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Duchenne muscular dystrophy (DMD) is characterized by severe degeneration and necrosis of both skeletal and
cardiac muscle. While many experimental therapies have shown great promise in treating skeletal muscle dis-
ease, an effective therapy for Duchenne cardiomyopathy remains a challenge in large animal models and human
patients. The current views on cardiac consequences of skeletal muscle-centered therapy are controversial.
Studies performed in young adult mdx mice (a mild DMD mouse model) have yielded opposing results. Since
mdx mice do not develop dystrophic cardiomyopathy until ≥21 months of age, we reasoned that old mdx
mice may represent a better model to assess the impact of skeletal muscle rescue on dystrophic heart disease.
Here, we aged skeletal muscle-specific micro-dystrophin transgenic mdx mice to 23 months and examined the
cardiac phenotype. As expected, transgenic mdx mice had minimal skeletal muscle disease and they also out-
performed original mdx mice on treadmill running. On cardiac examination, the dystrophin-null heart of trans-
genic mdx mice displayed severe cardiomyopathy matching that of non-transgenic mdx mice. Specifically,
both the strains showed similar heart fibrosis and cardiac function deterioration in systole and diastole.
Cardiac output and ejection fraction were also equally compromised. Our results suggest that skeletal
muscle rescue neither aggravates nor alleviates cardiomyopathy in aged mdx mice. These findings underscore
the importance of treating both skeletal and cardiac muscles in DMD therapy.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is the most common
X-linked muscle disease caused by genetic mutations in the
dystrophin gene. In DMD, dystrophin expression is abolished
in all striated muscles. While dystrophin elimination in skel-
etal muscle results in salient clinical presentations (such as
the loss of mobility and death from respiratory failure), the
consequences of dystrophin deficiency in the heart are
usually subtle at the early stage of disease. Nonetheless,
signs of cardiac dysfunction are detected in all DMD patients
by their teenage years and up to 40% of patients may die from
heart failure or sudden cardiac death (reviewed in 1–3). The
molecular pathogenesis of dystrophin-deficient cardiomyop-
athy is not completely understood. Prevailing hypotheses
include weakened sarcolemma integrity, disrupted cellular

signaling, abnormal ion channel activity and mitochondrial
dysfunction (reviewed in 4–6). Besides these cardiomyocyte-
originated mechanisms, it has also been suggested that skeletal
muscle disease may play a pivotal role in the development and
progression of Duchenne cardiomyopathy (reviewed in 7–10).

The interplay between skeletal muscle disease and cardiomy-
opathy has been evaluated in dystrophin-null mdx mice by many
investigators (11–14). However, there is still no conclusive
answer. The most striking difference comes from two studies
that examined the cardiac phenotype in skeletal muscle
rescued transgenic mdx mice (12,13). Townsend et al. studied
skeletal muscle-specific micro-dystrophin transgenic mdx
mice generated in the Chamberlain laboratory (13,15). Crisp
et al. examined Fiona mice developed by Davies et al.
(12,16). Fiona mice are also skeletal specific transgenic mdx
mice but they selectively express the full-length utrophin,
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rather than a micro-dystrophin gene in skeletal muscle (16). As
expected, skeletal muscle dystrophy was effectively prevented
in these transgenic mdx mice irrespective of the therapeutic
gene used (15,16). To investigate the relationship between skel-
etal muscle disease and cardiomyopathy, Townsend et al. and
Crisp et al independently examined cardiac manifestations in
skeletal muscle corrected transgenic mdx mice (12,13). Surpris-
ingly, these two groups obtained completely opposite results.
Townsend et al. found that selective skeletal muscle correction
precipitated heart damage in 4- to 5-month-old micro-
dystrophin transgenic mdx mice (13). In sharp contrast, Crisp
et al. showed that cardiac function was normalized in 6- to
9-month-old Fiona mice (12). An important caveat of these
studies is the use of young adult mdx mice. Mdx mice do not
show characteristic dystrophic cardiomyopathy until they
reach 21 months of age or older (17–21). We reasoned that
studies performed in aged mdx mice might offer more clinically
relevant insight. Based on this premise, we designed a study on
23-month-old skeletal muscle corrected transgenic mdx mice.
Similar to the mice used by Townsend et al. and Crisp et al.
(12,13), skeletal muscle disease was rectified in our experimen-
tal mice by targeted expression of micro-dystrophin in skeletal
muscle (15,22,23). However, contrary to prior reports, we
found that skeletal muscle-rescued mdx mice displayed myocar-
dial fibrosis and dysfunction similar to age-matched non-
transgenic mdx mice. Our results suggest that skeletal muscle
disease may play a less important role in the development of dys-
trophic cardiomyopathy in aged mdx mice. We conclude that ir-
respective of skeletal muscle rescue, cardiomyopathy remains a
major health threat in DMD and should be treated.

