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M1 macrophages play a major role in worsening muscle injury in the mdx mouse model of Duchenne muscu-
lar dystrophy. However, mdx muscle also contains M2c macrophages that can promote tissue repair, indicat-
ing that factors regulating the balance between M1 and M2c phenotypes could influence the severity of the
disease. Because interleukin-10 (IL-10) modulates macrophage activation in vitro and its expression is elev-
ated in mdx muscles, we tested whether IL-10 influenced the macrophage phenotype in mdx muscle and
whether changes in IL-10 expression affected the pathology of muscular dystrophy. Ablation of IL-10
expression in mdx mice increased muscle damage in vivo and reduced mouse strength. Treating mdx
muscle macrophages with IL-10 reduced activation of the M1 phenotype, assessed by iNOS expression,
and macrophages from IL-10 null mutant mice were more cytolytic than macrophages isolated from wild-
type mice. Our data also showed that muscle cells in mdx muscle expressed the IL-10 receptor, suggesting
that IL-10 could have direct effects on muscle cells. We assayed whether ablation of IL-10 in mdx mice
affected satellite cell numbers, using Pax7 expression as an index, but found no effect. However, IL-10
mutation significantly increased myogenin expression in vivo during the acute and the regenerative phase
of mdx pathology. Together, the results show that IL-10 plays a significant regulatory role in muscular dys-
trophy that may be caused by reducing M1 macrophage activation and cytotoxicity, increasing M2c macro-
phage activation and modulating muscle differentiation.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is caused by genetic
deletion of dystrophin, a subsarcolemmal protein that strength-
ens the muscle cell membrane (1,2). Loss of dystrophin
renders myofibers susceptible to contraction-induced injury
(2), leading to muscle degeneration and invasion by a hetero-
geneous infiltrate of immune cells (3). Although the immune
cell infiltrate in dystrophin-deficient muscle is composed of
macrophages, T-cells, neutrophils, eosinophils and mast

cells, the number of macrophages vastly exceeds that of
other inflammatory cell populations (4–9). Depletion of
macrophages in the mdx mouse model of DMD at the early,
acute peak of muscle pathology produced large reductions in
lesions in the plasmalemma of muscle fibers (6), showing
that muscle macrophages that are present during the acute,
degenerative stage of mdx dystrophy are highly cytolytic,
and that they play a central role in the pathogenesis of muscu-
lar dystrophy.
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Inhibiting the immune response in dystrophic muscle can
delay the progression of muscular dystrophy and prolong
ambulation. For example, DMD patients treated with gluco-
corticoids, which are widely used for their immunosuppressant
properties, have improved muscle strength and remain ambu-
latory longer than untreated patients (3,10,11). However, long-
term use of glucocorticoids produces unwanted side effects,
including weight gain, susceptibility to infection and cushin-
goid appearance (10,11), which has led to our interest in iden-
tifying better-tolerated, immune-based interventions to reduce
inflammatory cell-mediated damage to dystrophic muscle.
Interleukin-10 (IL-10) is an attractive candidate molecule
because it is a pleiotropic cytokine that regulates lymphoid
and myeloid cell function (12) and may thereby be able to
modulate immune-cell-mediated damage of dystrophic
muscle. IL-10 was initially discovered during screens for
inhibitory factors produced by Th2 clones that prevented cyto-
kine production by Th1 cells (13). In particular, IL-10 greatly
inhibited the expression of interferon-gamma (IFN-g) (14) and
tumor necrosis factor-alpha (TNF-a) (14), both of which drive
pro-inflammatory responses and activate cytotoxic, M1 macro-
phages (13). Once activated to the M1 phenotype, macro-
phages express cytokines such as TNF-a, IL-1b and IL-6
(15) that further promote inflammation and the M1 phenotype.

Although primary functions of IL-10 are suppressing the
production of pro-inflammatory cytokines and deactivating
cytolytic, M1 macrophages (16,17), IL-10 can also activate
macrophages to the M2c phenotype (18,19). M2c macrophages
express the common M2 markers, IL-4Ra, arginase-1 and
CD206, but they also express CD163, which is not expressed
by other M2 macrophage populations (18,20–23). CD163+
M2c macrophages are the predominant macrophage popu-
lation during the regenerative stage of mdx muscular dystro-
phy, which suggests that they may influence muscle
regeneration (24). Furthermore, addition of CD163+ macro-
phages to cultures of rat muscle cells increased myoblast pro-
liferation (25), although data supporting a role for IL-10 in
regulating muscle proliferation or differentiation in vivo have
not yet been provided.

IL-10 can also have direct effects on muscle cells. Treat-
ment of C2C12 myoblasts with IL-10 prior to treating with
pro-inflammatory cytokines can influence the induction of sig-
naling pathways that are activated by cytokine exposure. For
example, pre-treatment of myoblasts with IL-10 prevented
the induction of JNK phosphorylation by TNF-a (26). Further-
more, IL-10 can block the induction of IL-6 expression by
TNF-a in myoblasts and antagonize the inhibitory effects of
TNF-a and IL-1b on IGF-1 signaling in myoblasts (26,27).
Those findings indicate that modulation of IL-10 levels in
inflamed muscle may affect the response of muscle to the
inflammatory process, as well as influencing the inflammatory
process itself.

The present investigation tests the hypothesis that IL-10
regulates macrophage function during muscular dystrophy
and thereby affects muscle pathology. IL-10 null mdx mice
(IL-102/2/mdx mice) were generated to test whether IL-10
reduces muscle fiber injury by inhibiting the cytotoxic activi-
ties of M1 macrophages and to test whether manipulation of
IL-10 expression in vivo affects the strength or endurance of
mdx mice. In vitro assays were also used to test whether

IL-10 stimulation of macrophages isolated from mdx muscle
reduces their cytotoxicity and assay whether macrophage
lysis of muscle cells is influenced by ablation of IL-10
expression. We then tested whether IL-10 influences M2c acti-
vation of macrophages in dystrophic muscle by assaying the
expression levels of genes associated with M2c macrophages
during the acute phase of mdx pathology and during the regen-
erative phase. Finally, we tested whether IL-10 can regulate
muscle regeneration through direct effects on muscle cell pro-
liferation and differentiation in vitro and in vivo. Collectively,
our findings provide insight into the diverse processes that are
regulated by IL-10 during muscular dystrophy and suggest
IL-10 may have value as a therapeutic agent for the treatment
of DMD.

RESULTS

Expression of IL-10 and its receptor are elevated in
dystrophic muscle during the acute onset of pathology and
during muscle regeneration

The distribution of satellite cells, M1 macrophages and M2
macrophages in inflammatory lesions in mdx muscle was
assayed by double-immunolabeling for F4/80 antigen and
CD206. F4/80 is a macrophage specific marker and CD206
is expressed by M2 macrophages (28) and by satellite cells
(29). Our observations showed that F4/80+/CD2062 M1
macrophages and F4/80+/CD206+ M2 macrophages are
co-distributed in inflammatory lesions in mdx muscle
(Fig. 1A). Real-time PCR analysis for IL-10 and IL-10R1
expression in mdx muscle showed that IL-10 expression was
elevated between 8- and 15-fold in mdx quadriceps muscle,
compared with wild-type muscle, with a significant decline
in IL-10 expression in mdx muscle between 4-week-old and
12-week-old mdx mice (Fig. 1B). However, real-time PCR
data show a small but significant increase in IL-10R1
expression between 4 weeks and 12 weeks of age in mdx quad-
riceps (Fig. 1C). Immunohistochemical localization of
IL-10R1 in mdx muscles from 4-week and 12-week-old mice
showed that IL-10R1 was present on the surface of mononu-
cleated cells in inflammatory lesions and on myotubes and
regenerative muscle fibers (Fig. 1D–G).

