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Abstract

The genetic basis of many muscular disorders, including many of the more common muscular
dystrophies, is now known. Clinically, the recent genetic advances have improved diagnostic
capabilities, but they have not yet provided clues about treatment or management. Thanks to better
management strategies and therapeutic interventions, however, many patients with a muscular
dystrophy are more active and are living longer. Physical therapists, therefore, are more likely to
see a patient with a muscular dystrophy, so understanding these muscle disorders and their
management is essential. Physical therapy offers the most promise in caring for the majority of
patients with these conditions, because it is unlikely that advances in gene therapy will
significantly alter their clinical treatment in the near future. This perspective covers some of the
basic molecular biological advances together with the clinical manifestations of the muscular
dystrophies and the latest approaches to their management.
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The muscular dystrophies (MDs) are a heterogeneous group of inherited disorders
characterized by progressive weakness and degeneration of skeletal muscles (Table). They
have traditionally been classified by clinical presentation, mode of inheritance, age of onset,
and overall progression. The development of molecular genetic mapping technigues has
shown that a number of clinically similar conditions are linked to a variety of distinct single-
gene disorders. So far, MDs have been mapped to at least 29 different genetic loci that give
rise to at least 34 different clinical disorders,! and additional information is accumulating
rapidly.”
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Since the cloning of the dystrophin gene in the 1980s,2:3 the identification of its protein
product, dystrophin,* the complex it forms in muscle,® and the mapping of mutations linking
several MDs to dystrophin and its associated proteins, we now know a great deal about the
genetic basis of these diseases. In many instances, new diagnostic tests have eliminated the
need to perform muscle biopsies and, in some cases, even electromyography. Although the
molecular advances have greatly improved diagnostic capabilities, they have not greatly
altered clinical practice. Thanks to better management strategies and therapeutic
interventions, however, many patients with MDs are more active and are living longer.®
Physical therapists, therefore, are more likely to see patients with MDs, so understanding
these muscle disorders and their management is essential. Because there is no cure for any
of the MDs, physical therapy, in our opinion, offers the most promise to promote a longer
and more active life for the majority of patients with these conditions. In this perspective, we
review the more common muscular dystrophies’ and discuss new strategies for treating
people with these disorders. Although our focus is on skeletal muscle, the expression of
affected genes in other organ systems also may result in cognitive, cardiac, or other clinical
disturbances.

One of the goals of MD research is to understand how sarcolemmal damage is initiated, how
it is repaired, and how the sarcolemma can be protected (or the damage minimized) by
pharmacologic or therapeutic interventions. Researchers studying muscle injuries share
these same goals. In skeletal muscle injuries, particularly those resulting from lengthening
(“eccentric”) contractions, the membrane is damaged and the cytoskeleton is disrupted.8 The
initial injury is followed by pain, inflammation, weakness, and often necrosis, which are
then followed by regeneration of muscle fibers. Because these findings parallel those in
Duchenne muscular dystrophy (DMD), the study of muscle injury—its mechanisms,
management, and repair—Ilikely will provide important insights into the mechanisms
underlying many of the MDs.

Physical therapists are ideally trained to help care for patients with MD, especially
because of the primary involvement of skeletal muscle and the secondary effects of
the disease on the joints.

Disorders Associated With Dystrophin

Duchenne Muscular Dystrophy

Duchenne muscular dystrophy, the most common form of MD, is an X-linked disorder (ie,
associated with a gene on the X chromosome) that was first described over a century ago.?
Duchenne muscular dystrophy is characterized by progressive wasting of skeletal muscles,
with the limb-girdle muscles first showing weakness by the age of 5 years, followed by an
inability to walk by the ages of 8 to 12 years.10:11 Other findings include elevated creatine
kinase levels, pseudohypertrophic calf muscles, decreased levels of activity, and, in some
patients, cognitive impairment. At the cellular level, pathological changes include the
absence of dystrophin at the membrane of the muscle fibers, increased adipose and
connective tissue between muscle fibers, increased variability in muscle fiber size,

*For more information on muscular dystrophy, contact: Muscular Dystrophy Association (MDA), National Headquarters, 3300 E
Sunrise Dr, Tucson, AZ 85718, or visit the MDA Web site (http://www.mdausa.org/).
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infiltration of inflammatory cells, and centrally located nuclei, which are indicative of
degenerating and regenerating muscle fibers (Fig. 1).

There is currently no explanation for the different rates of disease progression in different
muscle groups. Parents typically do not seek medical care early on, because children with
DMD look “normal” for the first few years of life. Between the ages of 2 and 5 years, they
begin to show signs of clumsiness, falling, and gait changes, as well as difficulty ascending
stairs.12 By age 6 years, the child often develops contractures of the calf muscles and an
exaggerated lordosis of the spine. By this time, the child has a positive Gowers’ sign, and
the loss of strength (the ability of a muscle to produce force) progresses throughout the
upper body and lower body.13 The scoliosis often becomes severe, producing secondary
pulmonary complications and requiring surgical fusion to stop its progress.”-14 Death usually
occurs in the second or third decade of life due to cardiac or respiratory impairment.1°

Duchenne muscular dystrophy is caused by the absence of dystrophin, a 427 kDa protein
found on the cytoplasmic surface of the plasma membrane of muscle fibers (the
sarcolemma) in skeletal and cardiac muscle (Fig. 2). Dystrophin provides mechanical
stability to the sarcolemma and is likely involved in force transmission between the
intracellular contractile apparatus and the extracellular matrix (ECM), which envelops the
fiber and is connected to the tendon.18 Without dystrophin, the sarcolemma becomes fragile
and unable to withstand the stress of normal muscle contractions.1® The resulting membrane
damage leads to increased intracellular Ca2*, which activates proteases that ultimately result
in fiber death or necrosis. The regeneration of myofibers that normally occurs after damage
to healthy skeletal muscle, which also occurs in the first few years of life in patients with
DMD, does not persist as these patients mature. Instead, regenerative capacity becomes
insufficient to replace lost muscle fibers.17-19 Necrotic fibers become replaced by fat and
connective tissue, to such an extent that there can be an apparent “pseudohypertrophy,”
especially in the calves.

