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Abstract
This review discusses various issues to consider when developing standard operating procedures for
pre-clinical studies in the mdx mouse model of Duchenne muscular dystrophy (DMD). The review
describes and evaluates a wide range of techniques used to measure parameters of muscle pathology
in mdx mice and identifies some basic techniques that might comprise standardised approaches for
evaluation. While the central aim is to provide a basis for the development of standardised procedures
to evaluate efficacy of a drug or a therapeutic strategy, a further aim is to gain insight into
pathophysiological mechanisms in order to identify other therapeutic targets. The desired outcome
is to enable easier and more rigorous comparison of pre-clinical data from different laboratories
around the world, in order to accelerate identification of the best pre-clinical therapies in the mdx
mouse that will fast-track translation into effective clinical treatments for DMD.
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Introduction
Therapeutic approaches to DMD

Duchenne muscular dystrophy (DMD) is a lethal X-linked muscle disease due to a defect in
the sub-sarcolemmal protein dystrophin, that leads to membrane fragility, myofibre death
(necrosis) and replacement of skeletal muscle by fibrous and fatty connective tissue (due to
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failed regeneration). This results in extensive wasting, weakness and loss of muscle function
leading to death, often by the early 20s. DMD affects males although some carrier females can
manifest and be severely affected (depending on the proportion of normal X-chromosomes
that are inactivated during development) (Matthews et al., 1995; Wenger et al., 1992). While
the genetic defect was identified in 1987, there is still no effective treatment for DMD. The
therapeutic research approach that has received most attention to date is replacement of
functional dystrophin by genetic, cell transplantation or molecular interventions, and there are
many exciting developments in this field (Odom et al., 2007). In parallel, there is increasing
interest in administration of exogenous factors (drugs or food supplements) to reduce the extent
of myofibre necrosis, since promising protective effects have been reported for a variety of
agents (Radley et al., 2007; Tidball and Wehling-Henricks, 2004) and combinations of such
interventions present a daunting array of protocols to be tested. In addition it is feasible that
pharmacotherapy may be necessary to increase the efficiency of genetic or molecular
interventions, a factor that extends the importance of adequate pre-clinical tests for single or
combined approaches.

During the last 20 years, various laboratories worldwide have focused on clarifying the
pathogenic mechanisms and the eventual compensatory mechanisms, consequent to the
primary defect in dystrophic muscles; this approach has led to the identification of new potential
drug targets. Interestingly, different laboratories, using a variety of independent experimental
approaches, generally obtain similar results in terms of factors aggravating the pathology and
the potential efficacy of various drugs. However, comparing the relative efficacy of different
drugs and interventions between laboratories is still difficult with consequent delay in data
sharing and fragmentation of efforts. This observation pushes toward a concerted development
of standard operating procedures (SOPs) for experiments in mdx mice that will simplify and
hasten comparisons of data from different laboratories around the world and assist the research
of scientists and pharmaceutical companies to optimise pre-clinical treatments for translation
into clinical therapies.

Scope and limitations of the review
There are several animal models for DMD and all of these, like the human counterpart DMD,
have defects in the sub sarcolemmal protein dystrophin that make the muscle membrane fragile
and result in necrosis of skeletal muscle fibres along with cardiac and other problems (Collins
and Morgan, 2003; McNally and MacLeod, 2005). Only the skeletal muscle situation is
addressed in this review. The mdx mouse, first identified in 1984, is the most widely used
model due to ease of breeding, genetic uniformity, economy, and convenience for laboratory
experiments. Similar pathology to mdx is seen in mice lacking alpha-sarcoglycan, another
protein in the dystrophin dystroglycoprotein sarcolemmal complex (Duclos et al., 1998).
Dystrophic dog models of DMD were first identified in 1988 (Kornegay et al., 1988) in the
dystrophic golden retriever (Collins and Morgan, 2003) which has a much more severe
pathology than the mdx mouse and more closely resembles the human condition: whereas the
smaller dystrophic beagles exhibit a less severe pathology (Shimatsu et al., 2003; Yugeta et
al., 2006). The highly variable phenotype of dystrophic dogs combined with expense of
maintaining colonies has limited their use for pre-clinical testing. Beyond these mammalian
models, complementary use is being made of invertebrate models that are readily manipulated
genetically and are relatively easy and inexpensive to breed and maintain, such as the
dystrophic worm C. elegans (Collins and Morgan, 2003) and dystrophic zebra fish (Bassett
and Currie, 2004; den Hertog, 2005); although the usefulness of these models for drug
screening for human conditions is debated.

The review is comprised of two main parts. Part I is a description of the mdx mouse model and
the high biological variation. In Part II the main parameters used to measure specific effects
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on the dystrophic muscles are discussed. Some basic protocols are proposed for both Parts I
and II.

Part I. THE MDX MOUSE (AND BIOLOGICAL VARIATION)
Since the review is focussed on the mdx mouse model of DMD, it is pertinent to first outline
the variations of the mdx model that are available.

Dmdmdx

The classical biochemical and genetic mouse model of DMD is the mdx mouse discovered in
1981 (Bulfield et al., 1984; Hoffman et al., 1987). Over the last 25 years, many elegant papers
have been published on the mdx mouse and it is not our purpose to review this literature. In
brief, there is an acute onset of pathology (increased myofibre necrosis and elevated blood CK)
around 3 weeks of age, this reduces to a chronic low level of damage by 8 weeks which persists
throughout life but is further decreased by one year of age (McGeachie et al., 1993). The mdx
mutation occurred spontaneously due to a premature stop codon resulting in a termination in
exon 23 of the dystrophin gene. The mdx mouse has no detectable dystrophin protein, although
sporadic ‘revertant’ myofibres can express dystrophin: this can complicate interpretation of
some studies especially those related to gene or cell replacement of dystrophin (Yokota et al.,
2006).

Higher (~3.5 fold) mortality in mdx litters is reported (Torres and Duchen, 1987) and recent
studies show increased (~ 45%) mortality before 7 days of age in mdx mice: this is not affected
by litter size with some litters being unaffected and others totally lost [Radley and Grounds;
De Luca et al., unpublished data 2007]. Mdx mice seem very susceptible to stress and this may
be a contributing factor since avoiding all animal handling or routine cage cleaning reduces
the neonatal mortality.

Dmdmdx-2Cv to Dmdmdx-5Cv

Elevated plasma CK levels were used to screen the progeny of chemical mutagen-treated male
mice to identify four new mutations of Dmd, called Dmdmdx-2-5Cv (Chapman et al., 1989).
Preliminary data showed that mice with mdx2Cv and mdx3Cv mutations have muscular
dystrophic phenotypes that do not grossly differ from the characterized mdx mutation, and
spontaneous revertant fibres occur less frequently in the Dmdmdx-4Cv and Dmdmdx-5Cv mutants
than in Dmdmdx. These additional mdx mutations have not been widely used.

Mdx52 mice
Since the point mutation in exon 23 of the dystrophin gene in mdx mice allows the expression
of four other shorter isoforms of the dystrophin gene through differential promoter usage, exon
52 knockout mice (mdx52) were generated to simulate the DMD phenotype commonly seen
in human patients (Araki et al., 1997). A major advantage of this mutation (especially for
studies designed to replace the missing dystrophin gene) is the complete absence of dystrophin
since there are no revertant myofibres. The skeletal muscle pathology of mdx52 is similar to
that of the mdx mouse for limb and diaphragm muscles, although hypertrophy was reported in
mdx52 limb muscles.

1. Response of different skeletal muscles to muscular dystrophy
Fast-twitch muscles are generally the most susceptible to muscular dystrophy (and also ageing)
in all species (Lynch et al., 2001). The progress of the dystropathology has been extensively
described in mdx mice in the 1980s (Coulton et al., 1988b; Torres and Duchen, 1987) (reviewed
in (Shavlakadze et al., 2004)). The absence of dystrophin results in Z-line streaming of
sarcomeres by 1 day post-natal, rare isolated necrotic myofibres are seen by 5 days, by 10 days
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necrosis is evident in rostral muscles such as the head (masseter) and shoulder girdle
(parascapular) (Torres and Duchen, 1987) and other muscles may show some pre-necrotic
changes (Coulton et al., 1988b). There is an abrupt onset of skeletal muscle necrosis around
21 days of age in hind limb and many other muscles (from 20–80% of the muscle can be
affected) that stimulates muscle regeneration (Whitehead et al., 2006b) (Fig. 1). Most groups
report that myonecrosis in limb muscles is rare before 21 days of age (Shavlakadze et al.,
2004), although a slightly earlier onset at 16 to 17 days has been reported in quadriceps muscles
(Muntoni et al., 1993): these differences may reflect divergence between isolated mdx colonies
in different countries. Necrosis peaks (30–60%, occasionally ~ 90%, of the TA muscle is
affected during this acute damage phase) by 25–26 days (with many myotubes resulting from
regeneration by day 28) and then decreases significantly to stabilize by 8 weeks of age to a
relatively low level of active damage (~4–6%): the cyclic progression of necrosis (and
regeneration) continues throughout life although reduces by one year (McGeachie et al.,
1993). The acute onset of myofibre necrosis provides a good model to study therapeutic
interventions designed to prevent or reduce necrosis, since a reduction in dystropathology is
easily identified (Grounds and Torrisi, 2004; Radley and Grounds, 2006; Shavlakadze and
Grounds, 2003; Stupka et al., 2001). However, drug interventions that may be toxic to the
postnatal development of neuromuscular apparatus should be considered for such young mice.
In contrast, reduced necrosis can be difficult to detect in adult mdx mice where there is little
myofibre breakdown (~5%) and cumulative muscle pathology: for this reason exercise is often
used to provoke myofibre damage in adult mdx mice.

While young mdx mice at the acute phase of dystropathology show muscle weakness and the
mdx muscles appear more susceptible to fatigue in vivo than control mice (De Luca et al.,
2003), overall, adult mdx mice do not show in vivo functional muscle impairment up to 1 year
of age (Coulton et al., 1988a; Muntoni et al., 1993). The symptoms of dystropathology are
cumulative, with fibrosis becoming increasingly pronounced in older (15 months old) mdx
mice (Lefaucheur et al., 1995): there are several different stages in the severity of the
dystropathology between growing and mature mdx mice (Keeling et al., 2007) and these are
affected by gender (Salimena et al., 2004). The limb and diaphragm are the 2 main groups of
muscle that have been studied in muscular dystrophy.

In addition, some muscles of the head and chest region, including extraocular muscles (Fisher
et al., 2005), masseter (Muller et al., 2001) and the laryngeal muscles (Marques et al., 2007),
show a very mild pathology and are relatively spared from myonecrosis. The reasons for the
mild dystropathology are not clear, although it is noted that these muscles may have an
improved ability to regulate calcium homeostasis (Khurana et al., 1995) and selected
mechanical properties that offer resistance to damage (Wiesen et al., 2007).