IL-10 reduces activation and cytotoxicity of mdx muscle
M1 macrophages in vitro and in vivo

Previous work has shown that M1 macrophages lyze mdx
muscle fibers via iNOS-dependent mechanisms during the
early, acute phase of mdx pathology (24) and that IL-10 can
inhibit iNOS expression (30). Findings presented here show
that treatment of mdx muscle macrophages with IL-10
ex vivo significantly reduced iNOS expression and attenuated
macrophage cytotoxicity (Fig. 2A and B). Macrophages that
were isolated from muscles of either 4-week-old or
12-week-old mdx mice that were null mutants for IL-10
were significantly more cytotoxic than macrophages isolated
from mdx mice that expressed IL-10 (Fig. 2C and D).
Finally, we tested whether IL-10-mediated signaling could
influence mdx muscle fiber damage in vivo by assaying
muscle membrane damage and fiber regeneration in mdx mice
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that expressed IL-10 or in which the IL-10 gene had been
ablated (Fig. 2E–G). Influx of the fluorescent, extracellular
marker dye Procion orange was used as an indicator of
muscle membrane damage, which showed that loss of IL-10
significantly increased muscle membrane damage in both

4-week-old and 12-week-old mdx mice (Fig. 2F and G).
Loss of IL-10 in mdx muscle also caused elevations in central-
nucleated, regenerative fibers in 12-week-old mice (Fig. 2E),
reflecting increased regeneration following increased muscle
damage in 4- and 12-week-old IL-102/2/mdx mice.

Figure 1. IL-10-mediated signaling between macrophages and muscle cells is enhanced in muscular dystrophy. (A) Inflamed lesions in 4-week-old mdx muscle
contain M1 macrophages, M2 macrophages and satellite cells. Cross-section of quadriceps muscle was labeled with anti-F4/80 (red), which binds all macrophage
phenotypes, anti-CD206 (green), which binds M2 macrophages and satellite cells, and DAPI reagent (blue), which binds DNA to show the position of nuclei. M1
macrophages are CD2062/F4/80+ (red). M2 macrophages are CD206+/F4/80+ (orange). Satellite cells are CD206+/F4/802 (green). Bar ¼ 50 mm. (B) Quanti-
tative, real-time PCR results for relative mRNA levels for IL-10 in quadriceps muscles of 4-week-old or 12-week-old wild-type or mdx mice. Expression levels
are relative to 4-week-old wild-type muscles, for which the expression level is set at one unit. Asterisks indicate significantly different from 4-week-old wild-type
quadriceps at P , 0.001. Hash symbol indicates significantly different from 4-week-old quadriceps from mice that are the same genotype at P , 0.001. Each
experimental group included quadriceps from five mice. Error bars are too small to appear in the figure. (C) Quantitative, real-time PCR results for relative
mRNA levels for IL-10R1 in quadriceps muscles of 4-week-old or 12-week-old mdx mice. Expression levels are relative to 4-week-old muscles, for which
the expression level is set at one unit. Asterisks indicate significantly different from 4-week-old quadriceps at P , 0.05. Each experimental group included quad-
riceps from five mice. Bars represent sem. (D–G) Cross-sections of quadriceps muscle immunolabeled for IL-10R1 or antibody control preparations. Bars ¼
50 mm. (D) Section of 4-week-old mdx muscle showing an inflamed lesion containing cells expressing IL-10R1 (red). (E) Section of 4-week-old mdx muscle
showing regenerative muscle fibers (labeled 1 or 2) that express IL-10R1 (red). (F) Section adjacent to the section shown in (E). The section was incubated
with anti-IL-10R1 from which immunoglobins specific for IL-10R1 were depleted from the antibody solution by incubation with mouse IL-10R1 prior to labeling
the section. The fibers labeled 1 or 2 are the same regenerative fibers as those labeled 1 or 2 in (E). (G) Section from 4-week-old wild-type muscle immunolabeled
for IL-10R1 using treatment conditions that were identical to those used to label the mdx muscle section shown in (E).
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IL-10 null mutation reduces mdx mouse strength

We tested whether the increase in muscle membrane
damage caused by ablation of IL-10 signaling in mdx
mice was associated with changes in strength or endurance.
Null mutation of IL-10 caused large, significant reductions
of strength in 4-week-old and 12-week-old mice that were
assayed in the wire-hang test (Fig. 3A). Similarly, treadmill
running time was greatly reduced in 12-week-old mdx mice
in which IL-10 was mutated, although there was no

significant effect on the running time of 4-week-old mice
(Fig. 3B).

IL-10 promotes the M2c phenotype of mdx muscle
macrophages in vitro and in vivo

We also tested whether IL-10 could influence the pathology of
muscular dystrophy by affecting the phenotype of M2 macro-
phages. Because previous investigations demonstrated that

Figure 2. IL-10 deactivates M1 macrophages and reduces muscle damage in mdx mice. (A) Macrophages isolated from 4-week-old mdx mice were stimulated
with a range of IL-10 concentrations (1–100 ng/ml) and lyzed after 24 h of stimulation. Macrophage lysates were separated by SDS–PAGE and relative levels of
iNOS were assayed by western blotting. The membrane used for immunoblotting was stained with Ponceau red (‘Loading’) before application of the antibody to
verify equal protein loading in each lane. (B) Macrophages purified from 4-week-old mdx muscles were stimulated with IL-10 (10 ng/ml) for 24 h prior to
co-culturing with C2C12 myotubes. After 24 h of co-culture, cell lysis was decreased 26% by IL-10. Asterisks indicate P , 0.05 compared with non-stimulated
control. (C and D) Macrophages isolated from 4-week-old (C) or 12-week-old (D) IL-102/2/mdx mice displayed increased cytotoxic potential compared with
IL-10+/+/mdx controls (30–50% increase in IL-102/2/mdx versus IL-10+/+/mdx). Asterisks indicates significant difference at P , 0.05 compared with
IL-10+/+/mdx. (E) Quantification of the number of central-nucleated fibers in cross-sections of quadriceps muscles from 4-week-old or 12-week-old mdx
mice that expressed IL-10 (+/+) or were IL-10 null mutants (2/2). Asterisk indicates significantly different from 4-week-old IL-10+/+/mdx quadriceps at
P , 0.05. Hash symbol indicates significantly different from age-matched IL-10+/+/mdx mice quadriceps. Each experimental group included quadriceps
from six mice. Bars represent sem. (F and G) Measurements of fluorescence intensity in muscle fibers of 4-week-old (F) and 12-week-old mice (G) indicated
increases in myofiber injury in IL-102/2/mdx mice compared with IL-10+/+/mdx controls. Blue, striped peaks represent data from IL-10+/+/mdx. Orange peaks
represent data from IL-102/2/mdx mice.
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M2c macrophages are associated with regeneration of mdx
muscle and comprise a larger proportion of the inflammatory
infiltrate in regenerative mdx muscle (24), we tested whether
IL-10 could promote the M2c phenotype in dystrophic
muscle. Expression of CD163 and CD206 were used as indi-
cators of the M2c phenotype. IL-10 stimulation of macro-
phages that were isolated from mdx muscle increased the
expression of CD163 and CD206 in vitro, which confirmed
that mdx muscle macrophages expressed IL-10R and showed
that their stimulation with IL-10 skews them toward an M2c
phenotype (Fig. 4A and B). Immunohistochemical obser-
vations confirmed that F4/80+/CD163+ M2c macrophages
are present in inflammatory lesions in mdx muscles
(Fig. 4C–E). However, resident macrophages that are
present in much lower numbers in the muscles of healthy,
wild-type mice also express CD163 (Fig. 4F), reflecting a
role for M2c macrophages in normal physiological processes
in muscle. Although the numbers of M2c macrophages
increase greatly in mdx muscle, they remain a minor fraction
of the total inflammatory infiltrate in inflammatory lesions
(Fig. 4G).

