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ABSTRACT

The effects of the antifibrotic drug Halofuginone hydrobromide (Halo) on muscle
function, regeneration and cardiorespiratory function were studied using the mdx mouse,
a homologue of Duchenne muscular dystrophy (DMD). Halo is an antifibrotic drug that
is thought to affect only the “pathological” collagens. Halo prevents fibrosis as well as
resolve pre-established fibrosis. It was hypothesized that Halo treatment would resolve
pre-established fibrosis and prevent further collagen deposits. This would improve
muscle function and regeneration, as well as cardiorespiratory function.
Mice 8-9 months old were treated with saline or Halo for 5 (n = 4/group), 10 (n =
5/group) and 12 weeks (n = 4-5/group). Muscle strength and endurance were evaluated
weekly. Plethysmography was done to assess respiration, followed by an injection of
Evans Blue Dye and exercise to induce muscle damage. Mice were then euthanized and
tissues were collected for protein studies and histological examination. Two additional
groups of mice were treated for 10 weeks (young mice 3-4 wks n = 9-10/group; old mice
8-9 mos n = 8-10/group) and echocardiography was performed.
Treatment with Halo significantly increased hepatocyte growth factor (HGF); this
is thought to decrease myofibroblast activation and proliferation. Halo significantly
reduced expression of collagen and decreased collagen content. As a consequence of
reduced fibrosis, muscle repair was more effective and damage was reduced. There were
significant functional improvements after treatment for 5 or 10 weeks and the progression
of disease was slowed.
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This research is especially important because it shows a resolution of pre-existing
fibrosis and a reduction of new collagen synthesis. This treatment could potentially
improve quality of life and lengthen the lifespan of boys with DMD.

3
Chapter 1. INTRODUCTION

1. DUCHENNE MUSCULAR DYSTROPHY

Duchenne muscular dystrophy (DMD) is an X-linked disorder that affects
approximately 1 in 3500 boys (Brown and Lucy 1993). DMD is a disease which causes
muscle wasting, because muscle is easily damaged by exercise. In the initial stages of
DMD, damage is followed by muscle regeneration, but muscle is eventually replaced by
fat and collagen, so muscle weakness becomes progressively more profound. Initially
infants appear normal, but by the age of 3-5 years clinical symptoms are exhibited. Signs
are a wide gait, falling often, and employing Gower’s maneuver (Iannaccone and
Nanjiani 2001). Most DMD-affected boys require the use of a wheelchair by 12 years
old, reducing their quality of life. In addition to musculoskeletal deficits, some DMD
patients have central nervous system disorders such as cerebral atrophy (Yoshioka et al
1980) and abnormal dendrite branching (Jagadha and Becker 1988), causing mild mental
retardation and behavioural problems in 20-30% of DMD patients (Blake and Kroger
2000). This also contributes to a diminished quality of life. As the disease progresses,
ventilatory assistance is required, and ultimately leads to premature death of DMD
patients in their early twenties from cardiac dysfunction and respiratory failure. Notably,
recent improvements in medical therapy and support in the Western world are pushing
this interval to early thirties and beyond.
DMD is caused by a mutation to the DMD gene coding for dystrophin (Hoffman
et al 1987a). The gene is located at the Xp21 locus (Roberts et al 1992). In DMD, the
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mutation of this gene causes dystrophin to be missing, truncated or mutated, depending
on the precise location, size, and type of mutation.

a) Dystrophin
Dystrophin is a very large protein (427 kD); the dystrophin gene is also enormous
(3.0 MB). This makes it hard to detect mutations and predict phenotypic outcomes and
abnormal dystrophin expression. Dystrophin is a rod-like protein located within the
sarcolemmal dystrogycan complex (DGC) cytoskeleton of a muscle fiber. It bridges the
inner cytoskeleton, the sarcolemma, and the extracellular matrix (ECM), acting like a
“shock absorber”, and is therefore essential for the integrity of the muscle membrane
(Blake et al 2002,Durbeej et al 1998,Henry and Campbell 1999).

b) Dystroglycan complex (DGC)
The dystroglycan complex (DGC) is located within and just below the
sarcolemma and is associated with laminin (in the ECM) (Ervasti and Campbell
1993,Hemler 1999), dystrophin (see chapter1, section1a above), and actin filaments
(Ibraghimov-Beskrovnaya et al 1992);(Ervasti and Campbell 1991). The DGC is
composed of many proteins in a wide range of molecular weights; these are either
dystrophin-associated proteins (DAP) or dystrophin-associated glycoproteins (DAG).
The DGC has been further separated into dystroglycan complex and sarcoglycan
complexes. The dystroglycan complex is composed of an α-dystroglycan, binding to
laminin (Ibraghimov-Beskrovnaya et al 1992), and a β-dystroglycan, binding to the Cterminal of dystrophin (Ohlendieck 1996). There are three sarcoglycan proteins: α-
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saroglycan, β-sarcoglycan, and γ-sarcoglycan which form a smaller complex (Lim and
Campbell 1998). The dystroglycan and sarcoglycan complexes are both absent in DMD
(Love et al 1989). During muscle contraction, force from the sarcomeric actin filaments
is transmitted to the actin cytoskeleton, through the DCG, across the sarcolemma, and to
the ECM. In DMD, the loss of dystrophin causes this transmission of force to be
disrupted, disrupting the membrane and causing fibers to degenerate.

2. NORMAL MUSCLE HISTOLOGY

Skeletal muscle is made up of bundles of long multi-nucleated fibers. Nuclei are
peripherally located, distinguishing skeletal muscle from other muscle types. Muscle
fibers are arranged in organized bundles surrounded by the epimysium (surrounds entire
muscle). Septa from the epimysium run within the muscle surrounding each bundle of
fibers (uniformly sized); this is called the perimysium. Further in still, each muscle fiber
itself is surrounded by connective tissue, called the endomysium, and by the sarcolemma.
Connective tissue in the muscle is important for integrating lateral forces from the
contracting muscle fibers.
Skeletal muscle is classified as striated muscle; cross-striations delineate the
contractile unit of the muscle, the sarcomere (2.2μm to 3.5μm in length). Contractile
units are penetrated by T-tubules, which are responsible, along with the sarcoplasmic
reticulum, for calcium regulation. For muscle contraction, a neurotransmitter
(acetylcholine) is released by the nerve terminal into the synaptic cleft. Acetylcholine
causes the muscle membrane to depolarize, which signals T-tubules joined in a triad with
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the sarcoplasmic reticulum to signal calcium release from the sarcoplasmic reticulum.
Calcium binds to troponin on actin filaments which moves tropomyosin from the myosinbinding site to allow interaction between the actin filament and myosin head (Alberts et
al 2002). Myosin heads pull along the length of the actin filaments, shortening the
sarcomere (sliding filament theory). Coordinated contraction of all fibers ensues and a
pull force is exerted on the tendons. Lateral forces are also applied to the sarcolemma
and ECM by the dystroglycan complex (see chapter1, section1b above). The contraction
ends when calcium is rapidly pumped from the sarcoplasm into the sarcoplasmic
reticulum by an ATP-dependent calcium pump (Ca2+-ATPase). The muscle is now
relaxed.

3. NORMAL MUSCLE REGENERATION

a) Myogenesis
Myogenesis is the process by which repair and development of muscles occurs by
the proliferation and differentiation of muscle progenitor cells. These muscle progenitor
cells are referred to as satellite cells.

b) Satellite cells
Satellite cells, named for their location, are found between the external lamina and
the sarcolemma of muscle fibers (Mauro 1961). There is a visible differentiation between
embryonic derived satellite cells and myoblasts (Bischoff and Heintz 1994). Adult
skeletal muscle satellite cells are mononucleated cells that sit in a 15nm depression
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between the basal lamina and the plasmalemma of the myofibers (Ishikawa 1966). In
adult muscle these cells are quiescent (Schultz et al 1978) and only enter the cell cycle
with a stimulus to form new muscle fibers or to repair damaged muscle fibers (Schultz
and McCormick 1994).

c) Injury
Muscle injuries are caused by direct or indirect (stretch/contractile) trauma.
Contractile injuries, the source of indirect injury to muscle, result from muscle stretching
or contraction. They cause the muscle to tear, leading to an increase in intracellular
calcium levels through calcium leakage. Excessive calcium stimulates muscle fiber
degradation (Armstrong 1990). The myofibrils subsequently lose their structural
architecture (Carpenter and Karpati 1979), and then more calcium enters, which activates
proteases and cleaving proteins. Desmin in the sarcolemma is disrupted, causing
disruptions in the Z disc and A band; sarcolemmal disruption stimulates an inflammatory
process (Best and Hunter 2000).

d) Inflammation
Inflammation due to muscle fiber damage is a T-cell mediated process that is a
key feature in muscle pathology. In muscle, inflammatory cells play a critical role in
activation of myofibroblasts (the cell that produces connective-tissue collagen in response
to injury, see chapter1, section8c) and satellite cells (which are muscle precursor cells,
see chapter1, section3b). After damage the muscle releases chemotatic factors that attract
polymophonuclear leukocytes (Orimo et al 1991); upon arrival at the site of injury, the
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leukocytes produce cytokines and cause the release of reactive oxidase species that upregulates inflammation (Best and Hunter 2000) and attracts macrophages to the site of
damage (Nathan 1987). An initial population of phagocytotic macrophages causes
membrane lysis and increase muscle injury (Nguyen and Tidball 2003a,Nguyen and
Tidball 2003c,Wehling et al 2001), in order to destroy all the damaged muscle fibers
(Krippendorf and Riley 1993,St Pierre and Tidball 1994,Tidball et al 1999). A second
non-phagocytotic population of macrophages invades the muscle (McLennan 1993).
These macrophages release interleukin-6 (IL6), thereby stimulating satellite cell
proliferation (Allen et al 1995) while delaying differentiation (Merly et al 1999). Crosstalk between white blood cells and muscle fibers inhibits macrophages once repair is
complete, so as not to cause further damage (Allen et al 1995,Nguyen and Tidball 2003b).
Simultaneously, myofibroblasts (see chapter1, section8c) are recruited to the site of
injury to regenerate connective tissue. They also appear to release cytokines that activate
inflammatory responses (Walther et al 1988). To prevent undamaged fibers from
becoming damaged, the areas of injury are sealed off by collections of blood-borne
inflammatory cells that infiltrate the muscle (Hurme and Kalimo 1992,Robertson et al
1992).

e) Activation, proliferation, differentiation and fusion
Muscle regeneration starts when satellite cells are activated, or enter G0 of the
cell cycle. Otherwise, satellite cells in normal adult muscle are in a quiescent state.
When satellite cells are activated they get larger and migrate from their original fiber
(Anderson and Pilipowicz 2002,Schultz et al 1985).
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After an injury, contact inhibition of satellite cells is stopped and activation and
proliferation ensue (Bischoff 1990). Several factors act in stimulating proliferation of
satellite cells. Shortly after muscle injury, nitric oxide is released in rapid pulses as a
result of nitric oxide synthase-1 (NOS-1) up-regulation. This release activates quiescent
satellite cells (Anderson 2000). Hepatocyte growth factor (HGF) is critical in satellite
cell stimulation; HGF is involved in most organ regeneration (Nakamura et al 1989).
HGF binds to c-met, a receptor on quiescent satellite cells, and stimulates satellite cell
proliferation (Tatsumi et al 1998). Insulin-like growth factor -1 (IGF-1) is upregulated in
skeletal muscle after injury and activates and promotes satellite cell proliferation (Adams
et al 1999,Vierck et al 2000). Different isoforms of IGF-1 are involved in regeneration:
mechano growth factor (MGF) and IGF-1Ea. MGF expression peaks within one day
after mechanical stress, suggesting it is an activator of satellite cell proliferation. While
the peak in IGF-1Ea expression is not until several days after injury, it is thought to
regulate late rather than earlier stages of proliferation (Hill et al 2003b).
Once activated, satellite cells enter the mitotic cycle and proliferate. Markers for
satellite cell proliferation include expression of proliferating cell nuclear antigen (PCNA)
(Johnson and Allen 1993) and Ki67, which can be detected during DNA synthesis, while
markers for S-phase in the cell cycle are BrdU or tritiated-thymidine incorporation into
new DNA. These are general markers of early proliferation/activation. An early marker
specific for satellite cell activation is a method to detect HGF colocalization with c-met,
and c-met expression (Anderson 2000,Tatsumi et al 1998). Within 3-6 hours muscle
regulatory genes, myoD and myf5 are expressed (Grounds et al 1992). Two other
markers of satellite cell activation are c-fos and c-jun, which are immediate early genes
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and are expressed as soon as thirty minutes in tissue culture (Wozniak and Anderson
2007). Expression of IGF-1Ea in the muscle causes satellite cell proliferation to increase
(McKoy et al 1999,Yang et al 1996).
Satellite cell daughter cells, called myoblasts, also express myf5 and myoD
(Grounds et al 1992). Myoblasts continue to express myf5 and myoD through
proliferation and also express myogenin, sometimes simultaneously with myf5 and myoD,
other members of the muscle regulatory-gene family. Cells proliferate until protein
expression shifts them to differentiate, or the cell environment limits proliferation signals
(Sabourin and Rudnicki 2000).
Myoblasts begin to differentiate. Differentiation is the process by which
myoblasts exit the cell cycle and fuse either with existing muscle fibers or form new
muscle fibers with centrally located nuclei (Florini and Magri 1989). Myogenin
upregulation and the down-regulation of pax7 expression, mark the onset of myogenic
differentiation (Weintraub 1993,Yablonka-Reuveni and Rivera 1994) (see figure A in
Appendix A).

4. PATHOPHYSIOLOGY OF DYSTROPHIN DEFICIENT MUSCLE

Duchenne first described the clinical features of dystrophy (now called Duchenne
muscular dystrophy (DMD). Histologists then examined its histopathology, and later
Mokri and Engel (Mokri and Engel 1975) further described DMD using electron
microscopy. Lesions were observed in the sarcolemma, and they were noted close to
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abnormal cytoplasm; this lead to the theory that DMD muscle fibers are fragile and leaky
(Mokri and Engel 1975,Rowland 1976). We now know that this permeability is made
worse by mechanical stress. This is seen in experiments using Evans Blue Dye (EBD)
(Bradley and Fulthorpe 1978) in mdx mice (Matsuda et al 1995,McArdle et al
1994,Petrof et al 1993,Straub et al 1997). This marks exercise-induced damage to the
sarcolemma, as the dye binds to albumin which leaks into fibers with a permeable
sarcolemma. Another marker is plasma creatine kinase (CK) levels. When the
sarcolemma is torn, CK leaks out of the muscle cells. With exercise, CK levels are
higher in mdx mice compared with control mice (Carter et al 1995).
Calcium content is increased in DMD muscle (Bertorini et al 1982b,Bertorini et
al 1984), as seen by high [Ca+2]i (intracellular calcium concentration) in myofibers and
myotubes, and higher levels of Ca+2 in the sarcoplasmic reticulum. This observation has
led to the calcium-overload hypothesis that describes the ionic basis of many myopathic
conditions (Wrogemann and Pena 1976).
Some data suggest that proteases, especially calpains, have a role in the
pathophysiology of DMD (Spencer et al 1995,Spencer and Tidball 1996). However,
details of that activity are not well understood.

5. MYOGENESIS IN DUCHENNE MUSCULAR DYSTROPHY

In DMD muscles there is constant cycling of degeneration and regeneration, but
with age the repair phase becomes continually less successful. Muscles become
progressively weaker and are replaced with fat and connective tissue. In DMD muscle,
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regeneration is insufficient to compensate for this continuous breakdown. Interestingly,
the decline in regenerative capacity is not from a morphological difference in satellite
cells (Watkins and Cullen 1986) or any reduction in satellite cell numbers (Watkins and
Cullen 1988). However, satellite cell lifespan may be shorter in DMD because the
telomeres shorten from the repetitive regeneration. This limits the number of cell cycles
that one cell can undergo (Decary et al 1996). In DMD muscle, nitric oxide synthase-1
(NOS-1) is downregulated, causing an inhibition of nitric oxide (NO) release, so satellite
cells are over-activated (Anderson 2000). Early in DMD, satellite cells easily become
activated. Activated satellite cells that migrate into the inter-fiber space are called
myoblasts. Muscles hypertrophy, apparently as an early consequence of muscle
weakness and this is partly enabled by satellite hyperactivity. Ongoing repair produces
an increasing value for the central nucleation index, as repaired fiber segments have
central nuclei. However, the central nucleation index can decrease as fibers are lost and
replaced with fat and connective tissue during the later progression of dystrophy. As
regeneration continues and myoblast divisions accumulate, there will be fewer satellite
cells able to enter or complete the cell cycle due to telomere shortening; therefore
muscles become progressively weaker and fibers are lost.

