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Abstract

Myostatin is a growth and differentiation factor ialh belongs to the
transforming growth factor-beta superfamily of gendutations or deletions in
the myostatin gene leads to the heavy musclinggilgpa seen in various cattle
breeds, including Belgian Blue and Peidmontese,asal in myostatin knock-
out mice. More recently, a human child with thewyeauscling phenotype was
also found to carry a mutation in the myostatin ege@onversely, increased
expression of myostatin has been linked to varimuscle wasting conditions
induced by ageing or disease. Myostatin is theeefeagarded as a strong
inhibitor of muscle growth. In addition, myostatiras also been shown to
control satellite cell activation post-natally, aisdtherefore considered a potent

negative regulator of muscle regeneration and repai

The ability to block myostatin function has enorreqotential in the treatment
of muscle injuries and various muscle wasting coos. The Functional
Muscle Genomics group at AgResearch Ltd. have ticeeveloped several
myostatin antagonists, produced by truncating tiedogpically active mature
myostatin sequence. The following thesis describedirstin vivo study using
the myostatin antagonist, Mstn-ant4, where itscéffen wound healing was
evaluated using a murine muscle burn injury mo8eme promising results that
Mstn-ant4 could improve muscle wound healing adteevere burn injury were
obtained. Specifically, Mstn-ant4-treated mice xezed from the burn-induced
loss of body weight earlier than the saline-treaeck. Mighty gene expression,
which is a downstream target of myostatin and isolwved in muscle

hypertrophy, was also significantly higher in therd muscles of mice treated



with Mstn-ant4 compared to saline-treated mice.atidition, histochemical
analysis indicated that administration of Mstn-antdy have been terminated
too early during thén vivotrial, as reflected by the sudden decrease inragnt
formed nuclei in the burnt muscles of Mstn-antéteel mice at day 14, with the

last subcutaneous injection of Mstn-ant4 occuranhday 15.

Although no other statistically significant resulieere obtained by histology,
immunocytochemistry or gene expression analysisuggport these results, it
would be difficult to conclude that significant s could not be generated
when the antagonist was used under optimised conslit That is, further
studies into the administration schedule of thagwmrist need to be undertaken,
particularly with regard to the frequency of admtmation and duration of
treatment. Overall, Mstn-ant4 has significant pb&nto improve wound

healing following a severe muscle burn injury.
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Chapter One: Literature Review

The following literature review first describes tharious types of muscle
tissues present in the mammalian body, and thegifsmadly outlines the

structure and function of skeletal muscle and theehmanisms involved in its
contraction. The processes involved in myogendsiga) the embryonic origin

of muscle through to post-natal development ara twenmarised, including an
overview of the satellite cell and its role in meéscegeneration. The chapter
concludes with a review of myostatin, where recatvancements regarding

myostatin antagonists and their potential role ound healing are discussed.

1.1. Muscle Physiology

Three different types of muscle tissues exist i ttammalian body: smooth,
cardiac and skeletal muscle. Each is characterlsedheir location and

structure; for example, cardiac muscle is spedifidacalised to the heart and is
striated in appearance. In comparison, smooth muscinon-striated and is
located around blood vessels and the walls of @rgassociated with the
digestive, respiratory, urinary and reproductivestegns. Both cardiac and
smooth muscles generally consist of mononuclealls, daut cells of cardiac

muscle are branched. Approximately 55% of the botss of mammals is
comprised of skeletal muscle, which is involvedalh voluntary movements.
Skeletal muscle is also striated, but consists oltinucleate cells rather than
mononucleate ones (Martini, 2002; Zierath & Hawl@@04). The following

thesis is based around this last type of musckudisand therefore skeletal

muscle will be further discussed in the followireggons.



1.2. Skeletal Muscle

1.2.1. Skeletal Muscle Structure

In skeletal muscle, individual fibres are arranget bundles referred to as
fascicles. There are two layers of connective ésspecifically associated with
these structures, including the perimysium, whigtr@inds each fascicle; and
the endomysium, which surrounds each individual aleudibre within a
fascicle. In addition, a third layer of connectitiesue called the epimysium
encloses the entire skeletal muscle. Each mudaie fs divided into smaller
subunits called myofibrils, and electron microscomveals that it is the
structure of these myofibrils which produces thearabteristic striated
appearance of skeletal muscle. Myofibrils consfsbundles of myofilaments
that contain specialised contractile proteins oig@h into sarcomeres.
Sarcomeres contain two types of protein filameth# filaments and thick
filaments (Figure 1.1A) (Randall et al., 1997; Gamrdet al., 2001; Martini,
2002). Actin is the main component of thin filamgenand it exists as two
twisted strands of actin molecules with a helicathp of 36 nm. Nebulin is
associated with each actin strand and it has rigcbaen proposed that these
large molecules act as a type of ‘molecular rulewolved in length
specification of the actin filaments during myogese(Martini, 1998; 2002;
McElhinny et al., 2005). Tropomyosin and troponie the regulatory elements
of the thin filaments. Chains of tropomyosin molesujoin together to form a
continuous strand that runs along each of the @aetin strands. Troponin
consists of three subunits, troponin-C, -1 and Th-C, Tn-I, Tn-T), each of
which have a specific role during skeletal mus@at@action; Tn-C reversibly
binds calcium ions, Tn-I binds actin, and Tn-T @rid both Tn-I and Tn-C, as

well as to tropomyosin. There is one troponin caxp@ssociated with each

2



tropomyosin molecule; tropomyosin blocks myosindong to seven actins.
Myosin is the main component of the bipolar thitarhent. Each thick filament
contains approximately 300 myosin molecules, wiflosin heads consisting of
two heavy chains and two light chains projecting inelical configuration from

the filament backbone (Squire and Morris, 1998;d&aret al., 2001).

In the resting sarcomere, distinct regions can leéned based on the
arrangement of the thick and thin protein filameftse H-zone (Hele-Sheibe
zone) encompasses the M-line (middle-line), whglthie central region of the
structure and represents the site where only thiigknents are present. The I-
bands (isotropic-bands) represent the region ofsdreomere where only thin
filaments are present; these bands are bisectdldeb¥-line (Zwischenscheibe-
line). The Z-line serves as the anchor point for the filmments at either end of
the sarcomere and therefore the distance betweenZthines defines the
sarcomere unit. Finally, the A-band (anisotropiadaencompasses the H-zone
and the regions either side where the thick amdl filmments overlap (Figure

1.1B) (Randall et al., 1997; Gordon et al., 200&rtuhi, 2002).

1.2.2. Skeletal Muscle Contraction

In order to produce force, skeletal muscle consr&@ strong binding between
myosin and actin filaments. The subsequent confooma changes in the

myosin heads, which project out from the myosimnfient, pulls the thin

filament towards the M-line at the centre of thecemere, decreasing the size
of the H-zones and I-bands (Squire, 1975; GesfrefuBorgstrom, 1986;

Martini, 2002).
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Figure 1.1: The structure of skeletal muscle

A) Skeletal muscle consists of muscle fibres arrangedfascicles. The perimysium surrounds
each fascicle, while the endomysium surrounds @adividual muscle fibre. The epimysium
encloses the entire skeletal muscle structure. Emwmlscle fibre contains bundles of
myofilaments, which consist of repeating sarcomani¢s.B) Sarcomeres are composed of thick
and thin filaments which are involved in muscle tcaction (Martini, 1998).



More specifically, in a low calcium environment,egial muscle exists in a
relaxed state where the conformation of the trapamid tropomyosin molecules
physically blocks the sites on the actin filameritene myosin binds, therefore
preventing attachment. When calcium is releasedsponse to action potentials
from innervating muscle neurons, it binds to trapoand initiates the change
from a relaxed muscle state to an active one. ifkislves tropomyosin moving

out of the way as a direct result of calcium bimglitherefore exposing the
myosin binding sites on the actin filament (Squit®75; Squire & Morris,

1998; Gordon et al., 2001). The myosin heads attacthese binding sites,
forming cross-bridges that pull the filaments pasth other, allowing the
muscle to contract (Tregear & Marston, 1979; Swattzal., 1990; Martini,

2002).



1.3. Embryonic Myogenesis

1.3.1. Somite/Muscle Precursor Formation

Skeletal muscle development begins with the foromatif somites, which are a
conglomerate of epithelial cells that originatenfrpresomitic mesoderm tissue
in the mammalian embryo. Formation of these sonatesirs in an anterior to
posterior direction and they lie juxtaposed to azithide of the neural tube and
notochord. The production of these somites apptanse governed by two
different mechanisms; a type of segmentation clagkch regulates the timing
of somite formation by initiating oscillating wave$ gene expression, and the
presence of a determination gradient in the presomesoderm. The overall
process of somite formation is strongly synchrahisgith embryonic axis
elongation (Buckingham et al., 2003; Dubrulle & Rpué, 2004; Brent, 2005;

Gridley, 2006; Mallo, 2007).

The concept of a segmentation clock was first psedoby Palmeirim et al.
(1997) who observed that expression of c-hairydeme involved in the Notch
signalling pathway, occurred as waves in the présomesoderm of the chick.
More specifically, c-hairyl expression moved thhodige presomitic mesoderm
of the chicken embryo every 90 minutes in a posted anterior direction; and
the frequency of these waves coincided with then&tdion of a single somite
(Palmeirim et al., 1997; Hollway & Currie, 2003;@) Mallo, 2007). Further
studies have revealed that numerous other geneslvéd/ in the Notch

signalling pathway also display oscillating expresgatterns in the presomitic
mesoderm, including c-hairy2, deltaC, herl, her@s2] Hes7 and lunatic fringe
(Pourquie, 2001). Mutations in some of these gerees lead to abnormal

segmentation, which emphasises the importance ef Nlotch signalling
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pathway in somite formation, particularly durin@ tbegmentation phase. Recent
studies suggest that the Wnt signalling pathway alsg play a key role in the

segmentation clock (Aulehla et al., 2003; MalloQ2p

Unlike the segmentation clock which regulates thenig of somite formation,
the determination gradient establishes the postifosomite boundaries as the
individual somites bud off from the presomitic mésom. This process is
achieved by the presence of two opposing morphégens in the presomitic
mesoderm, an anterior to posterior directed retiacid signalling gradient, and
a posterior to anterior directed fibroblast grovdictor (FGF)/Wnt signalling

gradient (Brent, 2005; Mallo, 2007).

During embryogenesis, the fate of a somite is datexd by extrinsic cues
provided by the surrounding environment; partidyldsy the neural tube,
notochord and dorsal ectoderm. The signals prodbgdbese structures initiate
the division of the somite into the sclerotome, ahhis ventrally positioned and
involved in the development of cartilage and bomehie ventral column and
ribs; and the dermomyotome, which is dorsally poséd. Further patterning
along the mediolateral axis of the dermomyotomedpces distinct medial
(referred to as the ‘medial lip’), central and tategartitions. The medial section
delaminates to form the myotome, which goes on @¢oegate the epaxial
domain; while the central and lateral sections @ionthe muscle precursor cells
for the dermal and hypaxial domains respectivelis the muscle precursors of
the epaxial domain that give rise to the muscuéatirthe back; while those of
the hypaxial domain, consisting of both migratingd anon-migrating cell

populations, gives rise to limb and other body miletare (Marcelle et al.,



1997; Dietrich et al., 1999; Birchmeier & Brohmar#9Q00; Christ & Brand-

Saberi, 2002; Buckingham et al., 2003; Gridley,&00

Several of the key molecules and signalling pattsaayolved in the formation
of somites and muscle precursors have recently lmbamtified, particularly
those important for the correct patterning of tbenge compartments during
development. Of these, the coordinated actionsoag&bmorphogenetic proteins
(BMP), Wnt and sonic hedgehog (Shh) pathways aertbst well-documented
throughout the literature (Zhao & Hoffman, 2004)MBs belong to the
transforming growth factor-beta (TQ¥H- superfamily and approximately 20
BMP family members are currently recognised (Xiaalge 2007). One of these,
BMP-4, is produced by the dorsal neural tube amdnptes the upregulation of
certain Wnt family members, namely Wnt-1 and Wnt-3a turn, these induce
the expression of another Wnt family member, Wntshich is present in the
medial lip of the dermomyotome. Overall, this patlywindirectly induces
formation of the medial lip via Wnt-1 and Wnt-3d{imately leading to the
muscle precursor cells located within this struettglocating from the medial
lip to the myotome. However, Pourquié et al. (1988 Marcelle et al. (1997)
reported that to generate correct patterning instimaite, BMP signalling needs
to be restricted to certain areas of the somiterefiore suggesting the existence
of a BMP inhibitor. Noggin has been characterisetha BMP inhibitor present
in the developing somite (Hirsinger et al., 1997rud¢er et al., 2001).
Furthermore, Shh, which is produced by the notathbas been shown to

directly inhibit Wnt-11 (Marcelle et al., 1997).



1.3.2. Migration to the Limb Bud

The migration phase of muscle development begirnk thie delamination of
muscle precursor cells from the hypaxial dermomympat a location opposite
to the target limb bud. This is followed by the mment of these cells into a
position in the limb bud where the formation of gfie muscle masses will be
initiated. The presence of the tyrosine kinasep®ure c-Met, and its associated
ligand, scatter factor/hepatocyte growth factor/f85F) are essential for both
the delamination and migration of the muscle preaurcells. This receptor
originates in non-somitic mesodermal cells, anddcaption of the c-Met gene
is mediated through the transcription factor PafXBetfich et al., 1999;
Buckingham et al., 2003)The importance of both c-Met and Pax3 in preaurso
cell migration and muscle development is clearlgvah in mutant mice, where
embryos lacking functional c-Met or SF/HGF fail develop skeletal muscle.
Furthermore, in addition to a lack of limb musclevedlopment, muscle
precursor cells of Pax3-mutant mice fail to evelanhinate from the hypaxial
dermomyotome and thus fail to initiate migrationajdakhsh et al., 1997;
Dietrich et al., 1999; Birchmeier & Brohmann, 20@yckingham et al., 2003;

Yusuf & Brand-Saberi, 2006).

Ladybird homeobox 1 (Lbx1) is another transcriptiactor that plays a key role
during the migration of cells from the somite te thmb bud, and its expression
is thought to depend on the presence of Pax3. libxipregulated before
delamination begins, its expression is maintaineughout the migration
period, and is then downregulated once muscle-&pegene expression is
activated in the limb bud (Christ & Brand-Sabefi02). In mutant Lbx1 mouse

embryos, the muscle precursor cells are properymdéd and delaminate from
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the dermomyotome in the same manner as that seevildrtype embryos.
However, the precursor cells display abnormal ntignapatterns, tending to
remain in close proximity to the somites, whereralative cell fates may be
adopted. Yet, although there is a significant lo§smuscle mass in Lbx1
mutants, it is much less severe when comparecktotiscle phenotypes seen in
the Pax3-mutant and c-Met-mutant mice (BirchmeidgBr&hmann, 2000; Gross

et al., 2000; Buckingham et al., 2003; Yusuf & BieBaberi, 2006).

The actual regulation of the Pax3 and Lbx1 genemgumuscle development is
not well understood. Gross et al. (2000) propdbatl Pax3 and Lbx1 are co-
expressed in all migrating hypaxial muscle preasis@and several studies
suggest that Lbx1 is located downstream of Pak®vever, Buckingham et al.
(2003) presented the alternative view that Lbx1 lmanndependently activated.
In addition, Wnt-6, which is produced by the suefaectoderm, has been
identified as a potential candidate for the actorabf Pax3; while members of
the FGF family are thought to be involved in Lbxegulation (Birchmeier &

Brohmann, 2000; Buckingham et al. 2003).

An additional homeobox transcription factor hasoaieen implicated in the
migration of muscle progenitor cells to the limbdpunamely Msx1. Msx1 is
able to inhibit myogenesis, therefore retaining itingscle precursor cells in an
undifferentiated state necessary for migration (##¢dstein et al., 1999). Further
conditions required for the migration of muscle qumsor cells include the
presence of the cell-adhesion molecules, N-cadheanth fibronectin, and the
extracellular spaces also need to be large enmghdommodate the migrating

cells. In addition, the tyrosine kinase receptoh&4p, and its associated ligand
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ephrinA5, are needed to guide the cells into th@iate locations in the limb

buds (Christ & Brand-Saberi, 2002).

1.3.3. Muscle Differentiation and Growth in the Linb Bud

There are two general steps required to completeyogenic programme once
the muscle precursor cells have migrated to the limads. These include
commitment of the precursor cells to the myogemedge, which involves the
formation of myoblasts; and then these myoblastgdergo terminal
differentiation to form myotubes, providing the isa®r muscle growth. During
these stages, Pax3 and Lbx1l expression significadecreases, while the
expression of muscle-specific and differentiatiorarkers increase. These
markers include the myogenic regulatory factors BgRand the MEF2 family
of myocyte enhancer-binding factors, which intenaith each other to regulate
the transcription of muscle-specific differentiaigenes (Yun & Wold, 1996;

Wang & Jaenisch, 1997).

1.3.3.1. The MRFs

MyoD, myogenin, Myf-5 and MRF4 comprise the groupbasic helix-loop-
helix (bHLH) transcription factors, collectivelyfegred to as the MRFs. Each of
these MRF family members contains a conserved Dilithg region, which
specifically targets the Ephrussi—box (E-box) colsss sequences present in
most muscle-specific genes (Tapscott & Weintrau®911 Ludolph &
Konieczny, 1995). During skeletal muscle formatiadhge trend of MRF
expression is somewhat hierarchical, with Myf-5 egong first in the mouse
somite at embryonic day 8 (E8), followed by myogeand MyoD emerging in

the myotome at E8.5 and E10.5 respectively; comatudvith the transient
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expression of MRF4 in the myotome between E9 antl.E={Zhang et al.,
1995). With regard to limb bud development, Myf-fpeession is initiated in
the limb buds at E11, myogenin and MyoD appear safter at E11.5, and
MRF4 expression emerges much later, when it isesgad in differentiated

muscle fibres (Zhang et al995).

From these timelines it is generally accepted kigt5 and MyoD are involved
in regulating the determination process resultmghie multipotent somite cells
being committed to the myogenic lineage; while ngmg and MRF4 are
involved in the initiation of myoblast differentiah, which occurs later in the
myogenic programme. Therefore Myf-5 and MyoD aremfreferred to as the
primary MRFs, while myogenin and MRF4 are refertedas the secondary

MRFs (Rudnicki et al., 1993; Borycki & Emerson, 799

Since these initial observations, phenotypes ofckraut mouse models have
been used to further study the MRFs and to cldinéyr roles in skeletal muscle
formation. Rudnicki et al. (1992; 1993), observiedt tooth Myf-5-null mice and
MyoD-null mice displayed normal skeletal muscle élepment; whereas Myf-
5/MyoD double knock-out mice failed to produce akgletal muscle fibres or
myoblasts at all, rendering them immobile at batid resulting in death soon
after. This suggests a functionally interchangeatlie for Myf-5 and MyoD, as
the presence of either one can successfully faiglithe development of skeletal
muscle However, additional studies identified a significaib defect in the
Myf-5 mutants and a reduced capacity for musclemegation in the MyoD
mutants, as well as an overall delay in their dkélmuscle development (Wang

& Jaenisch, 1997). Recent evidence has also showir5Mo be genetically
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linked to MRF4, and therefore the generation of {8yfiull mice consequently
influences MRF4 expression in these animals. Fat tleason, it has been
proposed that along with MyoD and Myf-5, MRF4 slibalso be classified as a
skeletal muscle determination gene, though th#iliswidely debated (Kassar-

Duchossoy et al., 2004).

