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Abstract
An absence of dysferlin leads to activation of innate immune receptors such as Toll-like receptors (TLRs) and
skeletal muscle inflammation. Myeloid differentiation primary response gene 88 (MyD88) is a key mediator
of TLR-dependent innate immune signalling. We hypothesized that endogenous TLR ligands released from the
leaking dysferlin-deficient muscle fibres engage TLRs on muscle and immune cells and contribute to disease
progression. To test this hypothesis, we generated and characterized dysferlin and MyD88 double-deficient mice.
Double-deficient mice exhibited improved body weight, grip strength, and maximum muscle contractile force
at 6–8 months of age when compared to MyD88-sufficient, dysferlin-deficient A/J mice. Double-deficient mice
also showed a decrease in total fibre number, which contributed to the observed increase in the number of
central nuclei/fibres. These results indicate that there was less regeneration in the double-deficient mice. We next
tested the hypothesis that endogenous ligands, such as single-stranded ribonucleic acids (ssRNAs), released from
damaged muscle cells bind to TLR-7/8 and perpetuate the disease progression. We found that injection of ssRNA
into the skeletal muscle of pre-symptomatic mice (2 months old) resulted in a significant increase in degenerative
fibres, inflammation, and regenerating fibres in A/J mice. In contrast, characteristic histological features were
significantly decreased in double-deficient mice. These data point to a clear role for the TLR pathway in the
pathogenesis of dysferlin deficiency and suggest that TLR-7/8 antagonists may have therapeutic value in this
disease.
Copyright  2013 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Defects caused by mutations in the gene encod-
ing the skeletal muscle protein dysferlin lead to a
group of muscle degenerative disorders known col-
lectively as dysferlinopathies. These disorders include
limb girdle muscular dystrophy type 2B (LGMD
2B), Miyoshi myopathy (MM), and distal anterior
myopathy [1–4].

Dysferlin is a 230 kDa transmembrane protein that
is predominantly expressed in skeletal muscle but also
found abundantly in tissues such as heart, kidney,
and placenta [3]. We and other groups have also
found dysferlin to be expressed in monocytes and
macrophages [5–7]. Immunohistochemical staining of
human and mouse tissues has localized dysferlin to
the sarcolemma, T-tubules, and cytoplasmic vesicles.

Dysferlin is believed to play a role in maintaining and
repairing injured membranes through the resealing of
membrane lesions [8–13]. The absence of dysferlin
leads to defective repair after membrane damage,
often triggering cell death [11,12]. However, these
changes alone do not explain the full clinical picture
of dysferlinopathy. Multiple lines of evidence suggest
that muscle inflammation may play an earlier and
more dominant role in dysferlinopathies compared
with other dystrophies. First, dysferlinopathy patients
can have a sub-acute presentation, with about 25% of
patients initially diagnosed with polymyositis [14–17].
Monocyte function in patients has been shown to be
defective, with a pro-inflammatory phenotype [7].
Muscle histology shows active and early involvement
of complement, membrane-attack complex, and TLR
[13,18]. In muscle biopsies from dysferlin-deficient
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patients, the presence of mononuclear cell infiltrates,
cytokine and chemokine components, and increased
NF-κB signalling are all indicative of an ongoing
chronic inflammatory response with innate immune
involvement that may be more aggressive than other
dystrophies [13,19–21].

Osteopontin (OPN) is a pleiotropic pro-inflammatory
cytokine expressed in a diverse range of tissues [22,23]
and has been found to be significantly elevated in dys-
trophic skeletal muscle [24–26]. Osteopontin can exist
in two forms: intracellular OPN (iOPN) or secreted
OPN (sOPN). Intracellular OPN has been demon-
strated to participate in TLR signalling by interacting
with MyD88 and enhancing IFN-α production by
plasmacytoid dendritic cells [27]. Immune cells such
as macrophages constitutively expressed high levels
of iOPN, whereas T cells express high levels of sOPN
[27–29]. The principal sources of OPN in dystrophic
muscle have been suggested to be from activated
macrophages and T-lymphocytes [24]. The presence of
activated macrophages in dysferlin-deficient muscles
supports a potential role for OPN in the promotion of
an inflammatory response.

