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The administration of antisense oligonucleotides (AOs) 
to skip one or more exons in mutated forms of the DMD 
gene and so restore the reading frame of the transcript is 
one of the most promising approaches to treat Duchenne 
muscular dystrophy (DMD). At present, preclinical stud-
ies demonstrating the efficacy and safety of long-term 
AO administration have not been conducted. Further-
more, it is essential to determine the minimal effective 
dose and frequency of administration. In this study, two 
different low doses (LDs) of phosphorodiamidate mor-
pholino oligomer (PMO) designed to skip the mutated 
exon 23 in the mdx dystrophic mouse were administered 
for up to 12 months. Mice treated for 50 weeks showed 
a substantial dose-related amelioration of the pathology, 
particularly in the diaphragm. Moreover, the generalized 
physical activity was profoundly enhanced compared to 
untreated mdx mice showing that widespread, albeit 
partial, dystrophin expression restores the normal activ-
ity in mdx mice. Our results show for the first time that a 
chronic long-term administration of LDs of unmodified 
PMO, equivalent to doses in use in DMD boys, is safe, 
significantly ameliorates the muscular dystrophic pheno-
type and improves the activity of dystrophin-deficient 
mice, thus encouraging the further clinical translation of 
this approach in humans.
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Introduction
Duchenne muscular dystrophy (DMD) is an X-linked inherited 
neuromuscular disease caused by mutations in the dystrophin 
gene, which cause a deficiency in production of the dystrophin 
protein leading to an increase in muscle fragility. Mutations gener-
ating shorter but in-frame, and therefore still partially functional 
proteins, lead to a milder myopathy, sometimes with a very late 
onset, known as Becker muscular dystrophy.1,2 The mdx mouse, 
which carries a nonsense point mutation in the exon 23, also 

does not produce dystrophin in its muscles, except for rare rever-
tant dystrophin-positive fibers in skeletal and cardiac muscles.3,4 
Exclusion of exon 23 from the mature mRNA (exon skipping) in 
the mdx mouse leads to the restoration of dystrophin expression 
and has been achieved by using different antisense oligonucle-
otides (AOs) chemistries, among which the most promising are 
the phosphorothioate-linked 2′-O-methyl RNA (2OMePS) and 
the phosphorodiamidate morpholino oligomer (PMO).5–10 The 
more prolonged resistance to endonucleases and the higher affin-
ity to the sequence target make the PMO particularly suitable 
for in vivo applications.11,12 Furthermore, the PMO can be read-
ily linked to cell-penetrating peptides or octaguanidine groups 
improving the efficiency of systemic delivery in skeletal13–20 and 
cardiac muscles.19,21,22 At present, safety for these latter modified 
compounds has not been demonstrated in the human.23 Currently 
only unmodified AOs are in use in clinical trials. Two independent 
clinical trials in the Netherlands and UK have already demon-
strated safety and efficiency of 2OMePS and PMO AOs targeting 
the exon 51 after intramuscular injection in DMD patients24–26 and 
their systemic delivery has been investigated in further clinical tri-
als (ref. 27 and NTC00844597). We have recently demonstrated 
that the choice of an effective dosing regimen for PMO adminis-
tration is a key parameter in reducing the amount of naked PMO 
necessary for systemic delivery and that even a low dosage such as 
4 weekly injections of 5 mg/kg PMO induces a significant increase 
in dystrophin expression.10 Due to the nature of the AO action, 
repeated chronic administration of AO is necessary to guaran-
tee a continuous production of dystrophin. However, at present, 
no preclinical studies have been published about the effect of 
long-term systemic PMO administration in the mdx mouse and 
the efficacy and the safety of such a long treatment has not been 
proven. In the present study, we show that systemic delivery of 
low, clinically applicable, doses of PMO in mdx mice for up to 
1 year is safe and ameliorates the pathology of skeletal muscles. 
Importantly, restored dystrophin expression partially recovered 
muscle functionality and limb strength. In mice treated for 1 year, 
the partial, body-wide dystrophin expression resulted in motor 
activity and movement behavior of mdx that was indistinguishable 
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from normal wild-type C57BL10 mice. These encouraging results 
support the feasibility of a long-term PMO treatment in humans 
as a therapy for DMD.

Results
Chronic repeated treatment with intravenous PMO 
at both 50 and 5 mg/kg results in significant and 
widespread restoration of dystrophin in skeletal 
muscle of mdx mice
Six-week-old mdx mice were injected with PMO diluted in ster-
ile saline via the tail vein. Two doses of PMO were tested in this 
study: 5 mg/kg/injection and 50 mg/kg/injection that we referred 
as low dose (LD) and high dose (HD) because respectively lower 