Quantitative immunohistochemical data showed that abla-
tion of IL-10 in mdx mice reduced the numbers of CD163+
M2c macrophages in 12-week-old mdx muscle by �40%,
thus decreasing the M2c macrophage numbers to wild-type
levels (Fig. 4H). This finding indicates that IL-10-mediated
signaling contributes to the M2c macrophage phenotype in
regenerative muscle, although IL-10 is not required for activat-
ing the M2c phenotype.

IL-10 promotes phagocytosis by mdx muscle macrophages

Previous investigators have shown that that shifts in the
macrophage phenotype can be affected by phagocytosis (31).
We assayed whether cytokines that are present at elevated
levels in dystrophic muscle can activate muscle macrophage
phagocytosis, which could enable them to influence shifts in
the macrophage phenotype. Muscle macrophages were incu-
bated with fluorescent latex particles in the presence or
absence of IFN-g, IL-4 or IL-10. The macrophages were

then analyzed by flow cytometry to identify the proportion
of the cell population that expressed F4/80 and also contained
fluorescent particles. Surprisingly, the Th-1 cytokine IFN-g
did not affect phagocytosis in muscle macrophages (Fig. 5A
and B). IL-4, a Th2 cytokine that can reduce phagocytosis
by macrophages (32), also reduced phagocytosis by mdx
muscle macrophages (Fig. 5C). However, IL-10 caused signifi-
cant increases in mdx muscle macrophage phagocytosis
(Fig. 5D).

Depletion of phagocytes from mdx mice diminishes M2c
macrophages in muscle

Because phagocytosis can play a role in regulating the shift of
macrophages to an M2 phenotype in vitro (31), we assayed
whether reductions in phagocytic cells from mdx mice through
treatment with clodronate-containing liposomes would affect
the macrophage phenotype in mdx muscles in vivo. Clodronate
treatments of mdx mice from 2 to 4 weeks of age produced a
reduction in F4/80 macrophages in the mdx muscles (Fig. 5E).
A nearly identical decrease in cells expressing major histocom-
patibility complex class 2 (MHC-2) occurred (Fig. 5F), which
suggested that the M2 macrophages that were affected by the
clodronate treatments were antigen-presenting cells. More
specific assays for the macrophage phenotype confirmed that
the depletions primarily affected M2 macrophages, especially
the M2c phenotype. While there was a strong trend to increase
the numbers of CD68+ M1 macrophages in the clodronate-
treated mice (Fig. 5G), the treatments caused large reductions
of similar magnitudes in the expression of CD206, CD163 and
IL-10 (Fig. 5H–J).

IL-10 modulates muscle cell differentiation in vivo
and in vitro

The finding that muscle cells in mdx mice express the IL-10R
(Fig. 1D and E) suggested that IL-10 could influence the path-
ology of muscular dystrophy by direct actions on muscle cells.
We first tested whether IL-10 could affect the proliferation of
myoblasts in vitro, but found no effect on myoblast cell

Figure 3. Null mutation of IL-10 reduces strength and endurance of mdx mice. Mouse strength was assessed in the wire-hang test (A) and endurance was
measured by time-to-fatigue in treadmill running (B). Asterisk indicates significant difference at P , 0.05 compared with IL-10+/+/mdx at same age. Bars indi-
cate sem.
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numbers in cultures treated with IL-10, LPS or IL-10 com-
bined with LPS (Fig. 6A). However, when macrophages
were treated with IL-10 or with a combination of IL-4 and
IL-13 to drive them to an M2 phenotype, the macrophages
were able to stimulate myoblast proliferation when they
were subsequently co-cultured with myoblasts (Fig. 6B). In
contrast, stimulation of muscle macrophages with IFN-g to
drive them to an M1 phenotype prior to co-culturing with myo-
blasts reduced numbers of myoblasts in the co-cultures
(Fig. 6B). In vivo observations similarly indicate that IL-10
does not play an important role in increasing proliferation of
myoblasts because null mutation of IL-10 in mdx mice had
no effect on the level of expression of Pax-7 in 4-week-old
or 12-week-old mice (Fig. 6C).

We also assayed whether manipulations of IL-10 could
affect differentiation of myoblasts in vitro or in vivo.
Although IL-10 had no effect on the level of expression of
MyoD or myogenin when myoblasts were treated in vitro
(Fig. 6D) and null mutation of IL-10 did not significantly
affect MyoD expression in mdx mice at either 4 weeks or
12 weeks of age (Fig. 6E), ablation of IL-10 expression
in vivo greatly increased myogenin in mdx muscle
(Fig. 6F). However, the reductions in IL-10 expression that
resulted from clodronate treatments had no significant
effect on the expression of myogenin in muscles of
4-week-old mdx mice (data not shown). This may reflect
the failure of the clodronate treatment to eliminate IL-10
expression completely.

Figure 4. IL-10 induces M2c activation of macrophages. (A) Mdx muscle macrophages were stimulated with a range of concentrations of IL-10 for 24 h. Western
analysis showed that maximal induction of CD163 occurred in response to 10 ng/ml of IL-10. The membrane used for immunoblotting was stained with Ponceau
red (‘Loading’) to verify equal protein loading in each lane. (B) CD206 expression was measured by quantitative, real-time PCR in peritonial macrophages cul-
tured for 24 h in presence of 10 ng/ml of IFN-g or IL-10. Unstimulated macrophages were used as controls. Asterisk indicates significantly different from unsti-
mulated cells, P , 0.001. Each experimental group included five plates containing 6 × 106 cells. (C–G) M2c macrophages are present in dystrophic muscle.
Cross-sections of 4-week-old mdx quadriceps were labeled with antibodies against CD163 (green) and F4/80 (red) to determine the presence of M2c macrophages
in dystrophic muscle. Nuclei were labeled with DAPI reagent (blue). (C) F4/80+ macrophage. Bar ¼ 12 mm. (D) Macrophage shown in (C) double-labeled with
anti-CD163. Bar ¼ 12 mm. (E) Merged image of (C) and (D). Bar ¼ 12 mm. (F) C57 muscle contains resident macrophages that express CD163. Bar ¼ 15 mm.
(G) M2c macrophages represent a minor population of macrophages present in inflamed lesions (arrow). Bar ¼ 20 mm. (H) Quantitative immunohistochemistry
shows that null mutation of IL-10 in mdx mice reduces CD163+ macrophages in 12-week-old IL-102/2/mdx mice quadriceps muscles (striped bar; 10 mice
analyzed) compared with IL-10+/+/mdx mice quadriceps (black bar; 11 mice analyzed), to levels that do not differ from wild-type mice (white bar; nine
mice analyzed). Asterisks indicate significant difference from IL-10+/+/mdx at P , 0.05. Bars represent sem.
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DISCUSSION

