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ABSTRACT

Ducheme muscular dystrophy is a-lked muscle disease, which leads to
alterations in membrane phospholipid fatty acid (FA) compos@iahskeletal muscle
damage. Increased membrane saturatechFAuscular dystrophgnay suggest its
association with increased susceptibility (as being the cause or consequence) to muscle
damagelt was hypothesised that increased saturatigositively orrelatedto increased
muscle damageCorrelations were hypothesized to be greater in extensor digitorum
longus (EDL) at 20 weeks compared to soleus (SOL) at 10 vueelgstrophin deficient
(mdX mice Increased saturation was correlated to damage ind&Dbth 10 and 20
weeks, with stronger correlations at 10 wedkee resuls suggest that membrane PL FA
composition may be associated with damage through two p®ssdans. Increased
saturation may be a cause or consequence of membrane dAssg®aton of
membrane composition with eccentric induced danmageunderscored the importance

of saturatedPL FA compositions in damage to dystrophic myofibres
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CHAPTER 1: INTRODUCTION



Biological membranes

Biological membranes are barriers surrounding the cell that define the boundary
between the intracellular and extracellular environment. Moreover, biological
membranes are seipermeable, allowing movement of macromales essential in cell
metabolism, differentiation and regulation (Keren, 2011). Furthernmrehannels in
membransfacilitate the production of excitation contraction coupling (ECC) by
conducting action potentials along the membrane. As a reso#idering the central
roles of biological membranes in cell signalling, regulgtaord metabolism,
understanding its constituents (lipids, carbohydrates and proteins) is of significant
importance.

Biological membranes are composed of diffemrhpoundswhich varyamong
cells accordingo their function. Biological membranes are assembled in a bilayer which
is comprised mainly of lipidan addition toproteins and carbohydratéslberts, et al,
2002) Proteins in biological membranes are locgietpheralto the membrane or
integral byspanningacrosshe membrane. Carbohydrates are assadvaith lipids and

proteins forming glycolipids and glycoproteins, respectivffpet & Voet, 2004)

Membrane composition
Membrane lipids
There are three majtypes of lipids found in cell membrasg@hospholipids,
glycolipids, and cholesterolhese main classes of membrane lipidsamphipathicand
the orientation of their hydrophobic and hydrophilic regions directs their location within

the membrane bilayéAlbertset al, 2002). Within these three classes of membrane



lipids, vast diversityn phospholipidss due tovarious combinations of head groups

andor fatty acyl tails.

Phospholipids

Phospholipids make up &5% of biological membrane structuii@ufourcet al,
1992. Themain structure of a phospholiptdntairs eithera glycerol (1, 2 diacyl sn
glycerol) or sphingosine ({dcylsphingosinepackbone to whicR-4 fatty acyl chains
(hydrophobic) an@ phosphatbead grougre attachedhus forming
glycerophospholipids or sphingophospbdals, respectively (Cooper, 1977
Dannenbergeet al, 2007). The head group varies between phospholipids, resulting in
different phospholipid speciedead groupshat contaircholine, serine, ethanatane or
inositol result in phosphotidylcholine (PC), phosphatidylserine (PS),
phosphatidylethanolamine (REBnd phosphatidylinositol (PI), respectively. Cardiolipin
(CL) isknown to be aouble glycerophospholipiand consists of two
phosphatidylglycerols connected with a glycerol backbone, forming a dimeric structure
with four fattyacyl chains (Ritowet al, 2006). Sphingomyelin (SM) is a
sphingophospholipid having a unique structuig a sphingosine backbone, choline
headgroup and 2 fattyacyl chainsOne of theSM FA tailsis ceramide, which is
comprised of an amide group and fatty acyl chain attached to a sphingosine molecule
(Brown, 1998). Two forms of SM have been identified in cell membranes; sphingbsile
phosphorylcholin@nd sphingosild phosphoylethanolamine (Ramstedt al, 2002).
Altogether, these phospholipids are preseidlifiiering biological cell membranesnd in

differing amountgTable1.1).



Glycolipids

The glycolipids constitute 5% of lipids in biological membrane, exclusively
located on the outer surface of membrane (Voet, 2004). Glycolipids have a carbohydrate
head group instead of phosphate as seen in phospholipids (Yan&inbtd998).
However,similar to phospholipids, the backbone structure could be glycerol or

sphingosine, creating glyceroglycolipids and sphingoglycdjpispectively

Cholesterol

Cholesterol is a lipid molecule with a unique four linked hydrocarbon ring
structure, hydrocéon side chains and a hydroxyl group (Blal, 1976). Cholesterol
is alsoamphipathic where its hydroxyl group aligns with the phosphate head of
phospholipids and its hydrophobic steroid rings stays adjacent to the fatty acyl tail.
Cholesterol prefemtially interacts with SM compare to other phospholipids due to
interactive forces between its rigid ring structure and saturated fatty acids of SM (Yeagle,
1990; Ramstedt & Slotte, 2002). Moreover, cholesterol is more abundant in-micro

domains, named lig rafts, enriched with SM (Ramstedt & Slotte, 2002).



Table 11. Characteristics of the main lipids found in biological membranes.

Primary fatty

Lipid Composition Charge acids Location
A ) Outer
PC 30-35% Neutraf y %122 % ' monolayer
an :@h (66%)3
y18:0 Inner
PE 15-259%*° Neutraf-® 20:4n6,and  monolayer
18:2n6 (~20%)"°
y 16:0 and
SM 2-15049 Neutral® 1802 UF mono(;;ere§,g
24:1 and 22:5? y
o/l 1 18:0 in sn1, Inner
Pl 10-15% Acidic 20:4 in sR2* monolayer
PS 2-10% Acidict g22:6r _Inner
monolayer

18:2n8, ¥ Matrix facing
CL 2-5%° Acidic levels (80%) of  leaflet of
unsaturation mitochondrid

Inner and
Cholesterol 10% Neutral outer

monolayer
Glycolipids 2-5% Neutral Outer

monolayer

Original data obtained froni{Voet, 2004)4(Mitchell, et al, 2007), (Clore, et al,

1998),* (Bell GH, 1976)? (Bleijerveld, et al, 2007),° (Ritov, et al, 2006),’

(Tsalouhidougt al, 2006)® (Ramstedt & Slotte, 2002J(Tsalouhidougt al, 2006). PL,
phospholipids; SM, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI,
phosphatidylinositol; PE, phosphatidylethanolamine; sn stereospecific numbérAg

unsaturated fatty acid



Fatty acids

Fatty acids are long chain carboxylic acids (mosth2@4arbons), containing a
long alkyl chain with a carboxyl group at one end. Normigfg have an even number
of carbon atoms and can be saturated (SFA), with no double,lmndhsaturated, with
oneor more double bonds. Unsaturated fatty acids are classified as monounsaturated
fatty acids (MUFA, one double bond) and polyunsaturated fatty acids (PUFA, more than
one double ba) (Hamilton, 2003). PUFAs are further subclassitst3 or n6, where
the position of first double boratcurs on theor 6" carbonrelative tothe methyl end
respectively(Lauritzenet al, 2001).Additional classification of FAs is according to their
configuration. Fatty acids with double bonds have two types ofigonation, known as
cisandtrans Thecis configuration has the hydrogen atoms on the sameasidéh e
caroanbon doubl e bond c aWshitheygal,d9938)While~ ki nk
thetransconfiguration has the hydrogen on opposite s{@fegire1.1). Spatial
configuration of FAs is important since it dictates how close FAs can associate with their
adjacent FAs.

The nomenclature of fatty acids is according to their carbon length, number of
double bondsnd the location of the first doublermb For examplel8:2n6 refers to an
18 carborlongfatty acid with two double bondsith the first double bond at th&'6
carbon from the methynd. Both 18:2n6 and 18:3n3 PUFA are regarded as essential
fatty acids due to the inability of mammals to introduce double bonds beyond carbon 9
and 10from themethyl end (Berg, 2002; Gurr, 2002; Pelley, 20therefore, they must

obtain these fatty acidsom their diet (Connor, 2000).
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Figurel.1l.View of cis and trans configurations of fatty acids.



Membrane proteins

Membrane proteins carry out dynamic processes associated with the cell. These
processesicludeenzyme activity, transportation across the membrane, cellular
attachments, cell to cell communication, and signal transducfldrese processes are
important in celllar function andts response tthe environment (Houston, 2006).
Membrane proteins are classified according to their association with the membrane into
integral or intrinsic and peripheral extrinsicproteirs (Voet, 2004). Integral or intrinsic
proteins are embedded within the membranenaayg beexposed on one side of a
membraner span the membrankgingexposedn bothsides of thenembrane.
Peripheral or extrinsic proteins are loosely bounthédheadgroupof phospholipi@ or

other integral proteins.

Membrane fluidity

The organizabn and interaction of the components of the membrane is said to be
fluid, as explained by the fluid mosaic model. In this model of cell membrane structure,
the membrane is envisioned as an assortment of individually inserted protein molecules
drifting laterally in a fluid bilayer of phospholipids. This model best explains the fluidity
and function of the membrane by modulating the interactions between lipids and proteins
(Singer & Nicolson, 1972Membrane fluidity is defined as the viscosity of the
membrane and is characterized by ease of motion within the bilayer. Fluidity is an
important factor in membrane functitimatinfluences many biological and biochemical
processes within the cell suchrastabolismfransportation of chemicals, cell fusion, and

protein rotation and diffusion. Membrane fluidity is determined by the phospholipid



species, fatty acid composition and cholesterol content of the membrane (@aetti

1993).

Phospholipid speies

Phospholipids may adopt different molecular shapes according to their head
group. PC, SM and PS adopt cylindrical shapes, whereas PE and CL have cone shapes. PI
possesses a large polar head in compare to its fatty acids which formulates an inverted
cone shapeAlberts, 2002Ramstedt & Slotte, 20Q0Figurel.2). Molecular shapes of
PLs predicthe packing nature of PL withia membrane. P&with cone or inverse cone
shapesre able to pack closely to each ofhliErcreasing membrane fluidityy contrast,
PLs withcylinder shapedo notpack tightly in the membraneesulting inincreased

membrane fluidity (Cullis & Kruijff, 1979; Figuré.2).