In addition to its mechanical role in stabilizing the sarcolemma, dystrophin probably has a
role in signal transduction (eg, sensing mechanical perturbations such as sarcolemmal stress
and converting this signal into a biochemical response such as alterations in phosphorylation
and changes in the levels of expression of certain proteins). Although dystrophin itself is not
a signaling molecule, it anchors signaling proteins, such as neuronal nitric oxide synthase
(NNOS), Grb2, and others, to the sarcolemma.2921 Neuronal nitric oxide synthase is
normally localized at the sarcolemma via one of the dystrophin-associated proteins, but it is
absent from the sarcolemma in animals lacking dystrophin and in patients with DMD.22

The majority of patients with DMD have unimpaired intelligence, but some have mild
intellectual impairments. In 30% of patients with DMD, the mean intelligence quotient is 18
points below normal,23 and these patients may have trouble with attention, verbal learning,
and memory.13 The pathological basis of these mild cognitive impairments is likely changes
in isoforms of dystrophin expressed in the brain.24 The impairments are likely due to the
biological effect of missing dystrophin rather than loss of mobility and a disadvantaged
lifestyle, as shown by a comparison with age-matched patients with spinal muscular
atrophy.2®
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Approximately 1 in 3,500 newborn males worldwide are affected with DMD.”1314 The
gene for dystrophin is one of the largest known in humans (approximately 1.2 million base
pairs) and is composed of 79 exons.* The sheer size and complexity of the dystrophin gene
may account for the high frequency of mutations, with approximately one third of DMD
cases arising from new, spontaneous mutations.”-26 The remaining cases are inherited in an
X-linked recessive fashion. Females who inherit the mutation do not develop DMD, because
they also inherit a second, “healthy” X chromosome from their fathers. Consequently,
female carriers are usually unaffected, unless there is an abnormality of X chromosome
inactivation or a chromosomal anomaly, both of which are extremely rare.® Thus, essentially
only boys acquire DMD.

Becker Muscular Dystrophy

Becker muscular dystrophy (BMD) is an allelic variant of DMD. Whereas DMD is caused
by the essential absence of dystrophin, BMD is caused by abnormalities in the quality or
quantity of dystrophin. In general, the greater the amount of dystrophin, the less severe the
myopathy.2” The onset of BMD is usually between the ages of 5 and 15 years, but can occur
as late as the fourth decade of life. The phenotypic presentation of BMD is similar to that of
DMD, but is clinically milder and with more variability and a much slower progression.
Patients with BMD do not have contractures or severe scoliosis, and many live well into
adulthood, sometimes to a normal life span.

The Dystrophin Complex and Its Organization

Dystrophin binds directly or indirectly to a group of proteins at the sarcolemma, collectively
known as the dystrophin-associated protein complex (DAPC or DPC) (Fig. 2) or the
dystrophin-glycoprotein complex (DGC).5:28:29 Dystrophin binds to this complex through
the interaction of its WW domain (a protein-binding module composed of 35 to 40 amino
acids that include 2 conserved moieties of tryptophan,39 with the W representing the single
letter code for that amino acid) and nearby sequences with the C-terminal cytoplasmic
sequence of B-dystroglycan,3! a transmembrane protein.32 The N-terminal and extracellular
portion of B-dystroglycan associates with a-dystroglycan, which in turn connects the DAPC
to the ECM.32 The major ligand of a-dystroglycan in the ECM is likely laminin-2, a major
component of the basement membrane surrounding muscle fibers. Neurexin and agrin,
however, also may be significant binding partners.33 Additional components of the DAPC
include several sarcoglycans (see below), which also span the sarcolemmal membrane, and
peripheral membrane proteins, including syntrophins and dystrobrevins, that bind to the C-
terminal region of dystrophin. Additional proteins of the DAPC are still being
discovered.3435

Inside the muscle fiber, the N-terminus of dystrophin binds to F-actin,3® connecting the
DAPC to the actin cytoskeleton and ultimately to the contractile apparatus. Thus, dystrophin
is the central component of a molecular link that connects the contractile apparatus inside
the muscle fiber to the ECM outside the muscle fiber. Dystrophin plays an important
structural role in stabilizing the sarcolemma during muscle contractions, 6 and it is thought
to transmit force laterally across the sarcolemma to the ECM.37:38
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Although loss of dystrophin results in DMD, no naturally occurring mutations have been
described for the dystroglycan gene, which transcribes both the a and f components.
Targeted deletion of this gene in animals results in embryonic death3? rather than
progressive muscular weakness. Recently, however, mutations that result in altered
glycosylation of a-dystroglycan have been reported to be linked to both murine® and
human MDs,*1:42 including muscle-eye-brain disease, Walker-Warburg syndrome (WWS),
and a type of congenital MD (MDC1D).#2 These mutations alter the ability of a-
dystroglycan to bind to its extracellular ligands, including laminin-2. Thus, the structural
connection of the ECM with the intracellular actin cytoskeleton appears to be dependent on
the state of the DAPC.

Sarcospan is a 25 kD protein in the DAPC that is firmly anchored to the sarcolemmal
membrane.*3 The amount of sarcospan is dramatically reduced in DMD muscle compared
with normal muscle,*3 but surprisingly, animals genetically engineered to lack sarcospan
maintain normal function.*# Sarcospan is tightly linked to the sarcoglycans. The a-, B-, y-, 8,
possibly e-sarcoglycans are integral membrane glycoproteins that associate with -
dystroglycan. Loss-of-function mutations in the genes encoding for the sarcoglycans result
in various types of limb-girdle muscular dystrophy (LGMD). Because the loss of one
sarcoglycan can affect the stability of all the other sarcoglycans,*® these proteins, like
dystrophin, play an important role in stabilizing the DAPC.

