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Splice modulation using antisense oligonucleotides 
(AOs) has been shown to yield targeted exon exclusion 
to restore the open reading frame and generate trun-
cated but partially functional dystrophin protein. This has 
been successfully demonstrated in dystrophin-deficient 
mdx mice and in Duchenne muscular dystrophy (DMD) 
patients. However, DMD is a systemic disease; success-
ful therapeutic exploitation of this approach will there-
fore depend on effective systemic delivery of AOs to all 
affected tissues. We have previously shown the poten-
tial of a muscle-specific/arginine-rich chimeric peptide-
phosphorodiamidate morpholino (PMO) conjugate, but 
its long-term activity, optimized dosing regimen, capacity 
for functional correction and safety profile remain to be 
established. Here, we report the results of this chime-
ric peptide-PMO conjugate in the mdx mouse using low 
doses (3 and 6 mg/kg) administered via a 6  biweekly 
systemic intravenous injection protocol. We show 100% 
dystrophin-positive fibers and near complete correc-
tion of the dystrophin transcript defect in all peripheral 
muscle groups, with restoration of 50% dystrophin pro-
tein over 12 weeks, leading to correction of the DMD 
pathological phenotype and restoration of muscle func-
tion in the absence of detectable toxicity or immune 
response. Chimeric muscle-specific/cell-penetrating 
peptides therefore represent highly promising agents for 
systemic delivery of splice-correcting PMO oligomers for 
DMD therapy.
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Introduction
Duchenne muscular dystrophy (DMD) is a severe muscle degen-
erative disorder resulting from loss-of-function mutations in the 
DMD gene that lead to disruption of the open reading frame and 
the absence of functional dystrophin protein.1 Splice modula-
tion using antisense oligonucleotides (AOs) offers a potential 
therapy for DMD by permitting targeted exon exclusion in the 
DMD pre-mRNA to restore the open reading frame in mutant 

DMD transcripts.2–13 This results in the production of truncated 
but partially functional dystrophin isoforms that retain the criti-
cal domains.14,15 The therapeutic potential of this method has been 
successfully shown in human subjects following local intramuscu-
lar AO injection.9,16

Given that DMD is a systemic disease affecting all periph-
eral skeletal muscles, successful AO-mediated splice-correction 
therapy will be critically dependent on effective systemic AO 
delivery to all affected tissues. Systemic delivery of both 2′-O-
methyl phosphorothioate and phosphorodiamidate morpholino 
(PMO) AOs has been shown to restore dystrophin protein expres-
sion in multiple peripheral muscles in dystrophin-deficient mdx 
mice but with low efficiency.5,7,17 Recently several groups have 
shown that the systemic delivery of neutrally charged PMO AOs 
can be significantly enhanced by direct PMO conjugation to posi-
tively charged, arginine-rich, cell-penetrating peptides.12,18–20 All 
studies reported significant body-wide dystrophin protein resto-
ration in multiple muscle groups at lower peptide-PMO conjugate 
doses, with some limited correction in cardiac muscle, and with 
amelioration of the mdx dystrophic phenotype.

These studies have highlighted the potential of peptide-PMO 
conjugates as therapeutic agents for DMD. However, they have yet 
to explore the full range of peptide design space or methods for 
specific peptide targeting of muscle and heart. We have recently 
reported the potential of a new class of chimeric peptides incor-
porating a muscle-specific domain between the arginine-rich cell-
penetrating peptide domain and PMO sequence, the prototype 
being B-MSP-PMO.21 This chimeric peptide incorporated the 
arginine-rich B peptide12,18 fused to a muscle-specific heptapeptide 
(MSP).22 The activity of this peptide-PMO conjugate was critically 
dependent on design of the chimeric peptide (B-MSP was highly 
effective whereas MSP-B was not) and offered enhanced dystro-
phin splice correction over the corresponding B-PMO conjugate 
lacking the MSP domain. To fully explore the potential of such 
novel chimeric peptide-PMOs as candidate therapeutic agents for 
DMD, a series of important questions need to be addressed includ-
ing; the establishment of an optimal dosing regimen, the long-term 
or cumulative effects of repeated peptide-PMO delivery on the 
restoration of dystrophin protein and function, and any possible 
toxicity/immune response elicited by the chimeric peptide. Here, 