1a. Limb muscles—The hind limb muscles are the most widely studied and include the
tibialis anterior (TA) and extensor digitorum longus (EDL), the gastrocnemius, quadriceps and
the soleus muscle (Parry and Wilkinson, 1990; Wang and Kernell, 2001). The TA typically
first manifests muscle necrosis from 21 days after birth and this is more pronounced than in
the quadriceps (Radley and Grounds, 2006; Shavlakadze et al., 2004). Another study observed
more necrosis in soleus than EDL at 24 days with greater cumulative muscle damage in soleus
(~86%) than EDL (~36%) muscle at 34 days (Passaquin et al., 2002). The precise reason for
the acute onset of dystropathology at 3 weeks of age is unresolved: it may relate to adult-type
locomotor activity or to striking developmental changes in expression of various genes,
including down-regulation of utrophin (Khurana et al., 1991) and of key genes involved in
creatine synthesis (McClure et al., 2007) as well as in proteins involved in excitation-
contraction coupling mechanisms (Bertocchini et al., 1997; De Luca et al., 1990; Schiaffino
and Reggiani, 1996).
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Exercise has a different impact on various limb muscles (depending on which muscles are
recruited for the specific exercise regimes) and this needs to be taken into account e.g. 48 hours
voluntary wheel running doubles necrosis in quadriceps muscles of adult mdx mice, but causes
less damage to the TA and diaphragm (Archer et al., 2006; Hodgetts et al., 2006; Radley and
Grounds, 2006) and the EDL is more affected than the plantaris and soleus muscles (Hayes
and Williams, 1996). After 3 downhill running sessions (10m/min for 10min at a 15° decline)
the muscles most affected are the diaphragm and triceps brachii, with little damage seen in
either the TA or EDL (Brussee et al., 1997). A different exercise regimen, such as a protocol
of chronic (at least 4 weeks) forced running on horizontal treadmill, increases muscle necrosis
in the gastrocnemious muscle, with damage also being observed, although to a lesser extent,
in TA and diaphragm (Burdi et al., 2006; Pierno et al., 2007) [Burdi & De Luca., data under
review].

1b. Diaphragm—Over time, the diaphragm shows a more severe pathology than the limb
muscles with extensive replacement of muscle fibres with fibrous connective tissue in mdx
mice, more closely resembling the severe pathology of DMD where loss of diaphragm function
is a major problem (Lynch et al., 1997; Stedman et al., 1991). Normal diaphragm muscle is
composed mainly of type 2X and type 2A myofibres as shown by histochemical staining or
antibodies specific for type 2A and 2B myosins (Gregorevic et al., 2002; Shavlakadze et al.,
2004). Yet in dystrophic mdx muscles, type 2B myofibres increase over time as a result of
bouts of regeneration in response to necrosis and this is conspicuous by 12 weeks of age
(Shavlakadze et al., 2004). However, at early stages the pathology of the diaphragm is very
mild and quite different to the severe acute onset in limb muscles: isolated necrotic myofibres
are evident earlier, by 15 days after birth, and the damage is mild at least up to 30 days
(Shavlakadze et al., 2004), with increasing severity of myofibre degeneration and increasing
fibrous connective tissue over time (Gosselin and Williams, 2006; Krupnick et al., 2003;
Niebroj-Dobosz et al., 1997; Stedman et al., 1991). Intrinsic differences in collagen metabolism
have been demonstrated between functionally different normal skeletal muscles (Gosselin et
al., 2007).

Impact of growth parameters—The much less severe dystropathology in mdx mice
compared with DMD boys may be due in large part to vast difference in growth parameters
between mice and humans, specifically to the much shorter time-scale of growth and maturation
of mice (about 3 months compared with 20 years), much smaller body size (about 30g compared
with 70kg) and consequent greatly reduced load on the smaller muscles in mice. In addition,
there is stress on different muscle groups due to the use of 4 legs in mice compared with the
vertical bipedal posture of humans. A comparison of developmental milestones for mice and
men (see Box 1) suggests that as a very rough indication: 2 weeks (for mouse) may be
equivalent to 3 months (for human); 3 weeks to 6 months; 4 weeks to 10 years; 8 weeks to 20
years and 12 weeks to 25 years.

2. Biological variation between and within mice
2a. Factors influencing biological variation—Great variation in the timing and severity
of the dystropathology can be seen between and within different mdx mouse colonies, between
littermates and even between 2 legs of an individual mouse. Parameters affected include
histological (e.g the extent of necrosis and muscle damage varies from massive [60–80%] to
moderate necrosis [20–40%] at 23 days with some mice showing almost no damage even at
26 days (Radley and Grounds, 2006); this occurs between littermates and between TA muscles
in both legs of an individual mouse e.g. 0% compared to 24% for one mouse at 21 days [Radley
& Grounds, unpublished data].); cellular (e.g number of satellite cells (Schafer et al., 2005)
and age-related increase in revertant myofibers (Yokota et al., 2006)); biochemical (serum
creatine kinase (CK) levels in sedentary and exercised mice (Burdi et al., 2006; De Luca et al.,
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2005; Pierno et al., 2007; Vilquin et al., 1998) [see Section 5c]; molecular [gene expression
profiles (Turk et al., 2006)] and functional aspects (participation in voluntary wheel exercise
(Radley and Grounds, 2006) or forced treadmill running (De Luca et al., 2003; Vilquin et al.,
1998) [discussed in Section 4a and 4b]. Such inherent variation necessitates constant conditions
when grouping the animals, with large sample sizes (often at least 6–8 mice) to show
statistically significant effects of treatments.

Epigenetic and genetic factors probably contribute to the wide range of phenotypic expression
of muscular dystrophy (as discussed below). While it is clearly impractical to standardise many
of these variables across laboratories globally, a deeper understanding of the many reasons for
biological variation will help to initiate practices to minimise this problem.

2a. Developmental and in utero influences—It is now widely recognised that very early
events before or at fertilisation, as well as in utero can have dramatic post-natal effects that
contribute to large biological variation in anatomy, physiology, behaviour and the onset of
disease (Gartner, 1990; Vandenbergh, 2004). Many of these are due to pre-natal hormone
exposure; however environmental epigenetic also plays an important role in disease
susceptibility (Jirtle and Skinner, 2007; Vandenbergh, 2004). Some of the in utero factors to
consider that may influence the severity of the dystropathology in individual mdx mice (within
a litter and between litters) are the size of the litter, the position within the uterus, the number
of male siblings and the proximity of female pups to male littermates (this influences exposure
to testosterone) along with a range of other factors (Vandenbergh, 2003). Some laboratories
standardise litter size (e.g 4–8 pups) for all experiments to minimise variation in litter size that
can affect initial body weights and thus biological variation. However, this may be considered
wasteful and is unlikely to become a standard, plus it does not take into account the consequence
of early neonatal mortality of mdx litters. One simple solution that is strongly recommended
to reduce effects of inter-litter variation is to always select pups from a single litter for both
test and control mice.

2b. Neonatal influences—The early post-natal environment is important with a wealth of
data showing that maternal care mediates further variation in offspring phenotype and
behaviour (Champagne et al., 2007) and catch-up post-natal growth by low birth weight
humans and animals affects many metabolic and signalling events. Transmission of maternal
behaviour (such as grooming and licking) and stress responses can occur from one generation
to another by epigenetic modification of the chromatin around the glucocorticoid receptor gene
(Francis et al., 1999; Weaver et al., 2004). The net result to the progeny is tighter regulation
of stress hormone levels, an effect that is relayed to the next generation in subsequent maternal
behaviour patterns.

These issues highlight some of the developmental variables that can influence the phenotype
(severity of the dystropathology and potentially the propensity for voluntary exercise) of
genetically equivalent inbred mice to contribute to the wide biological variation seem for mdx
mice, both within and between litters.

2c. Gender—Major sex differences have been noted in skeletal muscles in relation to energy
metabolism, fibre type composition and contractile speed. Generally, muscles from males tend
to be faster and have higher maximum power output than from females, whereas muscles from
females are more fatigue resistant, recover faster from repeated contractions and show less
mechanical damage after exercise (Glenmark et al., 2004). Striking differences have been noted
in the dystropathology between male and female mdx mice at different ages (Salimena et al.,
2004), with less susceptibility to muscle damage in young (6 week) female mice but greater
fibrosis in old females (1 and 2 years) suggesting a role for female hormones in the pattern of
myonecrosis and repair. Other studies show that levels of blood serum creatine kinase are
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higher in older male mdx mice (Yoshida et al., 2006). Sex differences in muscle membrane
damage in response to intense exercise have been shown in animals and humans, with females
being less susceptible than males: this appears to be due to a reduced inflammatory response
in females, with many aspects being influenced by gender (Stupka et al., 2000). It is widely
recognised that both the innate and adaptive immune responses of females are heightened and
more robust than in males (Verthelyi, 2006) and recent evidence confirms that the innate and
adaptive arms of the immune system are different in post-pubertal male and female mice
(Lamason et al., 2006). These gender differences are largely attributed to oestrogen levels and
the regulation of nitric oxide by oestrogen increasingly appears to play a key role (Verthelyi,
2006). There are also gender differences in response to drugs (Franconi et al., 2007) and to
diets (see 3c) and thus gender should be carefully considered when testing pharmaceutical or
nutritional interventions.

While such gender-related issues appear to be important in the mdx mouse, they have barely
been considered. Interpretation and data comparison is complicated when the gender of the
mice used in experiments is either not specified (Hall et al., 2007; Kaczor et al., 2007) or mixed
males and females are used (Granchelli et al., 2000). Ideally pre-clinical tests should be
performed on groups of mdx mice of the same sex.

Males: Testosterone has many effects; male mice of some strains are particularly aggressive
and can be difficult to cage as placing males together may lead to fighting and thus additional
muscle damage. This is generally not a problem if males are either caged together at weaning,
many mice are caged together (since 2 males alone in one cage are more likely to fight), and
the males are not near a stud male or females (due to pheromones). The male response to female
odours can affect behaviour and is influenced by the major histocompatibility type of the foetus
of pregnant females (Beauchamp et al., 2000). In addition, age-related changes in pheromones
in urine appear to relate to altered immune function (Osada et al., 2003). The effects of such
odours within an animal house can be minimised by using individually ventilated cage systems
(Section 3a). In addition, inter-male aggression in grouped housing is influenced by different
kinds of environmental enrichment (Van Loo et al., 2004). Beyond the sex determining region
on the Y-chromosome (SRY) and testosterone, there are multiple pathways that control sexual
differentiation; e.g. sexual differences in motoneurones may be affected by the testicular
hormone Mullerian Inhibitory Substance that is present in the blood of pre-pubertal males, but
not females (Wang et al., 2005). Since DMD affects boys, it might be considered that it is more
appropriate to use male mice, although the overall significance of this issue has yet to be proven.