6. ANIMAL MODELS FOR DUCHENNE MUSCULAR DYSTROPHY

Cat, dog, and mouse models have all been used to study Duchenne muscular
dystrophy (DMD). The hypertrophic feline muscular dystrophy (HFMD) cat and the
canine X-linked muscular dystrophy (CXMD) dog/ golden retriever muscular dystrophy

13
(GRMD) dog, for which there are published descriptions of phenotype and
histopathology, are available (Carpenter et al 1989,Cooper et al 1988a,Cooper et al
1988b,Winand et al 1994). The HFMD cat shows prominent hypertrophy without the
other pathologies of dystrophin (Gaschen et al 1992); this indicates a feline-specific
pathology, and therefore is an unsuitable model for DMD in most studies. Unlike the
HFMD cat, the CXMD/GRMD dog is the closest model to DMD in phenotype and
histopathology. The CXMD/GRMD dog muscles have a complete absence of dystrophin,
and show early muscle degeneration. Dogs lose mobility and die by one year of age from
respiratory failure. The CXMD/GRMD dog is the ideal model to study DMD, however,
because of the cost and temporal issues associated with using the dog model, most
researchers opt to use the mdx mouse model, at least until major pre-clinical trials are
undertaken.

a) Mdx mouse
The mdx mouse model was discovered in 1984 in a colony of C57/BL10 mice.
They were originally isolated because they had abnormally high levels of pyruvate kinase
and abnormal muscle lesions. These mice have an X-linked dystrophy (Bulfield et al
1984) that was later found to be due to a mutation at the base pair in position 3185 in the
dystrophin gene (Amalfitano and Chamberlain 1996,Sicinski et al 1989) affecting the
identified gene to that affected in DMD (Hoffman et al 1987b).
Unlike DMD patients, the mdx mouse appears to have little “clinical”
manifestation of dystrophy, although from regular handling we can establish that mice
are weak. The mouse lives a relatively long life, although the lifespan is markedly
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shorter than that of normal C57/BL10 mice; the mdx mouse rarely lives past two years of
age (Pastoret and Sebille 1995a,Pastoret and Sebille 1995b), while wild-type mice live
two and a half to three years (Lynch et al 2001).
The muscle phenotype of mdx mice is similar to DMD, except for the severity;
the difference in severity is especially notable early in life. Mdx mouse muscles display a
higher central nucleation index than DMD muscle (Karpati et al 1988), and show less
fibrosis and less severe muscle degeneration in limb muscles. However,
histopathologically there are many similarities between dystrophin-deficient myopathies
in mdx mice and DMD patients. As in DMD, muscles in mdx mice undergo damage
repair cycles, have increasing central nucleation with age, and show increasingly wider
ranges of fiber size (Carnwath and Shotton 1987,Coulton et al 1988b,Torres and Duchen
1987). The damage is more extensive in DMD and has greater functional consequences.
Fibrosis and adipose tissue deposits are less extensive in mdx muscle than in DMD
muscle. Similar to DMD, mdx mice undergo early degeneration/regeneration, which
increases progressively. In DMD, however, there is more muscle to regenerate and the
disease is more extensive, so the regeneration capacity is reached earlier than in mdx
mice. At this stage the fibrosis and fat infere more with regeneration in DMD tissue.
Therefore, both mdx muscle and DMD muscle show disease progression, although at
different rates.
Muscle fibers in mdx mice have a greater variation in cross-sectional area
compared with the same muscles in C57/BL10 (wild-type) mice due to the appearance of
large hypertrophic and small regenerating fibers in the same muscle. There is also an
increase in fibrosis with age (Anderson et al 1987,Carnwath and Shotton 1987). Mdx
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muscles have been shown to generate less twitch and tetanic force per cross-sectional
area than muscles in wild-type mice (Anderson et al 1988,Coulton et al 1988a,Dangain
and Vrbova 1984). Later researchers found that the mdx mouse diaphragm muscle was
more similar to the severe muscle phenotype in DMD patients than mdx mouse limb
muscles (Stedman et al 1991). The mdx diaphragm also exhibits a higher level of
fibrosis than C57/BL10 mice, and fibrosis is also greater in mdx diaphragm than mdx
limb muscles. The muscle of the diaphragm becomes dysfunctional prior to an increase
in collagen content (Coirault et al 2003).
The mdx model is said to have two limitations for the study of DMD; the first is
its delayed progression compared to DMD, and the second is its milder tissue pathology
and functional phenotype.

b) Mdx muscle and age
As mdx mice age, the muscles become more similar to those in DMD. Mouse
muscles exhibit declining regeneration, decreasing overall weight and muscle weight, and
large variations in fiber size, with many atrophic and split fibers (Pastoret and Sebille
1995a,Pastoret and Sebille 1995b). There are also large increases in the amount of
fibrosis in skeletal muscle (Pastoret and Sebille 1995a) as the damaged myofibers are
replaced with ECM and adipose tissue as part of tissue repair processes. In old mice, the
progress of limb muscle weakness is quite advanced, and is accompanied by dystrophic
changes in cardiac and respiratory muscles (Lefaucheur et al 1995). Kyphosis and spinal
deformations progress with age in the mdx mouse (Laws and Hoey 2004). Functionally,
the diaphragm, and less so the skeletal muscles are able to generate lower force, and

16
contractions are slower. As the mice age, they show progressive signs of exhaustion
from exercise. After being subjected to involuntary exercise, older mdx mice were
fatigued and prostrated for several minutes, and some died shortly after exercise, while
controls showed no signs of exhaustion (Vilquin et al 1998).
As mdx mice age, their muscles show changes in protein expression. By three
months of age proteins involved in energy metabolism, growth and differentiation, serine
protease inhibition, calcium homeostasis, and cytoskeleton organization are mostly
overexpressed, with the exception of adenylate kinase 1, which is underexpressed as
compared to control mice (Ge et al 2004).

7. COLLAGEN

a) General information
Collagen is a ubiquitous, structural, filamentous protein that makes up part of the
extracellular matrix (ECM) in connective tissue and parenchymal tissue. It is the most
abundant protein in the body and more than two dozen types have been described (Brown
and Timpl 1995,Kadler 1995,Myllyharju and Kivirikko 2001,Ricard-Blum and Ruggiero
2005). Members of the collagen family all contain proline-rich domains with repetitions
of tripeptides Gly-X-Y. In the last few years, collagen functions have been shown to
vary widely and are not limited to structural support in tissues.
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b) Structure
The word “collagen” generally refers to a large protein made up of three protein
chains coiled into a triple helix. The distinguishing feature of collagen is its chemical
structure: a right-handed triple helix composed of three α-chains (Kuhn 1995,Piez and
Carrillo 1964). The three α-chains, either homotrimers or heterotrimers, are coiled
around a central axis to form the triple helix (Fraser et al 1983), as originally proposed by
Ramachandran and Kartha in 1954. Glycine, the smallest amino acid, is found in every
third position of the collagen protein chain domain (Gly-X-Y). Because glycine is small
in size, it faces into the helix, while the other larger amino acids point outwards; this
enables tight packing of the collagen α-chains and helices. Assembly of the helix takes
place in the endoplasmic reticulum, and at this stage the molecule is referred to as a
procollagen.
Collagen helices are resistant to most proteases (Bruckner and Prockop 1981) and
can only be degraded by collagenase, which is a matrix metalloproteinase (MMP)
(Goldberg et al 1988). MMP cleavage is thought to be involved in tissue remodelling,
inflammation, and bone and cartilage remodelling (Varghese 2006,Yu et al 1997).

c) Collagen classification
Based on the structure and molecular organization of the α-chains, collagen can
be grouped into one of several classes. These classes are: fibril-forming collagen (I, II,
III, V, XI), basement membrane collagen (IV), microfibrillar collagen (VI), anchoring
fibrils (VII), hexagonal network-forming collagen (VIII, X), fibril-associated collagen
with interrupted triple helices (FACIT collagens) (IX, XII, XIV, XIX, XX, XXI),
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transmembrane collagen (XIII, XVII), and multiplexins (XV, XVI, XVIII) (Gelse et al
2003).

d) Fibril-forming collagens
Fibril-forming collagens make up about 90% of the collagen in the body. They
are divided into different sub-classes by the structure that they form in the body.
Procollagens are secreted into the ECM and converted to collagens by terminal
propeptide cleavage actions by procollagen N-proteinase and procollagen C-proteinase
(Hulmes et al 1995,Kadler et al 1996). The cleaved collagens assemble into
supramolecular structures called collagen fibrils by spontaneous fibrillogenesis
(Kuivaniemi et al 1991). During this process, the molecular structures are stabilized by
relatively low-energy, polar, hydrophobic, and non-covalent bonds, therefore the collagen
fibrils are weak and easily altered by changes in temperature, molecular interactions, and
the ionic strength of their environment. At a later stage, strong covalent cross-linkages
stabilize the collagen fibrillar structure (Seyedin and Rosen 1990). Lysyl oxidase
initiates this cross-linking by oxidative deamination of some lysine residues in the
telopeptides which are the cleaved ends of fibrils (Kagan and Trackman 1991). Lysine
residues in telopeptides in adjacent collagen molecules react with each other forming
Schiff-base cross-links (see figure B in the Appendix A).
Once collagen fibrils are formed they aggregate into large bundles called collagen
fibers.
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e) Collagen I
Collagen I, as classified previously, is a fibril-forming collagen. It is the most
abundant collagen, and forms the bulk of the collagen found in most tissues with the
exception of only a few tissues (hyaline cartilage, brain, and vitreous humor). Collagen I
is a heterotrimer of two α1(I)-chains and one α2(I)-chain. Collagen I is often formed into
a composite with collagen III (Von der 1981). Collagen I in musculoskeletal soft tissue
allows a considerable amount of tensile and torsional strength.

f) Collagen III
Collagen III, another fibril-forming collagen, is a homodimer of three α1(III)chains. It is found in most collagen I-containing tissues with the exception of bone
(Rossert et al 1996). As stated above, collagen III fibrils are often mixed with collagen I
fibrils in muscle and other tissues. It is important to note that there is a need for collagen
in muscle tissue, as it contributes to the physical properties of the tissue. However,
excessive collagen build up in muscle and other tissues affects tissue function and can be
sign of pathology.

8. FIBROSIS
Fibrosis is defined as an increased production of collagen in the ECM of a tissue.
In DMD, fibrosis is demonstrated by large increases in type I and type III collagens in the
muscle (Finsterer et al 2006). Fibrosis is correlated with muscle damage (Zhao et al
2003) and thought to play a crucial role in the mechanisms that lead to death.
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a) Fibrosis in DMD
The loss of muscle function in DMD is closely associated with fibrosis. Fibrosis
builds up as the muscle tissue is damaged, and accumulates via inflammatory and
regenerative processes. Fibrosis and loss of muscle function together lead to respiratory
and heart failure (due to DMD effects on respiratory and cardiac muscles) as well as to
the decline in limb muscle function and contractile strength. Fibrosis is characterized by
an increase in connective tissue in the ECM, specifically collagen (see chapter1,
section7). Increases in both collagens I and III in skeletal muscle have been observed in
DMD (Duance et al 1980,Hantai et al 1985). Cardiomyopathy in DMD is especially
marked by large amounts of fibrosis of the myocardium, especially in the left ventricle.
This is most likely due to increased myofibroblast activity. Fibroblast cultures from
DMD patients secrete large levels of collagen, much higher than those from healthy
individuals (Ionasescu et al 1977).

b) Fibrosis in mdx mouse muscle
Mdx mice (described above) also have fibrotic muscles and eventually die from
fibrosis and loss of contractile function in the heart and respiratory muscles, similar to
DMD. There is an increase in collagen I and III observed in mdx mouse muscles and
also in non-muscle tissue, especially as the disease progresses, and more so than in aging
normal (C57/BL10) mice (Goldspink et al 1994). This is most evident in the heart and
diaphragm (Quinlan et al 2004), although still significant in limb muscles.
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c) Myofibroblasts
Myofibroblasts were first identified by electron microscopy in granulation tissue
of wound healing (Gabbiani et al 1971). Gabbiani and colleagues observed that
myofibroblasts were modified fibroblasts that exhibited features of smooth muscle cells,
such as microfilaments and gap junctions. Later, contractile structures (stress fibers)
were identified, in addition to expression of contractile proteins including α-smooth
muscle actin (α-SMA) (Darby et al 1990).
The contractile units of myofibroblasts contain bundles of actin with non-muscle
myosin (Dugina et al 2001,Serini and Gabbiani 1999,Singer et al 1984). Intracellular
actin fibers link to extracellular fibronectin via transmembrane integrins (Dugina et al
2001,Singer et al 1984), and thereby provide a mechano-transduction system that
transmits forces generated by the stress fibers to the ECM (Burridge and ChrzanowskaWodnicka 1996). In addition, extracellular mechanical signals can become intracellular
signals by reversal of the direction of force transmission (Burridge and ChrzanowskaWodnicka 1996).
Unlike connective tissue fibroblasts, myofibroblasts have gap junctions between
adjoining cells. It has been suggested that gap junctions allow myofibroblasts to form
muticellular contractile units (Gabbiani et al 1978).
Upon injury, signals from inflammatory cells cause fibroblasts to migrate to the
granular tissue (see chapter1, section3c). Fibroblasts then undergo morphological
changes and stress fibers appear. However, these cells do not express α-SMA; they are
poorly differentiated myofibroblasts called proto-myofibroblasts. Proto-myofibroblasts
differentiate into myofibroblasts by the cellular fibronectin splice variant ED-A (Serini et
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al 1998), and express α-SMA. Myofibroblasts are responsible for matrix reorganization
as a result of changes in contractile forces (Grinnell 1994,Harris 1988), thereby
remodelling tissue and matrix and promoting wound closure. Once the wound is healed,
myofibroblasts become apoptotic and are removed by phagocytosis. However, if
myofibroblasts do not undergo apoptosis and continue to remodel the ECM, the
connective tissue becomes increasingly strong. In muscle, this is demonstrated as
contractures which shorten the whole muscle and tighten it between attachments.

d) Transforming growth factor β (TGFβ)
Transforming growth factor β (TGFβ) is a member of a family of polypeptide
growth factors. Members include: activins and inhibins, bone morphogenetic proteins,
growth and differentiation factors, Mullerian inhibitory substance, glial cell line-derived
neurotropic factor, and TGFβ (Kingsley 1994). All these proteins fall within the TGFβ
superfamily. TGFβ family members are dimeric molecules comprised of two monomers,
a β-strand and an α-helix.
TGFβ is known to play a role in fibrosis in DMD. It is highly expressed in DMD
muscle (Bernasconi et al 1995,Ishitobi et al 2000,Murakami et al 1999). TGFβ is also a
major player in connective tissue cell proliferation (Bernasconi et al 1999). It contributes
to both the influx of inflammatory cells as well as the activation of fibroblasts to become
myofibroblasts.
Recent studies have examined the role of cytokines in fibrosis. Cytokines play an
important role in TGFβ signalling. One cytokine that has been shown to play an
important role is interleukin-6 (IL-6). Recently, cross-talk between IL-6 and TGFβ was
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identified in epithelial cells (Walia et al 2003). Zhang et al. (Zhang et al 2005) examined
TGFβ and IL-6 cross-talk in the kidney. They found that IL-6 enhanced TGFβ-receptor
internalization and thereby enhanced TGFβ signalling. IL-13 has also been examined as
an inducer of TGFβ. Fichtner-Feigl et al. (Fichtner-Feigl et al 2006) identified that
interleukin-13 (IL-13) induces TGFβ expression in macrophages. This is a two-stage
process involving induction of IL-13Rα2 (formerly thought to function as a decoy
receptor) by IL-13 and tumor necrosis factor α (TNFα), and IL-13 signaling through IL13Rα2 activation of a TGFβ promoter.
TGFβ is secreted as a latent precursor molecule that must be activated to bind to
receptors and activate signal transduction. The receptor is composed of two homodimers,
one each of type I and type II serine/threonine kinase receptors (Massague 1998).
Receptors sit in lipid-raft and non-raft domains in a membrane (Di Guglielmo et al 2003).
Alterations to membrane compartmentalization thereby regulate TGFβ signalling (Di
Guglielmo et al 2003,Ito et al 2004). TGFβ binds to the type II receptor, which signals
and recruits a type I receptor. A cascade involving Smads ensues.

e) Smad signalling
Smads are signal transducers, named for signal intermediates identified in the
drosophila (Mad) and the caenorhabditis elegans (Sma). Smads are grouped into three
families, receptor-activated Smads (R-Smads), common mediator Smads (Co-Smads),
and inhibitory Smads (I-Smads).
The activation of the type I TGFβ receptor propagates a signal in the cell which
phosphorylates the R-Smads, Smad2 and Smad3 (Eppert et al 1996,Nakao et al
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1997c,Nakao et al 1997b,Yingling et al 1996). Smad2 and Smad3 are localized to the
membrane by Smad anchor receptor activation (SARA) (Tsukazaki et al 1998) and Hgs
(Miura et al 2000) prior to type I receptor activation. Once phosphorylated, an R-Smad
binds with a Co-Smad, Smad4 (Hahn et al 1996). Smad4, like the R-Smads, is also
shuttled to the membrane; this is done by binding with TGFβI-associated protein-1
(TRAP1). TRAP1 is bound to TGFβ receptors at rest, but upon TGFβ receptor activation,
TRAP1 is released and is free to bind to Smad4. Once Smad4 interactes with the RSmads, the complex can enter the nucleus (Hoodless et al 1996,Liu et al 1996a), where
Smads bind to target DNA sequences via their MH1 domains and regulate transcriptional
events. Smads recruit Smurf (Zhang et al 2001,Zhu et al 1999a,Zhu et al 1999b) and
APC to degrade SnoN (Stroschein et al 2001,Wan et al 2001), and therefore degrade
Smads in the nucleus. There is some debate on whether this degradation is Smurfmediated or not (Bonni et al 2001,Kavsak et al 2000).
The I-Smad, Smad7, inhibits TGFβ signalling. Smad7 is translocated from the
nucleus to the cytoplasm, the opposite direction to the R-Smad pathway, in response to
relevant signalling (Itoh et al 1998,Nakao et al 1997a). Smad7 binds to the TGFβI
receptor to inhibit further TGFβ signal transduction. These receptor-bound I-Smads act
as adaptors for Smurf ubiquitin ligases, and can catalyze the degradation of the R-Smad
complex.
The R-Smad, Smad3, has been identified as the regulator of collagen production
(Zhang et al 2000). Therefore, Smad3 is the critical R-Smad involved in the signal
cascade above for the production of collagen in fibrosis.
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f) Matrix metalloproteinase (MMP) and Tissue inhibitor of metalloproteinase (TIMP)
TGFβ and Smad3 not only enhance collagen synthesis in the ECM, they also
inhibit collagen degradation. This is through the down-regulation of tissue inhibitor of
metalloproteinases (TIMPs) (Verrecchia et al 2001) and the upregulation of matrix
metalloproteinases (MMPs) (Yuan and Varga 2001). MMPs are part of a group of zinc
metalloproteinases involved in enzyme degradation of ECM. MMPs share similar mode
of activation and mode of action to TIMPs (Edwards et al 1996). The balance between
TIMPs and MMPs determines the extent of collagen degradation. In skeletal muscle
injuries, MMPs can act by proteolytically releasing growth factors from the ECM during
regeneration. These growth factors stimulate myogenic cells (Allen et al 1995,Bischoff
1997,Clegg et al 1987,Tatsumi et al 1998). Many researchers are exploring MMP
inhibition for cancer treatment; MMPs and TIMPs are also potential targets in developing
new treatments for fibrotic diseases and DMD.