Correspondence: HaiFang Yin, Tianjin Research Centre of Basic Medical Science, Tianjin Medical University, Heping District, Tianjin, 300070, China. 
E-mail: haifangyin@gmail.com or Matthew JA Wood, Department of Physiology, Anatomy and Genetics, University of Oxford, South Parks Road, 
Oxford, OX1 3QX, UK. E-mail: matthew.wood@dpag.ox.ac.uk

Functional Rescue of Dystrophin-deficient mdx 
Mice by a Chimeric Peptide-PMO
HaiFang Yin1,2, Hong M Moulton3, Corinne Betts2, Thomas Merritt2, Yiqi Seow2, Shirin Ashraf2,  
QingSong Wang1, Jordan Boutilier4, and Matthew JA Wood2

1Tianjin–Oxford Joint Laboratory of Gene Therapy, Tianjin Research Centre of Basic Medical Science, Tianjin Medical University, Tianjin, China; 
2Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, UK; 3Biomedical Sciences, College of Veterinary Medicine, Oregon 
State University, Corvallis, Oregon, USA; 4Siga, Corvallis, Oregon, USA

http://www.nature.com/doifinder/10.1038/mt.2010.151
mailto:haifangyin@gmail.com
mailto:matthew.wood@dpag.ox.ac.uk


Molecular Therapy  vol. 18 no. 10 oct. 2010� 1823

© The American Society of Gene & Cell Therapy
Long-term Study of a Chimeric Peptide-PMO Conjugate

we report the results in which a very low dose, multi-injection 
regimen provided near complete systemic dystrophin correction 
and phenotypic reversal in dystrophin-deficient mdx mice in the 
absence of detectable toxicity or immune response.

Results
B-MSP-PMO provides cumulative correction of the 
mdx mouse phenotype at low dose
Previously, we have demonstrated that multiple doses as low as 
3 mg/kg could induce successful exon skipping and the detec-
tion of large numbers of dystrophin-positive fibers in body-wide 
muscles in mdx mice, albeit with relatively low overall levels of 
dystrophin protein.21 However, the literature suggests that dystro-
phin has a long half-life of ~6 months,23,24 and we therefore rea-
soned that it might be possible to establish an effective treatment 
regimen with repeated, multiple low-dose administrations. To test 
the ability of the B-MSP-PMO AO to provide cumulative molecu-
lar correction in the mdx mouse, we began using 3-mg/kg dose 

