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Abstract

Duchenne muscular dystrophy (DMD) is a degenerative muscle disorder characterized by the lack

of dystrophin expression at the sarcolemma of muscle fibers. In addition, DMD patients acquire

osteopenia, fragility fractures, and scoliosis indicating that a deficiency in skeletal homeostasis

coexists but little is known about the effects of DMD on bone and other connective tissues within

the musculoskeletal system. Recent evidence has emerged implicating adult stem cell dysfunction

in DMD myopathogenesis. Given the common mesenchymal origin of muscle and bone, we

sought to investigate bone and other musculoskeletal tissues in a DMD mouse model. Here, we

report that dystrophin–utrophin double knockout (dko) mice exhibit a spectrum of degenerative

changes, outside skeletal muscle, in bone, articular cartilage, and intervertebral discs, in addition

to reduced lifespan, muscle degeneration, spinal deformity, and cardiomyopathy previously

reported. We also report these mice to have a reduced capacity for bone healing and exhibit

spontaneous heterotopic ossification in the hind limb muscles. Therefore, we propose the dko

mouse as a model for premature musculoskeletal aging and posit that a similar phenomenon may

occur in patients with DMD.
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Duchenne muscular dystrophy (DMD) is an X-linked, recessive, degenerative muscle

disease that is characterized by the wasting of skeletal muscle, progressive muscular

weakness, and premature death, usually from cardiorespiratory failure.1,2 A congenital

mutation on chromosome Xp21.2, which results in the absence of functional dystrophin in

skeletal muscle and neuronal tissues, can occur up to three times in every 10,000 live male
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births and is the genetic event that initiates the pathogenesis of the disease.2–4 The lack of

dystrophin expression compromises the integrity of the sarcolemma, rendering myofibers

abnormally fragile, but despite the absence of dystrophin at birth, boys who harbor DMD

mutations appear relatively normal until the age of four or five.2,5 Unfortunately, skeletal

muscle degeneration occurs rapidly thereafter, with wheelchair and ventilator dependence

occurring at the beginning and end of the second decade, respectively. Currently, only

palliative treatments are available.2

Myofiber regeneration in DMD is thought to be mediated by adult stem/progenitor cells

and/or satellite cells.6 Dystrophin mutations are not expressed in muscle satellite cells but

repetitive cycles of degeneration and regeneration ensue because the newly differentiated

myofibers lack functional dystrophin.7–12 As a result, there is a decline in the replicative

ability of muscle progenitor cells and a progressive decrease in regenerative capacity.13

Therefore, adult stem cell exhaustion has been implicated in the clinical manifestation of

DMD and is thought to play a key role in disease progression.

Despite the tissue-limited expression of dystrophin, the pathology associated with DMD is

not limited to skeletal and cardiac muscle. Children with DMD may acquire a host of

debilitating skeletal problems including osteopenia, fragility fractures, and scoliosis.1,14–18

For the most part, osteopenia has been blamed on skeletal muscle degeneration because

attenuated muscular forces and a lack of bone mechanical stimuli can be detrimental to bone

mineral density.19–22 As a result, few studies have investigated the perturbation of the

disease on tissues outside of skeletal muscle, and thus, little is known about the precise

effects of DMD on bone and other musculoskeletal tissues.23–27

In this study, we sought to investigate the effects of DMD on the musculoskeletal system

using a DMD mouse model. The mdx (X-chromosome-linked muscular dystrophy) and dko

(dystrophin–utrophin double knockout) mice represent two such models. The mdx mouse

lacks functional dystrophin but the DMD phenotype is relatively mild compared to the

human disease.28–33 Since utrophin, a dystrophin-related protein, is able to compensate for

the loss of dystrophin, both utrophin and dystrophin loss results in a more severe phenotype

than the mdx mouse.34,35 Here, we report a spectrum of degenerative changes, outside of

skeletal muscle, in bone, articular cartilage, and intervertebral discs of dko mice. In addition,

we find these mice to exhibit delayed bone healing, and at a young age, dko mice

accumulate diffuse soft-tissue calcifications.

