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ABSTRACT

The mdx mouse, a model for human Duchenne muscular dystrophy (DMD),
is excellent for studying dystrophic processes and muscle regeneration
dynamics. In order to devise treatments for DMD, it is important to decide
what might promote or inhibit successful regeneration. Thus, the effects
of hypothyroidism (created by 0.05% propylthiouracil-PTU in drinking water
for 4 or 8 weeks) were studied in mdx and age-matched control mice. Histo-
logical, morphometric, immunocytochemical and autoradiographic (to detect
DNA synthesis) techniques were used to study dystrophy in the mdx mouse,
and muscle regeneration in control and mdx tibialis anterior muscle (TA)
after a crush injury. Recovery after the crush injury progressed as prev-
iocusly reported, and was almost complete by 15 days post-injury in all
groups. The remaindexr of the experiments were performed on mice allowed to
recover for 4 days. Hypothyroidism worsened the phenotype of mdx mice to
resemble DMD more closely. As well, muscle repair from crush injury in
hypothyrcid mdx mice exhibited decreased myotube formation and delayed
debris removal. In contrast, control TA did not appear to be as affected
by hypothyroidism. Double-immunocytochemical staining with anti-neural
cell adhesion molecule and anti-basic fibroblast growth factor antibodies
was not specific for muscle precursor cells in the injured TA, as
initially hoped. Autoradiography results showed that the proportion of
labelled myotube nuclei was less, but the proportion of total labelled
cells was more, in treated compared to untreated animals. Results suggest
that prolonged replication by precursor cells and delayed fusion produces

fewer myotubes in regenerating hypothyroid mdx muscle.
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1. INTRODUCTION

Skeletal muscle is the mechanically active part of the musculo-
skeletal system and it is specifically organized for movement. It makes up
the bulk of the adult human body, comprising about 45% of its total
weight. The specific developmental pattern of skeletal muscle results in
variety and uniqueness in each mature muscle. Much of what is known about
the potential or capacity of skeletal muscle to repair itself after injury
is based upon our knowledge of muscle development.

The focus of this study is on muscle regeneration in an animal model
of Duchenne muscular dystrophy (DMD), the mdx mouse. The mdx mouse is
genetically identical to DMD, in that both diseases are X-linked
dystrophin-deficiencies. However, the ability for muscle regeneration is
gradually lost in DMD, with subsequent replacement of muscle with fibrous
and adipose tissue, while the mdx mouse maintains the capability for
successful regeneration. Ultimately, DMD is fatal; mdx dystrophy is not.

It is of interest to characterize the factors imperative for
successful muscle regeneration when considering treatment for DMD. The mdx
mouse serves as a good model for this, particularly since negative changes
in the regenerative capacity can be clearly observed without interference
by fibrosis and adipose tissue formation. For instance, adequate levels of
certain growth factors and hormones are required in order for muscle
regeneration to progress normally.

Basic fibroblast growth factor (bFGF) plays a role in promoting
proliferation and inhibiting fusion of muscle precursor cells (wpcs), and
may be an important factor in promoting mdx regeneration, since it is
found in higher amounts in mdx than control muscles. Neural cell adhesion
molecule {(NCAM) is another important factor, and probably helps in cell
recognition and fusion in regenerating muscles.

Thyroid hormone is important in muscle development and maturation.

However, its roles in regeneration are less well defined. It is suggested
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that any change in the balance of thyroid hormone will change a muscle’s
response to damage. Excess thyroid hormone (hyperthyroidism) in mdx
muscles worsens dystrophic damage and possibly repair. In this study, the
consequences of lack of thyroid hormone {hypothyroidism) are examined in

mdx and control mice.



2. REVIEW OF LITERATURE

2.1 SKELETAL MUSCLE STRUCTURE (ADULT)

The normal morphology of skeletal muscle, as seen through the light
microscope, is considered in this section. It will become evident that in
understanding muscle structure, a knowledge of muscle development is

helpful (section 2.2).

2.1.1 Light microscopic histology of skeletal muscle

A mature muscle cell is termed a myofiber. It is a long cylindrical
cell consisting of numerous ovoid peripheral nuclei, a sarcolemma {plasma
membrane) and sarcoplasm (cytoplasm) which is occupied centrally by
myofibrils and peripherally by organelles. Myofibers may extend for many
centimeters (they may be as long as the entire muscle), and they insert
intc tendinous extensions or intersections within connective tissue.

In cross-section, myofibers are rounded or polygonal in shape. They
are 10-100pm in diameter in the human. In normal adult muscle, up to 3% of
all myofibers may be centrally nucleated (Swash & Schwartz, 1984).
Satellite cells (see section 2.3.3) are important cells that are located
between the external lamina and the sarcolemma of myofibers. They are hard
to distinguish under the 1light microscope and may be mistaken for
peripheral nuclei.

Each myofiber is independent and surrounded in a delicate network sf
connective tissue, the endomysium. Bundles of myofibers, or fascicles, are
surrounded by stronger connective tissue layers called perimysium. The
fascicles are surrounded by another thick connective tissue layer, the
epimysium, and it is this layer that delineates each named muscle of gross
anatomy. Almost every muscle is attached at 2 different bones by tendons,
and bridges at least 1 joint.

Muscle tissue consists of more than just myofibers: many blood

capillaries, Ilymphatics {(not in the endomysium) and nerves run in the
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fibroconnective tissue surrounding them. Each myofiber is surrounded by 2
to 5 capillaries, depending upon the type of fiber. One terminal motor
nerve fiber joins a single myofiber at the neuromuscular junction (NMJ).
One neuron may have an axon that branches to innervate hundreds of
myofibers. Muscle spindles, the sensory (length-tension) receptors, are
located in the perimysium of most human skeletal muscles, primarily
muscles with fine motor control (Calpan et al., 1988).

Myofibers are composed of myofibrils which give the fiber its
characteristic striated appearance. Skeletal muscle stained £for light
microscopic observation has a unique pattern of A- (dark or anisotropic)
bands and I- {(light or isotropic) bands. A Z-line bisects each I-band, and
the functional unit of contraction, the sarcomere, lies between two Z-
lines. Also, a lighter area is present in the A-band, called an H-band.
Myofibrils are composed of myofilaments whose distribution results in a
cross-banding pattern. Myofilaments are of three types: thick, thin and
intermediate. The thick filaments consist mainly of myosin and form the A-
bands. Thin filaments are composed of actin, tropomyosin and troponin, and
extend from each side of the Z-line through the adjacent I-bands and part
way into the A-band, interdigitating with the thick filaments. The H-band
is simply the area in the centre of the A-band free of thin filaments. The
thick filaments have bridge-like structuires (the heads of myosin
filaments) extending radially toward the thin filaments, and they “slide®
upon each other in contraction. Discussion of other myofiber organelles
and membranes (t-tubules, sarcoplasmic reticulum, ribosomes and
mitochondria) is omitted since their small size precludes observaticn by
typical light microscopy.

A sarcomere is the functional unit underlying contraction. The
myofibrillar apparatus accomplishes force generation while the membrane
components - transverse (T) tubules and sarcoplasmic reticulum (SR) - are
responsible Vfor its contrel. The arrangement of several thousand

sarcomeres in series and their coordinated activation in response to a
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stimulus from the motor neuron allow the rapid shortening and force

generation of the muscle fiber (Flucher, 1992).

2.1.2 Fiber typing

Different skeletal muscles exhibit ~wvariations in structure,
innervation, physiology, biochemistry and vascularity. These variations
result from compositional differences in the myofibrils. There are many
different fiber classification schemes (reviewed in Pette & Staron, 1990)
- the one most widely accepted will be briefly outlined. It is important
to realize that there is a multiplicity of fiber types and that the
dynamic nature of muscle makes it difficult to categorize £fibers into
distinct units.

Basically, myofibers can be divided into two types: type I and type
II (subtypes IIA, IIB, 1IC, IIM and IIX). The content, biochemistry and
energetics of myosin heavy chain (MHC) molecules and isoforms of many
other muscle-specific molecules, account for the characteristics of
individual fiber types. Type I myofibers are oxidative, slow-twitch, and
fatigue resistant. They exhibit many mitochondria and have a low content
of glycogen and glycolytic enzymes. Slow MHC isoforms are present. Type
IIA myofibers are fast twitch, oxidative fibers. They contract faster than
type I fibers, have more mitochondria and are more fatigue resistant than
type IIB fibers. Type IIB fibers are fast contracting, but rely more on
glycolytic than oxidative pathways for energy production. Both type IIA
and IIB fibers have pure fast MHCs, but the isoforms are immunologically
distinct. Type IIC fibers contain both fast MHCs and are thus termed
intermediate fibers. They alsoc are relatively primitive and have the
capability of differentiating into type IIA or IIB. Type IIM fibers are
found in mainly the jaw muscles of mammalian carnivores and are considered
"superfast" fibers. Type IXIX (sometimes referred to as type IID) fibers
are also considered intermediate in character between type IIA and IIB

fibers {Haemaelaeinen & Pette, 1993) and may be mistaken for type IIB
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fibers. The motorneuron plays an important role in determining the fiber

type of skeletal muscle (Pette & Staron, 13990).



2.2 DEVELOPMENT OF SKELETAL MUSCLE

The specific develcpmental pattern of skeletal muscle results in the
variety and uniqueness of each mature muscle. Normal development of
skeletal muscle in mammals occurs in three distinct phases: i} commitment
(or determination) of cells to the muscle lineage, ii) proliferation of
the myoblasts and iii} terminal differentiation of cells into a mature
state. These events seem to be highly dependent on a group of muscle
regulatory factors {MRFs) (section 2.2.5).

2.2.1 Commitment of muscle precursors

As defined by Stockdale et al. (1989}, commitment is a heritable
change in the genetic structure of a cell that irreversibly restricts the
subsequent fate of the cell before it manifests a differentiated
phenotype. The skeletal muscle lineage (reviewed by Stockdale, 1992) is
committed from a group of mesodermal stem cells, and the committed cell is
called a myoblast. The first muscle precursor cells (mpcs) are found in
the somite of the developing embryo within a compartment called the
myotome. Myoblasts migrate to invade future muscle territories while they
divide, and ultimately form the majority of the 1imb and trunk
musculature. Cervical and craniobulbar muscles arise from the branchial
arches.

It is thought that the establishment of the muscle phenctype is
dependent on myvogenic "master" genes that control all later events (Pinney
et al., 1990). A likely candidate is the recently identified family MRFs
(section 2.2.5). Cells expressing these MRFs are first detected in the
somite. As each stage of development progresses, groups of muscle-specific
genes are activated that first determine and then regulate muscle
function.

2.2.2 Proliferation of new myoblasts

Committed myoblasts undergo mitosis, amplifying the myoblast

population. The main ingredients influencing proliferation in vitro are

serum and embryo extract components, growth factors and oncogenic signals
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(reviewed by Olson, 1992). Two of the most extensively characterized
growth factors which stimulate proliferation in culture are bFGF {Clegg et
al,, 1987) (section 2.7} and insulin-like growth factors (IGF-I, IGF-II
and insulin) (Florini & Magri, 1989). The in vivo role of these growth
factors is less well-known.

It appears that there 1is rich diversity among the myoblast
population. Many subtypes of myoblasts (such as somitic, embryonic and
fetal) can be detected through characterization of MHC expression. Pin &
Merrifield (1993) report that embryonic and fetal rat myoblasts express
different phenotypes in wvitro and they may represent distinct myoblast
lineages. In contrast, Dusterhoft et al. (1990) find no evidence of
satellite cell diversity in vitro.

2.2.3 Withdrawal from the cell cycle

Proliferation and differentiation are two distinct events. A myriad
of opposing positive and negative signals help to determine whether a
myoblast will remain in the cell cycle, or withdraw from it and begin to
terminally differentiate (reviewed by Olson, 1992). These signals include
growth factor expression, hormonal presence and the expression of the MRF
family.

In culture, differentiation is repressed by serum and exogenous
growth factors, such as bFGF (Clegg et al., 1987) and TGF-£ {Olson et al.,
1986), held at a critical level. Recently, it has been suggested that
endogenous bFGF promotes proliferation as well as exogenous bFGF (Moore et
al., 1891). Basic FGF can block differentiation even when it is not
mitogenic, and TGF-£ is probably not mitogenic, hence the inhibitory
effects of these growth factors appear to be independent of their roles in
proliferation (Olson et al., 1986). It appears that the MRF genes act as
targets for growth factors, such that the stimulus to differentiate is
modulated by the growth factor-MRF interaction (Moore et al., 1991).
Myoblast fusion can also be inhibited by BrduU, calcium chelating agents

and overexpression of certain proto-oncogenes (reviewed by Bishopric et



al., 1992).

At some point, the activators of differentiation override the
inhibitory factors and cells differentiate rather than continuing to
proliferate. Expression of bFGF is down-regulated at the transcriptional
level during myogenic differentiation in cultured myocytes (Moore et al.,
1991). Activation of the MRF family {Olson et al., 1991} and the
disappearance or down-regulation of surface receptors for mitogens on
myogenic cells {(Moore et al., 1991; Olwin & Hauschka, 1988) also occurs.
When expressed at very high levels, the MRF family can override mitogenic
signals and cause growth arrest, independent of differentiation (Olson et
al, 1991). IGFs are stimulators of terminal differentiation (Florini &
Magri, 1989), and therefore the previous generalizations that mitogens
inhibit differentiation are not valid (Florini & Magri, 1989). Increased
expression of other proteins, such as desmin (an intermediate filament
protein) and H36 {(an integral membrane protein) in post-mitotic myoblasts
(Kaufman, 1991), also stimulate differentiation. Differentiation can occcur
only when cells are growth arrested at the G0/Gl stage of the cell cycle.
2.2.4 Terminal differentiation of muscle fibers

After myoblasts have withdrawn from the cell cycle, they assemble in
a row and fuse to form a long cell with central nuclei called a myotube.
Fusion of mononuclear myoblasts to one another involves the expression of
certain cell adhesion molecules which act in cell recognition and
adhesion. Neural cell adhesion molecules (NCAM) play a role in fusion
(section 2.4). A residual specialized population of myoblasts does not
fuse, but remain as single cells positioned between the external lamina
and the myotube periphery. These are myo-satellite cells. Satellite cells
can be activated to replicate during regeneration and repair after birth
(Kaufman, 1991) (section 2.3.3). Activation of certain muscle specific
genes (Miller et al., 1993} allows the formation of the contractile
machinery {reviewed by Bandman, 1892). The fusion of myoblasts is not a

preregquisite for the early initial development of the contractile
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machinery, however the transition of myoblast to myotube is accompanied by
an enormous synthesis of proteins of the contractile system (Kaufman,
1991).

As myotubes mature, they undergo modulation. Modulation is defined
as a reversible change in the phenotype of a cell, which occurs within
limits set by the particular commitment of a cell, and which occurs after
a cell differentiates (Stockdale et al., 1989). This modulation allows the
manifestation of multiple phenotypes to be dependent upon a number of
different stimuli. The diverse phenotypes of myocfibers depend partly upon
innervation, but nerve supply is not a prerequisite in all stages of
muscle development. Other factors which influence muscle fiber type to
various degrees are hormones {for example thyroid hormone, section 2.8},
growth factors, isoforms of contractile proteins (myosin, actin, troponin,
tropomyosin} (Bishopric et al., 1992) and functional demands. Some authors
extend these features to suggest that the different fiber types may also
be reflected in distinct subpopulations of myoblasts or muscle precursors
{Pin & Mexrifield, 1993; Miller et al., 1993; Kaufman, 199%1).

Myotube formation is a crucial step in myogenesis. In small
laboratory animals, such as rodents, myotube formation is biphasic. Ontell
et al. (1987; 1988) have extensively characterized primary and secondary
myotubes in the mouse soleus and extensor digitorum longus muscles.
Primary myotubes, formed from the fusion of embryonic mycblasts, run from
tendon to tendon in the muscle and provide a framework for subseguent
formation of secondary myotubes. Primary myctubes appear to be densely
innervated in the rat (Sheard et al., 1%9%91), but their formation is nerve-
independent. Secondary myotubes form when 2 mononucleate fetal myoblasts
fuse in the wvicinity of the endplate of the primary myotube. It is
debatable as to whether initiation of secondary myotube formation is
nerve-dependent (Draeger et al., 1987} or independent {Sheard et al.,
1991) . The secondary myotubes grow longitudinally along the surface of

primary myotubes, acquiring more nuclei as myoblasts progressively fuse.
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Secondary myotubes connect with tendons and separate laterally from the
primary myotube. The number of fibers in an adult muscle depends on the
number of primary myotubes first formed and the number of secondary
myotubes that form around each primary (Wilson et al., 1992).

In larger mammals, such as sheep (Wilson et al., 19%92) and humans
{(Draeger et al., 1987), it is suggested that the secondary generation of
myotubes form at endplate sites in a series arrangement along the length
of a single primary myotube, and that tertiary, and possibly 1later
generations of myotubes in their turn, use the earlier generation of
myotubes as a scaffold. The ratio of adult muscle fibers to primary
myotubes is 70:1 in sheep (Wilson et al., 1992), thus it seems unlikely
that every later generation myotube uses a primary myotube as a scaffold.
Precise timing of NMJ formation and structural maturation has not been
extensively investigated. However, the first embryonic movements probably
reflect functionally active NMJs (Carpenter & Karpati, 1984} with
spontaneous quantal transmitter release.

Fiber growth occurs by the addition of further moncnucleated cells
to the sides and ends of a fiber. As growth in diameter occurs, the
central myotube nuclei move to the periphery, and myofibrils assume a
central position. Ultimately, the formation of muscles requires the
interplay and cooperation of many cell types: connective tissue, nervous
system, bone, cartilage and vasculature. The molecular mechanisms by which
the shape of whole muscle architecture is determined remains unknown, but
connective tissue cells seem to direct patterning (Miller et al., 1893}.
2.2.5 Muscle regulatory factors {(MRFs)

MRFs are an intriguing group of proteins. When expressed, MRFs can
generate a complete differentiated muscle phenotype which requires the
activation of many genes. MRFs have the potential toc convert fibroblasts
and other non-myogenic cell types to cells that express muscle-specific
genes in vitro (Olson et al., 1991). They are mnormally expressed

exclusively in skeletal muscle and can induce myogenesis in transfected
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10T1/2 cells {(a clonal mouse embryo fibroblast cell line) ({Stockdale,
1992; Olson, 1992). These amazing capabilities in vitro suggest that the
typical development of skeletal muscle in vivo depends on characteristic
sequences of functional expression of these genes.

The MRFs 4include four £factors: MyoD; myogenin; Myf-5; and MRF-4
{(reviewed by Miller et al., 1993). BAnother gene, myd (Pinney et al.,
1988), is sometimes included with the MRFs, but few studies are reported.
The MRFs form heterodimers in the nucleus and activate genes by binding
(directly, or indirectly through other transcription factors) to a DNA
region called the E-box {Olson et al., 1991). The regulatory factors have
a homology region of 68 amino acids (called myc) responsible for DNA
binding and mediation of dimerization (Olson et al., 1991). This regicn on
its own appears to be capable of inducing the formation of myoblasts from
10T1/2 cells {Tapscott et al., 1988) and from other undetermined cell
types.

It seems that each MRF has a specific function in myogenesis,
although an overlapping redundancy in their functions is suggested. In the
normal development of mouse muscle, Myf-5 mRNA is first detected in the
dermomyotome of the cranial somites at day 8 of gestation (E8), prior to
the expression of any known muscle marker protein or other MRFs. Myogenin
expression occurs 12 hours later, with MRF-4 soon following (at about E9).
At this time, some muscle specific-proteins can be recognized. Finally,
MyoD and other contractile proteins appear in the differentiated myotomal
cells., Myf-5 and MRF-4 occur transiently in early somites, and MRF-4
reappears later in the limb muscles of the fetus and adult (Bober et al.,
1991) . Myogenin and MyoD continue to be expressed at high 1levels
throughout embryonic and fetal development, although in progressively more
caudal and distal muscles, until their expression is downregulated in the
postnatal period (reviewed by Braun et al., 1992).

Recent studies have explored the results of inactivating certain of

the MRF genes in transgenic knockout mice. Surprisingly, the deficiencies
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of Myf-5 (Braun et al., 1992) and MyoD (Rudnicki et al., 1992) result in
mild abnormalities in the skeletal muscle of newborn mice. Mice missing
MyoD are viable and fertile. However, the redundancy in the genome is
illustrated since Myf-5 mRNA is found in greater amounts in MyoD knockouts
than in controls. That overexpression also seems to compensate for the
loss of MyoD. Also, the first appearance of muscle-specific markers is
delayed in MyoD knockout mice. Although mutant mice lacking Myf-5 have
apparently normal skeletal muscle structure at birth, they cannot breathe
when born due to the absence of a major portion of the ribs, in that only
the heads of each rib are present and attached to the vertebrae.

A genetic deficiency of myogenin in mice (Hasty et al., 1993;
Nabeshima et al., 1993} results in much greater defects in skeletal
muscle. The mutant animals survive fetal development, but die immediately
after birth and show a severe reduction of skeletal muscle (although there
are a few poorly formed muscle £ibers), indicating that myogenin
encourages terminal differentiation. Studies of double knockouts for MyoD
and Myf-5 should prove interesting.

The above researchers and Smith et al. (1993) conclude that there is
a spatio-temporal pattern of expression of Myf-5, myogenin, MRF-4 and
MyoD. The spatio-temporal expression of MRFs suggests that they may
subserve different aspects of muscle development during embryocgenesis. We
can only conclude that MRFs are part of a complex auto- and cross-
regulatory network in which the activity of one member regulates its own
expression and/or the expression of other MRFs. Other, as vyet
unidentified, tissue-specific factors are 1likely to act upstream,
downstream or in parallel with the expression of members of the MRF family

to regulate muscle commitment, proliferation and differentiation.
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2.3 SKELETAL MUSCLE REGENERATION

Skeletal muscle has a remarkable capacity to repair itself. That
process 1is termed regeneration, the formation of essentially normal
tissue. Much of what is known about the potential for restoration of
skeletal muscle following injury is based on our knowledge of muscle
development, combined with investigations of the cellular and molecular
events during muscle regeneration after various injuries. Thus,
regeneration is much like embryonic development of muscle (section 2.2),
but does not exactly recapitulate it. In order for skeletal muscle to
regenerate, certain factors are required: myoblastic cells, adequate
vascularity, adequate number and distribution of motor and sensory
neurons, appropriate mechanical environment, a remnant external lamina,
the presence of nonmyogenic repair cells, and a space occupying matrix
that stimulates migration, proliferation and differentiation of myoblastic
cells (Calpan et al., 1988).

The events in muscle regeneration will be discussed with special
attention to human and mouse regeneration (reviewed by Grounds, 1991;
Calpan et al., 1988; Allbrook, 1981; Carlson, 1973}). Also, a specific
technique for studying muscle regeneration will be highlighted (the crush
injury) . The essential process of regeneration is similar irrespective of
the cause of injury, but the outcome and time course of regeneration vary
according to type, severity and extent of injury, age of the animal, and
in some cases, the species of animal.

2.3.1 Review of terms used in muscle regeneration

A "presumptive myoblast" refers to a suspected muscle precursor cell
which lacks evidence of cytoplasmic filamentous muscle proteins. A
“myoblast" is a muscle precursor cell confirmed by the presence of thick
and thin myofilaments in the cytoplasm. It is spindle-shaped and often
located between degenerating fibers and the external lamina. However, they
are not reliably identified using light microscopy and routine staining.

“Mononuclear muscle precursor cell (mpc)" is a general term which includes
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satellite cells, presumptive myoblasts and mycblasts. "Myotubes" are
centrally multinucleated young muscle fibers. The term "myogenic cells™®
includes mpcs, multinucleated myotubes and myofibers, the cells of the
muscle lineage (from Robertson et al., 1990).

2.3.2 Pegeneration and removal of injured muscle

After an insult to skeletal muscle, intrinsic degeneration occurs,
characterized by membrane damage, disruption of sarcomeres at the Z-bands,
mitochondrial swelling and nuclear pyknosis. Damage to the sarcolemma of
the myofiber results in increased intracellular calcium and activation of
complement (Orimo et al., 1991). These conditions disrupt the normal ionic
balance of the myofibers and induce widespread necrosis. The sarcoplasm of
the ruptured myofiber is then exposed to the extracellular matrix (ECM),
and extracellular molecules enter the interior of the fiber (Grounds,
1991) . Subsequently, active production of new sarcolemma occurs, which
contributes to the formation of the part of the sarcclemma that demarcates
the viable portion of the myofiber from the injured area (Papadimitriou et
al., 13830). In experimental damage to mouse muscle, myofiber resealing is
seen by B hours after injury and the majority of myofibers are resealed by
24 hours (Papadimitriou et al., 1990). Resealing is purely a function of
local cells and is not dependent upon infiltrating leukocytes (Robertson
et al., 1992).

Meanwhile, cell-mediated fragmentation of damaged myofibers occurs,
mainly by phagocytic macrophages. The timing of phagocytic cell entry
depends upon the wvascularity of the damaged myofiber. Vascular sprouts
grow intoc the degenerated mass, and not until this has occurred can
phagocytes invade the area. Robertson et al. (1993} suggest that
chemotactic factors from the damaged myofibers attract the phagocytic
cells to the site of injury. Polymorphonuclear leukocytes {polys) play an
immediate role in the removal of necrotic debris. If little damage occurs
to the local blood supply, polys enter about 3 hours after injury in the

mouse (Schmalbruch et al., 1976). The number of polys peak at about 12
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hours after injury (Orimo et al., 1991), and by 24 hours post-injury they
are no longer conspicuous (Schmalbruch, 1976}. Macrophages enter by
between 6 and 12 hours post-injury, with a maximum level at about 2 days
(Orimo et al., 1991). Macrophages do not vacate the area until all
contractile filament and other cytoplasmic debris is removed.

The efficiency of revascularization generally relates to the extent
of fibrosis and calcification in the muscle after injury (Grounds, 1991).
In areas far removed from the blood supply, necrosis sets in and
degeneration occurs in the absence of an intracellular phagocytic
reaction. Many factors stimulate revascularization, usually by increasing
endothelial cell proliferation. Such angiogenic factors are bFGF (section
2.7), chemoattractants (like complement) in the area of damage, and
prostaglandins. If no revascularization occurs, minimal regeneration
results.

The integrity of the external lamina is important for muscle
regeneration. The remaining external lamina acts as a scaffold for
reconstruction of regenerating myofibers, maintains a microenvironment
favorable for regeneration, and at the same time, excludes fibroblasts and
the majority of newly forming collagen fibers from interfering with
regrowth {Grounds, 1991}.

2.3.3 The origin of myogenic repair cells

Once the removal of old myofibers is well underway, a population of
activated spindle-shaped mpcs appear beneath the external lamina. The
origin of these cells and their mode of activation in regenerating muscle
fibers is of great interest and debate. No resolvable structural markers
are available at the light microscopic level which can identify the source
of the undifferentiated mpc proliferating ir vivo, or which can positively
distinguish early mpcs from other mononuclear cells present in
regenerating tissue.

When deciding upon the origin of mpcs, one must consider 3 theories

offered by Grounds (1991), each of which will be considered in turn: i)
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myoblasts in regenerating muscle arise from myonuclei that separate off
from dedifferentiated muscle fibers, ii) satellite cells are reserve cells
with myogenic capacity and they become activated after muscle damage, and
iii) mpcs are derived from circulating mononucleated cells produced in
remote places from injured tissue. The question arises as to whether
highly differentiated cells can act on their own behalf in repair (i.e.
myonuclei} or whether an infusion or activation of new cells from a
normally dormant population regulates repair (i.e. satellite cells}.

Mpcs from myonuclei: Proponents of this idea (Naidoo, 1992;
Mastaglia et al., 1975; Reznik, 1969} believe that peripheral nuclei break
off from damaged myofibers, become completely invested with a cell
membrane and serve as the cellular source of regenerating myofibers. In
order to do this, the nuclei must dedifferentiate, because adult myonuclei
are postmitotic and are incapable of DNA synthesis or mitosis. Naidoo
(1992) feels that myonuclei are transformed into myoblasts during muscle
regeneration, and that the presumptive myoblast produced from a myonucleus
is a stage in the development of the satellite cell. However, in view of
guestionable electron micrographs, his conclusions are disregarded. Thus,
currently there is little evidence that myonuclei can participate in
regeneration, but the possibility has not been completely disproved.

Mpcs from satellite cells: Proponents of this idea (Snow, 1981;
Schmalbruch, 13%76; Moss & Leblond, 1971; Mauro, 1961) believe that the
myonuclei of damaged muscle cannot reactivate their own synthetic oxr
replicative processes, or even survive degeneration. Instead, a population
of undifferentiated gquiescent cells with myogenic potential (satellite
cells) is activated to proliferate and forms a population of myoblasts
which may subsequently fuse to form new myofibers.

Satellite cells are mononucleated, spindle-shaped cells with ovoid
nuclei that are located between the external lamina and the sarcolemma of
adult muscle tissue. Heterochromatin appears in the nucleus, there is

scant cytoplasm, no sarcomeric myofilaments are present, but they contain
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some actin and myosin and thus are probably capable of some migratory
movement beneath the external lamina {(Schultz et al., 1988). Upon
activation, gquiescent satellite cells re-enter the cell cycle, and their
nuclear heterochromatin is reduced as an EM marker for the activation
{(Snow, 18%81). When and from what source satellite cells are derived
remains a mystery (Allen & Rankin, 1990). Dusterhoft and colleagues (1990)
report that there is no evidence for the existence of satellite cell
diversity among rat muscle of different fiber type composition in vitro.
Cther investigators (Feldman & Stockdale, 1991) report that satellite
cells are of different types and that fast and slow muscles differ in the
percentage of each type they contain.

Various studies have proven that satellite cells are the source of
myoblasts in regenerating muscle., The simple fact that satellite cells are
absent in cardiac muscle supports their role in regeneration, since
cardiac muscle cells cannot proliferate or regenerate after they are
mature. Snow {1977) reports that repeated trauma seems to increase the
numbers of satellite cells at the trauma location and that as a result,
regeneration occurs faster. Also, the number of satellite cells (Snow,
1877) and the proliferative potential of satellite cells (Mezzogiocrno et
al., 1993) in rats and mice decrease with advanced age, and this reduction
appears to result in slower regeneration of o0ld muscle after insult
(Sadeh, 13988).

It is uncertain whether satellite cells originate within the region
of damage or if they migrate from outside sources. Some researchers
(Carlson, 1986; Hansen-Smith & Carlson, 1979) believe that after an
injury, satellite cells remain in the area, withstanding the damaging
environmental influence and ischemia, and directly and immediately
contribute to regeneration. Others (Schultz et al., 1988) believe that
satellite cells migrate from the ischemic core of an injury to more
peripheral regions after insult, and are among the population of single

cells that accompany ingrowing vasculature. It is also thought that
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satellite cells from remote uninjured muscle can migrate to the area of
repair upon focal injury ({Grounds et al., 1992a; Allen & Rankin, 1990;
Watt et al., 1987) and that the actual site of injury contributes
relatively few cells (Grounds et al., 19%2a). It could be that the
survival of satellite cells in the injured area depends on the severity
and extent of injury, but it appears that subsequent establishment of a
growing population of mpcs requires the effective simultaneous growth of
a blood supply.

Since Mauro’s initial description of satellite cells in 1961, most
researchers believe that satellite cells contribute to, and are necessary
for, regeneration (Allbrook, 1981). However, the extent of the
contribution remains to be elucidated. It may be that all satellite cells
do not have the same potential tc form muscle and that they may not be the
only source of mpes in injured mature muscle (Watt et al., 1987).