injections, comparing single with multiple intravenous 3 mg/kg 
doses administered biweekly over the course of 12 weeks. One 
week following the final injection tissue samples from multiple 
skeletal muscles and the heart were harvested for protein and RNA 
analysis. Overall, greater levels of dystrophin expression were 
detected in the multidose-treated animals (Figure 1a). A remark-
able difference was observed in the number of dystrophin-positive 
fibers detected in biceps, triceps, and quadriceps between the mul-
tiple- and single-dose injections, with up to 74.6, 21.8, and 33.8% 
positive myofibers in multi-injection versus 18.3, 1.7, and 6% fol-
lowing single injections, as determined by immunohistochemical 
staining (Figure  1b). This analysis showed that dystrophin cor-
rection was variable between muscle groups, with significantly 
improved correction in most but not all groups. These findings 
were corroborated at the RNA level, where reverse transcriptase 
(RT)-PCR analysis showed enhanced but incomplete splice cor-
rection with 3 mg/kg multi-injections compared with single injec-
tions (Figure  1c). Western blot data was also consistent with 
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Figure 1 S ystemic administration of B-MSP-PMO conjugate at single and multiple 3 mg/kg doses in mdx mice. Dystrophin expression following 
single and six biweekly multiple 3 mg/kg injections of the B-MSP-PMO conjugate in adult mdx mice. (a) Immunostaining of muscle tissue cross-sections 
to detect dystrophin protein expression and localization in mdx mice treated with single injection (the third panel, single) and multiple injections of 
B-MSP-PMO conjugates (bottom panel, multiple). Data from control normal C57BL6 and untreated mdx mice were shown (first and the second panel, 
respectively). Muscle tissues analyzed were from tibialis anterior (TA), quadriceps, triceps, biceps, abdominal wall (abdominal), and diaphragm and 
heart muscles. Bar = 200 μm. (b) Percent of dystrophin-positive fibers in analyzed muscle tissue cross-sections from mdx mice treated with single and 
multiple 3 mg/kg B-MSP-PMO conjugate doses (six sections per tissue/muscle analyzed). (c) RT-PCR analysis to detect dystrophin exon-skipping tran-
scripts in the treated tissues with B-MSP-PMO. Unskipped and skipped transcript products as indicated (exon-skipped bands indicated by Δexon23—for 
exon 23 deleted; Δexon22 + 23—for exons 22 and 23 deleted). (d) Western blot for detecting the level of dystrophin protein restored in the analyzed 
tissues from mdx mice treated with multiple 3 mg/kg B-MSP-PMO conjugate doses compared with C57BL6 and untreated mdx control mice. 50 µg 
protein was loaded for each sample except for C57BL6 control lane where 2.5 µg of protein was loaded. α-Actinin was used as a loading control (six 
mice in each group). MSP, muscle-specific heptapeptide; PMO, phosphorodiamidate morpholino; RT, reverse transcriptase.
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these findings showing restored dystrophin protein in all muscles 
including diaphragm, but with the exception of heart (Figure 1d). 
However, the levels of detectable dystrophin protein were not >5% 
of wild-type C57BL6 mouse normal levels in the multi-injection 
group, with less protein detectable following single injections (data 
not shown). Despite these relatively low levels of dystrophin cor-
rection following the multidose 3 mg/kg injection protocol, lower 
serum creatinine kinase (CK) and serum aspartate aminotrans-
ferase enzymes were detected (Supplementary Figure S1a,b), 
indicative of a degree of correction of the muscle pathology. In 
addition, grip strength tests showed significant improvement in 
muscle function in the treated mdx mice compared with untreated 
mdx controls (Supplementary Figure S1c).

Cumulative, enhanced molecular and phenotypic 
correction of mdx mice following intravenous  
6 mg/kg multidose B-MSP-PMO injections
The data above showed that a multidose regimen for intravenous 
B-MSP-PMO administration was promising and could lead to 
appreciable cumulative dystrophin correction in mdx mice. We 

hypothesized that a critical dose threshold was probably required 
in order to induce effective dystrophin correction and there-
fore investigated a higher dose, multi-injection protocol. Using 
an intravenous dose of 6 mg/kg of B-MSP-PMO administered 
biweekly over the course of 12 weeks, we found virtually com-
plete dystrophin splice correction at the RNA level in all exam-
ined muscles, with the exception of heart. Multidose compared 
with single 6 mg/kg B-MSP-PMO injections resulted in significant 
correction of dystrophin expression levels in multiple peripheral 
muscle groups (Figure  2a). Hundred percentage of myofibers 
were dystrophin-positive in all muscle groups except heart treated 
with multiple 6 mg/kg B-MSP-PMO injections, suggesting that 
a cumulative effect was established following multidose treat-
ment at the higher dose (Figure  2b). This was corroborated by 
the RT-PCR analysis, which showed the absence of uncorrected 
dystrophin transcript in all tissues analyzed except heart and 
abdominal muscle (Figure  2c), indicating complete removal of 
the mutated exon 23 from the defective DMD transcript. This led 
to increased absolute levels of dystrophin protein as determined 
by western blot with up to 60% of normal dystrophin protein 
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Figure 2 L ong-term study of B-MSP-PMO conjugate at the dose of 6 mg/kg following six biweekly injections in mdx mice. Dystrophin exon skip-
ping and protein expression following single and multiple systemic doses of the B-MSP-PMO conjugate in adult mdx mice. (a) Immunohistochemistry 
to detect dystrophin expression in muscle cross-sections from mdx mice treated with B-MSP-PMO at single 6 mg/kg dose (upper panel, single) and 
multiple 6 mg/kg injections (lower panel, multiple). Data from control normal C57BL6 and untreated mdx mice not shown. Muscle tissues analyzed 
were from tibialis anterior (TA), quadriceps, triceps, biceps, abdominal wall (abdominal), diaphragm and heart muscles. Bar = 200 μm. (b) Percent of 
dystrophin-positive fibers in the analyzed tissues from treated mdx mice. Results show 100% dystrophin-positive fibers observed in all the indicated 
muscles except heart (six sections per tissue/muscle analyzed). (c) RT-PCR to detect the dystrophin exon-skipping products in treated mdx mouse 
muscle groups as shown (exon-skipped bands indicated by Δexon23—for exon 23 deleted; Δexon22 + 23—for exons 22 and 23 deleted). (d) Western 
blot for detection of dystrophin protein in the indicated muscle groups from treated mdx mice compared with C57BL6 and untreated mdx control 
mice. Top panel is for single injection and the bottom one represents multiple injections. Twenty-five microgram protein was loaded for each sample 
except for C57BL6 control lane where a corresponding amount of protein was loaded for different treatments as indicated. α-Actinin was used as the 
loading control (six mice in each group). MSP, muscle-specific heptapeptide; PMO, phosphorodiamidate morpholino; RT, reverse transcriptase.
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levels detectable in quadriceps and triceps as measured by Image J 
software analysis (Figure 2d).