9. MYOSTATIN

Myostatin, also known as growth/differentiation factor 8 (GDF-8), is a member of
the transforming growth factor β (TGFβ) family, and was originally discovered by
McPherron et al. (McPherron et al 1997). They developed a GDF-8 null mouse and
found it had increased mass; when carcass weights were examined, GDF-8 null mice had
an increased muscle mass, contributing to an overall larger size, with no change to
adipose tissue. Upon histological examination, there was muscle hypertrophy noted. On
the basis of this phenotype, GDF-8 was renamed myostatin. Natural myostatin gene
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mutations in cattle (Belgium-Blue and Piedmontese) demonstrate a similar “doublemuscled” phenotype (Grobet et al 1997,Kambadur et al 1997). Nishi et al. (Nishi et al
2002) created a myostatin missense mutant mouse to further investigate histology of the
McPherron mouse (McPherron et al 1997). These missense mutant mice show muscles
with an increase in fiber number (fiber hyperplasia), but without hypertrophy, and authors
reported that this phenotype resulted from expression of a dominant-negative form of
myostatin compared to the myostatin null mutant.
Myostatin mRNA is expressed initially in somites that give rise to skeletal muscle
(McPherron et al 1997); later in development it is expressed in muscle; in adults it is
expressed in skeletal muscle, heart (Sharma et al 1999), and adipose tissue (Lin et al
2002,McPherron and Lee 2002).
A mature myostatin dimer and two pro-peptides, cleaved off the immature
myostatin C-terminals, produce a non-covalently linked complex; in this form, myostatin
cannot bind with its receptor (Hill et al 2002,Hill et al 2003a). When the complex
disassociates, myostatin binds to an ActRIIB receptor (Thies et al 2001), which triggers a
signal cascade. Myostatin follows a similar signal transduction pathway to the other
TGFβ members (see chapter1, section8d), and initiates Smad-protein activation. Zhu et
al. (Zhu et al 2004) have shown that Smad2, Smad3 and Smad4 are responsible for
myostatin signaling, while Smad7 reduces the signalling via the myostatin signal
transduction pathway. Smad7 expression itself is stimulated by myostatin though the
interaction of Smad2, Smad3, Smad4 and the Smad binding element. This feature
suggests that Smad7 regulates myostatin signal transduction by negative feedback.
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Myostatin inhibits myoblast differentiation by repressing myoD, myf5 and
myogenin levels via the Smad3 pathway (Langley et al 2002). Myostatin has also been
shown to inhibit cell proliferation and myoblast apoptosis (Joulia et al 2003).

10. TREATMENT FOR DUCHENNE MUSCULAR DYSTROPHY

Many treatments for Duchenne muscular dystrophy (DMD) are under
investigation, with major headway in the last few years indicating a treatment is not too
distant. There have been three major approaches to the treatment of DMD;
pharmacological, cell therapy, and gene therapy. Animal and human studies will be
discussed together except where more detail is required.

a) Pharmacological
Pharmacological studies use drugs/molecules to try to improve muscle function
and alleviate the severity of the disease phenotype. In the case of DMD, pharmacological
treatments have aimed to decrease inflammation and fibrosis, improve calcium
homeostasis, upregulate utrophin, increase muscle progenitor cell proliferation, and
promote muscle regeneration. Most pharmacological therapies are designed to tackle
only the secondary problems associated with DMD, which is a disadvantage since the
disease continues to progress and treatment must be repetitive. However, there are many
advantages to pharmacological treatments, as they are easy to administer, are more likely
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to be affordable than cell or gene therapies for patients, and they avoid the
immunological and some systemic toxicity issues involved with gene and cell therapies.

a1. Corticosteroids and anti-inflammatory agents
Corticosteroids are one of the oldest therapies used to alleviate the symptoms and
progression of DMD (Barthelmai 1965,Drachman et al 1974). The most studied and
commonly used corticosteroids for DMD are prednisone and its derivative prednisolone.
Prednisolone has been shown to improve muscle force and function as well as delay the
progress of DMD (Backman and Henriksson 1995). Its long-term benefits are currently
being studied by Keeling and colleagues. Prednisone and prednisolone have been shown
to cause loss of bone mass (Khan 1993), latent growth and delayed maturation, and
suppression of the immune system. Similar results were found with prednisone and
prednisolone in mdx mice (Fisher et al 2005,Keeling et al 2007). With the concern about
the adverse effects of prednisone and prednisolone, scientists have explored the use of
deflazacort, an oxazoline derivative of prenisolone. In pre-clinical trials on mdx mice,
deflazacort decreased fibrosis and inflammation, increased fiber size (Anderson et al
1996), increased expression of laminin, a stabilizer of the sarcolemma (Anderson et al
2000), and improved myogenic repair in limb muscles and diaphragm (Anderson and
Vargas 2003,McIntosh et al 1998). Further study of deflazacort in mdx mice showed it
prevented a significant degree of the progression of cardiomyopathy (Skrabek and
Anderson 2001) and improved muscular strength and endurance (Archer et al 2006). As
well, deflazacort was partly protective against exercise-induced fiber damage (Archer et
al 2006). While there are concerns about the effects of long-term steroid treatment (dose-
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dependent side effects), steroids are the gold standard treatment today for DMD (Biggar
et al 2001).
Inflammation, although only a part of DMD, has been investigated extensively for
pharmacological therapies. As seen above, corticosteroids have been shown to reduce
inflammation and restrict it to one fiber to three fibers with a membrane injury. The
inflammatory process that removes the damaged regions makes the damaged area worse,
i.e. it extends the region of damage to ten to twelve fibers. Therefore anti-inflammatory
drugs can have a large positive effect without changing the occurrence of the primary
injury. Corticosteroids also decrease fibrosis that results from primary tissue damage and
that which occurs from secondary inflammation. The use of an anti-inflammatory
treatment, including antibody-mediated depletion of circulating CD4+ and CD8+ T cells
resulted in decreased fibrosis in mdx muscles (Spencer et al 2001). Treatment with some
mast-cell stabilizers, normally used in asthma, has also been accompanied by increased
muscle strength in mdx mice (Granchelli et al 1996).

a2. Calcium homeostasis
DMD patients accumulate large amounts of intracellular calcium in skeletal
muscle (Bodensteiner and Engel 1978). Extraocular muscles, which are unaffected by
DMD, are able to maintain calcium homeostasis (Khurana et al 1995); since this differs
from the other muscles in DMD, the observation was explored further by researchers. It
is not yet determined whether a loss of calcium homeostasis initiates fiber dystrophy or if
calcium dysregulation is a result of fiber membrane tearing. According to the calciumoverload theory, calcium rises after an insult to the muscle fiber (membrane permeability)
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(Wrogemann and Pena 1976). However, dystrophin is described by some (Franco, Jr.
and Lansman 1990) as being involved in the calcium-leakage, which causes membrane
damage. In either event, pharmacologists began to examine the use of calcium-channel
blockers, such as nifedipine and diltiazem to prevent disease progression by fiber injury.
Neither was proven to be effective in this regard. In pilot studies by Bertorini et al.
(Bertorini et al 1982a,Bertorini et al 1988), treatment with calcium-release inhibitiors,
diltiazem and dantrolene, resulted in a reduction in calcium levels and CK levels as well
as alleviating the deterioration in manually tested muscle strength, but no further studies
have explored this avenue of treatment. Researchers have also explored effects of
calcium dysregulation using calpastatin-overexpressing mdx mutant mice (Spencer and
Mellgren 2002) and by treating mdx mice with leupeptin, a calpain inhibitor
(Badalamente and Stracher 2000). Both these studies reported some success in regulating
calcium homeostasis and partly normalized the dystrophic phenotype. The problem that
remains with all the above calcium-homeostatic treatments is that their action is not
specific to muscle or to the dysfunctional state, and could therefore disrupt corporal cell
metabolism.

a3. Muscle strength
Deflazacort and prednisone have been shown to improve strength in mdx mice
and DMD patients, while anabolic steroids have not, despite their popular use for strength
enhancement among athletes. This may be due to lack of ability to do exercise training in
DMD patients. However, non-steroidal treatment with β2-adrenoceptor agonists
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increases protein production, stimulates satellite cell proliferation, and improves muscle
strength in both animal models and humans with muscular dystrophy (Zeman et al 1994).
Creatine is another potential treatment that aims to improve the strength of
muscles in DMD patients. It is also commonly used among athletes to improve
performance and has been shown in some reports to improve muscle strength in many
neuromuscular diseases (Walther et al 2000).
In mdx mouse studies, myostatin was targeted for inhibition with the aim of
improving strength. When blocking-antibodies for myostatin were injected, muscle mass
and strength increased and muscle degeneration decreased (Bogdanovich et al
2002,Wagner et al 2002). Amthor et al. (Amthor et al 2004) were able to block
myostatin with follistatin, showing similar improvements. Myostatin antagonists
therefore, have huge pharmacological potential for treating DMD, although the effect of
large contractile forces on the susceptibility to exercise-related injury in dystrophindeficient muscle fibers is not well reported, and is a deficiency in the literature.

b) Gene and cell therapy
Successful gene therapies have been very challenging to achieve because of the
large size of the dystrophin gene (3.0 MB). Only a small part of the dystrophin gene will
fit in a viral vector or plasmid. Researchers, however, have not given up and are working
on achieving high-efficiency viral gene transfer (Cerletti et al 2003,Rossert et al 1996)
and successful treatment with non-viral gene transfer treatment success (Gollins et al
2003,Thioudellet et al 2002). There is similar success in some reports with the use of
micro- and mini-dystrophin gene constructs for insertion in vectors (Scott et al 2002).
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Other studies have examined the use of antisense strategies to produce functional proteins
(Bartlett et al 2000,Lu et al 2003), destroying dysfunctional genes, so new constructs can
be inserted.
Myoblast transfer for cell transplantation has also been explored for a number of
years, and not without controversy (Belles-Isles et al 1993,Law et al 1997a,Law et al
1997b,Morgan 1990). However, this treatment cannot be obtained at this time as a longterm treatment. Sampaolesi et al. (2006) have recently made a large break-through in cell
therapy for DMD. Using the dog model, they were able to transplant donor
mesoangioblasts isolated from muscle vessels. Mesangioblasts act as muscle precursors
(Sampaolesi et al 2006). After a long term treatment in older dogs and accompanying
immunosupression, there was extensive reconstitution of fibers that expressed dystrophin.
There was also significantly improved function in vivo, shown by smooth walking,
mobility, and greater contractile force produced by the muscles. This treatment modality
is extremely promising for future cell therapies in DMD, since the muscle architecture
was vastly improved and the fibrosis present at the start of treatment was resolved.
Exactly how such resolution occurs is open to further investigation.

11. TREATMENT FOR FIBROSIS
Fibrosis is a wide-spread condition that affects people suffering from many
different disorders. Treatment for fibrosis, therefore, has been extensively explored,
mostly in relation to pulmonary and liver fibrosis.
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a) Pharmacological treatment
Corticosteroids are the most common antifibrotic modality used today and several other
non-steroidal anti-inflammatory agents have also been studied (see corticosteroids and
anti-inflammatories).
Stein (Stein 1993) observed that an anti-parasitic drug, suramin, could bind to the
TGFβ-receptor and inhibit TGFβ actions by competitive binding. Suramin can decrease
fibroblast proliferation and fibrotic-protein expression in fibroblast cultures. It has also
been shown to inhibit fibrosis in mice after a muscle injury (Chan et al 2003). The drug,
suramin must be administered intravenously and in combination with low doses of
prednisone, making this an unappealing treatment. Suramin has also had variable effects
on fibrosis outside muscle tissue, with little to no benefit reported for use in lung fibrosis
(Lossos et al 2000).
Treatment with pirfenidone, an antifibrotic agent, has induced improvement in
some patients suffering from fibrotic conditions in the lung. Pirfenidone also ameliorates
bleomycin-induced pulmonary fibrosis (Tian et al 2006), and decreases fibroblast
proliferation and collagen synthesis in vitro (Di Sario et al 2004).
Relaxin, a protein secreted from the testes and corpus luteum in pregnancy,
inhibits TGFβ-induced collagen and fibronectin production by human lung fibroblasts. It
also increases the expression of MMPs and decreases the production of TIMPs (Unemori
et al 1996). However, application of this knowledge as a treatment would need to avoid
systemic effects of treatment by targeting relaxin to a particular process or tissue.
Eicosanoids, such as the prostaglandin PGE2, which is a potent inhibitor of
fibroblast proliferation and matrix production, may also ameliorate fibrosis. An oral
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analogue of PGE2 is a potential candidate for therapeutic intervention, but has not been
studied yet in any models of fibrosis.
Interferon β (IFNβ) is widely used for the treatment of chronic hepatitis C and
multiple sclerosis and has anti-inflammatory properties. In mice, IFNβ inhibits
irradiation-induced pulmonary fibrosis (Ziesche and Block 2000). Interferon α (INFα)
has been shown to decrease fibroblast proliferation in human tenon capsule (Gillies et al
1993), and might have a similar effect in other fibrotic models.
Β-aminoproprionitrile, a blocker for collagen cross-linking, has been shown to be
beneficial in many mouse studies of schistoma treatment (Giboda et al 1994). Βaminoproprionitrile works by inhibiting lysyl oxidase and D-penicillamine. However,
because of a tendency to cause extreme joint laxity over long-term use, this is an
undesirable treatment for fibrosis in DMD or progressive neuromuscular disease.

a1. Cellular and genetic treatments for fibrosis
An alternative genetic treatment using antisense technology was used to inhibit
collagen I synthesis in dystrophic mice. However, the results were extremely variable,
and did not show significant promise in dystrophy (Khillan et al 1994,Laptev et al 1994).
Targeting post-transcriptional enzymes is another method by which collagen production
and accumulation could be reduced (Prockop and Kivirikko 1995).
The major disadvantage with all of the above treatments is their lack of specificity
in muscle or on abnormal fibrosis. Therefore, they could inhibit synthesis and
organization of the normal, non-pathological collagens, and have significant adverse and
toxic effects.
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12. HALOFUGINONE HYDROBROMIDE

a) Origin and structure
Halofuginone hydrobromide (Halo) is a recently discovered antifibrosis drug.
The drug, an analogue of an alkaloid isolated from the plant dichroa febrifuga, was
originally used as a coccidiostat in poultry, as it arrested the development of coccidial
infections. As a side effect to treatment, it was observed that the poultry were developing
thin skin; this stimulated scientists to think about the properties of Halo as an inhibitor of
collagen synthesis. The structure of Halo is 7-bromo-6chloro-3-[3-(3-hydroxy-2piperidinyl)-2-oxopropyl]-4(3H)-quinazolinone.
The lethal dose (LD50) of Halo in a mouse is 4.4mg/kg - 4.9mg/kg. Interestingly
studies in mice using treatment doses below the LD50 show no adverse effects.

b) Specificity
Experiments that have examined the effects of Halo treatment on intimal
hyperplasia in rabbit smooth muscle (Choi et al 1995) and Halo treatment of avian skin
fibroblasts (Granot et al 1991) indicated that only collagen I expression is inhibited,
while collagens II and III were unaffected by Halo treatment. In these models, only
collagen I accumulation was pathological. This suggested that the mode of action of
Halo is very specific and tailored to affect the “pathological” collagens. In further studies,
halo was shown to prevent increased collagen synthesis in several animal models in
which excessive collagen is a key part of the disease process. These animal models
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include: tight-skin (Tsk) mice, murine chronic graft versus host disease (cGvHD), murine
scleroderma (Levi-Schaffer et al 1996,Pines et al 2001,Pines et al 2003), pulmonary
fibrosis in the rat (Nagler et al 1996), liver fibrosis in the rat (Bruck et al 2001,Gnainsky
et al 2004), urethral stricture (Nagler et al 2000), and adhesion in rat abdomen and
uterine horn (Nagler et al 1998,Nagler et al 1999).

c) Prevention and resolution
Halo inhibits formation of fibrosis in some tissues, but more interestingly, Halo
has also been demonstrated to resolve already-established (pre-existing) fibrosis in other
tissues. The ability to resolve fibrosis makes Halo unique among other preventative
antifibrosis drugs. In most models, Halo was used as a preventative agent, in which it
was administered either with or before a stimulus that induced fibrosis. However, a few
studies have examined its potential to treat established fibrosis. In a liver fibrosis model
in rats, Halo induced almost full resolution of fibrosis as seen by a decrease to baseline
levels of collagen content and collagen I gene expression in the liver. Halo also inhibited
proliferation of the fibroblasts in the fibrotic liver (Bruck et al 2001). Similarly in the
Tsk mouse, with a topical application of Halo, skin fibroblast proliferation decreased and
there was a significant reduction in collagen I gene expression (Pines et al 2001).
Therefore, fibrosis was resolved in animal models of liver fibrosis and tight skin. There
are no reports of Halo treatment for muscle fibrosis conditions.
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d) Mode of action
Halo was originally thought to inhibit collagen I gene expression by DNA
methylation (Rhodes et al 1994,Thompson et al 1991). After examining [3H]-proline
incorporation into collagen and non-collagen proteins, DNA methylation was not
determined to be part of the mode of action of Halo (Halevy et al 1996). Another thought
was that Halo affects the collagen I gene directly, for example when new protein
synthesis is needed. While Halo does not act by affecting the collagen promoter (Pines
and Nagler 1998), Halevy et al. (1996) demonstrated that the stimulation of new protein
synthesis is required for Halo to inhibit collagen I production.
TGFβ has been shown to play a major role in fibrosis, causing an increased
production of extracellular matrix (ECM) proteins and inhibiting matrix-degrading
proteins. Therefore, hypotheses about the mode of action of Halo shifted toward the idea
that Halo might affect TGFβ. McGaha et al. (2002a,2002b) evaluated the effect of Halo
on TGFβ-induced upregulation of collagen synthesis. They found that when Halo was
administered to fibroblasts in vitro and this was followed by TGFβ stimulation, that the
induction of collagen was three-fold less than without Halo. Further effects of Halo on
the expression and activation of TGFβ-receptors were examined, and showed that Halo
had no effect on these two components of TGFβ signalling pathway. McGaha et al.
(2002b) then contemplated intracellular events of TGFβ signaling (i.e., Smads). They
found Halo inhibited Smad3 phosphorylation and affected Smad3 activation, without
affecting Smad2. This suggests that Halo inhibits TGFβ-induced Smad3 activation.
Since Smad3 is also involved in the TGFβ-like pathway of myostatin, it is thought
that Halo may play an additional role in muscle growth as well as in the reduction of
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fibrosis. Further work on this part of our research studies on Halo is being conducted by
Drs. Pines and Halevy (Israel).