Mpcs from other areas: It has been suggested that a third source of
mpcs is derived from circulating mononucleated cells produced in remote
places from injured tissue (reviewed in Grounds, 1991). There are numerous
reports that various cells of mesodermal (particularly fibroblasts and
adipocytes) and neuroectodermal origin can give rise to mpcs under certain
conditions (see Grounds, 1991). In particular, the thymus may be involved
in producing mpcs (Grounds et al., 1992b). MyoD and myogenin genes are
expressed in the thymus of adult mice, and this is the first report in
higher vertebrates of MyoD and myogenin expression in a tissue other than
skeletal muscle (Grounds et al., 1992b).

MRFs and identification of mpcs: The discovery of the MyoD family of
MRFs (section 2.2.5) may be the key to identifying presumptive myoblasts
and mpcs. MyoD and myogenin appear to be markers for the very early
identification and study of activated mononuclear skeletal mpcs in muscle
regenerating in vivo (Grounds et al., 1992a; Fuchtbauer & Westphal, 19%2).
Their expression in regeneration is very similar to the pattern shown in

development (section 2.2.5). MyoD and myogenin are mnot detected
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(Fuchtbauer & Westphal, 1992), or infreguently detected (Grounds et al.
19%2a), in mononuclear cells of noninjured muscle. The use of in gitu
hybridization shows increased MyoD and myogenin mRNA sequences in
mononuclear cells as early as 6 hours post-injury, a peak in mRNAs between
24 and 48 hours, and thereafter a decline to pre-injury levels at about 8
days (Grounds et al., 1992a). MyoD and myogenin mRNAs are located in
mononuclear cells some distance from the site of crush and eventually
migrate in toward the crush site as the inflammatory cells migrate inward.
Grounds et al. (1992a) conclude that the positive cells are probably
initiating replication at the same time as they are expressing MyoD and
myocgenin genes, and that the genes play a small part during fusion. The
use of immunocytochemistry shows that 10-20% of nuclei are positive for
both MyoD and myogenin in degenerating muscle fibers after grafting
{(Fuchtbauer & Westphal, 1992). In contrast to the findings of Grounds et
al. (1992a), all nuclei in newly fused myotubes are positive, and positive
nuclel persist for at least 2 weeks in regenerated myofibers (Fuchtbauer
& Westphal, 1992). This could be due to the difference between protein and
mRNA expression {GBarrett & Anderson, personal communication). Fuchtbauer
& Westphal (1992} suggest that MyoD and myogenin play active roles in
terminal differentiation of muscle fibers, and that the other MRFs (MRF-4
and Myf-5) may be responsible for the commitment of myogenic cells in
repairing adult skeletal muscle.
2.3.4 The proliferation of myogenic repair cells

Irrespective of their origin, mpcs must migrate to the damaged area
and proliferate. It is thought that exudate macrophages induce a strong
positive chemotactic response in myogenic cells by secretion of certain
growth factors (Robertson et al., 1993). Before, during and subsequent to
migration, mpcs proliferate. Most studies invelving proliferation deal
with the satellite cell population. Thus, in discussing further events, I
will assume that presumptive mycoblasts originate from satellite cells.

Extracellular matrix (ECM) components, growth factors and hormones
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all play a role in the proliferation (and fusion) of mpcs in vitro and in
vivo {Grounds, 1991). The extracellular matrix surrounding myofibers
consists of a basement membrane (one component being the external lamina)
and associated intexrstitial connective tissue. Growth factors are peptides
which stimulate or inhibit cell division or affect cell differentiation
(Allen & Rankin, 1990; Allen & Boxhorn, 13839): they are produced locally
and often act in an autocrine or paracrine manner. Growth factors can
either move cells from the quiescent G, state into G, (competence factors -
bFGF, platelet derived growth factor-PDGF, macrophage derived growth
factor-MDGF), act slightly later, moving cells through G, into DNA
synthesis (progression factors - insulin-like growth factors-IGFs and
epidermal-derived growth factor-EGF), or inhibit growth (negative factors
- transforming growth factor beta-TGF-f3, interferon). Hormones are
produced in distant sites and arrive via the circulatory sgystem.
Adrenocorticotrophic  hormone, melanocyte stimulating hormone and
glucocorticoids (dexamethasone) have been implicated in promotion of mpc
proliferation. Growth hormone plays an important role in cell
proliferation and myofiber growth in normal adult rats (Ullman & Oldfors,
1%89). In regenerating muscle, growth hormone increases the growth and
cell proliferation of regenerating muscle (Ullman et al., 1989), possibly
by stimulating IGF production in the liver (Murphy et al., 1987). However,
endogenous production of IGF-I in early stages of regeneration can occur
independent from growth hormone (Sommerland et al., 1989). It is suggested
that growth hormone dependence may be more pronounced in later stages of
regeneration (Sommerland et al., 1989; Ullman et al., 198%). The
functional and biochemical state of muscle is dependent upon thyroid
hormone (section 2.8). The role of the above factors im vitro are
summarized in the following table {from Grounds, 1991). In most cases in

vive roles are similar, or as of yet unknown.
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Effects of various factors on muscle precursor cells (mpcs) in vitro.

Proliferation Differentiation
and Fusion

Extracellular matrix {(ECM)
components
Laminin increase -
Fibronectin increase decrease
Hyaluronic acid - decrease
Heparin decrease -
Heparin sulphate proteoglycans decrease -
Collagen - increase
Glycoproteins (high mannose type} - increase
Growth Factors (GF)
Fibroblast GF (see section 2.6) increase decrease
Platelet derived GF increase decrease
Bischoff muscle GF increase -
Insulin GF increase increase
Dexamethasone increase -
Adrenocorticotrophin increase -
Prostaglandin - increase
Transforming GF-R8 decrease decrease
Interferon - decrease

There is very little evidence available to indicate what factors
might act either directly or indirectly in controlling the proliferation
and fusion of mpc in vivo, because the situation is very complex. It is
proposed that the quiescent state of muscle precursors in uninjured muscle
could be due either to i) factors that actively repress cell replication,
or to ii) the absence of factors which stimulate progression through the
cell cycle. When trauma occurs, membrane and nerve damage occurs,
macrophages and complement are activated, and angiogenic factors are
produced. The mpcs must then be activated. Things which may activate mpes
(Grounds, 1991) include: i) proteases which might be mitogenic for mpcs,
ii) general changes in the ECM, including a decrease in many of the

components which may affect mpc shape and DNA synthesis {i.e. degradation
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of heparin sulphate proteoglycans will release FGF), iii) increases in
nonspecific competence growth factors mitogenic for mpc such as FGF, PDGF
and MDGF, iv) increases in specific mpc mitogens such as Bischoff growth
factor, ACTH and glucocorticoeids, v) availability of receptors for FGF and
other mitogens, vi) a damaged sarcolemma with abnormal electrical activity
{Bischoff, 1990), and vii) the absence of inhibitory growth factors. Once
the mpcs are activated, cells move through G, to DNA synthesis, and cell
proliferation is maintained by elevated levels of growth factors, and
perhaps hormones.

Mpcs undergo multiple divisions before fusing to form myotubes. Mpc
replication is initiated anywhere from 30-48 hours after injury, depending
on the severity of the injury (Roberts et al., 1989). There are two
theories as to the number of cell divisions these initiated mpcs undergo.
The first theory states that there are 2 discrete populations of mpcs,
separated by a crucial cell cycle (quantal mitosis) which transforms
replicating mpcs (potential myoblasts) into post-mitotic committed orx
terminally differentiated cells {myoblasts) ready for fusion (Quinn et
al., 1984). Proponents of this theory propose that there is one myogenic
lineage and once the stem cell becomes committed, it undergoes a specific
number of symmetrical and obligate cell divisions to produce terminally
differentiated myoblasts. In embryonic chick muscle in vitro, 4 determined
symmetric divisions give rise to 16 terminally differentiated myoblasts
{Quinn et al., 1984). The other theory proposes that there is one
heterogeneous population of presumptive myoblasts and that there is no
quantal cell cycle., Cells will continue to divide until they fuse. Grounds
& McGeachie (1987) support this theory, and propose that at the onset of
myogenesis in regenerating muscle irp vivo, mpcs can divide as little as
two times before fusing to form myotubes.

2.3.5 Fusion to form myotubes
Irrespective of the number of times a mpc divides or its origin, at

some point during the early part of G,, a mpc¢ begins to differentiate and




24

becomes committed to fusion. Usually, myoblast numbers reach a peak 48-72
hours after mild injury in mice (McGeachie and Grounds, 1987). Afterwards,
their population decreases, myotubes take their place (Grounds &
McGeachie, 1987) and ultimately DNA synthesis virtually ceases (Roberts et
al., 1989). Fusion is not a prerequisite for differentiation, but
differentiation always follows fusion. Proliferation and fusion of mpcs
are not dependent on the presence of infiltrating macrophages or other
leukocytes (Robertson et al., 1992).

Fusion is a very complex process involving many biochemical and
bicphysical interactions. These interactions include the actions of
glycoproteins, calcium, pH levels, adhesion-specific receptors, cell-
surface proteins, cell recognition molecules, ECM, growth factors and
prostaglandins. The effects of growth factors and ECM on fusion are
summarized in Table A. The remainder will not be discussed here. Fusion
can occur between 2 myoblasts, 2 myotubes, a myoblast and a myotube, a
myotube and a sealed myofiber, and a myoblast and a sealed myofiber
{Robertson et al., 1990). It has been suggested that a minimum density of
mpcs must be attained before fusion can occur (Grounds, 199%1).

In mice, fusion occurs in 3 stages, as seen by the electron
microscope {(Robertson et al., 1990). First, cells closely appose each
other and internal junctions may be formed in myotubes. Recognition of
cells intended for fusion depends upon certain cell adhesion molecules,
one of which is NCAM (section 2.4). Second, vesicles are synthesized and
move to areas of apposition. Vesicles fuse with the sarcolemma of each
parent cell. Incorporation or insertion of 1lipid into the sarcolemma or
secretion of some cell product destabilizes the cell membrane. Third, the
modified cell membranes coalesce and fuse with each other, permitting
cytoplasmic confluence and structural zrearrangement of the myofiber
syncytium. At no time during fusion is there a loss of integrity of the
cell envelope around the sarcoplasm (Allbrook, 1981). Fusion reaches its

maximum extent at 4-5 days after injury in mice (Robertson et al., 1990).




25

The original external lamina persists while the new myotubes are
forming, and as they mature, new external lamina is deposited. For a while
both external laminae co-exist, but typically, the o0ld external lamina
dissolves (Hansen-Smith & Carlson, 1979}, although there are reports of
duplicated layers around large regenerated fibers {Anderson et al., 1987).
2.3.6 Mature regenerated muscle

Following fusion, the expression of various genes changes from
embryonic or Jjuvenile isoforms to adult forms. Myofibrils become
completely organized into cross-striated sarcomeres and most nuclei are
pushed to the periphery by myofilaments. However, the persistence of
centrally nucleated myofibers is common (a good diagnostic feature of
regenerated muscle) . The structure of the muscle closely resembles normal
adult muscle except that regenerated muscle fibers are often smaller in
diameter than normal, increased in number, split longitudinally {Ontell,
1986) and are surrounded by a thicker endomysium.

Muscle regeneration begins in the absence of nerve supply. However,
the motor component of innervation is necessary for maintenance and
voluntary activity of regenerating myofibers. The external lamina of the
original myofiber is important as a cue for the localization of sprouting,
regenerating nerve terminals and for presynaptic and postsynaptic
differentiation of the nerve and muscle (Carlson & Faulkner, 1983). NCAM
(section 2.4) is also involved in muscle-nerve interactions. Nerves often
establish new synapses at sites of previous HMJs, proven by experiments
involving the inhibition of myofiber regeneration (Carlson & PFaulkner,
1983). These experiments show that nerve axons regenerate along their
original pathways and terminate at the original endplate zone of the
persisting external lamina.

After the motor end plates are established, the regenerating muscle
fibers, which have homogeneously fast contractile properties up to this
time, either differentiate into slow type fibers or continue to mature as

fast fibers. Sensory and motor aspects of muscle spindles can regenerate
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but they are coften incompletely differentiated.
2.3.7 Crush injury and regeneration

There are many experimental models of muscle regeneration. Each
model has specific merits and disadvantages, depending on which aspects of
repair are under investigation. It is possible to study the regeneration
of entire muscle by mincing muscle or by free nonvascular grafting.
Localized injections of substances such as hot Ringers solution, a variety
of commonly used local anesthetics and snake and spider venoms creates
localized muscle degeneration and regeneration. Localized heat and cold
have been applied in order to create muscle damage. Mechanical trauma such
as crushing, transection, laceration, contusion and exercise have all been
used and studied to varying degrees of success and comparison. Also,
genetic models of muscle damage such as the muscular dystrophies give
specific clues into muscle regeneration.

In this study, we have chosen to use the crush injury as the method
for studying regeneration in a genetic mouse model of dystrophy (the mdx
mouse) . This is a mechanical injury in which the myofibers are directly
crushed by some object, often artery forceps (Grounds and McGeachie,
1987) . Longitudinal continuity of the muscle belly is maintained and the
vascular supply is left relatively intact.

There are differences in muscle recovery from a c¢rush injury between
SLJ/J and BALB/c mice. Basically, S8JL/J have increased and faster
mononuclear cell infiltration, more efficient removal of necrotic muscle,
plus a greater capacity for myotube formation, all resulting in more
successful regeneration after injury (Mitchell et al., 1592)., Mitchell et
al. (1992} conclude that the migration of inflammatory cells and mpcs is
greater/faster in SJL/J than in BALB/c.

One day after a 4mm wide by 2mm long crush injury of the tibialis
anterior {TA), the center of the crush lesion consists of a large zone of
necrotic myofibers, a few polys and some erythrocytes. This area is

referred to as the central zone. In muscle adjacent to the direct crush
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site (the adjacent zone), mononuclear cells are conspicuous in SJL/J mice.
Replication of potential mycblasts is initiated at this time (30 hours
after injury) (McGeachie and Grounds, 1987).

Two days after crush, SJL/J mice have many mononuclear cells in the
adjacent zone and much less necrotic muscle in the lesion. There is a
distinct alignment of fusiform mononuclear cells along the surviving
external lamina. In both strains, 6-10% of nuclei are labelled by
autoradiography.

Three days post-injury results in the disappearance of all necrotic
material within the adjacent zone of SJL/J mice, and numerous macrophages
appear at the borders of the central zone. Some immmature myotubes appear
containing 2-11 nuclei at this time. Fusion of myoblasts into myotubes is
consistently reported to occur abruptly between 60 and 72 hours after
injury, regardless of how the injury is inflicted.

Four to five days after crush, the adjacent zone of SJL/J TA is
completely filled with myotubes and numerous mononuclear cells are present
in the necrotic central zone. BALB/c have fewer myotubes, more connective
tissue deposition, persistent necrotic tissue and few mononuclear cells in
the central zone. Significant mpc replication in the crush lesion is still
occurring at this time (96 hours post-injury) (McGeachie & Grounds, 1987).

Six to ten days post-injury results in the central necrotic zone of
SJL/J being completely removed and replaced by myotubes and a small amcunt
of connective tissue. BALB/c¢ show some necrotic muscle, myotubes
restricted to the periphery of the central zone and congpicuoug connective
tissue with some calcification. Central nuclei are a consistent feature in

many myofibers (Robertson et al., 199%2).
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2.4 NEURAL CELL ADHESION MOLECULE (RCAM) IN MUSCLE DEVELOPMENT AND
REGENERATION

2.4.1 Structure, physiology and biological roles of NCAM

NCAM is the most widespread and abundant of the known cell-cell
adhesion molecules and is involved in many cell membrane events (reviewed
by Rutishauser, 1951). It is a large and complex integral membrane
glycoprotein which exists in three major forms (180, 140 and 120kD in
rodents) that are a result of alternative splicing of exons from a single
gene. The relative abundance of the 3 forms varies during development,
Some of the variation in NCAM form may arise at the mRNA level, in that
NCAM RNA exist in multiple species which also vary in abundance during
development (Andersson et al., 1993; Covault et al., 1986). The epitope
HNK-1 (human natural killer cell-1) is present on NCAM carbohydrate
sections.

It is hypothesized that NCAM participates in cell-cell adhesion via
calcium independent homophilic interactions between NCAM molecules present
on the surface of both interacting cells. These interactions occur either
directly, through an interaction with a membrane bound heparin sulphate
protecglycan-like molecule, or with cytoskeletal components. The brogd
biological functions of NCAM are threefold: to act as an adhesive, to
guide cell migration (i.e. of neurons) and to regulate other cellular
processes that require physical contact or are triggered by signals
directly generated by NCAM-mediated adhesion.

2.4.2 Distribution of RCAM in developing muscle

NCAM is distributed in many tissues during development, but its
distribution in somites and skeletal muscle cells is of interest in this
study. Very early in the embryonic development cof the rat, the myotome
exhibits positive NCAM staining, as do the spinal cord, ventral roots and
spinal nerves (Lyons et al., 1992; Covault & Sanes, 1986; McIntosh &
Anderson, unpublished observations). At this early time, however, the
spinal nerves have not yet grown to the most ventral porticns of the

myotomes, hence NCAM is present in myotomes before they are contacted by
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nerves. The observation that little NCAM is present in spaces surrounding
myotomes suggests that NCAM might play a role in the segregation of
myoblasts from other non-muscle structures and later in myoblast migration
(Lyons et al., 1992; <Covault & Sanes, 1986). Later in embryonic
development, NCAM is associated with developing motor axons and NMJs, and
it is suggested that NCAM could mediate some of the initial nerve-muscle
interactions that lead to synapse formation (Covault & Sanes, 1986; Grumet
et al., 1982).

Immunohistochemical staining of embryonic muscle in vivo and im
vitro shows that NCAM is present on the surface of myocblasts, but not
fibroblasts (Covault & Sanes, 1986; Moore & Walsh, 1985), and its antibody
has been successfully used to purify myogenic cells from primary cultures
(Jones et al., 1990; Webster et al., 1988a). NCAM is probably expressed
before myosin (Covault & Sanes, 1986). Accordingly, NCAM likely
participates in prefusion steps involving intracellular recognition and
adhesion {Knudsen et al., 1990; Covault & Sanes, 1986}. A 140kD form of
NCAM and a 6.7kb NCAM mRNA are predominantly associated with myoblasts
{(Covault et al., 1988).

Antibodies directed against NCAM alsc localize to the surface of
embryonic myotubes in viveo and in vitro (Covault & Sanes, 1986; Moore &
Walsh, 1985). A change in NC2M forms occurs during myogenesis (to a 125kD
form), and the extent of sialylation of muscle NCAM decreases in vivo
{Covault et al., 1986). These changes correspond with mycblast fusion, but
do not depend on it. The 125kD form and 5.2 and 2.9 kb RNAs are
predominantly associated with newly formed myotubes and myofibers (Covault
et al., 1986). Mouse myoblasts transfected to constitutively express the
low molecular weight isoform of NCAM more readily fuse to form myotubes
{(Dickson et al., 1990), suggesting its role in the actual fusion of
myoblasts. It appears that optimal action of NCAM requires the interaction
of a calcium-dependent cell adhesion molecule, N-cadherin (Rutishauser,

1991; Knudsen et al., 1990).
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NCAM distribution changes as embryonic myoctubes mature. In rats,
uniform distribution of NCAM is present on the entire surface of primary
myotubegs when they are the only mycotubes present. However, as secondary
myotubes form clusters around primary myotubes, NCAM becomes concentrated
in the area of contact between adjacent myotubes, while the outer surface
contains relatively little NCAM (Covault & Sanes, 1986). NCAM may regulate
the recognition of embryonic myoblasts with primary myotubes, thus
properly aligning secondary myotubes (Covault & Sanes, 1986). Also, since
it is lost from the outer surface of myotubes, HNCAM may limit the
formation of new myotubes (Covault & Sanes, 1%86). As myotubes separate
and mature into myofibers, NCAM reappears over the entire muscle fiber
surface, only to decline gradually over the first couple of postnatal
weeks (Covault & Sanes, 1986) toward restriction to the NMJ.

2.4.3 Distribution of NCAM in adult muscle

NC2M is downregulated as myotubes mature, and is reduced to a very
low level in young adult rat skeletal muscle (Thompson et al., 1987;
Covault et al., 1986; Covault & Sanes, 1986). In adult muscle, NCAM has a
complicated distribution at the NMJ (Moore & Walsh, 1985), and is also
present on unmyelinated nerve fibers in intramuscular nerves and near
blood vessels (Covault & Sanes, 1986}. It is nearly undetectable in non-
synaptic portions of the muscle, except in association with satellite
cells (Thompson et al., 1987) and with a subpopulation of the monoc-
nucleated, fibroblast-like cells that occupy interstitial spaces between
muscle fibers (Covault & Sanes, 1986} . Covault & Sanes (1986) suggest that
adhesion of satellite cells to myofibers in adult muscle may be mediated
by NCaM. Alternatively, Moore & Walsh (1985) report that although
activated satellite cells in culture express NCAM, there is no reactivity
with cryostat sections of adult muscle (where 4% of the nuclei are
satellite cells). This discrepancy is probably due to different antibody
preparations and variations in the exposure of antigens in different

tissue preparations.
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In aged rat muscle (24 months}, NCAM protein levels increase again
and are clearly re-expressed, probably as a result of partial denervation
of aging muscles (Andersson et al., 1993). Thus, membrane activity
mediated by nerves appears to repress the expression of the NCAM gene
{Thompson et al., 1987).

2.4.4 bistribution of NCAM in regenerating muscle

Following denervation, or during disease where there is muscle
regeneration, NCAM is expressed on regenerating fibers {Moore & Walsh,
1985) . This expression closely mimics the expression of NCAM on myoblasts
and myotubes during development. It has been suggested that NCAM can be
regarded as a specific marker for regenerating fibers (Moore & Walsh,
1985).

2.4.5 NCAM and perturbation by thyroid hormone

Innervation status may not be the only controlling factor in NCAM
expression. Other factors such as hormones (Thompson et al., 1987) and
growth factors (Lyles et al., 1993) may also be important. NCAM expression
in rat skeletal muscle can be re-induced by hypothyroidism (Thompscon et
al., 1987). Thompson et al. (1987) report that thyroidectomized rats re-
express NCAM mRNAs of 5.2 and 2.%kb, but not 6.7kb, suggesting that the
NCAM is predominantly expressed in mature myofibers and not myoblasts in
those muscles (Thompson et al., 1987). High levels of NCAM are also
detected in the sarcolemma, and to some extent the myofiber cytoplasm
(likely in transit to the membrane), by immunofluorescence (Thompson et
al., 1987}. Reversal of thyroid hormone deficiency by treatment with
thyroxine reverses the changes in NCAM gene expression to that of normal
adult (Thompson et al., 1987). It is possible that NCAM and MHC genes
(section 2.8.2}) are regulated similarly by thyroid hormone in adult

muscles.
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2.5 DUCHENNE MUSCULAR DYSTROPHY

Duchenne muscular dystrophy ({(DMD) is a primary myopathy which is
characterized by persistent cycles of degeneration and regeneration with
eventual failure to regenerate, leading to replacement of myofibers by
adipose and fibrotic tissue.

2.5.1 Dystrophin

Dystrophin, first identified in 1987, is the gene product of the DMD
locus (reviews by Partridge, 1993; Rojas & Hoffman, 1991; Bieber &
Hoffman, 1990). The gene encoding dystrophin is located on the short arm
of the X chromosome at band Xp2l. It is the largest known gene, and it
codes the large, highly conserved dystrophin protein (427kD). Dystrophin
is a crucial component of the membrane cytoskeleton in all types of muscle
cells, and in neurons (less well studied than muscle). Normally, it
appears as a localized, continuocus ring of fluorescence at the sarcolemma
of each myofiber, and early observations localized it to the t-tubules. At
the molecular level, the N-terminus of dystrophin is similar to g-actinin
and likely binds actin (Fabbrizio et al., 1993). The C-terminus is
strongly bound to a complex of proteins and glycoproteins (Ervasti &
Campbell, 1991; Ohlendieck & Campbell, 1991) which span the membrane and
interact with laminin in the external lamina.

Dystrophin is deficient in all tissues of the body in people
affected with DMD, although reversion (possibly due to second site
mutations) to truncated dystrophin-positive cells is possible (Hoffman et
al., 1990). A mutation in the dystrophin gene occurs in 1 in 3500 male
births. Sixty-five percent of DMD cases are a result of a deletion in the
gene (some regions of the gene may be more prone to a deletion than
others}, 5% are a result of duplications that usually shift the reading
frame, and the remaining 30% are due to point mutations. All affected
relatives have the same mutations. The spontaneous mutation rate of the
dystrophin gene is very high and accounts for about cne third of all cases

of DMD. The dystrophin-associated proteins, which are normally bound to
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the C-terminus of dystrophin, are also reduced in dystrophin-deficient
skeletal muscle (Ohlendieck & Campbell, 199%1; Erxvasti et al., 1990).

Although the primary structure of dystrophin has been determined,
the precise functional role of dystrophin has not. It has been suggested
that dystrophin provides mechanical reinforcement to the sarcolemma,
thereby protecting it from the membrane stresses developed during muscle
contraction (Petrof et al., 1993). Dystrophin-deficiency thereby leads to
localized, transient, unregulated passage of material through the membrane
(non-specific instability). An alternative view states that dystrophin
anchors, localizes, or regulates integral membrane proteins, and that
dystrophin-deficiency results in the dysfunction of these associated
proteins (reviewed in Rojas & Hoffman, 1991; Ohlendieck & Campbell, 1991;
Ervasti et al., 19%0). This is supported by Matsumura et al. (1992b) who
showed that the absence of one 50kD dystrophin-associated protein produced
a DMD-like phenotype. The distinction between the two theories is subtle:
does the defective membrane function arise from structurally identifiable
rupture (Petrof et al., 1993) or from a smaller disturbance of surface
structure at the molecular level?

All dystrophin-deficiency diseases involve early necrosis of muscle
fiber segments. The earliest and most consistent evidence of dystrophin-
deficiency is high sexrum levels of creatine kinase (CK) and other muscle
enzymes (Bulfield et al., 1984}, attributable to release of soluble
cytoplasmic enzymes from skeletal muscle fibers. Since there is no
extremely obvious evidence of myofiber pathology until about 10-15d
postnatally in the mdx mouse (Karpati et al., 1988; Dangain & Vrbova,
1984) (section 2.6.2}, and shortly after birth in the human, the elevated
levels of CK present at birth must be due to chronic myofiber leakage.
Dystrophin-deficient myofibers show an increased permeability in their
membranes, possibly through transient rips and tears of the sarcolemma. At
birth, the leakage is not enough to cause myofiber death. Abnormal

calcium homeostasis may play a central role in the pathogenesis of DMD
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({Rojas & Hoffman, 1991) and of mdx dystrophy (section 2.6). Influx of
extracellular calcium ({oxr increased [Cal],} would result from a leaky
sarcolemma (Bakker et al., 1993; Turner et al., 1991), so it is probably
safe to assume that dystrophin-deficiency results in calcium influx. Mdx
gastrocnemius and heart muscle contains elevated levels of intracellular
calcium compared to normal muscle (Turner et al,, 1991; Dunn & Radda,
1991), but the amount of calcium does not correlate with the amount of
necrosis occurring {Dunn & Radda, 1991). It is believed that when the
calcium influx overwhelms the calcium-regulatory capacity of the cell,
segmental necrosis ensues. Perhaps, once necrosis beging, it is an "all or
none" phenomenon.

2.5.2 Clinical Presentation of DMD

Brocke et al. (1989) performed a study, following 283 boys with DMD
for up to 10 years, and defined a series of milestones in the progression
of the disease. At birth, most affected children appear physically normal.
However, in one-third of the cases, some mental retardation is evident. At
3-4 years of age, boys experience difficulty rising from a sitting
position on the floor and climbing stairs. Hypertrophy of the calf muscles
is evident as degenerating muscle is replaced by fat and connective
tissue. Atrophy of all muscle scon follows.

At about 6 years, ambulation becomes difficult and the upper
extremities become weak. Physical therapy becomes necessary. Walking is
only possible with assistance, or independently with long leg braces.
Scoliosis is a major problem in the clinical management of DMD, and after
11 years of age, 74% of patients develop scoliosis which cften requires
back surgery. Eventually children may stand with leg braces, but cannot
walk, and at this time (usually 12 years of age), a wheelchair becomes
necessary. Patients also lose useful function of the hands. Death usually
occurs in the late teens to early twenties from respiratory (coften brought

on by pneumonia), or cardiac failure.




35

2.5.3 Histopathology

Histopatholegically, DMD is evident shortly after birth when
necrosis of short segments of myofibers occurs in focal groups,
accompanied by regeneration. This regeneration results in true hypertrophy
of the muscle in the very early stages of DMD. However, the regeneration
becomes progressively ineffective as the muscle structure is distorted by
dense connective tissue and fatty tissue within, and between, muscle
fascicles. The fibrofatty component becomes more prominent (fibrosis), and
muscle more sparse (atrophy) (reviewed in Partridge, 1993). Very high
levels of soluble muscle enzymes (creatine kinase and aldolase) are also
found in the serum of boys with DMD from birth onwards.

Each muscle is affected at a different time in the progression of
DMD, with some muscles more susceptible to damage (see Liu et al., 1993).
This differential response of the muscles to dystrophin-deficiency could
by due to the fiber size (smaller fibers do not seem to suffer as much)
(Karpati & Carpenter, 1986), the fiber types (faster fibers are the first
to degenerate and regenerate} (Webster et al., 1988b), the type of
contraction (eccentric contractions are more damaging) {(Edwards et al.,
1984), or the contractile speed force (strain) vs surface area to volume
(Petrof et al., 1993).

The following schematic from Partridge (1993} is a hypothetical
representation of the pathogenesis of the dystrophin-deficiency diseases.
The balance between myogenesis and fibrosis is the critical point in the
progression of the disease, as fibrosis takes over in place of successful
regeneration in DMD. In the mdx mouse model of dystrophy (section 2.6),
muscle hypertrophy is accentuated instead of fibrosis. The right hand
branch of the final pathway depicts an end-stage dystrophy, in which
accumulation of £fibrous scar tissue acts to exacerbate the disease

process.
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The grouped focal necrosis of myofibers in DMD is probably a direct
result of the lack of dystrophin (Partridge, 1993), but how does this
translate to death of several contiguous fibers? It is suggested that a
progressive component of DMD, not solely due to dystrophin- deficiency,
results in a gradual reaction of the tissue to chronic myofiber damage,
resulting in extensive fibrosis (Bieber & Hoffman, 1990). If fibrosis is
secondary to dystrophin-deficiency and assumes a dominant role later in
the disease process, it is important to identify the disease and begin
treatment before the secondary effects predominate. The lesions then,
perhaps, could be limited to the single fibers in which they originated,
greétly reducing the severity of the disease.

2.5.4 Therapies

Potential DMD therapies are focused on two goals: to replace
dystrophin in muscle, and to slow the progression of the disease so that
it is more similar to the progression of dystrophy in the mdx mouse
(section 2.6). Gene transfer and myoblast transplantation are methods for

attempted replacement of dystrophin. Stercid treatments attempt to slow
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the progression of the disease.