Unsurprisingly, such effective dystrophin splice correction at the 
molecular level led to phenotypic recovery of treated mdx mice. This 
was shown by functional improvement of the treated mdx mouse 
muscle as shown by grip strength analysis (Figure 3a).25,26 In addi-
tion, molecular correction was reflected in terms of single-muscle 
fiber resistance to damage as demonstrated by physiological analy-
sis of isolated extensor digitorum longus muscles, which showed 
increased maximum force and decreased percent force drop in mul-
tidose 6 mg/kg treated mice compared with age-matched mdx con-
trols (Supplementary Figure S2). The percentage of muscle fibers 
with centrally located nuclei is an index of ongoing degeneration/
regeneration cycles.27,28 Counts of centrally located nuclei within 
treated mdx muscle groups (tibialis anterior, biceps, and quadriceps) 
revealed a significant reduction in centrally nucleated myofibers com-
pared with untreated control mdx mice, suggesting a reduced regen-
erative stimulus commensurate with improved function (Figure 3b). 
A significant decline in serum CK levels was also observed in mice 

treated with multiple 6 mg/kg doses compared with untreated mdx 
mice (Figure 3c).27 Dystrophin is an essential component of a sar-
colemmal dystrophin-associated protein complex (DAPC), which 
has important signaling functions via neuronal nitric oxide synthase 
and other molecular components.29 In the absence of functional dys-
trophin, DAPC components fail to localize accurately to the sarco-
lemma. We therefore investigated whether successful relocalization 
of DAPC components was present after cumulative restoration of 
dystrophin. Relocalization of multiple DAPC component proteins 
including β-dystroglycan, α-sarcoglycan, and neuronal nitric oxide 
synthase, was detected following multidose B-MSP-PMO treatment 
as shown by serial immunostaining of dystrophin and DAPC com-
ponents (Figure 3d).