MATERIALS

Animals

C57BL/10 mice were obtained from Jackson Laboratories (Bar Harbor, ME). The mdx and

dko mice were derived from our colony and housed in groups of four on a 12:12 h light–dark

cycle at 20–23°C. All procedures were approved by the Institutional Animal Care and Use

Committee at the University of Pittsburgh (IACUC protocol number 0804625B-4).
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Micro-Computed Tomography

At 6 weeks old, mice were anesthetized with isoflurane and supplemental O2 gas, and the

lower extremities, including the pelvis, was scanned using the Viva CT 40 (Scanco,

Switzerland) with settings: energy 70 kvP, intensity 114 μA, integration time 200 ms,

isotropic voxel size 35 μm, threshold 163.

Bone Healing

At 5 weeks old, mice were sedated as above, and an antero-medial incision was made over

the right knee and the proximal tibia exposed. A unicortical, spherical defect was created

using a 0.9 mm burr (Fine Science Tools). The wound was irrigated and closed with 4-0

prolene. Mice were injected post-operatively with subcutaneous buprenorphine at 0.1 mg/kg.

Bone in-growth was evaluated with serial micro-CT on postoperative days 1, 7, and 14.

Total defect area was calculated by measuring the length of the defect on each axial slice.

Tissue Histology

Mice were sacrificed in CO2 chamber according to the IACUC protocol. Bone tissue was

dissected using sterile techniques and fixed in formalin for 24 h before being sectioned in

freezing media. For von Kossa staining, sections were hydrated and incubated with 1%

silver nitrate under ultraviolet light for 20 min, 5% sodium thiosulfate for 5 min, and

mounted. For Masson trichrome staining, sections were incubated in Weigert’s iron

hematoxylin working solution for 10 min, rinsed, transferred to Biebrich scarlet-acid fuchsin

solution for 15 min before direct incubation in aniline blue solution for 5 min. For safranin

O staining, sections were stained in Weigert’s iron hematoxylin working solution for 4 min,

destained in fresh acid alcohol for 1 min, rinsed, incubated in 0.02% aqueous fast green for 5

min, washed in 1% acetic acid for 30 s, stained in 0.1% aqueous safranin O for 5–7 min, and

mounted in synthetic resin. Gluteus maximus tissue was frozen in liquid nitrogen using

freezing medium, sectioned, and slides were incubated for 5 min in alizarin red solution,

counterstained with eosin. All slides were analyzed using a light microscope (Nikon Eclipse

E800, Tokyo, Japan). Images were obtained under 4–20× magnification (Q-imaging

RETIGA, Surrey, British Columbia, Canada). Isolated spines were decalcified and

embedded in paraffin (Tissue Tek processor and Leica embedder). 7 μm sections were

stained with safranin O and fast green dyes (Fisher Scientific, Pittsburgh, PA) and

photographed at 4–20× magnification (Nikon Eclipse Ts100).

Statistical Analyses

All experiments were performed using at least three different animals in each group, and

mean, standard deviation, and sample size were used to calculate statistical significances

using Student’s t-test.

RESULTS

Bone Abnormalities in dko−/− Mice

In order to evaluate the bone morphometry in dko mice, the proximal tibia, in 6-week-old

male, wild-type, mdx, dko heterozygous (dko+/− or mdx; utrn+/−), and dko homozygous
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(dko−/− or mdx; utrn−/−) mice, was analyzed using micro-computed tomography (micro-CT).

The metaphyseal–diaphyseal cortex of the proximal tibia in dko−/− mice was consistently

thinner and there were less metaphyseal trabeculae (Fig. 1A). Next, we used the CT’s

evaluation software to determine proximal tibia bone volume and density. We observed a

significant reduction in the average bone volume and density of dko−/− mice when compared

to controls (Fig. 1B, C). We then performed trabecular bone analysis in order to determine

the relative thickness of trabeculae in the proximal tibia of dko−/− mice. Compared to control

animals, we found the thickness of dko−/− trabeculae to be significantly lower (Fig. 1D).

In order to further investigate the differences in bone morphometry determined by micro-CT

evaluation, we processed the proximal tibias of dko−/− mice for histological analysis using

von Kossa (bone mineralization) and Masson trichrome blue staining (collagen content).

