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Summary

1. Duchenne muscular dystrophy (DMD) is a severe
disease of skeletal muscle, characterised by an X-linked
recessive inheritance and a lack of dystrophin in muscle
fibres. It is associated with progressive and severe wasting
and weakness of nearly all muscles, and premature death by
cardiorespiratory failure.

2. Studies investigating the susceptibility of
dystrophic skeletal muscles to contraction-mediated
damage, especially after lengthening actions where
activated muscles are stretched forcibly, hav e concluded
that dystrophin may confer protection to muscle fibres by
providing a mechanical link between the contractile
apparatus and the plasma membrane.In the absence of
dystrophin, there is disruption to normal force transmission
and greater stress placed upon myofibrillar and membrane
proteins, leading to muscle damage.

3. Contraction protocols (involving activation and
stretch of isolated muscles or muscle fibres) have been
developed to assess the relative susceptibility of dystrophic
(and otherwise healthy) muscles to contraction-induced
injury. These protocols have been used successfully to
determine the relative efficacy of different (gene, cell, or
pharmacological) interventions designed to ameliorate or
cure the dystrophic pathology. More research is needed to
develop specific ‘contraction assays’ that will assist in the
evaluation of the clinical significance of different
therapeutic strategies for muscular dystrophy.

Duchenne muscular dystrophy and the mdx mouse

Duchenne muscular dystrophy (DMD) is a severe X
chromosome-linked myopathy caused by a variety of
mutations and deletions in the dystrophin gene.1,2 In the
absence of dystrophin expression, the skeletal muscles of
boys with DMD undergo continuous cycles of degeneration
and insufficient regeneration that leads to progressive
muscle wasting and weakness.Patients are confined to
wheelchairs by their early teens and die of respiratory or
heart failure by their early twenties.3 The mdx mouse, a
commonly used animal model for DMD, carries a mutation
in the dystrophin gene and lacks the native protein similar
to the human condition, but exhibits a more benign
pathological phenotype. The diaphragm muscles ofmdx
mice show progressive structural and functional
deterioration consistent with DMD, whereas limb muscles
exhibit a relatively mild pathology for much of the life
span.4-7 Despite an early period of severe degeneration in

the limb muscles ofmdx mice at 3-4 weeks of age, the
muscles regenerate extremely well. In fact, despite ongoing
cycles of (less severe) degeneration and regeneration
throughout adulthood, the muscles ofmdxmice are actually
hypertrophied compared to wild type mice. However,
despite their larger size they are comparatively weaker,
since their maximum force output per muscle cross-
sectional area is usually lower.8

Dystrophin and the costamere

Dystrophin links actin in the cytoskeleton through the
transmembrane dystrophin-associated glycoprotein
complex (or dystrophin-glycoprotein complex, DGC) to
laminin in the extracellular matrix (ECM).9 The DGC and
other cytoskeletal proteins form rib-like lattices on the
cytoplasmic face of the sarcolemma, called costameres.
Costameres help stabilise the cytoskeleton to the ECM; they
act as mechanical couplers to distribute contractile forces
from the sarcomere through to the sarcolemma and basal
lamina; and they help facilitate uniform sarcomere length
between fibres, at rest and during contraction.10,11

Dystrophin has also been found at the myotendinous
junction and has therefore been postulated to play a role in
the transmission of force to tendons.12,13

The precise functional role of dystrophin and the
DGC has not been described definitively, but it has been
postulated that its primary role is to anchor the sarcolemma
to costameres and thus stabilize the sarcolemma against
physical forces transduced through costameres during
muscle contraction, most especially when muscles are
activated and stretched forcibly. Such muscle lengthening
actions usually occur when muscles act as brakes during
slowing movements (e.g. when running downhill), and they
are commonly referred to as ‘eccentric’ or ‘pliometric’
contractions.14,15

In addition to its membrane stabilising role, the DGC
is postulated to play a role in the regulation of intracellular
calcium, molecular signalling, and in signal transduction,
such as neuronal nitric oxide synthase (nNOS)-mediated
regulation of blood flow to contracting muscles.16 For the
purpose of this review I will limit my discussion to
dystrophin’s role in protecting muscle fibres against
contraction-induced injury.

Evidence for a functional role of dystrophin

Contraction-induced injury is associated with a
mechanical disruption of sarcomeres that are stretched
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excessively. Whether dystrophin helps maintain sarcomere
stability is not known, but there are several lines of
evidence supporting a functional role of dystrophin in
skeletal muscle fibres, including: increased susceptibility to
osmotic stress17,18; increased permeability of the
sarcolemma inmdx mice indicated by increased serum
concentrations of muscle enzymes (e.g. creatine kinase);
and elevated intracellular Ca2+ concentration.19 An uptake
of Evans blue dye (EBD) by fibres in quiescent muscles of
mdx, but not control mice, provides further support for an
increased permeability of the sarcolemma of fibres lacking
dystrophin.20 Furthermore, whenmdx and wild type mice
are subjected to downhill running exercise, there is
extensive EBD uptake in muscle fibres ofmdxbut not wild
type mice, indicating increased sarcolemmal fragility and
permeability in the absence of dystrophin.21