Fatty acid characteristics

Fattyacyl chain length and degree of saturation modulate membrane fluidity.
Long chain fatty acids have higher hydrophobic attractions compared to short chain fatty
acids, resulting in more rigid membranes (Nikolaidis & Mougios, 2004). Unsaturated
FAs increase flulity of the membrane. Specifically, within MUFAs, membrane fluidity
is promoted when the double bond resides in the middle of an acyl chain, indicating that
membrane order is minimized under this condition (Marsh, 1999). Similarly, PUFAs with
multiple doulbe bonds are less able to pack closely to each other increasing fluidity with
increasing numbers of double bonds (Yahgl, 2011). Additionally, unsaturated fatty

acids can adoptis or transconformation. FAs withrans configuration pack closely



SM Pl PE
PC CL
P5

Figurel.2. Molecular shapes of phospholipids incorporated in the membrane.

10



togetherand decrease membrane fluidity (Keogh at al., 1987; Setidds 19981).

Cholesterol

Cholesterol canmpact fluidity according to its concentratio@holesterol has
attached steroid rings whielreable to pack tightly with PL FA chaingestrictmotion
and decrease membrane fluidiyoet & Voet, 2004) However at high concentrations
within amembrangecholesterotdecreaseacyl chainhydrocarbons fronmteracting
restrictng tight packing andncreasng fluidity (Voet & Voet, 2004. However, he
concentratiorof cholesterol in the membrane is largely dependeth@regree of
unsaturation and lengtsf the FA chains (Ramstedi Slotte, 2002) With increasd
unsaturated FAgs a result of cholesterol desorption, ¢bacentration decreases
(Ramstedt & Slotte, 2002 contrastwith increase in SFA, cholesterol concentration
increases due taitracton betweerSFA chains and the rigid steroid ring backbone of

chdesterol(Ramstedt & Slotte, 2002).

Membrane structure protein function relationship

Protein function can be, in part, controlled and regulated by the local lipid
environment, mediategiartially through membrane fluidity. Some proteins require a
fluid lipid environment for optimum function while some proteins prefer a more rigid
environment (Edidin, 2003). For example, band 3 anion transporter activity decreases
afterincreasingnembrae cholestercand increasewith depletion (Bataglia &

Schimmel, 1997; Schubert & Boss, 1982).
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Impact of lipid composition orprotein function

Specific lipids within membranesodulatebiological function of the cell by their
influence ormembraneassociategroteins. The influence of lipids eanembrane bound
proteinsis dependent othe asymmetricalistributionof lipids oneachside of the
bilayer. PS, Pl and PE are mainly located on the cytoplasmic surface of the bilayer,
whereas PC ahSM comprise the external mono layer. Pl in the inner leafldteof
bilayerhas shown to be an important mediator in membcyteskeletabssociatiorby
regulating actin filament assembly, polymerization, and promoting activity of proteins
that are essential in regulation of actin assembly (Hilgedd, 2004). Externdlocation
of PS contributes to cell recognition for apoptosis and initiation ajudation pathways
(Hasegawat al, 2006). Similarly, CL exclusive localization in the inner layer of
mitochondria is related to its modulating and stabilizing activity of the mitochondrial
electron transport chain (Rit@t al, 2006). Moreover, segregati of cholesterol and SM
in lipid rafts provides an environment for proteins to partition into ordered raft domains
to modulatetheir activity. Typical example includes thbcosylphosphatidylinositol
(GPI) proteins, which are attached to the outer I¢aflehe membrane via the GPI
anchor inalipid raft (Chatterjee & Mayor, 2001Previous research has demonstrated
thatNa'-K*-ATPase activity can biafluenced bythe concentratiorof cholesterol in the
area of themembraneavhere it is foundYeagle, 199).

While lipids can impact regulatory processes within the cell by their influence on
proteins associated with the membrane, proteins are capable ahdittatlipid
composition othemembranearound said protejralso called the lipid annuludn

important characteristic dihelipid bilayer is its hydrophobic core thicknesghichis

12



related to fatty acid chaiength and saturatiofpeborahet al, 1993; Killian, 1998). The
hydrophobic thickness of the lipid bilayer is arranged to matchytiephobic thickness

of an integramembrane protein because of the high cost of exposing either fatty acyl
chains or hydrophobic amino acids to an aqueous environment (Killian, 1993). Any
mismatch between the hydrophobic thickness of embedded protdingthe membrane
cause lipids to bend, tilt and stretch to satisfy the hydrophobic matching at the interface
(Figurel.3; Webbet al, 1993; Fattal & Shaul, 1993)lternatively, hydrophobic
mismatcling can be minimizeby substitutingnismatched annulghospholipids with
better matching neighbourimhosphdipids. Thisphospholipid movemens mediated by
flippase enzymes to flip the phospholipids to the opposite leaflet, or by translocase
enzymes to displace phospholipids laterally along the memfvéaréinak & Hamiton,

2003; Hamilton, 2003; Jensen & Moritsen, 2004). Together, membrane lipid content
influences cell regulatory process performed by proteins, where membrane proteins are

able to assign or distribute specific phospbids toareas alonghe membrane

13



m Lipid bilayer

Integral membranke proteins

[SRess RS

Figurel.3 Schematic depiction of influence of proteins on physical properties of fatty
acids. Shrinkage and bending of fatty acids corresponding to alterations in hydrophobic

length of integral proteins.

Skeletal muscle

Skeletal muscle comprises 40% of body weight in normal weight individuals and
is responsible for body movements (Ovetral, 1978). Skeletal muscle is made up of
myofibres that run throughout the muscle length. Each myofibre contains bundles of
myofibrils comprised of smaller units of actin and myosin filarseAttin and myosin
are arranged in repeating units of sarcomeres, and their patterned arrangement gives
striated muscle its characteristic banded appearance. Myofibre populations have different

characteristic that also varies among different muscle types.
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Skeletal muscle cell structure

Skeletal muscle cells house a variety of subcellular organelles with specialized
proteins taking part to provide essential functions. To initiate contraction, impulses are
transmitted from nerve endings to motor end plates of muscle Gaussng the
depolarization of the cell membramien N4 voltagegated channels alloaninflux of
Na'. Reestablishing resting membrane potential is the responsibility dah&”

ATPase where it pumps 3 Naand 2 K.

The skeletal muscle cell membrane or sacwha (SL) propagatélse action
potential across the membrane.iSla three layer surface membrane including a lipid
bilayer sandwiched between basal lamina andnseimbranous cytoskeletal network
(Ozawa, 2001). The basal lamina is mainly composed ofibdhar collagen, non
collagenous glycoproteins, and laminin covering the cell (Timpl & Rohrbach; TBiR).
sub-membranous cytoskeletal network is a lattice of costamere proteins anchored to the
bilayer(Ozawaet al, 2001; Campbell & Stull, 2003T.hebasal lamina and cytoskeletal
network are known as mechanically tough layers and their structural coupling with the
bilayer reinforces the fragile bilayer from any damagdmaintairsits function.

TheSL extends into the cell, creatingubule invagindonsto propagatéhe
action potential tahe sarcoplasmiceticulum (SR) via dihydropyridine receptors
(DHPR) located ontubules that are in tight association with ryanodine receptottseon
terminal cisternae of theR (Leeet al, 2002, AtQusairi & Laporte, 2011)The action
potential transmitted to the SR results inGalease from the SR, which is essential for

muscle contraction (Katzt al, 1986; Kadambet al, 1997)

16



Tropomyosin and troponi@ (TnC)are two other proteins integral to contraction.
TnC is attached to tropomyosin and lies within the groove between actin filaments. In a
relaxedstate tropomyosin blocks the attachment site for the myosin ¢nadge, thus
preventing contractiotMorphy et al, 1983) With the elease ofa™ from SR,it binds
to TnC whichpromotes achangdn the spatial configuration @hetroponin
tropomyosin complexZhao& Kawai, 1994).Tropomyosin sbles over, exposing the
binding sites on actin.

With the binding oimyosinto actin actanyosinis primarily in aweakly bound
low-force stateWith the release ahorganic phosphaté), the cross bridge
subsequentlyransformanto a strongly bound Igh-force stateThe myosinhead
hydrolyzesATP, throughmyosinATPase and theenergy is used toreatethe power
stroke.Cross bridges return #origor complexstatefollowing therelease oADP. After
this power stroke, ATP fbinds to myosin, causing it to be released from actin andsform
thedetachedigh-energy stateOnce myosin is loaded with that potential energy, it binds
to actin again, reforming thagh-energy/attached staté the cross bridgérigurel1.4).
CytoplasmioCa'? is pumped bacinto the SR througtsarcoendo)plasmic reticulura™
ATPase(SERCA)transporters othe SR.

The source of ATP to supplité main ATP consuming process8&RCA
myosinATPase and N&/K* ATPasg is the mitochondria. There are two distinct
mitochondrial subpopulations identified in skeletal mus@essarcolemmdSS)
mitochondria are located underneath the sarcolemma whereas intermyofibrillar (IMF)

mitochondria are interspersed between mydél{frerrieraet al, 2010).
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Figure 14. Actinomyosin ATPase cycle, binding of ATP, power stroke and Pi release.

(Modified from Fitts, 2008
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Skeletal muscle fibre types

Skeletal muscles are classified into 4 main fibre types, slow oxidative (SO; type
), fast oxidative glycolytic (FOG; type lla), fast glycolytic (FG; type lIb) (Pette &
Staron, 2011) and a hybrid of lla and IIb fibres identified as Ild/x (Burkholder, 2005).