Age-matched wild-type, mdx, and dko+/− tibias were included as controls. Consistent with

our micro-CT data, we observed fewer, and thinner, trabeculae in the dko−/− proximal tibia

when compared to the controls (Fig. 2A). Similar results were obtained when trichrome

staining was employed. Next, we determined the relative amount of collagen in the

metaphyseal bone from dko−/− animals by quantifying the trichrome positive areas (Fig. 2B).

We observed a significant decrease in the amount of collagen detectable in dko+/− and

dko−/− bone when compared to wild-type and mdx bone; however, this collagen discrepancy

was most severe in the metaphyseal bone obtained from the dko−/− mice.

Delayed Bone Healing in dko−/− Mice

In order to investigate the mechanisms contributing to abnormal bone formation in dko−/−

mice we tested osteogenesis in vivo using a bone defect model. Five-week-old dko−/− mice

were age-matched with control animals and a spherical, unicortical defect was surgically

created in the proximal tibia. The mice were followed with serial micro-CT scans to monitor

bony ingrowth at 1 and 2 weeks post-operation. The area of defect coverage was determined

in comparison to the defect coverage within 24 h (Fig. 3A). The dko−/− mice had

significantly less bony in-growth at weeks 1 and 2 compared to the mdx and wild-type

control animals, respectively (Fig. 3B). Intriguingly, during these experiments, the mdx mice

made new bone faster than wild-type controls, showing significantly more bony ingrowth at

1 week. After 2 weeks, however, there was no detectable difference between these two

groups.

Ectopic Calcification in Muscle of dko−/− Mice

During the micro-CT evaluations of dko−/− mice, we repeatedly observed diffuse, scattered,

radio-opaque collections within the muscle tissue of the bilateral hind limbs (Fig. 4A, B,

arrows). In order to further investigate these collections we analyzed 6-week-old dko−/−

mice by micro-CT. Age-matched wild-type, mdx, and dko+/− animals were included as

controls. We observed the presence of ectopic calcification in two-thirds of the dko−/− mice

(n = 6). In comparison, similar collections were not found in any control mice (n = 6 from

each control group). In order to confirm the nature of these collections we harvested gluteus

maximus muscles from 6-week-old dko−/− mice and included age-matched wild-type muscle

as controls. These tissues were processed for histological analysis using alizarin red staining

for calcium. Muscle obtained from dko−/− mice showed positive alizarin red staining
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whereas there was no detectable calcium in control muscle (Fig. 4C). Therefore, the radio-

opaque collections seen on micro-CT are deposits of ectopic calcification.

Degenerative Changes in Articular Cartilage and Intervertebral Discs of dko−/− Mice

The loss of proteoglycans (PGs) from articular cartilage and intervertebral discs is indicative

of degenerative changes and is a hallmark of human degenerative joint disease (DJD) and

degenerative disc disease (DDD).36,37 Therefore, we performed a histological analysis of the

proximal tibia and spinal intervertebral discs isolated from male dko−/− mice and evaluated

the PG content using safranin O and fast green stains. Figure 5A shows a representative

image of 7-week-old dko−/− proximal tibia articular and growth plate cartilage and illustrates

the loss of PGs, in contrast to control mdx and wild-type tibias. Interestingly, the tibial

growth plate displayed a similar loss of PGs toward the proximal aspect. Likewise, Figure

5B shows a representative image of a 4-week-old dko−/− intervertebral disc and illustrates a

relative loss of PGs and disorganization within the disc, most pronounced at the nucleus

pulposus, when compared to mdx and wild-type controls.

DISCUSSION

Our micro CT and histological analyses of the proximal tibia in the dko−/− mice indicated a

deficiency in cortical and trabecular bone, marked by a significant decrease in bone volume

and density, which correlated with a loss of bone collagen content. Few studies have looked

at musculoskeletal effects outside of the myopathic changes in humans; however, those

studies have discovered alterations in bone micro-architecture and bone metabolism that

coincide with our findings in the dko model. One of the earlier investigations found that

patients diagnosed with DMD have decreased bone density, increased bone turnover, and

low 25-OH Vitamin D.38 Importantly, this was demonstrated in DMD patients with and

without gluccocorticoid therapy, since gluccocorticoid acts as a confounder with its

beneficial effect on decreasing muscle inflammation but concurrent suppression of bone

formation. Further research has focused on DMD patients taking gluccocorticoids because

of the increasing prevalence of treatment and it has continued to be shown that these patients