and higher compared to the highest dose currently under clinical 
trial in human DMD patients (20 mg/kg, NTC00844597). A regi-
men of 4 weekly injections (1 cycle) and 6 weeks of no treatment 
was adopted in each group of treated mice. The cycle of 4 weekly 
injections was repeated two or five times and animals were ana-
lyzed 6 weeks after the last injection (Supplementary Figure S1). 
After 20 weeks (two treatment cycles), dystrophin was widely 
expressed in all the muscles analyzed of treated mice achieving 
23–27% of dystrophin-positive fibers in tibialis anterior (TA) and 
~30% in quadriceps (Figure  1a). By prolonging the treatment 
to 50 weeks, the number of dystrophin-positive fibers remained 
unchanged in triceps (42 and 48% for LD and HD, respectively, 
n = 4–8) whereas they generally increased in the other muscles 
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tested compared to the two cycle time point. In particular, vas-
tus lateralis and gastrocnemius of HD-treated mice contained 
>80% dystrophin-positive fibers whereas thinner muscles like 
soleus and EDL generally expressed smaller percentages of dys-
trophin-positive fibers (Figure 1a). After either 20 or 50 weeks 
of treatment both dose regimens gave rise to approximately the 
same number of dystrophin-positive fibers in most muscles even 
though a stronger signal was observed after immunofluores-
cence for dystrophin in muscles treated for 20 weeks with the 
HD (Figure 1b,c). A semiquantitative intensity analysis corrobo-
rated these observations confirming that the averaged dystrophin 
intensity in TA fibers after 20 weeks of HD treatment (70 ± 3% of 
the intensity of control C57BL10) was higher than in LD-treated 
muscles (44 ± 2% of control) (n = 4–5, P < 0.0001) (Figure 1d). 
In TA of 50 weeks treated mice, patches of dystrophin negative 
fibers were substantially reduced but not entirely absent even 
though an extended general fluorescent signal, clearly detectable 
above the threshold set up on the untreated muscles might be 
the result of a low dystrophin expression in the majority of fibers 
(Figure  1c). Accordingly, after 50 weeks of treatment a similar 
averaged level of intensity in TA sections stained for dystrophin 
was measured for the two doses (60 ± 1.6 and 62 ± 1.5% for LD 
and HD compared to C57BL10 fiber intensity, n = 3–5, P = 0.35, 
Figure 1d). However, when fluorescent intensity was measured 
specifically in the dystrophin-positive fibers of these muscles, 
the myofibers of HD-treated mice gave rise to similar amount of 
dystrophin compared to C57BL10 fibers (1,230 ± 30 compared 
to 1,205 ± 35 intensity units, n = 5, P = 0.16), whereas the fibers 
of LD-treated mice expressed significantly less dystrophin com-
pared to the HD treatment (1,095 ± 40 intensity units) [n = 3–5, 
P  < 0.0001 (Figure  1e)]. Western blot analysis confirmed the 
results obtained by dystrophin intensity study showing that after 
20 weeks of PMO administration, TA muscles of HD-treated mice 
expressed generally more dystrophin compared to the muscles 
of LD-treated mice. However, the difference was not significant 
(20 ± 3 and 43 ± 13% of dystrophin expressed by C57 for LD and 
HD, respectively, n = 4–5, P = 0.17). A similar result was found 
for total quadriceps muscles (32 ± 5 and 52 ± 14% for LD and 
HD, respectively, n = 4–5, P = 0.27) (Figure 2a,c). After 50 weeks 
of PMO treatment, no obvious difference in the levels of dystro-
phin expression was found between the LD and HD doses in TA 
(61 ± 6 and 71 ± 7%, respectively, n = 5, P = 0.32), total quadri-
ceps (44 ± 11 and 50 ± 8%, n = 5, P = 0.7), and Tri (34 ± 9 and 
48 ± 6%, n = 5, P = 0.21) (Figure 2b,c). No dystrophin expres-
sion was observed in cardiac muscles of PMO-treated mice (data 

not shown). These data suggest that the 20 weeks LD and HD 
PMO administration produced a different amount of dystrophin 
in mdx skeletal muscles, but this difference tends to decrease with 
a longer administration.

Widespread dystrophin expression after chronic PMO 
treatment correlates with a substantial histological 
improvement in mdx skeletal muscles
The considerable dystrophin restoration observed after 20 
weeks of treatment in diaphragm of HD-treated mice, TA, 
and vastus lateralis was in keeping with a reduced number of 
centrally nucleated fibers compared with untreated mdx mice 
(in TA 82.5  ±  1.4% compared to 89  ±  0.5%, in vastus latera-
lis 74.6 ± 1.9% compared to 91.9 ± 1.3, in diaphragm after HD 
treatment 57.4 ± 2.9% compared to 67.4 ± 1.8%, n = 4–6, P < 
0.0001) (Figure 3a). In muscles presenting a lower number of 
dystrophin-positive fibers after LD administration, such as the 
rectus femoris (about 10–15%, not shown in the graph) and in 
diaphragm (3.8 ± 1.1%), no change in centrally nucleated fiber 
number was observed (Figure 3a). The extension of the treat-
ment to 50 weeks further reduced the percentage of centrally 
nucleated fibers compared to age-matched mdx controls (in TA 
72.4 ± 1.9 and 74 ± 1.7% for HD and LD, respectively compared 
to 83.3  ±  3.4% in mdx, n = 8, P = 0.02 for LD, P = 0.012 for 
HD; in vastus lateralis 68  ±  1.8 and 65.3  ±  1.7% for HD and 
LD, respectively compared to 84.4 ± 1.2% in mdx, P = 0.0032 
for LD and P < 0.0001 for HD; in rectus femoris 67.5 ± 3 and 
66.7 ± 2.8% for HD and LD, respectively compared to 84 ± 2.2% 
in mdx, P  < 0.0001 for LD and HD) indicating lower fiber 
turnover. In TA of HD-treated animals for 50 weeks, weight 
(84.2 ± 2.4 mg compared to 95.3 ± 4 mg in mdx, n = 8, P = 0.03) 
(Figure 3b) and cross-sectional area (9.6 ± 0.3 mm2 compared to 
10.8 ± 0.5 mm2 in mdx, n = 8, P = 0.048) (Figure 3c) significantly 
decreased, indicating a reduction of the typical mdx hypertro-
phy. This was accompanied by a significant increase in average 
fiber cross-sectional area (327  ±  10 μm2 and 349  ±  11 μm2 for 
LD and HD compared to 270 ± 7 μm2 in mdx, n = 8, P < 0.0001) 
(Figure 3d) in all the fibers suggesting a decrease in fiber split-
ting. Importantly, the cross-sectional area of the dystrophin-
positive fibers reached values comparable to the normal fibers 
(Figure 3d), confirming a protective role for the expressed dys-
trophin. Finally, the fibrotic tissue in TA muscles, measured as 
the collagen VI positive area in representative transverse sec-
tions of treated muscles, was comparable to that of normal 
mice (12.7  ±  0.9 and 12  ±  0.7% for LD and HD compared to 