Females: Hormonal changes during the estrus cycle influence immune status, stress, activity
levels and age-related changes in cognitive function (Kopp et al., 2006) and this may be a
significant additional variable when using female mdx mice.

2d. Genetics—Inbred mdx mice are homozygous and theoretically there is long-term genetic
stability, but there will be a slow sub-line differentiation between colonies over many years
(reviewed (Harris, 1997)). Ideally, colonies should be replaced periodically from an
international source. Furthermore, if inbred mice are not kept under specific pathogen free
(SPF) conditions, their phenotype variability can be higher than outbred mice (reviewed in
(Biggers, 1958; Harris, 1997)). The genetic background strain can greatly influence the severity
of the dystrophic phenotype as demonstrated for sarcoglycan deficient mice, although the gene
loci that suppress the dystrophic phenotype remain to be identified (Heydemann et al., 2005).

While most mdx mice are maintained as homozygous/hemizygous colonies (where all X-
chromosomes carry the gene mutation and thus all females and males are affected),
maintenance as a heterozygous colony could more closely resemble the human situation and
also provide appropriate negative littermate controls.

Grounds et al. Page 7

Neurobiol Dis. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2e. Stress—Numerous factors can stress animals and this has effects on the brain, behaviour,
hormones, and the immune system. Some of the well known stressors that produce
physiological effects are social stress related to housing and dominance/subordination
(reviewed in (Bartolomucci, 2007)), transport, restraint and handling, in addition to blood
sampling, surgery and anaesthesia. For example, even simply transferring mice to a different
room can increase cortisosterone levels and mice take about 4 days to acclimatize (Tuli et al.,
1995). The rapid endocrine and metabolic response to the stress of handling is manifested by
rapid changes in many blood components leading to the recommendation that any sampling
be completed within 100 seconds of first touching an animal’s cage (Gartner et al., 1980) since
some components are altered by 100% within 30 minutes. Considering that the in vivo
procedures for drug treatment and evaluation cannot avoid a certain level of stress being
experienced by the animals, it is essential to maintain standard handling procedures for all mice
(test and controls) throughout the experimental procedure. Anecdotal evidence suggests that
mdx mice are especially susceptible to stress.

3. Good husbandry practises to minimise biological variation
Environmental conditions such as housing and husbandry have a major impact on the
laboratory animal throughout its life and will thereby influence the outcome of animal
experiments. Much of the biological variation between and within mice (and in different
laboratories) may reflect variation between aspects of animal husbandry (reviewed (Biggers,
1958; Harris, 1997; Reilly, 1998)). Issues to consider for standard laboratory practise include;
caging, housing systems, space recommendations and microenvironment-enrichment,
bedding; temperature and humidity; ventilation:-air quality, relative air pressure and individual
cage ventilation; illumination:-photoperiod, intensity; noises; food: types of diet, quality
assurance; water; sanitation and cleaning; identification and record keeping. There is a wealth
of literature on these topics and it is well recognised that they have a major impact on
phenotypic variation (Gartner, 1990). Inbred mice such as mdx are far more susceptible than
outbred animals to phenotypic variation induced by minimal environmental variability (such
as pathogens), simply because the population lacks genetic diversity (reviewed in (Harris,
1997)). Some of these factors are discussed below.

3a. Cage design—Cage design can modify the activity and behaviour of mice (Wurbel,
2001) with changes in the environments of animals, including environmental (supplemental)
enrichment, having important effects on brain structure, physiology (including recovery from
illness and injury), gene expression in various organs (Benefiel et al., 2005) and aggression
between males (Van Loo et al., 2004). Individually ventilated cage systems generally help to
maintain low ammonia and carbon dioxide concentrations; they support a low relative
humidity, and reduce spread of allergens and infections. Additional benefits are that cages need
to be cleaned less frequently (with reduced disturbance of the mice) and airborne pheromones
(due to gender, stress, age) that can affect mouse hormonal responses are eliminated (Reeb-
Whitaker et al., 2001).

3b. Night and Day (light and dark cycles)—Traditionally, mice are subjected to forced
exercise and experiments are performed during the day (e.g. tissue samples collection and/or
physiology experiments). Yet mice are nocturnal and normally active at night. Since the diurnal
rhythms of mice and humans are out of phase, the nocturnal mouse more accurately corresponds
to the daytime human (McLennan and Taylor-Jeffs, 2004). It is well documented that circadian
rhythms profoundly influence many molecular, metabolic, endocrine, immunological and
behavioural parameters (McCarthy et al., 2007; McLennan and Taylor-Jeffs, 2004) and thus
it is important, within each laboratory, to maintain strictly the same time of day for exercising,
treating, sampling or conducting physiological experiments on mice. One strategy to consider
is the use of sodium lights to shift the day/night cycle in order and allow observations and
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interventions during the nocturnal phase with many scientific and welfare advantages
(McLennan and Taylor-Jeffs, 2004).

3c. Food and Water—Diet can have a dramatic and rapid impact on cellular responses and
gene expression, as illustrated by effects of soy or casein on cardiac hypertrophy (Stauffer et
al., 2006) and how a diet enriched with omega-3 fatty acids can have potent post-natal effects
on fetal programming (Wyrwoll et al., 2006): both of these studies emphasise the strong
influence of gender. There is a huge literature on nutritional effects but these two examples
illustrate the need for strictly standardised diets. Indeed nutritional interventions to ameliorate
muscular dystrophy are being trialled in mdx mice and humans (Radley et al., 2007). It can be
a challenge to rigorously control the quality of a well characterised diet (e.g. mouse chow)
from a supplier, since even the standard ingredients may vary depending on the market source
and the season. A further variable to consider is the impact of short-term (e.g. overnight) fasting
on metabolic and cellular parameters. Awareness of such issues is important when evaluating
variation between results from different laboratories and even within one laboratory over time.

Tap water that is traditionally used as drinking water in animal houses can vary very markedly
in its mineral content and different additives such as chloride and fluoride, between different
cities and may vary throughout the year (e.g. summer and winter) for the same location. Such
differences may chemically interfere with some drugs. Whether such variations significantly
influence the dystropathology is not known. To avoid such possible complications some
laboratories, such as preclinical drug testing facility at CNMC in Washington (Nagaraju), now
use purified water for all experimental mice.

4. Models of exercise-induced muscle damage to increase pathology in mdx mice
Endurance training produces many physiological, metabolic and vascular adaptations in
skeletal muscle. This adaptive response may involve myokines, such as IL-6 and other
cytokines, which are produced and released by contracting skeletal muscles and affect other
organs of the body (Febbraio and Pedersen, 2005) combined with improvements in cardiac
function. Beneficial effects of regular exercise on dystrophic mdx muscle are reported for free
wheel running (Dupont-Versteegden et al., 1994; Hayes and Williams, 1996) and swimming
that is a non-weight-bearing, low-intensity exercise (Hayes and Williams, 1998). The
implications of such adaptation for strengthening dystrophic muscle, although still debated,
are of much interest for physical therapy of DMD patients. However, here we will focus on
exercise as an intervention to increase the severity of the phenotype in mdx mice, to enable
more effective evaluation of drug treatment efficacy.

In adult mdx mice the muscle pathology is normally relatively mild and does not closely
resemble the severity of DMD. The low level of damage in adult mdx mice can be elevated by
exercise that increases myofibre necrosis and decreases muscle strength (Brussee et al.,
1997; De Luca et al., 2003; Okano et al., 2005; Vilquin et al., 1998) enabling potential
therapeutic interventions to be evaluated more rigorously throughout the in vivo treatment
(Archer et al., 2006; De Luca et al., 2005; Granchelli et al., 2000; Payne et al., 2006; Radley
et al., 2007). Muscles differ in their susceptibility to exercise-induced muscle damage, with
fast fibres (Type 2) more likely to be damaged than slow (Type 1) fibres. Various models of
exercise-induced muscle damage have been used to exacerbate the disease in mdx mice,
including voluntary wheel running, treadmill running and swimming (also see Section 10), but
only two widely used in vivo running models are described here.

4a. Voluntary wheel running—The simplest model is voluntary spontaneous exercise and
this is generally well tolerated (Hayes and Williams, 1996). Voluntary wheel running allows
the distance run by individual mice to be measured accurately and so relative activity can be
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related to the severity of the resultant muscle damage. Mice are voluntarily exercised using a
metal mouse wheel placed (often suspended) inside the cage. Exercise data are collected via a
small magnet attached to the mouse wheel and a sensor from a bicycle pedometer attached to
the back of the cage. The sensor records single wheel revolutions, allowing total distance (km)
and speed run by an individual mouse to be determined (Archer et al., 2006; Dupont-
Versteegden et al., 1994; Hayes and Williams, 1996; Radley and Grounds, 2006). The majority
of voluntarily running is done at night (12 hr dark cycle) (Hayes and Williams, 1996; Radley
and Grounds, 2006). This exercise has the advantage that mice can be left with the exercise
equipment continuously and their activity measured over many months. There can be wide
variations in the amount of running between individual mice, one possible disadvantage is that
mice are caged individually (even though the cages may have clear sides so they can see each
other) and this lack of socialising may affect their behaviour. Another issue that is rarely
considered is that dirt (e.g urine and faeces) can accumulate and increase resistance of the
wheel rotation. This can also be influenced by the design of the wheel, and thus the amount of
effort required to turn the wheel will vary as will the impact on the muscles. Such variations
in wheel resistance may contribute to different results between mice and between laboratories
and should be considered: indeed some designs deliberately increase the wheel resistance to
increase the work load (Konhilas et al., 2005). More sophisticated computerised monitoring
systems can be used to collect precise data on the patterns of running and stopping (Hara et
al., 2002; Radley and Grounds, 2006) and have revealed that mdx mice run more intermittently
than wild type mice (Hara et al., 2002).

Muscle necrosis is roughly doubled (increases from ~6 to 12%) in quadriceps muscle after 48
hours of voluntary exercise, although other muscles such as the TA are barely affected (Radley
and Grounds, 2006) a finding reported by others even after a single night of running (Archer
et al., 2006). Histological analysis after 48 hours allows induced necrosis to be assessed without
the ensuing complication of new muscle formation (myotubes appear by 3 days after injury).
Adaptation to voluntary wheel running occurs over about 2 months in normal adult C57Bl mice
and varies between muscles (Konhilas et al., 2005). The capacity for voluntary wheel running
over a long-period (Brunelli et al., 2007; Dupont-Versteegden et al., 1994; Radley et al.,
2007) probably reflects the relative health of mdx mice. Therefore, voluntary exercise can
provide an additional measure of the protective benefits of interventions. (The use of voluntary
or treadmill running to measure improvements in exercise capacity is also mentioned in Section
9). When mdx mice voluntarily run greater distances, this puts additional strain on their muscles
and so an improved muscle pathology under these conditions may represent an even greater
protection than is immediately evident (Radley et al., 2007). Voluntary wheel running
combined with forced treadmill running twice a week is another regimen to consider.