Several proteins bind to dystrophin on the inner surface of sarcolemma, including syntrophin
and dystrobrevin. There are 3 related syntrophins (a-, B1-, and f2-syntrophin) and 2
dystrobrevins (a- and p-dystrobrevin). These proteins help to bring together other
components of the DAPC in a variety of combinations.#® Syntrophin has been shown to bind
nNOS*7 and is linked to signaling within the cell, although the relevance of this is not
clear. Mutations in the genes that encode these proteins have not yet been identified in
humans, except for a mutation in a-dystrobrevin that has been described in left ventricular
noncompaction, an uncommon genetic disorder of endocardial morphogenesis with a
reportedly high mortality rate.4® Mice that have been genetically engineered (so-called
“knock out” mice) to lack syntrophin and dystrobrevin, in an attempt to determine their
functions,50:51 display only a mild skeletal and cardiac muscle disease.

It is quite clear that dystrophin and its associated proteins that make up the DAPC are
important in membrane function, but other membrane proteins also seem to have a role.
Integrins are membrane proteins that are important in cell signaling and that bind to laminin
in the ECM. Mutation of the most common form of integrins in muscle, a7p1, results in a
form of congenital MD in humans and animals,2 implying that they have a role in
membrane stability.

Most MDs are associated with missing or truncated structural proteins at the sarcolemma,
such as those discussed previously, or mutations in other sarcolemmal components (eg,
caveolin-3, dysferlin), extracellular proteins (eg, laminin), and proteins of the nuclear
membrane (eg, emerin and lamin) (Fig. 2). However, even disruption of enzymes can give
rise to MDs. Calpain is one of the Ca2*-activated enzymes thought to be involved in
breakdown of the myofiber after disruption of the DAPC and consequent sarcolemmal
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damage, 5354 yet the absence of calpain itself results in MD. Dysferlin is another protein
considered to be unrelated to sarcolemmal structural stability,?® yet its absence also results
in MD. The sarcolemma of dysferlin “knock out” animals (animals that lack dysferlin as a
result of homologous recombination) does not have increased susceptibility to mechanical
force, such as in DMD.5® Instead, dysferlin seems to be important in the repair of
membranes.?® These examples indicate that MD can result from the loss of structural
proteins, loss of enzymatic proteins, or loss of another class of proteins involved in
membrane repair. Findings such as these illustrate the complex pathways that are involved
in maintaining the health of normal muscle and that, when altered, can result in MD.

Other Dystrophies

Limb-Girdle Muscular Dystrophies

The LGMDs are genotypically and phenotypically heterogeneous. As their name implies,
these mypopathies are characterized by weakness of the proximal muscles in the upper and
lower extremities. Onset can occur in childhood and the clinical presentation can mimic
DMD, but onset more often occurs in late adolescence or early adulthood. Some of the most
severe forms of LGMD present at birth, falling into the category of congenital muscular
dystrophy (CMD). The heart is usually not affected, but patients with LGMD should be
screened routinely because some will develop cardiomyopathy.

Limb-girdle muscular dystrophies can either be autosomal dominant (single gene defect on a
chromosome from either parent or one copy of a mutant gene and one normal gene, known
as type 1 LGMD) or autosomal recessive (a defect or mutation on the gene from the
chromosome of each parent is needed, known as type 2 LGMD). The type 2 LGMDs are
more severe, with some resembling DMD in severity. Sixteen genetically different LGMDs
have been identified, with a correspondingly wide range of phenotypes. The various types of
LGMDs are listed in the Table. It should be noted that a small percentage of patients
diagnosed with LGMD actually have mutations in the gene for dystrophin, although they do
not lack the protein as in DMD and BMD, which also are characterized by proximal
weakness. Therefore, careful genetic screening is indicated, and a muscle biopsy may be
needed to confirm the diagnosis.

The majority of LGMDs are autosomal recessive. Patients exhibit a variable severity of
muscle disease, usually involving scapular winging and weakness of proximal limb and
trunk muscles.” The most common LGMD, LGMD2A, is the result of a mutation in the gene
for calpain-3, a muscle-specific enzyme (discussed earlier). Clinical findings include limb-
girdle atrophy and weakness that begins in the gluteal and hip adductor muscles,®” with
highly variable patterns of progression. Onset also is variable and can occur at any time
from 2 years of age to middle age.>® Another type 2 LGMD, LGMD2B, is the result of
deficiency or absence of dysferlin, a protein involved with trafficking of vesicles to the
sarcolemma for repair after membrane damage.>® Patients with LGMD2B display normal
mobility in childhood, but eventually develop slowly progressive muscle weakness without
signs of inflammation.® It is not clear whether the amount of dysferlin loss correlates to the
phenotypic severity.59.60
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Except for LGMD2A and LGMD2B, the other LGMDs are caused by deficiencies in
specific structural proteins. Four of the type 2 LGMDs are due to the loss of sarcoglycans.
There are 5 known sarcoglycans (a-, B-, v-, 8, and possibly €) (Fig. 1) at the muscle fiber
membrane that form part of the DAPC, and genetic defects affecting 4 of these proteins
cause specific type 2 LGMDs, also known as “sarcoglycanopathies” (Table). A deficiency in
one of the sarcoglycans (€) has not been associated with any primary muscle disease so
far.61.62 |n general, proximal muscles of the lower extremities are affected early in
sarcoglycanopathies, followed by gradual weakness of the shoulder girdle muscles with
consequent scapular winging. There is considerable heterogeneity among the
sarcoglycanopathies in the patterns of muscles affected and the rate of progression,
compared with dystrophinopathies.3

Facioscapulohumeral Muscular Dystrophy

After DMD and LGMDs, facioscapulohumeral muscular dystrophy (FSHD) is the third most
common inherited muscle disease, affecting approximately 1 in 20,000 people in the United
States. It is an autosomal dominant disorder with a variable age of onset, but it usually is
first detected in early adolescence. As indicated by its name, FSHD is characterized by
weakness in muscles of the face and proximal upper extremity, including those muscles that
stabilize the scapula. This muscle weakness results in winging and anterior tilting of the
scapula. Although extraocular muscles are not affected, weakness in muscles around the eye
(ie, obicularis oculi, a facial muscle) may be evident when patients sleep with their eyes
slightly open, a symptom that may manifest itself before other symptoms develop. There is
also difficulty in whistling or blowing (eg, blowing out candles). Distal extremity muscles
also can be affected, and the weakness is often asymmetric. There is a wide range of clinical
severity overall, with symptoms that can include cardiac, cognitive, visual, and auditory
impairments.54-66 Progression of FSHD usually is slow, however, and these patients have a
near-normal life expectancy.