In contrast to Myf-5-null or MyoD-null mice, whicstill display normal skeletal
muscle development, mice with a targeted homozygaeuisition for myogenin
exhibit severe skeletal muscle defects. More spadly, migrating myoblasts
are still present in myogenin-null mice, but thé&séto terminally differentiate
into myotubes, and therefore do not meet the reqents for successful muscle
development. However, there are some residual musales present in the
mice at birth, suggesting that a myogenin-indepehgathway for muscle
differentiation may exist (Hasty et al., 1993; Rawet al., 1998). Additional
complications in these mutant mice include the gmes of extensive adipose
tissue, particularly in the dorsal neck region, @bmal curvature of the spine
and a deformed rib cage. Ultimately these probldeasl to the death of
myogenin-null mice immediately following their birt(Hasty et al., 1993;
Nabeshima et al., 1993; Zhang et al., 1995; Wandga&nisch, 1997). The
migrating myoblasts of myogenin-null mice expresg{d and MyoD, therefore
supporting the idea that myogenin functions ater time point in the myogenic
pathway than the primary myogenic factors. In addjtthere is a minimal level
of MRF4 expression in myogenin-null mice, whichaiso consistent with the
proposed myogenic pathway, where myogenin actsd&idRF4 during muscle
development (Zhang et al., 1995). This contradicts earlier idea that MRF4

should be classified as a skeletal muscle detetramgene.
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Combined myogenin/MyoD-null mutations and myogeviyi-5-null mutations

have also been investigated. Results indicate simatlar phenotypes were
produced by these combinations as those seen aadeitcient in the individual
factors (Rawls et al., 1998). However, Wang andnidab (1997) brought
attention to the varying expression patterns of MRFs. In particular,

expression of Myf-5 and MyoD first appear in theskd-medial half and the
ventral-lateral half of the myotome respectivelyhilw myogenin and MRF4
expression is detected throughout the whole myotorherefore, the authors
discovered that when myogenin is expressed in dasitemporal and spatial
pattern to Myf-5, it is able to substitute the rae this regulatory factor in

myogenic lineage determination, though not as a¥fely.

Finally, like Myf-5 and MyoD, MRF4-null mice are s viable, displaying
normal skeletal muscle development and a normaberanf movement
immediately after birth. However, they too show esevrib defects which
ultimately leads to their death shortly after hirtterestingly, MRF4-null mice
show significant upregulation of myogenin (up teefifold) suggesting that this
myogenic regulatory factor may be compensatingttierloss of MRF4 in the
mice (Zhang et al., 1995; Arnold & Braun, 1996). wéver, if MRF4 and
myogenin had truly overlapping functions a moreesevphenotype in the
MRF4/myogenin double mutant mice would be expeatedipared to the
phenotypes of MRF4-null or myogenin-null mice alof&awls et al. (1998)
reported the MRF4/myogenin double mutant phenogek the phenotyope of
myogenin-null mice alone to be very similar. In trast, the authors discovered
that although MRF4-null or MyoD-null mice were viabat birth and show

normal skeletal muscle development, MRF4/MyoD deulshutant mice
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displayed a severe muscle deficiency similar to geyan-null mice, indicating
a potential compensatory role for MRF4 and MyoDimlyimyogensis (Rawls et

al., 1998).

1.3.3.2. The MEF2 Family
As previously mentioned in Section 1.3.3, the ME&&ily also plays a key
role during myogenesis, with the majority of musspecific genes containing

the MEF2 binding site, CTA(A/TYAG, in their control regions. This group of

proteins was originally identified from the nuctsi skeletal muscle myotubes,
after Gossett and colleagues (1989) observed #inglity to specifically bind
A/T-rich sequences in the muscle creatine kinas€KMgene promoter (Brand,
1997). The vertebrate MEF2 family is comprisedfamfr members: MEF2A,
MEF2B, MEF2C and MEF2D. Their capacity for hightaitiy DNA binding
and dimerisation is facilitated through two inténag domains, a distinct 29
amino acid MEF2 domain, and a highly conservedriiha acid motif referred
to as the MADS-box. The presence of a MADS-boxhese genes provides the
basis for their inclusion in the MADS-box superfamof transcriptional
regulators, named after the founding members, mioilmosome maintenance 1
(MCM1), agamous, deficiens and serum responserfé8®F). The MADS-box
transcriptional regulators are involved in a widage of biological functions,
including the pheromone response in yeast, flonevelbpment in plants,
tracheal development in Drosophila and, as discubsee, in the regulation of
muscle-specific genes (Shore & Sharrocks, 1995nd8ra997; Black & Olson,

1998; Perry & Rudnicki, 2000).
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Unlike the MRFs, MEF2 genes are expressed in a washge of lineages,
including skeletal, cardiac and visceral muscleyalt as in neural cells, T cells
and fibroblasts (Molkentin & Olson, 1996a; 1996baid, 1997; Naya & Olson,
1999). During skeletal muscle development thereaisignificant overlap
between MRF and MEF2 expression. MEF2 also sholsrarchical pattern of
expression like that seen in the MRFs. More speadlfi, MEF2C appears first
in the developing myotome at E8.5, closely followey the expression of
MEF2B at E9, and then MEF2A and MEF2D at E9.5 (Malkn & Olson,

1996a). Interestingly, the MEF2A, MEF2B and MEF2banscripts are
expressed ubiquitously after birth, while MEF2Qastricted to skeletal muscle,

brain and spleen tissues (Molkentin et al., 1995).

Consistent with other MADS-box proteins, the MEBIfly members interact
with a diverse range of transcription factors taiate a plethora of different
gene expression programmes. Of these, interactuithsthe MRFs have been
the most extensively studied, with many authorschahng that these two
transcription factor families act as co-regulatataring skeletal muscle
development (Black & Olson, 1998). Among the fidiservations made
involved 10T1/2 cells, a multipotential cell lineerdred from 14- to 17-day
whole mouse embryos. It was originally establishgdReznikoff et al. (1973)
and has been widely used in molecular biology susre (Pinney & Emerson,
1989). Specifically, the forced expression of MRRsLOT1/2 cells activated
MEF2 DNA binding activity, suggesting that MEF2 tiais lie downstream of
MRFs in the skeletal muscle regulatory pathway. Elsv, both myogenin and
MRF4 contain MEF2 binding sites in their promotarsl these are involved in

the expression of muscle-specific genes. TherefdEsF 2 and the MRFs appear
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to regulate the expression of each other throughpbex reciprocating circuits
(Molkentin et al., 1995; Naidu et al., 1995; Molkien& Olson, 1996a; Black &

Olson, 1998). In addition, Molkentin et al. (199&)d supporting studies by Yu
et al. (1992)and Ornatsky et al. (1997)eported that MEF2 factors by
themselves, were unable to activate myogenesisansfected 10T1/2 and 3T3
fibroblasts; with 3T3 being a standard fibroblastl ¢ine derived from Swiss

mouse embryo tissue (Todaro et al., 1964). Howenerscle-specific gene
expression was successful when both MEF2 and MR#e pwresent, with the
authors observing a 3- to 4-fold increase in thenlmer of myosin heavy chain
(MHC) positive cells. This suggests MEF2 and MRFsuld be acting

synergistically to activate myogenesis.

Although a vertebrate loss-of-function model foERR factors is yet to be
developed, analysis of loss-of-function mutationsai single MEF2 gene, D-
MEF2, in Drosophila supported the idea that MEFZhésessary for skeletal
muscle development. More specifically, this mutatresulted in the complete
absence of differentiated skeletal, cardiac andceveéd muscle cells.

Supplementary studies revealed that nautilus egjoresa Drosophila homolog
of MyoD, did occur at the correct time and locationthe D-MEF2-mutant

embryos, but it was unable to initiate the exprssif muscle-specific genes;
therefore suggesting that D-MEF2 is particularlypartant for nautilus function
(Molkentin et al., 1995; Olson et al., 1995; Molkaen& Olson, 1996b; Black &

Olson, 1998).

The actual mechanism of synergy employed by thesettanscription factor

families to regulate skeletal muscle developmerstils under investigation. It
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is currently accepted that MEF2 factors only assecwith the heterodimers
formed from myogenic bHLH proteins and non-myogeiiproteins, such as
E12, and not with E protein homodimers. E12-MRFehmdimers can convert
non-muscle cells to differentiated myotubes, wHi&2 homodimers cannot.
Two key amino acid residues located in the centrth® MRF basic domain,
alanine and threonine, have been identified as déerminants of MRF
myogenic activity. Substituting these two myogemngsidues with the two
asparagines located in the corresponding regidal@f abolishes the myogenic
activity of the MRFs without affecting DNA bindingOn the other hand,
generation of a revertant mutant, where the sulbstitasparagine residues are
mutated back to the alanine and threonine residestores full myogenic
activity in the MRFs. This suggests it is the af@nand threonine residues that
are crucial to facilitate the interaction betweeRF$ and MEF2, by enabling a
specific conformational change in the MRFs to allibw recruitment of MEF2
as a co-regulator (Arnold & Winter, 1998; Blackadt, 1998; Naya & Olson,

1999).

A two-step model for successful transcriptionaliveation by the synergistic
actions of MRFs and MEF2 has emerged. SpecificMiF2 first binds to the
DNA-bound MRF and relays its activation signal tbe ttranscriptional
activation domain of the MRF. This MRF domain theemsmits both its own
activation signal and that of MEF2 to the basatdcaiptional machinery and an
active transcriptional complex is generated. Initamld to being involved in the
association of MRFs and MEF2, the amino acids ataand threonine also play
an important role in facilitating the transmissiohactivation signals from the

MRFs (Black et al., 1998; Black & Olson, 1998).
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1.3.4. The Cell Cycle and Myogenesis

As the muscle precursor cells terminally differatdiand fuse together to form
mature myotubes, they irreversibly withdraw frome tbell cycle (Walsh &
Perlman, 1997). This is a complex regulatory cirethich methodically guides
the cell through a series of events, ultimatelydieg to mitosis and the
generation of two “daughter cells”. The cell cybkes four characteristic phases;
the S-phase (synthesis-phase) where duplicatigeétic material occurs; the
M-phase (mitosis-phase) where the duplicated chsomes are evenly
distributed to the two daughter cells; and G1 aj vhich are the two ‘gaps’
antecedent to the S-phase and M-phase, respect®aly of the key protein
families involved with the transition of a cell tugh each phase of the cycle is
the cyclin-dependent kinases (CDKSs), which beloagthte serine/threonine
family of protein kinases. Various checkpoints haeen developed to monitor
the progress of a cell through the cell cycle amdspecifically ensure that
critical events, such as DNA replication and chreome segregation, are
completed successfully before entering into thet i¢sase. These checkpoints
have the ability to either permanently arrest defeccycles, or temporarily
pause the cycle while adequate repairs and maimterexre carried out (Schafer,

1998; Tessema et al., 2004).

The generation of new muscle fibres, through th&ofu of myoblasts and
subsequent myotubes, occurs in two distinct wavesacterised by specific
temporal patterns, structural fibre morphology @sme expression. The first
wave of fibres, termed primary fibres, are widelgtabuted throughout the
limb, providing the foundation for further fibre wdopment by defining

specific characteristics of the muscle such as,tghape and location. A rapid
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increase in diameter (not associated with nucleftic one of the key
identifying features of the primary fibres, alongttwthe ‘doughnut’ shape
observed when the fibres are transversely sectidnecomparison, secondary
fibres form on the surface of primary fibres angidéy increase in number and
nucleation (Wigmore & Dunglison, 1998; Christ & BchSaberi, 2002; Abmayr

et al., 2003).

In vertebrates, the process of myoblast fusion,clwhultimately leads to
myotube and subsequent skeletal muscle formatiamsists of several
characteristic stages. Specifically, myoblasts tfaate been induced to fuse first
undergo myoblast recognition, where they becomeklyesssociated with each
other. This is followed by the adherence phase,revilagsociations within the
cell mass become stronger, therefore making it naiffecult to disrupt the
aggregate. The membrane union stage concludes véelloprocess, with
myoblasts now being fully fused together. Severaletules are involved with
adhesive interactions prior to myoblast fusion,ludexg neural cell adhesion
molecule (NCAM) which is upregulated in cells as formation of myotubes
commences. M-cadherin and N-cadherin are also titdogoe involved, based
on their changing expression levels during myoblasion and myotube
formation, and the observation that cadherin mawadl antibodies and
polyclonal antisera inhibit myoblast associationerefore reducing myotube
formation. However, both M-cadherin-null and N-cadh-null mice show
normal skeletal muscle development, contradictimggitiea that these molecules

play a key role during myoblast fusion (Abmayr let 2003).
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Several other molecules implicated in the regutatsd myoblast fusion have
also been recently discovered. For example, melanceti adhesion molecule
(M-CAM) is significantly downregulated in human nblasts during fusion and
in vitro studies show that inhibition of M-CAM expressiogsing an M-CAM
RNA knockdown technique led to enhanced levels gblitast fusion (Cerletti
et al., 2006). Horsley et al. (2003) reported aehovle for Interleukin-4 (IL-4),
where signalling by the transcription factor NFAT@2 newly developed
myotubes initiates IL-4 expression and secreti@tping to facilitate the fusion
of myoblasts with pre-existing myotubes (Chargé &dRicki, 2003).Finally,
myoferlin is significantly upregulated in myoblasis the site of their fusion
with pre-existing myotubes. Knocking this gene ofitthe genome produced
null mice which still underwent the primary fusiements but displayed defects
in their ability to form large myotubes, suggestegole for myoferlin during

the later stages of myogenesis (Doherty et al.5R00

1.3.5. Skeletal Muscle Fibre Types

Primary and secondary skeletal muscle fibres canfuipiner divided into
different fibre types, including fast, slow andeamhediate fibres. These can
have different nomenculture depending on the spdméng referred to, but for
the purposes of this thesis the murine nomenculisreised. Fast fibres,
otherwise known as fast-twitch glycolytic or Typi Ifibres, are defined by
their fast contraction speeds and large crosseseti diameter. Energy
production is predominantly by glycolysis, but larguantitities of adenosine
triphosphate (ATP) are used during the contractibfast fibres, and therefore
any prolonged activity is maintained by anaerobitaholism. However, fast

fibres ultimately succumb to fatigue quite rapidip. contrast, slow fibres,
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which are also referred to as slow-twitch oxidatwe Type | fibres, have

significantly slower contraction speeds, taking topthree times as long to
contract compared to a fast fibre. Unlike fastd#yrslow fibres contain large
oxygen reserves bound to myoglobin, and couplet thi¢ extensive capillary
networks and increased numbers of mitochondriaeptes muscles composed
of slow fibres, aerobic metabolism enables theroatatract over longer periods
of time compared to fast fibres. The intermedigees, also known as fast-
twitch oxidative or Type IIA fibres, are the othgass of skeletal muscle fibres.
As their name suggests, they have properties midetween the fast and slow
fibres. The original fibre type of the primary fés during skeletal muscle
development is slow, but some later change into fiases. Conversely, all

secondary fibres start out being fast, and thenesohange into slow fibres.
These conversions are mediated by a range of elifféactors and are restricted
to specific locations in the developing limbs (Rall 1977a; 1977b; Martini,

1998; Wigmore & Dunglison, 1998).
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1.4. Post-Natal Myogenesis

1.4.1. The Satellite Cell

1.4.1.1. Satellite Cell Morphology, Distributionca@rigin

The majority of post-natal skeletal muscle growthaintenance, repair and
regeneration is facilitated through satellite celtsich are specialised myogenic
precursors located between the sarcolemma and lbasal of mature skeletal
muscle fibres (Hawke & Garry, 2001). Although onigily considered
unipotent, numerous studies have now shown satalétls to be multipotent,
with the ability to differentiate into myogenic, teegenic and adipogenic
lineages (Asakura et al., 2001). In addition tdrtbbaracteristic position at the
periphery of the fibre, satellite cells containyal small amount of cytoplasm;
they also have a reduced organelle content and allesrmuclear size with
significantly higher levels of heterochromatin thamchromatin, compared to
fibore myonuclei This morphology is consistent with the mitoticatlyiescent
state that satellite cells predominantly adopt (fBzh 1976; Hawke & Garry,
2001; Chargé and Rudnicki, 2004; Holterman & Rukini?005). These
populations of cells have since been identifiedlirtypes of vertebrate skeletal
muscle (Holterman & Rudnicki, 2005). However, withskeletal muscle,
satellite cells show an unequal distribution betwéee different fibre types,
with a higher proportion associated with the slowsnoie fibres than the fast
muscle fibres based on calculations using totalenummber in muscle cross
sections (Schmalbruch & Hellhammer, 1977; Gibso®S&ultz, 1982; Chargé

and Rudnicki, 2004).

These unique populations of cells were first digged in the leg muscle of

frogs (Katz, 1961; Mauro, 1961), and Mauro (196¥pdihesised that satellite
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cells were simply dormant myoblasts left over froambryonic muscle

development. Therefore, instead of fusing with bptimeyoblasts to form

myotubes and subsequent myofibres, solitary mytblasnained in a quiescent
state ready to provide additional nuclei if reqdiuring muscle growth and
repair. Since this original proposal, the originsatellite cells has been widely
debated, with two main arguments emerging. The mfea somitic origin is

supported by traditional chimeric avian transplaota studies, where the
development of quail-derived embryonic somites Haat been introduced into a
host chick embryo were found to produce migratimgnisic cells that

contributed to both the developing limbs and thetyatal skeletal muscle
satellite cell population of the chick. This ledtke conclusion that all myogenic
cell lineages, including satellite cells, had avensal somitic origin (Armand et
al., 1983). However, later studies challengedittea in favour of an endothelial
origin. De Angelis et al. (1999) isolated cellsnranouse embryonic dorsal
aorta and discovered their morphology and geneessmn profiles closely
resembled those of satellite cells. Furthermore,erwithese cells were
transplanted into newborn mice, they worked in wgoaofion with the

populations of satellite cells already present e tskeletal muscle, and
successfully participated in post-natal muscle d@ghoand regeneration. This
therefore suggests there could be an endothelgihdior the satellite cell, or

alternatively a derivation from a common satellitel endothelial cell precursor

(Hawke & Garry, 2001).

1.4.1.2. Satellite Cell Quiescence
As previously mentioned in Section 1.4.1.1, sadeel@ells usually reside in a

quiescent state, which is represented as GO incéflecycle. Quiescence is
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typically characterised by minimal amounts of ci#ision, gene expression and
protein synthesis (Dhawan & Rando, 2005; Le GrandR&dnicki, 2007);
however, recent lymphocyte studies by Yusuf andnfamu (2003) have
challenged the original view that quiescence simpfyresents an inactive basal
state depleted of any activation signals. Instbadd authors suggested this state
may actually be under active transcriptional cdnith several key regulatory
molecules promoting the quiescent phenotype, sadhrey Kriippel-like factor

(LKLF) and the Forkhead Box (FOX) proteins.