It is typically challenging to dissect cause/effect
relationships in myofibre defects and inflammatory
responses in generating myofibre necrosis and muscle
wasting. One effective approach is to delete specific
components of the immune pathways in the dysferlin-
deficient mouse model and determine the effect of this
on the phenotype of the double knockouts. This has
been done for complement (C3, C5), T, and B cells.
Complement was shown to regulate TLR-mediated
inflammation [30], whereas dendritic cells (DCs),
which express TLRs, are activated by TLR ligands to
elicit T- and B-cell responses [31,32]. The lack of com-
plement and T and B cells has been shown to amelio-
rate muscle pathology in the dysferlin-deficient mouse
model and improve muscle strength in patients with
dysferlin-deficient muscular dystrophy [33–35]. These
results suggest that TLR-mediated muscle injury is the
central mechanism in the pathogenesis of dysferlinopa-
thy. We have previously shown that increased TLR
expression results in an up-regulation and activation
of inflammasomes in the skeletal muscle of dysferlin-
deficient mice [18]. Here we hypothesized that the
activation of TLR-7/8 by nucleic acid [RNAs] from
the damaged cells via the MyD88 pathway may play a
role in the pathogenesis of dysferlinopathy through an
increase in the recruitment of immune cells and subse-
quent muscle damage. To examine the role of TLRs in
the pathogenesis of dysferlin deficiency, we generated
dysferlin-deficient mice that are both MyD88-sufficient
and MyD88-deficient and studied the effects of exoge-
nous single-stranded RNA on muscle inflammation. We
demonstrated that the MyD88-dependent TLR path-
way is a critical player in the pathogenesis of dysferlin
deficiency.

Materials and methods

Animals
Mice were handled according to local Institu-
tional Animal Care and Use Committee guidelines.
Dysferlin-deficient male A/J mice (JAX number
000646), an inbred strain bearing an ETn retrotranspo-
son (5–6 kb) insertion in intron 4 of the dysferlin gene
[36], were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). Wild-type (WT) A/JOlaHsd
male mice were purchased from the Harlan Laboratory
(Indianapolis, IN, USA) and used as normal control
mice. MyD88-deficient mice were kindly provided by
Dr Shizuo Akira (Osaka University, Osaka, Japan).
Double deficient mice (dysferlin-deficient; MyD88-
deficient) are generated as described in Supplementary
Materials and Methods and Supplementary Figure 1.

Real-time PCR
Total RNA was extracted from the quadriceps mus-
cles of non-injected 2-month-old and 6- to 8-month-old
WT, A/J, and double-deficient mice (MyD88-deficient,
dysferlin-deficient A/J mice). cDNAs were synthe-
sized and subjected to real-time Taqman PCR assays
using an Applied Biosystems Prism 7900 HT (Applied
Biosystems, Foster City, CA, USA). The following
default ABI prism 7900 HT amplification conditions
were used: 2 min at 50 ◦C and 10 min at 95 ◦C, fol-
lowed by 40 cycles of 15 s at 95 ◦C and 1 min at
60 ◦C. PCR primers for HPRT (Mm01545399), TLR-7
(Mm00446590), and TLR-8 (Mm04209873) were pur-
chased from ABI (Foster City, CA, USA) and used at
1 µl each per reaction. For osteopontin (OPN ) gene
expression assays, a SYBR Green assay was used.
SYBR Green master mix was purchased from ABI
and used according to the manufacturer’s instructions.
We used primers for OPN and the housekeeping gene
HPRT with the following sequences: OPN-F : CTT-
TACAGCCTGCACCCAGA and OPN-R: GCCACA-
GAATGCTGTGTCCT; and HPRT-F : AGCCTAA-
GATGAGCGCAAGT and HPRT-R: TTACTAGGCA-
GATGGCCACA. These primers were used at 250 nM

per reaction, with the thermal profile mentioned above.