The concept of myoblast transplantation takes advantage of the facts
that muscle fibers are multinucleated and that myoblast fusion occurs
during muscle regeneration. Large populations of normal cultured myoblasts
(which are injected into muscle) form hybrid muscle cells containing
nuclei with the dystrophic gene and nuclei with the normal gene {Huard et
al., 1992; Partridge et al., 1989). Various researchers {Gussoni et al.,
1592; Huard et al., 1992) have found that injection of normal myoblasts
into a few sites of human DMD muscle results in the formation of some
dystrophin-positive fibers. However, this occurs only in a minority of
cases (3 of 8 in Gussoni et al., 1992) and is more effective when done at
an early age. The technique, as yet, is not feasible for full-scale
treatment of the disease. The migratory capacities of mpcs are restricted
to a few millimeters (Partridge et al., 1989) and cells would have to be
injected in millions of sites in order to be effective. Also, cardiac
muscles and the diaphragm are affected by dystrophin-deficiency, and
direct injection here would be difficult {Stratford-Perricaudet et al.,
1992), although a recent study reports that direct geme transfer into the
diaphragm of the mdx mouse is possible with minimal damage (Davies &
Jasmin, 1993). Neumeyer et al. (1992) suggest that intra-arterial delivery
of myoblasts may target myoblasts to heart and diaphragm. However,
immunological problems would certainly be encountered. Long-term effects
of myoblast transplantation have not been studied in humans.

Somatic gene therapy (gene transfer) includes the introduction of
normal alleles of a gene into cells which are missing it. If long-term
expression of the transferred gene results in the production of the
missing protein, the target cell could acquire a normal phenotype.
Striated muscle is the only tissue presently capable of taking up and
expressing reporter genes transferred in the form of plasmid DNA, but the
present results are insufficient and too variable to use this therapy in

humans. Only 1-2% of adult mdx fibers of the muscles injected with cDNA in
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plasmid vectors have been reported to express dystrophin (Karpati &
Acsadi, 1993). Davies et al. (1993) improved the variability somewhat by
using a pre-incubation procedure.

Adenovirus-mediated direct in vivo gene transfer via intravenous may
also be a possibility for treatment of DMD (Stratford-Perricaudet et al,,
1992), and has a better efficiency when injected into young mdx muscle
(Karpati & Acsadi, 1993). Direct gene injection thus may be equally
efficient, but simpler and safer than myoblast transplantation in the
delivery of proteins to muscle.

The above studies prove that dystrophin can be successfully
incorporated into the genome. However, before cell oxr gene implantation
can be considered as means of therapy for DMD, it is important to
establish whether the introduction of dystrophin into myofibers by the
above means actually will prevent their subsequent necrosis. In order to
study this, transgenic mdx mice have been recently created that express
full-length dystrophin in the sarcolemma of muscle cells (Cox et al.,
1533; Lee et al., 1993). Cox et al. (1993) report that the expression of
dystrophin in muscles of transgenic mdx mice completely corrected the
dystrophic pathology in the transgenic animals. Necrosis, large variation
in fiber size, increased degeneration and regeneration with centrally
nucleated fibers, and progressive degeneration and fibrosis of diaphragm
muscle, are all absent from these transgenic mdx mice. Overexpression of
dystrophin does not cause deleterious side-effects (Cox et al., 1993).
They alsc find an increase in the dystrophin-associated proteins to normal
levels (Cox et al., 1993). Lee et al. (1993) report variability in the
amount of dystrophin expressed in the muscles of their mdx transgenics,
and believe that dystrophin was relatively absent in the diaphragm.
However, in the fibers expressing dystrophin, they report an improvement
in muscle pathology, as indicated by the increased number of myofibers
with peripheral nuclei.

Many problems need to be worked out before we can seriously consider




39

myoblast transplantation and direct gene transplantation as therapies for
DMD. In the meantime, physical therapy and steroid treatment seem to be
the only alternatives. Treatment of DMD with predniscne significantly
slows the progression of weakness and loss of function for up to 2 years
{reviewed by Khan, 1993; Fenichel et al., 1991)., The mechanism by which
prednisone enhances muscle strength is not known. However, its use over
extended periods results in various side-effects. Deflazacort is a newly
developed steroid which has fewer side- effects than prednisone, and a
small preliminary clinical trial shows that it significantly increases
muscle strength in DMD boys (Mesa et al., 1991)., Multi-center long term
trials of deflazacort are presently ongoing, including a center in
Winnipeg. Results should prove exciting.

Early detection of DMD is imperative for successful treatment. There
are many methods of detecting DMD (see Bieber & Hoffman, 1990) pre- and
postnatally. Between January 1986 and August 1990 in Manitoba (Manitoba
Pilot Neonatal Screening Programme for DMD and BMD), 43,513 newborn males
have been screened for DMD and Becker muscular dystrophy by analysis of CK
(creatine kinase) measurements in blood spots. Eight asymptomatic infant
boys have been identified to date with elevated CK levels and were
subsequently diagnosed as having DMD {(Greenberg et al., 1991). This early
diagnosis allows for early treatment and management of the disease, as
well as genetic counselling for family planning of that family and

extended family members (siblings and aunts).
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2.6 THE MDX MOUSE

The murine equivalent to Duchenne muscular dystrophy is the mdx
mouse. It is homologous to DMD at the genetic and biochemical levels.
However, the clinical and pathological characteristics of the disease
differ from DMD.

2.6.1 Animal models of Duchenne muscular dystrophy

In order to be a true model of DMD, the disease must present a
dystrophin-deficiency and be inherited as an X-linked recessive trait. To
date, 3 true animal models of DMD have been identified {reviewed by
Hoffman, 1991): a dog (xmd), a cat, and a mutant mouse (mdx) derived
spontaneocusly from the C57Bl/10ScSn mouse strain (characterized by
Bulfield et al., 1984). In the mdx mouse, the mutation has been
characterized as a premature stop codeon produced by a single base
substitution in the DMD gene resulting in the absence of dystrophin
(Sicinski et al., 1989). Among the excluded disorders for use as animal
models of DMD are dystrophic chickens, dystrophic mice (dy/dy),
cardiomyopathic hamsters and muscular dysgenic mice (mdg/mdg), which are
all carried on autosomal chromosomes.

Within each species showing dystrophin-deficiency, the disease
appears relatively uniform, but many pathological and clinical differences
exist between the species. Similarities between species appear early in
the necrotic phase of the disease, while dissimilarities mainly occur
consequent to the progressive aspects (eg-fibrosis) of the disease
(Partridge, 1993) (section 2.5.3). Dystrophin-deficiency in the dog
closely parallels human DMD {section 2.5), except that it progresses at a
more rapid rate. Muscle wasting occurs in both the dog and human. In
contrast, the cat and mdx mouse appear c¢linically unaffected by
dystrophin-deficiency, and hypertrophy of muscles occurs, instead of
wasting. Muscle regeneration remains successful in the mouse and cat.
However, although in DMP and dog dystrophy regeneration does occur

initially, giving rise to fiber centronucleation, some process frustrates
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repair and ultimately muscle is replaced by fibrous connective tissue and
adipose tissue.

The mdx mouse model is examined in the present studies. Direct
comparison of mdx mice to DMD is often not possible, because of the
different outcome of their dystrophin-deficiency. Some investigators
suggest that the mdx mouse cannot be used for investigating therapies
aimed to slow the progression of human DMD because it does not share the
progresgsive characteristics of weakness. However, dystrophy does occur
(increased centronucleation with increased age), so therapies which change
that sequence can be examined (Hoffman, 1991). As well, the longevity and
overall fitness of the dystrophin-deficient mdx mouse is encouraging when
trying to devise a treatment to attenuate the progression of DMD. If we
could only stop the progressive aspects, the DMD muscle would probably
fare guite well.

Despite questions of usefulness in studying treatments, the mdx
mouse should be an excellent model to study therapies aimed at
understanding the primary mechanisms of the dJdisease originating with
dystrophin-deficiency. Tt fully manifests dystrophin-deficiency,
dystrophin-replacement can be accurately monitored by immunoblotting and
immunofluorescence, and the effects of dystrophin replacement therapy are
not masked by any progressive secondary effects. The mdx model is also
invaluable for studying regeneration dynamics. Precise characterization of
muscular dystrophy in the mdx mouse will definitely clarify the process in
humans, and will highlight elements imperative for successful regeneration
in the diseased state.

2.6.2 Progression of muscular dystrophy in the 1limb muscles of the young
mdx mouse

In the mdx mouse, muscle degeneration begins shortly after birth., It
is reported that during the first 10-15d of life most mdx fibers appear
normal (Dangain & Vrbova, 1984; Bulfield et al., 1984). It could be that
these young fibers are protected from necrosis because they are small

(Karpati et al., 1988; Karpati & Carpenter, 1986), or because they are not
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subjected to adult levels of cell activation and muscle strain {Petrof et
al., 13893). It is suggested that a larger surface area to volume ratio in
small diameter myofibers allows strain to be better distributed over the
myofiber surface, thus somewhat sparing the fibers (Karpati et al., 1988).
It could also be that small diameter myofibers have an advantage in the
discharge of harmful molecules that may be accumulated as a result of
dystrophin-deficiency {(Karpati et al., 1988).

Mdx muscle degeneration is most active 3-5wks after birth (Tanabe et
al., 1986; Dangain & Vrbova, 1984; Bulfield et al., 1984). At this time,
extensive grouped necrosis occurs, where as many as 100 fibers can be seen
undergoing synchronous degeneration or regeneration (Anderson et al.,
1987; Tanabe et al., 1986). Very few intact myofibers can be found in
large foci, but many phagocytic inflammatory cells are present. The
inflammation and degeneration are segmental, inveolving only part of the
fiber length (Anderson et al., 1987). Degeneration affects contiguous
fibers (Carnwath & Shotton, 1987). Groups of regenerated myofibers are
evident by their small caliber, basophilic cytoplasm and centralized large
myonuclei (which remain central) (Karpati et al., 1988).

Focal myocardial necrosis and inflammation are seen in the mdx mouse
at this time (Anderson et al., 1991; Bridges, 1986). Necrotic myocytes
have swollen and fragmented sarcoplasm devoid of striations and nuclei
(Bridges, 1986). Inflammation consists of numerous macrophages located
between bundles of cardiomyocytes (Bridges, 1986). However, cardiac muscle
does not regenerate and fibrosis may be seen in older animals, as in DMD
muscle {Anderson et al., 1994; Bridges, 1986).

Young mdx limb muscles exhibit a wide distribution of myofiber sizes
compared to control muscles (Anderson et al., 1987; Bulfield et al., 1984)
because of many small regenerating mycfibers. Autoradiograms from 4wk-old
mice (injected with tritiated thymidine) show an increased proportion of
labelled sublaminal nuclei at 24 to 48 hours after injection compared to

controls (Anderson et al., 1987). Thus, the regeneration at this time is
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very active. In mdx mice, MyoD and myogenin mRNA levels increase and peak
from 21d to 404, paralleling the most active stages of degeneration and
regeneration (Beilharz et al., 1992). Levels remain high up to 4204 of
age. Between the second and fifth week of 1life, mdx muscle shows
contractile weakness (Muntoni et al., 1953; Anderson et al., 1987; Dangain
& Vrbova, 1984).

It appears that muscle necrosis and mononuclear cell infiltration
decreases in intensity after 9 weeks of age {(Anderson et al., 1987; Tanabe
et al., 1986). At the end of this vigorous stage of regeneration, there
are reports of B0% centronucleation (at 9wk, Karpati et al., 1888), 75%
centronucleation (at 13wk, Zacharias & Anderson, 1991), more than 50%
centronucleation (at 9wk, Tanabe et al., 1986), and close to 100%
centronucleation (at 10wk, DiMario et al., 1891) (at 26wk, Carnwath &
Shotton, 1987). Since almost all fibers are centrally nucleated, at least
one necrotic episode must have occurred in all fibers at these times
(Tanabe et al., 1986} . As such, centronucleation has been used as a marker
of accumulated dystrophic injury and subsequent regeneration, although it
can not be ascertained from centronucleation the exact number of times one
fiber has undergone degeneration and regeneration.

2.6.3 Adult morphology of the mdx mouse

In the adult mdx mouse, the majority of limb muscle fibers exhibit
normal ultrastructure, albeit with central nuclei. There is no replacement
of previously lost muscle by fat or connective tissue (fibrosis), and
there is no apparent fiber loss (Carnwath & Shotton, 1987; Anderson et
al., 1987; Tanabe et al., 1986}). In the soleus, fiber number is unchanged,
while in the EDL, the fiber number is slightly higher than normal,
possibly due to fiber branching during regeneration (Anderson et al.,
1987). One report (Marshall et al., 1989) shows an accumulation of
collagen in the endomysium and perimysium of mdx muscles compared with
age-matched controls, but this is not enough to produce functional

weakness or atrophy.
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Frequency distributions of fiber cross-sectional areas of mdx mice
at 32 weeks show a wider range than in their control counterparts
{Anderson et al., 1987). The mean cross-sectional area of limb myofibers
increase at a constant rate between 15d and 360d (Karpati et al., 1988).
Most studies find that when the weights of males and females are
separated, mdx mice weigh significantly more than controls, due to
hypertrophy of the limb and heart muscles {Anderson et al., 1994;
Zacharias & Anderson, 1991; Anderson et al.,, 1987). In older mice,
labelling of replicating mdx muscle is greater than controls, but is
reduced compared to labelling in younger mdx mice (Zacharias & Anderson,
1991; Anderson et al., 1987). Thus muscle regeneration is more active and
more effective in young than old mdx mice (Zacharias & Anderson, 1991).
Overall, contractile properties of mdx adult mice are similar to control
mice (Dangain & Vrbova, 1984; Tanabe et al., 1986). The progressive
weakness of DMD is not seen in mdx dystrophy.

There are conflicting studies regarding the extent of recovery from
necrosis in aging mdx mice - is it transient (DiMario et al., 1991;
Dangain & Vrbova, 1984) or does it continue throughout 1life (Karpati et
al., 1988; Anderson et al., 1987; Carnwath & Shotton, 1987; Bridges,
1986} ? Dangain & Vrbova {1984) believe that mdx mice suffer from an acute
episode of muscle degeneration at an early age, and by adulthood, when
contractile properties of mdx mice and control mice are similar, full
recovery has been achieved. Further to this, DiMario et al. {1991) believe
that the benign phenotype of adult mdx mice is due to the fact that once
fibers regenerate, some mechanism saves them from another round of
degeneration and regeneration. In contrast, Anderson et al. (1987)
conclude that degeneration does decrease in intensity after 8wks, but does
not stop completely, since they show centrally nucleated fibers that are
degenerating. Their findings of greater than normal muscle weight in the
absence of fatty infiltration or fibrosis, continuous appearance of small

and immature centrally nucleated fibers, normal or above normal numbers of
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fibers by 32wks, and larger increases in the distributed range of myofiber
size in muscles at 4 and 32wks back-up their claim. Also, a low baseline
labelling of muscle nuclei is noted in adult mdx mice (Zacharias &
Anderson, 1991), and high levels of MyoD and myogenin mRNA expression
exist in adult mdx compared to contrecl mice (Beilharz et al., 1992). These
mRNAs are expressed in the early regeneration of myoblasts and myotubes
{section 2.3.3). Karpati et al. (1988) viewed necrosis at 1 year in mdx
mice, proving that it indeed still occurs into adulthood, such that full
recovery 1is not achieved, or that dystrophy is a continuous, albeit
declining, disease process.

The difficulty of the above discrepancy is the use of a
centronucleation index (CNI) to detect accumulated dystrophy. Since
satellite cell nuclei are always peripheral, there is an upper limit
{around 80%, Karpati et al., 1988) at which the CN index plateaus. After
that proportion of regenerated fibers is reached, no further necrosis is
detected despite continued expression of MRFs (Beilharz et al., 1992) and
fetal MHCs (DiMario, 1991; Anderson et al., unpublished).

Mdx hindlimb muscles are differentially affected by dystrophin-
deficiency. There is earlier and more diffuse involvement of the slow-
twitch S8O0L than the fast-twitch EDL in degeneration, infiltration, and
regeneration at 4wk (Anderson et al., 1987; Carnwath & Shotton, 1987).
Ultimately, the EDL (32wks} exhibits more centronucleation (and thus more
regenerated fibers as a percentage of total fiber number) than the SOL
{Anderson et al., 1987). Anderson et al. (1988) report no significant
changes in fiber-type proportions in mdx SOL, apart from normal age-
related increase in type 1 fibers, and that the mdx EDL maintains its
fast-twitch character after recovery. Alternatively, Carnwath & Shotton
(1987) show a progressive increase in the proportion of slow type 1 fibers
in mdx SOL (58% are type 1 compared to 27% in contrcl mice at 26wks). In
any case, there is a higher potential for regenerative capacity in slow-

twitch skeletal muscle (Anderson et al., 1988).
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The process of regeneration from injury is not precisely the same ag
that in response to dystrophy (Zacharias & Anderson, 1591}. Grounds &
McGeachie (1992) found that control and mdx mice do not differ in their
regenerative capacity after a crush injury. Based on similar distribution
of myofiber cross-sectional areas and the percentage centronucleation,
Zacharias & Anderson (1991} also found that older control and mdx do not
differ in their regenerative capacity after devascularization and
denervation, although younger mdx mice were reported to recover better
than control (Anderson et al., 1991).

2.6.4 Progression of muscular dystrophy in the diaphragm of the mdx mouse

Recently, it was discovered that dystrophin-deficiency affects the
diaphragm of the mdx mouse differently than mdx limb muscles. A pattern of
degeneration, fibrosis and severe functional deficit are seen in the
diaphragm which is more comparable to DMD than mdx limb muscle (Dupont-
Versteegden & McCarter, 1992; Stedman et al., 1991). However, adult mdx
mice show no overt respiratory impairment.

It has been reported that histopathological changes of the diaphragm
do not precede that seen in the limb muscles and, at 4 weeks, foci of
myofiber degeneration and regeneration are comparable in amount to the
limb (Stedman et al., 1991). However, considering the early development of
the diaphragm and its functional requirement at birth, dystrophy probably
affects it earlier than limb muscles.

Progressive degeneration is seen in the diaphragm, and at 6 months
there is wide variation in myofiber size and architecture, continued
necrosis and connective tissue proliferation (Stedman et al., 1991). As
well, there is much more re-injury of centrally nucleated fibers than in
limb muscles (Penner & Anderson, unpublished). By 16 months, the entire
mdx diaphragm is grossly pale, owing to fiber loss, fibrosis and adipose
tissue accumulation (Stedman et al., 1991). The collagen density rises to
at least 7 times that of control diaphragm and 10 times that of mdx

hindlimb muscle ({(Stedman et al.,, 1991). Attempted regeneration does
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persist in the mdx diaphragm even at 16 months. Similar changes to those
described above cccur in the accessory muscles of respiration at 1 and 1.5
years of age (Stedman et al., 1391). Contractile properties of the mdx
diaphragm demonstrate muscle weakness compared to mdx hindlimb or control
muscles (Petrof et al., 1993; Dupont-Versteegden & McCarter, 1992; Stedman
et al., 1991).

Electron microscopic immunolabelling for bFGF (section 2.7) shows
that the mdx diaphragm has lower bLFGF content than the contrcl diaphragm
(Penner & Anderson, unpublished). Also, the mdx soleus has higher bFGF
localization than either control soleus or mdx diaphragm. These results
suggest that the amount of bFGF sequestered in muscle tissue may correlate
with the capability of different muscles to compensate for dystrophic
insult in the mdx mouse (Penner & Anderson, unpublished) .

2.6.5 Why does mdx muscle regenmerate so successfully?

Why 4is it that mdx muscle has such an amazing capability to
regenerate and withstand dystrophin-deficiency? Many suggestions have been
put forth. However, the answer remains a mystery.

An increased population of satellite cells in mdx muscles compared
to control muscles (Zacharias & Anderson, 1991; Anderson et al., 1988;
1987) could allow regeneration, instead of letting degeneration progress
to the end stage of fibrosis. In vitro the total cell yield is routinely
much greater from mdx than control muscles {DiMaric & Strohman, 1988).
Presumably, increased yield would include satellite cells. The increased
number of satellite cells could be due to the increased weight of mdx
compared to control mice. Brown & Stickland (1993) report that there is a
significant increase in satellite cell density in larger compared with
smaller mice, but that this is not accompanied by an alteration in
mycfiber nuclear density.

Alternatively, satellite cells in normal numbers could have a higher
mitotic index than controls (Anderson et al., 1987). This would explain

why mdx satellite cells in culture respond to lower amounts of DbFGF
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(section 2.7.4) than control cultures (DiMario & Strohman, 1988). Both
mechanisms may co-exist, each possible also in conjunction with slow
connective tissue proliferative capacity. A third possibility is offered
by Blau et al. (13%83); the early senescence of DMD myoblasts im vitro may
not be present in mdx mpc populations, thus suggesting a basic defect in
undifferentiated satellite cells from individuals with DMD.

Another possible explanation of the successful regeneration of
muscle in the mdx mouse and not in DMD, is that regenerated fibers may
compensate by producing dystrophin analogues that provide for sufficient
function and myofiber stability (Matsumura et al., 1992a; DiMario et al.,
1991) . Alternatively, once-regenerated myofibers may acquire functions not
present in initial myofiber populations (DiMario et al., 1991). The recent
identification of a dystrophin-related protein (DRP, utrophin) (Matsumura
et al., 1992a), an autosomal homologue of dystrophin, may play a role in
sparing mdx muscle from the progressive deterioration found in DMD.
Utrophin is found in the sarcolemma of small-caliber skeletal muscle and
cardiac muscle of the adult mdx mouse (Matsumura et al., 1992a), and may
explain why these muscles are not affected as much by the dystrophin-
deficiency (Karpati et al., 1988). However, utrophin is absent in the
sarcolemma of large caliber limb muscles, and these muscles still cope
with dystrophin-deficiency successfully, particularly in the very large
regenerated fibers. Also, recently it was found that DMD muscles do
express utrophin, although this expression may decrease with age and thus
may be partly related to the progression of the disease (Mizuno et al.,
1993). In any case, utrophin cannot be the only factor protecting fibers
in the mdx mouse from dystrophy.

It is possible that the deterioration of the mdx mouse is not as
severe as DMD in its progression because the weight-bearing regquirements
of mouse hindlimb muscles are less demanding than human DMD muscles (Dick
& Vrbova, 1993). Functionally, overloaded mdx limb muscles progressively

deteriorate with age (Dick & Vrbova, 1993). The mdx diaphragm, which is
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exposed to continuous wuse, shows both histological and functional
similarities to the progressive component of DMD (Stedman et al., 1991),
This fact could partly account for the distinct pattern of dystrophic
change seen in muscle fibers bearing the greatest workload. However, the
magnitude of the difference between DMD and mdx dystrophies may not be
explained by this fact alone.

Higher amounts of bFGF found in mdx muscle in vivo may possibly
contribute to explaining its continued successful regeneration (section
2.7). Also, the production of greater than normal amounts of phospholipids
{(an in vitro study) by mdx muscle, could foster membrane fusion (Anderson,
1951), and result in faster myotube formation. In any case, to date it has
not been successfully resolved as to why mdx muscle regenerates so well,
and does not progress to the fibrosis seen in DMD. It could be that the

above mechanisms work together or as of yet unidentified mechanisms exist.
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2.7 BASIC FIBROBLAST GROWTH FACTOR (bFGF) AND MUSCLE REGENERATTION IN
NORMAL AND MDX MOUSE

2.7.1 Structure, physiology and biology of bFGF

Basic fibroblast growth factor (bFGF or FGF-2) is the best
characterized member of a family of at least 7 structurally related
polypeptides (Baird & Klagsbrun, 1991). It is a single chain peptide
composed of 146 or 131 (truncated) amino acids. It is highly distributed
among species and has been well conserved throughout evolution {reviewed
by Schweigerer, 1990; Gospodarowicz et al., 1987). Low (16-1% kDa) and
high {over 20 kDa) molecular weight forms of bFGF have been characterized
(Kardami et al., 1991). Basic FGF is released from an unknown source
(cells? or ECM?) by simple damage of tissue and cells. It is probably
stored in the ECM bound to heparin-like compounds {Baird & Klagsbrun,
1991). Its biological effects are mediated via binding to specific cell
surface receptors. The molecular mechanism of action and the mode of
secretion of bFGF are unknown.

Of all the known growth factors, bFGF probably has the widest tissue
distribution and the broadest spectrum of biological activites. It has
been identified in a large number of tissues, tumors and cells of mesoderm
or neurcectoderm origin, including skeletal muscle (Gospodarowicz et al.,
1987). In vitro and in vivo functions of bFGF have been characterized
(Schweigerer, 1990; Gospodarowicz et al., 1987). In vitro functions
include: maintenance of wvital cellular functions, modulation of
proliferation of many cells, modulation of cellular differentiation,
stabilization of cellular phenotype, inhibition of c¢ell senescence,
stimulation of various different cellular functions and promotion of
tissue organization. In vive functions of bFéF include: induction of
angiogenesis (thus endothelial c¢ells are positive for bFGF), stimulation
of tissue regeneration and wound healing, promotion of maintenance and
survival of certain tissues (Baird & Klagsbrun, 1991), tumor progression
and roles in early embryonic development.

Thus, DbFGF mainly controls proliferation and differentiation of
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tissues and cells, possibly in an auteccrine, paracrine or intracrine
manner. It is readily detected in proliferating, but not quiescent cells,
and is scarce in adult tissue (Schweigerer, 1990). Discussion of bFGF will
be limited toc one of its major roles inm vivo, namely its role in muscle
regeneration {and to some extent muscle development).

2.7.2 DFGF localization in normal limb muscle

Basic FGF has been localized (by immunocytochemical methods using
bFGF purified for its [1-24] residues) and studied in humans, dogs and
rodents. In normal adult human and dog muscle, little or no staining is
seen in the myofiber periphery or the sarcoplasm (Anderson et al., 1993).
Perinuclear sarcoplasmic staining varies from weak to moderate. Fetal
human muscle shows more sarcoplasmic and perinuclear staining than the
adult (Anderson et al., 1993). Fetal dog muscle exhibits moderately
stained positive myotube nuclei {(Anderson et al., 1993).

In normal intact rat muscle, bFGF mRNA transcripts (localized by in
situ hybridization) are detected in the cytoplasm of myotubes, but not
satellite cells (Guthridge et al., 1992), suggesting that myotubes may be
a source of bFGF. In the C57Bl/ScSn mouse, bFGF ig immuno-localized to the
myofiber periphery, likely the external lamina (Anderson et al., 1993,
15%81; DiMario et al., 1989). This suggests an association of bFGF with
myofibrils or with ECM components such as heparin (Anderson et al., 1991;
DiMario et al., 1989; Kardami et al., 1988). It is also localized to
muscle and non-muscle nuclei and to single, dystrophin-positive cells in
close association with the myofiber (probably myosatellite cells)
(Anderson et al., 1993, 1991). A mosaic pattern of DFGF is evident and
this suggests that small, slow fibers are more intensely labelled for bFGF
than larger fast fibers (Anderson et al,, 1991). There is fivefold more
immuncreactive bFGF in slow- than in fast-twitch muscle extracts (Anderson
et al., 1991). BALB/c mice show less staining than C57B1l/ScSn (Anderson et

al., 1993), as does normal cat muscle (Anderson et al., unpublished data).
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There is close correspondence to the tissue levels of bFGF and the
intensity of staining by immuno-fluorescence (Anderson et al., 1993,
1391). Thus, we see a continuum in labelling intensity in the above
species: C57B1/ScSn > BALB/c mice > normal dog > human. The bFGF that is
bound to the myofiber periphery of normal non-regenerating cells could be
required for the continued low-level replication of satellite cells during
growth and maintenance of muscles (DiMario et al., 1989).

2.7.3 bFGF expression in limb muscle regeneration

Basic FGF promotes proliferation and inhibits differentiation of
myoblasts in vitro (Allen & Boxhorn, 198%; Clegg et al., 1987). The bLFGF
receptor is present in myoblasts in culture, but not in differentiated
myotubes (Olwin & Hauschka, 1988). In primary cell cultures bFGF mRNA is
detected close to the nucleus of myoblasts prior to fusion and in myotubes
(Guthridge et al., 1992). Guthridge et al. (1992) suggest that the
differentiation of myoblasts just prior to fusion is accompanied by
elevated mRNA levels of bFGF and that myotubes are the major source of
bFGF in muscle. This source of bFGF then serves to activate quiescent
satellite cells and stimulate their proliferation {Guthridge et al.,
1992).

Apart from the angiogenic =role of DLFGF which promotes
revascularization of regenerating muscle, bFGF plays important roles in
cell proliferation and differentiation in vivo. In injured rat muscle in
vivo, DFGF mRNA is observed in degenerating and regenerated myotubes and
in mononucleated cells that are probably mycblasts aligned in preparation
for fusion (Guthridge et al., 1992). Thus it is suggested (Guthridge et
al., 19392), that bFGF is released following damage to myotubes and that
this primes satellite cells and myoblasts for cell proliferation and
inhibits differentiation. Likewise, the release of bFGF from immature
myotubes would activate more mpcs cells to proliferate. In regenerating
BALB/c muscles, strong bFGF staining is seen in the sarcoplasm of myotubes

and some in the perinuclear areas {Anderson et al., 1993). The same is
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true for SJL/J myotubes (Anderson et al., in preparation).
2.7.4 bFGF localization in the limb of X-linked dystrophic species

Human dystrophic muscle (DMD) exhibits 1little staining of
interstitial areas, but some staining of the myofiber periphery (Anderson
et al., 1993). There is also strong staining in the sarcoplasm of some
degenerating myofibers, large centrally nucleated myofibers and smaller
newly formed myotubes (Anderson et al., 1993). Nuclear labelling is
present in occasional mononuclear cells. Dystrophic dog muscle has a
similar staining pattern, with discontinuous or little staining of the
mycfiber periphery of intact fibers.

A unique characteristic of mdx skeletal muscle is that it contains
twice as much total extracted bFGF than control counterparts (Anderson et
al., 1991). This probably is due to increased amounts of bFGF in the
mycfiber periphery (DiMaric et al., 1989), or to release of bFGF from
damaged fibers (Clarke et al., 1993; Anderson et al., 1991)., Even at 2
weeks of age, before regeneration and degeneration is very active, higher
levels of LFGF are found in mdx muscle (DiMario et al., 1989). Intense
bFGF labelling distinguishes degenerating areas and recently regenerated
areas from adjacent normal-looking areas {Anderson et al., 1993, 1991).
Staining in small recently regenerated fibers localizes exactly with the
central nucleus {Anderson et al., 1991). DiMario et al. (1985) did not see
distinct degenerating and regenerating localization of bFGF because they
used a different antibody preparation. There is some nuclear and
heterogeneous cytoplasmic bFGF labelling of intact mdx fibers, but it does
not differ from control areas in intensity of bFGF labelling (Anderson et
al., 1991). However, slow-twitch muscles exhibit greater immunoreactive
bFGF than the fast-twitch mdx muscles (Anderson et al., 1991), and this
corresponds to differences in regenerative capacity between these tissues
{dnderson et al., 1988, 1987).

2.7.5 bFGF localization in the heart muscle

Basic FGF is found pericellularly, in association with the
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intercalated discs and Z-lines. It is also seen in muscle and non-muscle
nuclei in the ventricles and the atria of the heart of the rat, mouse and
bovine (Anderson et al., 1991; Kardami et al., 1990; Kardami & Fandrich,
1989) . Mammalian cardiac muscle exhibits limited regenerative potential.
Thus, the control of cardiomyocyte growth and differentiation may be
exercised in part by the expression of bFGF {Kardami et al., 1%91; Kardami
& Fandrich, 1989). It is alsgo interesting to note that the atrial muscle,
which has a greater potential for regeneration, exhibits more
immunoreactive bFGF than the ventricles (Kardami & Fandrich, 1989). Basic
FGF may play a role in cardiac repair processes (Kardami et al., 1991}.
Recently a cardio-protective role for bFGF has been investigated (Pavey &
Kardami, 1993, unpublished).

In the heart of the mdx mouse, actively degenerating areas stain
strongly for bFGF, as do areas of intact myocytes that are adjacent to
necrotic tissue (Anderson et al., 1991). Mdx cardiac muscles also exhibit
more immunoreactive bFGF compared to controls, and both mdx and control
cardiac extracts show more bFGF than fast-twitch limb muscles from the
same animal {Anderson et al., 1991). Basic FGF probably plays a positive
role (Anderscn et al., 1991) in the mdx heart.