Membrane damage in dystrophin-deficient muscle fibers can
be caused by mechanical stresses placed on the muscle cell
membrane (2). However, several investigations have demon-
strated that reduction of inflammatory cell involvement in
the disease also reduces the number of injured fibers by
50–80%. This was first demonstrated in work that showed
an 80% reduction of injured fibers in 4-week-old mdx
mice that had been depleted of macrophages starting at 6
days of age, before the early, acute onset of the disease
(6). Subsequent findings have shown nearly identical
reductions of membrane lesions in mdx mice in which
inflammation was reduced either by disrupting NFkB signal-
ing (33), treating with glucocorticoids (34), genetic ablation
of metalloproteinases that can activate the inflammatory
response (35) or treatment with metalloproteinase inhibitors
that reduce the inflammatory response (36). Furthermore,
treatment of mdx mice with the free radical scavenger
N-acetylcysteine, which reduces NFkB activation and
inflammation, causes quantitatively similar reductions in
muscle fiber membrane damage (37). Thus, mechanical
stress appears to cause directly no more than 20–50% of
the muscle fiber damage in mdx muscular dystrophy at the
early, acute peak of pathology. The mechanically induced
damage is then amplified 2- to 5-fold by inflammatory
cells, especially macrophages. This emphasizes the potential
value of exploring specific interventions into inflammatory
process in dystrophic muscle as a treatment strategy.

The findings of the present investigation contribute to our
understanding of processes that regulate macrophage function
in mdx muscular dystrophy by demonstrating that expression
of IL-10 in dystrophin-deficient mice modulates macrophage
activation and lessens the muscle membrane damage that
occurs in the disease (Fig. 7). Mdx muscle is enriched in M1
macrophages during the early, acute stage of muscle pathology
and these cells are primarily responsible for inflammatory cell-
mediated damage to dystrophic muscle fibers (24). Much of
the cytolysis of mdx muscle fibers by M1 macrophages is
attributable to NO production by iNOS in mdx macrophages,
and ablation of iNOS expression in mdx mice significantly
reduces damage to the muscle cell membrane (24). Thus, our
demonstration that IL-10 deactivates the M1 phenotype in
mdx muscle macrophages and specifically inhibits the
expression of iNOS by M1 macrophages while reducing
muscle damage may indicate a more specific strategy for
attenuating the pathology of mdx muscle at the early, acute
stage of the disease by targeting the activities of M1 macro-
phages.

Figure 5. IL-10 induces phagocytosis by macrophages and clodronate
depletion of phagocytes from mdx mice selectively reduces M2c macrophages
in skeletal muscle. (A–D) Flow cytometric data showing that IL-10 stimu-
lation of macrophages increases macrophage phagocytosis. Macrophages
were untreated with exogenous cytokines (A), treated with IFN-g (B), IL-4
(C) or IL-10 (D) prior to incubation with flourescent microspheres for phago-
cytosis. Cells were then analyzed by flow cytometry to determine the pro-
portion of cells that contained fluorescent microspheres, as an index of
phagocytosis. Neither IFN-g (68.1%) or IL-4 (61.2%) increased the proportion
of cells that were phagocytic, compared with untreated controls (69.4%).
However, IL-10 treatments increased the proportion of cells that were phago-
cytic (79.5%). (E and F) Intraperitoneal injections of clodronate-containing
liposomes significantly reduced the numbers of macrophages (E) and

MHC-2-presenting cells in the quadriceps muscles of 4-week-old mdx mice.
Each experimental group included muscles from six mice. Asterisks indicate
a significant difference from PBS-treated controls. Bars represent sem. (G–
J) Quantitative, real-time PCR data show that clodronate-mediated depletions
of phagocytes did not cause a significant change in the expression of CD68 in
the quadriceps muscles of 4-week-old mdx mice (G), but caused large, signifi-
cant reductions in the expression of CD206 (H), CD163 (I) and IL-10 (J). Each
experimental group included muscles from five mice. Asterisks indicate a sig-
nificant difference from PBS-treated controls. ‘n.s.’ indicates no significant
effect of the clodronate treatment. Bars represent sem, which is too small to
appear for graphs of some data sets.
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Our finding that IL-10 stimulation induced phagocytosis by
macrophages suggests an unexpected mechanism through
which IL-10 may modulate shifts in the macrophage pheno-
type because previous investigators have shown that phagocy-
tosis by M1 macrophages can induce the M2 phenotype in
vitro, and possibly in injured muscle in vivo (31). Thus, the
high level of IL-10 production in mdx muscle in 4-week-old
mdx mice may promote phagocytosis by macrophages,
leading to the phenotype shift. Our data from clodronate-
treated mice support this interpretation by showing that
depletion of phagocytic cells from mdx mice yields a specific
reduction of CD163+ M2 macrophages, which may be
attributable to clodronate-mediated induction of apoptosis in
macrophages before their shift to an M2 phenotype could
occur. Because those phagocytic M1 macrophages would be
eliminated from the M1 pool by switching to the M2 pheno-
type even in the absence of clodronate, no net reduction in
the numbers of M1 macrophages would be expected in the
muscles of the clodronate-treated mice.

Our results also show that IL-10 induces CD163 expression
and modulates activation of the M2c macrophage phenotype in
mdx muscles, further influencing the balance between M1 and
M2c macrophages within the muscle. Ablation of IL-10 signal-
ing in mdx mice diminishes the shift in macrophage popu-
lations from the cytolytic M1 phenotype to the M2c

phenotype, which can promote tissue repair. Because M2
macrophages are associated with muscle growth, repair and
regeneration following acute damage (38–40), the
IL-10-mediated shift in mdx muscle macrophages may contrib-
ute to the regenerative process that occurs following the acute
peak of mdx pathology at 4 weeks of age. However, M2c
macrophages may also contribute to muscle pathology. M2c
macrophages express arginase, and arginine metabolism by
arginase in mdx muscle promotes fibrosis in skeletal and
cardiac muscle (41). Thus, M2c macrophages in mdx muscle
may serve beneficial roles in promoting tissue repair, but in
the long run, their activities may also worsen pathology by
promoting tissue fibrosis.