Muscle functional tests
We have followed the SOP for phenotyping devel-
oped by our group and TREAT NMD for NMD
models (http://www.treat-nmd.eu/research/preclinical/
overview/). To compare muscle function between
double-deficient and A/J mice, we assessed grip
strength using a grip strength meter (GSM) as pre-
viously reported [37]. All the functional data were
acquired in a manner blinded to the genotype of the
animals. We also compared the in vitro force con-
tractions of extensor digitorum longus (EDL) muscles
isolated from both groups of mice as previously
described [38]. In brief, EDL muscles were stimulated
between two stainless steel plate electrodes with a
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voltage of single 0.2-ms-square stimulation pulses that
were steadily increased till supramaximal stimulation
of the muscle was achieved at optimal length. At
this optimal length, tetanic force contractions were
obtained at increasing frequencies using 300-ms trains
of pulses. After stimulation, the muscle length was
measured with calipers to obtain the optimal fibre
length for calculation of specific force.

Histology
Mice were euthanized via carbon dioxide inhalation,
followed by cervical dislocation. Directly following
euthanasia, quadriceps muscles were removed, embed-
ded in OCT, snap-frozen in liquid nitrogen-cooled
isopentane, and stored at −80 ◦C for later processing.
For histological analysis, quadriceps muscles cryosec-
tions (10 µm thick) were stained with haematoxylin
and eosin (H&E). Digital images were taken using an
Eclipse E800 (Nikon, Japan) microscope, and blinded
analysis was carried out using Image J (NIH) as pre-
viously reported [37].

Muscle injury and muscle preparation
Endotoxin-free single-stranded RNA (ssRNA; 30 µl at
9 µg/ml in saline; InvivoGen, San Diego, CA, USA)
was injected directly into the right tibialis anterior
(TA) muscle of 2-month-old male WT, A/J or double-
deficient mice using a 27.5-gauge insulin syringe. The
left TA muscle was injected with 30 µl of saline to
serve as an injection control. Three repeated injections
were done over a period of 10 days, with a 3-day
recovery period between each injection. Muscles were
harvested 2 days after the final injection.

Osteopontin ELISA
A 96-well-plate mouse osteopontin immunoassay was
purchased from R&D Systems (Minneapolis, MN,
USA). The assay was performed according to the
manufacturer’s instructions.

Immunohistochemical staining
TA muscle sections (10 µm thick) were blocked for 1 h
in PBS containing 10% sheep serum and then incubated
overnight at 4 ◦C with either rat anti-mouse CD11b
(1 : 25; eBiosciences, San Diego, CA, USA) or mouse
anti-chicken embryonic myosin heavy chain (1 : 50;
Development Studies Hybridoma Bank, Iowa City, IA,
USA) diluted in PBS with 2% sheep serum. The fol-
lowing day, sections were washed three times in PBS
and incubated with either Alexa Fluor-488 goat anti-rat
IgG (1 : 250; Invitrogen, Carlsbad, CA, USA) or Alexa
Fluor-488 goat anti-mouse IgG1 (1 : 250; Invitrogen)
for a further 1 h at room temperature. Sections were
then washed three times with PBS and counterstained
with DAPI. Slides were stored at 4 ◦C prior to imaging
under fluorescent illumination using a Zeiss Aviovert
inverted microscope (Zeiss, Thornwood, NY, USA).

Statistical analysis
All data are presented as means ± standard error of the
mean. Comparisons between two groups were made
by unpaired Student’s t-tests. p < 0.05 was considered
significant. Quantitative PCR results were analysed
for significant differences by a 2000-sample pairwise
fixed reallocation randomization test using REST
software [39].

Results

MyD88 deficiency improves the disease phenotype
of dysferlin-deficient A/J mice
Significant muscle pathology in A/J mice is not
seen until 5–6 months of age [36]. To study dis-
ease onset and progression, we genotyped (Supple-
mentary Materials and Methods and Supplementary
Figure 1) and performed systematic phenotyping of
MyD88-sufficient and -deficient A/J mice at the pre-
symptomatic (2-month-old) and symptomatic (6- to 8-
month-old) stages and expressed the values as the per-
centage change relative to WT. We found a significant
increase in body weight of A/J mice compared with
double-deficient mice at 2 months of age. However,
by 6–8 months of age, double-deficient mice showed
a significant increase in body weight than that of A/J
mice (Figure 1A).