Figure 1  Immunohistological evaluation of significant and widespread restoration of dystrophin in skeletal muscles of mdx mice following 
chronic repeated treatment with intravenous PMO. Mdx mice were treated for a period of 20 or 50 weeks over which respectively two or five cycles 
of repeated low dose (LD: 5 mg/kg/week) and high dose (HD: 50 mg/kg/week) PMO were administered intravenously. (a) Morphometric quantita-
tion of numbers of dystrophin-positive fibers in immunolabeled cryosections of treated mdx tibialis anterior (TA), total quadriceps (Qa), vastus lateralis 
Qa(VL), rectus femoris Qa(RF), diaphragm (Dia), gastrocnemius (Gast), triceps brachii (Tri), Soleus (Sol), and EDL muscles (mean ± SEM, n = 4–8, 
t-test between treated and untreated mdx mice, **P < 0.01, *P < 0.05). (b,c) Representative histological fields of immunolabeled muscle cryosections 
from (b) 20 weeks or (c) 50 weeks PMO-treated mice and from untreated mice. Bar = 200 μm. (d) Morphometric quantitation of staining intensity 
in dystrophin-positive fibers from immunolabeled cryosections of treated mdx TA muscles using Metamorph software. Values for LD- and HD-treated 
samples were normalized as a percentage of that found for control C57BL10 myofibers, and were significantly different after 20 weeks of treatment 
(mean ± SEM, n = 4–8, t-test, ***P < 0.001, ns: not significant). After 50 weeks of PMO administration, dystrophin was similarly expressed in TA of LD- 
and HD-treated mice. (e) Intensity of dystrophin positive or negative fibers in 50 weeks treated and untreated muscles. A significant difference was 
present between the two administered doses and between the LD treatment and the C57BL10. (Mean ± SEM, n = 4–8, t-test, **P < 0.01, *P < 0.05, 
ns: not significant). PMO, phosphorodiamidate morpholino oligomer; TA, tibialis anterior.
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9.9 ± 1.6% in wild-type mice, n = 8, P = 0.18 and P = 0.2 for LD 
and HD, respectively) and significantly lower than the collagen 
VI found in mdx muscle (16.5 ± 1.1%, Figure 3e). These data 
demonstrate that the chronic administration of low, clinically 
applicable doses of PMO ameliorates the histology of dystrophic 
muscles.

Chronic PMO administration reduces fibrosis  
and prevents the loss of myofibers in the diaphragm 
of mdx mice
In mice treated for 50 weeks, the diaphragm showed the most 
obvious morphological improvement particularly after HD treat-
ment. In contrast to limb muscles in mdx mouse, the diaphragm 
undergoes continuous degeneration with a loss of myofibers start-
ing from 6 months of age. The diaphragms of treated mice showed 
less infiltrate with more closely packed myofibers compared to 
the diaphragms of untreated mdx mice (Figure 4a). In agreement 
with these findings, the fibrotic tissue in diaphragms of HD PMO-
treated mice occupied significantly less area compared to the tis-
sue of untreated mice as shown by immunostaining for collagen 
VI (51.7% of the total area in HD compared to 70.2 ± 2.9% in mdx 
mice, n = 8, P = 0.0018) (Figure 4b,c). Although no significant 
difference was observed in the number of centrally nucleated fiber 
between treated and untreated mdx mice (Figure 3a) the num-
ber of fibers per unit area of diaphragm in HD-treated mice was 
comparable to that of C57BL10 mice (1,935 ± 163 fibers/mm2 in 
HD-treated mice compared to 2,137  ±  168 fibers/mm2 in wild-
type mice, n = 8, P = 0.23) (Figure 4d). These data demonstrate 
that the considerable muscle fiber loss occurring in diaphragms 
of 13-month-old mdx mice can be delayed by administering clini-
cally applicable doses of PMOs.