Although increased expression of CD163 is used primarily
in this and other investigations as a marker of the M2c pheno-
type, upregulation of this antigen is also important in deter-
mining the function of macrophages. CD163 is a
transmembrane glycoprotein with nine SRCR domains (sca-
venger receptor cysteine-rich domains) (20) that binds com-
plexed hemoglobin and haptoglobin, leading to
internalization and degradation of the complexes by macro-
phages (20,42). Removal of the hemoglobin–haptoglobin
complexes may attenuate muscle pathology because elevated
concentrations of hemoglobin are toxic to cells (43), and
DMD patients show increased fragility of the red cell

Figure 6. IL-10 modulates muscle cell differentiation in vitro and in vivo. (A) Myoblasts were cultured without addition of exogenous factors (‘none’) or in the
presence of IL-10, LPS, LPS and IL-10 together or bFGF, and then assayed for cell number at the end of 3 days of stimulation. Neither IL-10, LPS or IL-10
combined with LPS affected proliferation, although bFGF, which was used as a positive control, increased cell number by nearly 50% under the same
culture conditions. (B) Pre-treatment of macrophages with IFN-g and TNF-a prior to co-culture with myoblasts decreased myoblast numbers at the end of a
3-day period of co-culture, compared with myoblasts cultured alone (‘none’). Pre-treatment of macrophages with IL-10 or IL-4 combined with IL-13 to
induce M2c phenotype generated macrophages that promoted myoblast proliferation in co-cultures. n ¼ 6 for each treatment group. Asterisks indicate significant
difference from the ‘none’ group at P , 0.05. Bars represent sem. (C) Quantitative, real-time PCR results for relative mRNA levels for Pax7 in quadriceps
muscles of 4-week-old or 12-week-old mdx mice that expressed IL-10 (+/+) or were IL-10 null mutants (2/2). Expression levels are relative to
4-week-old IL-10+/+/mdx muscles, for which the expression level is set at one unit. Each experimental group included quadriceps from five mice. Bars represent
sem. (D) Western blots of extracts of myoblast cultures collected 0–7 days after initiating cultures in the presence of IL-10 or addition of no exogenous cytokine
(‘none’). Blots were probed with antibodies to MyoD or myogenin. The membrane used for immunoblotting was stained with Ponceau red (‘Loading’) before
application of the antibody to verify equal protein loading in each lane. (E and F) Quantitative, real-time PCR results for relative mRNA levels for MyoD (E) or
myogenin (F) in quadriceps muscles of 4-week-old or 12-week-old mdx mice that expressed IL-10 (+/+) or were IL-10 null mutants (2/2). Expression levels
are relative to 4-week-old IL-10+/+/mdx muscles, for which the expression level is set at one unit. Each experimental group included quadriceps from five mice.
Hash symbol indicates significant difference from age-matched IL-10+/+/mdx muscles. Asterisks indicate significant difference from 4-week-old IL-10+/+/mdx
muscles. Bars represent sem.
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membrane (44) that can lead to increased hemolysis and elev-
ated extracellular hemoglobin. In addition, hemoglobin-bound
iron can catalyze the synthesis of hydroxyl radicals by the
Fenton reaction (45,46), which can promote
free-radical-mediated damage to muscle; the importance of
free radicals in the pathophysiology of muscular dystrophy
has been emphasized in recent demonstrations of the protec-
tive effects of free radical scavengers in the pathophysiology
of mdx dystrophy (37). CD163 binding and internalization of
iron–hemoglobin would decrease the production of free rad-
icals (47) that could promote muscle damage. Indeed, a
portion of the protective effect of prednisone in the treatment
of DMD may be attributable to its ability to increase CD163
expression by monocytes and macrophages by more than
10-fold over levels of constitutive expression (48).

The presence of IL-10 receptors on the surface of mdx
muscle cells in vivo suggests that IL-10 may have direct
actions on muscle cell proliferation and differentiation in
mdx dystrophy. Rapidly following muscle damage, satellite
cells are activated and their population expands as they enter
the proliferative phase of regeneration, which is reflected in
increased levels of both Pax7 and MyoD (49–51). However,
modulating IL-10 levels had no detectible influence on myo-
blast proliferation or the expression of the transcription
factors MyoD or myogenin in muscle cell cultures and
neither Pax7 nor MyoD levels were affected by ablation of
IL-10 in mdx mice in vivo. Those data indicate that IL-10
does not affect muscle cell proliferation or differentiation at
early stages of regeneration. At subsequent stages of muscle

regeneration, satellite cells exit the proliferative stage of
regeneration and enter the early differentiation phase. During
this stage, MyoD expression declines and myogenin
expression and activation increase (52). Our finding that
there is a large increase in myogenin expression caused by
IL-10 mutation in mdx mice without a significant effect on
MyoD levels suggests that IL-10 can inhibit exit of muscle
cells from the early phase of differentiation to enter the term-
inal phases of differentiation, when myogenin expression is
attenuated.

Although IL-10 mutation appears to slow the transition from
the early to terminal phases of differentiation in muscle regen-
eration and IL-10R is present on the surface of mdx muscle
cells in vivo, we are unable to conclude that the effect reflects
direct action of IL-10 on muscle cells. An alternative expla-
nation that would be consistent with our data is that IL-10
acts on an intermediate cell type to induce the release of
factors that affect muscle differentiation. Macrophages them-
selves could serve as this intermediary, since IL-10 can
affect the production of TNF-a and IFN-g by myeloid cells
(14) and either of those cytokines can affect muscle differen-
tiation. For example, TNF-a can activate p38 (53) and
thereby increase the expression myogenin and myosin light
chain and promote myocyte fusion (54). An additional alterna-
tive is that IL-10 acts directly on muscle cells to affect their
differentiation but another factor that is not present in the in
vitro assays is required for an IL-10-mediated direct effect
on muscle cells. This possibility would be consistent with pre-
vious work demonstrating that IL-10 can antagonize signaling

Figure 7. Model of the influence of IL-10 on macrophage phenotype shift and the progression of muscular dystrophy. The acute onset of pathology in mdx muscle
prior to 4 weeks of age involves muscle inflammation, with a bias toward M1 macrophages (6,24). M1 macrophages contribute to oxidative stress and muscle
fiber lysis through the production of iNOS-derived NO, and promote inflammation and myoblast proliferation through the production of Th1 cytokines (24).
Elevated IL-10 production shifts the macrophage population toward an M2c phenotype and deactivates M1 macrophages, causing reductions in iNOS expression
and attenuating muscle damage (present study). IL-10, possibly derived from CD163+ M2c macrophages, can also affect the differentiation of myogenic cells
(present study). As mdx muscle reaches the later, progressive stage of the mdx pathology, arginase expression by M2 macrophages is increased (41), which may
reflect a shift toward an M2a phenotype. Arginase activity can increase fibrosis in mdx muscle (41) by driving the production of ornithine and thereby increasing
collagen deposition (65–67). Green bar, healthy/regenerating muscular tissue; red bar, inflamed tissue; thin red arrow, stimulating cytokines; thick red arrow,
macrophage-produced factors.
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pathways that are activated by IFN-g or TNF-a in vitro
(23,24). These possibilities are under current investigation.

Collectively, the findings of the present investigation show
that IL-10 reduces the pathology of muscular dystrophy, at
least in the short term, and that it has potential value as a thera-
peutic agent for the treatment of DMD. The data provide
strong evidence that the beneficial effects of IL-10 in the treat-
ment of mdx dystrophy are attributable to IL-10’s ability to
influence the balance between cytolytic M1 macrophages
and M2 macrophages that are involved in tissue repair.
However, many issues should be carefully explored before
IL-10 treatments are provided to DMD patients. Most impor-
tantly, whether the shift toward the M2c phenotype has long-
term negative or positive effects should be tested. Also,
whether the long-term effects of IL-10 treatments on muscle
differentiation yield a net, functional benefit remains to be
explored.