have significantly lower bone mineral density and bone mineral content compared to healthy

controls.39 These results are consistent with the clinically observed osteopenia in DMD

patients and research performed by Novotny et al.26 using a murine model, which indicates

that a deficiency in extracellular matrix (ECM) production may contribute to abnormal bone

formation in the dko−/− mice. This may be a direct or indirect consequence of the lack of

dystrophin expression, given the role of dystrophin and utrophin in linking the actin

cytoskeleton to the ECM and the known effect of sarcopenia on bone;2,40–42 however, a

delay in bone healing, as observed in this study, suggests a deficiency in osteoblast activity

may exist in dko−/− mice. It is interesting that age-matched mdx mice show a robust bone

healing response compared to the wild-type controls. At this age, mdx mice are known to

mount a large regenerative effort in response to muscle degeneration and perhaps this

process may influence bone healing.33 Regardless, it will be important in the future to

explore the osteogenic capacity of adult stem cells obtained from mdx and dko mice given

the implication of stem cell exhaustion in the pathogenesis of DMD combined with the

results of this study.
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DJD of the knee and DDD of the spine can occur with normal aging in humans.43,44 It is

unclear if patients with DMD are prone to the early development of either wear-related,

degenerative musculoskeletal conditions because most patients will not live long into their

third decade and confounding issues exist that could prevent the identification of such

problems. For example, symptomatic pain from osteoarthritis typically occurs after weight-

bearing activity, and unfortunately, patients with DMD are unable to perform such activities

due to their illness.45 As a result, there is rarely a time after wheelchair dependence that a

weight bearing joint will be exposed to a significant mechanical load. In addition, joint

range of motion becomes significantly impaired by the acquisition of joint contractures.46

Similarly, DDD typically causes neurogenic lower back pain, but in the presence of scoliosis

it may not be clinically obvious.47 The etiology of articular cartilage and disc degeneration

in dko−/− mice is unclear at this time; however, it is interesting that the cartilaginous growth

plate also lacks PGs because this suggests a problem with chondrogenesis, and thus stem/

progenitor cell function, rather than excessive, premature biomechanical wear.

Literature concerning other DMD animal models is scarce. One such murine model

consisting of a dy/dy genotype exhibits a severe dystrophic phenotype. Studies have

demonstrated the adverse osseous effects that are present in this dystrophic model. These

mice have significantly stunted growth of their long bones in the radius, ulna, humerus,

femur, and tibia, which was shown by comparing the bone lengths to healthy controls.48 A

more recent study by Garris et al.49 confirmed the bone length of the femur and tibia as well

as the pelvis to be significantly shorter in the dy/dy mice. They have further shown that at

the cellular level the osteocyte density in the tibia is significantly decreased. Therefore, it is

possible that the bone alterations may be related to the severe muscular dystrophic

phenotype in these various models, but it is still evident from this research that the dko

model displays similar phenotypic changes as compared to human DMD subjects making it

a valuable model for studying the biological manifestations of DMD.

Skeletal muscle degeneration, cardiomyopathy, and spinal deformity are known to occur in

DMD patients and dko−/− mice. In this study, we showed that dko−/− mice also develop

degenerative changes to bone, cartilage, and intervertebral discs. Such degenerative

conditions may occur in normal aging. Furthermore, problems with tissue healing and

ectopic calcification are also associated with aging. Thus, the problems with bone healing

and ectopic calcification characterized by this study support a phenomenon of accelerated

musculoskeletal aging in dko−/− mice. Aging of the human population predicts an increased

incidence of age-related, degenerative musculoskeletal conditions, not limited to

osteoporosis, fragility fractures, DJD, and DDD.50–52 A mouse model of musculoskeletal

degeneration, such as the dko model, can provide a research tool to further our

understanding of conditions associated with aging. In terms of DMD, given the spectrum of

the pathology in the mesenchymal tissues, and emerging evidence that implicates the

exhaustion of myogenic stem/progenitor cells in DMD pathogenesis, one must consider a

problem exists, either primarily or secondarily, in the adult stem cell compartment. Adult

stem cells and muscle-derived stem/progenitor cells are tightly associated with aging.53,54 If

the congenital absence of dystrophin from skeletal muscle and neuronal tissues eventually

leads to myogenic stem cell exhaustion with implications toward homeostasis of other
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mesenchymal tissues via stem cell depletion, then gene therapy to replace dystrophin loss

will predictably falter unless instituted very early or at least before significant attrition in

stem cell numbers occur. This may prove technically challenging given the diagnosis of