Clinical diagnosis of FSHD is based initially on the pattern of muscle involvement, but
genetic tests, which can detect FSHD with a 98% success rate, are now preferred. Although
the specific gene responsible for FSHD has not been identified, FSHD is associated with a
deletion of 3.3 kb repeats (called D4Z4) mapped to the telomeric end of the long arm of
chromosome 4.67:88 This region, termed 4935, normally has 11 to 150 D4Z4 repeats, but in
patients with FSHD, the number of repeats is less than 11. Although it was thought until
recently that the severity of clinical presentation increased as the number of D4Z4 repeats
under 11 decreased,® this has recently been challenged.”® The telomeric D4Z4 repeats have
most recently been thought to affect anchoring of chromosome 4 to the inner nuclear
membrane.”? If true, FSHD would resemble other MDs, such as Emery-Dreifuss muscular
dystrophy (EDMD), that are nuclear in origin.”2.73

Emery-Dreifuss Muscular Dystrophy

Emery-Dreifuss muscular dystrophy can have 2 different genetic forms: X-linked or
autosomal dominant. Although both genetic forms have the same phenotype, the X-linked
form is more common. Emery-Dreifuss muscular dystrophy affects proteins in the inner
nuclear membrane of muscle fibers (and other tissues), specifically lamin, a nuclear form of
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intermediate filament protein (70 kD) that lines the nucleoplasmic surface of the inner
membrane, and emerin, an integral protein (34 kD) of the inner nuclear membrane that is
thought to anchor lamins’ (Fig. 2). It is not clear how defects in these nuclear membrane
proteins result in the phenotype. It has been suggested that these mutated proteins increase
the susceptibility of the nucleus to mechanical stress or alter gene expression.”3

Emery-Dreifuss muscular dystrophy presents clinically with the triad of early contractures,
muscle weakness, and cardiac conduction defects.”2 Weakness occurs in the shoulder girdle
and distal lower extremities (“humeroperoneal” weakness) and usually starts in childhood,
although symptoms can begin at any time between the neonatal period and the third decade.
Contractures are usually out of proportion to the weakness and affect many joints, especially
the elbows, followed by the ankles and cervical spine. Although patients with EDMD are
not wheelchair-bound, contractures are a major cause of morbidity, creating more functional
impairment than the weakness. The major cause of mortality is cardiac disease, which often
results in premature and sudden death.”®

Oculopharyngeal Muscular Dystrophy

Oculopharyngeal muscular dystrophy (OPMD) is an autosomal dominant disorder that is
characterized by progressive eyelid ptosis and progressive dysphagia, followed by
involvement of other muscles of the head and neck, and eventually proximal limb
weakness.® The extraocular muscles are usually spared, although not always.”® Onset
occurs in late adulthood, and a clinical test that is sometimes used is timed swallowing,
which is 2 times slower than normal in people with OPMD.””

Oculopharyngeal muscular dystrophy is caused by an abnormal number of GCG
trinucleotide repeats in the PABPN1 gene that encodes the polyadenylate binding protein,
nuclear 1 protein. This trinucleotide expansion in the PABPNL gene interferes with a nuclear
protein involved in gene transciption. The PABPN1 gene was previously known as the PAB2
or PABP2 gene (polyadenylation binding protein 2), the OPMD gene, or the nuclear 1 gene,
and these names are still encountered in the literature.”® Interestingly, OPMD can be
inherited in an autosomal dominant or autosomal recessive fashion.’”” Testing for the
disorder is now commercially available.”®

Myotonic Dystrophy

Myotonic dystrophies are the most common form of MD in adults. Myotonic dystrophies are
now recognized as genetically heterogeneous diseases, caused by 2 distinct mutations.
Myotonic dystrophy type 1 (DM1) is caused by an expansion of a CTG trinucleotide repeat
in a gene for an enzyme (the DMPK gene that encodes the enzyme dystrophia myotonica
protein kinase, a serine/threonine kinase).8%:81 The CTG expansion is in an untranslated
region of the gene, so that the exact pathogenesis is still uncertain (the most promising
theory posits that the mutation leads to abnormal processing and splicing of certain species
of RNA). The number of repeats tends to increase from one generation to the next, which
results in an earlier age of onset for subsequent generations (called “anticipation”) as well as
an increase in severity. The features of classic myotonic dystrophy include myotonia
(skeletal muscle hyperexcitability and slowed relaxation time), slowly progressive muscle
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weakness, cardiac conduction defects, pain, peripheral neuropathy, frontal balding, temporal
wasting, cataracts, and endocrine disturbances such as diabetes. Myotonic dystrophy type 1
may present in infancy (CMD) or childhood, but the disorder typically presents in young
adults, with a prevalence estimated to be as high as 1/8,000.7:82

Myotonic dystrophy type 2 (DM2) is caused by an expansion of a CCTG repeat in intron 1
of the gene ZNF9, which encodes zinc finger protein 9 on chromosome 3q.83-85 Both DM1
and DM2 are inherited in an autosomal dominant fashion, and both affect multiple organ
systems. Although the 2 types can be clinically indistinguishable in some cases, DM2 is
more likely to be associated with more proximal weakness (proximal myotonic myopathy
[PROMM]) as opposed to the predominantly distal weakness seen in classic myotonic
dystrophy (DM1). Before the genetics were clarified, DM2 and PROMM were thought to be
distinct disorders. Overall the DM2/PROMM phenotype appears to be less severe than the
DM1 phenotype, with less cognitive impairment.86 The pathophysiology of DM2 is unclear;
however, it may be similar to DM1, in that noncoding nucleotide expansions (in transcribed,
but untranslated, portions of the gene) seem to interfere with proper RNA splicing.8’

Congenital Muscular Dystrophy

Congenital muscular dystrophies are a class of relatively rare conditions that present in
infancy. Because of the vagaries of the naming system, many forms of CMD are classified
with the limb-girdle muscular dystrophies (eg, severe congenital autosomal recessive
muscular dystrophy [SCARMD]). The typical CMD cases are often those associated with
disturbances in the central nervous system. Newborns and infants with CMD have
significant weakness and up to a 10-fold increase in the blood level of the enzyme creatine
kinase,88 a general indicator of muscle damage. Clinical manifestations include muscle
weakness, hypotonia, delayed motor development, and severe contractures with consequent
joint deformities.