Extensive histological studies carried out by bivdv et al. (1994) led to the
discovery that the calcium-dependent cell adhesmtecule, M-cadherin, is
widely expressed among quiescent satellite cellghEr studies by Beauchamp
et al. (2000) also identified CD34 and Myf-5 as elomarkers expressed by the
majority of these cells. The small proportion dfedige cells that do not express
these markers are thought to be involved in maiirigithe rest of the lineage-
committed satellite cell population. CD34 is a wydaccepted marker of adult
hematopoietic stem cells that is commonly usech@isolation of these cells
from blood and bone marrow. Two isoforms of CD34sexThere is the
truncated version, which lacks the three phosphtion sites present in the
intracellular domain of the full-length CD34 protgiand this is expressed in
quiescent satellite cells. However, upon activatioh the satellite cells,
alternative splicing leads to a change in expresfiom the truncated form to

the full-length version of CD34.
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1.4.1.3. Satellite Cell Activation, ProliferationcDifferentiation

Satellite cells are predominantly activated in cese to trauma, weight-bearing
or exercise-induced muscle injury, or for mainteseaduring muscle growth. As
discussed earlier, this process involves the ekisatellite cells from the
quiescent state and their re-entry into the cetlegyspecifically transitioning
from the GO to G1 phase. Following activation, theslls undergo numerous
rounds of proliferation before continuing along tmgogenic lineage, where
they terminally differentiate and amalgamate togetto form new myotubes
and subsequent myofibres, or alternatively migiatd fuse to the damaged
sections of pre-existing muscle fibres (Figure 1(Rjorgan & Partridge, 2003;
Chargé & Rudnicki, 2004; Dhawan & Rando, 2005). Résoent of skeletal
muscle development from muscle precursor cellsattieation of satellite cells
is accompanied by the expression of myogenic réguyldactors. Cooper et al.
(1999) demonstrated that during the first 24 hadirsr activation, satellite cells
upregulate MyoD or Myf-5 independently; and theasi same factors are co-
expressed in the subsequent 24 hour period. Myngetpression follows later,
with a significant proportion of activated satellitells eventually expressing all
four MRFs concurrently (Smith et al., 1994; Corsehi & Wold, 1997;

Holterman & Rudnicki, 2005).

In addition to MRFs, numerous growth factors alsaction as positive and
negative regulators of satellite cells and thes#ofa are often produced by the
injured fibres themselves, or by cells associatéd the immune response. One
of the founding experiments carried out in thiddfizvas by Bischoff (1986),
who demonstrated the successful activation of geigs satellite cells in

cultured crushed muscle extract. Tatsumi et aB8)kteridentified SF/HGF
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Figure 1.2: Satellite cell function
In response to myotrauma, satellite cells are atett/ to exit the quiescent state and re-enter the

cell cycle where they proliferate and differentiaterepair muscle. Some satellite cells may
undergo self-renewal to replenish the quiescemllgatcell pool (Hawke and Garry, 2001).
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as the stimulus in the crushed muscle extract Wed responsible for the
satellite cell activation. Quiescent satellite sedlxpress the tyrosine kinase

receptor c-Met, which binds SF/HGF.

Furthermore, in the absence of muscle injury armra, the injection of SF/HGF
into the tibialis anterior (TA) muscle of adult mice efficiently activated
quiescent satellite cells. This led to the implmatof nitric oxide (NO) in

satellite cell activation, as this molecule is segjgd to be involved in the
release of SF/HGF from the extracellular matrix.dArson (2000) reported a
significant decrease in satellite cell activatioosfgtrauma when nitric-oxide
synthase-l (NOS-I), the molecule in the body whecbduces NO, was inhibited

(Holterman & Rudnicki, 2005).

As well as the HGFs, insulin-like growth factor&Hs), FGFs, and members of
the TGFg family have been extensively studied and showiawee varying
effects on the satellite cell populationvitro (Allen & Boxhorn, 1989; Zentella
& Massagué, 1992; Doumit et al., 1993; Johnson &ml 1995; Sheehan &
Allen, 1999; Yablonka-Reuveni et al., 1999b; Chakréhy et al., 2000). Allen
and Boxhorn (1989) reported a significant increasdhe differentiation of
satellite cells in the presence of IGF-1, while FiGéreased proliferation and
decreased differentiation, and T@Fedecreased proliferation and inhibited
differentiation. Furthermore, Sheehan and Allen9@)9studied eight members
of the FGF family, FGF1, 2, and 4-9, and discovehed only FGF1, 2, 4, 6 and
9 significantly increased the proliferation of aduht muscle satellite cells,
while FGF5, 7 and 8 did not induce any mitogenitvayg in the cells. In

addition to their individual effects on the satellcell population, HGFs, IGFs,
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FGFs and TGHB-family members also appear to have a synergiskationship

with each other, and with other growth factors présn skeletal muscle. For
example, the interaction of FGFs with IGF-1 or thlatelet-derived growth
factor-BB (PDGF-BB), results in significantly highéevels of satellite cell
proliferation than the sum produced from each imldial factor (Doumit et al.,
1993). Similar observations were made when both ld@Feither FGF2, 4, 6 or

9 were present (Sheehan & Allen, 1999).

Due to the complexity of the multi-step activatiprocess and the numerous
molecules involved, the exact signalling pathwaysl anechanisms which
regulate the satellite cell population are yet ¢ofldly defined. However, along
with playing a key role in somite and muscle prsourformation, the Notch
signalling pathway also appears to be involved atelte cell activation.
Conboy and Rando (2002) demonstrated that Notcle<brhes activated as
satellite cells transition from the GO to G1 pha$ehe cell cycle; and that
inhibition of Notch-1 by the cytoplasmic proteinuidb, prevents satellite cell
activation. In addition, two different pathways #neught to be utilised by IGF-
1 during satellite cell regulation, with the cakimin/NFAT, mitogen-activated
protein (MAP) kinase pathway implicated in satelldell proliferation; and the
phosphatidylinositol-3-OH kinase pathway involvedithw satellite cell
differentiation (Coolican et al., 1997; Hawke & @Bar2001). FGFs have also
been shown to use the MAP kinase signalling pathwiayes et al. (2001)
identified the extracellular signal-regulated ked&RK) subfamily of the MAP
kinase pathway as important for FGF-induced s#geltell proliferation,
particularly the ERK1/2 signalling. However, thetlpgay involved in the

depression of satellite cell differentiation by FGE not currently known
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(Robinson & Cobb, 1997; Hawke & Garry, 2001). FwnalTGF{ family
members use the Smad proteins for their signafatpways, as discussed in

Section 1.6.2 of this thesis (Whitman, 1998; Hawk&arry, 2001).

1.4.1.4. Satellite Cell Self-Renewal

To prevent depletion of the satellite cell poolaftepeated rounds of skeletal
muscle repair and regeneration, it is suggestddstiallite cells have the ability
to self-renew. This idea is supported by radioldtating experiments which

have clearly demonstrated the contribution of atéd satellite cells to both

new myonuclei and the quiescent satellite cell @dtr muscle injury (Chargé

& Rudnicki, 2004).

Different models have been proposed to explaimptbeess of satellite cell self-
renewal. Firstly, the stochastic model where eativated satellite cell divides
symmetrically, with one of the subsequent daughtells being able to
relinquish its position in the differentiation praghme and adopt a quiescent
state, while the remainder continues along the ragmglineage to terminal
differentiation. Alternatively, each activated dhtee cell may first divide
asymmetrically producing one quiescent daughtdrtoeleplenish the satellite
cell pool while the other is committed to the myaigepathway. The progeny
which proceed with normal myogenesis may then wgwlasymmetric divisions
themselves to produce further satellite cells (Fegl.3) (Chargé & Rudnicki,
2004; Dhawan and Rhando, 2005; Collins, 2006).Heumore, Schultz (1996)
explored the heterogeneous nature of the satetiié population. Using
bromodeoxyuridine (BrdU) labelling techniques int rauscles, the author

determined that approximately 80% of the populatiere labelled after five
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days of continuous BrdU infusion, while the remagP0% represented a more
slowly dividing subset of cells. The authors therefsuggested that the capacity
to self-renew could be restricted to a small proporof the satellite cell
population, as by limiting mitotic divisions theseve population of satellite
cells could conserve their proliferative capacitgtilu required for muscle

regeneration and repair.

Although none of these theories have been disprovkdre is limited

knowledge of the molecular mechanisms involved agufating satellite cell
self-renewal. However, Conboy and Rando (2002) ntbgeanvestigated the
regulation of Notch-1 by its antagonist, Numb; speally looking at its role in

myogenic cell-fate determination and the activatioin satellite cells. The
authors discovered that injury-induced activatidnsatellite cells produced a
heterogeneous population of daughter cells th&tred in their levels of Notch-
1 expression. Further studies revealed this coatcidiith the asymmetric
distribution of Numb in dividing satellite cells. Ank between the level of
Numb expression and satellite cell fate was theegbooposed, specifically that
Numb may determine whether a daughter cell becoocmgsmitted to the

myogenic lineage or adopts the quiescent state.eMery the levels of Numb

expression associated with each of these stayes ie be determined.

The myogenic regulatory factors Myf-5 and MyoD atso thought to play a
role in the regulation of satellite cell self-rer®wAs previously mentioned,
mice deficient in MyoD show a reduced capacityrfarscle regeneration. More

specifically, increased levels of proliferation aeduced levels of
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Figure 1.3: Mechanisms of satellite cell self-reneal
Satellite cells may undergo self-renewal via thturre of an activated daughter cell to the

quiescent state, or by asymmetric division. Otledlrtypes, such as bone marrow-derived cells,
may also contribute to the satellite cell populafGollins, 2006).
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differentiation are associated with the MyoD-nghenotype. It has been
suggested that an intermediate phase between gutesatellite cells and
muscle precursor cells is characterised by this Dgeficient phenotype.
Furthermore, satellite cells are known to expreggeeMyf-5 or MyoD upon

activation and then co-express the two later; tbezdeading to the hypothesis
that Myf-5+/MyoD- cells represent a population etfgenewing satellite cells
(Sabourin et al., 1999; Yablonka-Reuveni et al99 Cornelison et al., 2000;

Chargé & Rudnicki, 2004).

1.4.2. Contributions of Other Cells

It is important to understand that although widetgepted, the satellite cell may
not be solely responsible for skeletal muscle reggtion. Other stem cell
sources may contribute directly to the quiescetdliga cell pool (Figure 1.3).
For example, LaBarge and Blau (2008¢entlyused transplantation studies to
demonstrate the ability of bone marrow-derivedsctdl give rise to functional
muscle satellite cells capable of following a myaigdineage and participating
in skeletal muscle regeneratiddide population (SP) cells, which are a muscle-
derived source of stem cells, have also been shitoweontribute to skeletal
muscle regeneration and to the quiescent satekitepool. SP cells do not
display any key satellite cell markers and theeefogpresent a completely
separate population of cells. However, myogeniomels have been produced
by the co-culturing of SP cells with myoblagtsvitro and SP cells have been
shown to successfully contribute to the quiesceatelste cell pool following
their intramuscular transplantation into skeletalsgle (Asakura et al., 2002;

Holterman & Rudnicki, 2005).
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1.5. The Inflammatory Response

In addition to the activation of satellite cellfietonset of the inflammatory
response is also a key milestone in the highly lssordsed sequence of events
which occurs following muscle injury or increasedsole load. Although one
of the primary functions of the inflammatory resperis to provide a defence
system against invading pathogens, its role intis®ue repair process, and
particularly the regulation of wound healing by ewmiles secreted by the
various types of immune cells, is of interest tig thesis (Park & Barbul, 2004;

Tsirogianni et al., 2006).

In the event of muscle injury or increased musoad| the sarcolemma of
individual muscle fibres is usually damaged, resgltn various degrees of fibre
necrosis and an overall disruption of the tendomfibye-tendon functional
unit. The origin of the earliest inflammatory si¢ge not clear; however current
evidence suggests that upon injury, the myogerlls oéthe damaged muscle
activate the inflammatory cells located within thmuscle, and they in turn
release substances such as adenosine, ATP andacidc which act as
chemoattractants to facilitate the migration otwiating inflammatory cells to
the site of injury. In addition, the injury stimtés platelet-secretion of several
growth factors which also aids in this processrdlammatory cell attraction
(Tidball, 1995; Kaaridinen et al., 2000; Chargé &dRicki, 2004; Martin &
Leibovich, 2005). Neutrophils are the first of $eeammune cells to arrive and
their primary roles are to eradicate microbes frim area. They release
proteases which aid in the degradation of celld&bris and thereby reduce the
possibility of infection (Mutsaers et al., 1997;rle& Barbul, 2004; Martin &

Leibovich, 2005; Tidball, 2005; Tsirogianni et &2Q06). However, it has been
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suggested that in the process of destroying irdastagents at the injury site,
neutrophils may also unwittingly damage healthyraunding tissues through
the release of high concentrations of cytotoxic eytlytic molecules, such as
hydrogen peroxide (Tiidus, 1998; Martin & LeibovjcR005; Tidball, 2005;

Butterfield et al., 2006).

Soon after the infiltration of neutrophils, tisswenocytes migrate to the wound
site and differentiate into mature macrophages éetw48 and 96 hours after
injury (DiPietro, 1995; Park & Barbul, 2004). Mapltages are rapaciously
phagocytic, removing any neutrophils from the woanela which have already
undergone apoptosis, in addition to extracellulatrim and cellular debris
(Martin & Leibovich, 2005). Founding studies cadiout by Simpson and Ross
(1972) and Leibovich and Ross (1975), which weterlaupported by Dovi et
al. (2003), demonstrated the impaired ability ofumded guinea pigs to clear
cellular debris after the administration of antimmphage serum and steroids; as
these compounds removed all circulating monocytes tsssue macrophages
from the animals. Interestingly, when this studyswapeated in guinea pigs
depleted of neutrophils instead of macrophagesadwerse effects on tissue
repair were observed. This led the authors to cmiecthat, unlike neutrophils,
macrophages are essential for normal wound hedMaytin & Leibovich,
2005). Furthermore, Dovi et al. (2003) suggestedl since neutrophils were not
fundamental to the injury repair process, any chenas released by these cells
were thus redundant to wound healing, meaning atéks could produce large

guantities of the same substances or some videlmative.
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In addition to their phagocytic abilities, macrogka also secrete various
cytokines and growth factors which contribute t@ ttregulation of wound
healing. Examples of some of these substancesdedl@F-1, IL-1 and IL-6,
leukemia inhibitory factor (LIF), platelet-derivegtowth factor (PDGF), TGF-
alpha (TGFe) and TGFB, and tumor necrosis factor-alpha (TMNJ-These
substances recruit other cells involved in wounie such as endothelial cells,
and regulate fibroblast chemotaxis, proliferationd acollagen synthesis.
Therefore, macrophages play a key role in the faomaof new blood vessels,
fibrous tissue and matrix synthesis during woungane (DiPietro, 1995;
Mutsaers et al, 1997; Park & Barbul, 2004). Furtieme, macrophages express
inducible nitric oxide synthase (iNOS), which haseb shown to mediate
wound closure and collagen deposition (DiPietrdd5t9Mutsaers et al, 1997,

Park & Barbul, 2004).

Macrophage-released factors are also thought tditeetly involved in the
regulation of satellite cells. Lescaudron et a@93; 1997) discovered that the
stimulation of macrophage infiltration in a traremiation model led to earlier
activation of satellite cells. Furthermore, an @aged proportion of MyoD-
positive nuclei (a molecular marker for satelligdl proliferation) was observed
in satellite cells co-cultured with macrophages.tkd plethora of substances
released by macrophages, it was LIF and T©NWhich appeared to be
responsible for stimulating proliferation of thdedbte cells (Kurek et al., 1996;

Merly et al., 1999).
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1.6. Myostatin

The TGF$ superfamily is comprised of a diverse range ofwgno and

differentiation factors that are involved in redirlg both pre-natal and post-
natal myogenesis. One of the key members of tlosipgis myostatin, also
known as growth and differentiation factor-8 (GDJf-&hich is expressed in
embryonic and adult skeletal muscle. Myostatin I@esn identified as a potent
negative regulator of muscle growth (McPherron let 2997; Thomas et al.,

2000).

1.6.1. Myostatin Structure and Expression

Myostatin shares a number of common features wighother members of the
TGF{ superfamily. These include a secretory signal eegel consisting of a
hydrophobic core of amino acids located near thterNHnus, a proteolytic
processing site, and a conserved pattern of niseicye residues, which forms a
distinguishing cystine knot structure at the C-tewns (Thomas et al., 2000;
Jeanplong et al., 2001; Langley et al., 2002; Kaduba&t al., 2004; Zhu et al.,
2004). More specifically, Vitt et al. (2001) desmd how the presence of
cysteine residues in amino acid chains is fundaahéot disulfide bonding and
loop formation, in order to generate a functionait@in motif. Crystal structures
have revealed that of the nine cysteine residuemracteristic of TGH
superfamily members, eight of them form four inb@c disulphide bonds
which further conform into intertwining loops thateate the knot structure,
while the ninth cysteine residue forms an intenchdisulfide bond which
confers stability (Daopin et al., 1992; Sun, 1998)e cystine knot structure

directs the three-dimensional arrangement adoptedthle protein, which
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subsequently exposes hydrophobic residues involvigld the formation of

homo- or heterodimers required for biological atyiv

The myostatin gene itself is organised into thneens and two introns, and is
translated as a full-length peptide that is syn#ieesin skeletal muscle in its
precursor form, a 375 amino acid propeptide. Thodolically active molecule
is generated following two proteolytic processingm@s; the initial removal of
the 24 amino acid signal peptide which is involvath the secretory pathway,
and cleavage at the RSRR (Arg-Ser-Arg-Arg) siteptoduce a 39 kDa N-
terminal Latency Associated Protein (LAP), and &P@& carboxyl-terminal (C-
terminal) mature myostatin molecule (Figure l1l.4hdmas et al., 2000;

Kambadur et al., 2004; Lee, 2004).

The myostatin sequence is highly conserved, withimayurat, human, porcine,
chicken and turkey species showing 100% homology tloé active,

proteolytically processed site; while baboon, bevaimd ovine mature myostatin
proteins differ only in one to three amino acidscferron & Lee, 1997;

Kocamis & Killefer, 2002).

Expression of myostatin mRNA is first detected aty B.5 post-coitum in
approximately one third of mouse somites, spedifithe most mature rostrally
located ones. By day 10.5 post-coitum it is exgedsin nearly every somite
and appears to be limited to the myotome compaittm@éfter further
development, myostatin expression can be detectedthé majority of
developing muscles (McPherron et al., 1997; Kocak§llefer, 2002; Bishop

et al., 2005). Myostatin expression in muscle apptabe fibre-type specific.
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Figure 1.4: The structure of myostatin

A) The biologically active myostatin molecule is gexted following two proteolytic processing
events; the removal of the amino acid signal peptahd cleavage at the RSRR sBg.After
proteolytic processing, the C-terminal dimer reraaioncovalently bound to the LAP, forming
a latent complexC) Proteolytic cleavage of LAP activates the latentostatin D) The C-
terminal dimer is released and thus capable optecéinding. Adapted from Lee (2004).
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The different types of skeletal muscle fibres cancharacterised by different
myosin heavy chain (MHC) isoforms (Linnane et dl999), and a strong
correlation exists between myostatin expression MK type-llb expression,
which is associated with fast muscle fibres (Carlsbal., 1999; Senna Salerno
et al., 2004; Bishop et al., 2005). Although mgtist is predominantly
expressed in skeletal muscle tissue, it has also betected at low levels in
adipose tissue (McPherron et al., 199&dgtating mammary gland tissue (Ji et
al., 1998),and in the cardiomyocytes and Purkinje fibres eftikart (Sharma et

al., 1999).