Analysis of the forelimb grip strength showed the
same trend as the body weight, where the forelimb
grip strength of A/J mice was significantly stronger
than that of double-deficient mice at 2 months of age.
However, after the onset of disease at 6–8 months of
age, the forelimb grip strength of double-deficient mice
was significantly stronger than that of A/J mice. With
age, there was a decline in the forelimb strength in
A/J mice, whereas an improvement in the forelimb
strength was observed in double-deficient mice (Figure
1B). Similarly, the hindlimb grip strength of double-
deficient mice was significantly higher than that of
A/J mice (data not shown). However, grip strength
measurements normalized to body weight yielded no
significant differences in either the forelimb or the
hindlimb at either time point (data not shown).

Next, we assessed the specific force and maximum
contractile force of EDL muscles and found only the
maximum contractile force to be significantly higher
in double-deficient EDL than in A/J EDL muscles of
6- to 8-month-old mice. With age, the specific force
stabilized and the maximum contractile force increased
in the double-deficient muscles. However, A/J muscles
showed a significant decrease in both maximal and
specific EDL contractile force with age (Figures 1C
and 1D), indicating loss of force with age.

Mice with MyD88 deficiency show less muscle
damage
Histological examination of the H&E-stained quadri-
ceps muscle sections of 6- to 8-month-old mice
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Figure 1. Improved body weight and muscle function in double-deficient mice. Body weight and muscle strength were compared at
2 months (pre-symptomatic) and 6–8 months (symptomatic) and expressed as percentage change relative to WT. Double-deficient mice
showed improved body weight (A; n = 6 & 6 (A/J & double deficient) at 2 months; n = 6 (A/J) and n = 3 (double deficient) at 6–8 months),
increased forelimb grip strength (B; n = 14 (A/J) & 4 (double deficient) at 2 months; n = 6 (A/J) and n = 3 (double deficient) at 6–8
months), and maximum contractile force (C; n = 4 & 3 (A/J & double deficient) at 2 and 6–8 months) but no difference in in vitro specific
force (D; n = 4 (A/J) & 3 (double deficient) at 2 months; n = 6 & 6 (A/J & double deficient) at 6–8 months) at 6–8 months of age when
compared to A/J mice. Data are expressed as means ± S.E.M. (n = at least 3 animals from each genotypes). **p ≤ 0.01, ****p ≤ 0.0001;
unpaired Student’s t-test for comparisons within each age group.

Table 1. Comparison of histological parameters in the quadriceps muscles of A/J mice and double-deficient mice at 6–8 months of age
Measurement A/J (n = 3) Double-deficient (n = 4) p-value

Total number of fibres per field 99.290 ± 4.375 82.720 ± 3.572 0.0059
Regenerating fibres per field 0.071 ± 0.071 0.444 ± 0.232 0.1791
Fibres with central nuclei per field 8.714 ± 1.447 11.610 ± 1.547 0.1921
Peripheral nuclei per fibre 1.453 ± 0.041 1.480 ± 0.059 0.7326
Central nuclei per fibre 0.107 ± 0.017 0.185 ± 0.028 0.0371
Total nuclei per fibre 1.561 ± 0.043 1.664 ± 0.067 0.2312
Ratio of central to peripheral nuclei per fibre 0.075 ± 0.012 0.126 ± 0.019 0.0362
Number of inflammatory foci per muscle∗ 34.000 ± 4.509 25.500 ± 6.185 0.3492

∗A group of ten inflammatory cells was considered as one inflammatory foci.

revealed significantly lower total fibre numbers, with
significantly higher numbers of central nuclei per fibre
in the double-deficient compared with the A/J muscles.
In addition, the ratio of central to peripheral nuclei per
fibre was significantly higher in the double-deficient
than in the A/J muscles. The increase in central nuclei
per fibre in the double-deficient muscles was not sur-
prising, given that these mice had a significantly lower
total muscle fibre number than the A/J mice. There was
also a 25% reduction in the number of inflammatory
foci per muscle in double-deficient compared with A/J
mice but this reduction was not statistically significant
(Table 1). Taken together, these results suggest that
the muscles of double-deficient mice underwent less
damage than the A/J muscles.