4b. Forced treadmill running—Voluntary exercise produces mild damage in mdx mice
but the severity of damage can be increased by forced exercise running on a treadmill (Burdi
et al., 2006; De Luca et al., 2005; Granchelli et al., 2000; Nakamura et al., 2003; Vilquin et al.,
1998). This is usually done for convenience during the day. A protocol of 30 min running on
a horizontal treadmill at a speed of 12m/min, twice a week for at least 4 weeks, starting at 4
weeks of age, i.e. soon after the first major bout of degeneration, causes significant weakness
in the limb strength as measured by a grip strength meter (Granchelli et al., 2000). The in
vivo weakness produced by such a protocol is observed exclusively in mdx mice with no similar
effects in wild type mice: thus providing a reliable in vivo index with which to rapidly monitor
potential drug efficacy (De Luca et al., 2003; De Luca et al., 2002; Granchelli et al., 2000).
Due to concern about mdx mice being reluctant to run at the high speed of 12m/min, others
have used slower speeds (6 m/min or 9.5m/min twice weekly) but also reported muscle damage
and exhaustion with this forced running (Hudecki et al., 1993; Payne et al., 2006; Vilquin et
al., 1998). Factors that can contribute to such differences in capability for treadmill running
include slight divergence in mdx colonies, the age of the mdx mice, their husbandry and even
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calibration of treadmills. As chronic treadmill exercise is used mainly to exacerbate the
pathology, the essential requirement is to maintain constant conditions during the protocol and
to confirm muscle impairment.

When the protocol is started at 4–5 weeks of age, mdx mice (and rarely also wild type mice)
may be reluctant to participate and sporadically stop running and rest for a few minutes (before
being encouraged to start again) during a 30 minute session of forced exercise at 12 m/min
(De Luca et al., 2003; De Luca et al., 2002). Slight increases or decreases in speed do not
greatly change this attitude (at slower speeds all mice can lose interest in the activity and stop
more frequently). The repeated stopping of the mdx mice may be due to increased fatigue or
avoidance behaviour. A short warm-up at a slow speed (8 m/min) for 10 mins is a strategy to
produce more consistent running over the 30 min run at 12 m/min (Payne et al., 2006): this
helps to increase the proportion of mdx mice that complete the 30 min standard protocol,
although 25% of 12 week old mdx mice may still fail to meet this requirement [Radley &
Grounds, unpublished data]. A low-intensity electric shock is sometimes used to stimulate
mouse running: however, this protocol is stressful and is not recommended for the mdx mice.
A disadvantage of the treadmill exercise protocol is that it is time consuming, since dedicated
and continuous supervision is required twice a week for a time depending on the total number
of mice to be exercised. In mdx mice, the sustained forced exercise protocol significantly
damages the triceps, gastrocnemius and quadriceps muscles. A significant increase in plasma
CK is also generally observed in exercised mdx after 4–8 weeks, corroborating sarcolemmal
damage in response to muscle work load (De Luca et al., 2005; Pierno et al., 2007).

Eccentric exercise (where activated muscles are forcibly lengthened) is most damaging to
muscles of mdx mice, with more severe damage resulting from downhill running in comparison
to horizontal running. With running downhill, mdx mice rapidly tire at a speed of 10 m/min
after 30s, are unable to run continuously and often need encouragement after 2 minutes, with
such exercise being limited to 5 minute bouts. In some cases this exhaustion can lead to death
of mdx mice (Vilquin et al., 1998). Uphill running is less damaging and an example protocol
of chronic running for mdx mice employed a speed of 15m/min, for 60 minutes twice a week
for 5 weeks, followed by speeds of 23 m/min for a further 5 weeks (Okano et al., 2005).

Clearly a consistent exercise regime (either voluntary exercise, or forced exercise such as that
of (De Luca et al., 2003; Granchelli et al., 2000; Okano et al., 2005; Payne et al., 2006) needs
to be used across laboratories for accurate comparisons.

5. Part I. Conclusions and recommendations
Part I has outlined the factors that influence biological variation and emphasised the need to
be aware of these and to standardise conditions where possible (e.g. related to breeding,
husbandry and gender). It seems that 3 aspects that need to be addressed in order to help
establish Standard Operating Procedures are:

1. Specify basic core experiments e.g. age of sampling, gender, exercise regime, onset
of treatment (see Recommendation I in Box 1)

2. Define basic core methods of analysis (discussed in Part II)

3. Develop a scale to grade the efficacy of treatment (see Part II)

Part II. PARAMETERS TO MEASURE MUSCLE DYSTROPATHOLOGY AND
FUNCTION IN MDX MICE

A range of histological analyses on muscle tissue sections, blood measurements and
physiological parameters are used to assess the impact of various interventions on the pathology
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and function of muscles of mdx mice. Issues associated with these different measurements are
discussed. It is noted that some of the measurements e.g. whole body imaging and functional
and physiological assessments (Sections 6, 9 and 10) are done on intact animals, and often
repeated throughout the study, prior to sacrifice.

5. Measuring leakiness of myofibres
Lack of functional dystrophin renders dystrophic myofibres susceptible to mechanical stresses,
such as exercise induced damage that result in small disruptions of the muscle sarcolemma.
These membrane lesions may be rapidly resealed or lead to further myofibre breakdown and
necrosis. The exact mechanisms determining whether initial lesions result in resealing of the
damaged sarcolemma (Doherty and McNally, 2003; McNeil and Kirchhausen, 2005) or
alternatively result in myofibre necrosis are of considerable interest and underpin much current
therapeutic research. There is good in vitro and in vivo evidence to support the hypothesis that
the initial sarcolemmal damage is exacerbated by inflammatory cells and cytokines that result
in further damage leading to myofibre necrosis (Brunelli et al., 2007; Grounds and Torrisi,
2004; Hodgetts et al., 2006; Radley et al., 2007; Radley and Grounds, 2006; Spencer et al.,
2001; Tidball and Wehling-Henricks, 2005). Two main approaches are used to measure the
extent of damaged (leaky or necrotic) myofibres. One uses labels (such as dyes or proteins)
that rapidly enter through damaged sarcolemma into myofibres and remain in the sarcoplasm,
and the other measures blood levels of various proteins that diffuse out of damaged myofibres.

5a. Evans Blue Dye (EBD) is used to identify blood vessel and cell membrane permeability
in vivo since it is non-toxic and can be injected systemically as an intravital dye (Hamer et al.,
2002). EBD uses albumin as a transporter molecule and diffuses into cells through membrane
discontinuities to readily identify myofibres with permeable (leaky or necrotic) sarcolemma.
Damaged myofibres which stain positive for EBD can be viewed in two different ways.
Macroscopic examination of the whole mouse once the skin is removed shows dark blue stained
myofibres that demonstrate the extent and pattern of damage for all muscles in the body
(Matsuda et al., 1995; Straub et al., 1997). Microscopic examination of frozen muscle sections
under green fluorescent light (Hamer et al., 2002) identifies EDB positive myofibres by red
auto-fluorescence and has been widely used to quantitate myofibre damage (as a proportion of
total myofibres) in many studies using mdx mice (Archer et al., 2006; Brussee et al., 1997;
Shavlakadze et al., 2004; Straub et al., 1997). Once EBD enters the myofibre it diffuses along
the length of the myofibre and thus may be visible at some distance (~150μm) from the initial
site of damage (Hamer et al., 2002; Straub et al., 1997): this is an important consideration when
viewing transverse muscle sections. EBD persists in vivo for at least 4 days after intraperitoneal
injection (Hamer et al., 2002).

Administration of EBD is by intraperitoneal (IP) or intravenous (IV) injection. IV is widely
used as it ensures rapid availability to all tissues, although IV injections through the tail vein
of (black) mdx mice can be difficult for the inexperienced: therefore the easier route of
administration is IP injection. Recommended protocols for EBD administration are: an IP
injection, 16–24 hours prior to tissue sampling, of a 1% dye solution injected at 1% volume
relative to body mass (Hamer et al., 2002) or IV injection (tail vein) of EBD that can be done
within 3–6hrs prior to sampling (Straub et al., 1997). The choice between these protocols is
probably not critical for many experiments.

It is agreed that myofibres with histologically distinct necrosis always stain positive for EBD
(Archer et al., 2006; Brussee et al., 1997; Matsuda et al., 1995; Straub et al., 1997) and that
myofibres with an intact sarcolemma do not stain (Matsuda et al., 1995; Straub et al., 1997).
Some studies report that hypercontracted myofibres stain EBD positive (Brussee et al., 1997;
Matsuda et al., 1995) whereas others do not support this conclusion (Straub et al., 1997). EBD
can be present within myofibres that appear morphologically normal in H&E stained sections

Grounds et al. Page 12

Neurobiol Dis. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Brussee et al., 1997; Hamer et al., 2002) and EBD uptake (into leaky cells) does not always
reflect severe myofibre damage (necrosis) that will provoke regeneration and require
myogenesis (Archer et al., 2006). Thus, the number of EBD positive myofibres can exceed and
not accurately reflect the number of necrotic myofibres (Shavlakadze et al., 2004; Straub et
al., 1997). This must be considered when quantitating spectrophotometrically the total EBD
(in a section or extracted from dystrophic muscle) as a measure of overall damage (Hamer et
al., 2002).

5b. Other markers (dyes and proteins) that enter damaged myofibres—Other
techniques to measure sarcolemmal damage (reviewed in (Hamer et al., 2002)) include
identification of proteins from the blood that have entered damaged myofibres, such as albumin
(less sensitive than EBD bound to albumin but avoids the need for EBD administration) or
fibronectin (Palacio et al., 2002); fluorescent labelled dextrans and Procion orange dye (POD).
POD (FW 631g mol−1) is a smaller molecule than EBD and can be administered in vitro or in
vivo (although there is some uncertainty about toxicity in the latter) (Pagel and Partridge,
1999; Palacio et al., 2002). POD is especially useful for post-sampling labelling of damaged
myofibres by immersion of muscles in POD solution for 30–60 minutes (2% wt/volume in
Ringer’s solution), which conveniently avoids the need for in vivo administration (Wehling et
al., 2001). However, in vitro immersion is limited by the possibility of additional myofibre
injury during the procedure (Consolino and Brooks, 2004; Palacio et al., 2002).