2.7.6 Possible roles of bFGF in the mdx mouse

As in normal muscles {(section 2.7.2}, a continuum of the levels of
LFGF are seen in dystrophin-deficient species: mdx limb muscles > mdx
heart > mdx diaphragm > dystrophic dog muscles > DMD muscles. This
continuumr corresponds to the regenerative capacity of each muscle and it
is proposed that there is a correlation between the local concentration of
bFGF and the regenerative processes of skeletal muscle {Anderson et al.,
1983, 1991). Abundance of bFGF in the myofiber periphery of the mdx mouse
may be related to an increase in both satellite cell and regenerative
activity (DiMario et al., 1989%) and might ultimately increase the mpcs
within the damaged tissue long encugh to fully compensate for fiber loss

(Anderson et al., 1993, 19%1). Also, since mdx myoblasts may be more
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sensitive to bFGF in vitro than control myoblasts while the fibroblasts
remain unresponsive longer (DiMario & Strohman, 1988), high rates of new
fiber formation in vivo may be possible without a proliferation of
fibroblasts (DiMario & Strohman, 1988).

Since DFGF is associated with heparin in the myofiber periphery
(Kardami et al., 1988) and heparin inhibits proliferation in vitro
(Kardami et al.,, 1988; DiMarioc & Strohman, 1988), disruption of this
association during active dystrophy or injury could result in the positive
response seen in the dystrophin-deficient mdx mouse (DiMario et al.,, 1989,
DiMario & Strohman, 1988). The absence of dystrophin in mdx sarcolemma may
lead to alterations in the external lamina. This would result in enhanced
bFGF deposition or altered bFGF-heparin interactions, which would
ultimately activate nearby satellite cells to divide (DiMario et al.,
1989} . Alternatively, Anderson et al. (1993) suggest that the general
pattern of bFGF immunofluorescence within myofibers is very similar among
species, and relates primarily to the processes of regeneration and
degeneration rather than to dystrophin-deficiency (Anderson et al., 1993).

Anderson and colleagues (1991) hypothesize that bFGF may promote
tissue repair at 3 levels: as a chemotactic agent released after injury to
attract responsive cells, by providing contact guidance to cells
converging to the most recent dystrophic injury, and by stimulating the
proliferation and/or differentiation of migratory cells at the site of the
injury.

2.7.7 bFGF and perturbation of thyroid hormone

Recent findings indicate that bFGF expression (and muscle phenotype)
is changed by metabolic disturbances (hyper- and hypothyroidism) (Anderson
et al., 1994; Liu et al., 1993). Hyperthyroidism in control and mdx limb
muscles creates no change in the localization of bFGF, but there is a
general reduction of immunostaining for bFGF in skeletal muscle of
hyperthyroid mice (Anderson et al., 1994).

In the heart of hyperthyroid control mice, the intensity of bFGF is
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reduced (Anderson et al., 1994), but more low molecular weight bFGF
compared to euthyroid controls is present (Liu et al., 1993). In the mdx
hyperthyroid heart, more frequent and larger areas of intense intra-
cellular staining for bFGF are seen, indicating an increase in recent
fiber damage (alsoc seen with H&E staining) (Anderson et al., 1994).

Elevated levels of a high molecular weight form of bFGF are found in
extracts from hypothyroid adult rat ventricles, atria and skeletal muscle
compared to those from euthyroid controls (Liu et al., 1993). This
accumulation is similar to that seen in the immature heart (Liu et al.,
1993).

A correspondence is observed between high molecular weight bFGF and
the immature cardiac phenotype on one hand, and low molecular weight bLFGF
and the adult, differentiated phenotype on the other (Liu et al., 1993}.
It is suggested that this difference may be tc the size of myocytes (Liu
et al., 1993). Thyroid hormone may directly or indirectly down-regulate
accumulation of a high molecular weight form of bFGF in the heart. Liu and
colleagues (1993) suggest a complex, tissue-specific effect of thyroid
hormone on the accumulation of different bFGF species, suggestive of
distinct physioclogical functions. Hypothyroid ventricles display more
intense DbFGF immunolocalization compared to euthyroid or hyperthyroid
hearts (Liu et al., 1993). So while thyroid hormone is known to play a
role in differentiation and in bFGF regulation, it is not known how low

thyroid hormone level influences muscle regeneration.
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2.8 THYROID HORMONE PERTURBATION OF MUSCLE DEVELOPMENT & GROWTH, MUSCLE
REGENERATION AND MUSCULAR DYSTROPHY

The thyroid gland synthesizes triiodothyronine (T3) and thyroxine
(T4) , generally referred to as thyroid hormones, which stimulate the rate
of metabolism. The major regulator of the anatomic and functional state of
the thyroid gland is thyroid stimulating hormone (TSH), derived from the
anterior pituitary gland. TSH stimulates the synthesis and secretion of
the hormones produced by the thyroid gland. Secretion of TSH is controlled
by a regulating factor produced by the hypothalamus called thyrotropin
releasing factor (TRF). The release of TRF depends on the serum levels of
T4 and T3 and the body’s metabolic rate {among other factors), and
operates according to a negative feedback system. When considering muscle,
thyroid hormone plays important roles in its development, growth and
maturation, regeneration, and in the phenctype of muscular dystrophy.
2.8.1 Thyroid hormone and muscle development

The thyroid gland becomes functional in producing thyroid hormone in
mouse fetuses between 15 (van Heyningen, 1961) and 17 days of gestation
(d"Albis et al., 1987a). At birth, thyroxine levels show that the neonatal
rat is essentially hypothyroid {(Gambke et al., 1983), but serum thyroid
hormone levels increase shortly after birth in mammals (d‘Albis et al.,
1987a; Dubois & Dussault, 1977). At approximately day 16 postpartum
(mouse) {(d’Albis et al., 1987a} and day 35 (rat) (Gambke et al., 1983),
thyroid hormone levels begin to approach adult values.

Thyroid hormones and growth hormones act together during
development of skeletal muscle. For example, the impaired muscle growth
evident in hypothyroid neonatal mice is not only due to thyroid hormone
deficiency, but also growth hormone deficiency, possibly via IGF-1 which
stimulates fiber growth of skeletal muscle (Murphy et al., 1987). The
following effects of thyroid hormone appear to be independent of growth
hormone (Simonides & Hardeveld, 1989%; Gambke et al., 1983).

Fiber type and isomyosin transitions: Various researchers report a

correlation between increased serum concentration of thyroid hormone and




58
a change in both the fast fiber type proportion and the type of myosin in
developing rat (d‘Albis et al., 1990; Butler-Browne et al., 1984; Gambke
et al., 1983) and mouse muscles (d‘Albis et al., 1987a). The transition
from neonatal type I and IIC fibers into adult type IIA and IIB fibers,
and from embryonic to neonatal to adult isoforms of MHCS corresponds with
the gradual increase in serum thyroid hormone levels in the first few
weeks of postnatal life (d’Albis et al., 1987a).

Hypothyroidism in neonatal mice (d’Albis et al., 1987a) or rats
(d”Albis et al., 1990; Butler-Browne et al., 1984; Gambke et al., 1983)
induces an inhibition or delay in muscle differentiation of fast muscles,
in that the myofibrillar profile does not mature and there is a large
delay in the synthesis of fast adult isomyocsins (d’Albis et al., 1987a;
Gambke et al., 1983). However, hypothyroidism does not ultimately prevent
isomyosin transitions in fast muscle, indicating that thyroid hormone is
not an absolute requirement for the transition, but definitely modulates
it (d’Albis et al., 1990). Hyperthyroidism significantly accelerates the
transition to the adult fast muscle phenotype (d‘Albis et al; 1990, 1987a;
Gambke et al., 1983). By comparison, hypothyroidism has no effect {d’Albis
et al., 1990) or a small effect (Gambke et al., 1983) on slow isomyosin
synthesis in slow muscles, whereas hyperthyroidism is inhibitoxry to the
maturation process in slow muscles (d’Albis et al., 1990).

In general, the above reports suggest that thyroid hormone directly
regulates the appearance of adult fast myosins and fibers, and either
directly or indirectly modulates the disappearance of neonatal types.
Innervation does not appear to intervene (d’Albis et al., 1990; Gambke et
al., 1983), although there is some uncertainty about this (Nwoye et al.,
1982) . Various muscles do not display the same sensitivity to thyroid
hormone, but appear to be regulated by it in a similar way (d'Albis et
al., 1990).

Development of the sarcoplasmic reticulum (SR): In rodents, the SR

develops to maturity during the first 4-10 weeks after birth, during which
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time the maximal calcium uptake activity increases nearly 10-fold
(Simonides and Hardeveld, 1989). This development is absent in hypothyroid
rats in which the calcium uptake activity remains constant at 10% of the
normal adult values (Simonides & Hardeveld, 1989).

Other effects of thyroid hormone in development: In the development
of cardiac muscle, it is suggested that an interaction of T3 and bFGF may
modulate neonatal myocardial cell proliferation (Liu et al., 1993; Kardami
et al., 1991). This is due to the fact that bFGF is downregulated in
hyperthyroid neonatal rat hearts and upregulated in hypothyroid rats (Liu
et al., 1993).

2.8.2 Thyroid hormone in adult muscle

Effects on muscle and fiber growth: Thyroid hormone has important
effects on muscle and fiber growth. Hypothyroidism induced by
thyroidectomy in adult rats, either decreases (Nwoye et al., 1982) or does
not affect (Matoba et al., 1982) body weight. Alsc, myofiber diameters
either decrease (Butler-Browne et al., 1984), or show an overall trend to
increase in thyroidectomized animals (Matoba et al., 1982). Kaminsky et
al. (1991) found that the ratio of muscle to body weight increases with
hypothyroidism (0.5 g/1 propylthiouracil-PTU in water for 2, 4 or 6wks) in
adult male rats.

Hyperthyroidism results in lower body weights of adult male rats
(3mg T4 + lmg T3/kg in food for § wks} (Widner et al., 1975), or increased
body weights (injection of 2ug/g body weight T3 per day for 2wks in 8wk
old mice) (Anderson et al., 1994). Larger myofibers in comparison to body
weight are reported by d‘Albis et al. (1987a) (injection of 3ug T3/10g for
8-14d postpartum). However, Anderson et al, (1994) report that T3
treatment produces atrophy in all skeletal muscle fibers (injected at 3wks
or 8wks of age), and in agreement to this the muscle weights (normalized
to body weight) are decreased by T3 treatment. The above discrepancies
must be due to differences in the age of the animals or to differing

surgeries and/or treatments. Cardiac hypertrophy results from
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hyperthyroidism (Anderscn et al., 1994; Widner et al.,, 1975) and is seen
as increased cardiac myofiber diameters, likely due to increased metabolic
demands on the heart in hyperthyroidism (Anderson et al., 1994).

Fiber type and isomyosin transitions: Fast- {and intermediate-) to
slow-changes in fiber types (ie. decreased proportions of type II fibers)
(McAllister et al., 1991; Salviati et al., 1985} and the reappearance of
embryonic and neonatal myosins (Tzumo et al., 1986) are two hallmarks of
hypothyroidism in rats. The main changes seen in hyperthyroidism are
changes from slow- to fast-fibers (Salviati et al., 1985; Nwoye et al.,
1982}, and thus more rapid isometric twitches by slow muscles (Dulhunty et
al., 1986}.

All MHC genes respond to thyroid hormone, but the same MHC gene can
by regulated by thyroid hormone in highly different modes in a muscle-
specific manner (Fitzsimons et al., 1990; Izumo et al., 1986). Overall,
fast MHC (IIA) genes are up-regulated by thyroid hormone in slow-twitch
muscles but down-regulated, with different degrees of sensitivity, in
fast-twitch muscles {Izumo et al., 1986). Fast (IIB) MHC genes are
responsive to thyroid hormone in some muscles (SOL, diaphragm, masseter),
but not in others (Izumo et al., 1986). Nwoye and colleagues (1982) favor
a direct action of thyroid hormone on myofibers over a neurally mediated
mechanism.

Effects of thyroid hormone on MRFs: Recently it has been suggested
that thyroid hormone controls the accumulation of MyoD and myogenin mRNAs
in fast and slow adult skeletal muscle (Hughes et al., 1993). Muscles with
different £fiber type compositions demonstrate differential MyoD and
myogenin mRNA accumulation, with predominantly slow muscles showing high
levels of myogenin and fast muscles showing mainly MyoD mRNA (Hughes et
al., 1993). As we saw in the previous section, hyperthyroidism alters the
fast/slow fiber type distribution, with activation of fast MHC gene
expression in the 8S0L (Izumo et al., 1986). This alteration also

corresponds with changes in the MyoD/myogenin mRNA expression pattern (ie.
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an increase in MyoD mRNA in hyperthyroid SOL)} (Hughes et al., 19%3). It is
not known whether the change in MyoD expression precedes or simply
parallels the changes in MHC expression.

Other effects of thyroid hormone on muscle: Thyroid hormones have
been shown to have many other effects on mature skeletal muscle, which
include the regulation of: i} ATPase activities (decreased in
hypothyroidism) (Nwoye et al., 1982), ii) myosin light chain amounts
{decreased in hypothyroidism) (Nwoye et al., 1982), iii) calcium uptake by
the SR (decreased in hypothyroidism, increased in hyperthyroidism)
(salviati et al., 1985; Nwoye et al., 1982), iv) the number of
mitochondria and thus the amount of aercbic metabolism (decreased in
hypothyroidism, increased in hyperthyroidism) (Nwoye et al., 1982; Widner
& Holloszy, 1977; Widner et al., 1975), and the mitochondrial enzyme
amounts (decreased in hypothyroidism, increased in hyperthyroidism)
(Widner & Holloszy, 1977; Widner et al., 1975), v) muscle capillarity
{enhanced in hypothyroidism) (McAllister et al., 1991}, wvi) Na‘-K' pump
concentration (hypophysectomy decreases the concentration of Na'-K' pumps
in skeletal muscle, independent of growth hormone status) (Everts et al.,
1990), wvii) muscle bicenergetics {using phosphorus magnetic resonance
spectroscopy, Kamingky et al. {1991) found that hypothyroid muscle
exhibits abnormal muscle biocenergetics), wviii) lipid composition and
membrane f£luidity of the sarcolemma (in hyperthyroidism there is a
decrease in the cholestercl to phospholipid ratio, and membrane fluidity
increases) (Pilarska et al., 1991), and ix) the amount of t-tubule system
{(increased in hyperthyroidism) (Dulhunty et al., 1986).

2.8.3 Thyroid hormone and muscle regeneration

Limited studies have been performed on the roles of thyroid hormone
in muscle regeneration. However, it is expected that the roles of thyroid
hormone in muscle development will, to some extent, be recapitulated in
regeneration.

Early in the regeneration of fast-twitch muscles (after injection of
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a snake venom cardiotoxin}, neonatal and adult myosins are synthesized in
euthyroid rats (d’Albis et al., 1987b), and the neonatal myosins disappear
10 days after the initial insult as adult isoforms appear. In hyperthyroid
rats, regenerating muscles exhibit only adult myosins at 7 days after
injury, while in hypothyroid rats, neonatal myosins are still present up
to 21 days after injury in combination with adult isoforms (d‘Albis et
al., 1987b).

2.8.4 Thyroid hormone and muscular dystrophy

It is suggested that any change in the balance of thyroid hormone
will change a muscle’s response to dystrophy. Anderson and colleagues
(1994) have completed an extensive study of the effects of hyperthyroidism
(by injection of 2ug/g T3 for 2wks) on muscular dystrophy of the mdx mouse
and their results follow.

Young (5wk 0l1d) treated mdx mice have a significantly increased body
weight gain compared to both control and untreated mdx mice. This increase
in weight in treated animals includes an increased heart weight, but
atrophied limb muscles. In older mice (10wk old) the weight gain of
treated mdx animals does not differ from untreated mdx mice, likely as the
mice are adults at 10 weeks. However, cardiac hypertrophy and limb muscle
atrophy are still present in the older treated mice. Fiber diameter in mdx
heart muscle is increased by T3 treatment in both 5- and 10-week old mice,
while the fiber diameter of skeletal muscle is decreased by the treatment.

By studying the extent of inflammatory lesions and fiber centro-
nucleation in dystrophic muscle, Anderson et al. (1994) concluded that
dystrophy is worsened in slow-twitch muscles (heart and SOL) by treatment
of mdx mice with T3. In contrast, damage to the fast-twitch muscles (EDL
and TA) is not increased by hyperthyroidism, and in fact appears to be
decreased {Pernitsky & Anderson, unpublished results). In the heart, there
is a dramatic increase in the number and size of dystrophic lesions in mdx
T3-treated mice. Also, there is a significant increase in the area of

centronucleated fibers in young mdx mice in the SOL (an area of active
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damage) . Probably increased fiber damage, rather than inhibition of
repair, is the main effect of T3 treatment in mdx mice ({(Anderson et al.,
1994). The effect of excess thyroid hormone on dystrophy is probably
related to increased fast MHC expression in slow muscles, increased
mechanical strain on slow skeletal and cardiac muscles, or possibly

decreased bFGF staining in hyperthyroidism (Anderson et al., 1994).

From this review of the literature, it is obvious that there are
many questions to be answered about muscle development and regeneration.
The mdx mouse is a very useful model for studying regeneration dynamics,
as well as for understanding the implications of dystrophin-deficiency.
Since the effects of hypothyroidism on muscular dystrophy have not been
examined, the purpose of my study was to characterize the effects of
hypothyroidism on dystrophic damage in the mdx mouse. In addition, the
effect of hypothyroidism on muscle regeneration (created by a crush

injury) in mdx and control mice was studied.
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3. PROJECT HYPOTHESES AND OBJECTIVES

Hypothesis:

It was hypothesized that mdx mice would regenerate better from a crush
injury than control mice. We also hypothesized that hypothyroidism would
decrease the level of effective muscle regeneration in control and mdx
mice, and would worsen dystrophy in the mdx mouse. Finally, it was
proposed that the localization of neural cell adhesion molecule (NCAM) and
basic fibroblast growth factor (bFGF), morphometric studies of tissue
sections, and autoradiographic studies of muscle cell proliferation would
give clues as to the mechanism of action of thyroid hormone on dystrophy

and muscle regeneration.

Specific Objectives:

1. To describe the events in muscle regeneration of control and mdx mice
by examining the tibialis anterior (TA} muscle at different times during
repair from a crush injury.

2. To study the effect of a lowered metabolic rate (by treatment with
propylthiouracil) on the myogenesis and muscle regeneration (created by a
crush injury and by mdx dystrophy) in the TA muscle of mdx and control
mice by using morphometric techniques.

3. Tc characterize the pattern of immunostaining for NCAM in mdx and
control mice, and to determine whether it is a specific and sensitive
marker for myoblasts.

4. To use antibodies against NCAM and bFGF in an attempt to locate muscle
precursor cells {(mpcs) in the TA of both mouse strains, and tc determine
if hypothyroidism has any effect on this localization by the 2 antibodies.
The original idea was that: i) cells that colocalized both NCAM and bLFGF
would be early muscle precursors, ii) cells that stained with NCAM-only
would be myoblasts preparing for fusion, and iii) cells that stained with

bFGF-only would be other mononuclear cells (ie inflammatory cells and
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fibroblasts) .
5. To use autoradiographic studies to determine if a hypothyroid state
affects the number and proportion of mpcs undergoing division in muscle

repair and muscular dystrophy.
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4. METHODS

4.1 EXPERTMENTAL ANIMALS

In this study, the dystrophic mdx mouse and its normal control
(C57B1/108cSn) were used to study dystrophy and muscle regeneration in a
hypothyroid state. The mice were bred and housed in the Central Animal
Care Facility at the University of Manitoba and were descendants of the
original breeding pairs of mdx mice (Bulfield et al., 1984). Animals were

cared for according to the Council on Animal Ethics.

4.2 TREATMENT

Hypothyroidism was created in mdx mice and their controls
{(C57B110/ScSn) by treatment with 0.05% propylthiouracil ({PTU) (D‘Albis et
al., 1987a) ad libitum in drinking water. The mice were treated for eight
weeks after the onset of dystrophy at three weeks of age (Bridges, 1986}.
Age-matched littermate mdx and control mice were left untreated for the
same period. Mice were checked daily for side effects of the treatment.
The experiment was run 5 times in order to provide samples for a variety
of studies.
4.2.1 Measures of metabolic and growth parameters

To ensure that a hypothyroid state was achieved, various metabolic
and growth parameters were measured. Mice were weighed weekly and the
percentage of weight increase over the treatment period was calculated.
Weekly percent weight increase was plotted. Water consumption was measured
daily for each cage and calculated as a per mouse amount. Also, the
respiratory rate at the end of the treatment period was estimated, in a
double blind fashion, by counting the number of breaths of each mouse over
three 30 second intervals. This was done five minutes after anesthetic was
administered. At the time of death, blood was drawn from the heart for TSH
assay {Cadham Provincial Labs, Winnipeg). Blood was allowed to clot

overnight in the fridge and was taken to the lab the next morning. The
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soleus and gastrocnemius muscles were dissected from the limbs, weighed,
and reported as absolute values and as proportions to body weight.
Behavior and body movements of the mice were also monitored during the

treatment period.

4.3 SURGERY

After the eight week PTU treatment period, mice were anesthetized
(1:1 ketamine:rompin, 0.0lcc/10g body weight) in random coded order and
the respiratory rate was measured for each mouse. The mice were then
subjected to a crush injury of the right, or both, TA muscles {Grounds &
McGeachie, 1989). Skin and fascia were antiseptically cut, and the Ta was
gently separated from underlying muscle and bone. A serrated hemostat was
placed around the muscle belly of the TA and was closed (to one notch) and
held for five seconds. The same hemostat was used by the same researcher
to minimize the wvariation of the crush size. Muscle continuity was not
disrupted. The skin and fascia were quickly closed with 3 or 4 silk
sutures (5-0).

After the respective recovery time, mice were anesthetized and blood
was drawn from the right atrium for TSH assay. The TA muscles were quickly
removed and bisected longitudinally with a razor blade ({through the center
of the crush). The left and right muscles were frozen in pairs in OCT
compound (Tissue-Tek}, for cryosectioning (8um), by immersing molds
containing OCT and tissue sample block in isopentane cooled to below -50°C
on dry ice. The other half of each muscle was quickly frozen on dry ice
and kept ‘at -70°C in sealed eppendorf tubes for electrophoresis and
Western Blotting.

4.3.1 Protocol 1: Preliminary time course study

Both right and left TA muscles were crush-injured after 8 weeks of
PTU treatment, and mice were left to recover for 0 (2 hours}), 2, 4, 11 or
15 days (1 control untreated, 21 control treated, 1 mdx untreated and 1

mdx treated mouse per each time period}.
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4.3.2 Protocol 2: 4 day recovery

A total number of 7 control untreated (5 males, 2 females), 7
control treated (5 males, 2 females), 7 mdx untreated (5 males, 2 females)
and 6 mdx treated mice (4 males, 2 females) were subjected to a crush
injury of the right TA after 8 weeks of treatment. This protocol was
performed twice and the results were pooled. The left TA was uncrushed so
that this TA served as a control for the right (crushed) TA. Mice were
allowed to recover for 4 days, were anesthetized, blood was drawn and TA
specimens were collected as before. The diaphragm was also removed and the
costal (anterior right) portion was frozen in OCT. The soleus and the
gastrocnemius mugcles were removed and weighed. Morphometric,
immunohistochemical, autoradiographic and blotting analyses were performed
as described below.
4.3.3 Protocol 3: 4 week treatment

To determine whether the changes in dystrophy observed with PTU were
different with a shorter period of treatment, 7 mdx mice (5 males, 2
females) were treated (0.05% PTU) for 4 weeks. Seven age-matched
littermate mdx mice (5 males, 2 females) were untreated for the same 4
weeks. The mice were subjected to a crush injury of the right TA muscle
and left to fecover for 4 days. Histological and morphometric analysis of
the TA muscles were done as per the 8 weeks treatment (see below).
4.3.4 Protocol 4: Restoration of euthyroid state

As a further small study, one mouse in each treatment group was
removed from the PTU-treatment after 8 weeks of treatment {untreated mice
were used as controls once again) and left untreated for 2 further weeks.
This was done in order to test whether restoring normal thyroid state
would be accompanied by restoration of any changes in muscle repair. The
crush injury was performed on both legs after the 2 weeks of non-
treatment. Mice were allowed to recover for 4 days and muscles were

prepared as above for sectioning.
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4.4 HISTOLOGY

Freozen TA or diaphragm muscle blocks were longitudinally secticned
(8um thick} with a cryostat. The orientation of the muscle block for a
longitudinal alignment of myofibers was carefully made on initial sections
using phase contrast optics and adjustment of block positioning during
sectioning. It is the architecture of the TA muscle, pennate, with a
central tendon, which dictates that when fibers on one half of a proximal-
distal section of the muscle are longitudinal, those fibers on the
opposite side of the central tendon will be obligque or cross-sectioned.
This was taken into consideration when examining each muscle.

Alternate serial sections were stained with Hemotoxylin and Eosin
(H&E) for examination under the light microscope. These were examined in
a double-blind fashion (coded slides) and observations were recorded. An
Clympus BHT-2 microscope was used to observe specimens and to photograph
selected fields. Also, some sections were stained with a basic fuchsin,

methylene blue and Azure II stain {Ontell, 1974) and photographed.

4.5 MORPHOMETRY
4.5.1 Unoperated TA

The morphometric analyses were made only on the muscles allowed to
recover for 4 days. On coded H&E sections, various measures were used to
assess the extent of regeneration and dystrophy in defined longitudinal
zones of the TA, prior to decoding the sections.

Parameters analyzed: 1. Dystrophic areas: In the mdx unoperated

(left) TA, the total area of active dystrophy (defined as all degenerating
and inflammatory areas in a TA as a proportion of the total muscle area)
and the number of dystrophic foci (the number of degenerating and
inflammatory areas as a proportion of the total muscle area) were
measured. The Sigma Scan program {Jandel Scientific, Ca) and a calibrated
computerized graphics tablet were used to measure the areas. 2.

Nucleation: In the muscles of the left leg of mdx mice, the




70
centronucleation index (CNI, defined as the number of cells with central
nuclei as a proportion of the total number of fibers) was determined, as
a measure of accumulated fiber injury and regeneration during dystrophy.
Also, the total number of central and peripheral nuclei, and the ratio of
central-to-peripheral nuclei (CN:PN) in 2 areas of the unoperated TA were
determined.

4.5.2 Operated TA

Zonal analysis: In the operated (right) TA, zones of crush site,
adjacent muscle, and surviving muscle were analyzed in a systematic manner
{after Mitchell et al.,1992) at 200X by measurement of set distances from
the centre of the necrotic crush zone which was acellular at 4 days post-
injury (Fig. 1). The parameters analyzed are detailed below. Two fields
were assessed within the crush area in each operated muscle, four in the
adjacent area (3 proximal, 1 distal), and three fields in the region of
distant surviving muscle (2 proximal, 1 distal). The adjacent and
surviving zones were determined by their pre-set distance from the crush,
and not according to the cells prevalent in those regions. If there were
more than five surviving fibers in a field of "adjacent zone", as defined,
that field was not counted. For statistical analysis, the four fields
adjacent to the crush were pooled, as there was nc difference between
proximal and distal fields in that zone. However, the distal and proximal
fields in the surviving muscle were analyzed separately.

Care was taken to ensure that the morphometric study was always
carried out on the longitudinal aspect of the muscle and not on the
oblique or cross-sectioned fiber areas. As explained above, the
architecture of the TA muscle may make parts of the muscle cross-sectional
instead of longitudinal.

Parameters analyzed: 1. Nucleation: The numbers of central and
peripheral muscle nuclei were counted in each zone (Fig. 1) of the
operated TA, and the ratio of central-to-peripheral nuclei was determined

(CN:PN) within the same fields. 2. Myotubes: The number of small myotubes
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in each of the above areas was also counted. 3. Crugh area: Using the
Sigma Scan program in conjunction with a camera lucida at 100X
magnification, the area of the necrotic acellular crush zone was outlined

and measured. 4. Fiber diameter: Fiber diameter was measured from the

uncperated TA and from the distal surviving zone of operated TA in both
control and mdx mice, again using the calibrated graphics tablet and a
camera lucida at 100X. At least one hundred fibers were sampled from each
muscle section, along cords perpendicular to the longitudinal axis of each
muscle as previously reported for fiber area (Anderson et al, 1987).
Measurements at the smallest diameter of each fiber were recorded.
4.5.3 Statistical Analysis

Data (mean i+ SEM) for each muscle (n=6-7) was determined and the
means from the 4 groups were analyzed using a 2-way ANOVA to detect strain
(contrel vs mdx), treatment (PTU) and interactions (strain and treatment) .
Individual groups were compared using Duncan’s multiple range test post
hoc where appropriate. The distribution of fiber diameter in the different
groups was compared using Chi-square statistics. In addition, the
distribution of fiber diameter was plotted. Repeated measures ANOVA was
used to compare fiber diameter and CNI between unoperated (left) and
operated (right) TA in the 4 groups. The mice treated for 4 weeks were
analyzed with unpaired t-tests, and 2-way ANOVAs were used to compare 4
week and 8 week groups. In all cases, a probability of p<0.05 was used to

reject the null hypothesis.

4.6 TMMUNOHISTOCHEMISTRY
4.6.1 Staining Procedure

NCAM has been found to be specific to mpecs (Jones et al., 1990;
Covault & Sanes, 1386; Moore & Walsh, 1985} {section 2.4). Also, bLFGF
localizes to probable mpcs and to inflammatory c¢ells, and has been found
to be more abundant in mdx than control muscles {Anderson et al., 1993;

1991). Thus, it was of interest to see if the 2 antibodies stained for the
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same cell population,.

Alternate serial sections were double-immunostained for fluorescent
localization of the [1-24] residues of bFGF (Anderson et al., 1991) and
for NCAM antibody (moncclonal anti-HNK-1/N-CAM (Sigma) - mouse IgMu
isotype), according to the protocol detailed below. The anti-bFGF antibody
has been well characterized (Kardami & Fandrich, 1989; Anderson et al.,
1991; Penner & Anderson, unpublished results) as specific and sensitive.
The anti-NCAM monoclonal antibody localizes the 145 and 170 high molecular
weight, integral membrane forms of NCAM. It also recognizes myelin-
associated glycoprotein in some species, and a high molecular weight
chondroitin sulphate proteoglycan.

Tissue sections of both unoperated and operated TA muscles were
dried at room temperature for one hour and then blocked for one hour with
PBS containing 10% horse serum (HS)} and 1% bovine serum albumin (BSA). The
primary antibodies used were anti-bFGF raised in rabbit {(see Anderson et
al., 1993} and anti-NCAM raised in mouse (Sigma clone). Anti-bFGF and
anti-NCAM were used respectively at 1:1500 and 1:2000 dilutions. Both
antibodies were added to the blocking solution of 10% HS, 1% BSA in PBS
containing 0.01 ml sodium azide. After incubation overnight at 4°C,
sections were thoroughly rinsed with PBS, again blocked for 1 hour, and
rinsed in PBS. Combined incubation with secondary antibodies (diluted in
PBS containing 1% BSA) for two hours occurred at room temperature.
Fluorescein-conjugated anti-rabbit immunoglobulin raised in donkey
(Amersham) was used at 1:200 to detect rabbit anti-bFGF. Biotinylated
anti-mouse immunoglobulin (against IgMp) raised in goat was used at 1:250
to detect mouse anti-NCAM. After extensive rinsing, sections were
incubated with Texas Red - streptavidin (from streptomyces avidinii)
(Amersham) at 1:250 dilution in 1% BSA in PBS for 20 minutes to detect the
biotinylated antibody. Sections were rinsed in PBS, fixed in cold ethanol,
rinsed in PBS again and mounted (Immumount). Negative control slides

{(omission of primary antibodies) accompanied the immunostaining procedures
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in each case. In addition presorption of anti-bFGF with human recombinant
bFGF (Sigma) was used as a control. Brain sections were a positive control
for anti-NCAM.