Chronic PMO administration substantially  
improves the physiological properties  
and function of mdx skeletal muscles
To examine whether dystrophin expression in muscle of LD- and 
HD-treated mice was sufficient to improve muscle function, we 
measured in vivo both the contractile properties of TA muscles 
and their susceptibility to contraction-induced injury. We found 
that the 20 weeks administration of PMO followed by dystrophin 
expression in ~25% of TA muscle fibers, only resulted in a ten-
dency to improve specific force after LD treatment [20.6 ± 0.3 N/
cm2 compared to 19 ± 0.4 N/cm2 in mdx, n = 4–6 (P = 0.046)] 
(Figure  5a). The 50 weeks PMO administration induced a sig-
nificant increase in specific force in TA of HD-treated mice 
(19.2 ± 0.5 N/cm2 in HD compared to 17.9 ± 0.2 N/cm2 in mdx 
mice, n = 8, P = 0.046) (Figure 5a). Interestingly, treating mdx 
mice for 20 weeks at both doses of PMO induced sufficient 
levels of dystrophin to statistically improve the muscle resis-
tance to seven eccentric contractions compared to mdx con-
trols (41.6 ± 4.9 and 50.4 ± 5.7% of initial force for LD and HD, 
respectively compared to 27.2 ± 3.8% in mdx mice, n = 4–6, P < 
0.05) (Figure 5b). However, the resistance to eccentric contrac-
tions was not improved in TA muscles after the 50 weeks treat-
ments (Figure 5c). The high amount of dystrophin-positive fibers 
observed in the triceps of mice treated for 20 weeks correlated 
with a statistically significant 30% increase in forelimb force of 
treated mice compared to mdx control mice as measured by grip 
strength test (1.86 ± 0.06 and 1.87 ± 0.11 kilogram-force/kg for LD 
and HD, respectively compared to 1.37 ± 0.07 kilogram-force/kg 
in mdx, n = 4–6, P = 0.0015 for LD and P = 0.0046 for HD com-
pared to mdx mice) (Figure 5d). The same type of analysis in 50 
weeks-treated mice showed a significant increase in limb muscle 
strength in HD-treated mice (2.22 ± 0.11 kilogram-force/kg for 
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Figure 2  Western immunoblotting evaluation of dystrophin expres-
sion in skeletal muscles of mdx mice following chronic repeated 
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repeated low dose (LD: 5 mg/kg/week) and high dose (HD: 50 mg/kg/
week). PMO were administered intravenously. (a) Dystrophin (dys) and 
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weeks with PMO: three representative samples are shown for each treat-
ment. (b) Dystrophin (dys) and α-tubulin (α-tub) in TA, Qa, and Tri mus-
cles from mdx mice treated for 50 weeks with PMO: three representative 
samples are shown for each treatment. (c) Densitometric analysis of dys-
trophin expression from western immunoblot of PMO-treated TA, Qa, 
and Tri muscles. Forty microgram for mdx, or twenty-five microgram for 
C57 were loaded. Values for dystrophin densitometry were normalized 
internally against α-tubulin and presented as a percentage of the level 
found in control C57BL10 mouse muscle. No statistically significant dif-
ference in dystrophin expression between LD- and HD-treated samples 
was observed at the end of either the 20- or 50-week treatment period. 
PMO, phosphorodiamidate morpholino oligomer; Qa, total quadriceps; 
TA, tibialis anterior; Tri, triceps brachii.
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HD compared to 1.91 ± 0.06 kilogram-force/kg in mdx n = 8, P = 
0.03) (Figure 5d). The analysis of creatine kinase concentration in 
the blood-derived serum of both dose-treated mice for 20 weeks 
(Figure 5e) confirmed the improvement in sarcolemmal function 
(2,004  ±  457 and 1,570  ±  478 U/l for LD and HD, respectively 
compared to 3,494 ± 358 U/l in mdx, n = 4–6, P = 0.0322 and P = 
0.0089, respectively for LD and HD). After five cycles of treatment, 
the levels of creatine kinase concentration in serum were kept 
low after both the treatments indicating a functional effect of the 
restored dystrophin (1,700 ± 192 and 1,619 ± 544 U/l for LD and 
HD compared to 4,155 ± 468 U/l in mdx mice, n = 8, P = 0.0005 
and P = 0.005 for LD and HD, respectively) (Figure  5e). This 
was confirmed by coimmunostaining for dystrophin and mouse 
immunoglobulin G (IgG) showing that no necrotic fibers con-
taining IgG fibers were present in treated muscles after two or five 
cycles compared to the untreated mdx controls (Supplementary 
Figure S2a). The dystrophin-associated protein complex showed 
a dose–response restoration with a uniform and wide expression 
in the sarcolemma of dystrophin-positive fibers after HD treat-
ment (Supplementary Figure S2b). In particular, the neuronal 
nitric oxide synthase protein was correctly associated with the 

sarcolemma of 80–90% of dystrophin-positive fibers (45–50% of 
the total fibers in TA, Supplementary Figure S2c). Importantly, 
no difference was observed in neuronal nitric oxide synthase 
expression between two or five cycles of PMO treatment showing 
that the force transfer mechanism mediated by dystrophin-neu-
ronal nitric oxide synthase was similarly restored. Taken together, 
these data suggest that there is a substantial functional improve-
ment at the end of the treatment. Dosages that in young muscles 
were sufficient to provide resistance to eccentric exercise do not 
appear sufficient in adult/aged muscles. However, when the force 
generated by all the muscles of the same limb is considered, long-
term PMO-treated mice show a substantial improvement com-
pared to untreated mdx mice.