Repeated B-MSP-PMO treatment restores functional 
dystrophin expression in the absence of detectable 
toxicity or immune response
The 6 mg/kg multidose injection protocol above led to near com-
plete dystrophin splice correction in multiple muscle groups. Given 
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Figure 3  Functional and phenotypic correction in mdx mice following treatment with the B-MSP-PMO conjugate at six biweekly 6 mg/kg 
doses. (a) Muscle function was assessed using a functional grip strength test to determine the physical improvement of B-MSP-PMO-treated mdx mice. 
Significant force recovery was detected in treated mdx mice compared with untreated controls(t-test, *P < 0.05; six mice each group). (b) Evaluation 
of the numbers of centrally nucleated myofibers in TA, quadriceps, and biceps muscles following repeated B-MSP-PMO treatment compared with 
the corresponding untreated mdx muscles. Data show a significant decrease in the number of centrally nucleated myofibers in treated mdx muscles 
compared with untreated controls (t-test, P < 0.05; six sections per tissue/muscle analyzed; six mice each group). (c) Measurement of serum creatine 
kinase (CK) levels as an index of ongoing muscle membrane instability in treated mdx mice compared with mdx control mice. Data show a significant 
fall in the serum CK levels in mdx mice treated with B-MSP-PMO compared with untreated age-matched mdx controls (t-test, P < 0.05; six mice each 
group). (d) Restoration of the dystrophin-associated protein complex (DAPC) in mdx mice with repeated B-MSP-PMO treatment at 6 mg/kg was 
studied to assess dystrophin function and recovery of normal myoarchitecture. DAPC protein components β-dystroglycan, α-sarcoglycan, and nNOS 
were detected by immunostaining in serial tissue cross-sections of TA muscles from treated mdx mice compared with untreated mdx mice and nor-
mal C57BL6 mice (arrow indicated identical muscle fibers). Bar = 200 µm. MSP, muscle-specific heptapeptide; nNOS, neuronal nitric oxide synthase; 
PMO, phosphorodiamidate morpholino.
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this impressive phenotypic correction, we wished to determine 
whether any side-effects of treatment occurred. We monitored the 
body weight of mdx mice treated with B-MSP-PMO conjugate at 
6 mg/kg multidose injections over the course of 12 weeks. Treated 
mice showed a steady weight increase to the experimental end 
point as did with untreated age-matched controls (Supplementary 
Figure S3). We also investigated any potential systemic cytotox-
icity induced by the repeated treatment with B-MSP-PMO by 
analyzing serum indexes of liver and kidney damage and func-
tion including serum aspartate aminotransferase and alanine 
aminotransferase liver enzymes levels. The serum levels of these 
enzymes were reduced to within the normal range compared 
with untreated mdx mice and normal age-matched C57BL6 con-
trol mice (Figure 4a). No change was found in the serum levels 
of urea and creatinine with B-MSP-PMO treatment compared 
with untreated mdx controls and normal mice (data not shown), 
suggesting no adverse effects of treatment on renal function. We 

also undertook histological studies with haematoxylin and eosin 
staining of liver and kidney tissue sections from mdx mice treated 
with B-MSP-PMO conjugate, which revealed no deleterious 
changes in tissue morphology or increased numbers of infiltrat-
ing cells compared with untreated mdx mice (Figure  4b). Also 
there was no increase in the number of other inflammatory infil-
trating cells (e.g., macrophage and neutrophil) in muscle sections 
from mdx mice treated with B-MSP-PMO in comparison with 
untreated controls (Supplementary Figure S4a).

Given the striking cumulative effect of dystrophin restoration 
with multidose of B-MSP-PMO conjugate at 3 and 6 mg/kg, respec-
tively as above, this suggests that B-MSP-PMO is unlikely to induce 
a significant immune response following repeated administration. 
This was first tested by immunostaining of CD3+ and CD8+ T lym-
phocytes in muscle tissue sections. Sporadic CD3+ and CD8+ cells 
were observed in diaphragmatic cross-sections from mice treated 
with B-MSP-PMO conjugate, however increased numbers were 
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Figure 4  Investigation of systemic immunotoxicity in mdx mice treated with the multiple B-MSP-PMO conjugate administration. 
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found in untreated mdx controls (Figure  4c; Supplementary 
Figure S4b), suggesting that B-MSP-PMO lacks immunogenicity. 
In order to detect any specific humoral immune response in the 
serum from repeated B-MSP-PMO-treated mdx mice, we coated 
the B-MSP-PMO conjugate on enzyme-linked immunosorbent 
assay plates as an antigen, and probed with serum collected from 
B-MSP-PMO-treated mdx mice and untreated controls to detect 
any B-MSP-PMO-specific antibody in serum. Using this assay, 
only background levels of signal were observed in the treated and 
untreated controls (Figure  4d), consistent with the functional 
improvement and phenotypic correction induced in B-MSP-PMO-
treated mdx mice. Overall, these results indicated that repeated 
B-MSP-PMO administration failed to elicit any overt toxicity or 
significant immune response at the dosing regimen utilized.