1.6.2. Myostatin Signalling Pathways

Members of the TGIB- superfamily are secreted growth factors; therefore
order to elicit their biological effect they firaeed to bind to a receptor which
subsequently activates a signal transduction casdad the target cell
(Kambadur et al., 2004; Lee, 2004). Lee and McRIme(R2001) suggested that
following proteolytic processing, the myostatin €@rhinal dimer remains
noncovalently bound to the LAP, forming a lateninpdex. Activation of latent
myostatin occurs through the proteolytic cleavagd AP at the RSRR site
(Figure 1.4), after which the C-terminal dimer igpable of binding to its
receptor, activin type 1IB (Act RIIB). In additioit,can also bind Act RIIA, but
to a lesser extent. Based on the signalling mesh@nof other TGEB- related
ligands, the type-Il receptor kinase is then thauglphosphorylate the recruited
type-l receptor kinase, activin receptor-like kimas (AlIk5), which in turn
phosphorylates the Smad proteins (Kambadur et28D4; Lee, 2004). The
Smad proteins translocate to the nucleus and famas intracellular signal

transducers to regulate the expression of dowmatgeEmes (Padgett et al., 1998;
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Roberts, 1999; Lee, 2004; Zhu et al., 2004; Bisbbpl., 2005). In particular,
Zhu et al. (2004) identified Smad2, Smad3 and Sneslkey molecules in
myostatin signal transduction while Smad7 mediadesiegative feedback

mechanism involved in regulating myostatin sigmail{(Forbes et al., 2006).

1.6.3. The Function of Myostatin

1.6.3.1. Inactivation of Myostatin

As previously mentioned, myostatin has been idedtifis a potent negative
regulator of muscle mass. McPherron et al. (1993¢dugene targeting
techniques to disrupt the myostatin gene in micg @ported that myostatin-
null animals were significantly larger in size théneir wild-type counterparts
(Figure 1.5A). This increase in skeletal muscle snaas due to a combination
of both hyperplasia (an increase in the number afsale fibres) and
hypertrophy (an increase in individual fibre diaergt The hypermuscularity
observed in some cattle breeds, such as the BeRJiam (Figure 1.5D) and
Piedmontese has also been investigated. Thesesbagedlefined by a double
muscle phenotype which results in a 15 to 30% as®en muscle mass, but this
is accompanied by birthing difficulties and otheolgems such as low stress

tolerance and decreased female fertility (Pottd.e2003).

The double-muscle phenotype was found to be thdtresnaturally occurring
mutations which inactivate the myostatin gene (@ta@ al., 1997; Kambadur et
al., 1997; McPherron & Lee, 1997). More specifigalhdn 11 base-pair (bp)
deletion was found in the myostatin gene of Beldgare animals and this led to
a frame-shift mutation resulting in premature ttatisnal termination of

mysotatin. In contrast, a guanine to adenine ttimmsin the myostatin gene was
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found to be responsible for Piedmontese hypermastyl This caused a
cysteine residue to be substituted for a tyrosul@mately disrupting the
important cystine knot structure of the myostatimlenule, inactivating it
(Kambadur et al., 1997; Berry et al., 2002). Rdgershelton and Engvall
(2007) also reported a myostatin mutation in a weipdog displaying gross
muscle hypertrophy (Figure 1.5C); and a human chilth the heavy muscle
phenotype has been found to carry a mutation imtpestatin gene, thought to
be generated by the mis-splicing of myostatin pismumRNA (Figure 1.5B)

(Schuelke et al., 2004; Walsh & Celeste, 2005).

1.6.3.2. Mechanism of Myostatin Action

Numerous studies have suggested that myostatintidasc by regulating
myoblast proliferation and differentiation duringrly myogenesis (Thomas et
al., 2000; Langley et al., 2002), followed by thentol of satellite cell
activation post-natally (McCroskery et al., 2003Jhomas et al. (2000)
demonstrated a dose-dependent relationship betvimeneasing levels of
myostatin and decreasing levels ofOg, mouse myoblast proliferation. More
specifically, myostatin was revealed to inhibit fregression of myoblasts from
the G1 to S phase of the cell cycle. The authoopgsed that myostatin
signalling mediated this effect through an incremséhe expression of p21, a
CDK inhibitor. This was accompanied by decreasgdl$eand activity of CDK2
protein, the principal cyclin-dependent kinase oesble for cell-cycle
progression from the G1 to S phase. As a resulhof@astoma (Rb) proteins
accumulated, leading to myoblasts being detaingldeaG1 phase, and therefore

inhibiting proliferation (Figure 1.6) (Langley &t,e&2004).
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Figure 1.5: Inactivation of myostatin results in dable-muscling phenotypes

A) Myostatin-null mice (bottom) show an increase kelstal muscle mass compared to wild-
type mice (top) (McPherron et al., 199B). Muscle hypertrophy in a human neonate (left) and
at 7 months old (right), as a result of a myostatirtation (Schuelke et al., 2004)) A double
muscled whippet dog (left) carries a homozygousatmut in the myostatin gene which is not
present in wild-type animals (right) (Shelton andgiall, 2007).D) A Belgian Blue bull
showing the double muscle phenotype (McPherron_Laed 1997).
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Figure 1.6: Mechanisms of myostatin action

Myostatin regulates myoblast proliferation and efiéntiation to myotubes through the control
of cell-cycle progression. Increased levels of p@dl decreased levels of Cdk2 expression result
in accumulated Rb protein which prevents entry thi® G1 phase of the cell cycle. Likewise,
myostatin signalling through Smad3 results in teerdased expression of myogenin and MyoD,
therefore inhibiting myoblast differentiation (Ldayg et al., 2002).
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In regard to the regulation of myoblast differetitin, Langley et al. (2004)
recently demonstrated that when myoblasts werai@dtin low serum media
with increasing concentrations of myostatin, myogetifferentiation of the
myoblasts was reversibly blocked. The authors deted that expression of the
myogenic regulatory factors MyoD, Myf-5 and myogeralong with p21, were
significantly decreased in the presence of myost#tiereby inhibiting myoblast
differentiation (Figure 1.6)These results support the findings of Rios et al.
(2002) and Joulia et al. (2003), who studied théects of myostatin

overexpression on stably transfected,C{ myoblasts, drawing similar

conclusions.

In addition to the expression of myostatin in st@lenuscle fibres, myostatin
has also been detected specifically in satellites,cedicating a role in muscle
regeneration and repair (McCroskery et al., 20B&hop et al., 2005).
McCroskery et al. (2003) reported a significantigher number of satellite cells
per skeletal muscle fibre in myostatin-null micenpared to their wild-type
counterparts; and a greater proportion of thesls oedre in an activated state.
The authors suggested that, similar to the reguiadf myoblast proliferation
and differentiation, myostatin inhibits cell cyclg@rogression, thereby
maintaining satellite cells in a quiescent statartlfermore, myoblasts isolated
from myostatin-null mice were found to proliferataster than wild-type
myoblasts, implying that myostatin may also negdyivegulate satellite cell

self-renewal.

The intrinsic mechanisms involved in satellite geljulation by myostatin are

yet to be fully elucidated howevayicFarlane et al. (2008) recently proposed a
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model whereby myostatin negatively regulates thepression of the
transcription factor Pax7, which in turn reguladesellite cell self-renewal. Pax7
is widely expressed in quiescent satellite celsco-expressed with MyoD
during satellite cell proliferation, and is then wderegulated prior to
differentiation. Pax7-null mice show a reduced c#gdor regeneration, with a
gradual decrease in satellite cell numbers as w@trescell cycle defects and
increased levels of apoptosis (Kuang et al., 2&#aix et al., 2006; McFarlane

et al., 2008).

1.6.4. Therapeutic Potential of Myostatin Antagonits

The establishment of myostatin as a potent negatigelator of muscle mass,
muscle regeneration and muscle repair, has endbédoncept of myostatin
antagonists to emerge in the realm of pharmacakbgiberapies. More
specifically, the ability to block myostatin funati has enormous potential in
the treatment of muscle injuries and the many neusehsting conditions
associated with age or disease. The Functional @enomics (FMG) group
at AgResearch Ltd. have recently developed seveyaistatin antagonists by
truncating the biologically active mature myostaiaquence, as shown in

Figure 1.7.

Siriett et al. (2007) recently tested the myostatitagonist, Mstn-antl. Using a
notexin injury model, the authors reported enhancsgeneration levels in
Mstn-antl treated mice, facilitated through thdieaand increased response of
macrophages, and the increased activation and tioigraf satellite cells, when

compared to placebo-treated mice. These resulfsosughe findings of
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Processed Myostatin

NH2 —C—C—C CcC—C Cc—C C— C—COOH
266 282 309 340 375

Mstn-ant1

266 —C—C—C cC—C C-C 350

Mstn-ant3

266 —C—C—C—— 300

Mstn-ant4

266 —C—C—C C 310

Mstn-ant5

266 —C—C—C C —C— 320

Figure 1.7: Myostatin antagonist truncations

The FMG group at AgResearch Ltd. have developedraémyostatin antagonists by truncating
the active mature myostatin sequence (processedstatyy) at different amino acid sites.
Specifically, Mstn-antl was truncated at amino &%@, Mstn-ant3 at amino acid 300, Mstn-
ant4 at amino acid 310 and Mstn-ant5 at amino 82 Each antagonist varies in the number
of cysteine (C) residues it contains.

a7



McCroskery et al. (2005), who observed a similaposse in notexin injured
myostatin-null mice. Furthermore, both McCrosketryake (2005) and Siriett et
al. (2007) reported reduced levels of scarringraftgiry in the myostatin-null
animals and wild-type mice treated with Mstn-arg$pectively. Scarring is a
by-product of the inflammatory response and subsegstages of wound
healing. Fibroblasts are attracted to the wounch aie chemotactic signals
released from the invading macrophages. They sea@siwth factors and
various extracellular matrix proteins, such asag#h, which aid in the repair of
wounded tissue. Unfortunately, excessive amounfguaitic tissue are usually
produced, forming a physical barrier which hindeskeletal muscle
regeneration, resulting in scarring (Zhu et alQ20Li et al., 2008). Recel
vitro andin vivo studies carried out by Li et al. (2008), have aeé that
myostatin directly regulates skeletal muscle fimdlrough the stimulation of

both fibroblast proliferation and the productioneatracellular matrix proteins.

The use of myostatin antagonists in the treatmésaccopenia has also been
investigated. Sarcopenia is the gradual loss désManuscle mass and strength
commonly associated with ageing. It is facilitatebugh impaired satellite cell
function and myogenesis, leading to reduced leweélsnuscle regeneration.
Recently, sarcopenia has been linked to myostatith studies showing a
significant reduction in sarcopenia in myostatinl-moice (Siriett et al., 2006;
2007). Siriett et al. (2007) further studied tHee@s of short-term myostatin
blockade on sarcopenia, using Mstn-antl. The asitheported significantly
increased levels of myogenesis after notexin injaraged mice treated with
Mstn-antl, when compared to placebo-treated miteaddition, grip strength

measurements indicated that the administration &tnhMntl significantly
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increased the muscle strength of aged mice. Againgarlier and increased
response of macrophages and increased activationmaegration of satellite
cells was observed in the aged mice treated withavitl following notexin

injury.

An alternative myostatin antagonist, Mstn-ant3,tnsncated at a different
location to Mstn-antl, and has been shown to adtenonuscle wasting imdx
mice (Kambadur et al., 2006c¢). This mouse modedpsesentative of Duchenne
and Becker muscular dystrophies, a chronic myopaésylting in repeated
rounds of muscle degeneration followed by incongple¢generation, and
ultimately leads to widespread fibrosis (Wagnealet2002).Mdx mice treated
with Mstn-ant3 showed an overall improvement in toyghic muscle
morphology, with reduced areas of necrosis andeas®d regeneration. In
addition, treatment ofmdx mice with Mstn-ant3 led to decreased levels of
creatine kinase (CK), a serum marker of muscle d@naad breakdown, usually
found at high levels imdxmice. Grip strength measurements also indicated a
significant improvement in the strength of dystrigpiuscles over the treatment
period (Kambadur et al., 2006c¢). These resultecethose of Bogdanovich et
al. (2002) and Wagner et al. (2002) who studieceffect of myostatin-blocking
antibodies on dystrophic muscles, and dystrophisateuin myostatin-nulindx

mice, respectively.

Studies have also been carried out on the roleyoktatin in cachexia, a severe
muscle wasting condition seen in many cancer armiSApatients. Zimmers et
al. (2002) demonstrated that systemic administnatd myostatin protein in

mice produced a muscle and fat-loss phenotype wbarhlleled that seen in
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human cachexia conditions. It was recently sugdesi@at the mechanism
behind this myostatin-induced cachexia was thevaibtin of the ubiquitin-
proteasome pathway, via the regulation of the tmapison factor FoxOl1 by
myostatin (McFarlane et al., 2006)he administration of the glucocorticoid
Dexamethasone (Dex) in mice is a widely acceptdabritory model for
cachexia. Ma et al. (2003) reported a significaptegulation in myostatin
expression during glucocorticoid-induced musclety, while Gilsonet al.
(2007) demonstrated that absence of myostatin cpuddent this atrophy.
Studies have shown that the expression of Pax7MyaD was significantly
decreased in mice treated with Dex; however this waversed with the
administration of Mstn-ant3 (unpublished data). Séheresults suggest a

potential role for myostatin antagonists in theaktion of cachexia symptoms.

The actual mechanism of action for the myostatitagonists is yet to be fully
defined. However, it is thought that the antagomsay either form a
heterodimer with endogenous myostatin, leadingh®impaired ability of the
heterodimer to signal through the Act RIIB receptorthat the antagonist may
directly bind to the receptor and therefore playoke in competitive binding

(personal communication).
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1.7. Objectives and Hypotheses

Myostatin has been identified as a potent negatgelator of muscle mass and
functions by regulating myoblast proliferation adifferentiation during early
myogenesis; followed by the post-natal control efeBite cell activation
(Thomas et al., 2000; Langley et al., 2002). Inigald, myostatin is thought to
inhibit muscle regeneration and repair (McCroskatrgl., 2003). Therefore, the
ability to block myostatin function has significagobtential in the treatment of
muscle injury and various muscle wasting conditiassociated with age and
disease. This concept has been supported by nusstadies carried out using
myostatin-null mice, murine models of wound healisgch as notexin and
incision injury, and murine models of muscle wagtisuch as sarcopeniadx
and glucocorticoid-induced cachexia (Bogdanovichlgt2002; Zimmers et al.,
2002; Wagner et al., 2002; Ma et al., 2003; McCeoglet al., 2005; Siriett et
al., 2006; Gilson et al., 2007; Siriett et al., 20Qnpublished data). In addition,
the recent development of myostatin antagonists basn a significant
advancement in this field of study (Kambadur et a006a; 2006b; 2006c;

Siriett et al., 2007).

1.7.1. Development of the Muscle Burn Injury Model

Although various murine muscle injury models exigtere is currently no

standardised murine muscle burn injury model. Tioeee a significant

proportion of time and research for this thesis dedicated to developing and
testing the first murine muscle burn injury thaulkbbe utilised for both this
thesis and future wound healing studies. When coetbiwith existing injury

models, the murine burn injury model enables a naocrairate representation of
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muscle wound healing, which is important for thevelepment of

pharmaceutical therapies that will aid in the woledling process.

To develop this burn injury model, numerous différtnermal injury techniques
that have previously been developed and publishe viirst reviewed. The
severity of the burn wound produced by each tealianged from partial-
thickness to full-thickness (determined by the degmof damage to the
epidermis, dermis and associated nerve endingsiramd3% to 40% total body
surface area. Furthermore, a variety of animal ispeavere used in the

development of these burn injury models, includimge, rats, sheep and pigs.

Briefly, Stieritz and Holder (1975)riginally isolated an area of shaved skin on
the back of a mouse using a flame-resistant plastid with a window in it.
Ethanol was applied to the open area, ignited dlodved to burn for 10 s
(Neely et al., 1999, Higashimori et al., 2005). 3&d¢emplate devices have also
been used with other burn agents, such as exptsengkin area in the window
to 100°C temperature water (Pawlik et al., 2003jaB& Croft et al., 2004).
Gore et al. (2005) also explored the use of a Buhsener flame to produce a
severe burn injury on the back and flanks of mides method was also used to
produce a flame burn wound in sheep (Sakurai g2@02). Bairy et al. (1997)
used an alternative approach, placing a metal agtion the back of a rat and
pouring hot molten wax at a temperature of 80°C rdaw The cylinder was
removed once the wax had solidified (approximat8lymin), leaving a
consistent circular wound. Astrakas et al. (2008l #adfield et al. (2005)

described a less severe method, where the left lmima of an anaesthetised

52



mouse was immersed in 90°C water for 3 s, produailsgald injury that was

only 3-5% of the total body surface area.

Other instruments have also been constructed tdupeoburn injuries. Most
popular are brass bars, which are heated in 100%d water before being
applied to the skin (Meyer & da Silva, 1999; Willet al., 2005; Mgller-
Kristensen, et al., 2006; Mgller-Kristensen, et 2D07) Alternatively, brass
plates heated in 100°C boiling water were usedddyce burn injuries on the
sides of larger animals such as pigs (Papp eR@D5). The use of lasers has
also been explored, with the aim of producing bwhs consistent depth to
reduce variability (Cohen et al., 2003)/ith regard to a thermal burn injury
specifically to skeletal muscle, there appears ¢odmly one entry in the
literature. Toader-Radu (1978) passed a red-hadlheeneedle through the skin
of the hind limb of rats, and applied it to the fage of the TA muscle.
However, this produced only a small burn area, itegkconsistency in its

severity.

For the purpose of developing a murine muscle byuny model for this thesis,
the methods outlined above were discussed withRi@kura Animal Ethics
Committee. Those involving the use of ignited ettaand a Bunsen burner
flame were not approved and some of the other tgaka were not physically
appropriate to use on skeletal muscle. In addits@me burn injury techniques

had a higher risk of infection, which needed tabeided.

53



1.7.2. Invivo Trial

In addition to developing a murine muscle burn ripjumodel, this thesis
describes the firsin vivo trial using the myostatin antagonist, Mstn-ant4.
Specifically, the ability of Mstn-ant4 to improveownd healing was evaluated
using the murine muscle burn injury model. Reslutim this thesis contributed
to a larger study being undertaken by the FMG graupgResearch Ltd., with
the aim of determining the efficacy of myostatiriagonists on different muscle

regeneration conditions.

Three key techniques were used to analyse thetsestilthein vivo trial:

histology, gene expression analysis using RNA,iamdunocytochemistry.