A common form of CMD is associated with a protein in the DAPC. Laminin is a component
of the ECM that binds to dystroglycan in the DAPC (Fig. 1). The a2-chain of laminin, also
known as “merosin,” is absent or depleted in this “merosin-deficient CMD.” Children with
CMD have marked weakness and never acquire the ability to walk independently. The
muscle weakness usually is not progressive, and life expectancy is nearly normal. There is a
slight increase in incidence of seizures and mental retardation in children lacking merosin,°
but the majority of children have no structural brain abnormalities or academic deficits.
Abnormalities of myelin maturation are extremely common, however, and help in making
the diagnosis.

A more severe form of CMD associated with brain abnormalities is WWS. Walker-Warburg
syndrome is due to mutations in the gene encoding protein O-mannosyltransferase. The
disorder is associated with abnormal glycosylation of a-dystroglycan (Fig. 1), disrupting the
linkage of the cell membrane to the ECM in brain and muscle.33 A condition that bears
some resemblance to WWS, known as muscle-eye-brain disease, is caused by mutations in
the gene for the protein O-mannose $-1,2-N-acetylglucosaminyltransferase (POMGNT1
gene). Abnormal glycosylation of a-dystroglycan probably plays a role in this condition as
well. Lastly, Fukuyama CMD, a very common form of CMD in Japan, is associated with
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less profound brain abnormalities than WWS and muscle-eye-brain disease, but nonetheless
is characterized by profound mental retardation, weakness, and developmental delay.
Fukuyama disease, which is caused by mutations in the Fukutin gene,*! also appears to be
associated with abnormal glycosylation of a-dystroglycan.

Animal Models of Muscular Dystrophy

One obvious challenge in studying MDs is the heterogeneous nature of these diseases. This
has led to the development of several animal models that are used experimentally to study
some of the MDs, but more are clearly needed. The most universally used laboratory animal
model of DMD is the mdx mouse. The X-linked recessive mutation in the dystrophin gene of
the mdx mouse resembles that seen in boys with DMD. As a result, the mouse lacks
dystrophin.®® Although mdx mice do have a muscle pathology consistent with MD, the
phenotype is much less severe than that seen with DMD in humans, and the validity of the
mdx mouse as a model of DMD, therefore, is disputable.2® Mdx mice have
pseudohypertrophy of certain muscles, large variability in muscle fiber size, fibrosis, and
fatty infiltrates as well as an increased susceptibility to injury. However, they show only
minimal weakness, and mechanical function is much less compromised than in DMD, so
much so that the lifespan of the mdx mouse is normal. Although the mdx mouse has been
used as a model for DMD for years, other mutations in the dystrophin gene have been found
in mutant mice that result in a phenotype much more similar to DMD (mdx2-5% mice).

Because of availability and knowledge of the mouse genome, mouse models of many of the
MDs have been identified or genetically engineered. For example, disruption of the genes
encoding the sarcoglycans has provided models for all the known sarcoglycanopathies
(subtypes of type 2 LGMD), and there are at least 5 mouse models for deficiency of the
laminin a2 chain,?1-94 providing models for one type of CMD. The myd mouse provides a
model for CMD with brain malformation,®® associated with altered glycosylation of a-
dystroglycan. There are also models of muscular dystrophy in other species, such as dogs
that lack dystrophin (CXMD dog)% and the cardiomyopathic hamster,%” which lacks &-
sarcoglycan.

Animal studies have used methods such as running,%® swimming,®° and electrical
stimulation to determine the effects of training on animals with muscular dystrophy. Heavy
resistance training has deleterious effects on dystrophic skeletal muscle,19%.101 particularly if
it involves eccentric contractions.16:192 |n addition to the risk of further muscle damage,
there is no evidence of beneficial adaptation to heavy resistance training in dystrophic
animals or in humans with MD.103.104 Several well-controlled studies, however, do indicate
that light to moderate exercise can have beneficial effects in patients with MD, such as
increased strength. Most of these studies, regardless of species and differences in
methodology, indicate a beneficial adaptation to exercise in dystrophic animals that is
similar to that in control animals.195-109 Unfortunately, there are relatively few controlled
studies available that are easily translated to the human population. Detailed studies to
determine the forms of exercise that are most beneficial to patients with different types of
MDs are greatly needed.
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Potential New Treatments

One area of research has focused on various pharmaceuticals, such as protease inhibitors and
antioxidants, to minimize the inflammation that results from muscle damage.110-112
Although these and other drugs may slow the progression of the disease,113:114 they do not
substantially affect the long-term outcome. Therefore, new strategies are being developed.