5c. Blood measurements of CK and other proteins that leak out of damaged
myofibres—In blood samples (serum or plasma), a high level of activity of the enzyme
creatine kinase (CK) (measured in a spectrophotometric assay) is another index of sarcolemmal
fragility widely used as a diagnostic marker for muscular dystrophy (Zatz et al., 1991). It is
assumed that the enzyme activity is a direct measure of the CK protein level in blood. The
muscle (MM) isoform of CK is produced by both skeletal and heart muscle and total CK
measurement in serum can include isoenzymes of CK derived from other tissues. Normally
this is not a major issue and can be addressed by measuring the specific CK isoforms if required.
The relationship between muscle damage and serum CK is not always straightforward and can
be influenced by many factors. Exercise generally increases serum CK, suggesting a direct
correlation between mechanical stress and sarcolemmal damage especially in dystrophic
muscles (De Luca et al., 2005) and lower serum CK levels are an indication of reduced
pathology and drug efficacy. CK levels in mdx mice increase between 7 and 10 days post-
natally indicating the onset of muscle leakiness, are higher in older males than females (Yoshida
et al., 2006) and decrease by one year of age (Coulton et al., 1988b). CK measurements at rest
range from about 1,000 – 7,000U/L for females and up to17,000U/L for males and in exercised
mdx mice range from 1,500 – 30,000U/L. Problems with CK measurements relate to high
variability between individual mdx mice and changes related to age and the stage of disease.
There is also variability between assay runs and possible interference of chemicals used for
plasma preparation with the diagnostic kits, so it is recommended that control normal mouse
blood is included for all assays. Collection of a sufficient volume of blood (about 200–500ul
blood is required to yield approximately 100–200ul serum and at least 10–20ul is required per
assay) is invasive and stressful. Thus, rather than multipoint evaluation in the same animals,
most studies collect blood from the heart under terminal anaesthesia. Due to the high variation,
CK analysis requires quite large number of mice (n=6–8) for unequivocal statistical analysis.
Increased blood CK levels may also reflect increased muscle mass or increased CK within
myofibres; it is noted that up-regulation (about double) of the creatine synthetic pathway is
reported in mature muscles of mdx mice (McClure et al., 2007). Despite these issues, dramatic
changes in blood CK levels can be a very useful measure of the severity, or correction, of
dystropathology and this blood marker is used widely.
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Other proteins that leak from damaged myofibres into the blood and have been used as a
measure of muscle damage include the enzymes pyruvate kinase (Coulton et al., 1988b),
aldolase, enolase, aspartate aminotransferase, and lactate dehydrogenase isoenzyme 5, as well
as the muscle proteins myoglobin, troponin and alpha-actin (Martinez Amat et al., 2007) and
some of these have been examined in mdx mice. In addition, leakage into serum of the soluble
Ca(++)-binding protein parvalbumin that is very high in fast myofibres has been proposed as
a useful diagnostic tool in mdx mice (Jockusch et al., 1990). To date, CK measurements remain
the most widely used for monitoring muscle diseases but other more specific markers may
emerge.

6. Whole body imaging to measure histopathology over time
Image capture technology aims to provide routine imaging of whole animals, body parts or
whole muscles without the need for tissue biopsy or animal sacrifice, thus allowing repeat
imaging from an individual mouse over time: this would be a great advantage. However, these
techniques are still new and not yet established for routine laboratory use and they will face
the same problems of standardisation to allow comparison of results between laboratory
groups. A number of biomedical imaging modalities have been used to examine muscle tissue
in vivo, including ultrasonography, magnetic resonance imaging (MRI) and confocal and multi-
photon microscopy, with the potential of Optical Coherence Tomography (OCT) just starting
to be investigated for mdx mice (Pasquesi et al., 2006) (reviewed in (Klyen et al., 2008)).

MRI can distinguish between healthy and damaged dystrophic muscles of mdx mice (McIntosh
et al., 1998). The resolution is enhanced by combination with albumin–targeted contrast agents
(taken into damaged cells) (Amthor et al., 2004), although another study in mice concluded
that endogenous MR contrast was sufficient and did not require combination with a gadolinium
based MRI contrast agent (Walter et al., 2005). MRI (without and with contrast agent) has
recently been used in the dystrophic dog model where very high biological variation and the
expense of dogs (Thibaud et al., 2007) makes 3-dimensional in vivo tissue analysis of an
individual animal over time particularly attractive, especially for evaluating the effects of pre-
clinical trials. The acquisition times for MRI are long and so motion due to cardiovascular-
induced or breathing-induced artefacts can be an issue. The resolution of MRI is not very high
(the resolution of 125 μm is insufficient to image the individual myofibres with an average
diameter of 30–50 μm) but the development of MRI scanners specifically for mice, combined
with enhanced image detail, may result in this technique becoming more widely used
experimentally. MRI can also be used to monitor, non-invasively, transplanted stem cells pre-
labelled by incubation with ferumoxide-polycation complexes that provide images with high
spatial resolution (Cahill et al., 2004).

Confocal and multi-photon microscopy, with their superior resolution, can readily image
individual myofibres in vivo under physiological and pathological conditions but depend on
detection of fluorescent signals. For example, two-photon microscopy was used to characterize
the topology and metabolic function of mitochondria within skeletal muscle of a living mouse
(Rothstein et al., 2005). Whole animal imaging via fluorescent or luminescent labelling is a
rapidly evolving and promising technique (reviewed in (Ntziachristos, 2006)). The power of
this approach was elegantly demonstrated using transgenic α-sarcoglican null mice that emit
a fluorescent calpain-activated signal from damaged muscle (Bartoli et al., 2006), but this is
not readily applied to conventional mdx mice (that lack the vital transgenic label).

Whether non-invasive imaging will become a routine procedure to repeatedly monitor the
status of muscles in an individual animal over time in response to drug and other therapeutic
treatments, remains to be demonstrated.
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7. Histological measurements to evaluate necrosis, regeneration and fibrosis
Dystrophic skeletal muscle pathology in mdx mice is typically assessed on haematoxylin and
eosin (H&E) stained transverse sections, with the tibialis anterior muscle of the lower hindlimb
being widely used, as it is readily accessible. When undertaking analysis it is important to
consider the age of the mdx mice as different histological features change with age (discussed
in Section 1).

7a. Young mdx mice (< 4 weeks)—The acute onset of myofibre necrosis occurs from
around 21 days of age. The acute onset of dystropathology with high levels of necrosis provides
a very sensitive assay to specifically evaluate therapeutic interventions designed to prevent or
reduce myofibre necrosis. Normal (pre-necrotic) myofibres have peripheral nuclei, intact
sarcolemma and non-fragmented sarcoplasm. Necrotic muscle is identified by the presence of
infiltrating inflammatory cells (basophilic staining), hypercontracted myofibres and
degenerating myofibres with fragmented sarcoplasm. Regenerating (recently necrotic) muscle
is identified by activated myoblasts and, 2 –3 days later, small basophilic myotubes. These
myotubes subsequently mature into plump myofibres with central nuclei (regenerated
myofibres). Cumulative skeletal muscle damage in young mdx mice consists of active myofibre
necrosis plus the areas of subsequent regeneration (new myofibres) (Fig 1). It is calculated that
myonuclei of newly regenerated myofibres of mdx mice remain in a central location for about
50–100 days and thereafter 3–4% of myonuclei move to a peripheral subsarcolemmal position;
i.e numbers of central myonuclei may decline after 100 days of age (McGeachie et al., 1993).
Myofibre size can be measured as the cross sectional area but, while accurate for true transverse
sections, values are distorted by myofibres cut obliquely (this is a major problem for clinical
biopsies with variable myofibre orientation): this problem is avoided by instead measuring the
minimal Feret’s diameter of myofibres (Briguet et al., 2004).

7b. Adult mdx mice (6 weeks +)—After the acute onset of myofibre necrosis in young
mice, skeletal muscle from adult mdx mice consists of a low level of necrotic and regenerating
(recently necrotic) tissue, regenerated myofibres (with central nuclei) and some unaffected
(intact) myofibres. As described previously, necrotic and regenerating and regenerated muscles
have distinct histological features (Fig 1). Unlike regenerated human myofibres, the nuclei of
regenerated mouse myofibres stay central for many months. Therefore mdx myofibres with
central nuclei are a reliable indicator of previously necrotic/regenerated tissue (although in
other situations they might instead represent denervated myofibres). However, central nuclei
do not indicate the ‘number’ of times that an individual myofibre has undergone necrosis and
subsequent regeneration. In studies of older mdx mice, the area of muscle that has not
succumbed to necrosis can be a useful measure, since this indicates resistance of the myofibres
to damage: such unaffected intact myofibres look normal with peripheral nuclei (although it
is noted that at a lower level the same myofibre might also contain central nuclei).
Standardisation of key sampling times (e.g. 4 and 12 weeks and 6 months of age) greatly
facilitates comparison of data between laboratories.

7c. Older mdx mice (6 months +) and fibrosis—Fibrosis and fatty connective tissue
and myofibre atrophy can be pronounced in older mdx mice. Fibrosis is readily observed in
H&E stained sections but can be emphasised by routine histochemical stains such as Van
Gieson’s or Masson’s Trichrome. The onset of progressive replacement of muscle by fibrous
connective tissue (mild fibrosis) is reported in limb muscles from 10–13 weeks, with extensive
fibrous connective tissue (fibrosis) and some calcification from 16 to 20 months of age (Keeling
et al., 2007; Lefaucheur et al., 1995; Salimena et al., 2004). Intrinsic differences in collagen
content (measured by amount of hydroxyproline) and metabolism have been demonstrated
between functionally different normal and mdx skeletal muscles (Gosselin et al., 2007). It is
well documented that the progression of dystropathology is different in the mdx diaphragm
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with significant fibrosis by 9 months (discussed in Section 1b). With the diaphragm, extra care
must be taken to cut sections at equivalent locations for histological comparisons, due to the
complex structure and varying width of the diaphragm muscle (illustrated in (Shavlakadze et
al., 2004)).

7d. Frozen vs Fixed/paraffin-embedded muscle tissue sections—Frozen sections
are routinely used as they avoid problems of shrinkage due to fixation, can provide excellent
histology and have the major advantage that the same tissue can be readily used for
immunohistochemistry (since many antibodies do not work well on fixed muscle sections).
Muscles are routinely frozen in isopentane cooled in liquid nitrogen, since the isopentane
reduces surface tension and avoids trapping air around the muscle that can slow the freezing
process. Disadvantages of frozen tissues are that skill is required to prepare (to avoid ice
artefact) and to cut sections, the tissues must be stored at −80°C and they can deteriorate over
time. In contrast, muscles that are fixed (in paraformaldehyde) and processed into paraffin
blocks can simply be stored on the shelf indefinitely. Muscle sections from paraffin blocks are
ideal for H&E analysis and for other routine histochemical stains, but can be limiting with
respect to enzymatic or antibody staining.