The histological analysis focused on two estabtislstaining techniques,
Haematoxylin and Eosin (H and E) and Van Geisore Onthe characteristic
features of skeletal muscle regeneration is thesgmee of centrally formed
nuclei (CFN) in the muscle fibres (Brazelton et 2003), which can be detected
using H and E staining. Following the burn injuextensive skeletal muscle
regeneration would be expected to occur and therefio associated increase in
CFN would be hypothesised. Van Gieson stainingatiei®ollagen deposition in
a tissue. As discussed in Section 1.6.4 of thisishecarring forms as a result of
excessive fibrotic tissue being produced duringitifiemmatory response and
subsequent stages of wound healing. A key compoaogifibrotic tissue is
collagen, and therefore Van Gieson staining candael as an indicator for the
level of fibrogenesis occurring in a tissue. Simia CFN, an increase in the
levels of collagen deposition over time would bepexnted as muscle

regeneration progresses following the burn injury.
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There are actually five different types of collagpresent in adult skeletal
muscle: types |, lll, 1V, V and VI (Listrat et alL999). Collagen types | and Il
are the most abundant of these and they each hae@fis localisations.
Collagen type | is predominantly found in tendons ¢he epimysium, but can
also appear in small quantities in the perimysiuvhjle collagen type Il is
predominantly found in the perimysium (Duance et dl977). Methods
including Semi-Quantitative PCR and Real-Time PGR RNA to analyse the
expression level of targeted genes in a specifiesli¢, and therefore these
techniques were used to evaluate the gene expnelssiels of collagen types |
and 1l for this thesis. An increase in both codagtypes | and Il gene
expression would be expected to reflect the residltbe Van Gieson staining.
Furthermore, Garcia-Filipe et al. (2006) recentbsatibed a ‘fibrotic index’
used to evaluate the levels of fibrogenesis dumogind healing following a
skin burn injury. Specifically, the authors evakththe ratio of collagen type Il
to collagen type | production and suggested thaiative increase in collagen

type 1l could be indicative of extensive fibrosis.

In addition to collagen, the expression levelsafrfmyogenic genes were also
evaluated for this thesis; namely mighty, MyoD, mgoin and Pax7. Mighty, a
downstream target of myostatin, is a novel gené Wes discovered by the
FMG group at AgResearch Ltd. during studies ingasiing the mechanisms by
which myostatin negatively regulates muscle masghty was found to play a
key role in the enhanced differentiation and hyp@tty of myoblasts,
characteristic of reduced levels of myostatin egpien (Marshall et al., 2008).
Therefore, analysing mighty expression is a ustill for evaluating the levels

of myogenesis occurring in skeletal muscle. Previanalyses of mighty
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expression in notexin and incision injury modelser(8a Salerno et al.,
submitted) show mighty expression is first deteletadt day 2 post-injury,
followed by a peak in expression levels betweers @&agnd 7 post-injury, before
a gradual decline in expression. For this thessimalar pattern of mighty gene

expression would be expected following the burarpj

As discussed in Section 1.3.3.1, MyoD and myogesni@ MRFs that are
essential for the growth of muscle during skeletaiscle development. More
specifically, MyoD is involved with regulating thdetermination process,
leading to the multipotent somite cells being cottedi to the myogenic
lineage, while myogenin is involved with the initam of myoblast
differentiation which occurs later in the myogempimgramme. Therefore the
analysis of MyoD and myogenin expression are udefuévaluating the levels
of myogenesis occurring in skeletal muscle, and waild expect MyoD
expression to be upregulated earlier than myogerpression, following the

burn injury.

Section 1.4.1 of this thesis discussed the capacisatellite cells to facilitate
the majority of post-natal skeletal muscle growthaintenance, repair and
regeneration. Upon activation from the quiesceatestsatellite cells co-express
Pax7 and MyoD while they proliferate, and then deegulate Pax7 prior to
differentiation. In addition, to prevent depletiai the satellite cell pool,
evidence suggests that satellite cells have tHeyato self-renew, and Pax7 has
been implicated in the regulation of this procdssang et al., 2006; Relaix et
al., 2006; McFarlane et al., 2008). Recent studige shown that myostatin

negatively regulates the expression of Pax7 (Melrarkt al., 2008). Therefore,
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analysing Pax7 expression can be a useful toanfamitoring regeneration via
satellite cells in skeletal muscle. An increas®ax7 gene expression would be
expected following the burn injury; due to moreeflde cells being activated to
participate in muscle regeneration and also to rgudself-renewal in order to

replenish the satellite cell pool that would haubsequently been depleted.

Finally, a key event of the inflammatory response the infiltration of
macrophages to the wound site and this was evdluatethis thesis using
Macrophage antigen complex-1 (Macl) immunocytockemi (ICC). As
discussed in Section 1.5, macrophages are rapacighisgocytic, removing all
cellular debris in preparation for fibre repair anew fibre formation. As a
member of the leukocyte-specific beta (2) integamily, Macl is involved
with all aspects of the inflammatory response, udoig phagocytosis,
chemotaxis, migration and adhesion (Mayadas & @ll005; Hu et al.,
2008). In addition, evidence suggests that Macyspdekey role in inducing the
NF-«B transcription factor signalling pathway, whicladis to the production of
inflammatory factors (Ingalls et al., 1998; Medvedst al., 1998; Hu et al.,
2008). Therefore one would expect the infiltratadmmacrophages to the site of
burn injury to be quite substantial soon after ltken injury is inflicted to clear

the area, and then gradually decline as skeletatlmuegeneration progresses.

1.7.3. Hypotheses

Overall, based on the results of previous studgagumyostatin-null mice,
murine models of muscle wound healing such as nota®d incision injury,
and murine models of muscle wasting, such as samapndx and cachexia

(Bogdanovich et al., 2002; Zimmers et al., 2002 gwWé& et al., 2002; Ma et al.,
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2003; McCroskery et al., 2005; Siriett et al., 20G@son et al., 2007; Siriett et
al., 2007; unpublished data), as well as thosegusiher myostatin antagonists
(Kambadur et al.,, 2006a; 2006b; 2006c; Siriett bt 2007); it can be
hypothesised that following a burn injury in mi¢ke administration of Mstn-
ant4 would significantly improve wound healing camgd to placebo-treated
mice. Specifically, the levels of CEN and the numieCFN per fibre would be
expected to be higher in the Mstn-ant4-treated mae well as higher
expression levels of the myogenic genes and aeased and earlier migration
of macrophages to the site of injury. On the othand, collagen deposition
detected by Van Geison staining, as well as thee gexpression levels of
collagen types | and Il would be expected to b&eioin mice treated with

Mstn-ant4 compared to placebo-treated mice.

1.7.4. Objectives

The specific objectives for this thesis are afol:

Objective 1 To develop a murine muscle burn injury modelatlg for using in

both this thesis and future wound healing studies.

Objective 2 To determine the efficacy of Myostatin-antagohisin wound

healing following a severe muscle burn injury.
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Chapter Two: Materials and Methods

2.1. Materials

2.1.1. Animals

Ten male mice of the wild-type strain C57 bl/6 wased for a pilot trial. These
mice were approximately 12 months of age. A fur@@male mice of the wild-
type strain C57bl/6 were used in the mamnvivo trial. These mice were
approximately 9 months of age. All animals weredbend housed at the
Ruakura Small Animal Colony containment facilitypdakept at a constant
temperature of 20-22°C, with a natural day/nightleyand food and water
availablead libitum Approval from both the Ruakura Animal Ethics Coitte@
and The University of Waikato Animal Ethics Commétwas granted prior to

any animal manipulations were carried out.

2.1.2. Oligonucleotide Primers

Oligonucleotide primers were designed for use ie tBemi-Quantitative
Polymerase Chain Reaction (PCR) and Real-Time P@Rlifications of
cDNA, and were obtained from either Invitrogen oigrga Aldrich. The
oligonucleotides were initially re-suspended in 300of MilliQ sterile water
and stored at -20°C, before being further dilut&t WilliQ sterile water to a 10
UM working solution for use in PCR. All diluted prér aliquots were stored at

-20°C. The primer sequences used in this thesisséed in Table 1.

2.1.3. Antibodies

Antibodies used for ICC in this thesis are listed able 2.
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Table 1: Oligonucleotide Primers

Product

Gene Primer Sequence (5’ to 3) . Use
Size (bp)

Collagen Fwd: ATGTCGCTATCCAGCTGACC 192 RT

(Typel) Rev: AAGGGTGCTGTAGGTGAAGC

Collagen Fwd: ATAAGCCCTGATGGTTCTCG 195 RT

(Type lll) Rev: CTTACGTGGGACAGTCATGG

Mighty Fwd: TGAAGCGGCCCATGGAGTTC 350 SQ
Rev: GGTGGGCTGGTCCTTCTTCA

Mighty Fwd: GATGAAGAAGGACCAGCCCAC 217 RT
Rev: TTGGCCTTGTCCCGTATCGC

MyoD Fwd: CGGCGGCAGAATGGCTACGA 313 SQ &
Rev: TGCAGTCGATCTCTCAAAGCACC RT

Myogenin Fwd: GAAAGTGAATGAGGCCTTCG 308 SQ &
Rev: AGATTGTGGGCGTCTGTAGG RT

Pax7 Fwd: GCTGCCGGACTCTACCTACC 571 SQ
Rev: CCAGCACAGCGGAGTGTTCC

Pax7 Fwd: ACAGCATCGACGGCATCCTG 272 RT
Rev: GTTACTGAACCAGACCTGCACG

18S (HK) Fwd: AACGTCTGCCCTATCAACT 699 SQ
Rev: AACCTCCGACTTTGCTTCT

H3.3A Fwd: GGCTCGTACAAAGCAGACTGCC 225 RT

(HK) Rev: GCAATTTCTCGCACCAGACG

*HK = Housekeeping Gene

Table 2: Antibodies

*RT = Real-Time *SQ = Semi-Quantitative

Antibody Dilution Source

Rabbit anti-Mighty peptide 1:100 AgResearch
Goat anti-Macl 1:100 Santa Cruz
Biotinylated Donkey anti-Rabbit Ig 1:300 Amersham
Biotinylated Donkey anti-Sheep/Goat 1:300 Amersham
Alexa Fluor 488 1:400 Molecular Probes
DAPI 1:1000 Molecular Probes
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2.1.4. Solutions
Common solutions used in this thesis were maderditgpto Ausubel et al.

(1987) and/or Lillie (1965) and are listed in thpp&ndix.
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2.2. Methods

2.2.1. Pilot Trial

A pilot trial was undertaken to determine the dtads for the mainn vivo
trial, including duration and frequency of samplalaection. Unfortunately,
Orico Ltd., who was funding the Enterprise Schdigrdor this research, had
not decided which myostatin antagonist to focusasra lead molecule at this
stage, therefore, no antagonist could be testedomunction with the burn
injury during the pilot trial. Based on animal dadility at the time, C57bl/6

mice that were approximately 12 months of age wesal.

2.2.1.1. Burn Injury

Mice were anaesthetised using the general anaeskatamine hydrochloride
(Class 2) xylazine hydrochloride (Class 2). An simn was made over the left
TA muscle of the hind limb, and a red-hot metal 608 mm wide and 7 mm
long was applied directly to the TA muscle for S'ee wound was closed with

a surgical clip.

2.2.1.2. Sample Collection

Mice were allowed to heal for 5, 7, 14, 21, andda®s post-injury. On each of
these days two mice were sacrificed. The TA muselese excised and
processed for histological analysis by coating wWiksue Tek O.C.T compound
(Sakura) and freezing in liquid nitrogen-cooled-mmmtane (BDH) for 10 s.

Frozen TA muscles were stored at -80°C until use.
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2.2.2. Invivo Trial

Upon the successful completion of the pilot trthk in vivo trial commenced.

By this time, Orico Ltd. had decided to focus o tmyostatin antagonist
truncated at amino acid 310, termed Mstn-ant4, @& molecule so this was
used for than vivo trial. Ninety-six male mice of the wild-type stnaC57bl/6

were used.

2.2.2.1. Production of Mstn-ant4

The myostatin antagonist used in this thesis wasemged and purified by
members of the FMG group at AgResearch Ltd. asritbestc by Siriett et al.
(2007). However, instead of being truncated at #meino acid 350, the
biologically active mature myostatin sequence wasdated at amino acid 310.
Briefly, a portion of bovine myostatin cDNA truneat at amino acid 310 was
PCR-amplified and inserted into the cloning ve@&T 16-B (Novagen). The
myostatin coding sequence was placed in-frame wAihhistidine residues,
which have a high affinity for nickel. The resuliiconstruct was transformed
into DH5a cells and then sequenced to verify the absenceudftions. A
population of BL21E. coli competent cells (Invitrogen) were then transformed
with the recombinant myostatin expression vectottuced in Luria Bertani
(LB) broth for 12 h and 0.5 mM isopropyl thisgalactoside (IPTG) added to
induce production of the myostatin antagonist pnotéfter collection via
centrifugation, bacteria were re-suspended in sifer and sonicated. The
truncated protein was purified from the sonicatetl suspension using Ni-
agarose affinity chromatography (Qiagen). To chibekpurity of the myostatin
antagonist, the protein was run on a NuPAY%E-12% Bis-Tris gel (Invitrogen)

and stained with Coomassie Blue stain (Figure 2.1).
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Figure 2.1: Coomassie blue stain of purified myostan antagonists

Three purified myostatin antagonists developedhey RMG group at AgResearch Ltd. Mstn-
ant3 is truncated at the amino acid 300, Mstn-amtdmino acid 310 and Mstn-ant5 at amino
acid 320. As each of the myostatin antagonists wenecated at a different amino acid, the
overall size (kDa) of each molecule is differens, r@flected by their mobility on the gel.

Furthermore, band intensity increased with incregagioncentration (1 pg, 3 pug and 6 pg) of
myostatin antagonist.
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2.2.2.2. Burn Injury
Mice were subjected to the burn injury describedtf@ pilot trial in Section

2.2.1.1 of this thesis.

2.2.2.3. Administration of Mstn-ant4 or Saline
Mice were injected subcutaneously with 6 pg/g badyght of saline or Mstn-

ant4d on days 1, 3, 5, 7, 10 and 15 post-injury (@ 8l.

2.2.2.4. Sample Collection

As shown in Table 3nice were allowed to heal for 2, 4, 7, 14, 21, 28,and
46 days post-injury. On each of these days, 6 eafijiected mice and 6 Mstn-
ant4-injected mice were sacrificed. The body weaftthe animal was recorded
and both the left (burnt) and right (control) TA sales were dissected out and
weighed. For each collection day, the TA musclesf8 of the saline and 3 of
the Mstn-ant4-injected mice were processed forlugtcal and ICC analysis,
by coating the muscle in Tissue Tek O.C.T compo{8akura) and freezing in
liquid nitrogen-cooled iso-pentane (BDH) for 10The muscle samples from
the other 3 mice were frozen directly in liquidragen for RNA extraction. All

samples were stored at -80°C until use.

Table 3: Injection and Sample Collection Scheduleof the In vivo Trial

7 10 14 15 21 28 35 46

Day

Injection

Sample
Collection

INJURY |o
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2.2.3. Histology

As described in Section 2.2.2.4, a proportion @& thuscle samples obtained
from thein vivo trial were reserved for histological analysispheparation, the

96 frozen TA muscles were cut on a Leica Cryocu018nd the resulting 10
pm thick sections placed on Esco POLYSINE microscatides (Biolab

Scientific). The slides were stored at -20°C wr.

2.2.3.1. Hand E Staining

The 96 TA muscle sections were defrosted at roonpégature (RT) in a humid
chamber. They were first submerged in Gill's haemxgin stain for 4 min, and
washed with tap water until the water ran cleae $ldes were then submerged
in Scott's tap water for 3 min and rinsed in tapew&r 2 min. Slides were then
stained in eosin for 2 min, washed with tap watail the water ran clear and
then rinsed for a further 2 min with tap water. Thascle sections were then
dehydrated by submerging the slides in an asceradivanol series consisting of
50% ethanol for 30 s, 70% ethanol for 1 min, 95%artl for 1 min, and then
twice in 100% ethanol for 2 min each. Finally thedes were submerged twice
in xylene for 5 min each. Cover slips were mounisithg xylene-based DPX
mounting for microscopy (BHD). Muscle sections werewed using a Leica
AF6000 microscope (Leica Microsystems Ltd.) with attached Leica
DFC300FX digital camera. Images were capturedguthe Leica Application
Suite Version 2.5.0.R1 software (Leica Microsysteitd.) and individually

analysed using Image Pro-Plus 6.0 software.
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2.2.3.2. Van Gieson Staining

The 96 TA muscle sections were defrosted at RT mumid chamber. The
muscle sections were first fixed in 10% formalim t min at RT, and then
washed twice with PBS for 4 min each time. Equdlrees of Weigert's iron
haematoxylin solution A and solution B were thexexi, and used to stain the
muscle sections for 10 min. The slides were theshed with tap water until the
water ran clear, and then rinsed for a further 8 mith tap water. The muscle
sections were then stained with Van Gieson solutmnl10 min and rinsed
quickly by dipping the slides into tap water thtemes. The muscle sections
were then dehydrated by submerging the slides iasaending ethanol series
consisting of 50% ethanol with a few drops of ma&cid for 30 s, 100% ethanol
and picric acid for 1 min, 100% ethanol for 2 mimddinally twice in xylene for
5 min each. Cover slips were mounted using xyleaset DPX mounting for
microscopy (BHD). Muscle sections were viewed usiagLeica AF6000
microscope (Leica Microsystems Ltd.) with an ateth_eica DFC300FX
digital camera. Images were captured using theaL&pplication Suite Version
2.5.0.R1 software (Leica Microsystems Ltd.) andivitthally analysed using

Image Pro-Plus 6.0 software.

2.2.4. Analysis of Gene Expression Using RNA

As described in Section 2.2.2.4, a proportion @& thuscle samples obtained
from thein vivo trial were reserved for RNA extraction, in orderdarry out
Semi-Quantitative and Real-time PCR reactions ayae the expression levels

of various genes.
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2.2.4.1. RNA Extraction
Total RNA was individually extracted from the tissaf 96 TA muscles using

TRIzol reagent (Invitrogen), following the manufar’s protocol.

Each TA muscle was homogenised with 1 ml TRIzol @mg of tissue and
centrifuged at 12,000 x g for 10 min at 4°C to gtedlellular debris. 200 pl of
chloroform per 1 ml TRIzol was added and the sampieubated for 2-3 min
before centrifugation at 12,000 x g for 15 min &€ 4The upper aqueous phase
was then transferred to a clean Eppendorf tube amdequal volume of
chloroform added. Tubes were then centrifuged @AQ®x g for 15 min at 4°C
and the upper aqueous layer transferred to a ¢lés 500 pl of isopropanol
per 1 ml of TRIzol was added to the aqueous phasketlae samples were
incubated at RT for 10 min, and then centrifuged 2000 x g for 10 min at
4°C. The resulting RNA pellet was washed with 1745% ethanol made with
diethyl pyrocarbonate (DEPC)-treated water, thertrdaged at 7,500 x g for 5
min at 4C. The RNA pellet was then air-dried for 5-10 miefdye being re-
suspended in DEPC-treated water. Incubation at8&-or 10 min completed

the re-suspension. RNA was stored at -80°C urgil us

2.2.4.2. First Strand cDNA Synthesis
cDNA for each of the 96 TA muscles was generat@agusie SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen),coeding to the

manufacturer’s protocol.