MATERIALS AND METHODS

Animals

C57BL/6, C57BL/10ScSn-Dmdmdx/J and B10.129P2(B6)-
Il10tm1Cgn/J mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA) and bred in pathogen-free
vivaria at the University of California, Los Angeles. Mice car-
rying null mutation for IL-10 (B10.129P2(B6)-Il10tm1Cgn/J
mice) that had been back-crossed onto a C57/BL6 background
were crossed with mdx mice to generate mice that lacked both
IL-10 and dystrophin using a breeding strategy described pre-
viously (55). Null mutation of IL-10 was confirmed by PCR
using an upstream primer that was common for both wild-type
and mutant DNA (5′-GCC TTC AGT ATA AAA GGG GGA
CC-3′), a wild-type downstream primer (5′-GTG GGT GCA
GTT ATT GTC TTC CCG-3′) and a downstream primer for
the neomycin cassette (5′-AAT CCT GCG TGC AAT CCA
TCT TG-3′). Null mutation of the dystrophin gene was con-
firmed using mdx-amplification-resistant mutation system
PCR (56). All animals were handled according to guidelines
approved by the Chancellor’s Animal Research committee at
the University of California, Los Angeles.

Immunohistochemistry

Frozen, serial sections of quadriceps muscles were air-dried
for 30 min and fixed in acetone for 10 min at 4oC. Sections
were blocked for 1 h with 3% bovine serum albumin (BSA)
and 0.05% Tween-20 diluted in 50 mM Tris–HCl (pH 7.6)
containing 150 mM sodium chloride (NaCl). Sections were
then incubated with anti-IL10R1 (R&D System, 1:50) or
anti-MHC-2 (Abcam; 1:100) for 3 h at room temperature. Sec-
tions were washed with 50 mM sodium phosphate buffer (pH
7.2) containing 150 mM NaCl (PBS) and then incubated with
biotin-conjugated secondary antibodies (Vector Laboratories,
1:200) for 1 h. Sections were subsequently washed with PBS
and incubated for 30 min with avidin D-conjugated horse-
radish peroxidase (Vector Laboratories, 1:1000). Staining
was visualized as a red reaction product with peroxidase sub-
strate, 3-amino-9-ethylcarbazole (Vector).

In other preparations for double-labeling, frozen muscle sec-
tions of 10 mm thickness were fixed in acetone and blocked
with 10% normal horse serum and 0.05% Tween-20 diluted
in 50 mM Tris–HCl and 150 mM NaCl buffer before probing
with anti-F4/80 for 3 h at room temperature. Anti-F4/80 was
obtained by ammonium sulfate precipitation from HB-198
hybridoma cultures (ATCC). Sections were incubated with
Texas Red-conjugated anti-rat IgG secondary antibody
(Vector; 1:200). Sections were then washed, blocked and incu-
bated with rat anti-CD206 (Serotec, 1:50) or rabbit anti-CD163
(Santa Cruz 1:150) for 3 h at room temperature. Sections were
subsequently washed and incubated with the
species-appropriate, fluorescein-conjugated IgG secondary
antibody (Vector, 1:200). Sections were washed with PBS
and treated with RNase A (Sigma, 0.2 mg/ml). DAPI diluted
1:100 000 in PBS was applied for 5 min before sections
were mounted.

Assays for muscle fiber injury and regeneration

Injuries to muscle fiber membranes were assayed by measur-
ing the relative quantities of the fluorescent extracellular
tracer dye procion orange in the cytoplasm of muscle fibers.
Muscles that are incubated in procion orange solutions
exclude the dye, unless membrane lesions are present. One
soleus muscle from each mouse was incubated in 0.5%
procion orange dye in Krebs Ringer solution for 1 h followed
by washes with Krebs Ringer solution. The muscles were then
frozen in isopentane, and mid-belly cross-sections of each
muscle were cut. All sections were viewed by epifluorescence.
The fluorescence intensity of every individual fiber was
measured in a circular area of 8 mm diameter that was
sampled at the center of each fiber using a digital imaging
system (Bioquant, Nashville, TN, USA). Data were not col-
lected from fibers at the surface of the muscle because some
of those fibers may have experienced membrane damage
during muscle dissection. Stopping down the field diaphragm
prevented photobleaching of fibers outside of the field of
signal acquisition. Fluorescence intensity values for each
fiber were corrected for background by measuring background
signal from an area of the slide that contained no tissue and
subtracting that value from the signal recorded within fibers.
Data were expressed as a frequency distribution showing the
number of fibers at each particular intracellular fluorescence
intensity; higher mean values of fluorescence indicated a
shift of the population of fibers toward increased membrane
injury. In addition, muscle fiber regeneration was assayed by
determining the percentage of muscle fibers in cross-sections
of entire muscles that showed nuclei located at the center of
the fiber. Muscle nuclei translocate from their position at the
surface of muscle fibers to the fiber’s center during muscle
repair and regeneration following injury.

Immunoblotting

The presence of CD163 or iNOS was assayed in whole muscle
or macrophage lysates by western blot analysis. Using SDS–
PAGE, 30 mg of total, lysate protein were separated and trans-
ferred to nitrocellulose membranes. The membranes were
blocked with 3% powdered milk and then incubated with
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antibodies against iNOS (Upstate Biotechnology, 1:300) or
CD163 (1:100) for 3 h at room temperature. Equal loading
of samples was determined by staining nitrocellulose blots
with 0.1% Ponceau S solution (Sigma). Membranes were
then washed with PBS containing 0.05% Tween-20 and
probed with horseradish peroxidase-conjugated secondary
antibodies (Amersham, 1:10 000) for 1 h, followed by PBS
washes before signal detection visualized with chemilumines-
cent substrate and a fluorochem imaging system.

Peritoneal and muscle macrophage isolation

C57BL/6 mice received intraperitoneal injections with 1 ml of
12% sodium caseinate in 0.9% sodium chloride. The mice
were euthanized by inhalation of 32% isoflurane at 3 days
post-injection and then peritoneal cells were collected sterilely
by using peritoneal lavages. Lavage samples were centrifuged
and resuspended in 0.85% ammonium chloride to lyze red
blood cells. The cells were centrifuged, resuspended with
15 ml of Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicil-
lin and streptomycin (complete DMEM) and filtered through a
70 mm cell strainer (BD Bioscience). The cell suspensions
were overlain on 15 ml of Histopaque 1077 (Sigma-Aldrich)
and centrifuged at 1000g for 30 min. Cells at the Histopa-
que/DMEM interface were collected, centrifuged and resus-
pended in complete DMEM.

Mdx muscle macrophages were isolated using a modifi-
cation of a previously described procedure (6). Hindlimb
muscles of four to six mice were dissected and cleaned of dis-
cernible fat, rinsed with fresh PBS and weighed. The muscles
were minced in cold PBS and then transferred to centrifuge
tubes containing collagenase Type IV (Sigma) in DMEM
(10 mg/ml). Tubes were incubated at 378C for two 45 min
periods, after which the suspension was aspirated, centrifuged
at 850g and resuspended in PBS. The cell suspensions were fil-
tered through a 70 mm cell strainer and centrifuged at 850g for
5 min. The filtered cells were then applied to Histopaque 1077,
centrifuged and collected as described above for peritoneal
macrophages.

The purity of the macrophage preparations was assayed
by indirect immunofluorescence of 2 × 105 peritoneal or
muscle-derived cells that were cultured on coverslips and
immunolabeled with anti-F4/80 antibody followed by an
FITC-conjugated second antibody. Cells were visualized by
fluorescence microscopy and macrophage purity was
expressed as the percentage of total cells that were F4/80 posi-
tive. Data were expressed as the mean and standard error of the
mean (sem) of five randomly counted fields in three indepen-
dent experiments.