In addition to the double-staining procedure described above, some
sections were stained singly either for NCAM or for bFGF, and observations
were recorded. In this case, the secondary antibodies were linked to
horse-radish peroxidase. Visualization was achieved by a DaB
(diaminobenzadine) kit (Dimension Labs) which resulted in a more permanent
brown-black precipitate of NiCl. Endogenocus peroxidase activity exhibited
by some cells {red blood cells, macrophages) was quenched by incubating
sections in hydrogen peroxide {0.3% in water) for 1 hour prior to
incubation with the respective primary antibody. Dilutions of antibodies
and rinsing steps were followed as described for double-staining.

4.6.2 Indirect fluorescence microscopy

An Olympus microscope equipped with epifluorescence and phase
contrast optics was used for specimen observation and to photograph
selected fields. The anti-bFGF positive cells fluoresced green (FITC)
under ultra violet light while the anti-NCAM positive cells fluoresced red
(Texas Red). Sections of at 1least 5 muscles per group were closely
examined.

4.6.3 Analysis

The adjacent zone of the operated TA was carefully examined. A
blink-comparator method was used as follows. Photographs of the
fluorescent fields were made at the 2 different emission wavelengths. One
wavelength was used to visualize the anti-bFGF (FITC) and the second
visualized the anti-NCAM (Texas Red), as described above. A third
photograph of the same field@ was taken using phase contrast optics. This
allowed the histology of the exact area of the fluorescence photograph to
be identified. The film was developed and the negatives were mounted as
slides for viewing with a slide projector.

The slides were coded as to the treatment group and strain and
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placed in pairs (matching anti-bFGF and anti-NCAM fields) into a slide
carousel. They were then projected onto white paper covered with a sheet
of transparent acetate mounted on a nearby small screen. Each positively-
stained cell or nucleus was marked with a felt marker. First the slide of
the anti-bFGF-stained field was projected, and any positive cells or
nuclei were marked in green. Then the slide of the anti-NCAM-stained cells
from the same field was projected onto the same paper and aligned to
precisely match the previous anti-bFGF field. The anti-NCAM-positive cells
or nuclei were marked in red. In this way the nuclei and cells could be
identified which showed colocalization of anti-bFGF and anti-NCAM
staining, as well as those which showed localization of anti-bFGF only or
of anti-NCAM only.

Each pair of slides (n=5-7 per treatment group) was analyzed
separately. The numbers of positive cells/nuclei were counted for each
matched pair of fields under three categories: anti-bFGF and anti-NCAM
positive; anti-bFGF positive only; anti-NCAM positive only. The slides
were then decoded and statistics were performed on the data. The
proportion of positive cells in each category {mean + SE) was calculated,
although it was not used for statistical analysis. The distribution of
positively stained cells in the three different categories was compared
using Chi-square statistics. The Chi-square test was then partitioned in
order to compare individual groups. In all cases, a probability of p<0.05
was used to reject the null hypothesis. A histogram was prepared of the
distributions, shown as percent of total for each category (mean + SE for

each group).

4.7 AUTORADIOGRAPHY
4.7.1 Procedure

An additional 9 mdx and 11 control mice were treated (5 mdx, 5
control) or untreated (4 mdx, 6 control) for B weeks (see section 4.2) and

operated on (detailed in section 4.3). Twenty-four hours before death
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(death occurred 4 days post-operation), animals were injected (ip} with
tritiated thymidine (2uCi/g body weight, 1 mCi/ml, BAmersham) to label
cells in which DNA synthesis was occurring. The TA was collected and
frozen for sectioning as previously outlined. Samples of intestine were
also taken to monitor the uptake of tritiated thymidine into the blood
stream.

In addition, mice which recovered for 2 days (from protocol 1,
preliminary time course study) were injected with tritiated thymidine 24
hours before death, TA samples were collected, and 2 muscles per each
group were analyzed (outlined below).

After drying the slides overnight, sections were fixed in formalin
for 10 minutes, rinsed with water, individually dipped in warmed
photographic emulsion (Ilford KD5, diluted 2:1), and dried in complete
darkness in an oven for 2 hours. Slides were then placed in black light-
tight boxes and were exposed at 4°C for 7 weeks. The exposure time was
determined using an additional set of identical slides developed at
regular intervals prior to 7 wks (Anderson et al., 1987).

The slides were developed after the 7 weeks. In darkness, slides
were developed in D-19 developer (diluted 1:9, 5 mins), rinsed in water (1
min), fixed (5 mins), washed in water (15 mins), dehydrated, counter-
stained with hematoxylin and eosin (for autoradicgraphy} and mounted with
coverslips.

4.7.2 Assessment of autoradiograms

Slides were examined under the light microscope. The radiolabelled
cells had silver grains above the level of the tissue. Cells which had 3
or more grains on top of the nucleus were considered positively labelled
for DNA synthesis during the 24 hours prior to animal death.

A scheme similar to the examination of tissue morphometry was used
for counting positively labelled cells (Fig. 1). In the operated Ta,
positive cells were counted in adjacent areas. Twelve fields at 400X were

assessed (6 proximal, 6 distal). Three categories of positive cells were
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examined: i} polys as a proportion of total polys, ii) positive myotube
nuclei as a proportion of total myotube nuclei, and iii) total positive
cells as a proportion of total cells in the field.

Proportions for each category of cell type (see above) were
determined for each field {(not pooled) and analyzed using 2-way ANOVAs. As
well, distal and proximal areas were analyzed separately. Individual
groups were compared using Duncan’s multiple range test post hoc where
appropriate. In all cases, a probability of p<0.05 was used to reject the

null hypothesis.

Gel electrophoresis and Western blotting were performed using TA

muscle samples. These methods and results are presented in appendix A.
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5. RESULTS

5.1 MEASURES OF METABOLIC AND GROWTH PARAMETERS

In order to confirm hypothyrcid status, a number of metabolic and
growth parameters were measured: body weight gain, water intake,
respiratory rate, TSH level, muscle weight and muscle to body weight ratio
(Table 1). These parameters indicated that hypothyroidism was achieved by
treatment with 0.05% PTU for 8 weeks. However, it was inconclusive as to
whether a hypothyroid state was created by the 4 week treatment period,
since the commercial TSH assay changed between experiments.

The age-related increase in body weight (Fig. 2) was decreased
(compared to normal} in mdx mice treated for 8 weeks (significant
interaction by ANOVA, p<0.05). Control body weight was not significantly
affected by PTU treatment. In agreement with previous reports (Anderson et
al., 1987; 1988), mdx mice weighed significantly (p<0.02) more than their
age-matched controls. However, the weight of mdx mice treated for 4 weeks
was unchanged compared to those untreated for the same period.

Neither the absolute muscle weight nor the ratio of muscle to body
weight of the soleus and gastrocnemius was affected by 4 or 8 weeks of PTU
treatment. Mdx soleus and gastrocnemius muscles were heavier (p<0.05) than
in control mice. Lower water intake (p<0.001), lowexr respiratory rate
(p<0.01) and increased TSH levels (p<0.0l) were noted in all groups of
mice treated with PTU for 8 weeks. Lower water intake (p<0.001} was also
noted in mdx mice treated for 4 weeks.

After decoding cbservations made at the time of tissue preparation,
it was noted that the crushed areas of operated TA from untreated and
treated control mice were clearly more hemorrhagic than crush sites from
mdx untreated TA. Also, crush sites of PTU-treated mdx TA appeared very
similar to the TA of either treated or untreated control mice.

5.1.2 Observations when handling mice

Throughout the treatment periocd, all mice appeared outwardly
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healthy. However, during handling the treated mice were noted to be less
excitable and less active than the untreated mdx or control mice. Treated
mdx mice did not demonstrate extension {dorsiflexion) of the hindlimb toes
during suspension above the cage floor, typical of untreated control and
mdx mice. This suggested some clinical signs of muscle weakness were
present during PTU treatment of mdx mice. Also, the mdx untreated mice
appeared to be less active than control untreated mice, probably due to

their larger size, in addition to their ongoing dystrophy.

5.2 HISTOLOGY: PROTOCOL 1: Preliminary time course study

TA muscles from untreated and PTU-treated control and mdx mice were
examined at 0 days, 2 days, 4 days, 11 days and 15 days (1 control
untreated, 1 control treated, 1 mdx untreated, 1 mdx treated per each time
period) after a crush injury in order to survey the events in muscle
regeneration and to obtain a general idea of the effects of hypothyroidism
on regeneration. The events were very similar in sequence to those
described by Mitchell et al. (1992) and will be briefly outlined below.

At 0 days (2 hours after crush) (Fig. 3A), no measurable necrotic
crush area was present, since the myofibers were just beginning to lose
their integrity. No inflammatory cells were present in the damaged area.

Two days after a crush injury (Fig. 3B), a large necrotic zone with
many degenerating fibers was present at the mid-belly of each TA muscle.
Adjacent to the necrotic zone (both proximally and distally), there was a
small area of mononucleated cells. Some of these cells were inflammatory
cells (such as macrophages and neutrophils), involved in removing debris
in advance of the growth of new blood vessels in the area. Presumably,
there were mpcs in the same population of moncnucleated cells, but they
could not be positively identified by the light microscope. Few myotubes
were present in the area adjacent to the crushed zone at 2d. In order for
a cell to be considered a myotube, it had to have greater than 2 centrally

placed nuclei and exhibit a light pink to purple cytoplasm stained by H&E.
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Next to the adjacent areas were areas of surviving muscle that were mainly
unaffected by the crush. In mdx muscles, most of the surviving areas
exhibited centrally-nucleated myofibers, due to the continuing dystrophic
process. Some areas of active dystrophy were observed independent of the
crushed area.

Differences between treatment groups 2 days after injury were as
follows. The control untreated TA exhibited a crush area that was smaller
(2.0 X 10 um*) than the control treated necrotic crush area (2.1 X 10°¢
pm®) , and the treated mdx TA exhibited a larger necrotic zone (1.7 X 10°*
pm’)  than the untreated mdx (1.3 X 10 um?). Mdx TA exhibited more
mononucleated cells and myotubes in the adjacent area than controls.

Operated control and mdx muscle, 4 days after muscle injury showed
zones (Fig. 1) typical of crushed muscle {McGeachie and Grounds, 1987;
Mitchell et al., 1992). Areas of necrotic tissue at the crush site, the
adjacent xregion of inflammatory and mononuclear cells plus small
regenerating myotubes, and the distant area of surviving muscle fibers
were obvious (see Figs. 4 & 5). At 4 days after injury, the necrotic
degenerating zone was considerably smaller than at 2 days and the adjacent
zones were larger and more active (Fig. 3B vs 4C-F}. Many myotubes were
present in the adjacent area in all TA muscles. The untreated mdx TA
appeared to have more myotubes extending further into the crush zone and
a smaller crush site (Fig. 4D} than the PTU-treated mdx TA (Fig. 4F).
Histologically, no large differences were seen between control groups
(Fig. 4C vs 4E),

Myotube formation in the crushed TA of control untreated mice was
typical of earlier reports of crush injured muscle {McGeachie and Grounds,
1587; Grounds and McGeachie, 1989; Mitchell et al., 1992). Short chains of
5-7 nuclei in longitudinal section were found within control myotubes
located in the zone adjacent to the crush site (Fig. 5A&C). In untreated
mdx TA, myctubes appeared longer and contained many more nuclei {Fig. 5B)

than in control TA. The presence of long myctubes in the adjacent zone
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close to the crush site of untreated mdx TA appeared to be reduced in PTU-
treated mdx TA (Fig. 5D}. As well, the numbexr of control fibers in the
distal surviving zone which contained central nuclei in both untreated and
PTU-treated (Fig. 5E) mice appeared to be greater than in the unoperated
control TA, an observation confirmed by CN:PN data {see below, and Tables
2 and 3). In mdx TA from untreated and treated (Fig. 5F) groups, there
also appeared to be more fibers containing central nuclei in both the
proximal and distal surviving zones than in the unoperated mdx TA.

No measurable necrotic area was present 11 days after crush injury
(Fig. 3C). The central mid-belly area was instead filled with new small
myotubes and centrally nucleated myofibers. The area of new small myotubes
appeared smaller in mdx untreated than control untreated TA.

At 15 days after crush (Fig. 3D), it was difficult to see the area
where the injury had been inflicted, especially in mdx muscles. Myotubes
and mycfibers had filled in the crush area.

In conclusion, muscles regenerating from a crush injury underwent
massive degeneration, beginning sometime in the first day after injury.
Many phagocytes migrated into the area, and the formation of some myotubes
began at 2 days post-injury. This regenerative response continued to 4
days after injury, when many myotubes and mononuclear cells were observed
in zones adjacent to the crush injury. After this time, myotube formation
did not appear to be quite as active (at 11 and 15 days). By 15 days after
the injury, little evidence of the crush remained.

Therefore, 4 days of recovery after the crush injury was determined
to be the best stage in which to pursue further studies on the effects of
hypothyroidism on muscle regeneration and dystrophy. This stage of very
rapid myotube formation and active regeneration might be affected by PTU-
treatment.

5.3 HISTOLOGY AND MORPHOMETRY: PROTOCOL 2: 4 day recovery
The experiment was repeated with PTU treatment for 8 weeks, with

larger groups, and the mice recovered for 4 days after the surgery.
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Detailed histological and morphometric analyses were performed. These
results are now reported (McIntosh et al., 1994).
5.3.1 Histology

Unoperated TA: Unoperated control and mdx muscle histology was
characteristic of previous reports {for example see Anderson et al., 1387;
Coulton et al., 1988; Dangain & Vrbova, 1984). Control muscle fibers with
peripherally located nuclei (Fig. 43a), exhibited characteristic
organization in fascicles. Mdx muscle presented foci of active dystrophy,
and many areas of myofibers with central nuclei (regenerated fibers), as
well as dintact fibers with peripheral nuclei (Fig. 4B). No large
differences were observed between unoperated muscles of PTU-treated and
untreated mdx or control mice, such that groups of coded slides were not
separable by observations made in a double blind manner.

Operated TA: The histology of the operated TA was similar to that
described in section 5.2.1. Double blind observations by two observers
were unable tco find differences between slides from untreated and treated
control animals. In contrast, the same type of observation was able to
clearly detect two different groups of muscle sections among the mdx
group. After decoding, it was determined that the untreated mdx group had
consistently more myotubes extending further into the crush zone and a
smaller crush site than the PTU-treated mdx TA.

Sections that were stained with basic fuchsin, methylene blue and
Azure II (Ontell, 1974) were examined. Some histological features were
more prominent with this stain than with H&E. Small vesicles and spikes of
cytoplasm could often be seen near the blunt end of sealed myofibers (Fig.
89C) . Also, myotubes were clearly seen fusing with myofibers, and some
branched myotubes were obvious (Fig. 9D).

5.3.2 Morphometry

Unoperated TA (Table 2): The general character of regeneration from

dystrophy appeared to be worsened by the PTU treatment. The area of active

dystrophy in treated mdx TA was significantly greater (p<0.05) than in
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untreated mdx TA. However, no change in the number of foci of active
injury was noted between treated and untreated mdx TA.

The centronucleation index was not changed by PTU treatment. The
ratio of central to peripheral nuclei (CN:PN) was much larger in mdx TA
(p<0.001}) than in age-matched control TA due to the dystrophy in mdx mice,
but no effect of PTU treatment on this ratio in unoperated mdx or control
TA was noted. Interestingly, there was a significant correlation (r=0.725,
p=0.005, df=11) between body weight and centronucleation index in
untreated mdx mice. This correlation was not changed by PTU treatment.
The total number of nuclei per field of unoperated muscle was larger in
mdx than control TA.

Mean €f£iber diameter in unoperated TA was significantly smaller
(p<0.01) in PTU-treated mdx muscle than in untreated mdx TA. The mdx TA
also had a larger mean fiber diameter than control TA (p<0.01}. PTU
treatment did not affect mean fiber diameter or distribution (Fig. 6) in
control unocperated muscle. However, mdx unoperated fiber diameter
distribution was significantly left-shifted with PTU treatment, indicating
greater numbers of small myotubes had regenerated from dystrophic injury
during the treatment period.

Operated TA (Table 3): Regeneration from a crush injury appeared to
be decreased by PTU-treatment, especially in mdx mice. The size of the
necrotic crush zone was not different between control and mdx TA. Howaver,
the crush zone in mdx PTU-treated TA was greater in area than in untreated
mdx TA, while treatment did not change the area of the crush zone in
control TA (significant interaction by ANOVA, p<0.05). More myotubes
(ANOVA, p<0.001) were observed in mdx crush-injured TA than in control TAa,
regardless of treatment or zone, 4 days after injury. In general, PTU
treatment seemed to reduce the number of myotubes in mdx TA, although
statistical significance was noted only in the surviving zone (significant
interaction by ANOVA, p<0.02), likely due to variability within groups.

The ratio of central to peripheral nuclei {CN:PN) in all zones
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{except for the distal surviving zone} of operated mdx muscles was
significantly higher (p<0.001} than in control operated TA. This was
especially noted in the adjacent zone, in agreement with the observation
of longer myotubes with more central nuclei extending into the adjacent
zone in injured mdx muscles. As well the CN:PN ratio was higher in the
distal surviving =zones of crushed muscles than in the contralateral
unoperated TA for all groups (p<0.001), suggesting that the crush injury
had an effect on nuclear position in distant fiber segments 4 days after
the injury. The CN:PN in distal surviving muscle was also greater
(p<0.001) than in the zone of fibers surviving proximal to the crush. PTU-
treated mdx operated muscles generally had higher CN:PN ratio (and greater
variability) in all three zones, although the ratio was not significantly
different from that in untreated mdx TA zones.

In the operated TA, the mean diameter of surviving fibers in
untreated mice was smaller in mdx than in control TA (p<0.01). After PTU
treatment, the diameter of the surviving fibers in operated mdx TA was
greater (p<0.01} than in the surviving fibers in untreated mdx TA. In
untreated mdx mice, the diameter of surviving fibers distal to the crush
was also lower (p<0.01) than fibers in the contralateral unoperated TA.

The distribution of fiber diameters (Fig. 6) was unaffected by
treatment in the surviving fibers of control crushed TA. In comparison,
the distribution of surviving fiber diameters in the treated mdx TA was

shifted toward the right (larger fiber diameter) {p<0.01).

5.4 HISTOLOGY AND MORPHOMETRY: PROTOCOL 3: 4 week treatment

To determine whether the changes in dystrophy observed with PTU were
different with a shorter period of treatment, mdx mice were PTU-treated or
untreated for 4 weeks. Treatment began at 3 weeks of age, since dystrophy
begins in mdx mice at this time. Interestingly, 3 treated mice and 1

untreated mouse died during the surgery or immediately afterwards.
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5.4.1 Histology

The unoperated TA in the younger mdx mice (treated or untreated for
4 weeks) exhibited areas of degeneration and regeneration as per older mdx
mice (treated or untreated for 8 weeks). However, less centrally nucleated
fibers were present because of the shorter time span of dystrophy. In the
cperated TA, the zones (Fig. 1), and cells prevalent in those zones, were
similar to those described for older mdx mice ({section 5.3.1).
Histological differences between mdx treated and untreated TA were not
apparent after 4 weeks of treatment.
5.4.2 Morphometry

This study was performed in order to determine whether the large
centronucleation index in the unoperated TA of older untreated mdx mice
had obscured a change in the CNI after PTU treatment. However, all
morphometry data after 4 weeks {treated or untreated) closely mimicked
that after B weeks (treated or untreated).

Unoperated TA (Table 2, last 2 columns): The proportionate area of
active dystrophy was significantly increased by 4 weeks of treatment with
PTU (p<0.05}, similar to the change after 8 weeks of treatment. There was
also an increase (p<0.02) in the number of peripheral nuclei (satellite
cells plus myonuclei} with PTU treatment of mdx unoperated muscles,
although the CNI was unchanged.

Differences between older ({treated or untreated for 8 week) and
younger (treated or untreated for 4 weeks) were determined (age effect,
Table 2), and were similar to previous reports (Zacharias & Andexrson,
1391; Karpati et al., 1988; Anderson et al., 1987), Basically, the
dystrophy in the younger mdx mice was more active than in the older mdx
mice, as reflected in the greater number of dystrophic foci (p<0.001). as
expected, the number of centrally placed nuclei was significantly less
(p<0.001) in the younger mdx mice, due to the shorter duration of
dystrophy.

Operated TA (Table 3, last 2 columns): The only significant change
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with PTU treatment for 4 weeks was an increase in the myotube density in
the surviving zone of the TA (p<0.02). Thig was in contrast to a decrease
in the myoctube density in the surviving zone of mdx mice treated with PTU
for 8 weeks compared to mdx untreated for the same period.

Once again, differences between older (treated or untreated for 8
weeks) and younger (treated or untreated for 4 weeks) mdx TA were evident.
The crush was not significantly different between the mdx mice injured
after 4 or 8 weeks. The CN:PN ratio was significantly decreased in
adjacent (p<0.05) and proximal (p<0.001) surviving zones of the young mdx
mice. As well, the crush zone (p<0.05) and the surviving zone (p<0.01)
exhibited fewer myotubes in younger than older mice. However, the adjacent

zone in younger mice showed as many myotubes as in older mice.

5.5 PROTOCOL 4: Restoration of euthyroid state

In order to test whether restoring a normal thyroid state would be
accompanied by restoration of any changes in muscle repair, one mouse per
treatment group was left untreated for 2 weeks following 8 weeks of
treatment. Since only one mouse per group was treated in this manner, no
morphometrical analyses were performed. However, by observations when
handling the mice, it appeared that the mice gradually regained the
movements demonstrated by the untreated mice. As the 2 weeks progressed,
the mice moved more freely when held by the tail and extensiocn of the
hindlimb toes was observed, suggesting thyroid status was closer to normal
than in treated mice.

It was difficult to tell the TA of untreated mice apart from the Ta
of mice that were treated and then untreated. The crush zones of all mice
appeared very similar in size. This observation, albeit subjective and
crude, suggests the possibility that restoration of normal thyroid state
restored at least the most obvious marker of muscle regeneration. Gel
electrophoresis and Western blotting were performed using these TA

muscles. Results are reported in appendix A.
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5.6 HISTOLOGICAL OBSERVATIONS OF THE DIAPHRAGM

Recent reports have shown that the diaphragm of mdx mice undergo
much more degeneration and regeneration than the limb muscles of the mdx
mouse (Penner & Anderson, unpublished; Dupont-Versteegden & McCarter,
1992; Stedman et al., 1991} {section 2.6.4). Thus, a cursory study of the
diaphragm of control and mdx (treated and untreated) mice was carried out.

Control diaphragm exhibited mostly peripherally nucleated fibers,
but some centrally-nucleated fibers were present (Fig. 7A). The mycfibers
present in the diaphragm were much smaller in caliber than limb muscle
myofibers. Mdx diaphragm exhibited many centrally-nucleated fibers, as
well as many areas of active dystrophy with new small myoctubes forming
(Fig. 7B-D). When compared to limb muscles, the diaphragm of mdx mice had
more areas of active dystrophy, more fibrous connective tissue, and some
adipose tissue located between degenerating fibers (Fig. 7B). Control
treated (n=5) and untreated (n=6) diaphragms were hard to tell apart. Mdx
treated (n=5) and untreated (n=4) diaphragms also locked very similar,
with one exception; mdx untreated diaphragms showed areas of calcification

in the muscle (Fig. 7C) while mdx treated diaphragms did not.

5.7 IMMUNOHISTOCHEMISTRY

Sections were stained (separately and together) for the NCAM and
bFGF antibodies by immunohistochemical techniques. All immunohisto-
chemistry staining runs included slides in which the primary antibody was
omitted, which resulted in no staining for bFGF on muscle sections {not
shown) . However, sections in which the NCAM antibody was omitted (Fig. 8A)
resulted in moderate amounts of background staining, especially in the
crush and degenerating areas. This was considered non-gpecific staining
and could be partially due to recognition of the secondary antibody (which
was made in mouse) to degenerating mouse antigens, and not specifically to
NCAM antigens. Mpcs, myotubes, peripheral nuclei and satellite cells were

not stained when the primary (NCAM} antibody was omitted.
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Firgt, the staining pattern of NCAM and bFGF will be described
separately, as observed using both the HRP and FITC methods of

visualization. Subsequently, the colocalization results will be presented.

5.7.1 NCAM and bFGP localization in the unoperated TA

NCAM: In unoperated control TA and in unaffected areas of mdx TA,
NCAM was localized only to NMJs (Fig. 8B}, muscle spindles, and very
lightly to the periphery of some myofibers. Degenerating cells in the mdx
TA exhibited dark anti-NCAM staining (non-specific), while some small
mononuclear cells and myotubes were considered to be positive in
regenerating areas. Due to the staining in the dystrophic areas, mdx
muscle showed more NCAM positive cells than control muscle. It was
difficult to see any changes in the amount or intensity of NCAM between
treated and untreated groups.

bFGF: The pattern of bFGF staining in unoperated control and mdx TA
mugcles was similar to previous reports (Anderson et al., 1993; 1591}
(section 2.7). Staining of the myofiber periphery, as previously reported
({Anderson et al., 1991) was not always evident,' possibly due to a
different antibody preparation (Anderson et al., 1993). Overall, the mdx
TA showed more staining than control muscles., Differences between PTU-
treated and untreated muscles were less obvious. There appeared to be more
positive cells in the active dystrophic areas in mdx untreated compared to
mdx treated animals.
5.7.2 NCaM and bFGF localization in the operated TA

NCAM (Fig. 10&11): Overall, the crush and adjacent areas were darkly
stained in all TA muscles, so it was difficult to pick out individual
positive cells. However, there was a population of mononucleated cells
{inflammatory cells and mpcs) that stained darker than the background in
the adjacent area, and these cellg were considered to be positive (Fig.
8C). Some of these positive cells were myoblasts lining up, ready for

fusion. Myotube cytoplasm stained positively (Fig. 8D). NCAM-positive
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cells were often located near the Surviving ends of damaged and retracted
fibers (Fig. 9A). Surviving muscle in the crushed TA appeared similar to
muscle in the uncrushed TA, except that there appeared to be more NCAM in
the surviving zone of the crushed TA than in the uncrushed Ta, indicating
that the distant zones might be affected by the crush.

Overall, mdx musclesg seemed to have more staining for NCAM than

control muscles. On gross observation, anti-NCAM antibody (linked to HRP)

in the mdx untreated than treated mice. Tt was difficult to tell the
control treated and untreated muscles apart by examining HRP-linked anti-
NCAM staining.

bFGF (Fig. 10&11): Basic FGF was localized to some cells in the
crush area of Operated animals. These cells included polys, macrophages
and mpes. The retracted end of fibers was stained with bFGF-positive
cells, which were often distributed between a fan-like array of
projections from the sealed end of the old fiber (Fig. 9B). ag reported
previocusly (Anderson et al., 1991), mdx TA showed cytoplasmic staining in
areas of degeneration. Surviving muscles in the operated leg stained
similar to fibers in the unoperated leg.

There appeared to be more staining in the crush area of mdx than
control muscles. Basic FGF immunostaining appeared more intense in mdx
treated than in mdx untreated TA in the crushed leg.

5.7.3 Colocalization results

As described in the methods (section 4.6), it wasg possible to
colocalize bFGF and NCAM by double immuncofluorescence staining of the
musclé sections. In this manner, it was possible to obtain the proportions
of fluorescent mononuclear cells that were immunostained with NCAM-only,
with bFGF-only and with both antibodies (ie cells which colocalized bFGF
& NCAM) .

Upon close observation, it was apparent that some of both the dually
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stained and NCAM-only cells were obviously polys. Thus, the significance
of the hypothesized staining pattern (section 3) was less certain, since
the NCAM antibody did not discriminate between inflammatory cells and mpcs
(see discussion). The proportions (Fig. 12) and statistics of the
distribution of cell staining (bFGF & NCAM, bFGF- only, NCAM-only) are
presented below. However, it was difficult to interpret these results,
therefore autoradiography was performed in an attempt to obtain a clearer
estimate of the effect of thyroid hormone on mpc numbers during
regeneration.

Chi-square statistics were performed on the distributions of
positive cells obtained by double-staining. There was a significant
difference (chi-square=127.2; p=0.001) between the distribution of the 3
staining patterns {ie colocalized, NCAM-only and bFGF-only) in the 4
groups of mice. The Chi-square test was then partitioned in order to
compare individual groups. The distribution (see Fig. 12) of proportions
of cells stained in control untreated TA versus mdx untreated TA was
gignificantly different (chi-square=73.2; p=0.001). The three major
contributing factors to this significance were i) an increase in NCaM-only
positive cells in mdx untreated mice (chi-square=34.4), ii) a decrease in
bFGF-only positive cells in mdx untreated mice (chi-square=6.2) and iii)
a decrease in NCAM-only positive cells in control untreated mice (chi-
square=25.1). Mdx and control treated groups alsc exhibited a
significantly different cell-staining distribution {(chi-square=13.8,
p=0.001} . However, no single factor contributed solely to this significant
effect.

Apart from differences in the distribution of positive cells between
mdx and control muscles, there were differences due to treatment. Mdx
untreated and treated groups were significantly different from one another
(chi-square=70.4; p=0.001). There were four main contributing factors to
this significance: i) increased NCAM-only positive cells in mdx untreated

mice (chi-square=21.4), ii) decreased double-stained cells in mdx
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untreated mice (chi-square=13.5}, iii) decreased NCAM-only cells in mdx
treated mice (chi-square=21.6} and iv) increased double-stained cells in
mdx treated mice (chi-square=13.6). Control untreated and treated groups
exhibited no changes in the staining distribution.

Figures 10 and 11 show double-staining of control untreated (Fig.
10A&B), control treated {(Fig. 10C&D), mdx untreated (Fig. 11A&B) and mdx
treated (Fig. 11C&D) operated TA muscle. It is cbvious that NCAM and bFGF
stain for some of the same cells, but also stain for separate populations

of cells.

5.8 AUTORADIOGRAPHY

To label cells in which DNA synthesis was occurring, mice were
injected with tritiated thymidine 24 hours before death. General
observations were made of both unoperated and operated TA (4d recovery),
and the adjacent zone was thereafter carefully analyzed (both 2d and 44
recovery) (section 4.7, methods).
5.8.1 Histology

Tritiated thymidine labelling was evident on epithelial cells of the
intestine (Fig. 13B), as evidence that the uptake of tritiated thymidine
had occurred. In the unoperated control TA (Fig. 13A), very little nuclear
labelling was evident, except for endothelial c¢ell nuclei. Rarely,
peripherally located nuclei in myofibers (satellite cells) were labelled
in control muscles. Many labelled nuclei were noted in areas of active
dystrophy in mdx mice (Fig. 13C). It was assumed that some of these
labelled nuclei belonged to mpcs, while others were within myotubes,
fibroblasts, polys, or macrophages. Also, in the mdx muscles, satellite
cell nuclei (Fig. 14B) were labelled more often than in control muscles.

Similar labelling to that of the active dystrophic areas was
observed in areas adjacent to the crushed region of TA in control (Fig.
13D) and mdx mice. Many, but not all, myotube nuclei were labelled (Fig.