Physical activity and locomotor behavior  
is completely normalized in mdx mice following 
chronic PMO administration despite only  
a partial restoration of dystrophin levels
Mice were monitored using open-field behavioral activity cages 
and 20 different parameters were recorded at the end of the 
experiment (the complete set of data is available upon request). 
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Figure 3  Widespread dystrophin expression after chronic PMO treatment correlates with substantial histological improvement in mdx 
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erally induced a decrease in percentage of centrally nucleated fibers. Values given are mean ± SEM (n = 4–8: t-test between treated and untreated 
mdx mice, ***P < 0.001, **P < 0.01, *P < 0.05). (b) Tibialis anterior (TA) of HD 50 weeks treated mice showed a reduction in weight compared to 
the muscles of untreated mice whereas no difference was observed after the LD treatment (mean ± SEM n = 8, t-test, *P < 0.05). (c) The CSA of 
TA muscles from HD 50 weeks treated mice was smaller than in TA muscles of untreated mdx mice. Overall CSA was estimated using the following 
formula: muscle weight (g)/[Lo (cm) × 1.06 (g/cm3)] where the muscle length was measured using digital callipers (mean ± SEM n = 8, t-test, *P < 
0.05). (d) Cross-sectional area (CSA) of myofibers in 50 weeks PMO-treated and -untreated controls. The average CSA of dystrophin-positive fibers 
in treated muscles was larger than the average of all the muscle fibers indicating a protective role for the ex-novo produced dystrophin (mean ± SEM 
n = 8, t-test, ***P < 0.001). (e) Percentage of muscle section covered by collagen type VI in TA muscles of 50 weeks PMO-treated mice. The values 
were compared to that seen in untreated mdx mice (mean ± SEM n = 8, t-test, *P < 0.05, ns: not significant). CSA, cross-sectional area; PMO, phos-
phorodiamidate morpholino oligomer; TA, tibialis anterior.
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In 12 out of 20 parameters, 13-month-old-untreated mdx mice 
showed significant differences in locomotor behavior compared to 
age- and sex-matched normal mice (Figure 6a). After five cycles, 
treated mice exhibited a dose-dependent increase in horizon-
tal (active time, total activity, front to back counts) and vertical 
(rearing time) activities and a substantial decrease in inactive time 
with a consequent normalization compared to the age-matched 
C57BL10 mice (Figure  6b–d). In most of the parameters, the 
HD-treated mdx mice had higher performances compared to 
C57BL10 with statistically significant changes in “fast activity” and 
“fast static counts” (Figure 6a). However, 13-month-old C57BL10 
mice weighed more due to a greater body fat content than age-
matched mdx28 and this probably reduced the fast activity of wild-
type mice. These data suggest that the prolonged administration 
of PMO produces a beneficial effect in skeletal muscle of treated 
mice restoring the wild-type activity.

Indicators of renal and hepatic toxicity are unaffected 
by chronic PMO administration in mdx mice
No deaths or loss of weight due to PMO administration were 
detected during the course of the experiment (Supplementary 
Figure S3). To investigate possible toxic effect due to long-
term treatment, the concentrations of kidney and liver enzymes 
were evaluated in serum. The long-term PMO delivery did not 

modify the concentration of aspartate aminotransferase, alanine 
aminotransferase, and gamma glutamyltransferase in serum, 
which suggests that there are no detrimental effects of PMO in the 
liver. Creatinine concentration was recorded in the same range as 
untreated mice indicating no adverse effect of PMO on the kid-
ney (Figure 7a). The histological structure of both organs was also 
evaluated by hematoxylin and eosin staining and no infiltrate or 
vacuolization was observed confirming the safety of PMO treat-
ment (Figure  7b). All these data showed that 50 weeks chronic 
administration of PMO is safe in mdx mice.

Discussion
The choice of an optimal dosing regimen plays a pivotal role in 
clinical applications of any medicinal compound, including AOs 
for the treatment of DMD. PMO is one of the most promising AO 
chemistries due to the high efficiency and safety profile in in vivo 
applications.5,26 However, at present, only short-term studies have 
been performed5,26,29 and both safety and final outcome of a long-
term treatment are still unknown. We postulated that repeated 
cycles of LD PMO injections may represent an efficient dosing 
regimen for a potential clinical approach for DMD, allowing signifi-
cant dystrophin production during the treatment. As we previously 
reported, a cycle of 4 weekly injections of 5 or 50 mg/kg of PMO 
induced substantial levels of dystrophin in skeletal muscles lasting 
for at least 8–10 weeks.10 These PMO doses are very low compared 
to the extremely HDs of PMO that can be tolerated without seri-
ous adverse effects (up to 3,000 mg/kg/injection in mice and to 
320 mg/kg/injection in nonhuman primates).26,30,31 Furthermore, 
similar doses have been recently used in a UK-based clinical trial 
(NTC00844597). Here, we demonstrate that two cycles of the 
proposed treatment induced a body wide and robust expression 
of dystrophin. In particular, the histological and functional out-
come previously obtained in a study where a high amount of PMO 
(100 mg/kg/injection) was delivered in 3–7 weekly injections,5 was 
similarly obtained here with lower doses of PMO. Importantly, 
we found that a dosing regimen based on a very low, clinically 
applicable dose of PMO (cumulative dose of only 40 mg/kg) sig-
nificantly strengthens the muscles of treated mdx mice and con-
siderably decreases the CK concentration in serum. The extension 
of the treatment to five cycles further increased dystrophin expres-
sion and ameliorated the dystrophic phenotype. In adult/aged mdx 
mice, the most affected muscle is the diaphragm, which most closely 
recapitulates the severe feature of dystrophic human muscle.32,33 
Following repeated injections of PMO, the diaphragm showed 
significant histological improvement. By starting the treatment in 
young mice, the PMO delayed the progression of the pathology by 
reducing the collagen deposition and avoiding loss of myofibers. 
In TA muscles, even though we observed a similar dystrophin 
expression after both treatments, the level of dystrophin in fibers of 
HD-treated mice was higher and correlated with the amelioration 
of pathology. These observations suggest that higher doses improve 
the histological and functional outcomes inducing more protection 
to the fibers than lower doses. However, the dystrophin produced 
in TA muscles following 50 weeks of treatment was not sufficient to 
protect the muscle against eccentric contraction-induced damage 
even though fibrosis was reduced after PMO administration. The 
presence of many centrally nucleated fibers suggests that muscle 
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Figure 4 C hronic PMO administration reduces fibrosis and prevents 
the loss of myofibers in the diaphragm of mdx mice mice. Mdx mice 
were treated for a period of 50 weeks over which five cycles of repeated 
low dose (LD: 5 mg/kg/week) and high dose (HD: 50 mg/kg/week) PMO 
were administered intravenously. Diaphragm muscles were evaluated 
histologically and immunocytochemically. (a) H&E staining suggests 
an improved histology in diaphragms of treated mdx mice with more 
fibers and less connective tissue. (b) Immunocytochemistry for colla-
gen VI in diaphragms of treated and untreated mice. Bar = 200 μm. (c) 
Morphometric evaluation of collagen VI immunostaining in diaphragms 
of treated and untreated mice shows a significant reduction in fibrosis 
in HD treated compared to untreated mdx mice (mean ± SEM n = 8, 
t-test, **P < 0.01). (d) Evaluation of fiber density in the diaphragm of 
HD-treated mdx and -untreated mdx mice shows delayed loss of fibers 
(mean ± SEM n = 8, Mann–Whitney test, *P < 0.05). H&E, hematoxylin 
and eosin; PMO, phosphorodiamidate morpholino oligomer.