RESULTS

Skeletal muscle-rescued transgenic mdx mice show
robust micro-dystrophin expression in skeletal muscle
but not heart

To evaluate the therapeutic effect of the micro-dystrophin
gene on skeletal muscle, we have previously generated trans-
genic mdx mice that expressed human micro-dystrophin under
the human skeletal a-actin (HSA) promoter (15,22). Skeletal
muscle pathology was ameliorated and force was improved
in these mice (15,22,23). To study micro-dystrophin expres-
sion in the heart, we performed immunofluorescence staining
for dystrophin using two epitope-specific antibodies. One anti-
body (Dys-3) was used to reveal micro-dystrophin expression
because it only recognizes human dystrophin. The other anti-
body (Mandys-8) was used to detect endogenous full-length
mouse dystrophin because it reacts with a region deleted in
micro-dystrophin. As expected, micro-dystrophin was only
found in skeletal muscle of transgenic mdx mice (Fig. 1A,
Supplementary Material, Fig. S1A). Western blot further
confirmed this observation (Fig. 1B and C, Supplementary
Material, Fig. S1B).

Dystrophic fibrosis is reduced in skeletal but not
cardiac muscle in transgenic mdx mice

To determine whether skeletal muscle correction reduced heart
disease in transgenic mice, we examined fibrosis by Masson

trichrome staining and hydroxyproline quantification. Consist-
ent with our previous reports (15,22,23), micro-dystrophin ex-
pression significantly reduced skeletal muscle fibrosis in
transgenic mice (Fig. 2A and B). In contrast to skeletal
muscle, the heart of transgenic mice showed fibrotic staining
similar to that of mdx mice (Fig. 2A). Measurement of the
cardiac hydroxyproline content suggests that there was no stat-
istically significant difference in cardiac fibrosis between
transgenic and non-transgenic mdx mice (Fig. 2C).

Enhancing skeletal muscle activity neither impairs nor
improves heart function in aged mdx mice

Skeletal muscle rescue has been suggested to increase phys-
ical activity of mdx mice (13,15). We compared treadmill
running in 20-month-old mice. Although not reaching the
level of normal mice, skeletal muscle rescued transgenic
mdx mice significantly outperformed non-transgenic mdx
mice (Fig. 2D).

Figure 1. Transgenic mdx mice show exclusive micro-dystrophin expression
in skeletal muscle but not in the heart. (A) Representative photomicrographs of
Dys-3 and Mandys-8 immunofluorescence staining on skeletal muscle (the
tibialis anterior muscle) and the heart from BL10, mdx and transgenic mdx
mice. Dystrophin-positive myofibers show sarcolemma staining. Dys-3 is a
human dystrophin-specific antibody that only recognizes human gene-derived
micro-dystrophin. Mandys-8 binds to sprectrin-like repeat 11 in dystropin.
This repeat is deleted in the micro-dystrophin gene. Hence, positive
Mandys-8 staining indicates endogenous mouse dystrophin. Bar, 100 mm.
(B) Representative dystrophin western blots of BL10, mdx, and trangenic
mdx heart (left panel) and skeletal muscle (right panel). Dystrophin is detected
with the DysB antibody which recognizes both human micro-dystrophin and
full-lengh mouse dystrophin. Arrow denotes full-length dystrophin; arrowhead
denotes micro-dystrophin. (C) Densitomitry quantification of the dystrophin
western blot (N ¼ 3 for each group). Asterisk denotes that the result is signifi-
cantly different from that of the other groups in the same panel.
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To test whether improved skeletal muscle function influ-
ences heart performance, we examined the heart weight and
weight ratios and we also measured whole heart electrophysi-
ology and hemodynamics (Table 1 and 2, Figs 3 and 4,
Supplementary Material, Fig. S2) (24). As expected, mdx
mice were significantly emaciated (Table 1). Interestingly,
the heart weight (HW), ventricular weight (VW), HW/tibialis
muscle weight (TW), and VW/TW were significantly higher in
transgenic mdx mice than those of BL10 and non-transgenic
mdx mice (Table 1). Similar to our previous reports, electro-
cardiogram tracing showed significant difference between
BL10 and mdx mice in the heart rate (HR), PR interval,
QRS duration, Mitchell’s corrected QT (QTc) interval, Q
wave amplitude and cardiomyopathy index (Fig. 3) (18,21).
An interesting pattern was observed in skeletal muscle
rescued transgenic mdx mice. Compared with non-transgenic
mdx mice, several ECG parameters (HR, QRS duration and
QTc interval) were significantly increased in micro-dystrophin
transgenic mdx mice. For other ECG parameters (PR interval,
Q wave amplitude and cardiomyopathy index), there was no
significant difference between transgenic and non-transgenic
mdx mice, although the PR interval of transgenic mice
showed a trend toward normalization (Fig. 3).