e) Clinical applications
Halo has passed phase I and phase II clinical trials for use in chronic graft versus
host disease (cGvHD), an inflammatory condition that arises after allogeneic bone
marrow transplantation. cGvHD results in skin fibrosis (as well as graft rejection), and a
loss in range of motion (ROM) secondary to joint restriction from skin. Prior to clinical
testing, patients suffering from cGvHD provided biopsies. Cell cultures of biopsied skin
fibroblasts were treated with Halo, and collagen I content and expression were evaluated
(Halevy et al 1996). Collagen I synthesis was inhibited with Halo treatment in
fibroblasts in vitro. Nagler and Pines (1999) continued this work with clinical trials using
Halo as a topical cream applied to the neck skin of patients with cGvHD. After three
months of treatment, there was a marked reduction in collagen expression and collagen
content in patient skin biopsies. These results were accompanied with an increased ROM
of the neck. When Halo treatment was stopped, collagen levels and expression, and skin
tightness returned to pre-treatment levels within three months. A trial of orally
administered Halo (either a single dose of 0.07-2.5mg; or a daily dose of 1.5mg) was also
conducted in cGvHD patients and demonstrated that an effective dose (ED) was achieved
and that therapeutically effective plasma levels could be reached with no adverse effects
(Pines et al 2003).
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13. FUNCTIONAL STUDIES
Therapeutic success of treating DMD can be evaluated with measures of muscle
strength and endurance testing (Brooke et al 1983). The Brooke’s upper and lower
extremity grading scale is used to assess muscle strength after treatment in DMD patients
(Brooke et al 1983,Lord et al 1987). Mendell et al. (1989) have also created a test of
lower extremity function, which was successfully employed as an assay or outcome
measure in prednisone trials in DMD patients.
Both in vivo and in vitro models can be used to evaluate muscle strength and
endurance. Bressler et al. (1983) looked at whole-muscle strength and speed of
contraction by stimulating a motor nerve or stimulating the muscle directly. Anderson et
al. (1988) and Ikeda and Mitsumoto (1993) have also examined mdx mouse muscle
strength using contractility measures in an in vitro muscle bath. Semi-in vitro tests can
also be used to mimic physiologic conditions, in which muscle origin is fixed to the
stabilized limb and the insertion is attached to a force transducer (Dangain and Vrbova
1984). In this model, the blood and nerve supplies remain intact. However, this test does
not truly maintain physiologic conditions; in vivo studies are ideal for testing muscle
strength and endurance.
Several tests have been developed to examine muscular endurance. Swimming
tests are commonly used in mice to determine swim times (e.g., the duration of time that
mice can remain afloat in warm water) (Leeuwenburgh and Ji 1995). Since the mice are
not fond of water, they undergo extreme stress, which might affect the muscle physiology.
The University of Manitoba Animal Care does not approve this method for dystrophic
mice, because they are already compromised from disease. Treadmill tests are a good
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alternative to swimming for measuring endurance. This is a voluntary exercise, and
captive animals tend to enjoy running when given the opportunity. Mdx mice run from
two to nine kilometres over 24 hrs (Archer et al 2006,Carter et al 1995,Hara et al 2002)
which is significantly less than C57 mice (Dupont-Versteegden et al 1994,Hayes and
Williams 1996). Mdx mice also have a stop and go pattern, as opposed to the continuous
running by C57 mice (Hara et al 2002). This may be because mdx mice lack motivation
due to pain, or because of lower muscle function. Archer et al. (2006) saw that
deflazacort treatment prevented a progressive loss of function with a 24 hr treadmill runs.
To complement muscle-endurance treadmill testing, strength testing is a good
accompaniment. Meyer et al. (1979) reported a method to test muscle strength over time.
They used a Chatillon gauge (a force tranducer) to test forelimb grip strength. This
method is inexpensive and fast. Grip strength was later used to show improved muscle
function in mdx mice following deflazacort treatment (Anderson et al 2000).
Many recent tests have assessed cardiorespiratory function in DMD patients and
mdx mice (Hahn et al 1997) as a reflection of disease progression and/or treatment
outcome. Although not explored previously in mdx mice, barometric plethysmography is
an excellent way to measure respiratory function in rodents (e.g., (Levitt and Mitzner
1988,Mishima et al 1996). This technique is commonly used in asthmatic or allergic
mice to test airway responsiveness after a methacholine challenge (Hamelmann et al
1997), and could easily be applied to mdx mice to test function of respiratory muscles.
Murine echocardiogram is a growing research tool. It is being used in a wide
variety of application, such as examining phenotypes of transgenic mice and as a
functional measure for many treatments (Doevendans et al 1998). Echocardiography is
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especially desirable because once the apparatus is purchased the costs are low, sampling
is rapid, and it is non-invasive to the mice. A full assessment of the heart structure and
cardiovascular function can be done with echocardiogram, including left ventricular
function and size (hypertrophy), heart rate, ejection fraction, valvular function, and
chamber sizes. This is an extremely valuable tool for assessing murine cardiac function.
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Chapter 2. HYPOTHESIS AND AIMS

1. HYPOTHESIS
Halo has aided in the inhibition, reduction and suppression of fibrosis in many
organs. In a pilot study (Pines and Anderson, unpublished) mdx mice were treated with
either 3μg/mouse Halo or saline (intraperitoneally) for 4 weeks beginning at 5 weeks of
age. C57Bl mice were used as controls. Examination of several muscles showed lower
collagen I expression and decreased fibrosis. This suggested that Halo is an inhibitor of
fibrosis in the mdx mice.
We hypothesize that from the previous research and the preliminary data on Halo,
treatment will reduce tissue fibrosis, and thereby improve muscle function and
myogenesis by inhibition of the Smad3 pathway. This will be seen as decreased collagen
content quantified by Sirius red staining, Masson’s trichrome staining, and Western
blotting, and reduced levels of collagen I and collagen III expression. We expect that
these results will be significant in the diaphragm, heart and limb muscles. With the
reduction of fibrosis, cardiomyopathy and respiratory dysfunction should be diminished.
Without an extensive collagen network, satellite cells may be able to migrate more freely
and proliferate, and tissue will be less susceptible to exercise-induced damage. We
expect that overall function will improve post-treatment.

2. AIMS
Pines and colleagues (Halevy et al 1996,Nagler and Pines 1999)have shown that
Halo administered by injection, topical administration and oral administration inhibited,
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suppressed or reduced fibrosis in several organs and models. To date there are no studies
examining the use of Halo in fibrosis of muscle caused in Duchenne muscular dystrophy
(DMD); this project aims to fill that gap.

Aim #1: To study histological and molecular effects of Halo on the mdx mouse model of
DMD using a resolution protocol.

Aim #2: To study the effect of Halo on target genes and proteins that regulate fibrosis.

Aim #3: To study functional effects of Halo on the mdx mouse model of DMD using a
resolution protocol.
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Chapter 3. MATERIALS AND METHODS

1. EXPERIMENTAL ANIMALS

Mdx mice were used in this study to test the effects of Halofuginone on fibrosis,
muscle repair, and muscle function. Animals were housed in the Central Animal Care
facility at the University of Manitoba. Animals were given water and food ad libitum.
All treatments were approved by the University of Manitoba Animal Care Committee
(Protocol # 05-056).

2. TREATMENT

Experimental mice eight to nine months old were treated with Halofuginone (ip
injections: 3μg/gram of body weight) and control mice were treated with 0.9% saline (ip
injections: 2μL/g body weight) every second day for five (n = 4/group), ten (n = 5/group)
or twelve weeks (n = 4-5/group). Mice were randomly assigned to treated or control
groups. A Hamilton syringe was used (Hamilton Company, Reno, Nevada) for accuracy.
Prior work in Isreal indicated that injection doses from 1μg to 5μg/gram body weight was
effective in fibrotic treatment in mice, therefore the mean was selected for the dose in the
current study.
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3. TISSUE COLLECTION

Mice were anesthetized using PrAErrane isoflurane (Baxter Corp, Mississauga,
Ontario) and sacrificed by cervical dislocation. After euthanasia, an incision was made in
the dorsal skin and the skin and fur from the lower half of the mouse were removed. The
fascia surrounding the muscles of the lower limb was removed with fine forceps and
scissors. Using the forceps, the distal tendon of the tibialis anterior (TA) was separated
from the bone and the muscle was gently lifted away from the leg and cut at the proximal
insertion, with care not to damage or remove the extensor digitorum longus (EDL). The
quadriceps and gastrocnemius were similarly removed with care not to take the deeper
muscles.
Using an abdominal approach, the diaphragm was collected. The anterior inferior
border of the rib cage at the xiphisternum was located, the skin and muscle around the
subcostal margin were cut, and the vertebral column was severed. The abdominal viscera
were retracted to reveal the descending aorta and esophagus, which were then cut; any
blood was blotted away with a Kimwipe® (Kimberly-Clark, Mississauga, Ontario). The
perimeter of the diaphragm was gently cut from the costal margins using scissors. Once
the diaphragm was removed, the heart was located in the thoracic cavity. Forceps and
scissors were used to sever the vessels entering and exiting the heart. Excess blood was
blotted away, and blot clots and fat tissue were cleaned off the heart.
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4. TISSUE PREPARATION AND FROZEN SECTIONS

Muscles that would be used for frozen sections were either arranged
longitudinally in a cryo-mold containg OCT compound (Shandon CryomatrixTM Thermo,
Pittsburgh, Pennsylvania), or transected at the midbelly and arranged in the cryomold
(Tissue-Tek®, Sakura Finetek, Torrance, California) so that cross sections could be taken.
The diaphragm was cut into right and left halves or left whole, rolled up and placed in the
cryomold for either longitudinal or cross sections. The heart was separated into right and
left halves. The left half was arranged longitudinally in the cryomold. The molds
containing OCT compound were immersed in cold isopentane (≤ -50° C) with care not to
disrupt the tissue orientation.
For studies of gene expression at the RNA and protein levels, the TA, quadriceps,
and gastrocnemius were bisected at the muscle belly and each half was placed in an
eppendorf® tube (Eppendorf, Westbury, New York). The remaining half of each muscle
was divided into halves again and each part was placed separately into an eppendorf®
tube. The muscles were snap frozen by immersing the tubes in liquid nitrogen. The
tubes were colour-coded so sets of muscle samples could be easily identified for studies
using a particular assay technique (e.g., for Western or Northern blots, etc.)

5. TISSUE SECTIONING

Prior to tissue sectioning, slides were silanated. Slides were placed in metal racks
and washed in warm soapy water, rinsed well with distilled water (dH2O), and air dried.
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After drying, slides were wrapped in aluminum foil and baked at 180-200°C overnight.
Slides were cooled and immersed in freshly prepared 2% aminopropyltriethoxy silane
(Sigma, St. Louis, Missouri) in acetone for 10 seconds. Slides were rinsed with diethyl
pyrocarbonate (DEPC) (Sigma, St. Louis, Missouri) double distilled water (ddH2O) to
remove any RNAse and air-dried overnight.
Tissues were sectioned at a thickness of 5 µm. Tissue blocks frozen in OCT
compound were mounted onto a chuck with fresh OCT compound. Once the tissue was
frozen on the chuck (approximately three minutes) the superficial layers of the block
were shaved off until the muscle tissue was exposed. The block was then faced by taking
10 to 20 5 μm sections (total 50-100µm). Forty serial sections of each tissue were then
collected. Two sections of diaphragm, heart or gastrocnemius, quadriceps and TA were
on each slide. Several slides of thymus, skin and intestine were taken for use as control
slides in proliferation studies.

6. ASSAYS OF FIBROSIS

a) Sirius Red
Collagen content was quantified using a Sirius Red stain on sectioned tissues.
Slides containing sections of diaphragm, heart, quadriceps and TA were hydrated by
passage through two changes of 100% ethanol, one change of 95% ethanol, one change
of 70% ethanol, and one change of water. Slides were then stained for 30 minutes in
0.1% sirius red F3B (ESBE Laboratory Supplies, Toronto, Ontario) in saturated picric
acid, and dehydrated rapidly in 100% ethanol. Slides were cleared with Slide BriteTM
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(Sasco of Georgia Inc., Albany, Geaorgia) and mounted with Permount (Fisher, Hampton,
New Hampshire).
Slides were examined with a Zeiss Photo II microscope (Carl Zeiss Inc.,
Thornwood, New York) and images were captured with a Sony 3 chip colour CCD
Camera (Sony, USA). The stained tissues were analyzed using Northern Eclipse Imaging
Software (Empix Imaging, Mississauga, Ontario). Using polarizing filters, twenty imagesamples were taken of the diaphragm and quadriceps from each animal at each of 180°,
135°, 90° and 45°. Images were converted to the Red plane, and the average, maximum
and minimum gray intensities (representing red) were calculated. Data were compiled in
Excel spreadsheets (Microsoft, USA) for further study.

b) Masson’s Trichrome
Masson’s trichrome stain was used to examine muscle histology and fibrosis.
Slides were hydrated through two changes of 100% ethanol, one change of 95% ethanol
and one change of 70% ethanol. Sections were fixed for one hour in Bouin’s fixative
(Fisher, Hampton, New Hampshire) at 56°C, and rinsed in running water until sections
were clear. Slides were counterstained using Weigerts Iron Hematoxylin (Fisher,
Hampton, New Hampshire) for ten minutes, rinsed in running water for ten minutes,
stained in filtered Biebrick Scarlet Acid Fuschin (Matheson, Coleman and Bell, Norwood,
Ohio), and rinsed in running water for ten minutes. Slides were differentiated in 5%
phosphotungstic acid for twenty minutes and counter-stained in filtered Light Green SF
Yellowish (Matheson Coleman and Bell, Norwood, Ohio) for ten minutes. Sections were
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dehydrated rapidly in two changes of 95% ethanol and two changes of 100% ethanol,
cleared in Slide BriteTM and mounted with Permount.
Slides were analyzed with an Olympus BH2 fluorescence microscope (Center
Valley, Pennsylvania). Collagen content was measured over 5 areas along the long axis
of the section, using a 10x10 ocular grid (500squares). If squares were a quarter or more
full of green (collagen) they were considered positive.

c) Western Blots

c1. Protein isolation
Muscles were weighed, transferred to a cooled Petri dish and chopped finely
using a cooled razor blade. Chopped muscles were transferred individually to 15mL
polystyrene conical tubes (Falcon, Lincoln Park, New Jersey) and protein isolation buffer
was added at 300-500 µL/tube. Samples were vortexed for thirty seconds, left on ice for
one hour and re-vortexed for thirty seconds. Samples were transferred to eppendorf®
tubes and centrifuged at 3000 rpm for five minutes at 4°C to remove particulate matter.
The supernatant was then transferred to clean eppendorf® tubes and frozen at -80°C. A
protein assay was used to determine the concentration of the protein samples using a
bovine serum albumin (BSA) stock standard to create a standard curve.

c2. Dot Blots
To quantify the amount of collagen protein, the protein samples were diluted with
loading buffer, boiled and immediately quenched on ice. Diluted samples were loaded
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onto a Polyvinylidene Fluoride (PVDF) membrane (Osmonics, Minnetonka, Minnesota)
that had been pre-soaked in methanol and rinsed in dH2O. Membranes were incubated in
a blocking solution of 5% skim milk powder (Nestle Carnation, USA) for thirty minutes,
rinsed for one hour in 1xPBS, and immunostained for two hours at room temperature
with a polyclonal antibody to either collagen I (1:1000, Orbigen, San Diego, California)
or collagen III (1:8000, Abcam, Cambridge, Massachusetts). Membranes were washed
for an hour in 1xPBS to rinse off any excess, unbound antibody. Membranes were then
incubated with an goat anti-rabbit-AP secondary antibody (1:1250; Santa Cruz, Santa
Cruz, Califonia) for two hours at room temperature and washed for an hour in 1xPBS.
Membranes were incubated with chemiluminescent substrate (CSPD) (Roche Diagnostics,
Indianapolis, Indiana) and exposed to visualize the collagen protein. Vitrogen (a
commercial solution of 98% collagen I and 2% collagen III) (Cohesion, Palo Alto,
California) was diluted and blotted at different concentrations to establish a standard
curve against which the optical density of the CSPD-detected collagen proteins could be
quantified.

c3. Gels
After the protein was isolated were prepared (see chapter3, section6c1), protein
concentration was determined by measuring the wavelength of the samples (Bio-Rad
Assay Dye Reagent and protein sample). Samples were then incubated with collagenase
(at a concentration of 0.2%) at 37° C for one and a half hours. Samples were then mixed
with a sample buffer, boiled for 8 minutes, quenched on ice until cool, and centrifuged
for 30 seconds. The prepared samples were loaded in to an 8% acrylamide gel with a
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marker and a positive control (Vitrogen), and run for one and a half hours at 120mV in a
running buffer. After the samples had run they were transferred to a PVDF membrane at
100mV for 2 hours in a transfer buffer solution. Membranes were then stained with
Ponceau Red (Sigma, St. Louis, Missouri), and rinsed with dH2O to ensure transfer had
occurred. The membranes were photocopied, so that the marker ladder could be used as
comparison at a later stage. Membranes were blocked with a 0.5% milk blocking buffer
for 30 minutes to prevent non-specific binding. Membranes were rinsed in 1 x PBS, and
incubated with a monoclonal collagen I antibody (1: 4000; Sigma, St. Louis, Missouri) at
room temperature for 2 hours and at 4° C overnight. The next day membranes were
rinsed in 1 x PBS (3 x 15 minutes), blocked with a blocking buffer, and incubated with a
rabbit anti-mouse-Alkaline Phosphatase (AP)-conjugated secondary antibody (1:1000;
Abcam, Cambridge, Massachusetts) for 2 hours at room temperature. The membranes
were rinsed with 1 x PBS (3 x 15 minutes) and rinsed with Buffer 3 (3 x 5 minutes).
Membranes were then washed in a chemiluminescent substrate (CSPD) (Roche
Diagnostics, Indianapolis, Indiana) solution for five minutes, incubated for 15 minutes at
37° C, and left to expose for 40 minutes in a dark place. The film was developed and
scanned with a densitometer to measure optical densities.
The membranes were stripped with a stripping solution in a 70° C water bath for
30 minutes. Membranes were rinsed in 1 x PBST (3 x 10 minutes), blocked with a
bovine serum albumin (BSA) blocking buffer, and incubated for 2 hours at room
temperature with an anti-GAPDH antibody (1:1000; Abcam, Cambridge, Massachusetts)
to allow for the internal control of loading conditions. Membranes were then left to rinse
in 1 x PBST (3 x 15 minutes) and then were blocked again with a BSA blocking buffer.
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The membranes were then incubated with a goat anti-rabbit-AP secondary antibody
(1:1000; Santa Cruz, Santa Cruz, Califonia), rinsed in 1 x PBST (3 x 15 minutes), and
rinsed in Buffer 3 (3 x 5 minutes). To develop the membranes, they were washed with
CSDP for 5 minutes, incubated for 15 minutes, and exposed for 40 minutes. The film
was developed and analyzed with a densitometer (accumulated densities).
The optical densities of Collagen I incubated membranes were divided by the
optical densities of the GAPDH incubated membranes, to account for any loading errors.

7. HGF

Muscle fractions of the quadriceps after 10 weeks of treatment were run on a gel
(see chapter3, section6c3) to assess the effect of Halo on HGF protein levels.
Membranes were probed with an anti-HGF antibody (1:500; Sigma, St. Louis, Missouri).
A rabbit anti-mouse-AP secondary antibody was used (1:500; Abcam, Cambridge,
Massachusetts). Membranes were incubated with CSPD and exposed to visualize the
HGF protein. Optical densities were calculated, and background was subtracted.