Type I, orSQ, fibres have high levels of aerobic oxidative enzymes and rely on
oxidative phosphorylation to produce ATP. These fibres ldgh content of
mitochondria and myoglobin. Moreover, it is observed that type | fibres have higher
transport rate for glucose, free fatty acids, and amino aRkseét al, 2005) As a
consequenceype | fibres have a higher ability to generate more ATP through higher
substrate entry into the cell. Due to ATP supply, these fibres show stability and fatigue
resistance during prolongedbmaximahctivity, which makes them well adjted for
prolonged repetitive activities. Additionally, type | fibres have more and smaller motor
units per muscle (Bottinelbt al, 1999). Therefore, they have high sensitivity and rate of
recruitment making thersuitable for involvement in postural aaty (e.g. joint
stability). However, in terms of contractile propertigpe |fibres have long twitch
contraction timerelated to their lownyosin ATPase kinetic activity and slow axonal
conduction velocity that determines the slow contraction wglocithis fibre type (Moss
et al, 1995; Schiaffineet al, 2007;Schiaffino and Reggiani, 2011, Wasterbédd|,
2010) Additionally, type Ifibreshavelonger relation times explained by the lower rate
andcapacity forCa'? uptakegMosset al, 1995) Given that the peak rate of tension
development is limited by the time required &tinomyosirtransition in bridge cycles,

type Ifibres produce lower peak tensidmt due tahe simplicity of theirneuromuscular
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junctiors, theyelicit poweratlow stimulus frequenes(Ariano et al, 1973; Scotet al,
2001;Mosset al, 1995 (Tablel.2).

Type lla, orFOG,fibres have aerobic oxidative and glycolytic enzymes making
them suitable for long tergminutes hours)anaerobic activities (Scott, 200T)ype lla
fiboreshave a very igh capacityto genera¢ ATP throughoxidative metabolic processes,
andhydrolyzeATP at a very rapid rafeesulting inhigher contraction velocitgompared
to type Ifibres(Schiaffinoetal., 2007). They haveahigh content of mitochondria and
myoglobinandare fatigue resistanmaking thensuitable for sustained contraction
(Schiaffinoet al, 2007 (Tablel.2). These fibres have short twitch contraction swth
high myosin ATPase activity arghort relaxation timgrelated to mor€a'? uptake by
their SR.Comparel to type |, type llafibreshave higher rateof axonal conduction
velocity and myosin ATPase activity creating shorter twitch contractiors (Areanoet
al., 1973;Adamset al, 1993)(Tablel.2).

Type llIb fibreshave the fastest twitch contraction timedhave high content of
anaerobic glycolytic enzymés provide a rapid source of ATiRat does nately on
mitochondria However this pathway rapidly depletes glycogen storage and fatigue
develops after brief usage (Hughetsal, 1999). Additionally, type llb fibres are
characterized by the short time course of twitch and relaxation time with larger peak
power output (Meset al, 1995; Scott al, 2001; Schiaffineet al, 2007; Schiaffino and
Reggiani, 2011, Wasterblad al, 2010). Moreover, theineuromusculajunctioncreates
low sensitivity to their recruitment saving them for activities requiring high force in short

duration (Most al, 1995; Schiaffineet al, 2007; Schiaffino and Reggiani, 2011,
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Wasterblacet al, 2010).Thus, type llb fibres are involved in shonirst activities
requiring high power output.

Type Ild/x fibres are a hybrid of type Ilb and lla fibres. They have a low content
of mitochondria and ATP synthesis ratexirely on glycolysis to produce ATP.
However, their glycolysis rates are lower thgpe Ilb (Arianoet al, 1973; Delp &
Duan, 1996; Schiaffino & Reggiani, 201 otor units composed of typedifx fibres
havetwitch properties including contraction and hadfaxation timesimilar to those of
lla andllb units, and their resistance to fatigue is intedmte between that of lendllb
unitsbut smilar to type llb,lld/x fibres are involved in shoduration, high force

activities(Schiaffino& Reggianj2011).

Skeletal muscle mechanics

Fast and slow twitch fibre compositions are potential determinants for muscle
biomechanical function. Excitation contraction coupling leadsttatch response from
muscle units. Accordingly, contraction of large muscle groups is derived from temporal
andspatial summation of single twitches. Repeated and rapid stimuli to muscle fibres
create an amplified, sustained contraction called tetanus (Figure 1.5). Interaction between
the force generated by the muscesult of power strokes from cross bridges the
load on the muscle results in shortening (concentric), no length change (isometric), or
lengthening (eccentric) contraction of the muscle. Twitch forgaqEetermined by
intracellularCa'® transients an€a sensitivity, whereas tetanus force)(R determined

by peak of intrecytoplasmicCa’? and the fraction of cross bridges that create force.
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Table 12. Physical, contractile, and metabolic characteristics of mammalian muscle

fibres.

Characteristics Type | Type lla Type lld/x Type Ilid
Diameter Smalf Intermediate’ Large' Larger
Motor unit size Smalf Intermediaté Large Largef
Recruitment Early Intermediaté Latée? Later
Contraction Slow! Fast Fastet Fastest
Twitch Long* Short Shortet Shortest
Capillaries Abundant  Intermediatd Sparsé Raré
Glycolytic capacity Low! Intermediaté High' Highest
Oxidative capacity High' High' Intermediaté Low?
Myoglobin High' Intermediaté Low! Lower*
Glycogen Low! Intermediaté High' Higher
Myosin ATPase Slow! Fast Fast Fastet
Resting [C&] High Intermediate Low Lowest
Peak [C4'] Low? Intermediaté High' Highest
Ccd* release Low! Intermediaté High' Highest
RyR:DHPR Low! Intermediaté High' Highest
Cd" uptake Low! Intermediaté High' Highest
SERCA density Low! Intermediaté High' Highest
cgt Low! Intermediaté High' Highest

'(Scottet al, 2001),(Ariano et al, 1973),*(Billeter et al, 1980)
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IntracellularCa'® transients, peak of cytoplasnia' andCa'? sensitivityare higher in
fast fibre types. Comparing slow and fast twitch fibre$o ® ratio is higher in fast

(0.25) than slow (0.20).

Isometric contractions

Isometric contractions are characterized by having a constant muscle length
during activation. Théorce generated during an isometric contraction is dependent on
the length of the muscle while contracting. Maximal isometric forgeigfproduced at
the muscle's optimum length, where the length of the muscle is at normal resting length.
During isometrc contractions, greater force is obtained when the number of available
cross bridges is reduced by an increase in muscle length (Figure 1.6). The greater force
capacity in longer muscle lengtis the collective results of active and passive tension of

cortractile protein and titin, respectively.

Concentric contractions

When the force produced by the muscle exceeds the force applied to the muscle,
themuscle shortens. This is known as a shortening or concentric contraction. In
concentric contractions, ttierce generated by the muscle is less thamnier sarcomere
dynamics can be responsible for shortenimjiced depression of isometric force
(Edmanet al, 199; Morgan, 1990). There are two conceptual possibilities explaining
lower force of concentricontractions. The first possibility emphzes an increased
lateral spacing between actin and myosin filaments at short lengths reducing the

probability of crosdridge interactions (Godt & Maughan, 198lhterference of cross
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bridge interactions may occur with double overlap of thin filaments (Gatlah 1966).

The secongbossibilitysuggestshat in extremely shortened muscle lengths, proper cross
bridge attachments may be limited because of deformed myosin filaments. The deformed
myosin heads create internal forces that may improperly position myosin in association
with actin (Faulker, 2003)However, deformation of myosin headcur only at

extremely shortened lengths of sarcomere indicating thasimgeformity does not

occur at typical physiological ranges of sarcomere lengths.

Eccentriccontractions

When the force applied to a muscle excdbdgorceproduced by the musclthe
muscle lengthend his is known as a lengthening or eccentric contrachiaccentric
contractionsthe absolute muscle tensions are very high relative foi¢beret al,
1991) Additionally, unlike concentricontractionsthe absolute tension is relatively

independent aengtheningvelocity (Herzog & Leonard2000)

P Eccentric contractior® Po > P Concentric contractions

Increased forcen eccentric contractionsould be related to decreased rate of
cross bridge detachmentgenerating greater steady state force. Additionally, repeated
eccentric contractions@known to cause substant@mage in myofibres that is
mediated bynjury to the elements of EC coupimmachineryincluding ttubule rupture
When a muscle is stretched eccentrically, thétiles anchored to the contractile

apparatus suffer a lateral stretch and get pulled out of position. This has an immediate
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inhibitory impact orECCas the voltage gated calcium channels within {todtile

network must precisely align and physically couple with the ryanodine receptor gating
the calcium vaults of thearcoplasmiceticulum.Thusrepeated eccentric contteons

and failure in EC couptig lead to reduce Ca*?releaseand fall in tensior{Warrenet al.

1993.

Membrane lipidcomposition inmammalianskeletalmuscles

Membrane lipid compositiooan influence integral and peripheral membrane
proteins suggestinghe composition of the membrameay bean important determinant
of cellularfunction. Since fast and slow twitch fibres represent different contractile,
metabolic and physical characteristics, it is suggested that membrde prbfiles may
differ with muscle fibretype composition Previous research suggetitat membrane PL
from fastand slowmuscletypeshave similar amounts fC and PEwhichaccount for
70-75% of the totamembrandLs(Fiehn & Peters, 197 Fiehn & Peter, 1973Blackard
et al, 1997;Stefanyket al, 2010. In addition slow muscle typesave a higher content
of PUFA, particularly the long chain®PUFA, related to a high proportion of type |
fibre in humangKriketoset al, 19%). However,in rats,examinations of slowwitch
oxidative SOL mitochondriarevealednore SFA and less PUF#ompared tdast twitch
oxidative glycolytic red gastrocnemius amiked plantaris mitochondrial membrase
(Stefanyket al, 2010) suggesting uniqgue membrane PL FA composition of mitoclendr
in different muscle typewith variable fibre type compositiofiogetherthese
observations reve#he importance of membragempositionas a difference in function

and energy production muscles with different fibre type composition.
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SarcolemmaFunctions

The significance of the sarcolemma is attributed to its contributions to cellular
functions such as synaptic transmission, action potential propagation, and excitation
contraction coupling (Engel & FranziAirmstrong, 1994)Besides the weléstdlished
physiological functions, the sarcolemma plays an essential structural role in skeletal
muscle. During contractions it is of most importance for the myofibres to maintain their
organization, which is provided, in part, through structural stabilégliated by the

sarcolemma@zawaet al, 2001; Campbell & Stull, 2003).