Left ventricular catheterization revealed significant deterior-
ation of cardiac function in transgenic mdx mice (Fig. 4). Rep-
resentative tracings of pressure–volume (PV) loops in
transgenic mdx mice showed a downward and rightward
shift identical to those of non-transgenic mdx mice
(Fig. 4A). There was also no difference in individual systolic

and diastolic hemodynamic parameters between transgenic
and non-transgenic mdx mice (Table 2). Indices of overall
heart function (ejection fraction, stroke volume and cardiac
output) were equally compromised in both mdx strains irre-
spective of skeletal muscle rescue (Fig. 4B).

Crisp et al. found that right ventricular function was com-
promised in 6- to 9-month-old mdx mice (12). This defect
was corrected in Fiona mice (12). To study the function of
the right ventricle, we adopted a catheter assay similar to
our established left ventricle catheterization technique (24–
26). Interestingly, we did not detect any statistically significant

Figure 2. Skeletal muscle correction does not reduce myocardial fibrosis in transgenic mdx mice. (A) Representative photomicrographs of Masson trichrome
staining of skeletal muscle (the tibialis anterior muscle) and the heart in BL10, mdx and transgenic mdx mice. Fibrotic tissue stains in blue color. Bar, 100 mm.
(B) Quantification of the hydroxyproline content in skeletal muscle (the extensor digitorium longus muscle, N ¼ 7 for all strains). The P-values of the Bonferroni
post hoc analysis were 0.000, 0.003 and 0.000 for BL10/non-transgenic mdx comparison, BL10/ transgenic mdx comparison and transgenic/non-transgenic mdx
comparison, respectively. (C) Quantification of the hydroxyproline content in the heart (N ¼ 5 each for BL10 and mdx, and N ¼ 6 for transgenic mdx). The
P-values of the Bonferroni post hoc analysis were 0.000, 0.003, 0.226 for BL10/non-transgenic mdx comparison, BL10/ transgenic mdx comparison and trans-
genic/non-transgenic mdx comparison, respectively. (D) Quantification of the treadmill running distance in BL10, mdx and transgenic mdx mice. N ¼ 17 for
BL10, N ¼ 9 for mdx and N ¼ 6 for transgenic mdx mice. The P-values of the Bonferroni post hoc analysis were 0.000 for all two group comparisons. Asterisk
denotes that the result is significantly different from that of the other groups in the same panel.

Table 1. Weights and weight ratios

BL10 Mdx Transgenic

Sample size (n) 18 18 12
Age (m) 23.73+0.80 23.74+0.33 23.61+0.47
BW (g) 35.72+1.09 28.83+0.71a 35.99+1.48
TW (mg) 40.26+1.67 40.95+1.32 31.06+2.32a

HW (mg) 140.91+3.32 137.27+4.13 159.70+3.09a

VW (mg) 132.97+3.17 127.78+4.00 149.27+3.23a

TW/BW (mg/g) 1.13+0.04a 1.43+0.06a 0.87+0.06a

HW/BW (mg/g) 3.97+0.09a 4.79+0.16 4.49+0.14
HW/TW (mg/g) 3.58+0.13 3.40+0.13 5.41+0.35a