14C&D) . The proportion of labelled myotube nuclei appeared to be decreased
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in the PTU-treated (Fig. 14C&D) compared to untreated TA. It was often
possible to view three or more large, round nuclei in a row (Fig. 14c¢),
and these nuclei probably belonged to myoblasts preparing to fuse into
myotubes. The surviving areas near to adjacent zones of the cperated TA
often had labelled nuclei (Fig. 14A). It appeared that more satellite
cells were replicating in these surviving areas than in the contralateral
uncperated leg.

5.8.2 Two day recovery (Table 4)

Proximal and distal proportions of labelled nuclei from muscles left
to recover for 2 days were considered separately, since proportions of
labelled polys {p<0.001) and total labelled nuclei (p<0.001) differed from
one anocother in the different areas.

Total labelled cells: There was a significant interaction between
strain and treatment in the proportion of total labelled nuclei in the
proximal area (significant interaction by ANOVA, p<0.02). This was seen as
a lower proportion of total labelled nuclei in mdx untreated compared to
control untreated (Duncan’s, p<0.05).

Polys and myotube nuclei: In the proximal area, the proportion of
poly nuclei that were labelled was more with PTU-treatment (p<0.002) than
without. This effect was not seen in the distal area. Treatment did not
affect the proportion of labelled myotube nuclei. However, since there
were very few myotubes at 2 days after injury, this low labelling of
myctubes was expected.

5.8.3 Four day recovery {Table 4)

Proximal and distal adjacent zones were considered separately in
statistical analyses, since their proportions were slightly different.

Total labelled cells: When the total proportion of labelled nuclei
was considered, it was evident that treatment did indeed have an effect.
In proximal areas, PTU-treatment was accompanied by an increase in the
proportion of total labelled nuclei in mdx mice (Duncan’s, p<0.01), but

treatment did not affect the proportion of total labelled nuclei in
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control mice (significant interaction by ANOVA, p<0.001). Also, mdx
treated TA showed more nuclear 1labelling than control treated TA
(Duncan’s, p<0.01). In distal areas, the proportion of total labelled
nuclei was decreased with treatment in controls (Duncan’s, p<0.01), but
remained unchanged by treatment in mdx TA (significant interaction by
ANOVA, p<0.002). Algo, in distal areas, there was a greater proportion of
total labelled nuclei in control untreated than mdx untreated muscles
(Duncan’s, p<0.01).

Polys and myotube nuclei: The number of polys that were labelled in
distal and proximal areas was minimal. However, the proportion of labelled
polys in the distal adjacent area was smaller in both control and mdx PTU-
treated TA (p<0.05) than in untreated TA. Also, the proportion of labelled
myotube nuclei in the distal adjacent area was less in PTU-treated animals

than in untreated animals (p<0.05).
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6. DISCUSSION

6.1 OVERVIEW OF RESULTS

Measurements of growth {Fig. 2), water intake, respiratory rate, TSH
level (Table 1) and daily activity confirm that mdx mice and their age-
matched controls were rendered hypothyroid by treatment with 0.05% PTU for
8 weeks. Mdx mice treated with PTU for 4 weeks drank less water and
exhibited decreased daily activity compared to untreated mdx, but their
body weights were not different from untreated mice, noxr were TSH levels
measured.

Histological and morphometric analyses after 8 weeks of PTU-
treatment show that mdx dystrophy is worsened by PTU treatment, as
evidenced by the increased proportionate area of active dystrophy and
decreased fiber diameter in the PTU-treated mdx TA compared to untreated
mdx TA (Table 2). Also, muscle regeneration after a crush injury is
delayed in hypothyroid mdx mice, but is ultimately successful, since at 15
days post-injury. treated mdx TA was fully regenerated. A larger necrotic
crush area and decreased number of myotubes (4d after injury) in mdx PTU-
treated TA compared to untreated mdx were the main evidences of delayed
regeneration (Table 3). In contrast, control muscles did not appear to be
as affected by hypothyroidism. 8imilar results were obtained in mdx mice
treated with PTU for 4 weeks. In agreement with previous studies (Anderson
et al., 1987; Zacharias & Anderson, 1991) muscles of younger mdx mice had
more active dystrophy than those in older mdx mice.

Double-immunchistochemical studies using anti-NCAM and anti-bFGF
antibodies were performed in an attempt to positively identify mpcs.
However, these studies were inconclusive, since it was discovered that our
anti-NCAM antibody localized to a glycoprotein on human natural killer
cells (HNK-1), and many other inflammatory and non-inflammatory cell
types. Therefore, it is not specific to muscle and not an accurate marker

for mpcs in damaged tigsue in vivo. Keeping in mind that our anti-NCAM
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antibody was not specific for mpes, we compared the proportions of cells
that were double-labelled with anti-NCAM and anti-bFGF, labelled with
anti-NCAM-only or labelled with anti-bFGF-only {Fig. 12). The important
findings were that the proportion of cells labelled with anti-NCAM-only
were increased in mdx untreated mice compared to control untreated mice,
Also, treatment of mdx mice resulted in =a smaller proportion of total
mononuclear cells being labelled with anti-NCAM-only compared to untreated
mdx micae.

Autoradiographic studies on crushed muscle allowed to recover for 2
days (lower Table 4) showed that the proportion of poly nuclei in active
DNA synthesis f{or recently produced) was increased with PTU treatment
compared to untreated muscles (proximal) . This was the only effect seen
with treatment. There were more labelled polys {(proximal) and fewer total
labelled cells (proximal), as a proportion of total cells, in mdx
untreated compared to control untreated TA. Hardly any labelled myotube
nuclei were seen at 2 days., since myocZtube formation ig only beginning at
this time. These results demonstrate that phagocytic clean-up is still
occurring, and regeneration is just beginning at 2 days post-injury.

Autoradiographic studies on muscle allowed to recover for 4 days
(upper Table 4) showed that the proportion of total labelled nuclei in mdx
was increased with PTU treatment (proximally). The labelled proportions of
Pely nuclei {distal) and myotube nuclei {distal) were decreased compared
to untreated muscles. Thus, lack of thyroid hormone probably affects
myoblast proliferation and myotube fusion in mdx TA, but these changes are
seen to a lesser extent in controls (see discussion below} . Differences
between labelling of control and mdx mononuclear cells were as follows: i)
proximally, the numbers of total labelled nuclei were increased in mdx
treated TA compared to control treated TA, ii) distally, the total
labelled nuclei were less in mdx untreated TA compared to control

untreated TA.




85

6.2 METABOLIC AND GROWTH PARAMETERS (Table 1)

Previous studies have shown that mdx mice are euthyroid (Anderson et
al., 1994). In this study, it appears that PTU interfered with the
synthesis of sufficient amounts of thyroid hormone required to maintain
normal homeostasis. Measurements of metabolic {(respiratory rate, water
consumption and TSH levels) and growth parameters (% weight gain) strongly
support this. An elevated TSH level in PTU-treated mice was the majoxr
indicator that hypothyroidism was created. TSH level is a good indicator
of thyroid function because its synthesis cperates according to a negative
feedback system. When thyroid hormone levels are low, the pituitary
responds by increasing TSH synthesis with the aim of stimulating the
thyroid gland to produce more thyroid hormone.

TSH levels were not measured in the mdx mice treated for 4 weeks
because of a change in the commercial TSH assay. It would have been ideal
to do a T4 assay as well as TSH but, clinically, TSH is used as the
indicator of hypothyroidism, not T4. Also, technical problems by the
researcher did not permit T4 assay, as clotted blood was left too long and
hemolyzed prior to separation. An attempt could have been made to measure
O, consumption to confirm hypothyroidism, but this has been shown to be
quite difficult (Grounds, personal communication). An estimation of the
respiratory rate was performed instead. Only data from one run of the
experiment are included in the statistics on respiratory rate because a
large variability was encountered in the counts of breaths between trials
in the second run.

In humans, when thyroid hormone insufficiency is present during
childhood, c¢retinism results; and in adulthood, hypothyroidism creates
myxedema. Cretinism results in short stature, among other things. Myxedema
results in lethargy and slowing of movement. Symptoms of decreased
hindlimb movement and decreased body weight of mdx mice were observed with
PTU treatment, and correlate with mild clinical symptoms of hypothyroidism

in humans. Also, the weight data agrees with previous research using PTU
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to induce hypothyroidism in mice (d’Albis et al., 1990), in that growth
was decreased in treated mdx compared to euthyroid mdx. Treatment did not
affect the weight gain of control mice. Weights of the soleus and gastroc-
nemiusg muscles were not significantly decreased by hypothyroidism. Body
weights of mdx mice treated for 4 weeks were not decreased compared to mdx
untreated possibly because treatment was not long enough, or some seasgonal
influences on growth were different for that experimeﬁt. As well, the mix
of male and female mice may have been sufficiently different to cbscure
changes.

Less active movement by hindlimbg of mdx untreated mice was observed
compared to controls. This is the first evidence of overt clinical signs
of dystrophy in the mdx mouse. However, this lethargy could be at least
partly due to increased body weight of mdx untreated mice.

In order to see if hypothyroidism was reversible, as reported by
other researchers (Simonides & van Hardeveld, 1989; Thompson et al.,
1987}, 1 mdx and 1 control mouse was allowed to regain thyroid function
for 2 weeks after being pPTU-treated for 8 weeks. Because only 1 mouse per
group (both hindlimb TA crushed) was studied, the results were inconclu-
sive. However, during the 2 weeks of non-treatment, mice were observed to
gradually regain movement of their hindlimbs as per untreated mice of the
same age. They also appeared to have crush sites similar in size to
untreated mice, indicating some recovery of muscle regenerative capacity.
Densitometry plots of Western blots were compared in this group of mice
{which were allowed to recover thyroid function for 2 weeks after 8 weeks
of treatment). NCAM protein amount in treated crush injured muscle
appeared to convert back to euthyroid levels, while bFGF protein amount
did not appear to be totally recovered in treated TA (see Appendix A).
The TSH level, respiratory rate and body weight were overlooked, but
ideally should have been measured.

From the above discussion, it is quite certain that an actual

hypothyroid state was reached, and that the drug (PTU) itself did not
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produce the effects observed, since the muscle regeneration apparently was

restored after PTU treatment was stopped.

6.3 PRELIMINARY TIME COURSE STUDY

Even though the timing of muscle regeneration has been carefully
studied after a crush injury (Robertson et al., 1992}, this part of the
study was of value to the investigator in that it allowed familiarization
with the process of muscle regeneration. Alsc, it was performed in order
to generally view the effect of 0.05% PTU on control and mdx mice, and to
find the best recovery time in which to do further studies (0, 2, 4, 11 or
15 days) (Fig. 3). It was decided that 4 days of recovery after a crush
injury was a good representative time for further studies, since necrosis,
mononuclear cells and myotubes are all present in regenerating muscle at
this time.

Since there was only one mouse (both hindlimb TA crushed) per time
period in each of the treatment/nontreatment groups, morphometric analyses
were not performed. The areas of the necrotic crush reported at 2 days are
not statistically valid as they represent only 2 muscles {1 mouse) per
group. However, they serve as a guide in determining the effect of hypo-
thyroidism on regeneration after a crush injury and point to a decreased
regenerative capacity in treated mice. The ultimate end-point in treated
mice is the same as in untreated mice, in that successful regeneration

eventually occurred (by 15 days post-crush).

6.4 FOUR DAY RECOVERY RESULTS
6.4.1 Hypothyroidism and its affect on dystrophy (Table 2)

The distribution of fiber diameter is an indicator of the profile of
muscle regeneration in that regenerating fibers often fail to achieve
normal size (Ontell, 1986). The activity of dystrophy in stimulating new
fiber production can also be monitored by the distribution of fiber size

{Anderson et al., 1987; 1988; Zacharias & Anderson, 1991). Hyperthyroidism
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shifts the profile toward smaller fibers (Anderson et al., 1994},
Hypothyroidism also shifted the diameter distribution toward smaller
fibers in unoperated mdx muscle compared to untreated mdx muscle (Fig. 6).
This shift indicates that more new small myotubes are present in mdx
treated muscle compared to mdx untreated muscle of the same age. Taken
together with the finding that the proportionate area of active dystrophy
{but not the number of dystrophic foci) in PTU-treated mdx was increased,
we ceonclude that dystrophy is worsened in mdx mice by PTU-treatment.

The question arises as to whether PTU-treatment i) increases
degeneration or, ii) slows regeneration. Both possibilities would increase
the amount of active dystrophy. In the first case, more active dystrophy
would be present because more fiber damage was occurring. Anderson et al.
(1994) suggest that hyperthyroidism (induced by T3) in mdx mice increases
fiber damage, rather than or in addition to inhibiting repair, since
hyperthyroidism makes muscle faster, and faster muscle is more affected by
dystrophy (Webster et al., 1988b; Anderson et al., 1987; 1988). However,
hypothyroidism makes muscle slower (McAllister et al., 1991}, which could
slightly protect fibers from dystrophy. In this study, the number of
dystrophic foci, per unit muscle area, was not significantly different
with PTU treatment. It appears then, that the amount of degeneration is
not increased with treatment.

In the second case, more active dystrophy would be present because
regeneration was slower, and thus dystrophic lesions at slightly different
phases of degeneration and regeneration would be seen. The same basal
level of degeneration could be occurring, but slowed regeneration would
give the appearance of more area of active dystrophy as a proportion of
total muscle area. Since control unoperated muscles were not affected by
hypothyroidism and the proportionate area of active dystrophy was
increased with treatment, I propose that hypothyroidism primarily alters
muscle repair, rather than changing the amount of active fiber

degeneration.
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CN:PN ratio and CNI did not change with treatment, possibly because
maximal c¢entronucleation is reached in mdx mice at 11 weeks-of-age
(treated for 8 weeks) (see section 6.5 for further discussion on CNI).

Body weight was found to be correlated to CNI and this could explain
why active dystrophy increases and then plateaus, since body weight
increases and plateaus. Thus, active dystrophy could be related to work-

induced injury from weight bearing,

6.4.2 Hypothyroidism and its effect on muscle regeneration

The use of crush injury during a systemic treatment permitted a
focused study of the effects of hypothyroidism on the timing of muscle
regeneration. The influence of hypothyroidism on muscle repair following
crush injury was apparent in five types of double-blind observations: the
gross appearance of muscles, general histopathology, morphometry,
immunocytochemistry and autoradiography. These observations suggest that
muscle regeneration is decreased in PTU-treated mdx mice. However, control
mice did not appear to be as affected by hypothyroidism, possibly because
they have to deal with only one insult (hypothyroidism), not two
(hypothyroidism and dystrophy), as in mdx mice. It is also possible that
the endocrine feedback loop for thyroid hormone-TSH in mdx mice is less
adjustable in response than control endocrine setpoint. This is also
evidenced by a higher pituitary growth hormone in mdx than control mice
{Anderson, unpublished).

Gross appearance: There was more hemorrhagic damage visible at the
crush site of PTU-treated mdx, PTU-treated control and untreated control
compared to untreated mdx TA. Increased hemorrhagic damage points to a
more severe reaction and less effective regeneration to injury in these
animals after 8 weeks of hypothyroidism. Also, since control TAs are more
hemorrhagic than mdx untreated TA, it appears regeneration in mdx is

better than in control TA.
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General histopathology: In crush injured mdx mice there was a clear
separation between treated and untreated groups, on the basis of the size
of necrotic crush area and the number of myotubes in the adjacent zone
(Figs. 4&5).

Morphometry: (Table 3): The increased area of the necrotic crush and
the decreased density of myotubes are the main indicators that PTU
decreases regeneration in the mdx TA. Myotube density was consistently,
but not significantly, lower in all zones of mdx treated compared to
untreated TA. This suggests that the effect of hypothyroidism on muscle
regeneration occurs during early formation of myotubes, possibly during
the fusion of mpcs. The observation of myotubes in treated TA which
appeared shorter and contained fewer nuclei than those in untreated TA is
in agreement with the idea that there may be a delay in fusion related
processes induced by hypothyroidism. The actual length of myotubes was not
measured, nor was myotube diameter, but this would have served as a
positive indicator that fusion related processes were delayed. The reduced
number of myotubes in the surviving zone (signifiecant) in PTU-treated
compared to untreated mdx TA, indicates that: i) the crush affects areas
at some distance, ii) that hypothyroidism changes that affect and, iii)
that hypothyroidism interferes with ongoing regeneration due to dystrophy
in these areas.

The density of myotubes in operated mdx TA was consistently and
significantly larger than in contrecl operated TA, in agreement with a
previous study that found young mdx mice able to recover better than
controls (Anderson et al., 1991). However, Grounds & McGeachie {1992)
concluded that dystrophic mdx muscle does not have any exceptional
capacity for muscle regeneration, possibly due to the small number of
myotubes studied in that report which measured the number of myotube
nuclei synthesizing DNA.

The CN:PN ratio did not show differences due to treatment in mdx ox

control mice. However, centronucleation of control £fibers in the distal
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surviving zone was present (Fig. S5E), and quite different from the amount
of centronucleation in unoperated contreols (Fig. 4A) or in surviving
proximal areas. This again indicates that there is a response to injury by
muscle fiber segments quite distant from the site of injury. It has been
suggested that the movement of myonuclei from their peripheral position is
a rapid response to myofiber damage (Robertson et al., 1992). Therefore,
centronucleation in control surviving distal zones is probably not a
result of myofiber regeneration, since these distant areas are not
directly affected by damage. Rather, the internalization of nuclei in
apparently normal muscle fibers is more likely to result from transmission
of some signal along the fiber from the injury. It is also possible that
the proximal origin of the TA blood supply has a role in the proximo-
distal feature of the fiber response to injury, and that distal areas are
more affected because of some probable disruption in blood supply due to
the more proximal injury.

The fiber diameter distribution ({Fig. 6) in mdx operated TA was
measured in surviving areas, and it was increased with PTU-treatment
compared to untreated muscle. It is difficult to explain these results,
although some edema may account for the increased dimension. It is not
known, however, whether the length of distant fiber segments changed after
crush injury, since that may have also contributed to increased diameter
of remnant fibers.

Immuynocytochemistry: NCAM is supposedly specific to myoblasts (Jones
et al., 1990; Webster et al., 1988a) and myotubes (Covault & Sanes, 1986),
and one report suggests that it is expressed before myosin (Covault &
Sanes, 1986). Moore & Walsh (1985) believe that NCAM can be regarded as a
specific marker for regenerating cells. Bagic FGF is a mitogen for mpcs
{Clegg et al., 1987). and localizes to mononuclear cells in areas of
dystrophy in mdx mice {Anderson et al., 1994; 1993; 1991). Thus, it was of
interest to characterize the staining pattern of NCAM and bFGF (Figs. 10

& 11), and to hopefully identify a population of cells that co-expressed
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the 2 proteins. So, the initial hypothesis was that cells expressing both
NCAM and bFGF would be early mpcs (replicating), cells expressing NCAM-
only would be myoblasts preparing for fusion and fused myotubes (differ-
entiated), and cells expressing bFGF-only would be inflammatory cells.
This entire hypothesis broke down on the finding that this antibody
against the HNK-1 moiety of NCAM additionally labelled polys (Fig. 8C),
and hence is non-specific to muscle. Also, reports of bFGF being down-
regulated during differentiation do not appear to be as accurate as once
thought, since bFGF (protein) and myogenin (mRNA) appear to colocalize in
differentiating myoblasts and myotubes (Garrett, personal communication).
Thus, non-specific staining with both anti-NCAM and anti-bFGF antibodies
precluded the positive identification of mpes by the light microscope.

Despite this, some useful information was gained. The information
derived from the colocalization study can be of some benefit in under-
standing muscle regeneration. It is recognized that these results are in
the form of a distribution (Fig. 12), and that when the staining with one
antibody goes up, the other antibody staining patterns are affected
accordingly. Results from pooled chi-square tests show that cells stained
for NCAM-only plays the largest role in the significance; they constitute
more cells in mdx than control mice, and more in untreated mdx than in
treated mdx. The increased amount of NCAM-only positive cells could play
a role in the increased regenerative capacity of the mice exhibiting more
of it.

It has been reported that NCAM expression by adult non-regenerating
muscle is reinduced by hypothyroidism (Thompson et al., 1987). Since NCAM
staining in the unoperated TA was not quantified (blots using uncrushed TA
were not examined), it is uncertain whether NCAM was re-expressed in
treated animals in this study. The crush injury masked any results purely
due to hypothyroidism in the operated TA. It is suggested that NCaM and
MHC genes are regulated similarly by thyroid hormone in adult muscle

(Thompson et al., 1987).
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Autoradiography: (Table 4): Since double-immunostaining did not
identify mpcs, autoradiography was performed in an additional repeat of
protocol 2 (4 day recovery) in order to estimate the number of mpes in the
crush area. Autoradiography on muscles already collected from protocol 1
(2 day recovery only) was also performed. These animals were injected with
tritiated thymidine 24 hours before death (3 or 1 day after crush). Trit-
iated thymidine is available for about 1 hour after injection, therefore
only cells synthesizing DNA during this interval are labelled (Grounds &
McGeachie, 1992). Thus, myotube nuclei labelled upon tissue examination
would have been mpcs replicating at the time of injection that subsequent-
ly fused (Roberts et al., 1989). In the same regard, mononuclear cells
that are labelled upon observation under the microscope represent daughter
cells of mpces, inflammatory cells, endothelial cells, or fibroblasts which
were replicating at the time of injection.

Guthridge et al. (1992) report that the main mononuclear cell pop-
ulation in injured muscle is probably myoblasts. To make myoblast ident-
ification easier, the number of labelled poly nuclei (as a proportion of
total polys) and the number of labelled myotube nuclei {as a proportion of
total myotube nuclei) were counted, and thus eliminated from the unident-
ified mpc population. Then, when the total labelled nuclei were counted,
it was more certain that changes seen were due to mpc population changes,
and not changes among other mononuclear cells. In further discussion,
reference to total labelled cells will imply mainly mpcs (minus the polys
and myotube nuclei) .

Distal and proximal areas were separated when comparing autoradio-
graphy counts because differences were evident upon examination. However,
the message derived from both proximal and distal areas indicate that
treatment has the same effect, only at a slightly delayed rate in distal
areas likely due to slower revascularization. There may be a larger

likelihood of sparing from ischemia for satellite and mpcs in the area
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proximal to the crush, while the more distal segments of TA fibers would
be subject to greater or more prolonged ischemia, and therefore a more
marked or delayed response to injury.

2 days recovexy: Distal: It is recognized that there are only 2 crushed
muscles per group in the 2 day recovery portion of this study. However, at
least 12 fields were counted per muscle, and statistics were performed on
unaveraged counts. There were no changes in labelling between untreated
and treated muscles, or between control and mdx muscles at 2 days after
injury. Previous reports indicate that replication of mpcs occurs at about
30 hours after crush injury (McGeachie & Grounds, 1987). Injection of
tritiated thymidine at 24 hours after injury in this study, suggested that
this initial early response phase in distal regions is not affected by
hypothyroidism.

Proximal: A few small changes in labelling occurred in the proximal
area at 2 days after a crush. This supports the idea that regeneration in
proximal areas is enhanced because of an increased efficiency in
revascularization. Labelled poly nuclei were more abundant in treated than
untreated TA. This could be due to a slightly decreased ability of polys
to act in hypothyroid muscle, seen as an increased demand for their
function at this phase 1-2 days post-injury.

Some differences in labelling were obvious in control vs mdx TA.
There were more labelled polys and fewer total labelled cells in mdx
untreated compared to control untreated TA. This would correspond to fewer
labelled mpcs in mdx untreated TA than in control, if non-myotube, non-
poly labelled meononuclear cells are primarily mpcs.

4 days recovery: Distal: Fewer labelled myotube nuclei {Figs. 14C&D) in
treated TA compared to untreated TA means that fewer mpcs were dividing at
the time of injection into treated animals. There was no difference in
total labelled nuclei per field between mdx untreated and treated TA, but
fewer labelled poly and myotube nuclei were present in mdx treated TA.

This would mean that there are more labelled mpcs, which must be due to
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more mpcs in untreated animals undergoing cell division between the time
of injection and death. Thus, something keeps the mpcs preoliferating, and
inhibits differentiation (ie. fusion). This is in agreement with the
morphometry data on myotube number, which shows that there is lower
myotube density in fields of treated mdx compared to untreated mdx Ta.
Control treated TA had fewer total labelled cells than control untreated
TA, which means that approximately the same number of mpcs are present in
control treated and untreated. This ig in agreement with the minor
histological and morphometric changes in control muscle with PTU
treatment.

Differences between control and mdx labelling in distal regions
indicate that mpcs replicate more in control than in mdx. However, the
number of labelled myotube nuclei are the same. This could mean that
myotubes are shorter in controls, or that more myotubes are already
present in mdx TA before the injection of the tritium. Both these
possibilities agree with the morphometric finding that the total number of
myotubes is less in control than mdx.

Proximal: Since, in the proximal areas, the number of labelled poly
and myotube nuclei were not affected by treatment, we assume that the
etiology of what is creating any significant effect on total labelled
cells lies in the number of labelled mpcs. Thus, as in distal areas, more
divisions by mpcs probably occurred between injection and death in mdx
treated than untreated TA. However, labelling of myotube nuclei was not
affected by treatment. So, more myotubes must have been formed in
untreated TA before injection, and mdx treated TaA are stimulated to
compensate for the effects of hypothyroidism by increasing replication
rates and/or prevalence. No differences in the number of mpcs were seen in
control treated vs untreated TA.

Differences between control and mdx mice in the proximal area
include an increase in the mpc population in mdx treated compared to

control treated TA. This effect is difficult to explain unless one
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considers the response of mdx treated TA at the same time (4d) post-injury
is really somewhat earlier (ie. delayed from normal) in regeneration such
that mpc proliferation is faster and there are more mpcs simply because
fewer myoctubes have formed by their fusion.

It is interesting to note that many cells were labelled in the
autoradiograms in surviving areas {(more so than in the contralateral
unoperated muscle of the same strain or treatment). It is possible that
activated satellite cells migrate into the damaged area from these
regions. Two possibilities exist: i) satellite cells could come from the
ischemic core, but migrate out to the periphery upon injury, and then
later, migrate into and repopulate the injured area (Schultz et al.,
1988), or ii} satellite cells could be activated in remote uninjured
muscle (in a response transmitted along the fiber) and later migrate into

the area of injury (Grounds et al., 1992a).

6.5 FOUR WEEK TREATMENT RESULTS (Tables 2 & 3)

By 11 weeks-of-age (8 wks of treatment), maximal centronucleation is
probably attained, thus a further experiment was performed in order to
determine whether there would be a difference between treated and un-
treated mdx CNI after only 4 weeks of treatment (7 wks-cf-age}. However,
this was not the case; CNI was not changed by PTU-treatment for 4 weeks.
Since we found a change in the active dystrophy with treatment, this
suggests that CNI is not a very precise measure of the amount of dystrophy
that has previously occurred, as suggested by Karpati et al. (1988), and
masks subtle changes in dystrophy which may be due to treatment. This
discrepancy could be attributed to the fact that once a fiber undergoes
one zround of degeneration and regeneration, it becomes centrally
nucleated. This precludes any evidence of the occurrence a second or third
round of degeneration and regeneration, since CNI would not change to
reflect this second population of repaired €£ibers, and thus would

underestimate the amount of accumulated dystrophy. It is possible that
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some fibers, such as those under the greatest mechanical strain in a
muscle (Petrof et al., 1993), may be more prone to undergo multiple
degeneration-regeneration cycles, while others may be saved (or relatively
spared after a single cycle) throughout the life of the mouse. For this
same reason, CN:PN was not found to be useful in assessing the tissue
level of dystrophy during thyroid hormone perturbation.

The relatively small or absent effect of PTU on younger mdx TA
regeneration may be partly age related, in that the effects of PTU
treatment on fusion and debris clearance, necessitated by ongoing
dystrophy, would be anticipated to be less over 4 than 8 weeks of treat-
ment. Thus, there would be a smaller difference between untreated and
treated muscles in the number of mpes, satellite cells and resident polys
and macrophages after 4 than 8 weeks of treatment. In mdx muscles, the
effect of treatment on younger mice may also be obscured by a larger
variation between muscles and animals during the peak rate of dystrophic
injury.

There was an increase in the myotube density (significant) in the
surviving zone in the mdx treated compared to untreated TA. It is possible
that the distant response to injury has been large enough to provide
enough mpcs between surviving fibers that they can fuse and form new
myotubes there. It also suggests that mpcs don‘t migrate as well in

treated as in untreated muscle.

6.6 SPECULATION AS TO THE ACTION OF THYROID HORMONE IN MUSCLE REGENERATION

Regeneration of muscle within 4 days after a crush injury is
dependent on the rapid production and fusion of mpcs. Hypothyroidism could
interfere with many aspects of this process, including: i) resealing of
viable from nonviable portions of the myofiber, ii) efficiency and removal
of necrotic tissue by phagocytes, iii) activation or number of mpcs, iv)
proliferation of mpcs, v) migration of mpes, or vi) fusion into myotubes.

i} The separation of the viable portion from the injured portion of
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a myofiber (Papadimitriou et al., 1990) may be 1less effective in
hypothyroidism. This would explain why there wag a larger necrotic c¢rush
zone (and larger proportionate area of active dystrophy) in treated TA in
this study. Resealing is not dependent on infiltrating leukocytes
(Papadimitriou et al., 1990), hence the effect of hypothyroidism may be
seen even before phagocytosis and revascularization occurs, and may
involve interference with vesicle fusion {(Fig. 9C) into new sarcolemma.

ii} Mitchell et al. (1992) conclude that muscle regeneration is more
successful when the migration of inflammatory cells is fast or the
population of these cells is increased in number. Decreased infiltration
of phagocytes makes it harder for myoblasts to fuse, due to interference
by cellular debris. This would explain differences between proximal and
distal areas, and between 2 days recovery vs 4 days recovery. However, it
is more likely that interference with phagocytosis plays a minimal part in
the effects of hypothyroidism, since autcoradiographic studies showed
overall that the number of labelled (and clearly identified) polys was not
decreased by treatment.

iii} Mpcs are derived from satellite cells, and it is possible that
hypothyroidism affects the responsiveness or the number of activated
satellite cells. Insufficient evidence is present in this study to either
agree or disagree with this possibility. However, it has been suggested
that myoid cells in the thymus could be a reserve population of mpcs that
enter the circulation in response to muscle degeneration (Grounds et al.,
1952b; Garrett, personal communication}). Similar myoid cells are found in
the anterior pituitary and might actually be a hormone responsive cell
population that could signal to thymic or muscle mpcs. Since thyroid
hormone synthesis level is regulated by the anterior pituitary, it could
be that hypothyroidism affects these populations of possible mpcs, thus
lowering the amount of effective regeneration in mdx TA muscle.

iv) Hypothyroidism could interfere with the proliferation of mpcs.

It is suggested that a minimum density of mpcs must be reached before
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fusion can occur (Grounds, 1991). It seems that more proliferation of mpcs
occurs during the 24 hours between tritiated thymidine injection and death
in treated animals. The density of mpcs required for fusion in treated TA
may be increased compared to untreated TA. Also, smaller numbers of pro-
liferating mpcs are probably seen in untreated TA because more nuclei are
already fused into myotubes. Thus, it is possible that lack of thyroid
hormone decreases mpc proliferation between 2 and 3 days post-injury, and
results in more mpcs at 4 days after injury which are trying compensate
for earlier delays in myotube formation. Alternatively, the mpc might be
able to compensate for decreased myotube density by communicating with the
regenerating myotube population, possibly through the extensions on the
stumps of myofibers and the processes between myoblasts and new myctubes
(Fig. 9). Mpcs might actually detect when compensatory divisions are
needed to increase myotube number.

v) The migration of mpcs cells may be impeded by hypothyroidism, as
explained above (4 week treatment results).

vi) The myotube number was decreased in treated mdx TA compared to
untreated mdx TA, and less labelled myotube nuclei (distal) were seen in
treated mdx. These results point to a problem in myotube fusion. Previous
work (Anderson, 1991) has shown that mdx myotubes may synthesize greater
concentrations of phospholipids which permit membrane fluidity and could
help in membrane fusion; thyroid hormone may interact with this aspect and
thus decrease the efficiency of fusion (Anderson et al., 1994). The
decreased amount of NCAM in treated mdx TA may decrease the co-recognition
between myoblasts, thus inhibiting fusion.