Structural role

During muscle contractigtongitudinaland radiaforces are generated by cross
bridgesin the network of myofilaments. The generated force compréssesyofilament
lattice, resulting in aadial force (Ozawat al, 2001). Since the myofilaments are
ultimately anchoredb the surface membrane, such radial forcedraresferredo the
sarcolemma and thereby exert tension upon the membrane{Bhy1999; Pardetal.,
1983; Bloch & Gonzale&erratos, 2003; Shkrgt al, 2009).To counter this force,
muscle fibre membranes have structural elementsrthké thentapable of withstanding
both longitudinally and radialtdirected mechanical stresses. One of thesetstes is
thecostameric linkagéFigure 1.7)n thesubsarcolemmal regichat aligns with the Z
disk and is physically coupled to the sarcolen{®anowskiet al, 1992; Ozawat al,
1995). The major costamere protein complethédystrophinglycoprotein complex

(DGC) (Figure 18; Pardoet al, 1983. DGC is a large oligomeric complewth core

componentsofl y st rophin, along wit hetdl, 260h ®zala gl y c o
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etal, 2 0 0 1-ylycopibthiresuluinitis a peripheral priatéhat binds to laminin

|l ocal i zed i n t hggcomraenanitisla tamsmansbrane priotein wihich
links to dystrophin (Ervaset al, 2001; Sciandrat al, 2003), and provides a physical
linkage across the muscle membrane connecting th@celular collagen matrix to the
F-actin of the saramere unit (Figure 1.9; Crosbet al, 200Q Ervasti & Campbell,

1998). The DGC is associated with other mediator proteins that strengthen-the non
coval ent bonds fr om euybsnitsr(eogpshrcospatsanddy st r o gl
syntrophins sarcoglycans) (Ervastial, 2001; Sciandrat al, 2003). Taken togker, the
DGC helps to anchor the muscle cytoskeleton to the cell membrane via dystrophin and its
binding partners. Importantly, DGC geneseib like lattice tgorovidesupport for the
sarcolemma (Ervasti, 2000; Ozaefaal, 1995; Ozawat al, 2001; Canpbell & Stull,

2003; Peteet al, 2011). Previous studies have revealed that there are at least two
mechanisms whereby the DGC provides a flexible and elastic link between the actin
cytoskeleton and the extracellular matahelp stabilize the sarcolena during muscle
contraction. First, the DGC helps to distribute the mechanical forces associated with
contraction over a broader membrane area by interacting with other structural elements
exerting tension upon the sarcolemma. Second, the DGC transrogsfoss and

beyond the membrane to the extracellular matrix to minimize increased force on the
sarcolemma (Crossbet al, 1972; Durbeej & Campbell, 2002T.his link helps to

dissipate muscle contractile force from the intracellular cytoskeletor textnacellular
matrix. As a result, DGC aids to stabilize and preserve sarcolemma during contraction

and prevent contractiemduced injury.
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Figure 17. Demonstration of cellular location of costaesein skeletal muscle fibres.
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Cell signal transduction role

In addition toa structural roleSL regulates cellular signalling and muscle
excitability. This regulation is possible through essential proteins embedded or anchored
to the sarcolemma. One of the proteins involved in signaling pathways is the DGC. DGC
and its associated protein netw®ike interconnected to signal regulatory proteins
controllingcalcium dependent activation of lytic enzyme&le most important signalling
pathway associated with DGC is related to calcium and nitric oxide (NO). NO is
produced by the G& dependent enzyenneuronal nitric oxide synthase (nNOS),
connected to DGC through the adaptor proteins syntrophins. The localization of nNOS at
the SL regulates depolarization and subsequent calcium entry through voltage dependent
calcium channels (Kiret al, 2009). Theegulation in calcium contributes to control for
vasomodulation known to be important in contractile skeletal muscle. Additionally
plasma membrane calcium/calmodulin ATPase pump (PMCA) localized to the SL is a
known modulator of signal transduction patlysaTlhere are many physical interactions
between PMCA and other mediators to regulate and organize signaling transduction
pathways.

All together, the primary fagsfor regulator complexesilOS, PMCA and etc.)
is SL, and the detail introduction of mediaanvolved in signalling is beyond the scope
of this thesis. Together, the signal transduction cascades associated with the DGC play
important roles in cell survival signaling, cellular defense mechanisms, and regulation of
the balance between cell sundiaad cell death (Rando, 2001). As such, presence of the

DGC and its pivotal components not only physically stabilizes the sarcolemma, but helps
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to anchor signalling molecules and regulate survival signalling pathways essential for cell
function.
Mutatiors of different components of DG& its associated protein netwddads
to skeletal muscle damage aingbairment inmuscle functionThese mpairmens, in
turn, lead tanuscular dystrophieshichvary in severity, age of onset and involvement

of differentmuscle groups.

Muscular dystrophy

Muscular dystrophies are a group oflXkedrecessive inherited neuromuscular
diseaseinvolving themammalian muscular system. This group of disease
characterized by progressive weakness and degeneraskelefalmuscleswith smooth
and cardiac muscle manifestations later over the course of the diEeasaost common
and severe form of muscular dystrophy in children is Duchewseulardystrophy
(DMD) produced by a point mutation the dystrophingere affectingl in 3600 infant
males(Emery,2002.

The symptoms usually appear before theadeand may present as early as
infancy. The firseccompanyingymptomis associated witmotor muscular milestones
causingadelayin the mean age of walking to 18 months. Progression of symptoms
results in90% of affected individuals toe wheelchaitbound byl9-24 year of age
(Emery, 2002; Worton, 1995; Darrasal, 203). The life expectancy for DM 20-24
years due to cardiac anespiratory muscléilure (Emery, 2002; Fauci, 2004)

Thedystrophingenehas beeindentified as the largest gene in the human genome

with 79 exongAhn & Kunkel, 1993) The large size of the dystrophin gen&nswnto
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be the primary reason for the high incidence of DMD as mutati@tsccur at multiple
locations (Coffey et a., 1999; Ahn & Kunkel, 1998lutations in the dystrophin gene
leading to DMD result from duplications and deletions, with deletions being thte mos
common (Koeinget al, 1989).

As highlighted above,ytoskeletal proteins contribute to lateral transmission of
force,and therebyheydiminish the extent of force upon membrane wigicontraction
The absence of dystophiand resulting impact on tli#GC, compromises its ability to
transferforce beyond the membrane. As such, contractile force will be directed toward
the membraneausing muscle damage characterized by an immediate weakikess

mechanical teang of themembrane (Ervasti & Campbell, 199

Rodent model of muscular dystrophydx mice

The most frequently used model for characterization of structural and functional
properties of dystrophin deficiency is threlxmouse Themdxmouse has an-Knked
point mutation in the dystrophin gene that resultsdefactivetruncated protein
(Bulfield et al, 1984, Sicinsket al, 1989). The point mation occurs in exon 23 where
thymine is replacedybcytosinemakinga defectiveproteinthat isshortened to 27%f its
normal lengthBulfield et al, 1984) The truncated protein is not able to bind to
cytoskeletal elements, therefore, loses its rofgaviding stabilityfor the membrane

(Sicinskiet al, 1989)
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Muscular dystrophy etiology

To explain the etiology for force reduction in muscular dystrophy, several
hypotheses have been suggested. The first hypothesis is based on the anchoring role of
theDGC in linking sarcolemma to intra and extracellular structures. &tensl
hypothesigefersto the involvement of dystrophin and the DGC in signaling mechanisms
that may include calcium and calcitshependent activation of lytic enzymes. The third
hypothesis is related to the appearance of bifurcations and branchingraptigstibres,

which make them prone to split and tear.

Mechanical hypothesis

The mechanical hypothedisr DGC dysfunctions based on the DGC being a
link between the subsarcolemmal cytoskeleton and the extracellular matrix. The
disruption of the DGC, due toabsent otruncated dystrophin, may lead to
sarcolemmal instability, membrane tears, and eventually muscle fibmesrsez(Mendell
et al, 1995, Campbell, 1995). The suggestion is that the DGC offers both structural and
functional integrity to the sarcolemma by stabilizing it against stresses imposed during
muscle contraction or stretch (Rybakataal, 2000; Blakestal., 2002).

Evidence for structural support thfe DGC arises from several studies comparing
force deficits oimdxmice compared to wild type. Although vitro experiments for
inducing damage are not consistent in the literature, immediate force loss and
contractioninduced sarcolemmalamagéhas been observed after eccentric contractions
(Headet al, 1992; Petroét al, 1993; Deconinclet al, 1998; Raymacksr 2003;

Consolino & Brooks, 2004; Chagt al, 2007). Force loss in the mechanical hypothesis is
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explained by segmental necrosis of muscle fibres, so the structural continuity required for
effective force transmission along the longitudinal axis is ledtfdores are functionally
impaired intransmiting force (Ohlendieck & Campbell, 1991). Additionally, it has been
suggested that lateral transmission of force to the-filtie¥ connective tissue space may
provide a Atensi on b ymnhefpiotmaiataincsome fbrcel a ma g e d
generating capacity in the presence of localized fibre injury (Huijing, 1999; dass
2001). This compensatory mechanism might be defective in dystrophin deficiency given
the predicted decrease in mechanical linkage éatvmyofilaments and the extracellular
matrix.