Discussion
Peptide-conjugated PMO oligomers have significant potential as 
splice correcting therapeutic agents for DMD.12,19,20,30 However, 
the ability of such agents to incorporate muscle-specific peptides 
and to provide cumulative molecular and functional correc-
tion of the DMD phenotype has not yet been shown. Here, we 
report studies investigating the therapeutic potential of the novel 
chimeric peptide-PMO conjugate B-MSP-PMO. We show that 
while a multi-injection 3 mg/kg intravenous administration regi-
men was slightly more effective than single injections at this dose 
in terms of dystrophin restoration, it failed to reach the critical 
dose threshold required for high-level correction in mdx mice. 
Variation of dystrophin expression between different muscles can 
be observed with single intravenous injection of B-MSP-PMO 
(Figure 1b), which indicates that at marginal doses local factors 
within individual muscle groups might influence AO uptake and/
or efficiency. In contrast, a higher dose of 6 mg/kg administered 
biweekly for 6 weeks resulted in complete molecular correction of 
the dystrophin defect at the RNA level and in terms of numbers 
of dystrophin-positive myofibers in multiple peripheral muscle 
groups including diaphragm. This resulted in cumulative correc-
tion of molecular and pathological features associated with the 
mdx phenotype including decreased serum CK levels, restored 
DAPC localization, improved grip function, and other physiologi-
cal parameters, in the absence of detectable immune response or 
toxicity. The mechanism for this improved activity appears to be 
related to increased muscle cell uptake or internalization of the 
PMO conjugate as demonstrated by our recent study (data not 
shown). Chimeric muscle-specific peptides conjugated to PMO 
AOs therefore have significant potential as therapeutic agents for 
systemic splice correction in DMD.

Two major questions arise in the use of peptide PMO conju-
gates for dystrophin restoration. The first is to what extent muscle 
function is restored and ongoing muscle degenerative pathology 
is halted or reversed. At the 6 mg/kg, repeat dose the restored 
dystrophin protein is functional as evidenced by efficient resto-
ration of the dystrophin network of proteins at the sarcolemma 
(the DAPC) and improved mdx muscle grip strength and single-
muscle fiber resistance to damage to within the normal range. 
Multiple indexes of disease pathology including serum CK levels, 
aspartate aminotransferase/alanine aminotransferase and rou-
tine muscle histology all showed significant reversal of disease 

progression. Although the percentage of centrally nucleated 
myofibers in treated samples remained high, there was significant 
decrease compared with untreated mdx controls, which indi-
cated the progression of the disease pathology was significantly 
altered. The data was corroborated by the absence or low num-
bers of regenerating fibers and significantly decreased amount of 
collagen deposition detected in treated samples (Supplementary 
Figure S4c–e). The second question relates to safety and potential 
immunotoxicity of the peptide PMO compound. At the multidose 
regimen used in this study all indexes of organ or immunotoxi
city were negative including serum indexes of hepatic and renal 
function within the normal range, normal liver and kidney histo
logy, no accumulation of infiltrating CD3+/CD8+T lymphocytes 
and macrophages/neutrophils within tissues and no evidence 
by enzyme-linked immunosorbent assay of serum antibodies 
directed against the B-MSP-PMO conjugate. During the study, 
the treated mdx mice showed the same pattern of weight gain as 
untreated age-matched controls. Therefore low dose, repeated 
administration of this B-MSP-PMO compound provides virtu-
ally complete correction of dystrophin expression in all peripheral 
muscle groups and this correlates with functional correction of 
muscle physiology and reversal of pathological indicators in the 
absence of detectable immunotoxicity.

The data presented therefore suggest that B-MSP-PMO has 
significant potential as a therapeutic agent for the long-term 
treatment of the dystrophin muscle defect in patients with DMD. 
This work is a prelude to even longer term studies (1–2 years) to 
ascertain the effects of lifetime correction of dystrophin deficiency 
in mdx mice, and provides strong evidence for the use of such 
chimeric peptide PMO conjugates as therapeutic agents in DMD 
patients. That relatively poor dystrophin correction was found in 
heart is consistent with our previous report identifying this chi-
meric peptide PMO conjugate,21 in which we have shown only a 
slightly higher level of dystrophin expression in heart with B-MSP-
PMO compared with the parent B-PMO compound at a 25 mg/kg 
dose. Our speculation is that the low level of dystrophin splice 
correction in heart is most likely due to the high affinity of MSP 
for skeletal muscle and the low-dose regimen used in this study. 
Nevertheless, the opportunity now exists to identify different or 
improved versions of the MSP tissue-specific domain including 
cardiac-specific peptides, and the study of such conjugated PMOs 
is already in progress (data not shown).