8. ALPHA-SMOOTH MUSCLE ACTIN

Muscle fractions of the quadriceps after 10 weeks of treatment were run on a gel
(see chapter3, section6c3) to assess the effect of Halo on myofibroblast activity.
Membranes were probed with an anti-α-smooth muscle actin antibody (1:2500; Santa
Cruz, Santa Cruz, California). A goat anti-rabbit-AP secondary antibody was used
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(1:20000; Santa Cruz, Santa Cruz, California). Membranes were incubated with CSPD
and exposed to visualize the α-smooth muscle actin protein. Optical densities were
calculated, and background was subtracted.
The membranes were stripped with a stripping solution in a 70° C water bath for
30 minutes. Membranes were rinsed in 1 x PBST (3 x 10 minutes), blocked with a
bovine serum albumin (BSA) blocking buffer, and incubated for 2 hours at room
temperature with an anti-GAPDH antibody (1:1000; Abcam, Cambridge, Massachusetts)
to ensure equal loading. Membranes were then left to rinse in 1 x PBST (3 x 15 minutes)
and then were blocked again with a BSA blocking buffer. The membranes were then
incubated with a goat anti-rabbit-AP secondary antibody (1:1000; Santa Cruz, Santa Cruz,
California), rinsed in 1 x PBST (3 x 15 minutes), and rinsed in Buffer 3 (3 x 5 minutes).
To develop the membranes, they were washed with CSDP for 5 minutes, incubated for 15
minutes, and exposed for 40 minutes. The film was developed and analyzed with a
densitometer (accumulated densities).

9. IN SITU HYBRIDIZATION

The expression of collagens I and III was determined using in situ hybridization.
Collagen I or III digoxygenin-labeled riboprobes were prepared by the laboratory
technician for probing the tissue with collagen I and III clones.
A riboprobe of collagen I alpha-1 was synthesized from an ATTC cDNA clone
(catalogue number 5876788, designation 3823337, GenBank Accession # BF662620)
using standard protocols. The riboprobe was approximately 400 base pairs in length and
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detected the gene sequence from bases 143 to 408 down to 0.005 ng RNA. The original
accession was from Dr. Robert Strausberg, www.ncbi.nlm.nih.gov/ncigap, in 1997).
A riboprobe of collagen III alpha-1 was synthesized from an ATTC cDNA clone
(catalogue number 1058119, designation 789709, GenBank Accession # AA387470)
using standard protocols. The riboprobe was 1337 to 1754 base pairs in length and
detected the gene sequence between bases 2053 and 3473 of the rat collagen III sequence,
down to less than 0.0187 ng RNA. The original accession was from M. Marra, Hillier,
Allen, Bowles et al including the senior author Waterston R (1996).
For the in situ hybridization protocol, slides were dried, rinsed with 1xPBS and
fixed in 4% paraformadehyde. An RNAse working solution was added to a control slide;
the slide was then coverslipped and incubated for twenty minutes at room temperature.
Slides were rinsed in 1xPBS for thirty minutes keeping the RNAse control separate. All
slides were incubated under a coverslip in a humid chamber for one hour at 42°C with a
hybridization buffer. The labeled probe was placed in a block heater for thirty minutes at
65°C to, quenched on ice and added to the hybridization buffer at a concentration of
500ng/mL. 160 µL of hybridization cocktail were pipetted onto each slide and a
coverslip was gently laid on top of the slide while avoiding bubble formation. Slides
were left to hybridize overnight at 42°C in a humid chamber. The next morning,
coverslips were removed and sections were washed (2 x 15 minutes) with 2xSSC in
0.1%SDS using a gentle rotary shaker to remove any unbound probe. Slides were then
transferred to a solution of 0.1xSSC in 0.1% SDS and rinsed again (2 x 15 min.) to
remove any unbound or non-specifically bound riboprobe. Slides were rinsed with
Buffer 1 (again using a shaker) and blocked for one hour (under a coverslip) with Buffer
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2. An anti-digoxigenin-AP antibody (anti DIG-AP) (Roche Diagnostics, Penzberg,
Germany) was diluted to 1:500 with Buffer 2 and 160µL was pipetted onto each slide.
Slides were coverslipped for overnight incubation in a humid chamber at 4°C. Slides
were then rinsed (3 x ten minutes) in Buffer 1 and then three times for five minutes each
in Buffer 3. A colour solution was added to the slides and left in the dark to develop;
development was monitored using a microscope (2-4 hours). Slides were rinsed with
Buffer 3, then Buffer 4 and finally dH2O. Slides were lightly counter-stained with Harris
Hematoxylin (Fisher, Hampton, New Hampshire), rinsed with dilute Lithium carbonate
(Fisher, Hampton, New Hampshire) and rinsed in dH2O until blue before they were
mounted under coverslips using an aqueous mounting media, Immunomount. Slides
processed in an identical manner, except for the omission of either the anti-digoxygenin
antibody or the digoxigenin-labelled riboprobe were used as negative controls for the
procedure.
Slides were analyzed with an Olympus BH2 fluorescence microscope. Nuclei
were ranked 1 to 3 based on the number of nuclei visible in the positively stained area. A
grade of 1, represented one stained nuclei; a grade of 2 represented two to five stained
nuclei; a grade of 3 represented five or more stained nuclei. Positive areas were counted
along the long axis of the section over 5 grid lengths (in the ocular lens) at 400x
magnification. Central nuclei expressing collagen were also counted in the same manner
as previously described (Anderson et al 1996).
The central nucleation index (CNI) was also assessed on these slides. Central
nuclei were counted in 3 images taken of the tibialis anterior and quadriceps at 100x
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magnification. The CNI was calculated as the proportion of fibers with entral nuclei
divided by the total number of fibers. A minimum of 250 fibers was counted per muscle.

11. PROLIFERATION AND REPAIR

a) Ki67
Immunocytochemistry (ICC) using a monoclonal antibody, Ki67 (Abcam,
Cambridge, Massachusetts), which recognizes an antigen expressed by cells in G1, S, G2,
and M phases of the cell cycle but which is not expressed in the G0 phase, was used
examine cell proliferation in skeletal muscle.
Slides with sections of diaphragm, heart, quadriceps and TA muscles were dried
for an hour at room temperature and rinsed briefly in PBS. Slides were blocked with the
primary-antibody diluent for one hour, rinsed three times for five minutes each in PBS,
incubated under a coverslip with a monoclonal antibody against Ki67 (1:4000; Abcam,
Cambridge, Massachusetts) for five hours at room temperature in a humid chamber and
rinsed overnight in PBS. Sections were blocked with the secondary-antibody diluent for
one hour, rinsed in PBS (3 x five minutes), incubated for two hours under a coverslip
with a donkey anti-rabbit-HRP secondary antibody (1:200; Amersham, Buckinghamshire,
England) and again rinsed in PBS. The HRP-conjugated antibody was then thoroughly
rinsed off with 1 x PBS. A DAB solution was applied and the slides were left to develop
colour. Once the colour was developed the slides were rinsed in 1 x PBS. Tissue
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sections were counterstained with Fast Green, fixed in 95% ethanol and then mounted
with Immunomount (GelTol, Thermo, Pittsburgh, Pennsylvania).
Slides were analyzed with an Olympus BH2 fluorescence microscope. Ki67positive nuclei were counted along the long axis of the section over 5 grid length. Ki67
positive cells were categorized based on their location (at the periphery or within muscle
tissue or in the ECM).

12. FUNCTIONAL STUDIES

a) Grip strength
Forelimb grip strength was measured with a calibrated (Meyer et al 1979)
Chatillon gauge (Chatillon, DFM-2.0kg, Greensboro, North Carolina) to determine
whether halofuginone treatment affects muscle function. The gauge was mounted at 45°
to the horizontal on a thick plexiglass stand as reported (Anderson et al 2000). A 3 mm
diameter aluminum rod of a 3.2 cm equilateral triangle was attached to the strain gauge
for the mice to grip.
Grip strength was assessed by holding mice by their tail, approximately one inch
from the base and lowering the mice towards the bar until their forelimbs grasped the bar.
Once the mice had securely gripped the bar with both paws, they were gently pulled away
from the rod by their tail until their grasp was broken. The peak tension resulting from
this maneuver (pull force) was displayed on the Chatillon gauge and recorded in grams.
Each test consisted of five one-minute trials.
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Mice were tested for strength at the beginning of the treatment period (the
baseline measure) and each week throughout the treatment period.

b) Running
Limb strength, muscle endurance and cardiovascular endurance were assessed
with a running wheel device. Metal rodent wheels (12.7cm diameter) were outfitted with
a doubled-over strip of fiberglass netting cut to the circumference of the wheel. The
netting was woven in and out of the crossbars of the wheel to make running easier for the
mice. Using strong, double-sided tape, two 1-cm magnets were attached at opposite sides
of the wheel for balance. The wheel was then taped down in a plastic rat cage, to ensure
it was stable in the cage. A magnetic switch (GuardTM) was attached to a batterypowered counter (OmronTM H7EC-N, Japan) with copper wire. The switch was
suspended from the lid of the cage approximately 1 cm above the wheel magnets. The
wheel was rotated to ensure the counter recorded every rotation. As the wheel passed the
magnets, the switch would be pulled shut and the counter would register it. Every half
rotation of the wheel was counted (i.e., the transit of each magnet); therefore, using
simple mathematics, the circumference could be calculated. Each mouse was housed
separately for 24 hours, giving a full day-and-night period in a rat cage that had a wheel
setup. The cages were placed beside each other, so there was visual contact between
mice.
Mice in a group of 3-4 were placed in a cage for approximately 30 minutes to
become familiar with the setup and learn from one another. Mice were then separated,
one per cage, each with a clean wheel; the counters were zeroed and the mice were left to
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run for 24 hours. This procedure was carried out weekly, to examine progressive changes
in this global measure of function, including muscle endurance, behaviour and
cardiovascular function.

c) Evans Blue Dye
In this experiment, nine mice (5 controls and 4 halofuginone-treated) were treated
for a period of twelve weeks and were used to assess the level of physiologic muscle
damage induced by a 24-hour period of voluntary exercise, as described (Archer et al.,
2006). Mice were injected intraperitoneally with Evans Blue Dye (EBD) (1 mg EBD in
0.1mL of a 0.9% solution of saline per 10 g of body weight). One mouse was injected
with a lower dose of EBD initially (1 mg/0.01mL 0.9%saline/10g body weight) which
was found to be insufficient for quantification; therefore, data from this animal were
eliminated from the EBD portion of the study.
Once mice were injected they were subjected to 24 hours of voluntary exercise in
the rat cages described above. After euthanasia, muscles were dissected from the mice,
tissues were frozen in OCT compound and sectioned as described earlier, and sections
were analyzed as follows.
Using a fluorescence microscope (Nikon Eclipse TE2000-E, Japan) with an XCiteTM120 Fluorescence Illumination system (EXFO, Quebec, Canada), digital pictures at
10x were taken over an entire section of quadriceps in monochrome and red fluorescence.
Images were captured (as *.jpeg files) with Simple PCI6 (Compix Inc., Cranberry
Township, Pennsylvania), and monochrome and red fluorescent images were merged.
Image J software (NIH, USA) was then used to create a collage, arranging the
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photographs to form a single, continuous image of each section. Using the Cell Counter
option of the program, the number of muscle fibers that were positive for EBD
(fluorescing red) and or negative for EBD (no fluorescence) were counted so a ratio of
the proportion of EBD-positive over the total number of fibers in each section could be
calculated.

d) Barometric Plethysmography
Airway responsiveness was measured by barometric plethysmography (Buxco,
Troy, New York). Prior to beginning the experiments, all the animal chambers (4
chambers) and the main chamber were calibrated for pressure. Responsiveness was
expressed as Penh (an enhanced pause), which was derived from changes in the chamber
pressure caused by bronchioconstriction during peak expiratory pressure (PEP) and peak
inspiratory pressure (PIP). Penh was calculated as Pause x PEP/PIP. Methacholine was
administered in increasing doses using a Buxco aerosol delivery system (Buxco, Troy,
New York), beginning with a baseline ‘dose’ of saline, and then increasing from
3 mg/mL to 50mg/mL. Between each dose, mice were given time for their tidal volume
and responsiveness to return to baseline levels.
Airway-responsiveness tests were conducted within 1-2 days before animals were
euthanized.
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13. CARDIOMYOPATHY

a) Vimentin
Muscle protein fractions of the quadriceps, heart, tibialis anterior, and diaphragm were
prepared from tissues collected from mice after 5 and 10 weeks of treatment and were run
on a gel (see chapter3, section6c3) to assess the effect of Halo on cardiac fibrosis.
Nitrocellulose membranes were probed with an anti-vimentin antibody (1:500; Santa
Cruz, Santa Cruz, California). A goat anti-rabbit-AP secondary antibody was used
(1:1000; Santa Cruz, Santa Cruz, California). Membranes were incubated with
chemiluminescent substrate (CSPD) (Roche Diagnostics, Indianapolis, Indiana) and
exposed to visualize the vimentin protein. Optical densities were calculated, and
background was subtracted.

b) Echocardiography
Echocardiography was conducted to assess cardiac function after Halo treatment
in young and old mice. Mice were prepared for echocardiography without anesthesia
after removal of hair using two applications of NairTM. They were positioned by manual
restraint in a horizontal position on their left side, and a non-invasive 13 MHz probe
(Vivid 7, General Electric Medical Systems, Milwaukee, Wisconsin) covered in gel was
applied to the chest wall over the heart. Mice were assessed by positioning a noninvasive probe on the chest. Hearts were imaged in the 2D parasternal short axis view and
three different M-mode echocardiograms were recorded. LV end-diastolic diameter
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(LVIDED), LV end-systolic diameter (LVIDES), posterior end-diastolic wall thickness
(PWT), and LV fractional shortening (FS) were measured. The LV end-systolic (LVESV)
and diastolic volumes (LVEDV) are measured from a parasternal long axis view using
the prolate ellipsoid geometric model and the LV ejection fraction (EF) is calculated.
Cardiac output is calculated as the product of stroke volume (LVEDV–LVESV) and
simultaneous heart rate. Tissue Doppler imaging (TDI) was acquired on a parasternal
short axis view at the level of the papillary muscles, at a rate of 483 frames per second.
For peak systolic endocardial velocity (VENDO), a region of interest (0.2mm x 0.2mm) in
the posterior wall was analyzed. Radial strain rate (SR) was measured over a distance of
0.6mm (Echopac PC, General Electric Medical Systems, Milwaukee, Wisconsin). The
temporal smoothing filters were turned off for all measurements. The values obtained in
five consecutive cardiac cycles were averaged.

14. STATISTICS

Statistical comparisons appropriate to each parameter were made using SPSS
(Chicago, Illinois), Excel (Microsoft, Redmond, Washington) and NCSS and PASS
(Kaysville, Utah). Statistical tests employed in these analyses included: ANOVA, t-test,
Chi-square and regression studies. Data were recorded to represent: weight, overall
function measured as exercise capacity (running distance), muscle function (grip
strength), respiratory function (barometric plethysmography), cell proliferation (Ki67),
cardiac function (echocardiogram), fibrosis (Collagen I and III content by Western blot,
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Sirius Red, Masson’s trichrome, in situ hybridization), and membrane permeability
(EBD). Significance was determined at the p<0.05 level.
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15. SUMMARY TABLE

The following table summarizes the assays that were utilized in this study,
including the gene or protein of interest, the method employed, and the feature under
characterization.

Gene or Protein of interest
Collagen (I and III)

HGF
Alpha-smooth muscle actin
Ki67
Grip Strength
Muscle fatigue
Membrane permeability
Respiration
Cardiology
Vimentin

Method
Sirius red stain
Masson’s trichrome stain
Western blot
In situ hybridizatiom
Western blot
Western blot
Immunocytochemistry stain
Force measure
Distance
EDB stain
Barometric plethysmography
Echocardiogram
Western blot

Characterization
Fibrosis

Fibrosis and myogenesis
Fibrosis
Myogenesis
Function
Function
Function
Respiratory function
Cardiomyopathy
Cardiomyopathy
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Chapter 4. RESULTS

1. BODY WEIGHT

Mouse body weight was monitored throughout treatment and recorded. There
was no significant difference in weight between the Halo+ group compared to the
Untreated group during the treatment period (repeated measure ANOVA; p = 0.924).

2. GENERAL OBSERVATIONS

Mice in both the treated and untreated group remained active and healthy.
Neither group showed any unexpected overt signs of disease progression or severe
deterioration although muscle weakness (compared to normal mice) and marked kyphosis
were notable in the aged dystrophic animals.

3. FIBROSIS

a) Sirius Red
To determine whether Halo reduced the amount of collagen in muscle tissue, a
picrosirius red stain was used. Quadriceps and diaphragm from treated and untreated
mice, at 5 (diaphragm only) and 10 weeks were collected and sectioned. Slides were
stained and red colour intensity using polarized filters was used as a measure of collagen
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content. Sampling was at 20 pre-set intervals from each section. One representative
photomicrograph was selected to show staining.
Halo did not result in any reduction of collagen content in dystrophic muscle
(figure 1A and B). Results show that there were no significant differences in diaphragm
at 5 and 10 weeks of treatment (ANOVA; p = 0.985) (figure 2A and B) and the
quadriceps at 10 weeks of treatment (Student’s T test; p = 0.48) between tissues in treated
and untreated mice (figure 2C).
As an aside, we saw that Sirius red stains the central nuclei in dystrophic muscle.
However, the nuclear staining did not demonstrate the birifingence that is the marker of
Sirius red staining for collagen.
Junquiera et al. (Junquiera et al 1979) proposed that different types of collagens
could be identified with Sirius red, by analyzing the colours with polarizing filters. As
they reported red-stained collagen is collagen I, blue-stained collagen is collagen II, and
green-stained collagen is collagen III. Using a similar approach to the red intensity
measurement, red and green planes were separated (collagen II was not of interest) and a
red/green ratio was calculated. Results varied significantly based on the slide position
and filter position, therefore this analysis was abandoned after a few trial slides.

b) Masson’s trichrome
In addition to Sirius red, slides were stained with Masson’s trichrome stain for
collagen-content analysis (figure 3). Green-positive areas (green = collagen) of the heart
(5 and 10 weeks) and diaphragm (5, 10 and 12 weeks) were assessed as follows. Data
were analyzed by taking a sample area and measuring a ratio of green to background area
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(200x magnification). However, there was no statistically significant difference in
collagen content among groups (two way ANOVA; diaphragm p = 0.46, heart p = 0.94).
Qualitative observations of the muscle histology were also done as these
techniques displayed nuclei, muscle fibers and collagen. Fibrosis and fat content
appeared unchanged; there was no difference in heterogeneity of fiber size, and no visible
difference in fiber lesion size and amount. The number of fibers containing central nuclei
also appeared no different between the respective muscles from treated and untreated
mice (quantitative analysis below). There was no observable difference between
untreated and Halo+ groups at 5, 10, or 12 weeks.

c) Collagen protein content
Collagen I and collagen III proteins were analyzed in homogenized fractions of
muscle. A number of methods were used to approach this assay. First, diaphragm
samples were analyzed using Western dot-blot protocols and standardized against the
sample weights (figure 4). A standard curve was plotted using vitrogen (98% collagen I
and 2% collagen III) as a reference for optical density. There was no significant
difference between Halo+ and Untreated groups at 5 or 10 weeks of treatment.
The dot-blot approach was taken initially, because after several trials and
speaking to other researchers (personal communications with Dr. J.E. Scott and Dr. I.
Dixon), we learned collagen is a sticky, large protein that does not run in a gel. However,
since the question was still important, we tried a collagenase digestion approach for
running collagen on a gel. The rationale for this approach was that partial digestion of
the large, sticky collagen protein complex might yield fragments that were small enough
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to run in a gel and large enough to be recognized by an antibody. After several trials
(with different trials of collagenase incubation duration, and different collagenase
concentrations) bands appeared (assayed using vitrogen as a positive control) (figure 5A).
There was a significant difference after 5 weeks of treatment (two way repeated measure
ANOVA Tukey’s; p = 0.006) in the quadriceps, tibialis anterior, and heart, but not in the
diaphragm or after 10 weeks of treatment (two way repeated measure ANOVA; p = 0.07)
in collagen content between untreated and Halo+ groups by this method in the dystrophic
tissues (figure 5B). There was a significant difference in collagen content between the 4
muscle tissues (i.e.: the tibialis anterior had significantly more collagen than the
diaphragm) that was consistent in treated and untreated groups (two way repeated
measure ANOVA; 5 weeks treatment p < 0.001, 10 weeks treatment p = 0.004). This
was consistent with observations of the tissue sections, stained with Sirius red and
Masson's trichrome; the levels of collagen expression also varied between tissues.