Morphological features are usually identified manually by the researcher and quantified using
various image analysis software. The analysis of dystropathology on histological muscle
sections is highly interpretive and thus can vary slightly between individuals and laboratories:
a standard set of reference images to emphasise the precise features that are measured (Fig 1)
would help to reduce this variation. Scientific analysis that involves any degree of interpretation
should be carried out as ‘blind’ analysis.

8. Immunohistochemical and molecular analyses
8a. Immunological analysis—Immunological determination can help to gain insight into
tissue events accounting for the histological changes and a wealth of different antibodies can
be used depending on the specific question being addressed (e.g as a consequence of drug or
other treatment); only two specific antibodies are discussed below. Determination of
dystrophin levels may help to evaluate the percentage of spontaneously and/or therapy induced
revertant myofibres (Yokota et al., 2006) and similar approaches apply for components of the
dystrophin-glycoprotein complex. Other than for gene therapies, these approaches are useful
when considering drugs able to force premature stop codon mutations, or to exert exon
skipping, or to inhibit proteasome activity (Alter et al., 2006; Bonuccelli et al., 2007; Welch
et al., 2007): ideally this results in uniform distribution of dystrophin in most myofibres.
Similarly, immunological determination of utrophin expression is an important assay to
evaluate compensatory mechanism in dystrophic muscle induced by experimental protocols
and/or drugs (Moghadaszadeh et al., 2003; Nowak and Davies, 2004). One cautionary note is
that digital imaging of fluorescently labelled proteins or cells, in the hands of the inexperienced
can sometimes result in false positives due to confusion with background fluorescence (that
can be high in muscle tissue) and this can be exacerbated by image manipulation.

8b. Molecular analysis—Treatment of animals with compounds can change gene
expression profiles. Gene expression can be measured at the mRNA level, using real-time
quantitative RT-PCR or microarray, or at the protein level by measuring changes in levels of
specific proteins using western blot, Elisa, proteomics (Ge et al., 2003) or phospho-protein
profiling.. Global gene expression profiling using microarrays is increasingly popular to
monitor many mRNAs of target tissues before and after drug therapy. Microarray analysis of
mdx mice at different stages of the disease and muscle biopsies from DMD patients; provide
considerable new insights into muscular dystrophies (Chen et al., 2005; Haslett and Kunkel,
2002; Porter et al., 2003), have identified pathways that are amenable for therapeutic
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intervention early in the disease process and large muscle biopsy microarray data sets are now
in the public domain, (Bakay et al., 2002).

The powerful high-throughput tools of systems biology analysis (for RNA and protein)
combined with biochemical techniques allow verification of the possible involvement of
specific pathways in normal and diseased muscle (Hittel et al., 2007). However, gene
expression patterns are not always easy to interpret, a change in gene expression does not
always result in a change in protein expression and function, sub-threshold changes in both the
gene and the protein may have a great impact for tissue function, and the relative (rather than
absolute) amount of a protein may be the critical factor. Overall, the gene, protein and emerging
non-protein-coding RNA (Pheasant and Mattick, 2007) array methods, which are difficult and
expensive, require additional functional or biochemical analysis to detect real changes in gene
product function.

9. In vivo measurements of whole body function and muscle strength in mice
Body weight is usually monitored (weekly or monthly) throughout chronic experiments as an
index of general health, in addition to numerous tests on whole animals to evaluate overall
functional capacity, muscle strength, muscle endurance and ability to fatigue and adapt. Apart
from the measurements of activity (outlined in Section 9a), there are several simple non-
invasive methods to evaluate muscle function in intact whole animals (Section 9b). The
techniques based on behavioural testing (open field, exercise, grip meters etc.) may be biased
by effect of drugs on tissues other than skeletal muscle, modulating either animal motivation
or animal metabolism that can modify strength and capacity to participate in the test, with the
possibility of false positive or false negative results. Therefore detailed analysis of functional
parameters is required for validation of a benefit. Muscles can be further tested in whole animals
by invasive in situ procedures with some possibility of repeated measurements on an individual
mouse (Section 10) and, finally, many detailed measurements are made in vitro on muscles
removed from animals in terminal experiments (Section 11).

9a. Whole animals: behavioural activity and response to exercise—Since activity
(i.e. exercise) affects the amount of damage of dystrophic muscle, it is very important to
determine whether a drug or treatment has any effect on mouse activity. The Digiscan open
field apparatus measures exploratory locomotor activity of the animal. via a grid of invisible
infrared light beams, with the position of the animal being determined when the beam is
interrupted (Crawley, 1999; Hamann et al., 2003; Nagaraju et al., 2000). Such locomotion and
behaviour is also clearly influenced by some drugs acting on cardiac and neurological systems.
Behavioural tests are prone to variability and significant variation in absolute values can easily
occur between different laboratories and between different experimenters within a same
laboratory: therefore standard protocols must be used for these tests. Mdx mice at certain ages
(e.g. between 10–28 weeks) show reduced locomotor activities in comparison to age and sex
matched control normal mice [Nagaraju; unpublished data].

Other common ways to measure activity include monitoring voluntary wheel running or
treadmill running (as outlined in Sections 4a and 4b). The ability of mdx mice to run in either
of these situations (measured as distance run/day or week, or the time taken to cover a particular
distance) is an indication of their general well-being and muscle function (Brunelli et al.,
2007; Dupont-Versteegden et al., 1994; Radley et al., 2007).

9b. Whole animals: grip bar and rotarod strength and co-ordination
measurements—Functional strength in mice has been widely measured by exploiting the
animals’ tendency to grasp a horizontal metal bar while suspended by its tail. The bar is attached
to a force transducer and the force produced during the pull on the bar can be measured regularly
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(e.g. weekly). This is a relatively simple way of measuring body strength and repeated
measurement can be made on the same individual throughout the life of the mdx mouse. This
grip bar strength dynamometer is the most commonly used (for simplicity and economy) in
vivo test for monitoring impaired limb strength caused by chronic exercise in mdx mice and
whether a specific intervention can reduce muscle weakness (Anderson et al., 2000; Connolly
et al., 2001; De Luca et al., 2005; De Luca et al., 2003; Granchelli et al., 2000; Payne et al.,
2006; Smith et al., 1995). Some studies suggest that strength of mdx mice decreases after 3
months of age, but there is some controversy (Keeling et al., 2007).

Grip strength determination has to be performed under strict experimental condition as it may
be affected by many variables (e.g. volition, cognition and fatigue) independent of muscle
dysfunction. Therefore, as for the other behavioural approaches, the benefit of an intervention
may not be through direct effects on muscle per se. It is important that mouse strength is
determined always by the same operator, using a constant protocol, i.e. a fixed number of
determinations spaced by a fixed time, and possibly in a blind-fashion.

The Rotarod measures overall motor coordination; this is a motorised rotating treadmill which
requires mice to maintain their grip and balance on a rotating drum, or simply lose their balance
and fall off (Bogdanovich et al., 2002; Ozawa et al., 2006; Payne et al., 2006). Other tests for
motor coordination involve coaxing an animal to walk along a narrow beam between two cages,
to examine walking performance over successive weeks of treatment, or the wire hang-test
where a mouse is placed on a wire cage lid, then held upside-down and latency to fall is recorded
(Hamann et al., 2003).

Electromyographic studies are invasive but allow direct in vivo monitoring of electrical
properties of muscles and disease progression in mdx mice (Han et al., 2006a). Other invasive
procedures that directly measure muscle strength (without behavioural complications) are
discussed below (Sections 10 and 11).

10. Whole animals: in situ nerve stimulated contraction with dynanometer to measure
function of muscle groups

Measuring muscle function in situ in anesthetized laboratory mice usually involves measuring
the strength of an entire muscle group, such as the ankle plantarflexors or dorsiflexors using a
dynamometer (Ashton-Miller et al., 1992; Brooks et al., 2001; Hamer et al., 2002; Miller et
al., 1998). This is an invasive technique since the (peroneal or tibial) nerve innervating the
muscle group of the leg is stimulated via surface, hook, or needle electrodes, with the foot of
one leg secured to a force plate. When the muscle group is electrically stimulated, the apparatus
measures the moment developed about the ankle during isometric, isovelocity shortening, or
isovelocity lengthening contractions (Ashton-Miller et al., 1992). One advantage of this precise
in vivo measurement is that changes in the functional properties, e.g. adaptation, of a muscle
group can be repeatedly evaluated in an individual mouse over time [Ridgley, Grounds et al.,
paper under review]. This technique involves minimal surgery and there are no complicating
factors such as muscle injury/repair that could affect force production. The major disadvantage
is that such measurements require the use of elaborate custom-built hardware that is not widely
available.

11. Terminal physiological measurements of muscle function
In many physiological studies, muscles are removed from the animal and various parameters
measured in vitro: therefore these experiments are terminal. Histological analysis can
subsequently be carried out on whole muscles and these data reconciled with the physiological
measurements.
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11a. In situ nerve stimulated contraction of individual whole muscles—For in
situ analysis the distal tendon of (usually) a hindlimb muscle such as EDL, soleus, medial
gastrocnemius, or tibialis anterior is isolated and the tendon is sutured directly to the lever arm
of a force/position controller while still attached to the muscle or muscle group (with the
possibility of repeated experiments over time)(Brooks, 1998); alternatively the tendon is
severed and then secured to the lever arm with suture (this is usually a terminal experiment).
After the tendon is attached to the force–recording apparatus, the knee and body of the animal
is secured, and the muscle in question stimulated by its nerve, e.g. the sciatic nerve (Brooks,
1998; Consolino and Brooks, 2004; Dellorusso et al., 2001; Schertzer et al., 2006; Stupka et
al., 2006). The advantage of this technique (as for the in vivo evaluation in Section 10) is that
the muscle sarcolemma, basement membrane and extracellular matrix connections remain
intact, and the nerve and blood supply are undamaged which permit evaluation of larger
muscles (e.g. tibialis anterior, gastrocnemius) that cannot be evaluated in vitro due to
difficulties with perfusion of such large muscles. A potential disadvantage of the in situ
approach is that since the muscle is stimulated via the nerve, the accuracy of the measurements
relies upon there being no interference with normal innervation. Some neuromuscular
conditions can obviously affect peripheral nerves which may thus interfere with normal
neurotransmission and invalidate the in situ approach.