Other evidence in agreement with the mechanical hypothesis suggests that with
development of membrane tedts intracellular moleculdsak out of the myocyte
through the damaged membra@ae of the exclusivex vivosurrogate of membrane
damagearemembrane impermeable low molecular weightsigpecificallyprocion
orange Procionorangehas a very lowr molecular weigh{630 g/mol),andinfiltration
into the myocytes indicative of smitears in themembrane of damaged fdsr (Petrofet
al., 1993; Whiteheadt al, 2009. Limitations of this method, howevearerelated to its
potential toxicity and impact on peroxidation of membrane lipids producing additional
membrane injury (Palaciet al, 2002). This limitatiorhasresulted in the use of
alternative techniqudsr assessment oiembrane damagspecifically,creatine kinase

(CK) andfibronectin.

The muscle isoform of CK is an enzyme1 kDa in siz€or ~81,000 g/mol)
which catalyzes the reversible conversion of creatine to phosphocreatine, consuming

ATP. CK is normally found in the cytosol of skeletal muditdees and serum
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concentrations are normally very low (~180L) (Okinakaet al, 1959). It is generally
thought that if serum CK concentrations rise, dlug tosarcolemmal membramamage
allowing muscle CK to lea&ut ofthe muscle fibre (Ozawetal., 1999).Limitation of
CK in theevaluationof membran@lamage is related to its measuremeri vivo
conditions.Moreover, the serum CK activitgvel is highly variable between mice
influenced by multiplevariables including age and prior muscéetivity (Sorichteret al,
1998 Spurneyet al, 2009 Andersoret al, 1996. As suchgeffluxes of CKmayonly
represent the presencermémbranealamageand do not necessarily reflebelocation of

damagewithin a given muscléSorichteret al,, 1998.

Another molecule indicative of membrane permeability is intracellular
accumulation of fibronectin. Fibronectin is predominantly secreted by fibroblasts and
exists as a dimer composed of two identical monomers with a molecular weight of 450
kDa, or~450,000 g/mo(Pateret al, 1987). Fibronectin is a component of the
extracellular matrix and its localization in the cell is indicative of membrane damage
(Palacioet al, 2007).Despite considerable difference in molecular weight of fibronectin
andprocion orange (630 vs. 4B00g/mol), fibronectin detection has demonstrated
comparable results to procion orar{§alacioet al, 2002) Moreover,in contrasto CK,
andfurther to itsex vivomeasurement, the levels are not variable in pmwking it
appear as an appropriate measure for evaluating fibre membrane damage éPalacio

2002).

Together, dspite limitations in different measures, greportion of damaged
fibres exhibiting prociorrangehave a direct association wilecline infunctionas an

aspect of muscle damaggéer injury(Petrofet al, 1993) Importantly, adecrease in
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contractile function may be either a cause or consequence of muscle fibore damage as
indicated with procion orange positive fibrdacrease in procionrangeuptake has also
been associated with increase iri @atry and disturbed Cahomeostasigesultingin
necrosissuggesting procioarangeis reflective of membrane micilesionsand muscle
damagen mdx(Whiteheacket al, 2006) However, increasepglasmaCK has not shown
anassociation witldeclinel musclefunctional and histological parameters of muscle
damagemore reflective othe presence of membrane lesid@dsdersonret al, 1996).

With application ofelectrical stimulatiorio induce membrane injury, fibronectin was
similarly detected in fibres positivier procion orange (Palacet al, 2002). This suggest
that although the techniques of procamangeand fibronectin identifications are based
on markedly different molecufawveights, thg bothresult in detecting membrane lesions
and muscle damag@s such, fibronectigan be usetb examine membrane damage
without impacting membrane lipids.

There is evidence, howeyéhat the mechanical hypothesis may not be solely
responsible for the onset of DMD. With applicatioreotentric induced damage
protocols to extensor digitorum longus (EDL) muscle-42day old control anchdx
mice, it was discovered that thelxgenotye ata youngage is resilient to injury and
does not show additional damage (Graegal, 2002). Therefore, evidence is not
conclusive to support the mechanical hypothasiamechanism that initiates DMD
during early maturation. This has promptedsiie®ing about the role of dystrophin in

the protection of cell membranes in response to mechanical injury (Geaabge2002).

38



Calcium hypothesis

The calcium hypothesis states that, in the absence of dystrophin, there would be
an influx of calciumthrough the sarcolemma due to either abnormally functioning stretch
activated channels (SAC) or catitwak channelsTutdibi et al, 1999) The increased
calcium entry contributes to a rise in cytosolic free calcwich, in turn,activates
calcium depedentproteases and eventually lead muscle necrosis (Mallouit al,
2000,Alderton & Steinhardt2000). Previous researdemonstratethatpreventionof a
risein intracellular calcium followingeccentriccontractions reswgdin a significant
reduction inmdxmuscle damageyeunget al, 2005). This demonstrates that the influx
of calcium and a higher irgcellular calcium concentration contributesnuscle fibre
damage and ultimate necra<t¥ coursewith development of muscldgamagemore
C&"* can enter the fibre and potentially activatereC&* leakchannes, thereby
providing an additionaloute for Ca" entry (Mallouk et al, 200Q Alderton & Steinhardt
2000).

Within the calcium hypothesis, abnormal calcium homeostasis may not be a direct
effect oftheabsence oflystrophin. The cause of abnorncalciumhomeostasis may be
either a secondary result of muscle degeneration or be related to transient sarcolemma
wounds as a result of contractiorduced injury Calcium was used to measure the
muscle membrane permeability of EDL in 14 and 40 dayradand control mice.

Calcium accumulation in muscle from the extracellular fluid was normal in 14 day old
mdxmice, bua by age 40, calcium levels weBdimeshigher than contrafWhiteheadet
al., 2006) Assessment of membrane permeability with procion orange demonstrated that

in 14 day oldndxmice, there was no evidence of abnormal muscle membrane
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permeability, suppoairtg the hypothesis that the alteration of membrane permeability was
a secondary effect (McArdkt al, 1994, Granget al, 2002). Additional support for the
secondary effect of abnormal permeability is thatnadxmuscle, total calcium content

rose acugly in muscle at an age that correlated with a period of necrosis and then
returned to normal values during an ensuing regenerative phase Raéve997).

In another study witltheremoval of calcium in the museksath media or with the
addition of streptomycin to block stretch activated channels, force declined to only 69
76% of its control value compared to ~ 56% in the presence of calcium (Zhahg
2008). Thisdemonstratethat although force deficit was greater in the presence of
calcium,theremoval of calcium and preventioh calciummediatedcytoskeletal
damage, force didndt c¢ o mpThiemagsuggestthatc ov er
calciummediated damage is not thely involved mechanisrno explainwhy the
absence of dystrophin causes muscles to be particularly susceptible to damage and
degeneration

The increased frequency of transient sarcolemmal wounds sustained during
contraction in dystrophic muscle may be ewated by abnormal calcium homeostasis
(Aldertonet al, 2000). When muscle contraction and activityndxmuscle was
inhibited through paralysis forb days, the abnormal rise in resting intracellular free
calcium levels was mostly prevented. Frtms study, it was concluded that the damage
from longterm contractile activity and increased calcium leak channel activity are the
likely causes of differences in calcium homeostasis, but not the primary reason for the
calcium influx from individual comtctions (Aldertoret al, 2000).Increased levslof

intracellular calciumhavebeen reported by several investigatorsisixmice as early as
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3 weeks of age. More specifically, increased calcium has been shown to localize at the
sarcolemma, which may laleie to calcium leak channels (Rollagtdal,, 2006;
Vandebrouclet al, 2002; Yeunget al, 2005). It is not yet clear if the increase in
intracellular calcium is a primary or secondantcomeof the absence afystrophin The
increased intracellular calon associatedavith the onset of contraction in myofibres
around 3 weeks of age, and lack of rise of calatii4 daysvith no change in

membrane permeabilitynay suggest thatalcium mediated damageaynot be the

initial eventof the dystrophipathology (Aldertonet al, 2000).

Branching hypothesis

The etiology of muscle degeneratiommaxmice is complicated by the fact that,
asmdxmuscle ages, the architecture of the dystrophic muscle fibres becomes
abnormal. The abnormal fibres have branched and split appearance, which are more
prone to damage during contractions. This is explained by the high shear stress upon
branching points ding intense contractile activity, leading to fibre rupture at these
points (Charet al, 2007).With progression of disease, skeletal muscle fibres display
more abnormal, branched and split appearance that is prominently seen in regenerated
fibres (Figurel.9; Headet al, 1992; Charet al, 2007; Head, 2010; Chan & Head 2011;
Head, 2011). In contrast to dystrophic fibres, branched fibres are hardly ever found in the
muscles of dystrophipositive control mice (Heaelt al. 1992; Charet al.2007;
Loveringet al.2009). Additionally, branched fibres are highly variable in their individual
diameter size, leading to differing propagation vities of action potentials with

ag/nchronizedcontractile activity and extra stresses imposed on branching points (Isaacs
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et al.1973). Therefore, the change in morphology of dystrophic fibres contributes to fibre
rupture after contractile activity and decline in force production during each caoriract
Fibre branching and changes in morphology of dystrophic fibres increase with age (Isaacs
et al.1973; Schmalbruch, 1984; Heatlal. 1992; Blakeet al.2002; Charet al.2007).

One study on youngndxmice at the age of-8 weeks showed no significaiarce deficit
compared to control. This age coincides with a period where fibre branching is minimally
present so although the8oweek old muscles were identified as dystrophic, their force
deficit was not significantly decreased (Claral, 2007).Thus, the branching

hypothesis suggest that the lack of dystrophin itself does not make muscle more prone to
contractile damage, because the muscles from the yodrmice were not more

damaged than control muscles (Hea@dl. 1992; Charet al.2007). Howeer, withthe
presencef branching in older ~28 weeks atitdxmice, eccentric contractions resulted

in a force deficit of 58%, compared with only 25% for control animals (€@hah, 2007;

Chan &Head, 2011)In another study using mouse pups agei@aysold, EDL

muscles frommdxmice showed no more damage tmam-stretchednuscles following
eccentric contractions, as assessed by force deficit and dye uptake (Grahd902).