Effect of injection of an endogenous TLR ligand,
ssRNA, on dysferlin-null and double-deficient
mouse muscles
We have previously shown that TLRs are functionally
active in A/J mice [18]. Quadriceps muscles from 2-
and 6- to 8-month-old WT, A/J and double deficient
mice were subjected to real-time PCR analysis. Both
targeted TLR-7 and TLR-8 were expressed but were
not significantly altered at the pre-symptomatic period
(2 months) between WT and A/J mice or WT and
double-deficient muscles. However, TLR-7 was signifi-
cantly up-regulated in A/J muscles compared with WT
muscles at 6–8 months of age (symptomatic period),
whereas TLR-7 was significantly down-regulated in
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Figure 2. Analysis of TLR-7 and TLR-8 gene expression in non-
injected muscles of WT, A/J, and double-deficient mice. cDNA was
synthesized and used as a template for real-time PCR analysis. The
C t values were used to calculate TLR-7 and TLR-8 gene expression
in A/J and double deficient mice, normalized to HPRT , relative to
WT mice at both 2 and 6–8 months. Data are presented as means
± SEM (n = at least 3 animals). *p ≤ 0.05 and ***p ≤ 0.001; the
randomization reallocation test was used for comparison.

double-deficient muscles at this age. TLR-8 was not
significantly altered for either genotype compared with
WT muscles at 6–8 months (Figure 2).

Next, we induced injury during the pre-symptomatic
period (at 2 months of age) by intramuscular injections
of either TLR-7/8 ligand (ssRNA) or saline into the TA
muscles of WT, A/J, and double-deficient mice. This
ssRNA was chosen to test the hypothesis that RNAs
released from damaged or necrotic cells can activate
TLR-7/8 and subsequently worsen the pathology. A
microarray-based comparison (Supplementary Materi-
als and Methods for illumina beadchip microarray) of
the saline- and ssRNA-injected TA muscles of WT,
A/J, and double-deficient mice showed that a total of
1159 genes (3.8% of the total transcripts) were differ-
entially expressed between ssRNA- and saline-injected
A/J muscles. Of the 1159 transcripts, 251 (21.7%) were
associated with inflammatory responses. Both targets
for ssRNA, TLR-7 (fold change 5.8 and p value 5.78E-
06) and TLR-8 (fold change 3.0 and p value 5.9E-05),
were up-regulated significantly in the ssRNA-treated
A/J muscles. Also significantly up-regulated in these
muscles were TLR-1, -2, -4, -5, -6, and -13 as well
as MyD88-associated signalling genes. Pathways acti-
vated by ssRNA in the A/J muscles were analysed by
Ingenuity Pathway Analysis and are presented in Sup-
plementary Figure 2 and Supplementary Tables 1 and 2.

In both the double-deficient and the WT mice, we
did not detect any significant changes in the transcript
profiles between ssRNA- and saline-injected muscles
in the pathways for which we saw differences in A/J
mice (Supplementary Figure 3), suggesting that these
pathways are unaffected at the gene expression level
in both genotypes.

MyD88-deficient muscle shows a decrease in
mononuclear cell infiltration in response to ssRNA
injections
The response of the TA muscles to the injected ssRNA
during the pre-symptomatic period (at 2 months of
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Figure 3. Quantitation of mononuclear cell infiltrates in the
H&E-stained sections of WT, A/J, and double-deficient mice.
Representative H&E-stained transverse sections from ssRNA-
injected (A: WT; C: A/J; E: double-deficient) and saline-injected
(B: WT; D: A/J; F: double-deficient) TA muscles. (G) Quantitation
of the inflammatory area in muscle sections injected with either
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expressed as means ± SEM (n = 4 animals from each treatment
and genotype). *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001; unpaired
Student’s t-test for comparisons indicated by lines above the bars.
Bar = 200 µm.