11b. Isolated whole muscles: in vitro measurements of function—Evaluation of
muscle function in vitro requires careful surgical tendon-to-tendon excision of muscles from
anaesthetized animals; these techniques take time to perfect. The slightest damage to muscle
fibre integrity during surgery compromises muscle force-producing capacity. The isolated
muscle (e.g. usually the whole EDL), is tied to a force recording apparatus which includes a
fixed pin at one end and a lever arm of a dual-mode (force-length) servomotor or simply an
isometric force transducer. The isolated muscle is stimulated by platinum plate electrodes that
flank, but do not touch the preparation. The accurate measurement of maximum muscle force
producing capacity (and power output) in vitro is dependent upon many factors including
surgical dissection, the use of accurate force recording equipment (to ensure that the muscle
is stimulated adequately to recruit all motor units within the muscle) and adequate muscle
perfusion to prevent any part of the muscle becoming anoxic (Lynch et al., 2001). Muscles can
be stimulated to contract with muscle length either maintained (isometric contractions), or
shortened (“concentric” contractions), or lengthened (eccentric or lengthening contractions).
Such in vitro analysis also allows physiological parameters of diaphragm muscle to be
measured (Lynch et al., 1997; Petrof et al., 1993; Stedman et al., 1991). In most cases,
evaluation of muscle function capacity in vivo (Section 10) or ex vivo (Section 11) should
produce very similar maximum forces. If there is a significant discrepancy between these
values, there are deficiencies in the methodology and/or equipment. If any of these parameters
are overlooked, the measurement of the muscle’s true functional capacity will be inaccurate
and therefore evaluation of the efficacy of the pharmaceutical or nutritional intervention will
be compromised. The relative advantages and disadvantages of the in vitro preparation for
assessing muscle function, depend on whether an intact nerve and blood supply is desirable
for a specific evaluation. The in vitro preparation can be advantageous for assessing whether
a treatment affects the contractile apparatus directly, without contributions from the nerve and
blood supply. Ideally, measuring muscle function in situ and in vitro (using a contralateral
muscle) would provide the most comprehensive assessment of treatment efficacy. In practice,
however, such an approach is beyond the scope of most studies both in terms of the time
constraints for investigation and the technical expertise required.

11c. Isolated individual myofibres in vitro—This technique uses isolated individual
myofibres extracted from whole muscles, rather than assessment of isolated muscle fibre
bundles or intact whole muscles. Experiments can be performed on membrane intact myofibres
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(Yeung et al., 2003) or on “skinned” myofibre preparations where the sarcolemma has been
either mechanically peeled (Plant and Lynch, 2003) or chemically permeabilized (Lynch et al.,
2000). This preparation allows for direct testing of the sensitivity of contractile filaments to
activating Ca2+ (or other divalent cations, such as Sr2+) and an assessment of the effects of
treatment on the contractile apparatus. Isolated myofibres can be attached directly between
sensitive force transducers (at one end) and a length controller (at the other end) so that fibres
can be activated (electrically or chemically) and fibre length either maintained, shortened or
lengthened, as per assessments on intact muscle preparations. These experiments can be
informative for assessing the cellular mechanisms of action of novel treatments since they
permit examination of the contractile apparatus and of excitation-contraction coupling. As for
all studies using single myofibres, it is important to recognise that only a limited number of
myofibres can be sampled and these may or may not be representative of the entire population
of fibres within a muscle. In dystrophic muscles, the incidence of myofibres with atypical
morphologies such as complex branching also needs to be considered for these physiological
assessments (Williams et al., 1993). This helps to ensure that the myofibre sampling methods
do not skew findings due to the inclusion of only less damaged myofibres. The single fibre
assessment of muscle function provides a more physiological approach than examination of
myotubes formed in culture (Han et al., 2006b).

12. Calcium regulation and ion channels measurements
12a. Determination of calcium ion homeostasis—Altered Ca2+ homeostasis, linked
to altered activity of various ion channels, has been proposed as a key consequence of
dystrophin-deficiency contributing to the dystrophic pathology and to calcium-dependent
proteolytic events (Alderton and Steinhardt, 2000; De Luca et al., 2003; Whitehead et al.,
2006b). However, it is still debated whether dysregulation of Ca2+ is a primary consequence,
or just another downstream player in the complex pathophysiological cascade. Changes in
excitation-contraction coupling detected by electrophysiology are a functional integrated
monitoring of altered calcium homeostasis (De Luca et al., 2003; De Luca et al., 2001). A
variety of methods including the use of radiolabelled calcium and Ca2+-specific fluorescent
dyes (like Fura-2 and FFP-18) in conjunction with microspectrofluorimetry or fluorescence
digital imaging microscopy, have been used to measure alterations in resting intracellular free
[Ca2+] ([Ca2+]i), sarcolemmal permeability and the events controlling Ca2+ homeostasis. These
techniques are usually applied ex vivo on collagenase dissociated individual myofibres,
myotubes (often of the C2C12 cell line) or intact tendon-to-tendon bundles of muscle fibres,
but similar methods can be used to visualize Ca2+ events in peripherally located myofibres
within intact muscles in vivo. The development of newer generation genetically encoded
calcium biosensors offer the promise of improved Ca2+ sensitivity both in vitro and in vivo and
will allow for powerful two-photon Ca2+ imaging of normal and dystrophic myofibres. A
detailed discussion of these techniques is beyond the scope of this review although the
determination of calcium homeostasis is an important end-point in pre-clinical testing. Despite
different laboratories finding either dysregulation or no change in cytosolic Ca2+ levels in
dystrophic muscle fibres (De Backer et al., 2002), attributed primarily to differences in fibre
preparations and the dyes employed, there is a general consensus that dystrophic myofibres
exhibit an increased sarcolemmal permeability to Ca2+, especially in response to osmotic and/
or mechanical stress (Allen et al., 2005; Fraysse et al., 2004; Han et al., 2006b).

12b. Channels—Altered Ca2+permeability and homeostasis in dystrophic muscle may result
from a greater activity/expression of specific subset of voltage-independent ion channels, rather
than from physical breaks in the sarcolemma (Fraysse et al., 2004; Whitehead et al., 2006b).
Attention has been focused on various ion channels involved in sarcolemmal permeability
including stretch-activated and transient-receptor-potential (TRP) channels, as this may lead
to a better understanding of the pathogenetic events as well as identification of possible target
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for pharmacological intervention (Iwata et al., 2003; Rolland et al., 2006; Whitehead et al.,
2006a). A variety of techniques are used for characterization of the candidate channels, such
as biophysical (see below), immunofluorescent and biochemical approaches (RT-PCR,
western blotting etc) in parallel with toxins, antibodies and drugs able to target specific channels
(Rolland et al., 2006; Suchyna and Sachs, 2007; Yeung et al., 2005).

12c. Other ion channels and biophysical recordings—Sarcolemmal ion channels,
gated by voltage/mechanical/chemical stimuli, are important in determining excitation patterns
and a proper contractile response. In dystrophic myofibers alterations in ion channels can result
either directly from dystrophin-related sarcolemmal defects, or from downstream mechanisms
modulating their function and/or expression. Electrophysiological techniques can measure ion
channel function (voltage-clamp recordings) and membrane excitability characteristics
(current-clamp recordings), by electrode-mediated recordings in isolated muscles or
myofibres. A detailed description of these specialised techniques is beyond the scope of this
review. However, patch clamp recordings in freshly isolated myofibers and/or cultured
myotubes are highly versatile allowing detection of a single channel current for any sort of ion
channel. Although a large number of native freshly dissociated myofibers have to be sampled
to be representative of all muscles, alteration in Ca2+ permeable channels have been clearly
described in mdx myofibers by this approach (Rolland et al., 2006; Vandebrouck et al.,
2002; Yeung et al., 2005). Apart from over-activity of voltage-independent Ca2+ channels, the
muscle chloride (Cl−) channels (CIC-1) are most affected by muscular dystrophy. These
channels are responsible for the large conductance of Cl− (gCl), that provides electrical stability
of the sarcolemma, and are monitored by the intracellular microelectrode current clamp method
in intact isolated muscle. A decrease in gCl is a functional cellular sign of spontaneous (as in
diaphragm) or exercised-induced (as in EDL) damage in mdx muscles, and leads to an altered
excitability pattern (De Luca et al., 1997; De Luca et al., 2003; Pierno et al., 2007). This
biophysical impairment can account for an increased excitability-induced stress of dystrophic
muscle as well as for the EMG abnormalities detected in both mdx mice and DMD patients
(Han et al., 2006a).

13. Part II. Conclusions, recommendation and grading of data
The many techniques that can be used to measure specific aspects of the pathophysiology of
muscular dystrophy (e.g. cellular changes and function), to assess the efficacy of an
intervention, have been outlined. A suite of core methods for analysis of pre-clinical
experiments in the mdx mouse model are outlined in Recommendation II (see Box 3).
Additional techniques will be used depending on this initial analysis and the specific questions
being addressed by various experiments. A flow chart outlining a broader range of analyses is
shown in Fig 2. One result of a recent Workshop on Pre-clinical testing for Duchenne
dystrophy: End-points in the mdx mouse held in Washington, USA in October 2007, is that
details of many Methods for Analysis will be collated and available in 2008 on the websites
for TREAT-NMD (http://www.treat-nmd.eu/) and Wellstone-DC
(http://www.wellstone-dc.org/) to help standardise the use of these procedures.

Scale to grade efficacy of treatment—To enable efficient comparison of data a universal
grade to rank the relative efficacy of each treatment is needed. Since different interventions
may affect one aspect (e.g histology) more than another (e.g physiology) it seems appropriate
to grade the outcome for each parameter, rather than simply use one overall final score. A scale
with 5 grades is proposed for each parameter ranging from 1 (best) to 5 (worst), with
‘1’corresponding to the measurement in normal control C57Bl/10Scsn mice and ‘5’ to that in
untreated mdx mice. (This grading might also be applied retrospectively to many published
papers to try and facilitate some meaningful comparison of existing data).
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Benchmarking of reference data for mdx and normal C57Bl/10Scsn mice is required to help
standardise measurements. While it is appreciated that measurements may vary slightly
between different laboratories (and this may be more of an issue for some techniques), such
reference data for both strains of mice would be very useful to help validate a technique and
to establish the range of values for the grading scale. Much of this information is already
published in research papers, but needs to be collated and readily available on websites (as
outlined above). Reference data for all parameters for both male and female mdx and control
C57Bl/10ScSn mice at one standard age (e.g 12 weeks), plus a range of other ages, including
measurements after exercise, would be most helpful.

The global availability of such detailed background information on various parameters for
analysis that will emerge from new collaborative networks, combined with agreement on basic
core standard procedures for analysis, should rapidly advance the comparison of data between
laboratories worldwide and accelerate research progress.