Taken together, it can be postulated that the large increase in susceptibility to damage
from lengthening contractions that occurs with advancing agelkmice could be

related to the development of branched fibres.

Chronology ofmdx phenotype
Dysfunction in dystrophin is associated with a spectrum of pathologies including

change in myofibre histology, abnormal biomechanical function, alterations in fibre type
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and membrane lipid composition, and abnormal leaky membranes. This dystrophic
phenotye is not similar through the lifespan and displays variable stages from mild to

severe.
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Figure 19. Demonstration of fibre branching in 28 wks atdxmice.(Modified from

Chanet al, 2007)
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Skeletal muscleistology

Dystrophicmice have a near normal life span (Blakel, 2002).From birth to 5
days of age, muscle fibres appear to be immature and there is no evidence of histological
lesions (Durbeegt al, 2002). With increagkactivity and weaning at 105 days, muscle
fibres began to differentiate into type 1 anfili2es with no difference in fibre type
distributionthanwild types (Durbeegt al, 2002).

At 3 weeks muscles demonstrate excessive atropitly variation in fibe size
and degeneration ¢ype 1l fibres(Bulfield et al, 1984. In addition, plasma
measurementdemonstrate elevated levels of crealim@aseand pyruvate kinase
Moreover phagocyticcellsbeginto appearin place of losfibres but there is no
replacement of lost muscle lbgnnective tissue aratipose cells (Bulfiel@t al, 1989.
The timing of muscular degeneration is highly variable within the literature, although it is
generally agreed upon that maximum degeneratisaasbetween the 3rd and 10th week
of agebeforedecreasing to negjible levelsafter10 weekgDiMario et al,, 1989, Karpati
et al, 1990, Nageet al, 1990).The precise reason for theuteonset ofthe pathology at
3 weeks of age in fast twitch musclesisrently unknownThis may be related talalt-
type muscleactivity or to developmental changes in expression of various genes. These
genes include the components of the glycoprotein comgbecifically utrophinwhich
are anchored to one another to fatable lattice structuresltrophin is a homologue of
dystrophin that is exclusively located at the neuromuscular junction. Similar to
dystrophin, it has domains that bind to actin and the glycoprotein complex. In the absence
of dystrophin utrophin is ugregulated, localizethroughoutthe entire sarcolemma, and

is able to partially compensate fiystrophin thus conferring a degree of stability to
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attenuate muscle pathology (Tanabal, 1991; Gramolinet al, 2001).Dysfunction in
any of these network components is accompalyeadaptive up regulated responses in
utrophin masking the expression of the phenotype. However, with down regulatios in
expression ofhesecompensatory proteins around 3 weeks of age, dysfunction of DGC
components becomes apparent (Khuretral, 1991)

After 5 weeks of agthere is a vigorous regeneration respomie the
appearance ohany central nucleatdtbresthat originate from their precursisatellite
cells Carnwath and Shotton, 198After 5 weekf age there are cycles of
degeneration and regeneration occurringpdxmuscle until approximately 101 weeks,
when muscldibre degeneratiomnd necrosis deease significanthandaredelayed until
approximately 18 months of age (Stednedaal, 1991).In fact, after the initial wave of
degeneratioomdxmuscle only demonstra®w levels of damage with the disease
following a more benign progression, maintaining a chronic but low grade of damage
after 10 weeks of age (Grouneisal, 2008).Eventuallythe regenerative process
becoms exhausted anohusclebegins to show signs of atrophy, weakness and fibrosis
similar to that of DMD (Hakinet al, 2011).Fibrosis is an excessive accumulation of
extracellular matrixhatis the end result of tissue damagel degeneratigmesultingin
permanent loss of fibres and replacement with connective tBsedous research has
shown thatmdxmuscleat 8 weeks and 6 monthssplayno apparenfibrosis However,
after 18 months fibrosis becomes evident (Ha&trd., 2011; Desguerret al., 2012.
Demonstration of fibrosis at late stageshe@mdxphenotypendicatesthatthe
accumulation of collagen is cumulative amat apparentntil late stages afisease

progression
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Biomechanical functions

Isometric force development has been extensively studied mdkeouse at
variousage groupseporting differences in force production relative to age match
controls. Specifically,drce production and power outputdystrophic EDLmuscle are
reportedo be normal at 42 daysof ageand onlyreducesignificantlyafter 12 days
(Grangeet al, 2002) In support of earlgontractile dysfunctionEDL of 28 days oldndx
mice displayed 5% less twitch force thazontrol (Lowe et al, 2006) which supports
previous research from several other groups (Petralf, 1993,Deconincket al, 1998
Raymackers, 20Q03However, later on, at-8 weeks of age, there wae difference in
force development of dystrophic musctesnpared taontrols(McArdle et al, 1997
Deconincket al, 1998 Chanet al, 2007).From 812 weekof age, there iamore
dramatic functional deficivf 15-25%in mdxmuscle(Headet al, 1992; Charet al,
2007;Harcourtet al, 2007;Dellorossoet al, 2003 Deconincket al, 1993 (Table 1.3)
The forceoutputcontinuedo declineto 20% of control musclest 12 weeksage,30% at
20 weeks 15% at 2428 weeksand ~30%at 45 weeks of ag€Table 1.3) Lynchet al,
200% Consolino & Brooks, 20044eadet al, 1999. Thevariation in measured force
deficits with age and the absence dfilactional decline during-8 weeksof age may be
due to the variable nature of the contractile proto&Wish regard to absolute tetanic
force (Py), skeletal muscles ahdxmice demonstrate forces that are comparable to, or
even exceed that produced by control animals (L@, 2001). This is especially
common when animals are experimented on betwekhr8onths of age, where

hypertrophy of limb musculature occursnmk mice (De la Porteet al, 1999, Hayes and
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Williams, 1998). However, when normalised to cross sectional area to give specific force,
peak tetanic fore is consistently lower imdxmuscle relative to wild type mice

Twitch kinetics in generalare reported to be similar to that of control animals
although some groups have reported a slowing of the twitch peak tension (TTP) and half
relaxation times (HRT)Specifically, aB-12 dayshe HRT and TPT of dystrophic
muscle remained unchang@8rangeet al, 2002) However, at 46 weeks, both the TPT
and HRT were prolonged (Kometagtial, 1989. Subsequently, dt0 weeks of agehe
twitch kineticsshowed to be similar to that of contr@lgconincket al, 1998;Harcourt
et al, 2007) At 15 weeks a slowing of TTP and HRi&sbeen reported (Watchlet al,
2002).In contrast, at 1:-52 weeks, faster TTP and HRT responses were obtained from
mdxmuscles (Pastoret & Sebille, 1998notherstudy demonstrated thdystrophic
muscle at 24 weekreached peak tension significantly faster than corirzkim &
Duan, 2012 However, HRT was prolonged at this age. The same pattern of decrease in
TPT and increase in HRT was observed for dystrophic muscles at 20 mdakins &
Duan,2012). Again,the differences for changes in TPT and HRT may be retated
differences in experimental methods of dystrophic muscles.

The impairment in the capacity of limb musclesndxmice to develop force
early in life suggests that transient impairmeneigenerated fibres may account for the
decline in force development (Pastoret & Sebille, 1997). Embryonic and neonatal muscle
fibres are known thave low capacities for the generation of force and the continued
presence of embryonic and neonaaforms of myosin in regenerating muscle fibres in
mdxmice may contribute to the functional impairments (Reissat, 1985; DiMarioet

al., 1991) Throughout later stages the dystrophic phenotypthe hypertrophiedtate of
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Table 13. Summary of studies demonstrating force deficits of normahahdast

twitch muscles following eccentric contractions.

Study rﬁ%ee(gNT:) Muscle Significant force deficit
Grangeetal., 2002 1-2 EDL No
Lowe et al, 2006 4 EDL Yes
Chanet al, 2007 4-8 EDL No
McArdle et al, 1991 5-6 EDL No
Deconincket al, 1998 6-8 Diaphragm Yes
Deconincket al, 1998 6-8 SOL Yes
Deconincket al, 1998 6-8 EDL No
Dellorosscet al, 2001 8-12 TA Yes
Harcourtet al, 2007 10 EDL Yes
Deconincket al, 1998 10 EDL Yes
Raymackers, 2003 12 EDL Yes
Petrofet al, 1993 12-15 EDL Yes
Consolino & Brooks2004 20 EDL Yes
Lynchet al, 2001 24-152 EDL Yes
Headet al, 1992 >45 EDL Yes
Chanetal., 2007 24- 28 EDL Yes

EDL, extensor digitorum longus; SOL, soleus; TA, tibialis anterior.
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fast and slow muscles with no concomitenarease in force reflects an increase in-non
contractiletissue, likely due to the presencedeigeneratingnd necrotic fibres. The
presence of neoontractiletissue results in lower values floormalizedforce in fast and

slow twitch muscle types in addmdxmice (Faulkneet al, 1993.