1-5 pg of RNA was added to 1 pl of 10 mM dNTPs and Oligo(dT) .15 then

made up to 10 pl with DEPC-treated water. The samals incubated at 65°C
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for 5 min and then chilled on ice for at least hmiio each reaction, 2 pul of 10x
RT buffer, 4 pl 25 mM MgGl 2 pl of 0.1 M DTT, and 1 pul RNase OUT
Recombinant RNase Inhibitor was added, and thenwleze incubated at 42°C
for 2 min. 1 pl of Superscript Il Reverse Transage was added to each
reaction and then incubated at 42°C for a furti@m®bn. The reaction was
terminated at 70°C for 15 min and the sampleseazhitin ice. 1 ul RNaseH was
added to each tube then incubated for a final 20 abi37°C. All cDNA was

stored at -20°C.

2.2.4.3. Semi-Quantitative PCR
PCR amplifications for 4 myogenic genes plus a bBkesping gene were
carried out for each of the 96 TA muscles using D&tA Polymerase (Roche),

following the manufacturer’s protocol.

Each PCR reaction mix contained 1 pl of templat&N&D5 pl of 10x PCR
buffer + Mg™ (Roche), 1 pl of 10 mM dNTPs, 1 pl each of 10 dvivard and
reverse primer (Table 1) for the specific gene pobd0.5-1 ul of Tag DNA
Polymerase, and were made up to a total volumedgil5with MilliQ sterile

water. In addition, each reaction mix for the PQRphHfications of 18S and
mighty also contained 1 pl of 5x Q solution. Theaywing of the PCR
reactions was carried out using a BioRad DNAEndred#ier Thermal Cycler
(BioRad). For visualisation, 10 ul of each PCR reaction pobavas combined
with 1 pl of 10x DNA loading dye and run on a 1%asaggse gel with 5 pl of
DNA 1kb+ ladder (Invitrogen) as a reference. Gelsavexposed to UV light

using a BioRad Gel Doc 2000. Images were captured l@and density
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measured using BioRad Quantity One 4.4.1 softwanalysis was by relative

guantitation to the housekeeping gene, 18S.

The PCR amplifications were standardised using cD&RAplates derived from
control mouse TA muscle obtained during time vivo trial. Various cycle

numbers were used during standardisation to deterrfie linear increase in
product during amplification. The PCR primers asteld in Table 1 and the

PCR cycle conditions are listed in Table 4.

Table 4: Semi-Quantitative PCR Cycle Conditions

Product Denaturation Annealing Extension Cycle
Number

Mighty 94°C, 20's 66C, 45 s 72, 1min 28

MyoD 94°C, 30's 66C, 30 s 72C,2min 26

Myogenin 94C,30s 62C, 30s 72C,2min 32

Pax7 94C, 30 s 66C, 30 s 72C,2min 33

18S 98C, 20 s 58C, 45 s 72C, 1 min 8

2.2.4.4. Real-Time PCR
Real-Time PCR amplifications were carried out fagedies plus a housekeeping

gene, for each of the 96 TA muscles using Light@ydFastStart DNA

Mastef""S SYBR Green 1 (Roche), following the manufacturerstocol.

Each Real-Time PCR reaction mix contained 3 pleohflate cDNA, 0.5 ul
each of 10 uM forward and reverse primer (Tablefal)the specific gene
product, 2 ul LightCycler Master Mix (Roche), andr& made up to a total
volume of 10.5 pl with MilliQ sterile water. In attidn, each reaction mix for

the Real-Time PCR amplifications of Pax7 also coeté 1 ul of PCRx. These
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reaction mixes were loaded into precooled Light€ychpillaries and amplified
using the LightCycler Carousel-Based system (RochAbyolute quantitation
and melting curve analyses were carried out udmegLtightCycler Software
Version 4.0. These wergased on standard curves generated using a séries 0
dilutions with known concentrations of cDNA temgstderived from control
mouse TA muscle from the vivo trial. The Real-Time PCR primers are listed

in Table 1 and the Real-Time PCR cycle conditiaesliated in Table 5.

Table 5: Real-Time PCR Cycle Conditions

Product Denaturation Annealing Extension Cycle
Number
Mighty 95°C,5s 60C, 10 s 72C, 10s 45
MyoD 95C,5s 66C, 10 s 72C,10s 45
Myogenin 98C,5s 60C, 10 s 72C, 10s 45
Pax7 95C,5s 66C, 10 s 72C,10s 45
H3.3A 95C,5s 66C, 10 s 72C,10's 45

2.2.5. Analysis of Gene Expression Using Protein

In order to produce a statistically significantukesall muscle samples obtained
from thein vivo trial were used for histological analysis and gsial of gene
expression using RNA. Due to limitations on the bemof mice available for
the in vivo trial and the Animal Ethics Committee not grantiagproval to
inflict burn injuries on both hind limbs of eachimal, there were no samples
left to independently extract protein using themalr protocol used in the FMG
laboratory. However, an alternative protocol wagsempted using the
phenol/ethanol phase normally discarded duringRN& extraction described

in Section 2.2.4.1 of this thesis.
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2.2.5.1. Protein Extraction from Phenol/Ethanoldgha
Protein was extracted from the Phenol/Ethanol phédskowing the

manufacturer’s protocol (Invitrogen).

To remove DNA, 0.3 ml of ethanol was added to thenpl/ethanol phase left
over from the TRIzol RNA extraction, mixed by ing&n and incubated at RT
for 2-3 min. Tubes were then centrifuged at 5000 for 5 min at 4°C. The
supernatant was transferred to a round-bottomtubst- To precipitate the
protein, 3 ml of acetone was added to each tubereadbated at RT for 10 min,
before centrifuging at 10,000 x g for 10 min at 49© wash the protein, the
supernatant was removed and the pellet washed & twith 0.3 M guanidine
hydrochloride (GuHCI) in 95% ethanol. For each wa&hml of the GuHCI
solution was used and the protein pellet was brakensing a pipette tip. The
pellet was stored in the GuHCI| wash solution for &aih at RT and then
centrifuged at 7,500 x g for 5 min at 4°C to rea&qthe pellet. After the final
wash, the protein pellet was vortexed in 2 ml oD%0ethanol, left in the
solution for 20 min at RT and then centrifuged &00 x g for 5 min at 4°C to
reacquire the pellet. The protein pellet was thedissolved by removing the
ethanol and air-drying the pellet for 30 min at B00 ul of 1% sodium dodecyl
sulphate (SDS) was added to each tube, incubat&d’a for 10 min then
centrifuged at 10,000 x g for 10 min at 4°C. Theesoatant was transferred to a
1.7 ml eppendorf tube and centrifuged at 12,000 farglO0 min at 4°C. The
supernatant was then transferred to a new tubéeiRmas stored at -20°C until

use.
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2.2.6. ICC

As described in Section 2.2.2.4, a proportion @& thuscle samples obtained
from thein vivo trial were reserved for ICC. In preparation, tigef@bzen TA
muscles were cut on a Leica Cryocut 1800 and tkeltreg 10 pm thick
sections placed on Esco POLYSINE microscope sliBesdab Scientific). The

slides were stored at -20°C until use.

2.2.6.1. Mighty ICC

The 96 tissue sections were thawed in a humid charfolp 5-10 min and then
an outline circle was drawn around each sectiorh witPAP pen (Zymed

Laboratories Inc). Sections were blocked with PB$-D.2% bovine serum

albumin (BSA) + 10% normal donkey serum (NDS) foh@urs at RT in a

humid chamber. The primary rabbit anti-Mighty antly was added at 1:100 in
PBS-T + 0.2% BSA + 5% NDS and the sections welteoledrnight at 4°C in a

humid chamber. As a negative control, primary aijpbwas not added to one
section. The following day, the primary antibodysn@moved and the slides
washed three times in PBS for 4 min each wash.id®esctvere then fixed in

10% buffered formalin for 5 min at RT in a humidaahber and then washed
three times in PBS for 4 min each wash. The seagnimersham biotinylated

donkey anti-rabbit antibody was added at 1:300B$H + 0.2% BSA + 5%

NDS and left for 1 hour at RT in a humid chambdre Becondary antibody was
then removed and the slide rinsed in PBS, washes ttimes in PBS-T for 4

min each time and then rinsed in PBS again. ThiatgrMolecular Probes

Alexa fluor 488 antibody was added at 1:400 in PB&0.2% BSA and left for

1 hour at RT in a dark humid chamber. The tertarijbody was then removed

and the slides washed two times in PBS for 4 maoh e@ash. To counterstain,
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DAPI was added to each section at 1:1000 in PBSforin at RT in a dark
humid chamber and then the slides were washed wi&BS for 4 min each
wash. Slides were then dried and coverslips mountigll DakoCytomation
fluorescent mounting medium (Med-bio Ltd). Slidesrev stored wrapped in
tinfoil at 4°C. Muscle sections were viewed using a Leica AF6@@troscope
(Leica Microsystems Ltd.) with an attached Leica3BOFX digital camera.
Images were captured using the Leica ApplicationteS¥ersion 2.5.0.R1
software (Leica Microsystems Ltd.) and individuatiyalysed using simple

visual estimation.

2.2.6.2. Macl ICC

The 96 tissue sections were thawed in a humid ckarfalp 5-10 min and then
an outline circle was drawn around each sectiorh witPAP pen (Zymed
Laboratories Inc). Sections were blocked with PB$-0.2% BSA + 10% NDS
for 30 min at RT in a humid chamber. The primaratganti-Macl antibody was
added at 1:100 in PBS-T + 0.2% BSA + 5% NDS andsieions were left
overnight at 4°C in a humid chamber. As a negativ&rol, primary antibody
was not added to one section. The following dag, phimary antibody was
removed and the slides washed three times in PB3 fanin each wash.
Sections were then fixed in 10% buffered formabn% min at RT in a humid
chamber and then washed three times in PBS for @ each wash. The
secondary Amersham biotinylated donkey anti-she&g/gntibody was added
at 1:300 in PBS-T + 0.2% BSA + 5% NDS and left Tdnour at RT in a humid
chamber. The secondary antibody was then removddtten slide rinsed in
PBS, washed three times in PBS-T 0.2% for 4 mir ¢imee and then rinsed in

PBS again. The tertiary Molecular Probes Alexarfld88 antibody was added
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at 1:400 in PBS-T + 0.2% BSA and left for 1 hourRi in a dark humid
chamber. The tertiary antibody was then removed thadslides washed two
times in PBS for 4 min each wash. To counterstA®P| was added to each
section at 1:1000 in PBS for 5 min at room tempeeatn a dark humid
chamber and then the slides were washed twice & B4 min each wash.
Slides were then dried and coverslips mounted wiiakoCytomation
fluorescent mounting medium (Med-bio Ltd). Slidesrev stored wrapped in
tinfoil at 4°C. Muscle sections were viewed using a Leica AF6@@troscope
(Leica Microsystems Ltd.) with an attached Leica3BOFX digital camera.
Images were captured using the Leica ApplicationteS¥ersion 2.5.0.R1
software (Leica Microsystems Ltd.) and macrophagehvidually counted

using Image Pro-Plus 6.0 software.

2.2.7. Statistical Analysis

Due to the skewed nature of the raw data, natoga(lh)transformations were
applied to all data prior to statistical analygsalysis of variance (ANOVA)

was then carried out on the transformed data, wdbh response variable,
treatment (saline versus Mstn-ant4), muscle camdiburn versus control),
time (days after injury) and their interactionsldated at each individual time

point by Student t-tests, using the pooled standexa from the ANOVA.
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Chapter Three: Results

3.1. Development of the Muscle Burn Injury Model

For the purpose of developing a murine muscle njuny model for this thesis,
several previously published burn injury methodse(Section 1.7.1) were
discussed with the Ruakura Animal Ethics Commitides use of lasers would
have been the preferred method to produce consibten injuries; however
this type of equipment was not available at theetiof thein vivo trial.
Therefore, a cold burn injury was developed anteteswvhich involved a pellet
of dry ice being applied to the exposed TA musdeaomouse for 30 s.
However, this did not generate a sufficient bujnriynto the muscle. A branding
method using a metal bar (1.5 mm wide and 7 mm)laves then adopted,
where the bar was cooled in liquid nitrogen andhtagplied to the exposed TA
muscle of the mouse for 30 s. Again, this did noidpce the expected damage
to the muscle because the metal bar was too smiatdin the cold temperature,
but the size of the bar was limited by the smale sof the mouse TA muscle.
The use of drops of liquid nitrogen directly onteetTA muscle was then
discussed, but it was predicted this would prodaideurn injury of inconsist
size. Therefore a hot burn injury model was evdhtudesigned and tested.
Specifically, the metal bar was heated in a Burmener flame until it was red-
hot and then applied to the exposed TA muscle ®ftlouse for 5 s. A severe
burn injury was produced, as shown in Figures 8d &2. Approval for this
method was granted by both the Ruakura Animal Etidommittee and the

University of Waikato Ethics Committee.
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Figure 3.1: The murine muscle burn injury model

A) A red-hot metal rod 1.5 mm wide and 7 mm long wagliad directly to the TA muscle of
anaesthetised mice for 5B) This produced a severe burn injury to the muscle.
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Figure 3.2: Burn injury damage to mousetibialis anterior muscle
A) Haematoxylin and eosin staining of uninjured meisdiuscle fibres are stained pink and

nuclei are stained purpl&) Applying a red-hot metal rod to the TA for 5 sedsrproduced a
severe burn injury. Images were taken on day 2ipgsty. Magnification: 200x.
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As discussed in Section 2.1.1 of this thesis, ntiinz#¢ were approximately 9
months of age were used for the vivo trial. Studies have shown that the
regenerative capacity of skeletal muscle decreaghsage, and this is related to
a decrease in satellite cell number and activitye{& et al., 2006; Le Grand &
Rudnicki, 2007). Therefore, younger mice would reaquite quickly from the
burn injury and any improvements in wound healisgaaresult of Mstn-ant4
administration would be difficult to detect. In ¢mast, at 9 months of age,
skeletal muscle regeneration occurs more slowiyiice, allowing the effect of
Mstn-ant4 administration on wound healing and naiseteneration to be more

accurately evaluated.

3.2. Pilot Trial

A pilot trial was carried out with the assistandévidnica Senna Salerno of the
FMG group, to determine a suitable duration for ni&n in vivo trial and the
frequency of sample collection. A previous noteiijury trial undertaken by
the FMG group at AgResearch (Siriett et al., 2Gpgnned a time period of 0 to
28 days and so this same duration was used fquilibtetrial. However, results
suggested that due to the severity of the burmynjhe mainn vivotrial should
be extended to 46 days to allow adequate healmgddlition, the frequency of
sample collection needed to be slightly modifieithwthe earliest time-points
changed to days 2 and 4 post-injury instead of Bayo ensure no early

regeneration events were missed.
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3.3. Inwvivo Trial

3.3.1. Effect of Muscle Burn Injury on Body and Mugle Weight

The body weight of each of the 96 mice involvedthe in vivo trial was
recorded on the day of injury (day 0) and then rageai the day of euthanasia.
As shown in Figure 3.3 decrease in body weight was observed in both the
saline-treated and Mstn-ant4-treated mice in s & weeks following the burn
injury. The Mstn-ant4-treated mice recovered frdms weight loss earlier than
the saline-treated mice, with body weight exceediriginal levels by day 21
post-injury, while the saline-injected mice stiticsved a decreased body weight.
However, both the saline-treated and Mstn-antddceanice displayed erratic
patterns of weight gain or weight loss at the sgbeat time points. Overall,
there was no significant difference in body weightnge between the saline-

treated and the Mstn-ant4-treated mice during these of then vivotrial.

The weight of both the left (burnt) and right (caht TA muscle for each of the
96 mice involved in the trial were also measuredihat time of excision.
ANOVA analysis revealed no significant differendegween the weight of the
saline-treated and Mstn-ant4-treated burnt TA masscbimilarly, no significant
treatment differences were found when the contraketes were compared
(Figure 3.4). Within each treatment group the burAt muscles appeared to
decrease in weight over time in relation to thete@nTA muscles. Figure 3.5
shows the saline-treated burnt TA muscles weighgaifieantly less (p<0.01)
than the control TA muscles at days 28 and 46. &thie Mstn-ant4-treated
burnt TA muscles were significantly lower in weighain the control muscles at

days 21 and 28 (p<0.05) and days 35 and 46 (p<@dxbinjury. However,
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Figure 3.3: Change in body weight during muscle regneration following burn injury

Over the first 14 days following burn injury, a dease in body weight was observed in both the
saline-treated (light bars) and Mstn-ant4-treatatl bars) mice. The Mstn-ant4-treated mice
recovered from this weight loss earlier than théneareated mice (day 21), but the erratic

pattern of weight loss and weight gain at the sgbeet time points leads to no significant

treatment differences in body weight change ove¥&lues represent the mean of 6 animals +
SED. SED calculated as the pooled standard erralt ahimals. Weight change is relative to the

animal’s weight at Day 0. **p<0.01 by Student'sbt.
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Figure 3.4: Comparison of right and lefttibialis anterior weights between the two treatment
groups

A) There were no significant differences in the wisgbf the right (control) TA muscles
between the saline-treated and Mstn-ant4-treateg wwer the trial period3) There were no
significant differences in the weights of the Idfurnt) TA muscle between the saline-treated
and Mstn-ant4-treated mice over the trial periodlués represent the mean of 3 animals + SED.
SED calculated as the pooled standard error afrathals.
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Figure 3.5: Change in weight ofibialis anterior during muscle regeneration following burn
injury

A) The weight of the saline-treated burnt TA muselese significantly lower than the control
TA muscles at day 28 and 46 post-injuB). The weight of the Mstn-ant4-treated burnt TA
muscles were significantly lower than the contrél fnuscles at day 21, 28, 35 and 46 post-
injury. However, no overall significant treatmeniffetences were detected by ANOVA
analysis. Values represent the mean of 3 anim&gR. SED calculated as the pooled standard
error of all animals. *p<0.05 and **p<0.01 by Studls t-test.
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ANOVA analysis detected no overall differences lestw the weights of burnt
and control muscles over time, for both the salieated and Mstn-ant4-treated

animals.

3.3.2.  Effect of Burn Injury on the Histological Profile of Muscle

3.3.2.1. CFN

The presence of CFN in skeletal muscle fibres s @inthe key features which
characterise skeletal muscle regeneration (see@o8€ekf7.2). Figure 3.6 shows
the expected steady increase in the number of GEbkpt in the muscle fibres
of both the Mstn-ant4 and saline-treated mice Yailhg the burn injury. From

day 21 onwards, the number of CFN present in thetbonuscle for each

treatment group was significantly higher (p<0.088n that of their respective
control muscles. When the burnt and control musches analysed

independently (Figure 3.7) there is some variabetween the Mstn-ant4 and
saline-treated control muscles. There were sigmfly fewer numbers of CFN
at days 21 (p<0.05), 28 (p<0.001) and 35 (p<0.@®t-;jury in Mstn-ant4-

treated mice compared to the saline-treated micks. [€ad to a slight treatment
effect being detected by ANOVA analysis, which segjgd higher levels of
CFN were generated from the saline-treatment dverdwever, when the

number of CFN in the burnt muscles was analysed,ovwerall treatment

differences were detected despite the saline tteatiee initially showing a

higher level of CFN than the Mstn-ant4 treated mlogerestingly, by day 46
post-injury it appeared that the burnt muscle frigisin-ant4-treated mice had
slightly more CFN than the saline-treated, but thierence is not statistically
significant. The number of muscle fibres contain@gN showed very similar

trends to those described for the absolute numb@Fh (data not shown).
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Figure 3.6: Centrally formed nuclei in the control and burnt muscles of Mstn-ant4 and
saline-treated mice.