VW/BW (mg/g) 3.75+0.08a 4.46+0.15 4.23+0.14
VW/TW (mg/g) 3.37+0.12 3.16+0.12 5.16+0.34a

BW, body weight; TW, anterior tibialis muscle weight; HW, heart weight;
VW, ventricle weight.
aSignificantly different from those of other two groups.
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difference in right ventricular function (maximal pressure, dP/
dt max, dP/dt min and ejection fraction) among BL10, non-
transgenic and transgenic mdx mice at the age of 7.5 months
(Supplementary Material, Fig. S2). Nevertheless, mdx mice
(with or without transgenic micro-dystrophin expression)
showed a trend of reduced dP/dt max and ejection fraction
(Supplementary Material, Fig. S2).

DISCUSSION

In this study, we examined the cardiac outcome of life-long
skeletal muscle rescue in the aged mdx model of Duchenne
cardiomyopathy. We found an increased heart size and HR,

and prolonged QRS duration and QTc interval in skeletal
muscle transgenic mdx mice. However, compared with non-
transgenic mdx mice, there was no significant difference in
hemodynamic function nor was there a change in heart fibro-
sis. These findings suggest that treating skeletal muscle alone
does not dramatically alter the outcome of dystrophic heart
disease.

Understanding cardiac repercussion of targeted skeletal
muscle rescue has become a pressing issue in light of the emer-
ging novel therapeutic modalities such as antisense oligonucleo-
tide (AON)-mediated exon skipping and adeno-associated virus
(AAV)-mediated micro-dystrophin gene therapy. In the case of
exon skipping, efficient myocardial correction has only been
achieved in the murine model not long ago using the newly
developed second generation AON (such as peptide-modified
AON) (27,28). It remains a great challenge to achieve effective
exon skipping in the heart of DMD patients (29). AAV micro-
dystrophin gene therapy has been shown to alleviate skeletal
muscle disease in dystrophic dog muscle (30). Surprisingly, sys-
temic delivery of AAV-9, the so-called ‘cardiotropic’ AAV
serotype, has failed to transduce the dog heart despite wide-
spread skeletal muscles transduction (31). To determine the
best treatment strategy, it is crucial to have a definitive answer
on how a skeletal muscle-centered therapy may influence the
course of heart disease. If cardiomyopathy is induced by skeletal
muscle disease, one may envision a concomitant recovery
of heart function following targeted repair of skeletal muscle
damage. On the other hand, if exclusive skeletal muscle

Figure 3. Skeletal muscle rescued transgenic mdx mice display minor ECG
alterations. Quantitative evaluation of the HR, PR interval, QRS duration,
QTc interval, Q wave amplitude (Q amp) and cardiomyopathy index (C.
index). Asterisk denotes significantly different from other two strains. Cross
denotes significantly different from mdx only.

Table 2. Quantitative evaluation of left ventricular systolic and diastolic func-
tion

BL10 Mdx Transgenic

Sample size (n) 17 17 16
Age (m) 23.7+0.5 23.9+0.4 22.8+0.6
End systolic volume (ml) 7.94+0.9a 18.1+3.0 20.0+2.5
Max pressure (mmHg) 104.6+1.8a 80.0+3.5 77.0+3.2
dP/dt max (KmmHg/s) 13.0+0.4a 7.35+0.5 6.45+0.3
EDV (ml) 29.9+1.5 24.8+2.5 27.2+2.2
dP/dt min (KmmHg/s) 211.4+0.4a 26.60+0.4 26.30+0.5
Tau (ms) 6.50+0.3b 9.8+1.1 9.4+0.5

Max, maximum; Min, minimum, P, pressure.
aSignificantly different from those of other two groups.
bSignificantly different from that of mdx only.

Figure 4. Skeletal muscle correction does not improve left ventricular function
in aged mdx mice. (A) Representative pressure–volume loops of BL10, mdx
and transgenic mdx mice. (B) Quantitative hemodynamic evaluation of overall
left ventricular performance in BL10, mdx and transgenic mdx mice. Asterisk
denotes significantly different from other two strains.
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repair worsens heart disease, extreme precautions should
be taken in moving forward with skeletal muscle-centered
therapy.