4. HGF PROTEIN CONTENT

The level of HGF protein, a protein active in satellite cell activation and
proliferation and in the development of renal and pulmonary fibrosis, was assessed in
protein extracts prepared from homogenized quadriceps muscle. Samples were analyzed
using Western blotting protocols and values of the scanned optical density for each band
were standardized against the protein concentration of the samples (figure 6).
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After 10 weeks of Halo treatment, there was an increase in the amount of HGF
detected in the quadriceps. Untreated mice had a significantly lower level of HGF
protein than Halo+ mice (Student’s T test; p = 0.03).

5. ALPHA-SMOOTH MUSCLE ACTIN

The concentration of Alpha-smooth muscle actin, which is a protein produced by
myofibroblasts at a site of injury, was analyzed in quadriceps muscle. Samples were
analyzed using Western blotting protocols and values of the scanned optical density for
each band were standardized against the protein concentration of the samples (figure 7).
After 10 weeks of Halo treatment, the amount of a-SMA detected in the
quadriceps was reduced. Untreated mice had a significantly higher level of α-smooth
muscle actin protein than Halo+ mice (Student’s Ttest; p = 0.01).

6. COLLAGEN I AND COLLAGEN III EXPRESSION

The amount of collagen production, or abnormal production in dystrophic
muscles with and without Halo treatment was determined by measuring collagen I and
collagen III gene expression in muscles using in situ hybridization protocols. The
relative number of cells expressing one of these genes was ranked (1 to 4) based on the
number of nuclei in the positively stained cytoplasm and if the nuclei were centrally
located (figure 8A, B and C). After 5 and 10wks of treatment there were fewer cells

70
expressing collagen I and III in Halo+ mice in all tissues (Chi square; χ2 <0.001; χ 2
<0.025).
Interestingly, central nuclei contained in muscle fibers throughout the quadriceps
and tibialis anterior muscles were observed to express both collagen I and collagen III. In
both the dystrophic quadriceps and tibialis anterior, Halo+ mice had fewer central nuclei
that were positive for collagen I or collagen III after 5 weeks of treatment than Untreated
mice (Chi squared; χ2 <0.025). However, there was no significant difference after 10
weeks of treatment.
The same slides were analyzed for central nucleation index. There was no
significant difference in the proportion of fibers that displayed central nuclei in the
tibilalis anterior and the quadriceps among any of the treatment groups.

7. PROLIFERATION AND REPAIR

a) Ki67 staining
Ki67 expression, as measured by immuno-staining, was used as a marker of cell
proliferation. Positive cells were counted and counted separately based on their location
(in an area of fibrosis/ECM or in the muscle) (figure 9).
After 5 weeks of Halo treatment, the diaphragm, quadriceps and tibialis anterior had
fewer Ki67-positive cells in areas of fibrosis/ECM than untreated mice (Student’s Ttest; p
= 0.031, p = 0.012, p = 0.041 respectively). This was accompanied by an increase in
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muscle cell proliferation in the quadriceps and tibialis anterior with Halo treatment
(Student’s Ttest; p = 0.01, p = 0.03 respectively).
After 10 weeks of Halo treatment cell proliferation in fibrotic areas was greater in the
quadriceps than in untreated mice (Student’s T test; p = 0.035), while cell proliferation in
areas scored as muscle was decreased in the tibialis anterior of Halo+ mice compared
with untreated control mice (Student’s T test) (figure 10A, B, C and D).

8. FUNCTIONAL STUDIES

a) Grip strength
After peak grip strength data were collected with a Chatillon gauge (figure 11A),
they were analyzed by numerous strategies, including calculating the mean peak-pull
strength and measuring fatigue over the five trials for each mouse. Data were normalized
to body weight. However, there was no significant change in forelimb grip strength at
any time point with Halo treatment compared to strength in untreated mice regardless of
the approach (figure 11B). The mean grip strength in the group of untreated mice varied
largly from week to week, while Halo+ mice pulled consistently from week to week.

b) Running
Total distance run was calculated weekly using the circular relationship
(circumference = πd) using an automated count of the half-rotations of a mouse wheel
over 24 hours (figure 12A). Animals ran between 0.2km and 21km over a 24 hour period.
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The distance run at a given time point over the experimental period was standardized to
body weight in each animal. There were no differences run between Halo+ mice and
Untreated mice after 10 weeks of treatment (ANOVA; p = 0.774) (figure 12B).
Running exercise was also used to induce damage under non-stressful,
physiologic conditions (Archer et al 2006), in addition to its use as a general monitor of
animal or muscle endurance. The final running test was conducted 4 days after the
previous running session for each mouse. In this session Halo+ mice ran significantly
further than Untreated mice (Student’s T test; p = 0.009) (figure 12B and C).

c) Fiber permeability (Evans Blue Dye)
Using a dye which penetrated fibers with membranes damaged by dystrophy and
exercise, the effects of treatment and exercise on muscle-membrane stability were
determined (figure 13A). The quadriceps of mdx mice after 12 weeks Halo treatment
showed a significantly smaller proportion of EBD-positive fibers than saline treated mice
(Student’s T test; p = 0.015) (figure 13B).
In muscle from untreated mice, the amount of fiber damage increased as distance
increased; however, Halo+ mice had the same proportion of EBD positive fibers
regardless of the distance they ran (figure 13C).
Please note that EBD counts could not be made on tissues of one mouse due to an
error in the EBD concentration.
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d) Barometric Plethysmography
Barometric plethysmography was used to as an indirect measure of respiratory
muscle dysfunction by quantifying the response to a bronchoconstrictor, methacholine
(figure 14A). Normally methacholine induces an immediate bronchoconstriction, which
mice need to work hard to overcome using increased respiratory excursions and muscle
work, whereas mice with respiratory dysfunction (or allergic-sensitization) are less able
to overcome the challenge. We would predict that improved respiratory function would
reduce or delay the stepwise response to methacholine and allow mice to recover better
from the challenge at each concentration of methacholine.
After 10 weeks of treatment, Halo+ mice showed an attenuated response to the
methacholine challenge, as well as a decreased response over increasing doses of
methacholine (repeated measures ANOVA; p = 0.008) (figure 14B and C). This was
similarly seen after 12 weeks of Halo+ treatment (figure 14C).

9. CARDIOMYOPATHY

a) Heart histology
Qualitative observations of the heart muscle histology were also made on Sirius
red and Masson’s trichrome slides. Fibrosis and fat content appeared unchanged with
treatment, and there was no difference in heterogeneity of fiber size. No observable
difference could be seen between untreated and Halo+ groups at 5, 10, or 12 weeks.
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b) Vimentin content
The level of vimentin protein, a protein active in promoting cardiac fibrosis was
analyzed in the heart muscle (figure 15A). After 5 and 10 weeks of treatment there was
no significant difference between Halo+ mice and Untreated mice (Two way ANOVA; p
= 0.399) (figure 15B).

c) Echocardiography
While not originally included in this thesis research project, the opportunity to
conduct echocardiography studies on groups of Halo+ and untreated mice was provided
by a new collaboration between Dr. Davinder Jassal (St. Boniface Research Center,
Center of Cardiovascular Science) and Dr. Anderson. Significant organizational efforts
supported the collection of data on treated and untreated groups of old mdx mice (treated
for 5 weeks; n=8-10/group), and an additional group of young mdx mice (3-4 weeks of
age treated for 10 weeks; n=9-10/group). Observations during the echocardiography
studies indicated this is a very reliable and sensitive technique when applied by experts
(Butler et al 2007,Doevendans et al 1998,Jassal et al 2006,Neilan et al 2006).
There were major dykinesias of the left ventricle (LVD) noted by Dr. Jassal, as
well as left ventricular hypertrophy (LVH) and ventricular septal functional deficits, as
the animals were examined one at a time. Dr. Jassal was blinded to the treatment status
of each animal, and this allows us to say that observations by Dr. Jassal at the time of the
echocardiography studies strongly show that the LVD were in all the untreated mice
(young and old).
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LVD was significantly lower than baseline after Halo treatment in the old mdx
mice (Chi squared; χ2 = 8.82; p<0.025). There was significantly less LVD after 5 weeks
of treatment with Halo compared to untreated mice (Chi squared; χ2 = 8.25, p<0.025). In
a separate study on a group of young mice treated with Halo for 10 weeks, a qualitative
assessment showed that only one of the young Halo+ mice showed evidence of LVD;
there was significantly less LVD after 10 weeks of treatment with Halo (Chi squared; χ2
= 5.84, p<0.05). All mice (young and old, Halo+ and untreated) showed LVH. See
attached echocardiography CD for video of Halo+ - normal function, and untreated –
LVD echocardiograms (normal speed and one-sixth speed). Note that the right side of
the abnormal LV moves dys-kinetically, while the normal LV contracts synchronously
Quantitatively there was no significant difference (Student’s T test; p>0.05)
between untreated and Halo+ mice in either the young or old groups measuring
intraventricular septum thickness, posterior wall thickness, left ventricular end diastolic
diameter, fractional shortening, and ejection fraction (by tissue Doppler).
Again, these observations are only available to us through a very generous
collaboration with Dr. Jassal, his expertise in interpreting cardiac imaging studies in realtime, and the professional assistance of the animal care staff reporting to Dr. Randy
Aitkens at St. Boniface Reasech Centre.
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Chapter 5. FIGURES

Figure 1: Sirius red photos and measurements

A: longitudinal sections of diaphragm showing picrosirius red-stained slides with
birefringence (on the right) and red-plane conversion (images captured in RGB, were
transferred into red plane, i.e., the green and blue planes were removed from the image of
slides to remove anything that is not collagen) (on the left) (160x magnification) after 10
weeks of treatment. Top row shows representative muscle sections from untreated
animals (Untreated). The bottom row shows representative muscle sections from treated
animals (Halo+). These definitions (group identification) will be used in many figures to
follow. Slides were photographed at 160x magnification.

B: longitudinal sections of quadriceps showing picrosirius red-stained slides with
birefringence (on the right) and red plane conversion of slides (on the left) (160x
magnification) after 10 weeks of treatment. Top row shows representative muscle
sections from untreated mice. The bottom row shows representative muscle sections
from Halo+ mice.
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Figure 2: Sirius red measurements

A: Graphs representing the average red intensity in the diaphragm after 5 and 10 weeks
of treatment, measured by Northern Eclipse. There was no significant difference between
Untreated and Halo+ after either treatment period.

B: Graphs representing the average red intensity in the dystrophic quadriceps measured
by Northern Eclipse. There was no significant difference between Untreated and Halo+
after 10 weeks of treatment.
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Figure 3: Masson’s trichrome photos and measurements

This panel shows photomicrographs of the following tissues.
I: Untreated mouse diaphragm at the 5 weeks treatment time point (200x
magnification).
II: Untreated mouse diaphragm at the 10 weeks treatment time point (200x
magnification)
III: Halo + mouse diaphragm after 5 weeks of treatment (200x magnification)
IV: Halo + mouse diaphragm after 10 weeks of treatment (200x magnification)
V: Halo + mouse diaphragm after 12 weeks of treatment (200x magnification)

The areas of muscle (red) and fibrosis (green) are distributed focally throughout the muscles,
with no apparent differences between the respective muscles from Halo+ and untreated mice.
The diaphragm had more fibrosis (green) that the other tissues observed.
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Figure 4: Collagen I and collagen III protein content

Graphs of optical density per mg muscle scanned from Western dot blots probed
A: for collagen I (n = 4-5)
B: for collgen III. (n = 4-5)
There was no significant change in collagen content in the diaphragm of any group.
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Figure 5: Collagen I protein content

A: Western blots of gels that were processed for immunodetection of collagen I; below
each blot, the same blot probed for GAPDH. The blots show no obvious difference at 5
weeks (n = 4/group) or 10 weeks (n = 5/group) between Untreated (UT) and Halo+ (H)
groups in any of the dystrophic tissues. Note that while there were multiple bands (at
least 5) on each lane of the collagenase-digest western blots, only the bands at the 190kD
(MW of collagen) weight are presented.

B: Graphs of optical density per mg concentration of protein scanned from Western blots
probed for collagen I in
I: Quadriceps
II: Heart
III: Tibialis anterior
IV: Diaphragm
There was a significant difference in the quadriceps, tibialis anterior and heart after 5
weeks of treatment, but no significant difference between groups after 10 weeks of
treatment in any of the tissues. However, there appeared to be a trend for that Halo to
decrease collagen content in the tibialis anterior, quadriceps and heart after 10 weeks of
treatment. The diaphragm was unchanged with treatment. There is a significant
difference in the amount of collagen per mg muscle, in between the different muscles in
both treated and untreated groups (i.e. there was significantly more collagen/mg muscle
in the tibialis anterior than in the quadriceps).
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Figure 6: HGF protein content

Graph of optical density per mg protein concentration scanned from a Western blot
probed for HGF. There was a significant increase in HGF concentration in the Halo+
group after 10 weeks of treatment compared to saline controls (Untreated). (n = 5/group)
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Figure 7: Alpha-smooth muscle actin protein content

Graph of optical density per mg protein concentration scanned from a Western blot using
immunodetection for α-smooth muscle actin. There was a significant decrease in αsmooth muscle actin concentration in the Halo+ group after 10 weeks of treatment
compared to the untreated group (n = 5/group). For comparison, we tested the level of
sma in normal muscle; the level is shown in the graph, and C57 control mice had
significantly lower α-smooth muscle actin than mdx mice (Untreated). Halo treatment
therefore reduced a-smooth muscle actin levels in treated dystrophic muscle to normal
(C57) levels.
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Figure 8: Collagen I and collagen III expression

A: A micrograph of skeletal muscle prepared for in situ hybridization, in which the
riboprobe detection of collagen transcripts in the cytoplasm is stained brown, while
nuclei are counterstained blue with hematxylin. This micrograph shows a collagenpositive cell (rank 1- 1 nucleus in the positive staining cytoplasm) (400x magnification).
The blue arrow indicates a nucleus (blue) in the collagen-positive mRNA of the
cytoplasm (brown).

B: A micrograph of skeletal muscle prepared for in situ hybridization, in which the
riboprobe detection of collagen transcripts in the cytoplasm is stained brown, while
nuclei are counterstained blue with hematxylin. This micrograph shows collagen-positive
centrally located nuclei (green arrow).

C: A micrograph of skeletal muscle prepared for in situ hybridization, in which the
riboprobe detection of collagen transcripts in the cytoplasm is stained brown, while
nuclei are counterstained blue with hematxylin. This micrograph showscollagen-positive
cells (400x magnification). The blue arrow indicates nuclei in the collagen-positive
mRNA (rank 2- 2-5 nuclei in the positive staining cytoplasm). The yellow arrow
indicates an area positively stained for collagen mRNA containing multiple nuclei (rank
3).
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Positively-stained cells were ranked and counted along the long axis of each section to
determine the number of cells expressing collagen. There was a significant decrease in
the number of cells expressing collagen for all rankings after treatment with Halo.
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Figure 9: Ki67 staining

Table of the number of Ki67-positive (proliferating) cells 5 fields in sections of muscle
tissue collected from mdx mice, either treated or untreated with Halo for 5 or 10 weeks.
The asterisks indicate changes as follows: * indicates a decrease at p<0.05; ** indicates a
decrease at p<0.025; + indicates an increase at p<0.05; ++ indicates an increase at
p<0.025). There was generally a decrease in proliferation within fibrotic regions and an
increase in proliferation in muscle regions in quadriceps, tibialis anterior and diaphragm
muscles after 5 weeks treatment, while after 10 weeks, there were no significant
differences between proliferation in any of the muscle tissues from treated and untreated
mice.
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Tissue

Location

Diaphragm

ECM
Muscle
ECM
Muscle
ECM
Muscle
ECM
Muscle

Heart
Quadriceps
Tibialis
Anterior

5 weeks
Untreated
Halo+
51.8 ± 10.7
31.3 ± 3.5 *
15.0 ± 3.5
11.0 ± 2.9
19.3 ± 4.6
8.3 ± 3.0
6.0 ± 1.7
4.8 ± 1.6
12.3 ± 2.9
5.5 ± 0.6 **
4.3 ± 2.2
16.0 ± 3.5 ++
21.3 ± 3.5
12.0 ± 4.4 *
5.0 ± 2.8
12.5 ± 5.5 +

10 weeks
Untreated
Halo+
39.0 ± 17.8
27.8 ± 7.2
20.8 ± 7.0
11.0 ± 2.9
17.0 ± 7.5
17.4 ± 8.9
4.6 ± 2.1
4.2 ± 1.5
2.2 ± 0.7
6.3 ± 1.7
5.8 ± 3.1
8.3 ± 3.5
9.0 ± 2.9
20.0 ± 11.6
8.6 ± 3.8
3.3 ± 1.2
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Figure 10: Ki67 proliferation index

A: Graph of the number of Ki67-positive cells in areas of muscle and extracellular matrix
(ECM) (as assessed by the method explained in Figure 9) in the diaphragm after 5 and 10
weeks of treatment. There was a significant decrease in ECM cell proliferation after 5 of
weeks of treatment with Halo (p < 0.05). However, there was no significant difference in
any other group.