A) The number of CFN in the muscle fibres of bothisht4 and saline-treated mice increased
following the burn injury. From day 21 onwards, thember of CFN in the burnt muscles was
significantly higher (p<0.001) than the respectieatrol muscles. Values represent the mean of
3 animals £+ SED. SED calculated as the pooled atandrror of all animals.**p<0.01 by
Student’s t-testB) White arrows highlight some CFN in the burnt masof Mstn-ant4-treated
mice at day 28 post-injury, which are not presemtthie corresponding control muscle.
Magnification: 200x.
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Figure 3.7: Centrally formed nuclei in the controland burnt muscles of Mstn-ant4 and
saline treated mice.

A) Variability exists between the number of CFN ie theatment controls. The number of CFN
in Mstn-ant4-treated mice were significantly loweran the saline-treated mice at day 21
(p<0.05), 28 (p<0.001) and 35 (p<0.05) post-injiBYyIn the burnt muscles, saline-treated mice
appeared to initially have more CFN than the Msit#dreated mice. However, no overall
significant treatment differences were detected\BYDVA analysis. Values represent the mean
of 3 animals + SED. SED calculated as the pooladdsird error of all animals. *p<0.05 and
**p<0.01 by Student’s t-test.
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In addition to analysing the absolute values of G the number of fibres
containing CFN, the ratio of CFN to CFN fibre numibas also examined for
both treatment groups. No significant differencesugen the CFEN to CFEN fibre
ratio in Mstn-ant4 and saline-treated mice werenébin the control muscles
(Figure 3.8). However, Figure 3.8 shows that theNG@& CFN fibre ratio was
signficantly lower (p<0.05) in the burnt muscleM$tn-ant4-treated mice at day
4 post-injury compared to the saline-treated mit¢eday 14 post-injury this was
reversed, with the Mstn-ant4-treated mice havisgyaificantly higher (p<0.01)
ratio of CFN to CFN fibre number than the salireated mice. However, no

overall treatment differences were detected by ARGMalysis.

The ratios of CFN and CFN fibre number to the dasdagrea of the burnt
muscle sections were also evaluated. In both ins@anthe Mstn-ant4-treated
and saline-treated mice showed very similar tremitls no significant treatment
differences detected, except for a slightly higfer0.05) CFN fibre number to
damaged area ratio at day 46 post-injury in thenMsit4-treated mice (data not

shown).

3.3.2.2. Fibrogenesis

As discussed in Section 1.7.2 of this thesis, Vas@ staining can be used as
an indicator for the level of fibrogenesis occugrim a tissue, by specifically

detecting levels of collagen deposition. As collageposition is not one of the

initial stages of the inflammatory response, a gahdincrease would be

expected over time. Figure 3.9 shows this steadyease in the levels of

collagen present in the tissues of both the Mstd-amd saline-treated mice

following the burn injury. From day 21 onwardse timount of collagen
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Figure 3.8: The ratio of CFN to CFN fibre number in the control and burnt muscles of
Mstn-ant4 and saline-treated mice.

A) There were no significant treatment differencesvben the CFN/CFN fibre ratio in the
control muscles of Mstn-ant4 and saline-treatedeni) At day 4 post-injury, the CFN/CFN
fibre ratio was significantly higher (p<0.05) inethburnt muscles of saline-treated mice,
compared to the Mstn-ant4-treated mice. This waersed at day 14 post-injury (p<0.01).
However, no overall significant treatment differeacwere detected by ANOVA analysis.
Values represent the mean of 3 animals + SED. SH@ulated as the pooled standard error of
all animals. *p<0.05 and **p<0.01 by Student’s stte
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Figure 3.9: Collagen deposition in the control and burnt muscle of Mstn-ant4 and saline-
treated mice.

A) Collagen deposition in the burnt muscles of bostrivant4 and saline-treated mice increased
over time. From day 21 onwards, the levels of gatain the burnt muscles of saline-treated
mice were significantly higher (p<0.01) than thdireacontrol muscles. The same trend was
seen between the Mstn-ant4-treated burnt and domiuscles from day 28 onwards. Values
represent the mean of 3 animals + SED. SED cakuilas the pooled standard error of all
animals. **p<0.01 by Student’s t-te&) Collagen (red) can be detected in the burnt madnje
Van Geison staining. Magnification: 200x.
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deposition in the burnt muscle of saline-treatedenwas significantly higher
(p<0.01) than the saline control muscle. The saemdtwas observed between
the Mstn-ant4-treated muscles from day 28 onwarthglicating that
administration of Mstn-ant4 may cause a slight yleta collagen deposition
following a burn injury. When the burnt and contmluscles are analysed
independently (Figure 3.1Q)p significant differences in treemount of collagen
in the control muscles of saline and Mstn-ant4tg@anice were detected. In the
burnt muscles however, the saline treated mice &asignficantly higher
(p<0.01) level of collagen deposition at day 2 gpogtry, compared to the
Mstn-ant4-treated mice, but this was reversed gt3fmwhen the Mstn-ant4-
treated mice showed a significantly higher levelQ01) of collagen deposition
in the muscle. However, ANOVA analysis did not det@ny overall significant

differences between the two treatment groups.

To supplement the results generated from the Vaesddi staining, gene
expression levels of the two most abundant typesotidgen, types | and I,
were evaluated in the burnt and control muscledlsih-ant4 and saline-treated
mice using Real-Time PCR, and normalised to thesékeeping gene H3.3A
(Figures 3.11 and 3.12). ANOVA analysis detectedignificant effect for

muscle condition, with an overall tendancy for agén | and 1l expression to
be significantly higher (p<0.01) in the burnt mesclof both Mstn-ant4 and
saline-treated mice compared to their relative rmbmhuscles (data not shown).
When the burnt and control muscles are analysedpentently, only one
significant difference occurring at day 4 post-igjus detected. Specifically,

collagen I (p<0.05) and Il (p<0.01) expression w@gmificantly higher in the
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Figure 3.10: Collagen deposition in the control and burnt muscls of Mstn-ant4 and saline-
treated mice.

A) There were no significant treatment differenceshim level of collagen deposition between
the control muscles of Mstn-ant4 and saline-treatezt.B) In the burnt muscles, the amount of
collagen deposition in the saline-treated mice sigsificantly higher (p<0.01) than the Mstn-
ant4 mice at day 2 post-injury. This was reverseday 35 post-injury (p<0.01). However, no
overall significant treatment differences were dietd by ANOVA analysis. Values represent
the mean of 3 animals + SED. SED calculated aptloéed standard error of all animals.

* p<0.05 and **p<0.01 by Student’s t-test.
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3.11:Collagen | gene expression in the control and burninuscles of Mstn-ant4 and saline-
treated mice

A) Collagen | gene expression was significantly higfes0.05) in the control muscles of
saline-treated mice at day 4 post-injury compacethé¢ Mstn-ant4-treated micB) There were
no significant differences in collagen | expressimiween the burnt muscles of Mstn-ant4 and
saline-treated mice. Values represent the mean afials + SED. SED calculated as the
pooled standard error of all animals. *p<0.05 budent’s t-test. RFU=Relative Fluorescent
Units.
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3.12: Collagen lll gene expression in the control and bumt muscles of Mstn-ant4 and
saline-treated mice

A) Collagen Ill gene expression was significantly leiglip<0.01) in the control muscles of

saline-treated mice at day 4 post-injury compacethé¢ Mstn-ant4-treated micB) There were

no significant differences in collagen lll expressbetween the burnt muscles of Mstn-ant4 and
saline-treated mice. Values represent the mean afials + SED. SED calculated as the
pooled standard error of all animals. **p<0.01 bydent’'s t-test. RFU=Relative Fluorescent

Units.
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saline-treated mice compared to the Mstn-antddceanice. Overall, no
significant treatment differences in collagen | dHdexpression were detected
by ANOVA analysis, therefore supporting the resgkmerated by Van Gieson
staining of the muscle sections. In addition,ftheotic index, which is the ratio
of collagen type Ill to collagen type | gene exgien (see Section 1.7.2) was
also calculated for these muscle samples, butgrofisiant differences between

the treatment groups were detected (data not shown)

3.3.3. Inflammatory Cell Response to Burn Injury

A key event of the inflammatory response is thdtration of macrophages to
the wound site, which can be detected using a Nl@€l(see Section 1.7.2). As
expected, no macrophages were detected in theotontrscles of saline and
Mstn-ant4-treated mice, as macrophages are spabifiassociated with the
inflammatory response and wound healing. Therefdiee number of
macrophages present in the burnt muscles was isigmify higher (p<0.001)
than their respective control muscles (data notvshoMoreover, Figure 3.13
shows an overall decline in macrophage infiltratawer time, which ANOVA
analysis detected as highly significant (p<0.0®G19wever, further analyses of
the burnt muscles revealed no significant diffeesnin the level of macrophage

infiltration between the Mstn-ant4 and saline-tegaburnt muscles.

3.3.4. Expression of Myogenic Genes in Control and Burnt Mscles

As mentioned in Section 3.3.2.2 of this thesis,saful tool for evaluating

expression patterns of genes is to amplify targguences using PCR. Two
different types of PCR reactions were used inttingsis, first Semi-Quantitative

PCR and then Real-Time PCR.
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Figure 3.13: Macrophage infiltration in the control and burnt muscles of Mstn-ant4 and
saline-treated mice

A) There were no significant differences between #wels of infiltrating macrophages in the
burnt muscles of Mstn-ant4 and saline-treated nineerall, levels of infiltrating macrohpages
decreased over time, as expected. Values repréBenmean of 3 animals + SED. SED
calculated as the pooled standard error of all alsirB) Macrophage infiltration was evaluated
using a Macl ICC. Macrophages appear as greerirdthts burnt muscles, but were not present
in the control muscles. Magnification: 200x.
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As previously shown in Section 3.3.2.2, it is conmpoactise to normalise gene
expression to a housekeeping gene when carryind?@G&R amplifications, in
order to control for variations in sample concemtres and loading. For this
thesis, the four myogenic genes of interest werenatised to 18S rRNA for the
Semi-Quantitative PCRs and H3.3A for the Real-TiR€Rs. Both of these
housekeeping genes are widely used in many biabgicience laboratories,
including FMG at AgResearch Ltd. Unfortunately retalwas obtained for the
day 21 and day 28 burnt muscles of the salineddeatice, as a result of human

error during the RNA extraction.

3.3.4.1. Mighty

Mighty is a downstream target of myostatin (seetiBecl.7.2). Figure 3.14,
shows the level of mighty expression detected byiSguantitative PCR in the
control muscles of Mstn-ant4 and saline-treated emwas very similar
throughout thein vivo trial, except at day 14 post-injury when mightyswa
significantly (p<0.01) upregulated in the Mstn-atitdated mice. In contrast, the
saline-treated mice had significantly higher (p&).J@vels of mighty expression
at day 14 post-injury compared to the Mstn-antdted mice. ANOVA analysis
detected a significant interaction (p<0.01) betwdesatment and muscle
condition, with an overall tendency for mighty egpsion to be higher in the
burnt muscles of saline-treated mice compared ¢oMistn-ant4-treated mice,
for the majority of the trial duration. By day 4@wever, the level of mighty
expression was higher in the Mstn-ant4-treated mm®pared to the saline-
treated mice, although this difference was notisitedlly significant by
Student’s t-test. Interestingly, both the contnotl durnt muscles of Mstn-ant4

and saline-treated mice showed a large increaseghty expression between
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Figure 3.14: Mighty gene expression irthe control and burnt muscles of Mstn-ant4 and
saline-treated mice (Semi-Quantitative PCR).

A) Mighty expression in the control muscle of Mstridaand saline-treated mice was similar
throughout thén vivo trial, except at day 14 post-injury when mightysvegnificantly (p<0.01)
upregulated in the Mstn-ant4-treated mic8) Saline-treated mice had significantly higher
levels of mighty expression in the burnt musclesiay 14 (p<0.05) post-injury. An overall
tendancy for mighy expression to be higher in thiéns-treated mice was detected by ANOVA
analysis (p<0.01). Values represent the mean oiifBals + SED. SED calculated as the pooled
standard error of all animals. *p<0.05 and **p<0M1 Student’s t-test. Bands are indicative of
overall results. N/A = samples lost due to humaarer
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days 2 and 4 post-injury, which is consistent vather injury models (Senna

Salerno et al., submitted).

Conflicting results were generated from the ReahdPCRs. Figure 3.15 shows
more variation in the levels of mighty gene expi@ss the control muscles of
Mstn-ant4 and saline-treated mice. Specifically,glmy expression was
significantly higher in the Mstn-ant4-treated matedays 2 (p<0.05), 4 and 28
(p<0.01), compared to the saline-treated mice. kfigkxpression was also
significantly higher in the burnt muscles of Msim4treated mice at days 2
(p<0.05) and 4 (p<0.01) post-injury, compared te Haline-treated mice. A
significant (p<0.01) treatment effect was detedigdANOVA analysis, with an

overall tendency for mighty expression to be higimethe Mstn-ant4-treated
mice than saline-treated mice. In agreement with $Semi-Quantitative PCR
results, Real-Time PCR also indicated a large aszein mighty expression
between days 2 and 4 for both the control muscteSisin-ant4 and saline-
treated mice and also for the burnt muscles of Mstd treated mice. However,

the burnt muscles of saline-treated mice no losgewed this trend.

In addition to PCRs, ICC can also be a useful tfwol evaluating gene
expression. Mighty ICCs were carried out on thenbwand control muscle
samples of Mstn-ant4 and saline-treated mice. Baseudisual estimation, no
significant differences were apparent between twe treatment groups.
However, the extent of mighty expression in thenbunuscles did increase over

the duration of then vivotrial, as expected (Figure 3.16).
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Figure 3.15: Mighty gene expression irthe control and burnt muscles of Mstn-ant4 and
saline-treated mice (Real-Time PCR).

A) Mighty gene expression was significantly highexq@®1) in the control muscles of Mstn-
ant4 mice at day 4 and 28 post-injury comparedatmes-treated miceB) Mstn-ant4-treated
mice had significantly higher levels of mighty gemression at day 2 (p<0.05) and 4 (p<0.01)
post-injury compared to saline-treated mice. Aerail tendancy for mighty expression to be
higher in the Mstn-ant4-treated mice was detectgdADIOVA analysis (p<0.01). Values
represent the mean of 3 animals + SED. SED cakudlas the pooled standard error of all
animals. *p<0.05 and **p<0.01 by Student’s t-té¥EU=Relative Fluorescent Units.
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Figure 3.16: Mighty gene expression irthe control and burnt muscles of Mstn-ant4 and
saline-treated mice (ICC)

Mighty gene expression was detected using ICC. Migbkpression is stained green and nuclei
are blue. No significant treatment differences iighty expression were evident by visual
estimation; however expression in burnt musclesididease over time compared to control
muscles. Magnification: 200x.
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3.3.4.2. MyoD and Myogenin

As discussed in Section 1.7.2, MyoD and myogernenMiRFs that are essential
for the growth of muscle during skeletal muscle elepment. The levels of
MyoD expression detected by Semi-Quantitative P@Ehe burnt and control
muscles of Mstn-ant4 and saline-treated mice, laogvs in Figure 3.17. There
was some Vvariation in MyoD expression in the cdntnauscles, with
significantly higher (p<0.05) levels in the Mstntéitreated mice at day 14
post-injury compared to the saline-treated micethie burnt muscles, MyoD
expression was significantly higher (p<0.05) in siaéine treated mice at day 14
post-injury compared to the Mstn-ant4-treated middOVA analysis detected
a significant interaction (p<0.01) between treattreard muscle condition, with
an overall tendency for MyoD expression to be highethe burnt muscles of

saline-treated mice compared to Mstn-ant4-treatieé.m

In contrast, the Real-Time PCR results in Figuie3how MyoD expression to
be higher (p<0.01) in the saline-treated mice gt 4lgost-injury compared to
the Mstn-ant4-treated mice. An erratic pattern gfolM expression emerges in
the burnt muscles. The Mstn-ant4-treated mice gdfieantly higher (p<0.05)
levels of MyoD expression at days 2 and 35 pogtryncompared to the saline-
treated mice. However, the saline-treated micedmgmificantly higher (p<0.05)
levels of MyoD expression at days 14 and 46 pgstyncompared to the Mstn-
ant4-treated mice. Interestingly, the standardewsed to generate these MyoD
gene expression measurements had the largestassaciated with it, compared
to the standard curves for the other genes. Dudime constraints, this

variability in the MyoD standard curve could notibgroved upon and
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Figure 3.17: MyoD gene expression ithe control and burnt muscles of Mstn-ant4 and
saline-treated mice(Semi-Quantitative PCR).

A) At day 14 post-injury, MyoD expression was sigeafitly higher (p<0.05) in the control
muscles of Mstn-ant4-treated mi&). An overall tendancy for MyoD expression to be higine
the burnt muscle of saline-treated mice was dedebie ANOVA analysis, with a significant
difference occurring at day 14 (p<0.05) post-injialues represent the mean of 3 animals +
SED. SED calculated as the pooled standard errail @nimals. *p<0.05 by Student’s t-test.
Bands are indicative of overall results. N/A = séspost due to human error.
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Figure 3.18: MyoD gene expression ithe control and burnt muscles of Mstn-ant4 and
saline-treated mice(Real-Time PCR).

A) At day 4 and 28 post-injury, MyoD expression wagngicantly higher (p<0.01) in the
control muscles of saline-treated mice comparedMsin-ant4-treated miceB) MyoD
expression was significantly higher in the burntsoias of saline-treated mice at day 14 and 46
post-injury (p<0.05) but was significantly higherthe Mstn-ant4-treated mice at day 2 and 35
(p<0.05). No significant treatment differences weletected by ANOVA analysis. Values
represent the mean of 3 animals + SED. SED cakudlas the pooled standard error of all
animals. *p<0.05 and **p<0.01 by Student’s t-té¥EU=Relative Fluorescent Units.
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therefore may account for the erratic pattern afegexpression observed. No
overall significant treatment differences in MyoBng expression between the

Mstn-ant4 and saline-treated mice were detectefiNI9VA analysis.

Figure 3.19 illustrates the expression levels ofogenin detected by Semi-
Quantitative PCR in the burnt and control muscledMstn-ant4 and saline-
treated mice. Again, some variation in the contnoliscles was present.
Myogenin expression was significantly higher (p&).th the control muscles
of Mstn-ant4-treated mice at days 4 and 28 posiynjbut this was reversed at
day 21 post-injury with the saline-treated mice resping significantly higher
(p<0.05) levels of myogenin than Mstn-ant4-treat@ite. No significant
differences in the levels of myogenin expressiotwben the Mstn-ant4 and
saline treated mice were detected in the burnt lesisd@herefore, no overall
treatment differences were detected by ANOVA ansalysSimilarly, Figure
3.20shows that no significant differences in myogenipression in either the
control or burnt muscles of Mstn-ant4 and salieatied mice were detected by
Real-Time PCR. Unlike the Semi-Quantitative PCRultsshowever, the Real-
Time results show a large increase in myogeninesgion between days 2 and
4 post-injury in the burnt muscles of Mstn-ant4 aatine-treated mice before a
gradual decrease over time to return to expresiwals similar to those
observed at day 2. This is similar to the trendseoled for mighty gene

expression.