Molecular Therapy  vol. 19 no. 2 feb. 2011� 351

© The American Society of Gene & Cell Therapy
Morphology Ameliorates the Pathology in mdx Mice

degeneration and regeneration had occurred during the treatment. 
It is possible that the intermittent PMO dosing regimen may have 
resulted in significant fluctuations in dystrophin expression over 
time leading to periods of muscle damage. The consequent chronic 
remodeling of muscle may have led to degradation in resistance 
to contraction-induced injury. An alternative, but not mutually 
exclusive explanation is that the doses we used were sufficient to 
prevent the development of pathology in relatively sedentary caged 
mdx mice but might not be sufficient to counteract the effects of a 
more demanding regular exercise and this could explain the lack 
of protection against eccentric exercise. The latter finding suggests 
that functional tests like the measure of protection to eccentric 
contractions more than a mere quantification of protein expres-
sion should be used to validate a treatment based on dystrophin 
restoration in preclinical models. This is particularly relevant in 
the case of exon-skipping approach where different mutations 
are associated to the production of different quasidystrophins 
that could be clearly detectable while potentially associated with 
a very low functionality. Thus, the dose of PMO might need to be 

adjusted to reflect the severity of the pathology, the level of activ-
ity of the DMD patient and the functionality of the quasidystro-
phin produced. The de novo dystrophin expressed following PMO 
administration was associated with a profound improvement of the 
activity of treated mdx mice. Mice were monitored with a nonin-
vasive open field apparatus which has been recently used to verify 
the difference in activity between C57BL10 mice and mdx mice34 
but it was never been used before to measure the improvement in 
activity after a treatment aimed to induce dystrophin restoration. 
At the end of the study, we observed a normalization of the param-
eters associated with horizontal and vertical activity in treated mdx 
mice, with values which were indistinguishable from wild-type 
C57BL10 mice. Treated mice exhibited normal locomotion inside 
the cage and normal rearing activity. Particularly intriguing was 
the improvement in vertical activity, which has been recently dem-
onstrated to be strictly linked with the resistance to fatigue due to 
restoration of sarcolemma localization of neuronal nitric oxide 
synthase in mdx mice.35 Moreover, the significant improvement 
in forelimb grip strength indicated a generalized major improve-
ment in the whole body muscular performance. Because the PMO 
cannot cross the blood–brain barrier,31 it is unlikely that the PMO 
administration directly interfered with behavior in treated mice via 
effects at the central nervous system level. To our knowledge, this 
is the first report showing a clear normalization in motor activity 
and locomotor behavior of mdx mice after a treatment to restore 
the dystrophin expression. Although the efficiency of some PMOs 
to induce exon skipping in human DMD RNAs or the functional-
ity of derived human quasidystrophin forms may be relatively low, 
our current findings suggest that reduced dystrophin expression 
may nevertheless be sufficient to allow improvement of the day to 
day activities in treated DMD patients. In agreement with previ-
ous short-term studies based on systemic AOs delivery,5,9,10 we did 
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Figure 5 C hronic PMO administration substantially improves the 
physiological properties and functionality of mdx skeletal muscles. 
Mdx mice were treated for a period of 20 or 50 weeks over which respec-
tively two or five cycles of repeated low dose (LD: 5 mg/kg/week) and 
high dose (HD: 50 mg/kg/week) PMO were administered intravenously. 
(a) Specific force measured in TA of treated and untreated mdx mice. 
Twenty weeks administration of low doses of PMO resulted in a ten-
dency to improve specific force (20.6 ± 0.3 and 20 ± 0.7 N/cm2 for LD 
and HD, respectively compared to 19  ±  0.4 N/cm2 in mdx). After 50 
weeks, the HD administration induced a significant increase in specific 
force (19.2 ± 0.5 N/cm2 in HD compared to 17.9 ± 0.2 N/cm2 in mdx 
mice) (mean ± SEM n = 4–6 for 20 weeks treatment and n = 8 for 50 
weeks treatment, t-test between treated and untreated mdx mice, *P < 
0.05). (b,c) Tibialis anterior muscles assessed for force deficit following 
a series of seven eccentric contractions showed a significant improve-
ment in their resistance to contraction-induced injury after both 20 
weeks LD and HD treatments. No change was observed after 50 weeks 
of treatment (mean ± SEM n = 4–6, one-way ANOVA test, *P < 0.05). 
(d)  Forelimbs grip strength analysis showed a significant increase of 
strength after LD and HD treatment compared to the untreated mdx 
after 20 weeks of treatment. After 50 weeks of treatment, only the HD 
improved the forelimbs strength. The values are expressed as force nor-
malized for the weight of the mice (mean ± SEM n = 8, t-test between 
treated and untreated mdx mice, **P < 0.01, *P < 0.05). (e) Creatine 
kinase concentration measured in serum significantly decreased after 
20 and 50 weeks of treatments with both the PMO dosage regimens. 
(Mean ± SEM n = 8, t-test between treated and untreated mdx mice, 
***P < 0.001, **P < 0.01, *P < 0.05.) PMO, phosphorodiamidate mor-
pholino oligomer; TA, tibialis anterior.
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not observe dystrophin expression in cardiac muscles. However, 
early diagnosis, careful follow-up and timely coadministration in 
patients treated with PMOs, of angiotensin-converting enzyme 
inhibitor, antioxidant β-blocker or corticosteroid should be ben-
eficial in the heart.36,37 In conclusion, our data demonstrate exten-
sive amelioration of the dystrophic pathology in mdx mice after 1 
year of chronic administration of low, clinically applicable dosages 
of antisense exon-skipping PMOs, suggesting that this approach 
may provide a safe and beneficial long-term treatment in DMD 
patients.