Because dystrophin is the central component of a large complex of proteins at the cell
membrane that is missing in DMD, an ideal treatment would be simply to replace the
missing protein. Much of the focus in DMD is on gene therapy to do just that, but delivery
of the dystrophin gene to all muscles of the body has presented some serious challenges.
First, the dystrophin gene is enormous (2.4 Mb and is not readily inserted into the “vectors”
that are best able to deliver it. Even the 14 kb complementary DNA (cDNA) sequence is too
large for most viral vectors. There are a few viruses used as vectors that can carry the full-
length dystrophin cDNA plus a promoter, but their ability to persist in muscle is transient
and their safety is unclear.101 Some adeno-associated viral vectors efficiently infect muscle,
where they can persist for years, but they have a limited cloning capacity (~6 kb) and,
therefore, are unable to carry cargo as large as the dystrophin cDNA. One method used to
circumvent this is based on the fact that dystrophin can retain a large part of its function
even when missing much of its middle region, as long as the “mini-dystrophin” contains the
N-terminal and C-terminal sequences responsible for actin and dystroglycan binding,
respectively.31.101.115.116 A5 5 consequence, smaller, truncated dystrophins with functional
capacities near that of the full-length protein have been used successfully in studies with
mdx mice, in which they rescued the dystrophic muscle to a nearly normal phenotype.101
Alternative therapies being explored substitute nonviral carriers (eg, polymers) to deliver the
dystrophin cDNA to muscle.11?

Although these and other gene therapies suggest potentially exciting new ways to manage
MDs, significant hurdles to use in humans still exist.117 Gene therapy for MD requires
efficient delivery to all striated muscles of the body, usually including the heart. This means
that the delivery has to overcome the physical barriers (ie, the blood vessels, basement
membranes, and the fascia) surrounding each muscle. Furthermore, expressing a protein in a
patient who lacks a functional copy of the gene can stimulate an immune response, as can
the vector used to deliver the transgene.116.118,119

One possible solution is to use utrophin. Utrophin, short for “ubiquitous dystrophin,” is
highly homologous to dystrophin.120 During fetal muscle development, utrophin is found
along the entire muscle sarcolemma. Once dystrophin is expressed, however, utrophin
disappears from most of the sarcolemmal membrane so that, in normal adult muscle, it is
located only at the neuromuscular and myotendinous junctions.121 One reason the mdx mice
do not display pathology equivalent to that seen in DMD may be that utrophin is up-
regulated to levels sufficient to compensate, in part, for the lack of dystrophin. This idea has
been supported by the observation that mice lacking dystrophin and utrophin have a much
more severe myopathy.121-123 Thjs suggests that utrophin could replace dystrophin if it
could be delivered at sufficient quantities to the muscles of patients with DMD or, even
better, if its local production in each myofiber could be increased.121-122 One large
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advantage of this strategy over that of delivering dystrophin is that patients with DMD
already make utrophin, so they are unlikely to initiate an immune response to the protein.
Attempts to induce utrophin expression in adult muscle so far have focused on
characterization of its promoter region, which, if activated, could up-regulate utrophin in
patients with DMD.124

Still other potential treatments involve stem cell therapy?2°.126 and myoblast transfer.127.128
Stem cell studies in the mdx mouse show that bone marrow—derived stem cells injected
intravenously can migrate into muscle, differentiate into muscle fibers, and result in partial
restoration of dystrophin.126 Myoblasts, muscle precursor cells that can proliferate and
produce thousands of daughter cells, can be obtained from biopsies and grown in vitro.
Transplantation of these cells from donors (or genetically corrected myoblasts from the host)
can result in some myofibers that express dystrophin.127:129 Despite the early success in
animal studies, clinical trials in boys with DMD have failed to yield significant benefit. The
levels of dystrophin restoration have been low, and it is questionable whether myoblast
transfer results in a functional change.129-131 Other concerns with myoblast transfer include
the need for hundreds of intramuscular injections, overcoming immunological rejection, and
high costs. At present, the most promising technologies involve the use of microdystrophins
expressed by adeno-associated viruses,132 but the problems of low delivery efficiency and
immune reactions still need to be addressed.

Management of Duchenne Muscular Dystrophy

Pharmacological Treatment

Most of the treatments for MD have focused on DMD because of its frequency and severity.
The pharmacological treatment of choice for DMD has historically been the corticosteroid
prednisone, a potent anti-inflammatory that improves strength in mdx mice as well as in
boys with DMD.133-138 Unfortunately, long-term administration of prednisone has side
effects, such as significant weight gain, growth retardation, and osteoporosis. Deflazacort,
an alternative prednisone derivative, appears to be more beneficial than prednisone, causing
less immunosuppression, smaller weight gain, reduced osteoporosis, longer time before
surgery for scoliosis, and a prolonged period of ambulation before a wheelchair is
needed.14.113.114.139,140 Deflazacort, however, does not affect death rate or life expectancy
in people with DMD. Recently, the antibiotic gentamicin has been tested in boys with DMD,
about 10% of whom have inherited a dystrophin gene with a premature stop codon that halts
the synthesis of the protein N-terminal to the dystroglycan binding region. Gentamicin
suppresses chain termination, allowing some full-length dystrophin to be produced. This
results in improved muscle function in animal studies, 141 and trials are now under way in
humans.142-144 Regardless of the medical interventions attempted to date, however, DMD is
a progressive disease, the symptoms and outcome of which are currently unavoidable.

Physical Therapy

Physical therapists are ideally trained to help care for patients with MD, especially because
of the primary involvement of skeletal muscle and the secondary effects of the disease on
the joints. Aside from developing a safe exercise program, patients need to be monitored for
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progressive scoliosis, homes need to be evaluated for safety, assistive devices are usually
needed, and family members need to be taught to perform passive-range-of-mation
exercises, transfers, and repositioning. These skills and many more are already practiced by
most physical therapists, yet knowledge of the specific MD being treated is essential in
developing an appropriate treatment strategy.