There are currently two conflicting hypotheses on how skel-
etal muscle injury may affect dystrophin-deficient cardiomy-
opathy. One theory proposes that normalizing skeletal
muscle function will accelerate heart disease progression
(13,14). This theory is based on the rationale that correction
of skeletal muscle disease enables more locomotor activity
and hence a higher workload for the heart. The increased
demand on the heart then triggers pathologic myocardial re-
modeling and dilated cardiomyopathy. The support for this
theory mainly comes from studying skeletal muscle-specific
micro-dystrophin transgenic mice by Townsend et al. (13).
By quantifying cytosolic immunoglobulin G accumulation in
the heart section, the authors found that targeted repair of skel-
etal muscle resulted in a 5-fold increase in myocardial damage
of young mdx mice. The authors also studied left heart func-
tion using cardiac catheterization. They found that the PV
loops were shifted toward the right and the end-diastolic
volume (EDV) was increased in transgenic mice. The
authors concluded that correction of skeletal muscle disease
resulted in dilated cardiomyopathy in skeletal muscle-specific
micro-dystrophin transgenic mdx mice. While the morphology
data are convincing, the authors’ interpretation on the results
of the catheter assay may require additional discussion. First,
wild type control was not included in the study. This makes
it difficult to determine whether the rightward shift of the
PV loop represents functional amelioration or deterioration.
Two prior studies from the same group of authors suggest
that a rightward shift of the PV loop indicates cardiac function
improvement in young mdx mice (32,33). Second, the authors
reached the conclusion of dilated cardiomyopathy because the
EDV of skeletal muscle-rescued transgenic mdx mice was
larger than that of non-transgenic mdx mice. An increase in
the EDV suggests that the left ventricle has a bigger size
(chamber dilation). However this does not necessarily mean
a pathological change. Studies from many groups, including
those from Townsend et al., have provided compelling evi-
dence that the chamber size of normal mice is significantly
larger than that of mdx mice when mice are young (≤-
6-month-old) (12,32,33). As a matter of fact, the dystrophin-
null heart first undergoes a hypertrophic stage (chamber size
reduction) before it enters the phase of dilated cardiomyopathy
(34,35). Collectively, the rightward PV loop shift and a high
left ventricular EDV may suggest functional improvement
rather than decline in young adult mdx mice.

Based on the hypothesis of Townsend et al., one would
expect skeletal muscle transgenic mdx mice to have a
shorter life span because aggravated cardiomyopathy will
lead to early death from heart failure. Although our study
was not designed to quantify the life span, all microgene trans-
genic mdx mice (N ¼ 16) survived to the time of cardiac cath-
eter assay (23 months of age), an indication of a life span that
is at least comparable with that of mdx mice (the average life
span of mdx mice is �22 months) (36,37). Taken together, the
notion that targeted skeletal muscle repair causes emergent
dilated cardiomyopathy appears not to be fully supported by
the existing evidence. Finally, it is worth pointing out that
exercise training is often prescribed to patients suffering

from dilated cardiomyopathy (38). In this case, an appropriate
increase of skeletal muscle activity actually enhances heart
function.

A contradictory but quite enticing hypothesis was intro-
duced by Crisp et al. (12). The authors proposed that skeletal
muscle rescue, in particular respiratory muscle (such as the
diaphragm) rescue, was sufficient to restore heart function in
dystrophic mice. The logic behind this reasoning involves dia-
phragm dystrophy-induced respiratory failure and pulmonary
hypertension. In DMD patients, a loss of respiratory muscle
contractility results in lung dysfunction. This causes secondary
pulmonary hypertension and subsequent right ventricular
failure and eventually left ventricular dysfunction and whole
heart failure. To test this hypothesis, Crisp et al. examined
mouse heart function using magnetic resonance imaging
(MRI) (12). They found that right ventricular dysfunction pre-
cedes left ventricular dysfunction in mdx mice. Using the
same MRI method, the authors further showed that cardiac
function was improved after repairing skeletal muscle
damage by either transgenic utrophin expression in Fiona
mice or exon-skipping in mdx and dystrophin/utrophin
double knockout mice (12). The results of Crisp et al. are in
line with the findings from myoD/dystrophin double knockout
(m-dko) mice (11). MyoD elimination impairs skeletal muscle
regeneration. Hence, m-dko mice display much severer skel-
etal myopathy. Interestingly, when Megeney et al. examined
the heart of 5-month-old m-dko mice, they observed pro-
nounced cardiac dilation and myocardial fibrosis suggesting
a potential causal link between skeletal muscle disease and
cardiomyopathy (11). In other words, dilated cardiomyopathy
seen in m-dko mice is due to accelerated skeletal muscle de-
terioration and treating skeletal muscle may alleviate heart
disease (11).