Thus, these results suggest that hypothyroidism mainly interferes
with muscle regeneration by acting to decrease mpc proliferation and to

inhibit fusion.

6.7 GENERAL COMMENTS ON THE CAUSE OF MUSCULAR DYSTROPHY IN MDX MICE AND IN
HUMAN DMD

This work informs us about muscle regeneration and what factors
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might inhibit the process. Circumstances that demand muscle repair, such
as surgery and dystrophy, should consider the metabolic situation during
treatments. Myoblast transfer and occupational and physical therapy
treatments of DMD patients will be maximally effective when a normal
thyroid hormone level is present. Also, it is imperative that the culture
media of purified myoblasts {for transplant) have the correct amount of
thyroid hormone and other serum factors. This and other studies in the lab
suggest that optimal metabolic support of muscle regeneration appears to
be crucial to the outcome of treatment.

Degeneration is probably a direct result of lack of dystrophin
(Partridge, 1993). Regeneration is initially vigorous in DMD, but event-
ually, it cannot keep up with degeneration due to infiltration of the area
with fibrosis and adipose tissue, thus decreasing muscle mass. This is
not seen in the hindlimbs of mdx mice where muscle mass and fiber number
(Anderson et al., 1%87) are maintained. Adipocytes and mpcs both derive
from mesodermally derived stem cells. It could be that some signal in the
development of boys with DMD, such as those involved in MRFs, is altered
and that the mesoderm stem cells become more committed to adipocytes than
to mpcs. Alternatively, later on when degeneration is occurring, a gene
may switch mpes into adipose cells just as fibroblasts can be transfected
to form muscle cells in vitro. If there was some way we could induce those
mesodermal cells to remain or to become mpcs instead of adipose cells,
some of the problems with persistent muscle repair in DMD could be allev-
iated. It is possible that there is an adipocyte regulatory gene that

should be studied in a similar fashion to muscle regulatory genes.

6.8 FUTURE STUDIES

1.) In this study, examination of the diaphragm was very cursory {Fig. 7).
It appeared that hypothyroidism slightly spared the muscle from
degeneration due to dystrophy, judging by the fact that there were no

areas of calcification in treated diaphragms, a sign of severe
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degeneration. This could be due to 1less use of the diaphragm in
hypothyroidism. The lowered respiratory rate of mdx treated mice supports
this theory.

Judging from previous reports and our own observations on the
diaphragm of the mdx mouse (that indicate it exhibits degeneration and
regeneration similar to human DMD)} (Stedman et al., 1991; Penner &
Anderson, unpublished), the focus of further studies should concentrate on
this muscle. Even though dystrophy is much worse in the mdx diaphragm than
limb muscle, probably due to their different embryonic origins and the
greater continuous work-load, the mdx mouse does not die from respiratory
failure. So, what allows the mdx diaphragm to function successfully
despite the insult, whilst in human DMD, respiratory failure is a very
common cause of death? What could we give this muscle that might spare it
from dystrophy? Studies of plasmid injection into control diaphragm have
recently been performed (Davies & Jasmin, 1993) and indicate that direct
injection of possible regulatory constructs into the mdx or human
diaphragm is possible and may be safe. It is possible that DMD therapy may
one day be targeted at the diaphragm.

Thus, a careful morphometric and autoradiographic analysis of the
mdx diaphragm would be very beneficial in determining the mechanisms of
dystrophy in this muscle.

2.) It is felt that functional testing would be make this study more
complete. Physiologic studies and Nuclear Magnetic Resonance Spectroscopy
may be performed on hypothyroid and normal mdx and control muscles.

3.} There have been no studies that identify the number of satellite cells
in mdx mice compared to control mice or to DMD muscle. It is quite
possible that the differences in regenerative capacity between mdx and DMD
muscles are due to differences in satellite cell number, activity, or
sensitivity to various factors and stimuli. In the context of this study,
it is possible that hypothyroidism interferes somehow with the satellite

cell’s response to damage. This would explain why mpc cell replication




112

peaks at a later time in PTU-treated mice.

Thus an interesting study would be to identify and compare the
satellite cell numbers in mdx, control, normal human and human DMD muscle
using electron microscopy techniques. This could prove to be a definitive
way of predicting regenerative capacity. Snow (1977) reports that repeated
trauma increases the number of satellite cells at the trauma location, and
as a result, regeneration occurs faster. Mdx mice definitely undexgo
repeated trauma, and this could partly explain why their muscles
regenerate better than control. However, DMD muscle also undergoes
repeated trauma and does not regenerate well.

It would be very interesting if the satellite cell number in DMD was

the same as in mdx dystrophy. If so, the atrophy and degeneration of
mugcle seen in DMD might be entirely due to fibrosis and adipose tissue
deposition, and not at all due to mpc number (although mpec activity could
still be a problem).
4.) It would have been very helpful to have been able to positively
identify mpcs and myoblasts in this study. Myogenin and MyoD antibodies
could be the solution to this dilemma, since in situ hybridization has
identified expression of these genes as early markers for mpcs (Ground et
al., 199%2a). Also, M-cadherin (Moore & Walsh, 1993) and N-cadherin (Mege
et al., 198%2), calcium dependent cell adhesion mclecules, may be more
specific to muscle than the NCAM molecule cur antibody was raised against.
6.9 SUMMARY AND CONCLUSIONS

This study identifies a factor, namely thyroid hormone, which
inhibits, or at least delays, muscle regeneration in mdx mice. The
specific conclusions derived from the study are as follows.

1. It was confirmed that 0.05% PTU induced a hypothyroid state in mdx and
contreol mice.

2. The events in muscle regeneration after a crush injury were described
in treated and untreated mdx and control mice.

3. Morphometric techniques confirmed the hypothesis that mdx mice
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regenerate better from a crush injury compared to control mice. Also, the
phenotype of mdx dystrophy in hypothyroidism wasg shifted toward that of
DMD, since the dystrophic changes during treatment were more severe than
in untreated mdx littermates. In addition, the extent of mdx muscle
regeneration after crush injury appeared to be delayed by hypothyroidism,
probably due to decreased myotube fusion.

4. NCAM was found to be non-specific to regenerating muscle in vivo, thus
double-immunocytochemistry for NCAM and bFGF was unsuccessful in
identifying mpcs.

5. Autoradiographic studies point toward a decreased proliferative
capacity of mpes and delayed fusion of myotubes in treated mdx and control
TA. In all cases, control mice did not appear to be as affected by

treatment compared to mdx treated mice.
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7. FIGURES AND TABLES
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FIGURE 1:

A: This diagram indicates the zones and fields of a typical longitudinal section of the tibialis anterior
muscle, taken between proximal origin (top) and distal tendon (bottom). The fields were asgessed during
morphometric study of myotubes and nucleation. The center of the crushed area (necrotic and acellular)
was established under the microscope at 100X, and two 200X fields were located, one field apart and
horizontally, in the crush zone. Fields in the adjacent zone (3 proximal, 1 distal) were sampled at a
distance of one field diameter from the crush fields. Two fields of fibers in the surviving zone were
sampled one field away from the proximal adjacent zone. One additional field was sampled 1% field
diameters away from the distal adjacent zone. These criteria were strictly adhered to, such that zones
were determined by the distance from the crush, not by particular cells types prevalent in the region.
A similar scheme was also used in autoradiography counts, where fields in the adjacent zones were
examined. Six fields were examined in both the proximal and distal adjacent =zones. In this case,

examination occurxred at 400X under the microscope, and fields were one field diameter away from each
other.

B: This photo is representative of a crushed tibialis anterior muscle (X45; bar=200um) . It corresponds
to the diagram in A. The crushed necrotic zome is in the center of the photo, and is mostly acellular.
This area was exactly outlined and measured in all muscle sections, using the Sigma Scan program in
conjunction with a camera lucida at 100X magnification. The proximal (top) and distal (bottem) adjacent

zones exhibit many inflammatory cells, other mononuclear cells and myotubes. Surviving zones show intact
myofibers.
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FIGUORE 2:

This graph depicts the age-related body weight gain (mean %} by untreated
and PTU-treated mdx and contrel mice. It is obvious that mdx untreated
mice weigh significantly more than age-matched controls or mdx treated
mice. This difference becomes quite pronounced at treatment week 2, and
continues until week 7. No differences in weight are apparent between

control treated and untreated mice.
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FIGURE 3:

Micrographs of sections of mdx PTU-treated TA after various recovery times after crush injury (A: X240; B-D:
X50; bar=100um).

A: Mdx treated TA, 2 hours after crush injury. Myofibers are just beginning to lose their integrity. No
inflammatory cells or necrotic zone is present.

B: Mdx treated TA, 2 days after crush injury. The necrotic crush zone (c) is quite large. A few myotubes
(arrows) can be seen in the adjacent (a) zone, but it is mainly filled with mononuclear cells. Centrally
nucleated surviving muscle is present on the left edge of the photo.

C: Mdx treated TA, 11 days after crush injury. Longitudinal regenerated myotubes (arrows) have almost filled
in the crushed area. A small area of mononuclear cells (star) is present, but no necrotic tissue is evident.
Most of the myofibers are centrally nucleated,

D: Mdx treated TA, 15 days after crush injury. In this cross-sectional view, the muscle appears completely
regenerated with many myotubes and centrally nucleated myofibers.
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FIGURE 4:

Low power micrographs of longitudinal sections of control (A,C,E) and mdx
(B,D,F) TA in untreated (A-D) and PTU-treated (E,F) mice (X50; bar=200pm).
While sections may not appear completely longitudinal due to the pennate
architecture of the TA (see Methods), all myotubes and nucleation counts
were made only on the side of the tendon where fibers were in longitudinal

saection.

A: Unoperated, untreated control TA (normal uninjured muscle).

B: Unoperated, untreated mdx TA with centrally nucleated fibers, an area
of active dystrophy (asterisk), and an area of recent regeneration

containing small myoctubes (arrows).

In panels C-F, areas of necrosis in the crush site (c), the adjacent zone
(a} containing myotubes (arrows) and inflammatory and mononuclear cells,

and distant surviving areas (s) are indicated in the operated TA.

C: Control untreated TA contains a typical necrotic area and short

myotubes lining up in the adjacent zone.

D: Mdx untreated TA with no obvious necrotic crush area. Many long

myotubes are lined up in the adjacent zone.

E: Control PTU-treated TA has a large crush site.

F: Mdx PTU-treated TA shows a larger area of necrosis in the crush =zone
than in panel D, and an area of calcification {(arrowhead) is present.
Fewer myotubes extend intc the adjacent zone than in untreated mdx

ocperated TA (panel D).
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FIGURE 5:

Micrographs of longitudinal sections of operated control (A,C,E) and mdx
(B,D,F) TA from untreated (A,B) and PTU-treated (C-F) mice (A,B,C,F: X250;
D,E: X125; bar=50pm). All myotubes are in longitudinal sections.

A: Control untreated TA, 4 days after crush injury shows myotubes

containing chains of 5-7 nuclei ({arrows).

B: Mdx untreated TA, 4 days after crush injury shows myotubes (arrows)
that appear longer than in panel A.

C: Control PTU-treated TA exhibits short-medium length myotubes (arrows)

in the adjacent zone.

D: Mdx PTU-treated TA demonstrates very long myotubes (arrows) lining up

parallel with a few surviving fibers.

E: Surviving area of operated control treated TA. The surviving fibers
show mainly peripherally nucleated fibers, but one fiber is cleariy
centrally nucleated (arrowhead). CNI in surviving fields of operated
muscle was significantly greater than in the contralateral unoperated

control muscle.

F: Surviving area of operated mdx treated TA. The distal surviving zone
shows more central nuclei in mature fibers close to the adjacent zone,

than typical in uncperated contralateral mdx TA.
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FIGURE 6:

Graphs representing the distribution of fiber diameter (um} plotted as
frequency (%) in the sample population from untreated (black bars) and
PTU-treated (shaded bars) mice. While fiber diameter distribution in PTU
treatment did not shift the distribution in unoperated control TA ({top
left panel), the fiber diameter distribution of PTU-treated mdx TA was
significantly left-shifted (toward smaller diameter, p<0.01} from the
distribution in untreated mdx TA fiber diameters (top right panel). The
distribution of fiber diameter was not different between control operated
PTU-treated and control operated untreated control TA (bottom left panel).
By contrast there is a significant (p<0.0l1) right shift of the
distribution of surviving TA fibers in PTU-treated mdx, compared to
surviving fibers in untreated operated mdx TA (bottom left panel). Fibers
(427-447 were measured for each group} were evenly sampled from all

animals within each group.
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FIGURE 7:
Micrographs of longitudinal sections of control (A) and mdx (B-D) diaphragm (A,B,C: X120; D: X240; bar=50um).

A: Control PTU-treated diaphragm shows some centrally placed nuclei (arrowhead).

B: Mdx untreated diaphragm. An area of active dystrophy (star) is present amongst many small myotubes and
centrally nucleated myofibers. Adipose tissue deposition (open arrows) is obvious between degenerating fibers.

C: Mdx untreated diaphragm in which much degeneration is present. Areas of calcification (open arrows) are
obvious between degenerating fibers.

D: Higher power view of mdx untreated diaphragm showing small fibers with long chains of central nuclei and
active dystrophy (top right).
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FIGURE 8:

Micrographs of control and mdx muscle sections stained with the anti-NCAM antibody (HRP-linked) (A,D: X475; B:
X430; C: X240; bar=25um).

A: Negative control: Control treated crushed TA in which the primary antibody was omitted. Moderate background
staining is observed. The nucleus of a poly (arrow) exhibits endogenous peroxidase activity.

B: Unoperated mdx TA (untreated). NCAM localizes strongly to the NMJ (arrowhead). Light staining of the
sarcolemma of some myofibers can also be observed.

C: Operated mdx treated TA shows positive staining of what appear to be myocblasts (large arrows), but could also
be inflammatory cells of some variety.'Some of the probable myoblasts are quite large, while others are small.
Polys (small arrows) also stain positively. In this micrograph, cells appear to be lining up and joining with
the blunt end of a retracted myofiber.

D: This higher power micrograph of the operated mdx treated TA shows probable myoblasts (large arrow) labelled
with anti-NCAM. The cytoplasm of the two myofibers in the field appears to be positively labelled also.
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FIGURE 9:

Micrographs of sections of regenerating areas in mdx TA stained with anti-NCAM (HRP-linked) (A), anti-bFGF
(FITC-1inked) (B), and with a basic fuchsin, methylene blue and Azure TI stain (C,D) (A,B,C: X475; D: X240;
bar=25um) .

A: NCAM (HRP-linked) in regenerating mdx treated TA localizes to the sarcolemma of the blunt end of a retracted
myofiber (star). NCAM positive cells (large arrow) appear to distributed within a fan-like array of projections
from the sealed end of the disrupted myofiber.

B: Regenerating mdx untreated muscle stained for bFGF (FITC-linked). This area is similar to the area in panel
A. The end of a retracted myofiber (star) stains strongly with anti-bFGF. A myotube (small arrow) which can be
seen joining with the retracted myofiber is not stained. Mononuclear cells (large arrow) stain strongly, and
could be myoblasts or inflammatory cells.

C: Regenerating mdx treated muscle stained with a basic fuchsin, methylene blue and Azure IT stain. stain.
Vesicles (large arrow) are present near the blunt end of sealed myofibers. These membranous vesicles fuse to
form a new sarcolemma for the damaged cell (Robertson et al., 1990). A spike of cytoplasm can be seen above the
arrow. It may be communicating with mpes or orienting itself so as myotube formation will be in the proper
direction.

D: Regenerating mdx treated muscle stained with a basic fuchsin, methylene blue and Azure IT stain. This
represents the next phase in regeneration after the events in C. Myotubes (arrows) have fused with retracted
myofibers. The top myofiber (arrow) appears to be branched, a common occurrence in mdx muscle.
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FIGURE 10:

Fluorescence micrographs of adjacent zones in control operated TA, double-immunostained for bFGF (A,C) and NCAM
(B,D) (X240; bar=50um).

A and B are the same field viewed under ultra violet light of differeat wavelengths. Likewise, C and D are the
same field. Arrows represent cells stained for NCAM, but not bFGF. Small arrowheads represent cells stained with
both anti-NCAM and anti-bF@F. Stars represent degenerating tissue.

A: Basic FGF in control untreated TA.

B: NCAM in control untreated TA.

C: Basic FGF in control PTU-treated TA. There appears to be more positive cells here than in panel A, possibly

due to an increased number of dividing mpcs (see discussion). A degenerating area (star) exhibits some
positively labelled mononuclear cells.

D: NCAM in control PTU-treated Ta. Staining of NCAM is similar in control treated (D) and untreated (B) TA,
possibly because non-specific staining of degenerating tissue (ztar) masks positive mononuclear cells.
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FIGURE 11:

Fluorescence micrographs of adjacent zones in mdx operated TA double-immunostained for bFGF (A,C) and NCAM (B,D)
(X240; bar=50yum).

A and B are the same field viewed under ultra violet light of different wavelengths. Likewise, C and D are the
same field. Arrows represent cells stained for NCAM, but not bFGF. Small arrowheads represent cells stained with
both anti-NCAM and anti-bFGF. Stars represent degenerating tissue.

A: Basic FGF in mdx untreated TA.

B: NCAM in mdx untreated TA.

C: Basic FGF in mdx PTU-treated TA. More mononuclear cells are stained here than in A.

D: NCAM in mdx PTU-treated TA. More staining occurs here than in B, possibly due to an increased number of
dividing mpcs cells in treated compared to untreated mdx TA.
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FIGURE 12:

Bar graph of double-immunohistochemistry data in the adjacent zone of the
operated TA. The proportion of cells that stained for bFGF-only, NCAM-
only, or both NCAM and bFGF is given from the total number of fluorescent
mononuclear cells counted in control and mdx, treated and untreated

groups.
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FIGURE 13:
Autoradiographs of mdx and control TA sections (A,C: X475; B: X215; D: X120; bar=25um). In order for a nucleus
to be counted as labelled, at least three silver grains had to be located over the nucleus.

A: Unoperated control untreated TA is mostly unlabelled, except for some endothelial cells (arrowhead).

B: The small intestine of a control mouse exhibits staining (open arrows). This confirms uptake of tritiated

thymidine.

C: Unoperated mdx PTU-treated TA. An area of active dystrophy exhibits many labelled nuclei, some of which may
be mpes (large arrows). A peripherally located nucleus (diamond) im a surviving fiber is labelled, and is

probably a satellite cell.

D: Operated control PTU-treated TA. This distal adjacent zone exhibits much labelling of mononuclear cells
(lLarge arrow) and myoblasts (small arrows). Notice that not all myotube nuclei are labelled.






141

FIGURE 14:
Autoradiographs of mdx and control sections in operated TA (X475; bar=25um).

A: Operated mdx untreated TA shows labelled cells (arrows) near to surviving muscle. It appears as if the
myotubes are connecting with the surviving areas. Notice that not all myotube nuclei are labelled, indicating
that they had fused before injection of tritiated thymidine.

B: Operated mdx treated TA. Some peripherally located satellite cells (diamonds) are labelled.

C: Operated control untreated TA in which large nuclei are labelled and are probable myoblasts (large arrow).

Also, it appears as if myoblasts are lining up (small arrows) in preparation for fusion.

D: Operated control PTU-treated TA shows labelled probable myoblasts (large arrow) and labelled myotube nuclei
(small arrows). More labelled mononuclear cells, but less labelled myotube nuclei are present compared to C.
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TABLE 1: Metabolic and growth parameters of control and mdx groups with and without 8 wks of PTU-treatment. Also
included is data from mdx mice which were PTU-treated or untreated for 4 weeks. Data are mean + SEM.
CU=control untreated, CT=control PTU-treated, MU=mdx untreated, MT=mdx PTU-treated

4 weeks with or without PTUO

Parameter 8 weeks with or without PTU
CcU cT MU MT MU MT

% BODY WEIGHT

GAIN (1lst 2 249414 26210 312.,5+19.5 269+5.6° 212+12.3 221+19.8
runs) *° n=7 n=12 n=6 n=8 n=7 n=7
FINAL WATER 38.5 27.4"° 41.2 31.7° 33.0 2.9
INTAKE (ml/wk) n=9 n=13 n=9 n=12 n=7 n=7
RESPIRATORY RATE 171.0+7.9 148.5+3.8" 175.5+%2.9 157 .5+7.9% ~-ND- -ND~
(breaths/min) n=4 n=4 n=4 n=4

T.S.H. 0.042+0.007 0.080+0.012" 0.030+0.007 0.055+0.03%° -ND- -ND-
(mU/L) n=12 n=10 n=8 n=_8

MUSCLE WT (mg)

soleus * 8.7+40.7 8.2+0.5 10.7+0.2 11.5+0.5 10.4+2.1 7.5+0.6
gastrocnemius ¢ 148.7+2.9 148.5+4.9 155.1+4.4 167.8+5.0 135.6+9.9 127.243.5

n=4 n=9 n=4 n=3 n=5 n=4

MUSCLE/BODY WT

soleus * 0.33+0.02 0.30%0.02 0.42+0.001 0.41+0.03 0.35+0.099 0.35+0.06
gastrocnemiug * 5.55+0.12 5.48+0.18 6.02+0.13 6.00+40.16 5.68+0.53 6.04+0.13
a : indicates significant strain-effect (control versus mdx)
b : indicates significant PTU-effect ,

c indicates significant interaction between strain and treatment (mdx changes with PTU differ from control

changes with PTU)
indicates significant age-effect (4 wks versus 8 wks treatment)

not done

4

ﬁih
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TABLE 2: Muscle histology parameters measured in UNOPERATED tibialis anterior with or without 8 wks (control
& mdx) or 4 wks (mdx) PTU-treatment. Data are mean + SEM.

CU=control untreated, CT=control PTU-treated, MU=mdx untreated, MT=mdx PTU-treated

Parameter

8 wks with or without PTO

MU
n=6-7

MT
n=6

4 wks with or without PTUO

MT
n=7

ACTIVE DYSTROPHY
(prop. area)

DYSTROPHIC FOCI
(#/pm?) ¢
CN:PN RATIO *1

CENTRONUCLEATION
INDEX (CNI) ¢

TOTAL NUCLEI PER
FIELD

central *¢
peripheral *°

FIBER DIAMETER
{pm) *

0.03x0.02

0.04+0.01

1.73+0.42

1.38+0.10

0.79+0.02

209+12
155+8

50.7+0.9

0.09+0.02°
2.23+0.36
1.34+0.08

0.80+0.02

197+12
151410

46.3:0.8"

0.03+0.004

3.46+0.30

0.53+0.04

0.56+0.03

0.06+£0.03"
3.434+0.53
0.43+0.03

0.53+0.01

8947
205+9"

nove

ad :
ND: not done

: indicates significant strain-effect (control versus mdx)
indicates significant PTU-effect

indicates significant interaction between strain and treatment
changes with PTU)

indicates significant age-effect (4 wks versus 8 wks treatment)

(mdx changes with PTU differ from control
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TABLE 3: Muscle histology parameters measured in OPERATED tibialis anterior with or without 8 wks (control &
mdx) or 4 wks (mdx) PTU-treatment. Data are mean + SEM.
CU=contrel untreated, CT=control PTU-treated, MU=mdx untreated, MT=mdx PTU-treated

Parameter 8 wks with or without PTU 4 wks with or without PIU
(sd1) CcT MU MT MU MT
n=6 n=7 n=6 n=6 n=5-6 n=4
AREA OF CRUSH 7.94£0.85 5.6+£1.3 5.441.5° 7.9+1.4° 9.9x2.2 9.7+2.2
(pm* X 107%)
CN:PN RATIO
adjacent zone*? 3.441.1 3.1+£0.9 26.3+12.1 39.6+12.9 7.1+1.1 13.5+5.8
surviving zone
proximal = 0.04+0.2 0.140.1 4.2+0.6 6.1+1.6 0.69+£0.06 0.54+0.07
distal * 4.7+8.5 24,9+13.7 49.5+23.2 56.2+32.6 18.9+6.0 4.5+0.49
MYOTUBE DENSITY
crush zone ¢ 3.8x1.8 4.1+2.2 6.2+2.5 4.9+1.9 3.2+1.9 0.25+0.16
adjacent zone * 15.7+4.9 19.2+1.9 31.8x5.1 27.0+3.9 35.044.2 35.7+2.8
surviving zone*? 1.0+0.6 1.6+0.8 5.8+2.2 2.8+0.9° 0.6+0.3 2.2+0.5°
FIBER DIAMETER 48.9+0.7 46.6+0.7 44.44+0.9 46.9+0.9"° -ND- ~ND-
(pm) *
a : indicates significant strain-effect (control versus mdx)
b : indicates significant PTU-effect
c : indicates significant interaction between strain and treatment (mdx changes differ from control changes

with treatment) or age and treatment
: indicates significant age-effect (4 wks differs from 8 wks treatment)
: indicates significant difference from proximal surviving zone
: not done

gﬂ!&
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TABLE 4: Proportions of nuclei (separated by cell type) labelled by silver grains exposed after uptake of
tritiated thymidine in cells of the adjacent zone of the operated TA of control and mdx mice with and without
8 weeks of PTU-treatment. Data are mean + SEM.

CU=zcontrol untreated, CT=control PTU-treated, MU=mdx untreated, MT=mdx PTU-treated

Cell Type cu CT MU MT

4 DAYS RECOVERY:

POLY NUCLEI: PROXIMAL 0.03 + 0.01 0.08 £ 0.02 0.04 + 0.01 0.05 + 0.02
DISTAL 0.04 + 0.02 0.02 & 0.0098" 0.10 + 0.04 0.02 & 0.009®
MYOTUBE NUCLEI: PROXIMAL 0.57 + 0.06 0.58 + 0.07 0.59 + 0.09 0.64 + 0.03
DISTAL 0.68 + 0.05 0.57 + 0.07° 0.68 + 0.05 0.54 + 0.06"
TOT. LABELLED NUCLEI: PROX 0.35 £ 0.01 0.33 ¢ 0.01° 0.30 + 0.02 0.44 + 0.02%°
DISTAL 0.41 + 0.02° 0.32 + 0.02" 0.33 + 0.02 0.36 + 0.02°
2 DAYS RECOVERY:
POLY NUCLEI: PROXIMAL 0.05 + 0.02% 0.29 &+ 0.04° 0.18 + 0.03 0.21 & 0.04%°
DISTAL ° 0.13 + 0.04 0.11 ¢ 0.03 0.10 % 0.03 0.13 + 0.03
MYQTUBE NUCLEI: PROXIMAL 0 0 0 0.15 x 0.08
DISTAL 0.02 + 0.02 0 0 0.096 + 0.05
TOTAL LABELLED NUCLEX: PROX 0.50 £ 0.05" 0.42 + 0.03 0.39 + 0.03 0.45 + 0.02°
DISTAL ° 0.35 & 0.04 0.34 + 0.02 0.30 + 0.02 0.40 + 0.03
a: indicates gignificant strain-effect (control changes differ from mdx changes)
b: indicates significant PTU-effect
¢: indicates significant interaction between strain and treatment (mdx changes with PTU differ from control
changes with PTU
e: indicates significant difference between proximal and distal areas
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WESTERN BLOTS

I. METHODS
Protein sample preparation

Samples of protein from adult TA muscles {(crushed and uncrushed)
were prepared by tissue homogenization in cold 2.5 mM Tris buffer
(pH=7.2) . Tissue was frozen at -70°C and lyophilized in order to obtain
the precipitate. The precipitate was dissolved in double-distilled water
and the protein concentration was determined by a BioRad protein assay
using gammaglobulin as the standard. Each sample was diluted with the
appropriate amount of sample buffer (2ug protein/iul sample buffer) so the
same concentration of protein was present in each sample. One hundred
microliters of each sample (equivalent to 67ug of protein) was loaded per
lane. Prestained broad range molecular weight standards (20ul) {Biorad)
were loaded in the first lane, and lug of recombinant bFGF wasg loaded in
the second lane.
Gel electrophoresis

Protein preparations were electrophoresed in a 7.5-15% gradient
polyacrylamide gel for about 4 hours. The gel was run at 150 volts until
the samples were past the stacking gel. The voltage was then raised to 250
volts.
Western blotting

Proteins were transferred from the gel to a nitrocellulose transfer
membrane (PVDF filter, 0.45puM pore size, Immobilon-P, Millipore) overnight
at 30 volts in cold Towbin buffer ({pH=8.3). The next morning, the
nitrocellulose membrane was removed from the buffer and rinsed in a 5%
milk powder blocking solution for 30 minutes. The primary antibodies
{(combined anti-NCAM and anti-bFGF) were added to primary diluent (1:500)
(see section 4.6.1) and incubated with the membrane for 2 and a half
hours. Membranes were rinsed in PBS for 30 mins, the secondary antibodies
(anti-mouse HRP and anti-rabbit HRP, Amsersham} were added to the solution
(1:300) and incubated with the membrane for one and a half hours. The
membrane was again rinsed in PBS for 30 mins. A DAB kit (rinsing for
25mins) was used to visualize the proteins linked to HRP. Blots were then
examined by densitometry.
Densitometry

The density of staining in dried blots was measured using the Java
Program (Jandel Scientific, Corte Madera, CA) and an optical density
calibration strip (Kodak). Data was collected in spread sheet, translated
into EXCEL 4.2 (Microsoft), plotted against pixel number in the scan of
linear intensity (1-260 pixels) and printed using Wordperfect graphics. No
statistics were attempted since only 4 blots were run, with varying
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amounts of success.

II. RESULTS AND DISCUSSION

Blots wusing protein samples £from protocel 4 ({restoration of
euthyroid state) were the only ones analyzed.

NCAM: (Figure A): Bands can be observed at approximately 190, 145,
125, and 115kD. Keeping din mind that control untreated (top plot) had
twice as much protein loaded in the gel, in general all of the bands were
of similar magnitude, except for the 125kD band, which is absent in
control mice treated with PTU and left to recover for 2 weeks before
crush-injury (middle plot).

A 140kD form of NCAM is predominantly assocociated with myoblasts,
while a 125kD form is predominantly associated with newly formed myotubes
and myofibers {Covault et al., 1986). Thus, it appears that fewer new
myotubes are present in control treated TA, left to recover thyroid status
for 2 weeks after treatment. However, the amount of NCAM associated with
myoblasts (125kD) appears approximately the same in all plots. These NCAM
results suggest that the c¢ontrol mice have mainly recovered from
hypothyrodism.

bFGF: (Figure B): It appears that there are three bands at
approximately 30, 28, and 26kD. The higher molecular weight bands are more
predominant in mdx untreated (third plot} than control untreated (top
plot). The mdx PTU-treated muscles at 2 weeks after removal of PTU (bottom
plot) appear to have less total bFGF than untreated TA (third plot). The
control muscles left to recover from PTU-treatment for 2 weeks (second
plot} appear to have more high molecular weight bFGF than untreated
controls (top plot).

In the hypothyroid heart and skeletal muscle, high molecular weight
forms of bFGF are present compared to euthyroid controls (Liu et al.,
1993). This appears to be the case in the control muscles that were
treated and then untreated for 2 weeks (second plot). This suggests that
the control muscles have not completely regained a euthyroid state.
Howevexr, mdx TA (treated for 8 weeks and then untreated for 2 weeks) does
not appear to have more high molecular weight bFGF compared to euthyroid
controls, and thus must be at least partially recovered.