age) was also examined histologically. Representative
images of the H&E-stained muscle sections showed
normal muscle histology with no infiltration of cells
in the non-injured muscles of either A/J or double-
deficient mice (data not shown). There was a significant
increase in mononuclear cell infiltration in A/J muscles
injected with ssRNA compared with saline (Figures
3C and 3D). However, this response was significantly
reduced in double-deficient (Figures 3E and 3F) and
WT muscles (Figures 3A and 3B), with the mononu-
clear cells confined to the injection site in WT muscles
(Figure 3G). These data suggest that TLR-7/8 ssRNA,
through MyD88, mediates the influx of mononuclear
cells into the muscles. There was no difference in
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Figure 4. Immunohistochemical staining of the mononuclear cell
infiltrate in ssRNA- or saline-treated muscles. Cryostat sections of
muscles injected with ssRNA (A: WT; C: A/J; E: double-deficient) or
saline (B: WT; D: A/J; F: double-deficient) were immunostained for
CD11b (green) and counterstained with DAPI (blue). Bar = 200 µm.

the area of inflammation between the TA muscles of
A/J and double-deficient mice in the saline-injected
muscles, since muscle inflammation is not typically
seen at the pre-symptomatic stage.

To determine whether some of these mononuclear
cells were inflammatory cells, we used immunohis-
tochemical staining for CD11b, a marker for leuko-
cytes, monocytes/macrophages, and natural killer cells,
in the ssRNA- and saline-injected muscles of WT,
A/J, and double-deficient mice. Staining of these
muscles for CD11b showed an extensive number of
CD11b-positive cells in the A/J ssRNA-treated group
(Figure 4C), but not in the A/J saline-treated (Figure
4D), WT (Figures 4A and 4B), or double-deficient
(Figures 4E and 4 F) groups. These results further con-
firmed the findings of our H&E analysis.

Up-regulation of the osteopontin gene and protein
in ssRNA-treated dysferlin muscle
Because OPN is associated with inflammation in
dystrophic muscle [25,40,41], we investigated the
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regulation of OPN expression in the injected skeletal
muscle of WT, A/J, and double-deficient mice. Treat-
ment of A/J muscles with ssRNA resulted in a signifi-
cant up-regulation of OPN gene expression. However,
this effect was not seen in double-deficient and WT
muscles (Figure 5A). ELISA analysis of the injected
muscles confirmed that ssRNA-stimulated A/J muscle
showed an increase in the synthesis and secretion of
OPN protein compared with saline-injected muscles
(Figure 5B).

MyD88-deficient muscles show less muscle damage
in response to ssRNA
Histomorphometric analysis of the H&E-stained mus-
cle sections revealed that ssRNA-injected A/J mus-
cles exhibited higher numbers of degenerative muscle
fibres than saline-injected muscles, consistent with the
increase that we observed in inflammatory cell infil-
tration. There was no difference in the number of
degenerative muscle fibres between the ssRNA- and
saline-injected muscles in both double-deficient and
WT mice. In addition, these values were significantly
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Figure 6. Histomorphometric analysis of the muscle sections
injected with either saline or ssRNA. (A) Comparison of the number
of degenerating fibres by counting the total number of degenerating
fibres per field for muscles injected with either saline or ssRNA from
each genotype (WT, A/J, and double-deficient mice). (B) Comparison
of the number of embryonic myosin heavy chain-positive fibres per
muscle between muscles injected with either saline or ssRNA for
each genotype. Data are expressed as means ± SEM (n = 4 animals
from each treatment and genotype). *p ≤ 0.05, **p ≤ 0.01, and ***p
≤ 0.001; unpaired Student’s t-test was used.

lower in WT and double-deficient mice than in A/J
mice (Figure 6A).

We next evaluated embryonic MHC-positive imma-
ture muscle fibres in the injected muscle sections of
all three mouse strains. In A/J mice, there was a sig-
nificant increase in the number of fibres labelled with
embryonic MHC in the ssRNA-injected muscles com-
pared with the saline-injected mice, indicating that
ssRNA treatment resulted in more muscle damage.
However, there were significantly fewer embryonic
MHC-positive fibres in the saline- and ssRNA-injected
muscles in double-deficient mice compared with A/J
mice. In WT mice, there was no difference in the
number of embryonic MHC-positive fibres between the
ssRNA- and saline-injected muscles, and these num-
bers were also significantly lower than those of A/J
mice (Figure 6B). Taken together, these data indicated
that the lack of MyD88 resulted in reduced myofibre
damage, suggesting that the TLR pathway plays a sig-
nificant role in myofibre inflammation and damage in
dysferlinopathy.