DMD is typically delayed until age 4. Furthermore, if future medical advances are able to

rescue the skeletal muscle phenotype in DMD patients, then these patients may be at risk for

acquiring other degenerative musculoskeletal diseases, such as DJD and DDD. Thus, further

studies are critical for us to understand these biological processes and to develop effective

therapies for the treatment of DMD. This work not only warrants an investigation into adult

stem cell characterization in dko mice, but also highlights the essentials of understanding the

role of stem cell function in DMD and common musculoskeletal conditions associated with

aging.
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Figure 1.
Micro-CT analysis of the proximal tibia of dko−/− mice. Age-matched, 6 weeks old, male

wild-type (wt), mdx, dko+/−, and dko−/− mice were anesthetized and analyzed using micro-

CT. The proximal tibia was selected for 3D evaluation. Representative images are displayed

in (A). Proximal tibia bone volume (B), bone density (C), and trabecular thickness (Tb.Th;

D) were determined. The mean values for each genotype are displayed and error bars

represent one standard deviation above and below the mean. Asterisks (*) denote statistical

differences with p values <0.005.
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Figure 2.
Histological analysis of the proximal tibia from dko−/− mice. (A) Age-matched, 6 weeks old,

male wild-type, mdx, dko+/−, and dko−/− mice were sacrificed and the proximal tibia was

processed for histological analysis with von Kossa and Masson trichrome staining.

Representative images are shown. Scale bars in the upper left-hand corner represent 0.2 mm

(at 4× magnification). (B) For trichrome analysis, the amount of collagen per area was

determined for each genotype and the results are shown. The mean values for each genotype

are displayed and error bars represent one standard deviation above and below the mean.

Asterisks (*) denote statistical differences with p values < 0.05.
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Figure 3.
Bone healing in dko−/− mice. (A) A spherical defect was created in the proximal tibia of age-

matched, 5 weeks old, male wild-type (wt), mdx, dko+/−, and dko−/− mice. The defects were

analyzed by micro-CT 24 h after surgery and followed with serial micro-CT evaluations at

post-operative day 7 (d7) and 14 (d14) to determine the amount of bone formation.

Representative 3D images of the proximal tibia obtained via micro-CT analysis are

displayed for POD1 (d1) and d14. (B) Amount of defect coverage was determined on d7 and

d14 after surgery by comparing the size of the defect to the initial defect on d1. The mean

values for each genotype are displayed and error bars represent one standard deviation above

and below the mean. Asterisks (*) denote statistical differences with p values <0.05.
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Figure 4.
Ectopic calcification in the soft tissues of dko−/− mice. (A) 7-week-old mdx, dko+/−, and

dko−/− mice were evaluated by micro-CT and representative images are shown to illustrate

the presence of ectopic calcification (EC) in the proximal hind limb soft tissues of dko−/−

mice exclusively. (B) A larger view of the micro-CT image from (A) with arrowheads

demonstrating EC in a dko−/− mouse. (C) Skeletal muscle cryosections were prepared from

the gluteus maximus of these mice and processed for histological analysis. Representative

images obtained with alizarin red staining are shown. Scale bars in the upper left-hand

corner represent 0.5 mm (at 4× magnification).
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Figure 5.
Loss of proteoglycans from tibial articular cartilage and intervertebral discs of dko−/− mice.

(A) Tibias and (B) spines were isolated from age-matched, male wild-type, mdx, dko−/− mice

and processed for histology. Sections were stained with safranin O dye and counterstained

with fast green. Representative images were taken at 4× and 20× magnification and

demonstrate a loss of proteoglycans at the articular cartilage and growth plate surface in the

dko−/− proximal tibia, and a loss of proteoglycans from the nucleus pulposus in the dko−/−

intervertebral disc, as indicated by the arrow. Scale bars in the upper left-hand corner

represent 0.2 mm (at 4×) and 0.1 mm (at 20× magnification) in (A), and 1 mm (at 4×) and

0.5 mm (at 20× magnification) in (B).
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