Fibre type composition

Dueto variationsn fibre type compositiorof different muscles and frequency of
theirusagethe effect othe absence afystrophinon overallmusclefunction and
vulnerability to damagenaynot beuniform acrosdifferentmuscle typesk-ast twitch
fibres are knowrio be nvolved earlyin the progression of thaystrophic phenotypelue
to theirsize gémaller surfaceareato volume rati® andlipid composition [ess PUFA)
(Macphersoret al, 1996; Lieber & Friden, 1988%poleus(predominantly type | fibres)
hasa higherresistance to exercise induce injagmpared to EDL (majority type Il
fibres), possibly due to its involvement in activities suchmasitenance of posture and
balance (Passaquét al., 2002). Experiments that relied on contractile damage similar to
EDL in vitro demonstratedo difference in the susceptibility of soleus from bwitix
and control mice to contractianduced injury, suggesting the need for a more intense
stretch injury protocol (Moenet al, 1993; Consolino & Brooks, 2007, Chamberlain
al., 2007). This resistanad soleuso damage may be explained by theh content of
type | fibres Table 1.4 (Augustoet al, 2004; Smithet al,, 2013), angossibleutrophin
compensation. Type | fibres have a greater surface area to volume ratioahigts them
to withstand forces produced by intense contractions. Moreover, type | fibrekin
muscle demonstrate8times more up regulation of utrophin than type Il fibres

providingcompensation for stability of sarcolemmeadamagégSelsbyet al, 2012).
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Table 14. Fibre type composition afild type adultmouse extensor digitorum longus
and soleus.

Type | Type lIA Type 1ID/X Type 1IB
EDL Less than 1% ~1% ~19% ~71%
SOL ~32% ~42% ~15% ~1%

Data from Smittet al, 2013;EDL, extensor digitorum longus; SOL, soleus.
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In mdxwith increasd age and moving from immature to more mature and older
mice, the proportion of type | antiflores undergo changes EDL, which is type |l
dominant there was no difference the proportion of type | fibres at 4 weekempared
to wild-type. However, at 16 weekthe prgortion of type | fibreamildly increase as a
result of changes in the activity of the original motor neurons, possibly as a compensatory
response to muscle wealss¢Carnwath & Shotton, 1986t 24-32 weeks, type Hibres
show a further decrease in numbdarsoleus which is type | dominantt the age of 6
weeks there iao apparent fibre type alteratioowever, at 18 weeks,decrease of
type Il fibres inmdx soleuswas reporte@Pastore® Sebille 1993. At 26 weeks there is
a morepronounced shift from type 1l to typdibres, with a rise of type | from 28% at 3
weeks, to 58% at 26 weelBastore& sebille, 1993;Massaet al, 1997) A change in
fibre type population isoleuss believed tattenuatenuscle weakness as a result of

dystrophic damage and helps to compensate the developed myopaiiynmuscle

Membrane lipid composition
Membrane lipid composition can influence integral and peripheral membrane
proteins indicating the importance of membrane lipid composition assamtial
modulatorof cellular function Analysis ofmdxmusclemembrandipid composition with
time-of-flight secondary ion mass spectrometry (FOIMS) showed an increasetime
ratio of 16:0 and 18:0 saturated fatty acids at 3 wetkgein degenerated areas
(Touboulet al, 2004) Althoughthis age coincidewith theonset ofacutedegeneration
in mdxskeletal musles, membranphospholipidc o mposi ti on at earl i er
examinedWholetissueanalysis ofphospholipid composition imdxmuscle

demonstrated less PAlidmore PE and SM contedtiring 810 weekgOwens &
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Hughes; 1970). Additionallygt 1112 weeksmatrix-assisted laser desorption/ionization
(MALDI) TOF mass spectrometry and tandem mass spectrometry analysis of
phospholipid composition in skeletal musclenadxmice indicated a reduced 34:2 to
34:1 FA rato in PC between highly diseased verass impacted region8énabdellah

et al, 2009). ltwasinferred thathereduced 34:2 to 34:1 FA ratio in R@s due to a
decrease i18:2n6to 18:1 FA ratialassuming 16:0 being the other FA of PC)
Subsequentlyat 12 weeksstudy on isolated mouse quadriceps demonstrated lower
abundance of 22:6n3 and higher amount of 18:2n6 andddhaistent with findings at
16-20 weekqTuazon & Henderson, 2012). Lower contents of 22:6n3 are consistent with
similar finding infore and hind limb dystrophimdxmouse, suggesting loss due to
oxidative damage (Owens & Hughes, 1970). However, elevation in 18:2néxof
guadriceps demonstrates a discrepancy, given most literature show a dearedse in
mice (Kunzeet al, 1975; Peareet al, 1981; Parce & Kakulus, 198®uch alterations
suggest that withnincrease in age, the dystrophic membrane demonstrates intrease
saturaibn, underscoring the potential role of membrane lipid compositidhan

progression ofhedisease.

Taken together, throughout the available literature on PL FA contentgfthere
appears to be a consistent increase in the levels of PC and SM. Among fatty acids,
increases in 18:1 have been reported most consistently. In addition, either decreases or
increases in18:2n6 levels have also been observed. Furthermore, given the different fibre
type composition of slow and fast muscle, it is plausible that reported alterations of PL
FAs in literature are dissimilar as a consequence of the muscle exaMored\er,

there are limitations in literature related to gapsfarmation about membrane
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composition oimdxisolated skeletal muscle at different ages such, to evaluate PL FA
composition in dystrophic muscle, it is important to consider the plawssbteciations
between PL FAs alterations and muscle fibre typés age

Membrane PL FA composition is cldgassociaedwith cellular function. Type |
and Il fibres demonstrate unique contractile, physical and metabolic characteristics.
Differences in fibre type distribution should therefore be considered as a determining
factor when looking at the fatty acid profile ined&tal muscle membrane PL FAsst
twitch muscle irrats demonstrate more elongated and saturated FAs thatwstolv
muscle. Additionally, type | fibres have been linked with increased proportion of longer
and more highly unsaturated, particulart fatty acids, in muscle membrane PLs
(Storleinet al, 1991, Lieet al, 1994). The correlation of fibre types to membrane lipid
composition in mice has not been studied in de¥oikeover, the fibre type composition
hasa significant impact ometabolicand contractile function of skeletal muscle
Membrane lipid composition, however, is determined by fibre type compodsosuch,
the phenotype of muscular dystrophy is primarily explained by the fibre type
composition. Indeed, the differences within IPA composition of different fibre types

may determine variatiorsf metabolism andontractile functionsvithin each muscle

type.

Membrane permeability

Disruptionto membrane integritis another characteristic of the dystrophic
phenotypelLiterature thademonstrateshanges in membrane permeabilgydependent
onthe age of thenouseandsurrogate of membrane damage (Table. T6¢se

surrogates used in the literature can be classified in two different sizes; srivall (Ca
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sensitivemarkers, 40 g/mol; procion orange, 630 g/mol) and large (fibronectin, 450,000
g/mol; CK, 80,000 g/mol)Examinationof mdxEDL at 2 weeks ofige with small C&

sensitive dyes revealed no changpenmeability(Whiteheacdet al, 2009. Similarly,
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Tablel.5. Summary of studies identifying alterations in membrane lipid profile of

skeletal muscles in muscular dystrophy in humansnaaixinice.

mdxmice Age Muscle

18: 0/18:1 in PC 3 wks Hind limbs

<

16: 0/ 16: 1 i mrdakss

<

Z PC, 9YPEI6WKSSM of 8- 12wks Hind and fore
limbs
gPC34:92PCa3d 1; ZPC 11-12 wks Hind limbs
ZMB FAGFAYn 12 wks Quadriceps
Z16: 0 andy18:1 fo 16-20 wks Hind limb

g18:2 in PE, Z7222:

PC, phosphatidylcholine; PE, phosphatidyl ethanolamine; FA, fatty @adrce &
Kakulus, 1980) (Owens & Hughes, 1979)Benabdellatet al, 2009¥, (Touboul,

2004¥, (Tuazon & Henderson, 2012)
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with application of membrane impeaeable procion orangat ~ 2 weeks (42 days),
membrane permeability was still unalte{@rangeet al, 2002) However, at 5 weeks of
age, by use of C& sensitive markers, membrane permeability was shown to be
increased (Whiteheaat al, 2006). Later onat 1014 weeks mdxEDL demonstrated
increased permeability to procion orange (Pettadl, 1993; Deconinclet al, 1998).
Detectionof membranealisrugionswith high molecular weighCK demonstrated
elevated levels ahis enzymen serumat 3-7 weeks of agéMcArdle et al, 1994) The
evidence irtheliterature suggest that during the first 2 weekdxmyofibres are not
showing any increase in membrane permeability to even smaaklersof damage
(Whitehadet al, 2006; Granget al, 2002) However,due toarisein serum CK at 3
weeks, it is assumed thaitthis agemembranealisruption membranesppearsallowing
passage aéven larger markers of dama@®hiteheacet al, 2006) Increasd membrane
permeability with small size maeeks@€fs hasno
markers increased at 5 weeks; Whitehetaal, 2006). However, duto increased CK
levels at 3 weeks, it is assumed that the lesions in membrane wererauggh to
allowingthepassage of both small and large surrogates of damétieincreased agef a
7-15 weeks, the membranemainspermeable tdothprocionorangeandCK (McArdle,
1994; Deconinclet al, 1998; Petroét al, 1993).Togethermeasuremestwith small
markers of damage indicate no change in the membrane permeability during the first 2
weeks but after 3 weeks, membrane lesions accommodate the pddsathesmall and
large damage markers.

Lack of evidence of abnormal muscle membrane permeadilggrlier agemay

suggest thathanges in membrane permeability argecondary effectf absence of
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dystropin(McArdle et al, 1994, Granget al, 2002). Sipport forasecondary effect of
abnormal permeability was that,nmdxmuscle, total calcium content rose acutely at an
age that correlated with a period of necrosis and then returned to normal valueshauring
regenerative phase (Reesteal, 1997). Itmay be possible that altered membrane
permeabilityuntil 3 weeks of ageay not be evident because mice at this age are not
actively moving around the cage and, therefore, contracti musclesnay be limited.

This is consistent wittheabnormal calciunmomeostasiandcorrelate with the onset of
contraction i'€Tmdxmyotubes, suggesting that contraction is necessary before changes in

intracellular C&? occur(Aldertonet al, 2002)
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Table 16. In vivo andex vivo surrogates afiuscle damage in evaluation of membrane

damage

Surrogate Molecular weight Muscle Age (wk) Membrane leak
PO 630 EDL 1-2 Neg*'
Calcium 40 EDL 2 Neg?