Discussion

We have examined two aspects of the association
between TLRs and the dysferlin-deficient disease phe-
notype. We first looked at the overall effects of the lack
of MyD88 on a dysferlin-deficient A/J background.
Characterization of double-deficient mice indicated that
they had increased body weight and strength (grip
strength and in vitro force) at 6–8 months of age, a
time at which the disease has already begun, in com-
parison to A/J mice. These mice also had more central
nucleated muscle fibres and a significantly higher ratio
of central to peripheral nuclei. However, the total fibre
number was significantly lower in double-deficient
mice than in A/J mice. This most likely contributed to
the higher number of centrally nucleated muscle fibres
and the higher ratio of central to peripheral nuclei per
muscle fibre that we observed in the double-deficient
mice. The lower total number of muscle fibres may
indicate less damage to the muscle fibres of double-
deficient mice, since more damage to the muscle leads
to more regeneration and an increase in the total mus-
cle fibre number, as seen in A/J mice. Overall, the
increased strength observed in double-deficient mice
compared with A/J mice could be due to less damage
to the muscle fibres. The absence of MyD88 renders
the TLR signalling inactive, leading to less cytokine
production, inflammatory cell infiltration, and damage
to the muscles, especially healthy bystander muscles
[42,43].

The second part of this study looked specifically
at the effect of the activation of TLR-7 and -8
by endogenous ligand on the disease phenotype in
dysferlinopathy. There is substantial evidence that the
initiation signal to activate the TLRs can come from
damaged or stressed cells in the absence of infection
[44]. Studies have shown that loss of dysferlin results
in a defect in the muscle membrane repair machinery,
which prevents the resealing of the membrane after
injury. This discontinuity of the membrane allows the
entry of toxic agents such as oxidants, the release of
intracellular molecules that produce an inflammatory
response, and eventual cell death [11–13,45].

Damaged cells are known to release ribonucleic
acids (RNAs) during the disease process [46,47]. We
screened several endogenous TLR ligands such as
HMGB-1, ssRNA, hyaluronic acid fragments, and
lipopolysaccharide (LPS) in an in vitro system but
found that only ssRNA elicited a significant response
(data not shown). We therefore pursued the effect of
ssRNA in the in vivo model. To investigate the role
of ssRNAs in dysferlinopathy, we induced pathology
by injecting ssRNA, a ligand for TLR-7 and -8,
in WT, A/J, and double-deficient mice during the
pre-symptomatic period. We selected 2-month-old
pre-symptomatic mice for the injection studies because
at this age, A/J muscles show no histological disease
but both TLR-7 and TLR-8 are expressed. Injection
injury coupled with the presence of exogenous ssRNA
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mimics the active muscle disease state. We demon-
strated that ligands such as ssRNA can activate TLRs
and thereby trigger an immune/inflammatory response.
This response, in turn, can result in an exacerbation
of the disease phenotype.

We have previously shown that myofibre membrane
damage can activate TLR-7 in patients with Duchenne
muscular dystrophy (DMD), thereby triggering an
inflammatory response through the activation of NF-
κB [48]. Here we have shown that not only TLR-7
and TLR-8, but also several other MyD88-dependent
TLRs (TLR-1, -2, -4, -5, -6, and -13) are highly
expressed as a result of damage to the skeletal muscle
in A/J mice. These results indicate that, in addition to
RNA, there are likely other endogenous ligands that
are released during the injury caused by injection of
ssRNA into the skeletal muscle that would activate
these TLRs. Therefore, the inflammatory response is
a complex process and blocking a single pathway
of the inflammatory network may not necessarily be
beneficial in reducing the pathology.