Materials and Methods
Administration of PMO to mdx mice. PMO with the following sequence, 
5′-GGCCAAACCTCGGCTTACCTGAAAT-3′, which has been previ-
ously shown to be biologically active in the induction of dystrophin exon 
23 skipping6 was purchased from GeneTools (Philomath, OR). PMO 
was formulated in pyrogen-free saline before injection via the tail vein 
in C57BL/10ScSn-Dmdmdx (mdx) male mice starting at 6 weeks of age, 
and following the regimen indicated schematically in Supplementary 
Figure S1. Animals were bred in-house. Food and water was provided ad 
libitum. Mouse husbandry and experimentation adhered to statutory UK 
Home Office regulatory, ethical, and licensing procedures, and under the 
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Figure 6  Physical activity and behavior is completely normalized in mdx mice following chronic PMO administration and despite only a partial 
restoration of dystrophin levels. Mdx mice were treated for a period of 50 weeks over which five cycles of repeated low dose (LD: 5 mg/kg/week) 
and high dose (HD: 50 mg/kg/week) PMO were administered intravenously. Mice were analyzed after 50 weeks of treatment with open-field behav-
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PMO, phosphorodiamidate morpholino oligomer.
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Animals (Scientific Procedures) Act 1986 (project licences PPL 70/7008 
and PPL 70/6797).

Histology and immunocytochemistry. As indicated in Supplementary 
Figure S1, muscles and other organs were harvested and processed for 
cryosectioning. Immunofluorescence for dystrophin, dystrophin protein 
complex members, nitric oxide synthase, and laminin were performed as 
previously described.10 Fibrosis was evaluated by immunostaining for col-
lagen VI (Abcam ab6588 rabbit polyclonal, diluted 1:200) in combination 
with goat anti-rabbit IgG (Alexafluor 568; Invitrogen, Paisley, UK). The per-
centage of the area stained for collagen VI in cryosections was measured 
using SigmaScan Pro image analysis software (Systat Software, Chicago, IL) 
in the largest section of individual muscles analyzed. The same program 
was used to manually count dystrophin-positive fibers in six randomly 
captured fields (×20 magnification) from the same section.10 All immuno-
fluorescence images were captured and digitized using identical parameters 
of exposure, saturation, and γ-levels between treated and untreated speci-
mens. The intensity of dystrophin immune-stained fibers were analyzed by 
Metamorph software as reported in ref. 38 using a rabbit polyclonal anti-
body to detect dystrophin (P6) and antilaminin-2 (4HB2) for normaliza-
tion. As an indicator of sarcolemmal permeability, endogenous intracellular 
IgG was evaluated in muscle fibers by direct staining using rabbit anti-
mouse IgG-488 (Invitrogen).

Western blotting. Western blot analyses were performed on a range of skel-
etal muscles from the treated mice. Tissues were homogenized in loading 
buffer (125 mmol/l Tris–HCl, pH 6.8, 10% sodium dodecyl sulfate, 2 mol/l 
urea, 5% 2-mercaptoethanol, 20% glycerol) and samples (40 μg for mdx or 
25 μg for C57) resolved on Tris-acetate sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (3–8% gradient gels: Invitrogen, Paisley, UK) and 
then transferred to nitrocellulose (Hybond; GE Healthcare, Little Chalfont, 
UK) for 3 hours at 30 V. Membranes were blocked with 5% dried milk pow-
der in phosphate-buffered saline with Tween 20 for 2 hours at room tem-
perature. Expression of α-tubulin was detected as a loading control using 