Intact Muscles

A number of different contraction protocols6,22-26

have demonstrated that skeletal muscles ofmdxmice have a
greater susceptibility to injury, particularly when maximally
activated muscles are stretched.Whether whole muscles
are studiedin vitro, in situ, or in vivo, the overwhelming
evidence indicates that intact skeletal muscles of adultmdx
mice show a greater susceptibility to contraction-induced
injury than muscles of control mice.Interestingly, the
muscles of very young (9-12 day old)mdxmouse pups are
relatively resistant to injury from acute mechanical injury,
suggesting that the early onset of the dystrophic process
might be independent of a mechanical perturbation to the
sarcolemma.13 The few reports that muscles of adultmdx
and control mice do not differ in their susceptibility to
contraction-induced injury involved protocols with
hundreds of these lengthening actions.27,28 These arduous
protocols may have produced such severe damage to
muscles in bothmdx and control mice that they did not
discriminate the differences between the two.

It should be noted that the majority of these studies
have not reported the sarcomere length range or the region
of the length tension curve over which the damaging
contractions occurred. This is important since recent studies
have indicated that this is a major determinant of the extent
of damage in normal muscles.15 Whether the optimum
length of a muscle corresponds to the same joint angle in
normal and dystrophic muscles has not been described.In
examining the relative susceptibility of normal and
dystrophic muscles to contraction-mediated damage,
experiments conducted over the same joint angle, the same
part of the length-tension curve (relative to optimum), or
the same range of sarcomere lengths, are worthy of
consideration and would provide interesting information
about the differences and similarities between normal and
dystrophic muscles.

Studies have recently focused on developing
contraction-induced injury ‘assays’, with some employing
as few as two lengthening contractions, to differentiate
between the injury susceptibility of muscles from
dystrophic and wild type mice, especially after gene

therapies such as injection of viruses carrying full-length
dystrophin or microdystrophins.29,30 DelloRusso and
colleagues31 developed an assay based on the high
susceptibility to injury of limb muscles inmdxmice for use
in evaluating such therapeutic interventions. Theassay
involved two stretches of maximally activated tibialis
anterior (TA) musclesin situ. The stretches of 40% strain
relative to muscle fibre length were initiated once peak
isometric force was attained.Damage (injury) was assessed
one minute later by the deficit in isometric force. They
found that the force deficits were four- to sev en-fold higher
for muscles ofmdx compared with control mice. Such an
in situ lengthening contraction protocol was used to assess
whether intramuscular injection of gutted adenoviral
vectors expressing full-length dystrophin into TA muscles
of mdx mice could confer protection from contraction-
mediated injury. The force deficit after each of the two
stretches was used to determine the muscle resistance to
injury. Despite a relative inefficiency of the intramuscular
injection delivery leading to only 25% of the muscle cross-
sectional area being transduced, this level of dystrophin
expression conferred an∼ 40% correction of the functional
difference between muscles ofmdxand wild type mice.32

More recently, Consolino and Brooks33examined the
susceptibility to sarcomere injury induced by single
stretches of maximally activated muscles ofmdx mice.
Single stretch protocols are less likely to result in fatigue or
depletion of energy stores, factors that can complicate the
mechanistic interpretation of muscle injury after protocols
involving many repeated contractions. In this elegant study,
the authors hypothesised that on the basis that muscles of
mdxmice would be more susceptible to injury, stretches of
lesser strains would be expected to cause more damage (i.e.
cause a greater force deficit) to muscles ofmdx compared
with wild type mice.33 In fast extensor digitorum longus
(EDL) muscles of wild type mice, single stretches of 30%
strain were necessary to cause a significant deficit in
isometric force, whereas inmdx mice, single stretches of
only 20% strain caused significant loss of force producing
capacity. After stretches of 30, 40, and 50% strain, force
deficits were two- to three-fold greater for EDL muscles of
mdx than for wild type mice.33 Interestingly, analysis of
dye uptake into muscles following the single stretch
protocols revealed no membrane damage. The authors
concluded that on the basis of greater force deficits, in the
absence of fatigue, depletion of energy stores, or significant
membrane damage, the differences in the force deficits
from single stretches were due to differences in the extent
of disruption to the ultrastructure of force-generating or
force-transmitting structures within or between sarcomeres,
and that in addition to a compromised membrane, the lack
of dystrophin in EDL muscles ofmdx mice results in a
mechanically compromised cytoskeleton.33 These findings
support a role for the DGC in the maintenance of the
structural stability of sarcomeres and hence “activities
involving either single or repeated contractions that are
innocuous for muscles in control animals may be injurious
to dystrophic muscles”.33 However, it should be noted that
the precise mechanism for the protective role of the DGC
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remains elusive. Other contributing mechanisms to the loss
of force transmission after damage, including alterations in
excitation-contraction coupling, cannot be ruled out.34