Although DMD is incurable, it is not untreatable. The principles for treating people with
DMD and other MDs are similar, but vary in degree. The major goals are to prevent the
progression of joint contractures and spinal deformity, to prolong ambulation for as long as
possible, and to maintain the best level of health and function possible.27145 physical
therapy and pain management should be started as early as possible. Physical therapy,
particularly in combination with night splinting, can help delay the onset of contractures,146
which are more of a limitation to ambulation than muscle weak-ness.14%147 Several
researchers148-150 have suggested that light to moderate resistive exercise also can retard the
progression of muscle weakness without negative effects. Although many factors can
contribute to fatigue,151-153 exercise has been used in many neuro-muscular diseases to
combat the deconditioning that occurs with immobility,149.150.152,154

The role of strength training in MDs is controversial, particularly with DMD. Although there
are very few randomized or controlled studies in patients with DMD, studies involving
patients with DMD indicate little to no physical decline with exercise.14%155 On the
contrary, exercise appears to be beneficial to patients with DMD148 or patients with other
MDs.156 Because of the increased susceptibility to muscle damage, patients with MD should
be advised to avoid exhaustive or maximal effort during exercise and to use exercise
regimens that minimize exercise-induced muscle damage.192 Thus, resistive eccentric
exercises, which are associated with muscle damage, should be avoided.157-162
Hydrotherapy is likely to result in minimal muscle damage, because it minimizes the need
for eccentric contractions. Hydrotherapy appears especially useful in the later stages of
DMD in order to help maintain mobility in the absence of gravity,2’ although there is very
little objective evidence published to support this commonly held hypothesis.

In addition to hydrotherapy, land-based exercises also are useful; however, home exercise
programs must be reasonable and easy to follow in order to prevent nonadherence.163
Muscle weakness typically progresses at different rates in different muscles. Although the
reasons for this are unclear, the larger limb-girdle muscles are affected first, whereas smaller
muscles are spared until later.2” For example, in DMD, weakness of the quadriceps femoris
muscles occurs early and plays a significant role in deterioration of gait.164 As in any
research on exercise, the intensity, frequency, duration, and mode of exercise can vary
between studies, making comparisons difficult. This is especially true with studies involving
neuromuscular diseases such as MDs, because the patient populations often are not
homogeneous and the timing of the intervention may play a role in the outcome.103
Establishing clearly defined exercise protocols from the available evidence, therefore, is
difficult.14> Future randomized and controlled research is needed to fully ascertain the
effects of exercise in MDs.
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Contractures

Summary

Joint contractures are a major problem in many MDs. They clearly limit joint function, but
also may contribute to muscle weakness, because the force generated by a muscle is related
to its length. In some instances, muscle weakness can be compensated for during gait, such
as by maintaining exaggerated anterior pelvic tilt and decreased hip extension in the stance
phase (moving the line of gravity anterior to the knee), by using an equine gait, or by
changing the base of support.147:164 AJ| of these compensations are directed at altering the
moment of inertia at the knee in an attempt to compensate for quadriceps femoris muscle
insufficiency. Contractures, however, often are permanent, and it is difficult to compensate
for them. Although contractures may be the result of postural compensations for muscle
weakness, they are more likely the result of a maintained position over time. For example,
flexion contractures of the elbows are rare in patients with DMD who are ambulatory, but
usually develop gradually after wheelchair use.16> Common treatments include frequent
changes in position, passive or active stretching, and night splints, specifically ankle-foot
orthoses (AFOs). A combination of these is likely to yield a better outcome and prolong
independent ambulation.146:166 Daytime AFOs may be prescribed to help retard the progress
of equine deformity; however, the use of an AFO also can interfere with independent gait,
because the hyperlordotic and equine gait of many patients with DMD is a compensation for
weakness of the hip extensor and quadriceps femoris muscles.147:164 The use of aggressive
physical therapy or surgical release to delay contractures, combined with the proper use of
orthoses, may help to prolong ambulation by 1 or 2 years.167

The phenotypic similarity of muscular dystrophies has made it challenging to diagnose
which form of a MD a patient has; the genetic basis of many muscular disorders is now
known, however. Clinically, the recent genetic advances have improved diagnostic
capabilities, but they have not yet provided rational approaches to treatment or management.
Because of the progressive nature of most MDs, genuine rehabilitation (ie, a return to
normal function) is not likely. Nonetheless, the application of physical therapy interventions
is mandated by the chronicity and disabling effects of MD. Despite the exciting progress
being made in the laboratory to understand the molecular mechanisms underlying MDs, the
best therapies to use in their treatment are still primarily supportive, with the use of anti-
inflammatory drugs and physical therapy to maximize function.

Much of the research regarding treatment has focused on DMD, because of its severity and
frequency. Current evidence suggests that exercise can improve muscle function in patients
with DMD, yet the appropriate frequency, intensity, and duration are still unclear. Different
amounts and types of exercise are indicated for other forms of MD, 14> suggesting that what
we learn about possible treatments for one of these diseases will not be fully applicable to
others. Furthermore, it is still not clear whether the benefits of increased muscle strength,
which appropriate exercise regimens might facilitate, have a significant effect on functional
outcome. Contractures are common in MDs, especially in the more severe diseases and
when the patient is no longer ambulatory. Early treatment, with stretching, active and
passive range of motion, and appropriate orthoses, is essential. There are obvious ethical
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dilemmas in withdrawing current standards of treatment in order to perform controlled
studies, but animal models will likely continue to provide some guidelines toward
prescribing exercises. The benefits of steroids appear to outweigh the side effects, yet up to
now no drug substantially affects the overall natural history of MDs. More effective drugs
and therapies will likely be developed when specific pathologic mechanisms are more
clearly understood. There is great hope that gene therapy will someday be possible, but even
when such therapies are available, physical therapy will remain essential for treating patients
with MDs, and it will behoove physical therapists to have an understanding of the benefits,
limitations, and expected results of various gene delivery systems.
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Figure 1.
Immunofluorescent images of control muscle (A) and dystrophic (mdx) muscle (B) from

mice illustrate the presence of dystrophin at the sarcolemmal membranes of normal muscle
and its loss from the sarcolemmal membranes in dystrophic samples (muscle sections were
processed together and labeled for dystrophin, but because mdx muscle lacks dystrophin, the
field remains completely dark). Hematoxylin and eosin staining of control (C) and
dystrophic muscle (D) from mice show abnormal variance in fiber size, fibrosis,
inflammatory cell infiltration, and degenerating and regenerating muscle fibers that are
typically of abnormal size and contain centrally located nuclei (arrow). Although they are
not as severely affected as humans with Duchenne muscular dystrophy, dystrophic (mdx
mice) serve as a model for that disease, which also is due to a lack of dystrophin.
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Figure2.
Schematic model showing the molecular linkages of the sarcolemma via the dystrophin-