Cells of the immune system such as macrophages
and neutrophils have been shown to produce active
metabolites that can promote inflammation and necro-
sis in muscle fibres [42,49–52]. The increase that we
observed in the recruitment of inflammatory cells to
the site of damage via activation of TLR-7 and -8
by ssRNA could be the same process that leads to
the necrosis in A/J muscle fibres. This possibility is
further supported by the results of our experiments
with double-deficient muscles. For example, these
muscles have reduced inflammatory cell infiltration
and lower numbers of degenerating and regenerating
fibres because of a lack of TLR activation. Consistent
with our findings, mice deficient for MyD88 have

been shown to have less myocardial inflammation
and injury, reduced CVB3 viral titres, and improved
survival [53].

Osteopontin, a multifunctional secreted glycophos-
phoprotein, has been shown to contribute to many
physiological and pathological processes, such as
immune responses, inflammation, and remodelling
[23,54–56]. In the present study, we found that
treatment with ssRNA significantly up-regulated OPN
mRNA expression and protein levels in A/J muscles
compared with saline-injected controls. Elevated
expression of OPN has been detected in cardiotoxin-
injured muscle, the muscles of mdx mice, and patients
with DMD [40,57,58]. The up-regulation of OPN
in the ssRNA-injected muscles of MyD88-sufficient
mice, but not MyD88-deficient mice, also suggests that
OPN is downstream of TLR-7 and -8. Up-regulation of
OPN expression in injured muscle has previously been
attributed to other cells in addition to immune cells
such as macrophages and activated T-lymphocytes
[24,58]. Therefore, it is likely that immune cells such
as macrophages, natural killer cells, and neutrophils
(as shown by positive staining with CD11b) may
contribute in part to the OPN expression observed in
the present study.

Based on these data, we hypothesize that leaky
dysferlin-deficient skeletal muscle releases endogenous
danger signals (eg ssRNA). These in turn bind to their
respective TLRs (TLR-7/8) on muscle and immune
cells and activate downstream processes, which result
in the secretion of pro-inflammatory cytokines, such as
OPN, that lead to degeneration, recruitment of inflam-
matory cells, and regeneration in the dysferlinopathic
skeletal muscle (Figure 7).
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In conclusion, the results of this study provide
a working model where unstable or poorly repaired
myofibre membranes exude cytoplasmic components
such as RNA that activate TLR-7/8 pathways. The
precise mechanism by which the activation of endo-
somally located TLRs is unknown. The activation of
innate immunity pathways further worsens the initial
damage caused by the dysferlin gene defect. The loss of
signalling ability by these TLRs, as a result of knocking
out MyD88, appears not only to improve muscle func-
tion, but also to reduce inflammation and the secretion
of pro-inflammatory cytokines, and therefore damage
to the muscle fibres. Our study does not exclude a
role for other TLR ligands (eg TLR-4) in the disease
pathogenesis of dysferlinopathy. More studies are war-
ranted to determine the precise contribution of TLRs
to muscle damage, and additional studies are needed
to determine the therapeutic potential of blocking this
pathway in dysferlinopathy.
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SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article.

Supplementary Materials and Methods. Generation and genotyping of transgenic mice; western blotting of MyD88 protein; Illumina beadchip
microarray. Additional microarray information: The original data is available in the NCBI’s Gene Expression Omnibus public database
(http://www.ncbi.nlm.nih.gov/geo/). GEO series accession number: GSE46420.

Figure S1. Generation of transgenic mouse models.

Figure S2. TLR signalling pathway identified by Ingenuity Pathway Analysis, obtained by comparing TA muscles of A/J mice that had been
injected with ssRNA versus saline.
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Figure S3. TLR signalling pathway identified by Ingenuity Pathway Analysis, obtained by comparing TA muscles of WT and double-deficient
mice injected with ssRNA versus saline.

Table S1. TLR-associated genes that were differentially expressed in TA muscles of WT, A/J, and double-deficient mice exposed to ssRNA,
compared with those treated with saline.

Table S2. MyD88-associated genes that were differentially expressed in TA muscles of WT, A/J, and double-deficient mice exposed to ssRNA
versus saline.
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