Materials and Methods
Animals. Six to eight-week-old mdx mice were used in all experiments (six 
mice each in the test and control groups). The experiments were carried 
out in the Animal Unit, Department of Physiology, Anatomy and Genetics 
(University of Oxford, Oxford, UK) according to procedures authorized by 
the UK Home Office. Mice were killed by CO2 inhalation at desired time 
points, and muscles and other tissues were snap-frozen in liquid nitrogen-
cooled isopentane and stored at −80 °C.

PMO and peptide-PMO conjugates. Peptide-conjugated PMOs were syn-
thesized and purified to >90% purity by AVI Biopharma (Corvallis, OR). The 
nomenclature and sequences of this B-MSP-PMO conjugate is (RXRRBR)2-
ASSLNIAX-PMO. The PMO AO 5′-ggccaaacctcggcttacctgaaat-3′ was 
targeted to the murine dystrophin exon 23/intron 23 boundary site. MSP 
is a muscle-specific heptapeptide, previously identified by in vivo phage 
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display as having increased muscle- and cardiac-binding properties.22 
B peptide is a derivative of a previously described arginine-rich peptide 
(RXR)4

18,30 in which two of the non-natural 6-aminohexanoic acid (X) resi-
dues were substituted with non-natural amino acid β-alanine. B-MSP is a 
chimeric peptide of B and MSP with the MSP positioned at the C-terminus 
of the B peptide. The PMO was conjugated to the carboxyl groups at the 
C-terminus of the peptide using a method described elsewhere.18,30

RNA extraction and nested RT-PCR analysis. Total RNA was extracted 
with Trizol (Invitrogen, Renfrew, UK) and 200 ng of RNA template was 
used for 20 µl RT-PCR with OneStep RT-PCR kit (Qiagen, West Sussex, 
UK). The primer sequences and reaction conditions were used as previ-
ously reported.11,12 The first step RT-PCR was carried out with the OneStep 
RT-PCR kit with 25 cycles for PCR step and another 25 cycles was applied 
for the following nested PCR. The products were examined by electropho-
resis on a 2% agarose gel.

Systemic injections of peptide–PMO conjugates. Various amounts of 
peptide-PMO conjugate in 80 μl saline buffer were injected into tail vein of 
mdx mice at the final dose of 3 and 6 mg/kg, respectively.

Immunohistochemistry and histology. Series of 8-μm sections were 
examined for dystrophin expression and DAPC with a series of poly-
clonal antibodies and monoclonal antibodies as described.12 CD3+/CD8+ 
T lymphocytes cell were identified with rat polyclonal31 and mouse mono-
clonal primary antibody (eBioscience, Hatfield, UK), respectively; then 
detected by goat-anti-rat and goat-anti-mouse immunoglobulin Gs Alexa 
594 (Invitrogen). For macrophage and neutrophil staining, polyclonal 
rabbit and rat primary antibodies from Abcam (Cambridge, UK) were used, 
respectively. Collagen IV polyclonal rabbit primary antibody was applied 
for collagen staining (Abcam) and Image J software analysis was used for 
quantification. For detecting regenerating muscle fibers, mouse fetal myo-
sin antibody was used, which was a gift from Professor Neal A. Rubinstein 
(University of Pennsylvania, Philadelphia, PA). Goat-anti-rabbit, -rat and 
-mouse immunoglobulin Gs Alexa 594 secondary antibodies were applied, 
respectively (Invitrogen). Routine haematoxylin and eosin staining was 
used to examine overall liver and kidney morphology.

Enzyme-linked immunosorbent assay for serum antibody detection. 
An enzyme-linked immunosorbent assay was adopted from a previously 
published method.18 The serum from treated and untreated mdx mice was 
collected at the end point. Plates were coated with 1 µg B-MSP-PMO conju-
gate, incubated at 4 °C overnight, washed, blocked with normal goat serum 
and incubated with serum from C57BL6 mice and the treated mdx mice in 
serial dilutions for 1 hour. The plates were then incubated with goat-anti-
mouse immunoglobulin G horseradish peroxidase (Sigma, Hertfordshire, 
UK) for 30 minutes. The substrate was applied for 10–30 minutes and 
the reaction was terminated by the stop solution from the Substrate Pack 
(R&D Systems, Minneapolis, MN). The signal intensity was measured by 
the plate reader (PerkinElmer, Beaconsfield, UK).