3.3.4.3. Pax7
Pax7 has been identified as a key factor involvedatellite cell activity and

self-renewal (see Section 1.7.2). The levels of/Ra¢pression detected by
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Figure 3.19:Myogenin gene expression itthe control and burnt muscles of Mstn-ant4 and
saline-treated mice (Semi-Quantitative PCR)

A) At day 4 and 28 post-injury, myogenin expressias wignificantly higher (p<0.05) in the
control muscles of Mstn-ant4-treated mice. Howesgatine-treated mice showed significantly
higher (p<0.05) levels of myogenin expression ay @4 post-injury.B) There were no
significant differences between the levels of myovgexpression in the burnt muscles of Mstn-
ant4 and saline- treated mice. Values represenntdan of 3 animals = SED. SED calculated as
the pooled standard error of all animals. *p<0.§5Student’s t-test. Bands are indicative of
overall results. N/A = samples lost due to humaarer
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Figure 3.20:Myogenin gene expression itthe control and burnt muscles of Mstn-ant4 and
saline-treated mice (Real-Time PCR)

A) There were no significant differences in myogenipression between the control muscles of
Mstn-ant4 and saline-treated micB) There were no significant differences in myogenin
expression between the burnt muscles of Mstn-ami4saline-treated mice. Values represent the
mean of 3 animals + SED. SED calculated as the egoatandard error of all animals.
RFU=Relative Fluorescent Units. RFU=Relative Flggent Units.
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Semi-Quantitative PCR in the burnt and control nesof Mstn-ant4 and
saline-treated mice are shown in Figure 3.21. ldaicant differences in Pax7
expression in either the control or burnt musclkelstn-ant4 and saline-treated
mice were detected. However, a significant (p<0.@&ptment effect was
detected by ANOVA analysis, with an overall tendefar Pax7 expression to
be higher in the saline-treated mice than the Msid-treated mice.
Interestingly, like mighty expression, both the ttohand burnt muscles of
Mstn-ant4 and saline-treated mice showed a largease in Pax7 expression

between days 2 and 4 post-injury.

No significant differences in Pax7 expression betwthe Mstn-ant4 and saline-
treated mice were detected by Real-Time PCR (Figu22). Although not
detected by ANOVA analysis, it appears the overatid for Pax7 expression to
be higher in the saline-treated mice, as detegtesldmi-Quantitative PCR, was
reversed in the results generated by Real-Time FRORhermore, the trend for
Pax7 expression to increase between days 2 andtdnpary was no longer
evident in the control muscles, and a decreasax7 Bxpression between days
2 and 4 was observed in the burnt muscles of Mst#-and saline-treated mice

analysed by Real-Time PCR.
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Figure 3.21: Pax7 gene expression ithe control and burnt muscles of Mstn-ant4 and
saline-treated mice (Semi-Quantitative)

A) No significant differences in Pax7 expression wagtected in the control muscles of Mstn-
ant4 and saline-treated mid&) No significant differences in Pax7 expression waegected in
the burnt muscles of Mstn-ant4 and saline-treatex.niHowever, an overall tendancy for Pax7
expression to be higher (p<0.01) in the burnt neusdl saline-treated mice was detected by
ANOVA analysis. Values represent the mean of 3 atént SED. SED calculated as the pooled
standard error of all animals. Bands are indicativeverall results. N/A = samples lost due to
human error.
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Figure 3.22: Pax7 gene expression itthe control and burnt muscles of Mstn-ant4 and
saline-treated mice (Real-Time PCR)

A) There were no significant differences in Pax7 esgimn between the control muscles of
Mstn-ant4 and saline-treated mi&). There were no significant differences in Pax7 egpion
between the burnt muscles of Mstn-ant4 and safewdd mice. No overall significant
treatment differences were detected by ANOVA arisly¥alues represent the mean of 3
animals + SED. SED calculated as the pooled stdndamor of all animals. RFU=Relative
Fluorescent Units.
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Chapter Four: Discussion and Future Direction

4.1. Discussion

4.1.1. Introduction

Myostatin is a growth and differentiation factorathbelongs to the TGE-
superfamily of genes (McPherron et al., 1997; Themiaal., 2000). Mutations
or deletions in the myostatin gene lead to the heavscling phenotypes seen in
various breeds of cattle, sheep and dogs, andralsyostatin knock-out mice
(Kambadur et al., 1997; McPerron & Lee, 1997; Batal., 2002; Schuelke et
al., 2004). More recently, a human child with thea¥yy muscling phenotype
was also found to carry a mutation in the myostgene (Walsh & Celeste,
2005). Conversely, increased expression of myoskets been linked to various
muscle wasting conditions induced by ageing oradise Myostatin is therefore
regarded as a strong inhibitor of muscle growthaddition, myostatin has also
been shown to control satellite cell activationtpaetally, and is considered a
potent negative regulator of muscle regenerati@hrapair as well (McCroskery
et al., 2003; Bishop et al., 2005). The abilityptock myostatin function would
therefore have enormous potential in the treatn@dntnuscle injuries and

various muscle wasting conditions.

The FMG group at AgResearch Ltd. have begun tostnyate this concept. By
truncating the biologically active mature myostateaguence at different amino
acids, they have produced several myostatin antstgothat have shown
promising results in then vitro studies carried out so far. Specifically, all the

antagonists elicited a strong antagonistic effeot lmth endogenous and
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exogenous myostatin. Furthermore, the ability ofostgtin to influence the
chemotactic capacity of myogenic cells was intexdpby all antagonists when
testedin vitro (Kambadur et al., 2006a; 2006b; 2006c; unpublisdath).
Therefore, subsequenh vivo studies commenced to test the efficacy of

myostatin antagonists in different wound healinglais.

4.1.2. Development of the Muscle Burn Injury Model

Wound healing is characterised by three broad stafee inflammatory
response, proliferation and remodelling. The inflaa@ory response was
discussed in detail in Section Jobthis thesis. The proliferative phase involves
the formation of granulation tissue to fill the wwlarea, particularly through
fibroblast proliferation, collagen and extracellulmatrix deposition and re-
epithilialisation. Once the formation of new tissue the wound area is
complete, the functionality of the tissue is restbin the remodelling phase.
The three phases of wound healing often overlag,ramerous growth factors
and cytokines are involved in regulating each stepreby making it a very
complex process. Furthermore, any disruptions is tloordinated wound
healing process may cause further damage to thaetind hence delay repair
(Greenhalgh, 1996; Li et al., 2007)herefore, determining the mechanisms
behind any therapy developed to improve wound hga$ a difficult and time-

consuming process.

Nevertheless, both acute and chronic wound heatindels are widely used
throughout the literature and can provide valuaipi®rmation during the
development of wound healing therapies. As dismliss Section 1.6.4 of this

thesis, Siriett et al. (2007) of the FMG group rgbetested Mstn-antl using an

111



acute notexin injury model. The authors reportedaeced regeneration levels
in Mstn-antl-treated mice compared to placebodrkahice. In addition, the
Mstn-antl-treated mice showed reduced levels ofriaga after the injury,
suggesting Mstn-antl was improving wound healintlofdng the notexin
injury. Similar results were also obtained when mMahtl was tested in
sarcopenia, a chronic injury model, with the awsh@porting improved wound
healing and increased muscle strength of the ageel (8iriett et al., 2007). An
alternative myostatin antagonist, Mstn-ant3, ha® dleen shown to attenuate
muscle wasting irmdx mice, a murine model of the chronic Duchenne and

Becker muscular dystrophies (Kambadur et al., 2D06¢c

However, to confirm and further characterise thieat$ of these myostatin
antagonists, auxiliary testing in a range of injumpdels is required, which
provided the basis for this thesis. There is natamdardised protocol for a
muscle burn injury in any of the published woundlime models. However,
upon examining the plethora of literature on skinnbinjuries, the burn injury is
often classified as the most devastating injurges@n can endure (Greenhalgh,
1996), and therefore the ability to improve wourehling following a burn
injury would be very valuable. For that reason,cOritd. wanted to establish
the potential of myostatin antagonists for the ttrest of burn injuries by
funding two different projects, which tested théeef of Mstn-ant4 on both skin
and muscle burn injuries, with the muscle burnrynjbeing the focus of this

thesis.

As discussed in Section 3.1, the murine muscle mjuny developed for this

thesis was found to produce a very severe injurensevere in fact than any
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other acute injury model previously used by the FiyfGup at AgResearch Ltd.
This was particularly evident when the frozen TAstlas were sectioned for
histology. The burn injury made the tissue verygile and therefore very
difficult to section, particularly at days 2 anddst-injury. The FMG group at
AgResearch Ltd. have not encountered any suclcudliits when sectioning TA
muscle samples subjected to an acute notexin asioncinjury in the past

(personal communication).

In the case of skin burns, the degree of sevesiglassified as a first-, second-,
third-, and in some instances, a fourth-degree .blinese levels relate to the
depth of the burn injury through the layers of #ien, with sunburn being

classified as a first-degree burn and a fourth-@egburn extending into

underlying muscle or bone; and also to the extémody surface area affected
by the burn (Greenhalgh, 1996). This classificaggstem can obviously not be
applied to the burn injury developed for this teesiowever, one could estimate
that the severity of the muscle burn injury woutthmpare to at least a third-

degree skin burn.

4.1.3. Invivo Trial

Thein vivo trial undertaken as part of this thesis was basethe notexin trial
described by Siriett et al. (2007), as this alseduan acute injury model.
However, instead of extending the results of Msittaeported by Siriett et al.
(2007) to the burn injury model, Orico Ltd. wantedest the efficacy of Mstn-

ant4, following its very promising resuits vitro, for patent purposes.
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As shown in Section 3.3 of this thesis, timevivo trial did produce some
promising results which supported the initial hypmstes and were consistent
with the findings for Mstn-antl by Siriett et a2007), along with other studies
using myostatin antagonists carried out by the Fi@up at AgResearch Ltd.
(Kambadur et al., 2006a; 2006b; 2006c¢). Firstlye Mstn-ant4-treated mice
recovered from the burn-induced loss of body weiggutier than the saline-
treated mice (see Section 3.3.1). Real-Time PCR ragealed a tendency for
mighty expression to be higher in the burnt musofebistn-ant4-treated mice
than those of saline-treated mice. This confirmtesl drginial hypothesis that
because mighy is a downstream target of myostMarghall et al., 2008), an
inhibiton of myostatin function by the antagonistidd result in an increase in
mighty gene expression levels, above those ofesaiteated mice during muscle
regeneration following the burn injury. In additjomighty expression levels
increased significantly between days 2 and 4 pgstyl, which is consistent
with previous results obtained using both notexmal acision injury models

(Senna Salerno et al., submitted).

Although contradictory results for the expressiémighty were obtained from
the Semi-Quantitative PCR results, Real-Time PCBften considered to be a
more sensitive and accurate technique. There aree tiphases to PCR
amplifications, the exponential phase where dogbdihthe amplicon (product)
occurs; the linear phase where the reaction compsraee being consumed, the
reaction is slowing down and PCR products are lmginto degrade; and
finally a plateau phase where the reaction has tigip stopped and no more
product is being made. Semi-Quantitative PCR detiet PCR amplification at

the plateau phase, hence why it is often refercecad end-point PCR. In
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contrast, Real-Time PCR allows PCR amplificationbt detected during the
early exponential growth phase of the reactiontHeaumore, the increase in
SYBR Green fluorescent signal is directly proparéib to the number of
amplicons produced, explaining why Real-Time PCRBfien considered a more
accurate and sensitive technique. Therefore, byguai combination of both
PCR techniques, a more comprehensive analysis ofjemyc gene expression

could be carried out (Kubista et al., 2006).

The other very interesting result generated from ith vivo trial was found
during the histological analysis of CFN. As disagssn Sections 1.7.2 and
3.3.2.1, one of the key indicators of skeletal neisegeneration is the presence
of CFN in the muscle fibres (Brazelton et al., 2008 theory, greater numbers
of CFN and CFN number per muscle fibre correspanihtreased levels of
wound healing. Therefore, it was hypothesised tilatn-ant4-treated mice
would show higher levels of CFN and CFEN per muétlee than saline-treated
mice, when analysed by histological staining. Althlo no overall significant
differences in CFEN number or CFN to CFN fibre ratiere evident between the
two treatment groups, there was a significant m®eein the CFN to CFN fibre
ratio in the burnt muscles of Mstn-ant4-treated anat day 14 post-injury;
however, this rapidly decreased after day 14 aondety followed the trend of
the saline-treated mice for the remaining time {®iMhis is a particularly
important observation because the final subcutaneggection of Mstn-ant4
was administered on day 15 post-injury, and theeetiois sudden decline in the
CFN to CFN fibre ratio after day 14 in the burntsuoles of Mstn-ant4-treated
mice may indicate that administration of the mytstaantagonist was

terminated too early during the course ofitheivotrial.
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Unfortunately, no other results obtained from tisdhogical, gene expression,
or immunocytochemical analyses obtained frominhavo trial, supported these
findings. However, if this study was repeated usipgmised conditions, more
promising results, similar to those of other mybstantagonists (Kambadur et
al., 2006a; 2006b; 2006c; Siriett et al., 2007)ulddoe expected. To clarify, this
was the first attempt using both the murine bujarinmodel and Mstn-ant4 for
anin vivotrial. Although than vivotrial was based on the notexin injury trial by
Siriett et al. (2007), also an acute injury like thurn, the burn injury proved to
be more severe than the notexin injury and evengroinjury model that has
been used by the FMG group at AgResearch Ltd. Tivereperhaps the
schedule for administering Mstn-ant4 should havenbmodelled on the recent
sarcopenia trial (Siriett et al., 2007) ordx trial (Kambadur et al., 2006c),
involving three injections per week for three weekiBus supplying the
antagonist for longer. This is supported by the GENCFN fibre ratio results,
where the ratio in the Mstn-ant4-treated mice sltbavsudden decline after day
14 post-injury, suggesting that administration odtMant4 should be extended

past day 15 post-injury, the final injection day floisin vivotrial.

In addition, the burn injury may have been variadheong animals as it was
inflicted manually, with no way of consistently ¢arlling the pressure used to
apply the hot metal rod to the TA muscle. Furtheendecause of the wide
range of time points that needed to be examinddlimwv the different healing
milestones after the burn injury (because of it&esty), all measurements were
only based on three animals per treatment per piongt. This is because the
vivo trial already involved ninety-six mice and it waat logistically possible to

obtain any more animals that were of the same Hge.prospect of inflicting
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burn injuries on both hind limbs of the mice wasoaihvestigated to double the
amount of data that could be generated, but this ma& approved by the
Ruakura Animal Ethics Committee. Furthermore, sasiplere not able to be
processed in duplicate. For example, first-stradtl& synthesis would ideally
have been performed in duplicate for each musalepkawhich would have
therefore allowed duplicate PCRs to be generatedoroter to minimise
variability. Due to time restrictions this was npbssible. Hence natural
variation among animals and experimental sampley fmave obscured

treatment differences.

As a result of the limitation in animal number, rhenvere also insufficient
muscle samples to extract both RNA and protein rs¢glgt, which may have
given a more comprehensive assessment of the @ffafavistn-ant4 on muscle
wound healing. To counteract this problem, an gitemas made to extract
protein using the Trizol method detailed in Secti®2.5.1, but this was
unsuccessful, and due to time constraints the tgehncould not be
standardised. However, a kit has now become avaithht enables RNA, DNA
and protein to be extracted from a single tissuapéa (Innovative Sciences
Ltd.), which will be a useful tool for futur@ vivo studies of this kind. For this
thesis however, the results of thevivo trial were limited to only histology,
immunocytochemistry and gene expression analyseg) iBemi-Quantitative

PCR and Real-Time PCR.
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4.2. Future Direction

In summary, any further development of Mstn-anté gharmaceutical therapy
for muscle wound healing and disease would neetat®e a very specific
regimen designed according to the type of injurpdéreated. In the case of the
burn injury used in this thesis, more frequent adstiation of Mstn-ant4 for an
extended period of time would be suggested. Tha jury itself may also
need to be further standardised to limit variapiietween animals. Perhaps the
use of lasers to inflict the burn injury, as disag in Section 3.1 of this thesis,
could be investigated. Furthermore, a trial commgathe efficacy of Mstn-antl
and Mstn-ant4 on wound healing following the bumjuiy may be very useful.
In addition, as Real-Time PCR is considered to b@ee sensitive and accurate
technique, Semi-Quantitative PCR would probably im®tnecessary for future
studies. Historically only Semi-Quantitative PCRsHaeen used by the FMG
group at AgResearch, hence its inclusion in thesign However, due to the
variability generated in these results, Real-TimRRvas then carried out. This
is a fairly new technique being adopted by the FyfQup at AgResearch and it

is proving to be very time-efficient and accurate.

Overall, Mstn-ant4 has shown potential to improveund healing following a
burn injury, and incorporating these suggestion® ifuture studies would
progress the development of Mstn-ant4 as a comaigreiable pharmaceutical

therapy.
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Appendix

1% Agarose
0.5 g UltraPure agarose (Invitrogen)

50 ml 1 x TAE
Boiled until agarose is dissolved.

1 pl 20 mg/ml ethidium bromide per 50 ml Agarose.

10% Buffered Formalin
32.5 g NaHPQ,

20 g NaHPQ,.H20

500 ml formalin

45L HO

Coomassie Blue Stain

2.5 g Coomassie Brilliant Blue R-250
45% methanol

10% acetic acid

DEPC-treated water

2 ml DEPC

2 L MilliQ water

Mixed overnight then autoclaved.

DNA 1kb+ Ladder
90 pl 10 x DNA loading dye
810 ul MilliQ water
100 pl 1 pg/mi 1kb+ ladder

DNA Loading Dye (10 x)
10 ml 50% glycerol

2 ml 50 x TAE
Bromophenol blue

Eosin (1% solution)

10 g EosinY

1 L MilliQ water

2.0 ml acetic acid (5% aqueous)
1 crystal of thymol

Gill's Haematoxylin

4.0 g Haematoxylin

0.4 g sodium iodate

35.2 g aluminium sulphate
710 ml MilliQ water

250 ml ethylene glycol

40 ml glacial acetic acid
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LB Broth

20 g LB Broth Base
1 L MilliQ water
autoclaved

PBS (Phosphate Buffered Saline)
1 PBS tablet (Oxoid)
100 ml MilliQ water

PBS-T

1LPBS
2 ul tween-20

PBS-T + 0.2% BSA
100ml PBS-T
0.2 g BSA

Scott’s tap-water

2.0 g sodium bicarbonate
20.0 g magnesium sulphate
1 L MilliQ water

1 crystal of thymol

TAE (Tris-acetate EDTA) (1 x)
400ml| TAE (50 x)
19.6 L DEPC-treated water

TAE (50 x)
242 g Tris (base)

57.1 ml glacial acetic acid
100 ml 0.5 M EDTA (ph 8.0)
Made up to 1 L with MilliQ water

Van Gieson Solution

10 ml 1% aqueous acid fuchsin
90 ml saturated Picric acid
0.25 ml concentrated HCI

Weigert’s Iron Haematoxylin Solution A
1% haematoxylin in absolute alcohol

Weigert’s Iron Haemotoxylin Solution B
4 ml 30% Ag ferric chloride

1 ml concentrated HCI

100 ml distilled HO
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