Single Fibres

Similar studies have inv estigated the susceptibility of
dystrophic muscle to contraction-induced injury at the
cellular (single fibre level) using membrane permeabilized
and intact single muscle fibre preparations.Yeung and
colleagues35 reported that single (flexor brevis) muscle
fibres from mdx mice were more susceptible to stretch-
induced damage and showed an associated rise in
intracellular sodium concentration that was greater than in
wild type mice. Each muscle fibre was subjected to 10
isometric tetani followed by 10 eccentric tetani of 40%
strain relative to muscle length. Following the stretch-
induced injury protocol, isometric force decreased to∼ 34%
of the control in fibres from wild type mice and to∼ 23% in
fibres frommdxmice.35

Chemical permeabilization of muscle fibres disrupts
the integrity of the sarcolemma severely.36 In a study
comparing the susceptibility of muscle fibres frommdxand
wild type mice to contraction-induced injury, Lynch and
colleagues37 proposed that since the integrity of membranes
of muscle fibres frommdx and control mice would be
compromised equally, any protection conferred by
dystrophin and the DGC to intact fibres from muscles of
wild type mice would be eliminated, and thus the
susceptibility to contraction-induced injury (as determined
from the force deficit) would not be different (Fig. 1).
Fibres from EDL muscles of wild type andmdxmice were
maximally activated by Ca2+ and then subjected to a single
stretch of either 10, 20, or 30% strain relative to muscle
fibre length. The observation of no difference in the force
deficits of fibres from muscles ofmdxand wild type mice
provided indirect evidence that the protection conferred on
skeletal muscle fibres by dystrophin and the DGC is a
stabilisation in the alignment of sarcomeres through the
lateral transmission of force from the myofilaments to the
laminin 2 and, eventually, collagen IV in the ECM.Taken
together, the findings on permeabilized fibres and
membrane-intact fibres indicate that dystrophic symptoms
do not arise from factors within the myofibrillar structure of
fibres but, rather, through a disruption of sarcolemmal
integrity that normally confers significant protection from
contraction-induced injury. The greater force deficits for
single permeabilized fibres compared with intact muscles
(following single stretches of identical magnitude) indicates
the significance of the overall protection from injury
afforded the myofibrils by the linkages among the
myofibres, the sarcolemma, and the ECM.9-11,21,38 The
findings also supported the premise that the dystrophin and
DGC are major factors in the stabilisation of the
membrane,21 the lateral transmission of force,10 and the
alignment of sarcomeres, particularly during stretches of
activated muscles.33,37 One other possibility, not
immediately apparent when using permeabilized fiber
preparations, is that the susceptibility of dystrophic muscles

to contraction-mediated damage could also disrupt normal
excitation-contraction coupling, and thus subsequently
affect (post-stretch) force generation.

A. Typical force trace of a maximally activated single per-
meabilized fibre before and after a single stretch of 20%
strain. Upper trace shows the magnitude (20% strain rela-
tive to muscle fibre length) and duration (400 ms) of the
ramp stretch, performed at 0.5 fibre lengths/s. Lowertrace
shows the corresponding force response during stretch.
Note that the fibre has attained maximum isometric force
before the stretch has been imposed.B. Force deficit is cal-
culated as the difference in maximum isometric force (Po)
after stretch compared with before stretch, expressed as a
percentage of the pre-stretch maximum isometric force.

New directions for clinical strategies: Protecting
dystrophic muscles from contraction-induced injury

For clinical application, any therapy for muscular
dystrophy, whether it be gene-based, cell-based, or
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pharmacological in nature, must not increase the likelihood
of contraction-mediated damage. This is especially relevant
for therapies that do not replace the functional protein and
serve to ameliorate the dystrophic pathology and either
increase or decrease muscle fibre size.A long-held
contention was that larger, fast muscle fibres were most
susceptible to contraction-induced injury and that this
explained why smaller calibre fibres were relatively spared
from the dystrophic pathology.39,40 This notion has been
challenged more recently by studies in mice that have
blocked the myostatin gene product (a negative regulator of
muscle size) either through transgenic approaches or
through the use of antibodies, and producedmdxmice with
larger and stronger muscles and with an attenuated
dystrophic pathology.41,42 Although assessments of muscle
function were not performed on the more severely affected
diaphragm, the lesser dystrophic pathology highlighted the
possibility that larger muscle fibres might be less
susceptible to contraction-mediated damage.43 This is an
important question that needs to be addressed carefully
through future experiments employing the contraction-
induced injury assays described earlier. One approach
could be to increase muscle fibre size through
administration of anabolic agents, such as aβ2-agonist. Ina
preliminary study, Lynch and colleagues44 examined
whether long-term (18 weeks’) clenbuterol treatment in
mice affected muscle fibre susceptibility to contraction-
induced injury. After a single stretch of 20% strain relative
to fibre length, no difference was evident in the force deficit
of permeabilized fibres from EDL muscles of treated and
untreated mice. These preliminary findings suggest that
although β2-agonists increase skeletal muscle mass and
fibre size, they do not increase muscle fibre susceptibility to
contraction-induced injury.44

Given the continual development of new therapeutic
strategies for treating neuromuscular disorders, assessments
of muscle (fibre) susceptibility to contraction-induced
injury will become increasingly important as a tool for
evaluating treatment efficacy and their overall clinical
significance.
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