Our results here have revealed a third possibility, i.e. the loss
of dystrophin in the heart can cause dystrophic cardiomyop-
athy independent of skeletal muscle condition. Studies on
X-linked dilated cardiomyopathy (XLDC) offer compelling
support for this hypothesis (reviewed in 39). In XLDC patients,
dystrophin expression is selectively eliminated in the heart, but
not skeletal muscle (40–42). These patients develop severe
dilated cardiomyopathy and congestive heart failure yet no ap-
parent skeletal muscle symptoms (39). Consistent with our
results and the findings from XLDC patients, it has been
shown that cardiomyopathy caused by deficiency of other
dystrophin-associated proteins (such as g-sarcoglycan) is also
independent of skeletal muscle disease (43).

In this study, we have intentionally focused on very old
mice because aged mdx mice display dystrophic cardiomyop-
athy similar to what has been described in human patients
(17–21). Further, this experimental design also allows us to
study the cumulative effect of life-long skeletal muscle correc-
tion. In skeletal muscle-specific micro-dystrophin transgenic
mice, we observed robust micro-dystrophin expression in
limb muscle and respiratory muscle (Fig. 1, Supplementary
Material, Fig. S1). As expected, skeletal muscle-rescued trans-
genic mice showed an increased exercise capacity (Fig. 2D).
Further their HR was significantly elevated, a sign of intensi-
fied sympathetic activity (consistent with increased exercise
capacity in these mice) (Fig. 3). However, in contrast to the
reports of Townsend et al. and Crisp et al. (12,13), we
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found that skeletal muscle correction neither reduced myocar-
dial fibrosis nor improved left ventricular function in aged
mdx mice (Figs 2 and 4). Interestingly, increased ventricular
weight suggested that skeletal muscle transgenic mdx mice
might have developed ventricular hypertrophy (Table 1).
This notion was further supported by the findings of increased
QRS duration (in other words, longer conduction through the
ventricles) and prolonged QTc interval (an indication of
delayed ventricular repolarization) (Fig. 3).

Crisp et al. evaluated right ventricular function by high-
resolution cine MRI (12). They found that right ventricular
dysfunction preceded left ventricular failure in young adult
mdx mice (12). Further, skeletal muscle rescue significantly
preserved right heart function (12). We performed the right
ventricular catheter assay (24–26). However, we did not
detect any statistically significant difference among BL10,
mdx and transgenic mdx mice in the right ventricular hemo-
dynamic parameters (maximal pressure, dP/dt max, dP/dt
min and ejection fraction of the RV) (Supplementary Material,
Fig. S2). Although BL10 mice showed a trend of better dP/dt
max and ejection fraction, there was no difference between
transgenic and non-transgenic mdx mice in the right ventricu-
lar catheter assay (Supplementary Material, Fig. S2).

In summary, we have demonstrated that exclusive correction
of skeletal muscle disease neither exacerbates nor ameliorates
dystrophic cardiomyopathy in aged mdx mice. Our result has
important practical implications in designing/conducting DMD
therapy. First, it reduces worries that skeletal muscle-centered
therapy may aggravate dystrophic cardiomyopathy. Based on
our data, strategies that only show promise in skeletal muscle
(such as first-generation AON-mediated exon-skipping) should
be encouraged rather than withheld. Second, it emphasizes the
need for treating both skeletal muscle and heart in order to
achieve a full recovery of DMD.

MATERIALS AND METHODS

Experimental animals

All animal experiments were approved by the institutional
animal care and use committee and were in accordance with
NIH guidelines. Experimental BL10 and mdx mice were gen-
erated in a barrier facility using founders from The Jackson
Laboratory (Bar Harbor, ME, USA). The founder lines of
human micro-dystrophin transgenic mice were generated at
the University of Missouri transgenic core and have been pub-
lished before (22,23). These mice express the DR4-23/DC
microgene under the transcriptional control of the skeletal
muscle-specific human skeletal a-actin promoter and the
simian virus 40 polyadenylation sequence. The experimental
microgene transgenic mice were obtained after backcrossing
with mdx mice for at least five generations. Only male mice
were used in the study. All mice were maintained in a
specific-pathogen-free animal care facility on a 12-h light
(25 lux):12-h dark cycle with access to food and water
ad libitum. Mice were euthanized following the functional
assays to harvest the tissues.

