% or 10% gels via SDS-PAGE. Proteins were transferred to Immo-
bilon-P (for p70S6k) or PVDF-FL (for Akt) membranes (Millipore), and
Ponceau S staining of membranes was done to assess quality of transfer.
Membranes were blocked with either 3% BSA/0.05% Tween 20 in
Tris-buffered saline (TBS; for p70S6k) or 5% nonfat dry milk in TBS (for
Akt). Membranes were washed in TBS/0.05% Tween 20 (TBS-T) and
incubated overnight at 4°C with one of the following antibodies (Cell
Signaling Technologies) that was diluted in blocking buffer: total p70S6k
(1:1,000; catalog no. 9202), phospho-p70S6k Thr389 (1:1,000; catalog
no. 9205), total Akt (1:1,000; catalog no. 9272), and phospho-Akt Ser473
(1:1,000; catalog no. 9271). Membranes were washed in TBS-T and
incubated with either a peroxidase-conjugated secondary antibody (for
p70S6k; 1:10,000; Jackson ImmunoResearch Laboratories) or an Alexa
Fluor 680 secondary antibody (for Akt; 1:5,000; Invitrogen). Presence of
protein was determined using an amplified opti-4CN detection kit (for
p70S6k; Bio-Rad) or using the Odyssey infrared detection system
(for Akt).

Real-time PCR. Plantaris muscles, pretreated with RNALater, were
homogenized using a bead homogenizer (Tissue Lyser, Qiagen) and
RNA was isolated using a commercial kit for fibrous tissue according
to the manufacturer’s protocol (Qiagen). Purity and concentration of
RNA were determined spectrophotometrically, and reverse transcrip-
tion was performed using the high-capacity cDNA reverse transcrip-
tion kit from Applied Biosystems. Real-time PCR was performed for
the following using TaqMan PCR master mix and gene expression
primers and probes (prelabeled with FAMJ as a reporter dye) that
are inventory items of Applied Biosystems: MyoD (assay ID:
Mm00440387_m1), myogenin (assay ID: Mm00446194_m1),
MAFbx/atrogin-1 (assay ID:Mn00499518_m1), and MuRF1 (assay
ID:Mn01188690_m1). Each sample was run in triplicate, and detec-
tion was achieved using Applied Biosystems 7500 real-time PCR
system. The relative quantification method (��CT, where CT is
threshold cycle) was used to document results, and data were normal-
ized to GAPDH (assay ID: Mn99999915_g1).

Statistical analyses. Data sets that included sham-treated mice were
initially analyzed using a three-way analysis of variance (ANOVA)
using mouse strain (wild type and CD18�/�), surgery (sham and
ablated), and time (3, 7, and 14 days) as independent factors. Because
only two-way interactions were found in these analyses, data were
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analyzed again using a two-way ANOVA using mouse strain and time
as independent factors. Data sets that did not include sham-treated
mice were analyzed using a two-way ANOVA. The Student-New-
man-Keuls post hoc test was used to locate the differences between
means when the observed F ratio was statistically significant (P 	
0.05). Data are reported as means 
 SE unless otherwise stated.

RESULTS

Presurgery body masses (27 
 2.0 and 26 
 3.4 g) and age
(15 
 2 and 16 
 2 wk old) were similar between wild-type
and CD18�/� mice, respectively (values are means 
 SD). In
control muscles, plantaris masses (13.2 
 2.6 and 13.5 
 2.6
mg; n � 17–20), total protein content (118.7 
 5.7 and
124.4 
 5.1 �g of protein/mg plantaris mass; n � 6 per strain),
and myofiber CSA (1,061 
 89 and 1,032 
 137 �m2; n � 4
per strain) were similar between wild-type and CD18�/� mice,
respectively (values are means 
 SD). Lastly, we previously
reported that CD18�/� mice showed normal muscle histology
and muscle function at baseline (33).

�2-Integrins contribute to compensatory hypertrophy. Wet
muscle mass was significantly higher in overloaded (3, 7, and
14 d) wild-type and CD18�/� mice relative to their sham-
treated counterparts and was higher in wild-type relative to
CD18�/� mice at 14 days of overload (Fig. 1A). Overload-
induced elevations in wet muscle masses, however, were
largely the result of an increase in muscle water content.
Muscle water content (see supplemental data Fig. S1 in the
online version of this article available at American Journal of
Physiology-Cell Physiology website) and its contribution to
changes in wet muscle mass (Fig. 1B), however, were not
statistically different between wild-type and CD18�/� mice at
any overload time point, although the percent contribution of
increased water content to changes in muscle mass at 14 days
of overload was slightly (P � 0.25) lower for wild-type (51%)
compared with CD18�/� mice (62%). Because of the relatively
large contribution of muscle water content to increased wet
muscle mass, myofiber CSA, dry plantaris mass, and total
protein content were used as the primary outcome measures of
hypertrophy.

Myofiber CSA (Fig. 2A), dry plantaris mass (Fig. 2B), and
total protein content (Fig. 2C) at 14 days of overload were
significantly higher in wild-type compared with CD18�/�

mice. In wild-type mice, myofiber CSA, dry plantaris mass,
and total protein content at 14 days of overload were twofold
higher than controls. For CD18�/� mice, dry plantaris mass
was not statistically elevated above control levels at any of the
overload time points, although it was 24% higher at 14 days
of overload relative to control levels (P � 0.23). In 14-day
overloaded muscles of CD18�/� mice, total protein and myo-
fiber CSA were statistically higher than control levels by 35%
and 25%, respectively. Thus, the CD18 deficiency blunted the
hypertrophic response to muscle overload. Because we did not
examine overload time points beyond 14 days, it is unknown
whether overloaded CD18�/� mice would eventually show
more substantial signs of hypertrophy.

�2-Integrins influence the accumulation profile of neutro-
phils and macrophages. At 3 days of overload, neutrophils
were elevated by a similar magnitude for wild-type (10-fold)
and CD18�/� (8-fold) mice relative to their sham-treated
counterpart (Fig. 3A), whereas macrophages remained at sham
levels for both wild-type and CD18�/� mice (Fig. 3B). At 7

days of overload, neutrophils were 3-fold higher and macro-
phages were 1.3-fold lower in wild-type mice compared with
CD18�/� mice. We did not find neutrophils or macrophages in
the cytoplasm of myofibers at any time point of overload,
suggesting that myofiber necrosis is not a prevalent feature of
the synergistic ablation model. For wild-type mice, neutrophils
returned to sham-treated levels sometime between 7 and 14
days of overload. Macrophages were still substantially elevated
in 14-day overloaded muscles of both wild-type and CD18�/�

mice.

Fig. 1. Wet muscle mass and contribution of increased water content. A: wet
plantaris mass expressed relative to body mass (n � 5–8/sham-treated group;
n � 32–35/overloaded group). *Significantly higher for overloaded wild-type
and CD18�/� mice compared with their sham-treated counterpart at the
indicated time points. #Significantly higher for wild-type relative to CD18�/�

mice at 14 days (14 d) of overload. B: percent contribution of changes in
muscle water content to changes in wet plantaris mass in overloaded mice (n �
6–8/group). *Significantly lower for both wild-type and CD18�/� mice at 7
and 14 d of overload relative to mice overloaded for 3 d.
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