Centrally nucleated fiber counts. Tibialis anterior, quadriceps, and triceps 
muscles from mdx mice treated with B-MSP-PMO conjugate were exam-
ined. To ascertain the number of centrally nucleated muscle fibers, sec-
tions were stained for dystrophin with rabbit polyclonal antibody 2166 and 
counter-stained with DAPI for cell nuclei (Sigma). 500–1,000 dystrophin-
positive fibers for each tissue sample were randomly chosen, counted and 
assessed for the presence of central nuclei using a Zeiss AxioVision fluo-
rescence microscope (Carl Zeiss, Herts, UK). Fibers were judged centrally 
nucleated if one or more nuclei were not located at the periphery of the 
fiber. Untreated age-matched mdx mice were used as controls.

Protein extraction and western blot. Protein extraction and western 
blot were carried out as previously described.12 Various amounts of pro-
tein from normal C57BL6 mice as a positive control and corresponding 

amounts of protein from muscles of treated or untreated mdx mice were 
used. α-Actinin was used as loading control. The intensity of the bands 
obtained from treated mdx muscles was measured by Image J software; the 
quantification is based on band intensity and area, and is compared with 
that from normal muscles of C57BL6 mice.

Functional grip strength and physiological analysis. Treated and con-
trol mice were tested using a commercial grip strength monitor (Chatillon, 
West Sussex, UK). The procedure is the same as previously described.12 
Each mouse was held 2 cm from the base of the tail, allowed to grip a 
protruding metal triangle bar attached to the apparatus with their fore-
paws, and pulled gently until they released their grip. The force exerted 
was recorded and five sequential tests were carried out for each mouse, 
averaged at 30 seconds apart. Subsequently the readings for force recovery 
were normalized by the body weight. For isolated muscle fiber physiologi-
cal analysis, the extensor digitorum longus muscle was used as reported,32 
and contractile properties determined using previous methods.33 The mus-
cle was subjected to single pulses of 0.2 ms in duration at 30 V whereas 
the optimum length (Lo) for development of maximum isometric twitch 
force was determined. Fiber length (Lf) was determined by multiplying the 
figure obtained for Lo by the predetermined fiber length to muscle length 
ratio of 0.45.34 The maximum isometric force (Po) was calculated from the 
peak of the curve, as was data required to calculate time to half-peak and 
time to half-relaxation. Eccentric contractions were performed during 
a 0.75 seconds protocol.32 All data was digitized and analyzed using the 
DMA software (version 3.2; Aurora Scientific, Bristol, UK).

Clinical biochemistry. Serum and plasma were taken from the mouse 
jugular vein immediately after the killing with CO2 inhalation. Analysis of 
serum CK, aspartate aminotransferase, alanine aminotransferase, urea and 
creatinine levels was performed by the clinical pathology laboratory (Mary 
Lyon Centre, Medical Research Council, Harwell, Oxfordshire, UK).

Statistical analysis. All data are reported as mean values ± SEM. Statistical 
differences between treatment groups and control groups were evaluated 
by SigmaStat (Systat Software, London, UK) and the Student’s t-test was 
applied.

SUPPLEMENTARY MATERIAL
Figure S1.  Phenotypic and functional improvement in mdx mice 
treated with 6 biweekly 3 mg/kg B-MSP-PMO conjugate.
Figure S2.  Physiological improvement in mdx mice treated with 
B-MSP-PMO conjugate at 6 biweekly 6 mg/kg repeated doses.
Figure S3.  Body-weight measurements of mdx mice treated with 
6 biweekly B-MSP-PMO at 3 and 6 mg/kg doses over 12 weeks.
Figure S4.  Investigation of other parameters in mdx mice treated with 
B-MSP-PMO conjugate at 6 biweekly 6 mg/kg repeated doses.
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