Morphological studies

Micro-dystrophin expression was evaluated by immunofluor-
escence staining using a human dystrophin-specific antibody
(Dys-3, diluted 1:20, clone Dy10/12B2, IgG2a; Novocastra,
Newcastle, UK). Additional immunofluorescence staining
was performed using a dystrophin antibody specific to
spectrin-like repeat 11 that is absent in the micro-dystrophin
gene (Mandys-8, diluted 1:200; Sigma, St Louis, MO, USA).
Slides were viewed at the identical exposure setting predeter-
mined for each specific antibody. Masson trichrome staining
was performed as described before (17,19).

Western blot

The frozen heart was ground to fine powder in liquid nitrogen.
A whole heart muscle lysate was prepared as described before
(19,20). Dystrophin was detected with the DysB antibody
(1:100, clone 34C5, IgG1; Novocastra). This antibody recog-
nizes an epitope located between hinge 1 and spectrin-like
repeat 2. Since the region of hinge 1 to spectrin-like repeat
2 is not deleted in DR4-23/DC micro-dystrophin, the DysB
antibody can detect both endogenous full-length mouse dys-
trophin and transgenic micro-dystrophin. Western blot quanti-
fication was performed with the gel analyzer unit of ImageJ
(http://rsbweb.nih.gov/ij/). The relative intensity of the dys-
trophin band was normalized to the corresponding a-tubulin
(loading control) band in the same blot. The relative band
intensity in transgenic and non-transgenic mdx mice was
normalized to that of BL10.

Hydroxyproline assay

Myocardial and skeletal muscle fibrosis were quantified using
lyophilized heart and extensor digitorum longus muscle, re-
spectively. Tissue was hydrolyzed in 6 N HCl for 3 h at
1158C. After pH neutralization, the hydroxyproline content
was determined as described before (20). Briefly, a 1 ml tissue
lysate was oxidized with1 ml chloramine-T at room temperature
for 20 min. One milliliter of p-dimethylaminobenzaldehyde/
perchloric acid was then added to the mixture and incubated
for 15 min at 608C. The hydroxyproline content was determined
by measuring the absorbance using a Beckman Coulter DU640
spectrophotometer at 558 nm of the samples and a standard
series.

Treadmill running

A treadmill endurance assay was performed as described
before (24). Briefly, the mice were subjected to 5-day tread-
mill acclimation at a 78 uphill treadmill. The running distance
was measured on day 6. The mouse was placed on an unmov-
ing treadmill for 2 min and then run at 5 m/min for 5 min. The
treadmill speed was increased by 1 m/min every 5 min. The
total running distance was calculated after the mouse
became exhausted. Exhaustion is diagnosed when the animal
gives up running and ends up in contact with the shocker (at
the minimal setting) for typically 1–3 s without attempting
to re-enter the treadmill.
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ECG and hemodynamic assay

A 12-lead ECG assay was performed using a commercial
system from AD Instruments (Colorado Springs, CO, USA)
according to our previously published protocol (24). The Q
wave amplitude was determined using the lead I tracing.
Other ECG parameters were analyzed using the lead II
tracing. The QTc interval was determined by correcting the
QT interval with the HR as described by Mitchell et al.
(44). The cardiomyopathy index was calculated by dividing
the QT interval by the PQ segment (45). Left ventricular
hemodynamics was evaluated using a closed chest approach
as we had previously described (24). The resulting PV loops
were analyzed with the PVAN software (Millar Instruments,
Houston, TX, USA).

Statistical analysis

Data are presented as mean+ standard error of the mean
(s.e.m.). The SPSS software (SPSS, Chicago, IL, USA) was
used for statistical analysis. One-way ANOVA analysis and
Bonferroni post hoc analysis were used for multiple group com-
parisons. A P , 0.05 was considered statistically significant.
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Supplementary Material is available at HMG online.
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