RNA isolation

Frozen muscles were homogenized in 1.2 ml of Trizol (Invi-
trogen) per 100 mg of tissue. The resulting suspension was
transferred to 2 ml centrifuge tubes and RNA was extracted
according the manufacturer’s protocol with minor modifi-
cation (Invitrogen).

RNA from macrophages was isolated, cleaned and DNase-
treated using RNeasy spin columns according the

manufacturer’s protocol (Qiagen). RNA (500 ng) was loaded
on 1.2% agarose gels and RNA quality assessed by determin-
ing 28S and 18S ribosomal RNA integrity. Total RNA was
reverse transcribed with Super Script Reverse Transcripase II
using oligo-dTs to prime extension (Invitrogen).

Real-time PCR

cDNA resulting from reverse-transcription–PCR was used to
measure quantitatively the expression of genes associated
with M1 and M2 macrophages using SYBR green qPCR
master mix according to the manufacturer’s protocol
(BioRad). Real-time PCR was performed on an iCycler ther-
mocycler system equipped with iQ5 optical system software
(BioRad). Primers used for PCR to assay relative levels of
expression of muscle-specific and immune-cell-specific genes
are shown in Table 1.

The rigor of quantification of the relative levels of mRNA in
samples was maximized by following the guidelines of Bustin
et al. (57) and Nolan et al. (58) for sample preparation, exper-
imental design, data normalization and data analysis for quan-
titative, real-time PCR. Because the expression of reference
genes that are used to normalize quantitative, real-time PCR
data can vary considerably within and between groups of
experimental samples (59), we determined empirically the
selection of reference genes that did not vary between the
experimental groups in our investigation. Nine reference
genes were tested in murine skeletal muscle and analyzed by
geometric averaging using geNorm Visual Basic application
software version 3.5 (59). Reference genes were chosen
based on those previously assayed and the rationale for their
selection has been discussed (60). Primers used for PCR to
assay expression levels of reference genes are reported in
Table 2. The average expression variability of reference
genes was evaluated and only the most stable genes between
the groups analyzed were used for data normalization. We
also assessed the ideal number of reference genes for normal-
ization and determined that as few as two genes were sufficient
for reliable normalization. The normalization factors of mul-
tiple reference genes were then calculated by geNorm software
after transforming Ct values in quantities using the compara-
tive Ct method. For each gene, the highest relative quantity
was set to 1 and all the other expression values were scaled
relatively to this value. Calculation of normalization factors
was based on geometric mean of multiple control genes
(Fig. 8).

C2C12 myoblast proliferation

C2C12 myoblasts were seeded at 1.0 × 104 cells/well in
six-well plates in complete DMEM and cultured at 378C and
5% CO2 overnight. The cells were then serum-starved in
DMEM with 0.1% FBS for 1 day to arrest the cell cycle and
then stimulated with the following cytokines or reagents:
IL-10 (10 ng/ml), or IL-10 (10 ng/ml) and LPS (10 ng/ml) or
basic fibroblast growth factor (bFGF, 10 ng/ml) in DMEM
with 5% FBS for 3 days. Fresh cytokines were replenished
to cultures every 24 h. At the end of day 3, C2C12 myoblasts
were trypsinized with 0.05% trypsin–EDTA and collected for
counting.
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The proliferation of C2C12 cells in co-culture with macro-
phages was determined as reported previously (61). Peritoneal
macrophages were seeded at 4.0 × 105 cells/well in six-well
plates and stimulated with mouse recombinant IFN-g (10 ng/
ml, BD Pharmingen) and TNF-a (10 ng/ml, BD Pharmingen)
or IL-10 (10 ng/ml, BD Pharmingen) or IL-4 (10 ng/ml, BD
Pharmingen) and IL-13 (10 ng/ml, BD Pharmingen) in
DMEM containing 0.25% FBS and 1% penicillin–streptomy-
cin (P/S) for 24 h at 378C and 5% CO2. Following stimulation,
macrophages were washed with DMEM twice. C2C12 myo-
blasts that had been serum-starved in DMEM with 0.1%
FBS for 1 day were then plated on top of the stimulated macro-
phages in DMEM containing 5% FBS and 1% P/S at the
density of 1.0 × 105 cells/well. After 72 h of co-culture,
C2C12 cells were dissociated with 0.05% trypsin–EDTA
(Invitrogen), collected and counted. Trypsin treatment did
not detach the macrophages.

Cytotoxicity assay

Macrophage-mediated cytotoxicity was assayed as described
previously (62). C2C12 myoblasts were cultured in growth
medium until they reached confluency, after which they
were serum-starved overnight to trigger fusion. Cells were
then returned to growth medium in which they differentiated
for 3 days. The differentiated myotubes were then incubated
with 0.4% 51Cr in Hanks buffered saline solution (HBSS)
assay buffer (HBSS containing 0.25% FBS and 400 mM

L-arginine) for 2 h. Muscle macrophages were added to the
myotube cultures at concentrations of 12 500 macrophages/
mm2 in 150 ml of HBSS assay buffer. After 24 h of
co-culturing, 75 ml of media were collected from each well
and 51Cr was measured using a liquid scintillation counter
(Beckman Gamma 5500). Cytotoxicity was expressed as a
percentage of total lysis by setting 0% as 51Cr released

Table 1. Primers used to assay reference genes.

Gene Access number 5′�3′ Amplicon size (bp) Average Ct

TPT1 NM_009429.3 Fwd GGAGGGCAAGATGGTCAGTAG 113 16.56
Rev CGGTGACTACTGTGCTTTCG

SRP14 NM_009273.4 Fwd GAGAGCGAGCAGTTCCTGAC 196 19.13
Rev CGGTGCTGATCTTCCTTTTC

RPS4X NM_009094.1 Fwd TGCTGGGTTTATGGATGTCA 107 17.76
Rev CCTCCTCCGGTGTAATACGA

RPL13A NM_009438.4 Fwd CCTGCTGCTCTCAAGGTTGTT 146 17.27
Rev CGATAGTGCATCTTGGCCTTT

RNSP1 NM_001080127.1 Fwd AGGCTCACCAGGAATGTGAC 196 21.72
Rev CTTGGCCATCAATTTGTCCT

EEF1A1 NM_010106.2 Fwd TTGGTTCAAGGGATGGAAAG 217 15.65
Rev AGCAAAGGTAACCACCATGC

GAPDH NM_008084.2 Fwd GCAAATTCAACGGCACAGTCAAG 248 11.98
Rev GGTACAAACACTACCCACACTTG

HPRT1 NM_013556.2 Fwd GCAAACTTTGCTTTCCCTGG 85 22.46
Rev CCACTTTTCCTGGAGAGCTTCA

PPIA NM_008907 Fwd GCAAATGCTGGACCAAACAC 97 17.82
Rev TACACCAGAAACCCTTCCACT

Average threshold cycle (Ct) in quadriceps of 4-week-old mdx mice.

Table 2. Primers used to assay expression levels of immune-cell and muscle-cell-specific genes.