It is recognized that these densitometry plots include very few
muscle samples (a maximum of 2 muscles per group). However, results do
suggest that a PTU-treated animals, at least partially regained thyroid
function. Also, the process of learning this technique were valuable to

the investigator.
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TABLE A:

Densitometry plots of NCAM protein amcunt showing pixel number (1-260) on
the x-axis and optical density (0D} on the y-axis. Molecular weight

markers are labelled in the top plot and indicate a gradient gel
Top plot: Pleot of NCAM protein amount in control untreated TA. Twice as
much protein was loaded in the gel lane for this sample compared to the

other two samples (middle and bottom plots).

Middle plot: Plot of NCAM protein amount in control TA, PTU- treated for
8 weeks and then left to recover thyroid function for 2 weeks.

Bottom plot: Plot of NCAM protein amount in mdx untreated TA.
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TABLE B:

Densitometry plots of bFGF protein amount showing pixel number (1-260) on
the =x-axis and optical density (OD} on the y-axis. Molecular weight
markers are labelled in the top plot and indicate a gradient gel.

Top plot: Plot of bFGF protein amount in control untreated TA.

Second plot: Plot of bFGF protein amount in control TA, PTU- treated for

8 weeks and then left to recover thyrcid function for 2 weeks.

Third plot: Plot of bFGF protein amount in mdx untreated TA.

Bottom plot: Plot of bBFGF protein amount in mdx TA, PTU-treated for 8

weeks and then left to recover thyroid function for 2 weeks.
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After dystrophic damage, the limb muscles of the mdx mouse recover
very effectively compared to muscles in Duchenne muscular dystrophy
(DMD} patients, Since thyroid hormone is required for muscle develop-
ment and integrity, we examined whether a deficiency of the hormone,
induced by 0.05% propylthiouracil (PTU} in drinking water over 8
weeks, would be deleterious to the myogenesis and muscle repair in
control and mdx mice. Measured metabolic and growth parameters
confirmed hypothyroidism in PTU-treated mice. Histological and mor-
" phometric techniques were used to study myogenesis and the repair of
the tibialis anterior muscle (TA) after crush injury in mdx mice and their
nondystrophic controls (C57B1/10ScSn). After 8 weeks, PTU-treated TA
from mdx mice had larger crush sites and lower myotube density than
TA in untreated mdx mice. In unoperated mdx TA, there was a larger
proportionate area of active dystrophy and smalier fiber diameter in
PTU-treated than in untreated mdx TA, which suggested that PTU in-
creased the activity of dystrophy as well. In contrast, in control TA
neither the regeneration of myotubes or fiber diameter were affected
significantly by PTU. Therefore, these results suggest that mdx muscle
regeneration is more affected by hypothyroidism than normal muscle
repair. This may be due to the larger pool of muscle precursors in mdx
than control muscle, and a possible impairment of precursor cell pro-
liferation or fusion during myotube formation. © 1994 John Wiley & Sons,
Inc.
Key words: hypothyroid » mdx = dystrophy » muscle regeneration + bFGF
» NCAM
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The mdx mouse is genetically similar to humans pair in mdx limb' and cardiac®® muscles

with Duchenne muscular dystrophy (DMD) in that
muscles in both lack dystrophin,'® which is crucial
to muscle integrity. However, mdx limb muscles
respond to muscular dystrophy with an active my-
oproliferative response’"!® which appears to stabi-
lize the number of fibers in limb muscles.!?*
Although the level of active dystrophy and re-
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Muscle Repair in Hypothyreid mdx Mice

gradually decreases with age, it is not precisely
known what permits dystrophin-deficient mdx
muscle to respond so well to dystrophy. Some small
caliber myofibers, such as extraocular fibers, are
spared from DMD and mdx dystrophy,?! possibly
due to substitution by utrophin.?* However, the
absence of utrophin from large mdx limb muscles,
except at neuromuscular junctions,24 does not ac-
count for the successful recovery of limb muscles
from dystrophy, in contrast to the progression of
DMD.

Thyroid hormone is known to be an important
stimulus to metabolic processes and an absolute re-
quirement for muscle cell development and matu-
ration.''"®” Both fiber size and myosin heavy chain
(MHC) expression are under the influence of thy-
roid status,'?**** as is growth.!! Recent work in
this laboratory has shown that hyperthyroidism in
mdx mice appears to increase the amount of dys-
trophic damage in slow limb muscles and in the
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heart.” This was thought to occur in a combined
respoﬁse to an increased expression of fast MHC
isoforms in slow-twitch muscles'® and increased
cardiac work during hyperthyroidism.!' The in-
crease in dystrophic lesions was also detected by
basic fibroblast growth factor (bFGF) immunolo-
calization, which was shown prewously to highlight
degeneratmg regions in mdx® and human dystro-
phic muscle.®
The present study attempted to explore a sec-
ond method of altering the mdx phenotype to re-
semble DMD: the effect of a reduced metabolic
rate (induced by hypothyroidism) on myogenesis
during mdx mouse muscular dystrophy was exam-
ined. As well, we tested whether hypothyroidism
had any important effect on muscle repair syn-
chronized by crush injury,?” which might be more
obvious than a gradual perturbatlon of mdx dys-
trophy.

MATERIALS AND METHODS

Experimental Animals. mdx dystrophic mice and
normal age-matched control mice (C57B1/10ScSn)
were bred by brother—swter matings from original
breeding pairs® and housed accordmg to the Ca-
nadian Council on Animal Care in the University
of Manitoba Animal Care Facility. Hypothyroidism
was induced in 9 control (7 males, 2 females) and 8
mdx dystrophic mice (6 males, 2 females) by treat-
ment with 0.05% proPylthiouracii (PTU) in drink-
ing water ad libitum."" The mice were treated for
the 8 weeks after the onset of dystrophy at 3 weeks
of age. Age-matched littermates, 8 controls {(all
male) and nine mdx mice (3 males, 6 females),
were untreated for the same period. Mice were
weighed and checked daily during the 8 weeks to
monitor any side effects of treatment. Daily water
intake was also measured and calculated per
mouse.

After 8 weeks of treatment (11 weeks of age),
mice were coded and anesthetized (ketamine:rom-
pun 1:1, 0.01 cc per 10 g body weight). Five min-
utes later, the breathing movements over two pe-
riods of 30 s were observed in a double-blind fash-
ion in order to estimate the respiratory rate. Mice
were then subjected to a crush injury?® of the right
tibialis anterior muscle (T'A). Briefly, skin and fas-
cia were opened over the TA. The belly of TA was
gently separated from the tibia and a serrated he-
mostat was placed around the muscle belly just be-
low the proximal attachment of TA. The clamp
_ was closed (locked to one notch} around the muscle
for 5 s and released. The pressure applied by the
- clamp was therefore consistent, and was given by

one investigator. This procedure did not disrupt
muscle continuity. Skin was closed with four 5-0
silk sutures and the animals were left to recover.

Four days later, mice were again anesthetized
in random coded order, and blood was drawn
from the heart for commercial assay (Cadham Pro-
vincial Laboratory, Winnipeg, MB) of thyroid stim-
ulating hormone (TSH). The TA muscles from
both hindlimbs were bisected longitudinally using
a razor blade (through the center of the crush site
on the right limb), and rapidly removed from the
limb. Muscle halves were oriented in Tissue-Tek
OCT compound and frozen in isopentane
(—50°C) as left-right pairs for longitudinal cryo-
sectioning (8 pm). Sections were stained with he-
matoxylin and eosin {H&E). The gastrocnemius
and soleus muscles were also removed from the
limbs and weighed.

Morphometry. On coded H&E sections, various
measures were used to assess the extent of regen-
eration and dystrophy in defined longitudinal
zones of the TA, prior to decoding the sections. In
the mdx unoperated (left) TA, the total area of
active dystrophy (defined as all degenerating and
inflammatory areas in a TA as a proportion of the
total muscle area) and the number of dystrophic
foci (degenerating and inflammatory areas as a
proportion of the total muscle area) were mea-
sured. The Sigma Scan program (Jandel Scientific,
CA) and a calibrated computerized graphics tablet
were used to measure the areas. In the unoperated
(left) TA, the centronucleation index (CNI, de-
fined as the number of cells with central nuclei as
a proportion of the total number of fibers) was
determined in mdx muscles, as a measure of accu-
mulated fiber injury and repair during dystrophy.
The total number of central and peripheral nuclei,
and the ratio of central-to-peripheral nuclei
(CN:PN) in two areas of the unoperated TA were
also determined. An Olympus microscope was
used to observe and photograph selected fields.
In the operated (right) TA, the crush site, ad-
jacent muscle, and surviving muscle were analzzed
in a systematic manner (after Mitchell et al.)*®
200X by their distance (preset multiples of one,
200x field = 4.4 x 10° pm? from the center of
the necrotic crush zone, which was acellular (Fig.
1). Two fields were counted within the crush area
in each operated muscle, four in the adjacent area
(3 proximal, 1 distal to crush), and three fields in
the region of distant surviving muscle (2 proximal,
I distal to crush). The adjacent and surviving zones
were therefore determined by distance from the
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—— adjacent zone, proximal
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adjacent zone, distal
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FIGURE 1. This diagram indicates the zones and fields of a
typical longitudinal section of the tibiaiis anterior muscle,
taken between proximal origin {top) and distal tendon (bot-
tom). The fields were assessed during morphometric study of
myotubes and nucleation. The center of-the crushed area
(necrotic and acellular) was established under the micro-
scope a 100%, and two 200x fields were {ocated one fisld
apart and horizontally within the crush zone. Fields in the
adjacent zone (three proximal, one distal) were sampled at a
distance of one field diameter from the crush fislds. Two
fields of fibers in the surviving zone were sampled one field
proximal to the proximal adjacent zone, and one additional
fisld was sampled 1.5 field diameters distal to the distal ad-
jacent zone. Thess criteria were strictly adhered to, such that
zones were detarmined by the distance from the crush, not
by the particular cell types prevalent in a region.

crush and not by the cells prevalent in those re-
gions. If there were more than five surviving fibers
in a field of “adjacent zone,” as defined above, that
field was not counted. For statistical analysis, the
four adjacent zone fields were pooled, as there was
no proximal—distal difference between fields in
that zone. However, the distal and proximal fields
of the surviving zone were analyzed separately.

The orientation of sections through the crush
and adjacent zones (with longitudinally aligned
myotubes) was carefully made using phase contrast
and correction of block placement during section-
ing. Since the TA is a pennate muscle with a cen-
tral tendon, only fibers on one side of the tendon
can be in a longitudinal plane, while fibers on the
opposite side of the central tendon will be oblique
or cross-sectioned. The fields assessed for mor-
phometry were always in the longitudinally sec-
tioned aspect of the TA.

The numbers of central and peripheral muscle
nuclei were counted in €ach zone of the operated
TA, and the CN:PN ratio was determined within
the same fields. The number of small myotubes in
each field (at 200x) and zone was also counted.
Using Sigma Scan and a camera lucida (100x), the
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area of the necrotic acellular crush zone was out-
lined and measured.

Fiber diameter was measured from the unop-
erated TA and from the distal surviving zone of
operated TA in both control and mdx mice, again
using the calibrated graphics tablet and camera lu-
cida at 100X. At least 100 fibers were sampled
from each section along chords perpéndicular to
the longitudinal axis of each muscle as previously
reported for fiber area.! Measurements at the
smallest diameter of each fiber were recorded. The
distribution of fiber diameter was also plotted for
each group.

Statistical Analysts. Data (mean + SEM) for each
muscle (n = 6-7) were determined and those
means were grouped and analyzed using a two-way
ANOVA. Individual groups were compared using
Duncan’s multiple range test post hoc where ap-
propriate. A repeated measures ANOVA was used
to compare fiber diameter, CN:PN, and CNI be-
tween unoperated (left) and operated (right) TA in
the four groups. Fiber diameter distributions were
compared using chi-square statistics. In all cases, a
probability of P < 0.05 was used to reject the null
hypothesis.

RESULTS

Metabolic and Growth Parameters (Table 1). In or-
der to confirm hypothyroid status, a number of
metabolic and growth parameters were measured
(water intake, TSH, respiratory rate, body weight
gain, muscle weight). These parameters all indi-
cated that hypothyroidism was achieved by treat-
ment with 0.05% PTU for 8 weeks. Increased TSH
(P < 0.01), lower respiratory rate (P < 0.01), and
lower water intake (P < 0.001) were noted in PTU-
treated mice. After only the third week of PTU,
the age-related increase in body.weight was signif-
icantly decreased (P < 0.05, ANOVA) compared
to normal growth without PTU, especsally in mdx

mice. In agreement with previous reports,"? mdx
mice weighed significantly (P < 0.02) than
their age-matched controls. Weights of the soleus

and gastrocnemius muscles were not affected by 8
weeks of PTU treatment, and all mdx muscles
were heavier (P < 0.05) than muscles in controls,
in parallel with their greater body weight. After
decoding observations made at the time of tissue
preparation, it was noted that the crushed TA
from control mice were clearly more hemorrhagic
than in mdx untreated TA. In addition, crush sites
of mdx PTU-treated muscles were also hemor-
rhagic, and similar to TA of control mice.




Table 1. Metabolic and growih parameters (body weight gain, final water intake, respiratory rale, thyroid stimulating hormone [TSH])
tevel, and muscle weight} in control and mdx groups with and without 8 weeks treatment with PTU.

Conilroi Conirol max max
untreated PTU-treated untrealed PTU-treated
Weight gain (%)T 265 = 12 247 £ 9.2* 302 = 16 269 = 5.6*
Water intake {mLiwk) 48.3 35.3* 44.0 35.0*
Respiratory rate (no./min) 171079 1485 + 3.8* 1765+ 29 1576 £ 7.9*
TSH {mUAL) 0.042 = 0.007 0.080 = 0.012* 0.030 = 0.007 0.055 = 0.03*t
Muscle weight {mg)
Soleust 8.7 0.7 8.2 £ 0.5 10.7 202 115605
Gastrocnemiust 149.7 £ 29 1485 £ 49 1551 £ 44 i678 = 5.0

Dala are mean + SEM.

"Indicales significant PTU effect.

tindicates significant strain effect (conirol versus mx).
Hndicates significant interaction of strain x ireatment.

During handling, the treated mice were noted
to be less active than untreated mice. Treated mdx
mice did not extend the hindlimb toes, a normal
action when slightly lifted above a surface, suggest-
ing some clinical signs of muscle weakness during
treatment.

Histology. Unoperated control and mdx muscles
were characteristic of previous reports (e.g., see
Anderson et al.,! Coulton et al.,'? Dangain et al.'®y,
Control muscle fibers exhibited peripheral myonu-
clei (Fig. 2A). mdx muscle presented foci of active
dystrophy, many regenerated fibers, and intact fi-
bers with peripheral nuclei (Fig. 2B). Grossly, no
large differences were noted between treated and
untreated unoperated muscles from mdx or con-
trol mice, in that coded slides were not separable
into treatment groups during blinded observa-
tions.
Operated control and mdx muscle 4 days after
muscle injury showed zones (Fig. 1} typical of
- crushed muscle.?®?® Figure 2C-F show areas of
necrotic tissue at the crush site, the adjacent region
of inflammatory and mononuclear cells plus small
regenerating myotubes, and the distant area of
surviving muscle fibers and a few myotubes. Dou-
ble-blind observations by two cbservers were un-
able to find differences between slides from un-
treated (Fig. 2C) and treated (Fig. 2E) control
animals. In contrast, the same observers were able
to detect two clearly different groups of muscles in
the mdx group. After decoding, it was determined
that the untreated mdx TA had consistently more
myotubes extending further into the crush zone
and a smaller crush site (Fig. 2D) than the PTU-
treated mdx TA (Fig. 2F).
Mpyotube formation in the crushed TA of con-
trol untreated mice was tyPical of earlier reports of
crush injured muscle.'®**2% Short chains of 5-7

nuclei in longitudinal section were found within
control myotubes located in the zone adjacent to
the crush site (Fig. 3A and C). In untreated mdx
TA, myotubes appeared longer and contained
many more nuclei (Fig. 3B). PTU-treated mdx TA
had fewer and apparently shorter myotubes in the
same adjacent zone (Fig. 3D). As well, there were
more control fibers with central nuclei in the distal
surviving zone (Fig. 3E) than in the contralateral
unoperated control TA. In mdx TA (Fig. 3F) sur-
viving fibers appeared to have many central nuclei
compared to their contralateral unoperated TA.

Morphometry. Unoperated TA (Table 2). Thegen-
eral character of muscle repair from dystrophy was
worsened by the PTU treatment. The area of ac-
tive dystrophy in treated mdx TA was significantly
greater (P < 0.05) than in untreated mdx TA.
However, there was no change in the number of
foci of active injury after treatment.

The centronucleation index was not changed
by PTU treatment, nor was the CN:PN ratio, al-
though CN:PN, CNI, and the total number of nu-
clei all detected the effect of dystrophy in muscle
(P < 0.001). Interestingly, there was a significant
carrelation (r = 0.725, P = 0.005, df = 11) be-
tween body weight and CNI in untreated mdx
mice. This correlation was not changed by PTU
treatment. Mean fiber diameter in unoperated TA
was significantly smaller (P < 0.01) in PTU-treated
mdx muscle than in untreated mdx TA. The mdx
TA also had a larger mean fiber diameter than
control TA (P < 0.01). PTU treatment did not
affect mean fiber diameter or distribution (Fig. 4)
in control muscle. However, mdx myofiber diam-
eter distribution was significantly left-shifted with
PTU treatment, indicating greater numbers of
small myotubes had regenerated from dystrophic
injury during the treatment period. - "




FIGURE 2. Low power micrographs of longitudinal sections of control (A, C, E) and mdx (B. D, F) TA in untreated (A-D) and
PTU-treated (E, ) mice. {x4z, bar = 200 pm). While sections may not appear completsly longitudinal due to the pennate
architecture of TA {ses Mathods}, all myotube and nucleation counts were made only on the side of the tendon wharae fibers were
in longitudinal section. (A) Unoperated, untreated control TA. {B) Unaperatad, untreated mdx muscle with centrally nucleatsd
fibers, an area of active dystrophy (asterisk), and an area of recent regeneration containing small myotubas (arrows). In pansls
{C)—(F), areas of nacrosis in the crush site (c), the adjacent zone (a) containing myotubes (arrows), and inflammatory and
mononuctear cells, and the distal surviving areas (s) are indicated in the operated TA. (C) Control untreated TA contains a typical
necrotic area and short myotubes lining up in the adjacent zone. (D) mdx untreated TA with no obvious necrotic crush area. Many
long myotubes are lined up in the adjacent zone. (E) Control PTU-treated TA has a large crush site compared to panel (C). {F}
mdx PTU-treated TA also shows a larger area of necrosis in crush zone than in pansl D, and an area of calcification {arrowhead)
ic mracant Foawar muatithas evland intn tha adiacent zone than in untreated mdx operated TA (D).
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FIGURE 3. Micrographs of longitudinal sections of operated control (A, C, E) and mdx (B, D, F) TA from untreated (A, B) and
PTU-treated (C-F) mice. (A, B, C, F: x 210; (D, E: x105; bar = 50 um). All myotubes are in longitudinal sections. (A)-(D) show
operated TA in the adjacent areas of untreated and treated TA from control and mdx mice. (A} Control untreated muscle 4 days
after crush injury shows myotubes containing chains of 5-7 nuclei {arrows). (B) mdx untreated muscle with myotutes that appear
(arrows) much longer than in panal {A). (C} Control PTU-treated muscle exhibiting short-medium length myotubes (airows) in
the adjacent zone. (D) mdx PTU-treated TA demonstrates very long myotubes (arrows) lining up parallel with a few surviving
fibers (E) And (F) show operatad control and mdx surviving areas in PTU-treated TA. (E} Tha surviving fibers in control TA show
mainly peripherally nucleated fibers, but ona fiber is clearly centrally nucleated (arrowhead). CNI in surviving fields of operated
muscle was typically significantly greater than in the contralateral unoperated control muscle. (F) The distal surviving zone of
mdx TA shows more central nuclei in mature fibers close to the adjacent zone than typical in unoperated contralateral mdx TA.
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Table 2. Muscle histology parameters (active dystrophy, dystrophic foci, CN:PN ratio, centronucleation index [CNI], total nuclei per
field, and fiber diameter) in unoperated tibialis anterior with or wilhout 8-week (contrel and mdx) PTU treatment.

Conirol Control mdx madx
unlreated PTU-treated untreated PTU-treated

Active dystrophy (prop. area) - - 0.04 £ 0.01 0.09 + 0.02*
Dystrophic foci (no./um?) - - 1.73 £ 0.42 2.23 + 0.36
CN:PN ratiot 0.03 = 0.02 0.05 = 0.02 1.38 = 0.10 1.34 £ 0.08
CNI — - 0.79 £ 0.02 0.80 = 0.016
Nuclei field

Centralt 6+3 10=5 209 = 12 197 £ 12

Peripheralf 262 + 22 230 £ 15 155« 9 181 = 10
Fiber diameter {pm)t 47107 48.4 + 0.8 50.7 £ 09 46.3 = 0.8*

*indicates significant PTU effecl.
tindicales significant strain effect.

Operated TA (Table 3):  The size of the necrotic
crush zone was not different between control and
mdx TA. However, the crush zone was increased
in area in PTU-treated mdx TA (significant inter-
action by ANOVA, P < 0.05). More myotubes
{ANOVA, P < 0.001) were observed in mdx crush-
injured TA than in control TA, regardless of treat-
ment or zone, 4 days after injury. In general, PTU
treatment seemed to reduce the number of myo-
tubes in mdx TA, although changes were only sig-
nificant in the surviving zone.

The CN:PN ratio in all zones (except for the

Control Unoperated

frequency (%)

8.0

6.0

(o] 20 40 60 80 100

distal surviving zone) of operated mdx muscles was
significantly higher (P < 0.001) than in control op-
erated TA. CN:PN was also higher in the distal
surviving zones than in the unoperated TA for all
groups (P < 0.001), suggesting that injury affected
the nuclear position in distant fiber segments. The
CN:PN in distal surviving muscle was also greater
(P < 0.001) than in the proximal surviving zone
(Fig. 1, Table 3).

DISCUSSION
In this study, the phenotype of mdx dystrophy in

Mdx Unoperated

frequency {%)
7.0

6.0

0

fiber diameter {(um)

i I untreated

PTU treated

FIGURE 4, Graphs representing the distribution of fiber diameter (um) plotted as frequency (%} in the sample population from
untreated (black bars) and PTU-treated (shaded bars) mice. Whils fiber distribution in PTU treatment did not shift the distribution
in unoperated control TA (left panet}, the fiber diameter distribution of PTU-treated mdx TA was significantly teft-shifted {toward _
smaller diameter, P < 0.01} from the distribution of untreated mdx TA fiber diameters. Fibers (427447 ware measured for each -

group) were evenly sampled from all animals within each group.
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Table 3. Muscle hislology parameters (area of crush, CN:PN ralio, myotube density, and fiber diameter} in operated tibialis anterior
with or wilhoul 8-week (control and mdx) PTU treatment,

Control Controt madx mdx
untreated PTU-treated untreated PTU-trealed
Area of crush (um x 1079 7.9 £ 0.95 5613 54 = 1.5% 7.9 = 1.4¢
CN:PN ratio
Adjacent zonet 3411 3.1 +0.88 26.3 = 121 396+ 129
Surviving zone
Proximalt 0.04 £ 0.2 0.1x£0.1 42 £ 0.6 g1zx186
Distal§ 47 85 249 + 13.7 495 £ 23.2 56.2 + 32.6
Myotube density
Crush zone 38+18 4122 62+25 49+ 19
Adjacent zonet 15.7 £ 49 182 +19 31.8 £ 5.1 27.0x 39
Surviving zonet 1.0 2086 16 08 58x22 28 x09¢%

Dala are mean = SEM.
*Indicates significant PTU effecl.
findicates significant strain effect.

Findicates significant interaction of sirain x treatmenl or age x trealment.

§indicates significant difference from proximal surviving zone.

hypothyroidism was shifted toward that of DMD,
since the dystrophic changes during treatment
were more severe than in untreated mdx litter-
mates. However, the change in mdx dystrophy was
not as marked as the perturbation by hyperthy-
roidism which was recently reported by this labo-
ratory.” In addition to the effects on dystrophy, the
extent of mdx muscle regeneration after crush in-
jury appeared to be delayed by hypothyroidism.
The hypothyroid state was confirmed in mice
treated for 8 weeks with PTU as described, accord-
ing to TSH level, growth parameters, and meta-
bolic measurements (water consumption, respira-
tory rate).

The effects of hypothyroidism on mdx dystro-
phy were evidenced by an increase in the propor-
tionate area of TA occupied by typical active dys-
trophy and segmental damage,'®'? CNI was
significantly correlated to body weight in all mdx
animals, but was not changed by PTU treatment,
possibly as mdx TA would have a near-maximal
CNI by 11 weeks of age.?! However, the same ab-
sence of change in CNI was seen after PTU treat-
ment for only 4 weeks, suggesting that CNI (as a
ratio of fibers) serves only as rough index of accu-
mulated injury and recovery, since the detailed ac-
tivity of a seginental process may be obscured.

The distribution of fiber diameter offers an-
other profile of muscle regeneration,?® and dystro-
phy and repair.'** The effect of hyperthyroidism
to shift the profile toward smaller fibers has re-
cently been demonstrated.” In the present study,
there was also a left shift in fiber diameter distri-
bution in treated mdx TA. This shift indicates that
more dystrophic injury had prompted regenera-
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tion during PTU treatment, and that the new my-
otubes remained smaller than in untreated mdx TA.

The short-term sequelae of crush injury and
the synchronous regeneration of myotubes were
similar to previous reports.'”?® The use of crush
injury during a systemic treatment permitted a fo-
cused study of the effects of hypothyroidism on
the timing of muscle repair. We also compared
those observations in a direct pairwise fashion (by
repeated measures ANOVA), to the effects of
treatment on the muscular dystrophy in the con-
tralateral mdx limb, to partly account for the be-
tween-subjects variation within each group. The
density of myotubes in operated mdx TA was con-
sistently and significantly larger than in control op-
erated TA, according to the ANOVA (strain effect,
Table 3). This is not in agreement with a previous
study,'” which showed a similar regenerative ca-
pacity and cell turnover in mdx and control mice,
possibly due to small group sizes in that report.

The influence of hypothyroidism on muscle re-
pair after crush was apparent in three types of
double-blinded observation: the gross appearance
of muscles, general histopathology, and morpho-
metric assessment. There was more damage at the
crush site of PTU-treated than untreated mdx TA.
There was also a clear separation of operated mdx
muscle sections into groups with either a small or
large necrotic crush site and many or fewer myo-
tubes, and these groups were decoded as untreated
and PTU-treated mdx TA respectively.

A significant reduction of myotube density af-
ter PTU was observed in the surviving zone of op- -
erated mdx TA, where new myotubes are f:.lﬁing t
surviving fibers. This suggests that hypothyr




ism affects muscle repair during early formation of
myotubes, possibly during fusion of muscle pre-
cursor cells. The observation of myotubes in
treated TA, which appeared shorter and contained
fewer nuclei than those in untreated TA, is in
agreement with the idea that there may be a delay
of fusion-related processes induced by hypothy-
roidism. mdx myotubes in vitro synthesize greater
than normal coucentrations of the phospholipids
which permit membrane fluidity and could foster
membrane fusion;? thyroid hormone may interact
with that aspect of metabolism.

The reduced density of myotubes in the surviv-
ing zone of TA in PTU-treated mdx mice, also
indicates that repair from ongoing dystrophy was
affected, since that zone had, by definition, sur-
vived the crush. However, by 11 weeks of age, the
dystrophic process has slowed, and “endogenous”
regeneration would play a small part, accounted
for by the comparison to untreated mdx muscle.
The worsening of dystrophy by PTU treatment
also suggests that processes early in myogenesis are
regulated by thyroid hormone. Since the inflamed
area was larger in hypothyroid than in euthyroid
mdx mice, compensation for dystrophy by new fi-
ber formation may have been delayed by PTU.

The finding of central nuclei in control fibers
in the surviving zone suggests that a response to
injury occurs in fiber segments quite distant from
the site of damage. This may be the zone where
many new myoblasts and muscle precursors could
be localized by careful autoradiography studies.
Since the CN:PN ratio in the distal zone was
greater than in the proximal surviving zone (Table
3), the proximal origin of the TA blood supply
may have a role in the proximodistal feature of
fiber response to injury.

Production of new myotubes is dependent on
rapid production and fusion of muscle precursors.
Thus the difference between regenerative capacity
in control and mdx muscles®?* may lie in a higher
number of muscle precursors in mdx compared to
control muscle. DMD muscle also has more satellite
cells than normal human muscle,*? although their
capacity for division decreases with age.®® As many
of the peripheral nuclei in older regenerated mdx
muscle would be satellite cells, with myonuclei in-
ternal in fibers, the proportion of satellite:myonu-
clei may approach 1:1 in adult mdx TA (as esti-
mated by the counts of total nuclei in older mdx
muscle), and would certainly be much greater than
in younger mdx or normal muscle. In young nor-
mal mouse muscle, satellite cells represent up to
30% of total nuclei within the external lamina (by
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electron microscopy),®® while the proportion is

typically reduced in adult muscle to as low as 2%
depending on the muscle.'**?*! Thus, a crush of
mdx muscle would stimulate a larger pool of pre-
cursor cells than in control TA, such that mdx
muscle could respond better than control muscles.. -
Therefore, the scale of PTU-induced changes
would be smaller than in mdx muscle, since there
are fewer control muscle precursor cells, whether
those effects are directly on the precursors, or on
their fusion into myotubes.

mdx muscle precursors as a population might
also be more activated than control myosatellite
cells, due to ongoing dystrophy, and that mobili-
zation could enable faster repair after crush injury.
Similarly, more rapid and effective muscle regen-
eration subsequent to an injury which denervates
and devascularizes muscles was noted between the
mdx and control strains.>** It is not known wheth-
er the proportion of mdx muscle precursors (sat-
ellite cells) that respond to injury with DNA syn-
thesis and cell division differs from the control
precursor population, but such differences have
been reported between species and muscles. Esti-
mates of the satellite cell labeling index with 3H-
thymidine in normal muscles are very variable
(81% in normal rat muscle;®® 3.5% in normal
mouse TA:29 about 20% in Swiss and BALB/c
mouse TA.!® The presumably larger number of
those satellite cells in mdx muscle (this study and
Zacharias and Anderson),®* and a faster than nor-
mal doubling time of *H-thymidine labelled mus-
cle cells,' could underlie the effective recovery
from crush injury. Similar explanations of a
greater number and density of replicating precur-
sors, and possible faster cell cycling and onset of
replication after injury were thought to account
for the better regeneration in Swiss than in
BALB/c mice, observed in a number of stud-
ies.'>1%20 In any case, the final outcome of repair
in mdx muscle might be a better measure for that
regeneration, and be more comparable to the out-
come of DMD.

Angiogenesis and the connective tissue re-
sponse are also included in muscle repair. The re-
moval of debris from the site of injury may have
been delayed by PTU treatment, since sex, strain,
and age differences in phagocytosis are possible.'*
As these processes are modulated in part by basic
fibroblast growth factor (bFGF), present in large
amounts in mdx muscles® and to lesser extent in.
DMD and canine dystrophy,® the role of bFGF in
those tissues during early expression mgSC1¢
regulatory genes needs to be studied during:pr




cesses such as crush injury and dystrophy. This
work tells us about muscle regeneration, and what
might inhibit the process. Circumstances that de-
mand muscle repair, such as surgery and dystro-
phy, should consider the metabolic milieu during
treatment. Considering the possibility of myoblast
transfer, and occupational and physical therapy
treatments of DMD patients, optimal metabolic
support of muscle regeneration appears to be cru-
cial to the outcome of treatment.
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