a mouse monoclonal anti-α-tubulin antibody (diluted 1:2,500; Sigma-
Aldrich, Dorset, UK), and dystrophin expression was detected using the 
mouse monoclonal antibody DYS1 (1:100; Novocastra, Newcastle upon 
tynes, UK). Both primary antibodies were diluted in phosphate-buffered 
saline with Tween 20 and membranes incubated overnight at 4 °C, fol-
lowed by anti-mouse-horseradish peroxidase (Dako, Ely, UK, 1:1,000 in 
phosphate-buffered saline with Tween 20, 1 hour at room temperature). 
Immunoreactive bands on western blot membranes were detected by incu-
bation with an ECL reagent (GE Healthcare) and exposure to X-ray film 
(Hyperfilm-ECL; GE Healthcare). Densitometric analysis of dystrophin and 
α-tubulin bands was performed using the ImageJ 1.4 software (National 
Institutes of Health, Bethesda, MD). The averages were obtained using the 
values of dystrophin normalized for the corresponding bands for α-tubulin, 
and then comparing these values with the ratio obtained in the same way 
for a muscle of C57BL/10 (which was considered as 100%).

Measurement of serum creatine kinase, alanine transaminase, aspartate 
transaminase, creatinine, and γ-glutamyl transpeptidase. Mouse blood 
was taken from the tail vein immediately before cervical dislocation and 
after clotting, serum collected, centrifuged at 350g for 10 minutes at 4 °C. 
The concentration of the various serum enzymes and components was 
determined using Randox laboratories kits according to the manufacturer’s 
instructions.
Mouse forelimb grip strength evaluation. Mouse forelimb grip strength 
evaluation was performed as previously described.20 Mice were allowed 
to grip a horizontal bar connected to a commercial grip strength monitor 
(Linton Instruments, Palgrave Diss, Norfolk, UK). Five forelimb strength 
measurements were recorded within 2 minutes for each mouse each day 
over a 3-day period and all the values were averaged.21 Data were expressed 
as kilogram force and normalized to the body weight.

Mouse open-field behavioral activity evaluation. Mouse open-field 
behavioral activity was evaluated as previously described34 using activity 
cages from Linton Instruments. Data were collected by using the Amonlite 
software (version 1.4). Briefly, mice were acclimatized to the test chamber 
during an undisturbed period of 60 minutes every day for four consecutive 
days. On the day of data collection, mice were acclimatized for 30 minutes 
before data acquisition. Data were then acquired every 10 minutes for six 
times in a session lasting 1 hour. Mice were analyzed like this 1 hour/day for 
four following days. Data obtained per each mouse were averaged. During 
the analysis, particular care was taken to minimize noise and movement 
into the room.

Muscle electrophysiology and resistance to eccentric contraction. TA 
muscles were examined in vivo for both force generation and resistance to 
eccentric contractions as previously described.39 Briefly, under deep anes-
thesia the distal tendon of the TA muscle was attached to the lever arm of a 
305B dual-mode servomotor transducer and TA muscle contractions were 
elicited by stimulating the distal part of common peroneal nerve. Maximum 
isometric tetanic force (Po) was determined from the plateau of the force–
frequency relationship following a series of stimulations from 10–150 Hz. 
The specific force (N/cm2) was calculated by dividing Po by TA muscle cross-
sectional area. Following the assessment of muscle force, TA muscles were 
tested for their susceptibility to contraction-induced injury. This consisted 
of stimulating the muscle at 150 Hz for 700 ms. After 500 ms of stimulation 
the muscle was lengthened by 15% of Lo at a velocity of 0.75 Lo s/1. At the 
end of stimulation the muscle was returned to Lo at a rate of −0.75 Lo s/1. The 
stimulation-stretch cycle was repeated every 3 minutes for a total of seven 
cycles. Maximum force was measured after each eccentric contraction and 
expressed as a percentage of the initial maximum force.
Statistical analyses employed. Data are expressed as mean  ±  SE of the 
mean. One-way ANOVA test, two-tail parametric t-test or nonparametric 
Mann–Whitney test were used for the analyses as indicated. For all sta-
tistical analyses, GraphPad Prism software package (version 4; GraphPad 
Software, La Jolla, CA) was used.
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Figure 7  Indicators of renal and hepatic toxicity are unaffected by 
chronic PMO administration in mdx mice. Mdx mice were treated for a 
period of 50 weeks over which five cycles of repeated low dose (LD: 5 mg/
kg/week) and high dose (HD: 50 mg/kg/week) PMO were administered 
intravenously. (a) The concentrations of serum alanine transaminase, 
aspartate transaminase, creatinine, and γ glutamyltransferase were evalu-
ated. The concentrations in treated mice were comparable to those in 
untreated mice (mean ± SEM). (b) H&E staining of sections of liver and 
kidney showed a similar histology in control and PMO-treated mice. 
Bar = 200 μm. H&E, hematoxylin and eosin; PMO, phosphorodiamidate 
morpholino oligomer.



354� www.moleculartherapy.org  vol. 19 no. 2 feb. 2011    

© The American Society of Gene & Cell Therapy
Morphology Ameliorates the Pathology in mdx Mice

SUPPLEMENTARY MATERIAL
Figure  S1.  Schematic of the experimental regimen used for the 
chronic administration of PMOs by intravenous delivery in mdx mice.
Figure  S2.  Evaluation of sarcolemmal permeability and dystrophin 
protein complex (DPC) restoration in DAPC following chronic admin-
istration of PMOs by intravenous delivery in mdx mice.
Figure  S3.  Evaluation of body mass following chronic administration 
of PMOs by intravenous delivery in mdx mice.
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