B: Graph of the number of Ki67-positive cells in areas of muscle and extracellular matrix
(ECM) (as assessed by the method explained in Figure 9) in the heart after 5 and 10
weeks of treatment. There was no significant difference with treatment.

C: Graph of the number of Ki67-positive cells in areas of muscle and extracellular matrix
(ECM) (as assessed by the method explained in Figure 9) in the quadriceps after 5 and 10
weeks of treatment. There was a significant decrease in ECM cell proliferation after 5 of
weeks of treatment with Halo (p < 0.05) and a significant increase in muscle cell
proliferation after 5 weeks of treatment with Halo (p < 0.05). However there was no
significant difference after 10 weeks of treatment in the ECM of muscle.

D: Graph of the number of Ki67-positive cells in areas of muscle and extracellular matrix
(ECM) (as assessed by the method explained in Figure 9) in the tibialis anterior after 5
and 10 weeks of treatment. There was a significant decrease in ECM cell proliferation
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after 5 of weeks of treatment with Halo (p < 0.05). However, there was no significant
difference in any other group.
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Figure 11: Grip strength
A: Apparatus for strength testing using a Chatillon gauge with a bar attached for the
mouse to pull on.

B: Graph representing forelimb grip strength measured as peak pull at weeks 1 through
10 in Untreated or Halo+ groups, as indicated. No significant difference was observed
between groups at any time point (ANOVA; p>0.05). This is one example of how the
data were analyzed. Note that the force exerted (peak pull) by the Untreated mice is
irregular and varies a great deal from week to week and more so as time increases, while
the Halo+ mice pulled a relatively consistent force level from week to week.
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Figure 12: Running apparatus, distance run

A: Apparatus for 24 hour voluntary running using a rodent wheel, switch, and automatic
counter (on top of the cage).

B: Plot representing the average distance traveled weekly during voluntary exercise.
Distance was normalized to body weight (mean ± SEM). Groups varied in size (n = 1314 in the first 5 weeks; n = 9-10 in the second 5 weeks; n = 4-5 in final 2 weeks and EBD
run). Note that the Untreated group ran more varied distances from week to week, while
the Halo+ group stayed more consistent from week to week. In the final, EBD run there
was a dramatic drop in both groups, however, the Untreated group drops much further
than the Halo+ group.

C: A graph representing the distance traveled during the final, EBD run of voluntary
exercise. This was 4 days after the penultimate running trial. Halo+ group ran a
significantly longer distance than the Untreated group in this run (p<0.05). (Comparison
is to untreated).
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Figure 13: Evans Blue Dye (EBD) photos and counts

A: Cross-section of quadriceps from a representative section of a treated mouse showing
both EBD-positive and EBD-negative fibers. The photo is a montage of images taken at
100x magnification to form the entire tissue section. The Arrow points to an EBDpositive fiber. Note that the edges of each muscle section were not counted to eliminate
any possible edge effect (as previously noticed in many samples and staining procedures).

B: Frequency distribution of the proportion of EBD-positive fibers. The Untreated group
had a significantly higher proportion of EBD-positive fibers than the Halo+ group after
12 weeks of treatment (n = 3-5/group).

C: A scatter plot graph showing the relationship between the proportions of EBD-positive
fibers to the distance run in the final running test. Linear-regression lines (from an Excel
calculation) for datapoints in the two groups Halo-treated and Untreated,are also plotted.
These curves show that in untreated mice, there was an increase in fiber damage as
running distance increased. There was no relationship in Halo+ mice between the
proportions of EBD-positive fibers and distance run as distance increased.
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Figure 14: Respiratory dysfunction

A: Buxco Plethysmograph with four individual chambers for mice, sodium-lime filtration,
and computer with software.

B: B is the tracings of a single experiment on a representative mouse from each of the
Untreated and Halo+ groups. Graphs represent the breathing profiles of mice. The image
on the top is an Untreated mouse and on the bottom is the profile of a Halo+ mouse. The
large spikes are artifacts of the procedure, and represent the timing of each increasing
dose of methacholine (see the tracing in panel C for the dose levels). Note that the slope
of the tracing for the Untreated mouse increases with increasing doses of methacholine,
while the Halo+ mouse has a breathing pattern which the tracing shows as remaining
relatively stable and at baseline levels over the period of increasing doses of
methacholine during the challenge test.

C: A Graph representing the response measured in Penh of the Halo+ and Untreated mice
pooled at 10 (n = 5/group) and 12 weeks (n = 4-5/group) of treatment. Halo+ mice have
a lower response to methacholine than Untreated mice. Also, note that Untreated mice
begin to show increases in Penh after a dose of 12.5 mg/mL, while Penh of Halo+ mice
does not begin to increase until a dose of 25 (mg/mL).
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Figure 15: Vimentin protein content

A: Western blots first probed for vimentin (top panel) and then for GAPDH (lower panel
in A). There was no difference at 5 weeks or 10 weeks between Untreated (UT) and
Halo+ (Halo) groups (n = 4-5).

B: Graph of optical density per mg muscle scanned from Western blots (figure 14A)
probed for vimentin. In the heart muscle there was no difference between Halo+ and
Untreated mice at either 5 or 10 weeks of treatment.
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Figure 16: Summary of the discussion section, represented as a model of the
pathways that were affected by Halo treatment, as determined by the findings of
this thesis project.

Halo (mode of action unknown) increases HGF, this inhibits TGFβ and reduces the
number of fibroblasts and myofibroblasts in the muscle. In addition to fewer
myofibroblasts, a greater number of myofibroblasts undergo apoptosis as they have
remodeled the tissue and muscle repair has occurred. Fewer myofibroblasts, in turn
means less collagen expression and production, and less scar tissue. There is more
muscle and less collagen; therefore the extracellular matrix becomes looser as fibrosis
decreases. Muscles undergo repair more easily due to the decreases in fibrosis,
increasing proliferation of muscle cells and reduction in the number of active
myofibroblasts. This increases muscle function and reduces the ongoing progression of
muscle damage from activity in muscular dystrophy.
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Chapter 6. DISCUSSION

Results of these experiments are the first to our knowledge to demonstrate that
fibrosis in dystrophic muscle can be treated with halofuginone hydrobromide (Halo).
Halo reduced collagen I and collagen III expression in mdx muscle as measured by in situ
hybridization; this is considered strong evidence of reduced myofibroblast activity after
treatment, which is consistent with the findings of reduced α-smooth muscle actin and
greater HGF in muscles after treatment.. Fibrosis decreased, increasing muscle cell
proliferation, sparing dystrophic muscles from exercise-induced damage, increasing
cardiorespiratory function, and decreasing the severity of disease progression.

1. COLLAGEN CONTENT

Collagen protein content was measured with numerous techniques. These
included Sirius red, Masson’s trichrome, dot blots for collagen I and III, and Western
blots for collagen I (see below). The Western blots showed a significant difference after
5 weeks of treatment, but not after 10 weeks of treatment. However, none of the other
techniques yielded any change in protein levels after treatment with Halo in any group.
Collagen content was previously shown to decrease after Halo treatment in mice
and rats (Bruck et al 2001,Gnainsky et al 2004,Levi-Schaffer et al 1996,Nagler et al
1996,Nagler et al 1998,Nagler et al 1999,Nagler et al 2000,Nagler and Pines 1999,Pines
et al 2001,Pines et al 2003). Some examples are: tight-skin (Tsk) mice, murine chronic
graft versus host disease, murine scleroderma, and pulmonary fibrosis in the rat. The
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mice and rats used in these studies suffered from fibrotic diseases where fibrosis was the
primary disorder. In mdx mice and Duchenne muscular dystrophy (DMD) fibrosis is a
secondary response to membrane degeneration (Finsterer and Stollberger 2003,Liu et al
1996b). It is possible that due to Halo’s, still unknown, mode of action it cannot regulate
the secondary fibrosis related to muscular dystrophy. Unlike other fibrotic conditions,
collagen is continually produced in DMD; as muscle degenerates collagen is laid down in
the ECM. Therefore, unless the issue of preventing muscle membrane damage is
addressed, Halo treatment would not likely have a lasting effect. Collagen I and collagen
III fibers create a meshwork in the ECM by cross-linking with themselves and with each
other (von der 1981). It is possible that Halo alters the molecular conformation of
collagen or alters the lysine residues that allow Schiff-base cross-links (Kagan and
Trackman 1991) preventing fibers from cross-linking. Alternatively it may break the
already-formed cross-links by activation of metalloproteinase activity. If Halo alters the
balance between formation and degredation cross-links, there may be no change in
collagen content. However, we would expect to see changes related to the impact of
fibrosis, for example functional improvements.
Although the studies with Western blots did not show any significant difference
after 10 weeks of treatment with Halo, they showed a trend for Halo to reduce collagen
content in the quadriceps, heart and tibialis anterior. Interestingly, there seemed to be no
observed trend to reduced collagen content in the diaphragm, where it was anticipated an
antifibrotic effect would show most clearly. The diaphragm has the most extensive
fibrosis of the muscle tissues (Stedman et al 1991) which may be partly necessary for its
continued function. Therefore, Halo may not be able to resolve the extensive
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extracellular network present in mdx diaphragm. However, we saw a trend for Halo to
decrease collagen protein in other muscles after 10 weeks of treatment and a significant
decrease after 5 weeks of treatment in the quadriceps, tibialis anterior and heart.
The techniques used to quantify collagen content are generally only semiquantitative and may not be specific enough to detect subtle changes in. Sirius red has
been used in many studies to quantify collagen (e.g., (Gavish et al 2002,Hsu et al
2006,Pines et al 2001). However, after some investigation of the literature we found out
that many researchers used the stain incorrectly, based on its specificity for collagen
under polarized light (Sweat et al 1964). Since many investigators use epi-fluorescence
or bright field measures of red and green areas, this difference in method may explain a
contradiction in results. The changes in collagen content were very dramatic in the above
examples; it is possible that are changes in the present study were simply too small to
detect by chemical stains, such as Sirius red and Masson’s trichrome.
As an aside, we noticed the central nuclei in mdx mouse muscle fibers were
stained red with Sirius red. This was unexpected. However, the central nuclei were not
birifringent, as that is a feature of the stain specific to collagen fiber orientation. Sirius
red is an acidic dye that binds to basic materials in the tissue. This suggests there is a
chemical difference in the central nuclei of dystrophic muscle tissue, as the peripheral
muscle nuclei did not stain. Therefore, Sirius red may have potential to be used as a
crude diagnostic tool. This observation also suggests that we may be able to get more
insight in to the central nucleation of dystrophic muscle which persists for an unknown
reason, by examining the chemical properties of central nuclei.
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a) Developing a technique
Collagen is a large molecule with many strong covalent cross-links, and thus is
difficult to penetrate an agarose gel. To overcome this problem, proteins were digested
with collagenase (a matrix metalloproteinase) in an attempt to measure collagen protein
content. Preliminary trials digesting protein samples for different lengths of time, as well
as trials to determine the ideal concentration of collagenase were conducted (see figure C
in Appendix A). At a 0.2% concentration of collagenase trials of digestion for 30 minutes
to 2 hours were observed to have digested the collagen, leaving a clear band at 190kDa
(the molecular weight of collagen I) as well as smaller bands, thought to be fragments of
collagen of side molecules linked to collagen. The antibody was specific, as undigested
proteins (a negative control) had no bands. Also, vitrogen (a positive control for collagen
I) had only one band at 190kDa. Because, collagenase cleaves only semi-specifically
(Sigma-Aldrich product information), the blots from digested protein extracts of the
different muscles each had a different number of bands stained for collagen, suggesting
that the collagen in each tissue has slightly different molecular and fibrillar morphology.
We are as yet, unsure of what each band represents (possible break down products) or the
exact mechanism of collagenase digestive activity in each tissue. However, from this
work it appears that it is plausible and reproducible to use a collagenase digestion method
to prepare protein extracts of muscle that will enable collagen protein to run on an SDS
gel. This has lot of potential for future use, given that collagen studies with Western
blotting techniques would be valuable additions to many studies.
For this study there was an observable trend for collagen I to decrease in the
quadriceps, heart, and tibialis anterior after 10 weeks of Halo treatment and a significant
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decrease in these tissues after 5 weeks of Halo treatment. However because of the
technique (above) and the small sample size and variability, the significance of results
may be disguised. This experiment should be repeated with a larger sample size and a
repeat study (in progress) will collect tissues to address this question.

2. HGF PROTEIN CONTENT

HGF protein concentration in muscle tissue increased with 10 weeks of Halo
treatment. HGF plays a critical role in satellite cell activation and proliferation
(Nakamura et al., 1989). HGF binds to c-met, a receptor on quiescent satellite cells, and
stimulates satellite cell proliferation (Tatsumi et al 1998). Mdx mice have a large
number of actively proliferating satellite cells because they are constantly undergoing
degeneration, and therefore satellite cell stimulation (Reimann et al 2000). In this study
HGF was higher, suggesting there would be a consequent increase in satellite cell
activation and proliferation. HGF also stimulates cell migration (Liu 2004). As Halo
decreases the amount of collagen and loosens the ECM, it is possible that satellite cells
and the myofibroblasts produced by their activation could migrate more freely after Halo.
Therefore it is possible that HGF is activated in some positive feedback loop involving
Halo, due to satellite cell migration and that this activation causes further migration and
repair. Because Halo+ mice do not have as much damage after 12 weeks of treatment (as
seen in chapter6, section6c) as observed in muscle from untreated mdx mice, it is
possible that the muscles in treated mice are undergoing a rapid regeneration at 10 weeks
of treatment which would be consistent with there being a large increase in satellite cell
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number, proliferation and migration to regenerate the muscles. Halo is therefore aiding
in muscle regeneration and repairing damage due to dystrophy.
Recent work in the area of fibrosis has shown that HGF is an antifibrotic agent
that antagonizes TGFβ (Liu 2002,Matsumoto and Nakamura 2001). Successful treatment
with HGF in dermal sclerosis (Iwasaki et al 2006), lung fibrosis (Gazdhar et al 2006),
and renal fibrosis (Herrero-Fresneda et al 2006) has reduced fibrosis by the inhibition of
TGFβ. In the current work, HGF in muscle was increased by Halo treatment. This
suggests Halo has an effect upstream to TGFβ and Smad3 potentially by activating HGF
production, and decreases fibrosis in dystrophy.

3. ALPHA-SMOOTH MUSCLE ACTIN

Alpha-smooth muscle actin protein decreased with 10 weeks of Halo treatment.
This can be interpreted as evidence that Halo decreased migration and/or differentiation
by myofibroblasts in dystrophic muscle. Work by Yang and Liu (Yang and Liu 2003)
has shown that HGF inhibits the expression of α-smooth muscle actin. Since, Halo
increased HGF production in this study, it would be expected to inhibit myofibroblast
activation and the production of α-smooth muscle actin by those cells. With a reduction
in the number of myofibroblasts, collagen expression would decrease (see chapter6,
section4a) and collagen production would be altered, resulting in an overall reduction in
fibrosis.
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4. MOLECULAR EFFECTS OF TREATMENT

a) Collagen I and collagen III expression
The level of collagen I and collagen III expression was used to quantify fibrosis
and determine the effects of treatment on collagen production. Collagen I and collagen
III expression decreased in the heart, quadriceps, tibialis anterior and diaphragm in all
groups. This was expected, as seen in a pilot study by Mark Pines (unpublished) on
young dystrophic mice in which, collagen expression decreased as Halo inhibited TGFβ,
thereby inhibiting collagen transcription.
Surprisingly, central nuclei in regenerated muscle fibers were observed to express
collagen I and collagen III in the tibialis anterior and quadriceps using in situ
hybridization. To our knowledge there are no reports to date indicating that muscle fiber
nuclei express or produce collagen. Notably this was a specific assay for collagen gene
expression and the negative control experiments did not display such expression. Further
research is needed to determine the mechanism behind this expression. Not only was
collagen expressed by the central nuclei, Halo decreased that expression in the muscles.
As there was no difference in central nucleation index with Halo treatment, this result
suggests that Halo is having an effect in muscle tissue cells (in fibers with central nuclei
and in mononucleated cells in the satellite position and nearby fibers) as well as in
fibroblasts.
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5. PROLIFERATION AND REPAIR

a) Ki67 staining
The number of muscle cells expressing Ki67, a marker of proliferation, increased
after 5 weeks of Halo treatment. This may correlate with the rise of HGF protein
(unfortunately HGF protein concentration in muscle was not studied in the 5 week
treatment group). After 5 weeks of treatment, Halo stimulated myogenic repair; however
after 10 weeks of treatment, fewer muscle cells expressed Ki67. This may indicate that
the actively proliferating muscle cells have returned to the quiescent state as there is a
significantly lower demand to repair damaged tissue (see chapter6, section6c).
The number of proliferating cells of the extracellular matrix regions of muscle
tissue sections was decreased, according to the Ki67 assay. With muscle damage,
inflammatory cells and fibroblasts migrate to the site of injury, where fibroblasts then
(i.e., referring to the time after migration to injury) undergo proliferation and
differentiation. After 5 weeks of treatment, muscles would have begun to repair (seen as
increased muscle cell proliferation compared to muscle in untreated mice), so that
myofibroblasts and fibroblasts would not be replacing damaged muscle fibers with
collagen. Therefore fibroblasts and myofibroblasts would not be required to proliferate;
these data are consistent with the findings for Ki67-positive cells in regions of fibrosis
and muscle (decreased and increased respectively after 5 weeks treatment but without
change from untreated mice after 10 weeks treatment). This result would also be
consistent with there being a hypothetical increase in HGF (which was not studied in the
5-week treatment group), as HGF would no longer be stimulating myofibroblasts.
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Therefore myofibroblast proliferation was decreased, in agreement with the decreased
expression of α-smooth muscle actin (see chapter6, section3).
After 10 weeks of treatment, proliferation of cells in the ECM increased. This
result is not consistent with data (see chapter6, section2) showing increased HGF in the
same muscles. With an increase in HGF one would expect a decrease in myofibroblast
activation (Liu 2004). Also there was a decrease in smooth muscle actin (see chapter6,
section3) in the same muscles. This further suggests that there are fewer myofibroblasts
present, which would lead to the expectation of finding less proliferation of
myofibroblasts. The basis for these contradictory findings is not known. However, one
could speculate that the counts of Ki67 positive cells in the ECM may include actively
proliferative, migratory myoblasts, endothelial cells, Schwann cells, and inflammatory
cells that each may show an increase in proliferation in a regenerating tissue that was
undergoing significant remodeling (seen as a decrease in collagen expression),
regeneration (see chapter6, section6c), and changes in collagen cross-linking or
molecular structure. Alternatively, of the more than 20 statistical tests in this study, one
might anticipate at least one finding of error in the results of statistical tests (finding
significance where none was present, or finding no significance where there was a
difference), since a statistical error as p<0.05 was used to determine significance.
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6. FUNCTIONAL EFFECTS OF TREATMENT

a) Grip Strength
The profile of grip strength over 10 weeks of treatment showed no significant
difference in grip strength with treatment by Halo. However, there was a large amount of
variability in the untreated mice from week to week. The “yo-yoing” between different
measurements may be partly indicative of the damage-repair cycle in mdx mice. Mdx
mice undergo muscle damage and repair throughout their life, which worsens as they age
(Carnwath and Shotton 1987,Coulton et al 1988b,Coulton et al 1988a,Torres and Duchen
1987). Interestingly, observations of the Halo+ group showed relatively little variation
from week to week, and no decline in strength over the 10 week period. Previous work
by Anderson et al. (2000) demonstrated that mdx mice treated with deflazacort have
increased strength over time. However, that previous study examined young mice ages
2.5 weeks to 8 weeks old, and is therefore demonstrating only modest drug-related
increases in strength in addition to typical increases in strength during development and
maturation. In a study by Keeling et al. (2007) the long term strength of mdx mice was
examined during treatment with corticosteroids. From 3 to 10 weeks-of-age, treated and
untreated mice had the same strength; as time progressed from 10 to 24 weeks-of-age,
strength in both groups of mice declined, but strength in the treated group declined at a
much lower rate than in the untreated group. From 24 to 84 weeks-of-age, both groups of
mice continued to show declining strength; however, the treated group remained stronger
until the end of the study. Findings from the study by Keeling et al. (2007) corroborate
the data from the current study, that Halo prevented a long term decline in muscle
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strength. From this we can conclude that that Halo improves the functional outcomes by
reducing the impact of disease progression.