associated protein complex (DAPC) to the underlying contractile apparatus. Cytoskeletal
components that are affected in the more common muscular dystrophies are indicated.
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known

as distal myopathy with
rimmed vacuoles) and
inclusion body myopathy

Laing myopathy

Myofibrillary/desmin-related

myopathy

epimerase

Unknown

Desmin

adolescence

Ranges from
infancy to
adulthood

legs

Anterior compartment of
legs and neck flexors

Initially distal lower
extremities, but
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Table
List of Muscular Dystrophies?
Protein Missing/
Disease Deficient Age of Onset Muscles Affected Complications
Duchenne (DMD) Dystrophin Early childhood Muscles of the hips, legs,  Severe muscle weakness and
shoulders, and spine wasting,
and the heart scoliosis, contractures, respiratory
failure, pneumonia, and dilated
cardiomyopathy. Death early 20s.
Becker (BMD) Dystrophin Adolescence or adulthood ~ Similar to DMD Muscle weakness as in DMD, but
slower progress and much less
severe. Cardiomyopathy.
Limb-girdle (LGMD)
LGMD1A Myotilin Adolescence to Proximal shoulder/pelvic ~ Walking may not be possible
. early girdle musculature within
LGMD1B Lamin adulthood 20 years of onset
LGMD1C Caveolin-3
LGMD1D Not identified
LGMD1E Not identified
LGMD1F Not identified
LGMD2A Calpain-3 Infancy to early Proximal shoulder/pelvic ~ Type 2 LGMD is much more
i adulthood girdle musculature severe
LGMD2B Dysferlin than type 1 LGMD and some result
. in a DMD-like phenotype. Cardiac
LGMD2C y-sarcoglycan compli_cations, sometimes
LGMD2D a-sarcoglycan occurring
in later stages.
LGMD2E f3-sarcoglycan
LGMD2F §-sarcoglycan
LGMD2G TCAP
LGMD2H TRIM32
LGMD21 FKRP
LGMD2J Titin
Distal muscular dystrophies
Miyoshi myopathy Dysferlin Late Posterior compartment of ~ Can eventually affect anterior
adolescence legs compartment and distal arm
muscles. Slow progression and
able
to maintain independent
ambulation
throughout life.
Tibial muscular dystrophy Titin Late adulthood Anterior compartment of  Slowly progressive. Eventually can
legs affect upper extremities and heart.
Welander myopathy Unknown Fifth decade Distal muscle of upper Slowly progressive. Eventually
limbs affects
lower limbs.
Nonakel myopathy (also Acetylglucosamine Late Anterior compartment of ~ Display red-rimmed

autophagocytic

vacuoles. Weakness can progress
to proximal muscles, but
quadriceps

femoris muscles are spared.

Weakness can progress to proximal
muscles

Aggregation of desmin and other
proteins inclusion bodies. Slow




1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Lovering et al.

Page 26

Protein Missing/

Myotonic (DM)

Myotinin protein
kinase, ZNF9

adolescence

Infancy (more
severe) to
adulthood

extremities

Distal extremity muscles

first, then proximal as
well

Disease Deficient Age of Onset Muscles Affected Complications
eventually proximally progress, eventual cardiomyopathy.
Congenital muscular dystrophies
(CMD)
MDC1A Laminin a2 (merosin) At birth Proximal limb muscles Joint contractures, cognitive and
i . i speech problems, seizures. Most do
MDC1B Not identified At birth not learn to walk. White matter
. changes and structural
MDC1C FKRP At birth abnormalities on magnetic
MDC1D LARGE At birth resonance image.
Fukuyama CMD Fukutin At birth Proximal upper limbs, Cortex malformation and
distal lower limbs, face brainstem
and neck hypoplasia. Primarily in Japanese
population.
a7 integrin congenital a7 integrin At birth Mild myopathy Generalized weakness
myopathy
Rigid spine CMD Selenoprotein N1 At birth Contractures of spinal Spine rigidity, early restrictive lung
extensors disease
Muscle-eye-brain disease POMGNT1 At birth Generalized and mild Myopia, cataracts, optic nerve
glycotransferase atrophy, mental retardation,
delayed motor milestones
Walker-Warburg syndrome POMT1 At birth Generalized Retinal abnormality, myopia,
cataracts, optic nerve atrophy,
seizures
Bethlem myopathy/Ullrich Type VI collagen At birth Proximal limb muscles Early contractures, flat feet. Rare
syndrome and
mild.
Other types
Emery-Dreifuss (EDMD) Emerin, lamin Childhood to Proximal upper Early contractures, cardiomyopathy
early teens extremity
and distal lower
extremities
Epidermolysis bullosa Plectin Childhood Generalized Skin blistering with range of
severity,
joint contractures, dysphagia
Oculopharyngeal (OPMD) Poly-A-binding Age 40-60 y Eyelids, throat Ptosis of eyelids, dysphagia,
protein 2 aspiration pneumonia
Facioscapulohumeral (FSHD)  Not identified Childhood to Face, shoulders, Cardiac conduction defects, mild
early proximal upper hearing loss, retinal abnormalities

Myotonia, cataracts,
hypogonadism,

cardiac arrythmias. Adult form is
mild compared to early onset.

aTCAPzteIethonin, a protein that interacts with, or “caps,” another protein in muscle called titin. TRIM32 = one of 37 TRIM proteins containing a
tripartite motif (TRIM). FKRP=fukutin-related protein. LARGE = the LARGE gene was so named because it covers over 660 kb of genomic DNA;
the protein it encodes is a putative glycosyltransferase. POMT1=protein-O-mannosyltransferase 1. POMGnT 1=protein O-linked mannose $-1,2-N-
acetylglucosaminyltransferase. ZNF9=zinc finger protein 9.
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