Gene Access number 5′�3′ Amplicon size (bp) Average Ct

CD206 NM_008625.1 Fwd GGATTGTGGAGCAGATGGAAG 120 22.57
Rev CTTGAATGGAAATGCACAGAC

CD163 NM_053094 Fwd GCAAAAACTGGCAGTGGG 164 24.45
Rev GTCAAAATCACAGACGGAGC

CD68 NM_009853 Fwd CAAAGCTTCTGCTGTGGAAAT 140 21.83
Rev GACTGGTCACGGTTGCAAG

IL10 NM_010548.1 Fwd CAAGGAGCATTTGAATTCCC 157 27.48
Rev GGCCTTGTAGACACCTTGGTC

IL10R1 NM_008348 Fwd CAAGCCCTTCCTATGTGTGG 166 25.23
Rev AGAAAGGCTCAGGCATTGTC

PAX7 NM_011039 Fwd CTCAGTGAGTTCGATTAGCCG 144 26.23
Rev AGACGGTTCCCTTTGTCGC

Myogenin NM_031189.2 Fwd CCAGTACATTGAGCGCCTAC 163 24.34
Rev ACCGAACTCCAGTGCATTGC

MyoD NM_010866 Fwd GAGCGCATCTCCACAGACAG 178 24.55
Rev AAATCGCATTGGGGTTTGAG

Average threshold cycle (Ct) in quadriceps of 4-week-old mdx mice.
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spontaneously by myotubes cultured without macrophages and
100% cytotoxicity was set as the 51Cr released by myotubes
incubated with 0.1% Triton X-100 in HBSS assay buffer.

Phagocytosis assay

Phagocytosis assay was conducted using opsonized 2.0 mm
diameter, sulfate-coated, fluorescent latex particles (Molecular
Probes; Invitrogen). Latex particles were suspended in sterile
PBS to make a 0.5% suspension of particles. Particles were
centrifuged at 13 000g and washed twice with 1:1 PBS–
sterile water. The pellet was then incubated with 50 mM

mouse IgG diluted in 1:1 PBS–water and placed on a tissue
rotator for 1 h. The pellet was collected and incubated in
50 mg/ml BSA in 1:1 PBS–water for 1 h. After two more
washes, the beads were suspended in PBS or DMEM for
use. Muscle macrophages were cultured in low-attachment

plates in DMEM conditioned with either IL-10 or IFN-g and
brefeldin A. Opsonized fluorescent particles (150 ml) were
added to each plate and incubated for 1 h at 378C. Cells
were then washed and incubated with anti-CD16/32 antibody
(eBioscience) to block Fc receptors. Cells were then stained
with fluorophore-conjugated antibodies against F4/80
(eBioscience, 1:10). Flow cytometry was performed on an
FACSCaliburw analytic flow cytometer (Becton Dickinson)
and data analyzed with BD CellQuest Pro (Becton Dickinson).

Clodronate liposomes preparation

Liposomes containing clodronate were prepared following the
original protocol described by Van Rooijen and Sanders (63).
According to the protocol, phosphatidyl choline and choles-
terol were dissolved in a 1:1 solution of methanol and chloro-
form in a vacuum flask and the organic phase was evaporated.

Figure 8. Selection of reference genes for real-time, quantitative RT–PCR. (A) The most stable reference genes within and between two different groups of
muscle samples were determined using geNorm 3.5 software. The variability in the average expression (M) of each gene was set at 0.5. Between 4-week-old
or 12-week-old mdx and C57 quadriceps, RNSP1 and SRP14 had the least variability of the nine genes tested. The expression of EEF1A was recorded as the
most unstable relative to the other genes. (B) GeNorm was also used to determine the optimal number of genes required to calculate a reliable normalization
factor that was applied to normalized each gene of interest. The chart reports the pairwise variation (V) between two sequential normalization factors
(Vn/Vn+1). When the value of variation is below the selected threshold, the addition of additional reference genes is unnecessary for data normalization. The
pairwise variation was analyzed starting from the normalization factor generated by the two most stable genes, RNSP1 and SRP14, and adding the following
normalization factor generated by adding TPT1, and so on. The cut-off value suggested by Vandesomple et al. (59) was 0.15. Since we reported a very low
variation between V2/3, we decided that using RNSP1 and SRP14 was sufficient to generate a reliable normalization factor. (C and D) To confirm the
minimum number of genes to use, normalization factors generated by the two most stable genes in C57 (C) and mdx (D) groups were correlated with the normal-
ization factors obtained using the five best genes resulting from picture (A). Correlation between three and five top normalization factors was also tested but not
reported. Each point is the mean of five values. Pearson coefficient shows that there is a tight correlation between the two groups of normalization factors and that
using two genes for normalization of C57 and mdx 4-week-old and 12-week-old quadriceps data is adequate.
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The film that was formed in the flask was dissolved using PBS
containing 3.78% clodronate in PBS. Control liposomes prep-
arations were made using PBS that did not contain clodronate.
After 90 min at room temperature, both solutions were soni-
cated for 3 min and then incubated for an additional 90 min.
Solutions were then centrifugated at 100 000g for 25 min
and each pellet was resuspended in PBS. After three washes
with PBS, a drop of each solution was viewed with a micro-
scope to confirm the presence of liposomes. Liposomes were
made fresh the day before each injection.

Mice received intraperitoneal injections with 50 ml of clo-
dronate liposomes or PBS control liposomes at 1 week and 2
weeks of age. The mice received 100 ml injections at 3 and
4 weeks of age. One day after the fourth injection, mice
were euthanized and muscles collected.

Endurance and strength testing

Running protocol. A treadmill running protocol was used to
assess the effect of the IL-10 null mutation on muscle function
in mdx mice. Mice were exercised on an Exer 3/6 treadmill
(Columbus Instruments) containing a shock grid that stimu-
lated mice to run at a speed of 8 m/min with a 58 incline.
The shock stimulus was provided at an intensity of 3.4 mA
and a maximum repetition rate of 3 200 ms pulses per
second. The end run time was recorded when a mouse rested
for a period of 10 continuous seconds on the shock grid.
Mice were run for a maximum of 60 min. Data are expressed
as the mean maximum running time of 20 mice per group.

Wire-hang test. We used a variation of the wire-hang test
described by Gomez et al. (64) to assess the effect of the
IL-10 null mutation on muscle function and strength. Mice
were allowed to grip a taut, 2 mm diameter wire with their
front paws. In pilot experiments, we noted that some mice
would also grasp the wire with their hind paws and tails,
which contributed to variability in our data. We eliminated
this unwanted variable by taping the hind paws individually
and preventing mice from wrapping their tails around the
wire, which allowed more accurate measurement of forelimb
strength. Measurement of hang time was started when a
mouse was released and the end times recorded when the
mouse’s grip failed. Three trials were performed and data
expressed as the mean hang time of the averaged trial times
of 15–20 mice tested. In order to allow mice to recover and
minimize fatigue and distress, mice were allowed to rest for
1 min between trials.

Statistical analysis

Multi-factorial comparisons used the Kruskal–Wallis test to
determine statistical significance, followed by a post hoc, Stu-
dent’s t-test to determine significance of differences between
two groups. One-way ANOVA followed by the Newman–
Keuls post hoc test was used for the analyses with more
than two sample groups.

Linear regression and Pearson correlation coefficients were
used to calculate the correlation between normalization factors
generated by two, three and five reference genes. Statistical

significance was set at P , 0.05.
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