SUMMARY
This review describes many factors that can influence the variation between similar
experiments in different laboratories (Part I) and critically evaluates the technical and
methodological approaches for analysis (Part II) to help co-ordinate pre-clinical tests in the
mdx mouse. Although the mdx mouse is far from being the ideal model, its use allows us to
gain more insight into the pathology and potential therapies for Duchenne muscular dystrophy.
It is hoped that a more coordinated effort and the joining of different expertise may help to
achieve greater and faster success in this important field. This review makes two major
recommendations. The first relates to basic standardisation of experimental approaches
(Recommendation I) and the second to minimal parameters to analyse to assist with comparison
between laboratories (Recommendation II). These guide-lines are not intended as a limitation
to experimental approach, but rather as a suggestion to help provide more precise answers in
a field with so many expectations. It is hoped that this review and recommendations will serve
as a basis for further discussion and refinements and as a starting point for the implementation
of standard approaches for evaluating pre-clinical studies in mdx mice.

Box 1. Developmental milestones in mice and men

Composite data, compiled in close collaboration with Marta Fiorotto (Baylor College of
Medicine, Houston, Texas)

When trying to draw parallels between the mouse and human for the study of muscle, the
lines should be drawn on the basis of hormonal changes and physiological milestones
beginning with muscle differentiation. It must be recognized that there is not a linear scaling;
the proportion of the life-span taken to sexual maturity is only about 5% for mice, whereas
for man it is approximately 20%. (The long childhood is a unique characteristic of man and
the apes; rodents and many other mammals do not have a “childhood” and they effectively
go from baby to teenager.) There is also a rostro-caudal pattern of development so that the
muscles in the upper part of the body are likely to be at a slightly more advanced stage than
that described below which is derived mainly from the study of (male) mouse hind limb
muscles after birth.

Birth: skeletal muscle is poly-innervated, the tubular systems are rudimentary, and neonatal
myosin heavy chain predominates. At the same time activity of thyroid hormone and the
HPA axis are suppressed. Human muscle is at a similar stage of differentiation at about 18–
22 weeks of gestation.

By 8–10 days post-natally: the tubular system is more mature, fibers have become mono-
innervated and enable the coordinated contraction of muscles to promote balance and
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increased locomotor activity. With respect to locomotor function, mice begin weight
bearing from 1–2 weeks of age, this contributes to synapse elimination (Minatel et al.,
2003) and maturation (Missias et al., 1996), whereas in humans this is completed by birth
(Hesselmans et al., 1993). In mice, activity of the thyroid (McArdle et al., 1998) and
hypothalamic pituitary adrenal (HPA) (Schmidt et al., 2003) hormonal axes are starting to
increase, and replacement of immature MHC by the adult myosin heavy chains is occurring
(Allen and Leinwand, 2001). Mice are suckled on milk which is high fat/low carbohydrate.
This roughly corresponds with a newborn human (Bronson, 2001; Elmlinger et al., 2001).
[In mdx mice, blood CK levels at 7 days are the same as normal mice but by 10 days are
elevated – indicating early symptoms of the disease]

14–16 days: Milk is gradually becoming limiting and insulin levels decrease substantially.
The GI tract is not fully capable of digesting complex carbohydrates, and there is evidence
from the inflexion in the normal muscle growth curves, that growth capacity is limited. At
this time myostatin is also increasing rapidly. Muscle IGF-II mRNA and muscle IGF 1
receptor levels are approaching a nadir. In the human this represents about 3 months of age.

19–21 days: Mice are fully weaned: muscle is mature (Allen and Leinwand, 2001). Diet is
now largely chow, and there is very rapid growth of the muscle. Growth hormone starts to
increase from 21 days and peaks around 28–30 days (Alba and Salvatori, 2004). This
represents approximately 6 months in humans (Butler-Browne et al., 1990; Mehta et al.,
2005). [In mdx mice, acute muscle necrosis starts in hind limb muscles from 21 days:
necrosis is seen in forelimb and other muscles at earlier ages]

4–5 weeks: pre-adolescence in mouse; gender differences are just beginning to emerge:
equivalent to about 10 years of human age.

5–7 weeks: puberty in mice (Jean-Faucher et al., 1978), they are fully fertile and growth
rate decreases: about 14–18 years of age in humans (Rodriguez et al., 2007).

Around 10–15 weeks: muscle has reached a maximum size in mice and growth in general
has reached a plateau (Balice-Gordon and Lichtman, 1993): >20 years in the human. [In
mdx mice, muscle necrosis stabilizes to a low persistence level of damage, <10% of muscle
affected, that is increased by exercise]

12–18 months: in the mouse a gradual diminution in muscle mass becomes evident from
18 months, i.e. start of sarcopenia. In humans, this starts significantly after about 50 years
of age (Shavlakadze and Grounds, 2003).

24+ months: lifespan in the mouse is approximately 30 months (varies between strains),
that may correspond to about 80 years in humans. [In mdx mice, myofibre necrosis in hind
limbs is further decreased and blood CK levels are very low by one year of age]

SUMMARY of possible parallels for younger mdx mouse (during first 6 months)
Mouse (weeks) 1 2 3 4 6 8 12 26
Human newborn 3m 6m 10yr 16–

18yr
20 yr 25yr 35yr

Box 2. Recommendation I: Basic standard experimental regimes for pre-
clinical testing

Basic regimes to assist with global standardisation of studies in mdx mice are suggested.
(Other issues of standardisation related to animal husbandry and developmental and
neonatal influences can be more challenging to address). Key issues to consider are: age of
onset of treatment and sampling (influenced by the experimental aim); sampling at standard
ages to facilitate comparison of much data; gender (specify gender; males may be more
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suitable for testing some drugs); each litter should be divided into test and control mice to
help reduce variation; exercise –either voluntary wheel (the total distance run by each mouse
must be measured) or forced treadmill running. (Protocols for analysis are outlines in Part
II)

REGIME A To test the effects of interventions on the acute early stage of the disease
treatments are started before the onset of necrosis (from about 14–17 days): two sampling
regimes are outlined.

A1. Sample at 28 days. Treatment is started by day 17 with tissues sampled at 28 days (4
weeks) initially. This specifically targets the initial acute phase of myofibre necrosis.

A2. Sample at 12 weeks or later. Treatment can easily be extended to further sampling and
analysis at 12 weeks (as for B1). Half of the mdx mice ideally should be exposed to exercise
from 4 weeks of age (either voluntary wheel running or treadmill twice a week – or a
combination) to increase the severity of the disease. Note: young mice before 4 weeks of
age do not exercise well. (Longer term studies can build on this).

Advantages: treatment starts before the major initial bout of damage to mdx limb muscles.
Interpretation is simplified due to absence of pre-existing background pathology. This
young age relates to childhood events in DMD.

Disadvantages: this is an active period of growth and some drugs may have adverse effects
or be difficult to administer to very young mice. Biological variation can be high due to
differences in the time of onset and severity of pathology between young mice.

REGIME B To test the effects of interventions on adult and older mice where there is a
relatively low background level of pathology. These regimes all involve exercise

B1. Short term (2 day) studies to specifically test the impact on myonecrosis. This is a quick
‘proof-of-concept test. Treatment of mice exercised with a single bout of treadmill exercise
(day 0), or overnight wheel running and sampled on day 2. Use of 12 week old mice
corresponds to a standard sampling time.

B2. Short term (one month) studies in young adult mice. Treatment of young adult mice (8
weeks) where active necrosis is low (but much pre-existing pathology exists). One month
of treatment/exercise with sampling at 12 weeks is a simple protocol.

B3. Long term studies. Treatment/exercise starting at 4, 8 or 12 weeks and sampling at 12,
24 or 52 weeks.

B4. Fibrosis and later aspects of the disease. In some cases the treatment/exercise might
start at 6 months. However, chronic exercise started at earlier stage can increase fibrosis,
and thus some of these aspects can be investigated during B3 protocols.

Advantages: easy to obtain and work with older mice. Pathology has stabilised and is more
standardised. Exercise exacerbates severity of the disease and can shorten the time required
to show effects

Disadvantages: the pre-existing background pathology can complicate interpretation of
results.

Box 3. Recommendation II. Basic methods to analyse the pre-clinical
experiments

A core of basic measurements that are possible for most laboratories is proposed. Clearly
many other measurements are possible routinely in various laboratories but the core
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measurements should be made by all laboratories to help standardise basic comparison of
data.

If an effect is found then many additional analyses can be undertaken often using the existing
sampled tissues.. Therefore, need to ensure that tissues are collected in the correct way for
such further analyses e.g.fresh myofibers for electrophysiology or calcium determination
and frozen sections for immunohistochemistry, frozen tissues for protein and RNA.

Physiological measurements are very informative but may not be possible in all laboratories
(therefore this is shown in italics). However some measure of muscle function and strength
such as the capacity for exercise or grip strength should be included.

The minimal measurements are indicated below in the order in which they would be done
for sampling. Items 3 and 4 are essential. However, it is highly recommended to try and
include items 1 and 2. This simple suite of procedures is based on standard analyses along
with the opportunity for more in-depth investigations. (An example of a flow chart for a
pre-clinical drug trial is shown in Fig 2).

1. Ongoing measurements During the experiment, some simple non-invasive
measurement of muscle function such as monitoring the exercise capacity and/or
grip strength or rotarod activity can be undertaken regularly (Section 9). In
addition, body weights should be measured regularly, at least at the beginning and
end of the experiment.

Ideally, whole body imaging would also be performed but this is not yet optimised
and specialised equipment is required (Section 6).

2. Muscle strength. Study of isolated EDL and other muscles ex vivo to measure
specific force and strength is done immediately after sacrifice (Section 11a).

3. Blood At the termination of the experiment, blood should be taken, serum prepared
and stored frozen, for analysis of serum CK enzyme activity (Section 5c).

4. Muscle histology Analysis of H&E stained transverse muscle sections (frozen or
paraffin) is essential to quantitate areas of active muscle necrosis and regeneration,
previous regeneration and (sometimes) unaffected myofibres, along with fibrosis
and other features as required (Section 7).

Use of EBD (that involves injection of the dye prior to sampling) or post-sacrifice immersion
of samples in procian orange to indicate leakiness are both optional (Section 5).
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Fig 1. Histological features on a transverse section of exercised adult mdx quadriceps muscle stained
with Haematoxylin and Eosin (all images are from the same muscle section)
A) Active muscle necrosis characterised by many inflammatory cells which have infiltrated
dystrophic myofibres (sarcoplasm is barely visible). B) Active muscle necrosis characterized
by fragmented sarcoplasm of dystrophic myofibres with irregular shape and few myonuclei;
inflammatory cells are not conspicuous. C) Recent regeneration shown by small dystrophic
myofibres (sometimes seen as smaller myotubes) with central nuclei. D) Regenerated muscle
indicated by large mature dystrophic myofibres with central nuclei. Scale bar represents
100μm.
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Fig 2. Example of flowchart for a typical 3–6 month preclinical drug trial in mdx mice
based on protocols used by the authors. The items shown in bold (indicated by A) are essential
for all pre-clinical trials. Many of the remaining procedures (indicated by the letter B) are highly
recommended, with additional analyses also included.
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