b) Distance run
There was no significant difference week to week between treated and untreated
groups in the distance that mice ran over a 24 hour interval. However, similar to
observations of grip strength tests, treated mice ran relatively similar distances,
consistently from week to week, whereas the distance run by untreated mice varied
significantly from week to week. This supports the hypothesis developed above that
Halo is stabilizing the damage-repair cycle seen in muscles of mdx mice, and improving
the functional outcome.
Interestingly, in the final run prior to euthanasia and following EBD injection
mice, the Halo+ mice ran significantly further than the untreated mice. This final trial of
running was less than a week after the previous run (3 to 5 days), which makes it shorter
than the interval between all the previous running trials. Exercise is known to accelerate
the degeneration-regeneration cycle in mdx mice (Okano et al 2005), as fiber membranes
lacking dystrophin are subject to exercise-induced damage. One week after running, limb
muscles would be in the regeneration part of the cycle induced by the past run. With an
interval less then a week between running trials, the muscles would not yet have
regenerated and still have a lot of damage (McIntosh et al 1994,McIntosh and Anderson
1995). Therefore we would expect to observe a dramatic drop in the distance those mice
could run when two trials were close together, as shown in untreated mice in this study.
Since we observed no decrease between the final two running trials in Halo+ mice, Halo
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would seem to be reducing the amount of exercise-induced damage (see chapter6,
section6c), and therefore mice treated with Halo would be able to run further than
untreated mice.
There is an interesting debate over the benefits of exercise for mdx mice and
patients with DMD. In people suffering with conditions, such as DMD, the idea of
physical activity can be daunting, due to pain, contractures due to fibrosis, and overall
disability. However, without physical activity muscle undergoes atrophy; this is
commonly seen in elderly people. This is a vicious cycle of inactivity causing more
inactivity. Unlike the situation in the elderly or in people suffering with pain disorders,
the DMD effect of exercise is a bit more controversial. Since exercise causes muscle
fiber damage in DMD muscle, some physicians recommend that DMD patients do not
engage in any significant physical activity. However, some research in mdx mice
suggests that exercise can improve muscle strength, prevent atrophy, and improve
fatigue-resistance by the conversion of glycolytic fibers to oxidative fibers (Hayes and
Williams 1996). With age and moderate exercise, there was an improvement in agerelated loss of tension produced by mdx muscles (Wineinger et al 1998). This suggested
that low-levels of exercise are beneficial in reducing the effects of aging in mdx mice.
Therefore exercise can improve the function of dystrophic muscle. Since our results
suggest that Halo treatment may improve muscle regeneration and muscle performance,
children suffering from DMD may be more able to participate in physical activity, and
more willing to participate if they were able to receive Halo treatment. Therefore there is
potential for Halo to be combined with moderate exercise for amelioration of muscle
function in muscular dystrophy.
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c) Membrane permeability (EBD)
Membrane damage was analyzed using a vital dye called Evan’s Blue Dye (EBD).
EBD binds to albumin in the body; when membranes are damaged, the EBD bound to
albumin is able to permeate into damaged muscle fibers, for example in mdx muscle. In
this study, the proportion of EBD-positive fibers was decreased as a result of 12 weeks of
Halo treatment. As collagen content (or possibly collagen cross-linking) tended to
decrease, we can speculate that satellite cells and myoblasts could have migrated more
freely to repair damaged fibers. As seen from the results of the studies with Ki67
staining, there was increased muscle cell proliferation after 5 weeks of Halo treatment.
This would be followed by muscle fiber regeneration and new muscle formation. By 12
weeks of treatment, muscles would have completed that repair. It is also possible that
with decreased collagen content (or cross-linking) fibers may be better able to withstand
exercise-induced damage as the inter-connection between fiber membrane, laminin, and
ECM would be more fluid or flexible. Therefore, the proportion of EBD-positive fibers
post exercise relates directly to muscle sparing from the functional deficit of dystrophy.
Interestingly, muscle membrane damage increased with increasing exercise in
untreated mice, as we expected it might. However, there was no change in damage with
increasing exercise in Halo+ mice. Halo therefore prevented functional defecits
(exercise-induced fiber damage) seen in dystrophic muscle and improved overall
performance. This is an important finding, as it speaks to the significant potential for
treatment with Halo in dystrophy

129
d) Respiration
Barometric plethysmography is commonly used to characterize asthmatic
symptomatology in children, as young as one to two years old (Bisgaard and Nielsen
2005,Nielsen and Bisgaard 2005). Despite some initial debate in the efficacy of Penh
measurements, scientists have confirmed the validity of the Penh data (Lomask 2006) and
clinicians continue to use it as a diagnostic measure. This technique has also been used
in many mouse studies (e.g., (Sausbier et al 2006) as a means of assessing respiratory
function.
In the current study, Halo+ mice had a lower response to a methacholine
challenge than untreated mice. Due to the important role of the diaphragm in respiration
and the severe disease pathology of the diaphragm in mdx mouse dystrophy, we
hypothesized that treatment-related improvement in the diaphragm tissue would be
ameliorating respiratory function. As shown above, although collagen content did not
change in the diaphragm, collagen expression was decreased by Halo. Therefore, while
we are uncertain of the accuracy of our Western blot assay for collagen content or
speculation about changes in the structure of collagen, the improved function of treated
mice demonstrated using plethysmography likely reflected some effect of Halo on the
mdx mouse diaphragm muscle leading us to believe either the assays for collagen content
are not accurate enough or there is some other change to collagen that must be
investigated.
The intercostal muscles were not assessed for collagen content or expression,
although they play an important role in respiration. It is conceivable that dystrophy in
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these muscles collagen content was reduced by Halo treatment, resulting in improved
respiratory function, as assessed with plethysmography.
It is also possible that Halo caused an alteration in lung function itself unrelated to
dystrophy. The literature and work by Mark Pines (Nagler et al 1996,Nagler et al
1998,Nagler et al 1999,Nagler et al 2000,Pines et al 2001,Pines and Nagler 1998)
suggests that Halo only effects so-called “pathological collagen”; however because the
exact mechanism by which collagen effects changes in respiratory and muscle functions
is still unknown, we cannot confirm this is the case. After careful review, there is no
literature on distinctive forms of collagen in pathological as compared to normal muscle
(or other) tissue. To evaluate whether Halo affects “normal collagen” deposition, crosslinking with age, or remodeling in repair of function of normal tissue, including lung.
Experiments in which C57 mice are treated with Halo are required.

e) Cardiomyopathy
There was a significant improvement in cardiac function after 5 weeks of
treatment with Halo. Ventricular contraction was synchronus, as opposed to dys-kinetic
contraction (abnormal motions of the ventricular wall) contraction that was present in
untreated mice, and also in the baseline findings of the treatment group prior to the start
of Halo treatment. A group of young mice were also treated with Halo.
Echocardiography studies in the group of younger mice also showed that there was a
resolution of ventricular dyskinesis in treated compared with untreated mice. There was
no quantitative change in LV measurements after treatment, but this was not unexpected
as it is rare to see these changes. There was no change in left ventricular hypertrophy that
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is typically observed in mdx mouse cardiomyopathy (Anderson et al 1994). However,
qualitative differences suggest that Halo improved cardiac dysfunction in mdx mouse, a
condition that is characteristic of DMD.
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Chapter 7. SUMMARY AND CONCLUSIONS
This work shows that with treatment by Halo, HGF was increased in muscle; this
is thought to decrease myofibroblast activation and proliferation, resulting in reduced
expression of collagen and decreased collagen content, therefore reducing fibrosis. As a
consequence of reduced fibrosis, muscle repair was more effective and new damage (e.g.,
from exercise) was reduced. In addition, there were significant functional improvements
after treatment for 5 or 10 weeks and the progression of disease was slowed. Therefore,
we accept the hypothesis that Halo can reduce fibrosis, thereby improving function
(figure 16).
This research is especially important because it shows a resolution of pre-existing
fibrosis and a reduction of new collagen synthesis. Studies by Pines (unpublished)
suggest a dose-dependent effect of Halo on fibrosis in young mice. Therefore, with a
higher dose of Halo, there may be an even greater benefit to muscle and function. This
research has stimulated several questions as to the exact details and pathway by which
Halo has its effect. It will be critical to gain that information before clinical studies can
begin in appropriate, ethical trials.
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Chapter 9. APPENDIX A

Figure A
A: Stimuli involved in activation, proliferation and differentiation of satellite cells
(based on ideas from (Hawke and Garry 2001).

B: Summary of satellite cell activity. Muscle injury stimulates activation of satellite cells
through the mechanisms above, and cells proliferate. Satellite cells migrate to the site of
injury and either fuse with existing muscle fibers or form new muscle fibers, leaving
regenerated and repaired fibers with centralized nuclei (based on ideas from (Hawke and
Garry 2001).
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A

B

APPENDIX A - 3
Figure B

A: Collagen fibril assembly: Pro-collagen α-chains are synthesized in the golgi apparatus,
where hydroxylation, glycosylation, and triple helix formation occurs. Triple helices are
secreted out of the cell, the ends are cleaved off forming a collagen molecule, the
molecules form a fibril, and then aggregate to form a collagen fiber (based of ideas from
(Alberts et al 2002).
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Figure C

A: Trial of collagenase digestion technique, using a sample of tibialis anterior from a
young mdx mouse. Incubation times were 5 minutes, 15 minutes, 30 minutes, and 180
minutes. Bands were present at the 190kDa weight, as well as further down on the gel.

B: Second trial with Vitrogen as a positive control. Tibialis anterior and Vitrogen
samples were incubated for 5 minutes, 10 minutes, 30 minutes, and 180 minutes. Bands
appeared at all time points for Vitrogen (2 bands); however, bands at the 190kDa
molecular weight were only present after 30 and 180 minutes incubation of the muscle
samples.

APPENDIX A - 5
A

5

15

30

180

- controls

190 kDa

B

190 kDa

Muscle
Vitrogen
5 10 30 180 5 10 30 180

APPENDIX B – 1
Chapter 10. APPENDIX B

RECIPES
a) Protein Analysis
-0.05M Tris-HCL
Tris Base
3.03 g
pH to 6.8.
Bring to 50 mL mark with ddH2O
-1.5M Tris-HCL
Tris Base
9.09 g
pH to 8.8.
Bring to 50 mL mark with ddH2O
-2.5M Tris-HCL
Tris-HCl
29.55 g
pH to 7.2.
Bring to 75 mL mark with ddH2O
-Seperating gel
ddH2O
30% Acrylamide/Bis
1.5M Tris-HCL
10% SDS
10% APS
TEMED

4.9 mL
2.4 mL
2.5 mL
0.1 mL
0.1 mL
0.006 mL

-Stacking gel
ddH2O
30% Acrylamide/Bis
1.5M Tris-HCL
10% SDS
10% APS
TEMED

5.5 mL
1.3 mL
1.0 mL
0.08 mL
0.08 mL
0.008 mL

-Acrylamide
Acrylamide
14.6 g
N’N’-bis-methylene
0.4 g
Bring to 50 mL with ddH2O.
-10% SDS(Sodium Dodecyl Sulphate: aka Sodium Lauryl Sulphate)
SDS
10 g

APPENDIX B – 2
ddH2O
70 mL
pH to 7.2
Bring to 100 mL with ddH2O
-10%APS (Ammonium Persulfate)
Ammonium persulfate
100 mg
1 mL
ddH2O
-Sample Buffer (GELS)
ddH2O
0.5M Tris-HCL
Glycerol
10% SDS
2-β-mercaptoethanol
0.05% bromophenol blue

4.0 mL
1.0 mL
0.8 mL
1.6 mL
0.4 mL
0.2 mL

-Sample Buffer (DOT BLOTS)
ddH2O
0.5M Tris-HCL
Glycerol
10% SDS
2-β-mercaptoethanol

2.1 mL
0.5 mL
0.4 mL
0.8 mL
0.2 mL

-Running Buffer
Tris Base
Glycine
SDS
Bring to 1 L with ddH2O

3.25 g
14.425 g
1g

-Transfer Buffer
Tris Base
Glycine
Methanol
Bring to 1 L with ddH2O

5.82 g
2.93 g
200 mL

-Blocking Buffer (0.05 M Tris-HCl; 0.3% Tween 20; 5% Milk Powder)
0.05M Tris
Tween 20
Tris+Tween
Skim milk powder

500 mL
1.5 mL
50 mL
2.5 g

-10 x PBS (Phosphate Buffered Saline)
NaCl
80 g
KCl
2g
Na2HPO4.7H2O
27.2 g
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KH2PO4
-Buffer 3
Tris Base
NaCl
MgCl2.6H2O
ddH2O
pH to 9.5
Bring to 1L with ddH2O

2.4 g
12.11 g
5.84 g
10.16 g
200 mL

-Stripping solution
10% SDS
20 mL
Tris (pH6.8)
12.5 mL
2-β-mercaptoethanol
700 μL
Bring to 100 mL with ddH2O
b) Immunostaining
- Primary antibody diluent
1x PBS
Horse Serum
Bovine Serum Albumin
10% Na azide*

9 mL
1 mL
0.1 g
10 uL

-Secondary antibosy diluent
Bovine Serum Albumin
1x PBS

0.1 g
10 mL

- Bis Benzimide
1 uM Bis Benzimide
ddH2O

10.68 uL
500 mL

-Ethidium Bromide
Ethidium Bromide
1x PBS

4 uL
50 mL

-DAB working solution
DAB
1x PBS
Colour intensifier

1 mL
50 mL
0.1 mL

-Colour intensifier
NiCl2.6H2O
CoCl2.6H2O
ddH2O

0.5g
0.5g
10 mL

10 %
1%
0.1 %
1%
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c) In situ hybridization
- DEPC water
DEPC (Diethyl pyrocarbonate) 1 mL
100% ethanol
9 mL
DEPC + ethanol
10mL
1L
ddH2O
-Hybridization buffer (digoxigenin-labelled probes)
Deionized Formamide
25 mL
50% Dextran Sulphate
10 mL
20x SSC
12.5 mL
50x Denhardt's Solution
2 mL
10% N-Lauroyl Sarcosine
0.5 uL
Boehringer Blocking Reagent 1.0 g
Bring up to 50 mL with DEPC water
-50% Dextran sulphate
Dextran Sulphate
5.0 g
DEPC treated water
8.0 mL
Bring up to a 10 mL with DEPC ddH2O
-Formamide deionization
Resin Beads TMD-8
Formamide

5g
50 mL

-Dehardt’s solution (50x)
Ficol
5g
Polyvinylpyrrolidone
5g
Bovine Serum Albumin
5g
Bring up to 500 mL with DEPC ddH2O
-12% Paraformaldehyde
Paraformaldehyde
1xPBS
1 M NaOH

12 g
100 mL
couple drops

-20x Standard saline citrate (SSC)
NaCl (3 M)
175.33 g
Trisodium Citrate (0.3 M)*
88.2 g
DEPC ddH2O
300 mL
pH to 7.0.
Bring up to 1L with DEPC ddH2O
10x Standard saline citrate (SSC)
NaCl (1.5 M)
87.67 g
Trisodium Citrate (0.15 M)*
44.1 g
DEPC ddH2O
300 mL
Bring up to 1L with DEPC ddH2O
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-10% N-Lauroyl sarcosine
N-Lauroyl Sarcosine
5g
DEPC ddH2O
30 mL
Bring up to 50 mL mark with DEPC ddH2O
-0.5M EDTA
EDTA
186.1 g
DEPC ddH2O
800 mL
pH to 8.0 with 5M NaOH
Bring to 1000 mL with DEPC ddH2O
-Buffer 1
Maleic Acid (100 mM)
11.607 g
NaCl (150 mM)
8.766 g
NaOH pellets
approx. 7 g
800 mL
DEPC ddH2O
pH to 7.5
Bring up to 1L with DEPC ddH2O
-Buffer 2
Roche Blocking Reagent
Buffer 1
-Buffer 4
Tris base (10 mM)
EDTA (1 mM)
ddH2O
pH to 8.0.
Bring up to 1L with ddH2O

1.0 g
100 mL
1.211 g
0.372 g
800 mL

-2x SSC 0.1% SDS
20x SSC
100 mL
SDS
1g
Bring up to 1 L with DEPC ddH2O
-RNAse A stock
RNase A
100 mg
0.01M Sodium Acetate
6 mL
pH to 7.4 with 1M Tris (pH 7.4).
Bring to 10 mL with sterile ddH2O.
-0.01M Sodium acetate
NaCH3COO.3H2O
0.136 g
ddH2O
90 mL
pH to 5.2 with glacial acetic acid.

Bring up to 100 mL with ddH2O
-Colour solution
BCIP
NBT

0.175 mg/mL
0.35 mg/mL

APPENDIX B – 6
Levamisole

240 ug/mL

BCIP
100 % Dimethylformamide

0.05 g
1 mL

NBT
70 % Dimethylformamide

0.05 g
1 mL

-BCIP

-NBT

-Levamisole stock
Levamisole
Buffer 3

0.024 g
1 mL

-Harris’ Hematoxylin
Ammonium
Hematoxylin
Mercuric Oxide
Glacial Acetic Acid
Absolute Ethanol
Distilled water

10 g
0.5 g
0.25 g
2 - 4 mL
10 mL
100 mL