CK 82.000 In vivo 37 Pos®
Calcium 40 EDL 6 Pos®

PO 630 EDL 10 Po$

PO 630 EDL 14 Pos
Fibronectin 450.000 EDL unknown Po$

PO, procion orange; CK, creatine kinase; EDL, extensor digitorum longus; (Gataalge
2002, (Whiteheackt al, 2006, (McArdle, 19945, (Deconincket al, 1998¥, (Petrofet

al., 19935, (Palacioet al, 20025.
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Statement ofthe problem

The membrane structurprotein function relationship indicaté¢hat arassociation
exists betweemembranes and their associapedteirs, becausea protein can modulate
the membrane and vice vergaidencesuggestthat theabsence of dystrophin mediates
analteration inthelipid composition othe sarcolemmanembraneAdditionally, it has
been revealed that thimderlying factor that leads to muscle patholegyly in lifeis
independent from dystrophin dysfunction (Loatal., 2006).Potential influences of
dystrophin dysfunction on skeletal muscle membrane composition have been suggested
including increase SFA and MUFAanddecease PUFA (Pearce & Kakulus, 1980
Benabdellalet al, 2009) However, theséndings for the most part, have been based on
dystrophicchangesn lipid content inmixedhind limb musclewithout examining
muscles with predominant fibre type compositiObserved changes in membrane
damageof mdxmuscle along withchanges irmembrane lipid composition, raises a
plausible association between muscle damage and membrane compilsiteover, the
membrane lipid composition and susceptibilitymdxfast and slow twitch muscles to
damage is not similar across agks the patholgical features of muscular dystrophy are
cumulativeovertime, examination othe phenotype at one age growgh no
consideration of its progressiomay beinsufficient and mask or falsely suggédse
associated damagéot h e aut h o r, herehdvebeewmnostddgthathave
addressedhuscletype specific responses txrcentric induced damagedfibrosisin
dystrophic skeletal muscle and the relationship to membrane phipspHiaity acid

compositionin different age group§ hus he purpose of this thesis was to examine the
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associatiorof membrane PL FA compositi@andthe susceptibility ofast and slow

twitch skeletal muscle teccentric induced damagedfibrosis
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Objectives

The primary objective of the currergsearclwasto examinethe association
betweerskeletal muscle membrafd composition andhe role ofabsence oflystrophin
int h e mussseeptibilibysoeccentric induced damaged and fibrosifisobjective
wasaccomplished by examining tieé\ profile of eachPL species in skeletal muscles of
varying fibretype compositior{soleuswhich is predominantly typedndlesssusceptible
to damagendEDL which is predominantly type Hndmore susceptible to damgge a
rodent model of muscular dystrophlge mdxmouse. Specifically,the PL FA
compositionin each muscle typwill be correlatedagainsteccentric inducedeasure of
membrane damage (identification ofanfibre fibronectinafterin vitro eccentric
contraction damageandfibrosisin dystrophicmusclecompared to wild type. Moreover,
since the dystrophic pathology incressdth age,agroupof young(10 weeksyand older
(20 weeksmdxmicewere selectetb examine the strength of association between

alterations iiTmembrane PL FAompositions andhuscle damageith age
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Hypotheses

It was hypothesised that alterations in membrane compoicreased SFA and
MUFA, decreased PUFAN theabsence oflystrophinproteinwill be positively(SFA
and MUFA) or negatively (PUFAgorrelatel to increase@ccentric inducedhuscle

damagend fibrosis From this main hypothesis,danalso be hypothesized that:

i.  The correlatios of alteredmembrane lipid composition wikccentric
inducedmuscle damagandfibrosislisted abovewill be stronger at 20
weeks, when the dystrophic phenotypenore severecompared to 10

weeks.

i.  EDL, which has more type Il fibres, will be more susceptible to damage

and have more significant and stronger correlatiisted aboveeompared

to solews, which has more type | fibres
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CHAPTER 2: METHODS
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Animals

Tencontrol C57BLA0) and dystrophirdeficient €57BL/10ScS®md"J) mice
atage8 weelswereo bt ai ned from Jacksonds Laboratory
All mice were housed in the Brock University Comparative Biosciences Facility in an
environment maintained at 22+1°C with a 12:12 hour light (6:00am to 6:00ark)
(6:00pm to 6:00am) cycle. Animals had access to rodent chow (14.3% protein, 4% fat,
48% a@arbohydrate; 2014 Teklad Global 14% Protein Rodent Maintenance Diet, Harlan
Laboratories, Mississauga, Ontario) and watetibitum All experimental procedures
and protocols were approved by the Brock University Research Subcommittee on Animal

Care and anformed to the Canadian Council of Animal Care guidelines.

Experimental design

For the purpose of this study, two growd<l0 (nw: 5; N max 5) and 20 (Rt 5;
N max 5) weekold micewere selected. Botbxtensor digitorum longu&€DL) andsoleus
(SOL) were isolated fronmind limbs OneEDL and SOLwasmaintainedas a cotrol,
while the muscles dhecontralateral limb were used for stretch injury. After the stretch
protocol, both stretched and control muscles were dissixttethree equal partsiith
the middle 1/3 used for histochemistry andtthie proximal and distal/3 of muscle

weresnap frozen for lipid analysis (Fig. 2.1).
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Figure2.1. Over view of expgmental design. WT, wild typdEDL, extensor digorum

longus;SOL, soleus.
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In vitro muscle preparation

Muscle isolation

Each mouse was anesthetised through an intraperitoneal injection of sodium
pentobarbital (6@ng/kg body weight). EDL and SOL from both hind limbs were
removed Specifically, he EDL proximaltendon was located lateral to the knee under the
distal end of the rectus femoriepped with6-0 silk sutureand cut at this point to
maximize the length of the tendon sturipndon suturewere tiedas close to the
myotendinous junction gmossible, but not in contact with the musitees. Optimum
placement of the sutures endlikess contribution of the telon to compliance, and
minimizedfailure of this attachment during stimulatidrhe distal tendowas located
underthe tibialisanterior (TA) tendon, loop sutured aallitendons leading to the toes
werecut before removing the musckeor dissection of SOlfjrst the distalachilles
tendon(which includes the distal soleus tendargs cutfrom tuber calcaneiThis was
followed by peelingll posteriorcompartmenmuscles away from the rest of the limb.
The distal tendon of SOL was localizatthe most posterior tendon of the peeled
compartmenand suturedThe proximalSOL tendonwasidentifiedon the interor
surface of the muscles close to the kdeep sutured andut as close as possible to the
back of the knee tmaximizethe length of the tendon stumfdl the dissected muscles
wereplaced into oxygenatelingersolution (137mM NaCl; 24 mM NaHGH11 mM d-
glucose; 5 mM KCI2 mM CaC}; 1 mM NaH2PO4H20; 1 mM MgS@}, 0.025 mM d

tubocurarine chloride) at 25 °C eguilibratefor 20 min
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Muscleattachment t@pparatus

After equilibration,EDL andSOL weremaintained at resting length in bathing
solutionby using the silk sutures of proximal and distal end as anchors to maintain
resting lengthResting length was achieved at a lengttvimich themuscle was not
stretchedr compressedThecontralateal muscle was mounted the servomotor
controlled bya duatmode lever systerf8B05B acquired through a 604C analog to digital
interface)with one end of the muscteed to themmovable pin, and the other end
attached tahe lever arm of the position feedback servomdituscle stimulation was
applied usindlanking platinum electrodes driven by a Model 701B biphase stimulator
(Aurora Scientific, Inc.)All aspects of muscle isolation, stimulation, servomotor control,

force assessmerasid software control were performed by W. Gittings.

Eccentric inducedmuscle damage

Establishment of optimurargth

Muscles were adjusted to the optimum lengt}) {ar the development of
isometric twitch force. Thenuscles werstimulated with a single electrical pulse to
produce a twitch response. Stimulation voltage was that vghaduceda maximal
twitch responseMuscle length was adjusted very carefully and in small increments (or
decrements) to longer (or shorter) lengthth 30 seconds of rest between twitch
responsed., wasachieved when twitch foro@asmaximal To measure 4, the length
between the myotendinous junctiomas recordedsinga graded magnifieand

monitored prior to and after musckimulation to ense L, wasmaintained.
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Establishment of frequendgrce relationship

Once L, wasachieved, the frequendgrce relationshipvasestablished. The
musclewasstimulated at increasing frequencies, typically 10, 30, 50, 80, 100, 120, 150,
180, 200 and 250 Hz for a period of 5@@secwith periods of 3ninutes rest between
stimuli. Maximum abstute isometric tetanic force {Pwasdetermined from the plateau
of the frequencyforce relationship. The plateavasachievedat 150 Hzfor EDL and 100

Hz for SOL

Maximumisometric twitch and tetanudsrce
To provide a baseline for comparisonuscles were stimulated at 150 Hz for
EDL and 100 Hz for SOL for 50@sto obtain control maximum isometric tetanAgter
3 minutes of resimuscles were stimulated&@ Hzfor 0.2 msto obtainthe maximum
isometric twitch forceThecontrolmaximum witch and tetanicsometricforce were
measured andormalized for muscle cross section by dividing the mass of the n{gcle
by the producbf its length [, cm) and density (1.06 g/érand expresdin square

millimetre.

EDL stretch injury

In vitro eccentric damage for EDL was conducted as per Pettaif(1993).
Briefly, muscles were left quiescent for 10 mitter establishment of 4, maximum
isometric twitch and tetanmuscles were stimulated at 80 Hz for 700 ms. During the
initial 500 ms of stimulus, muscles were maintained at thgfisbmetric contraction)
and the last 200 ms, stretched at rate ot.@/&c)to yield a total displacement of 0L}

creating an eccentric contractidviith 4 minutes ofests in between each contraction
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musclestretch injurywas repeated five times. Post twitch and tetegsponsewsas

obtained immediately and 15 minutes aftexlast stretch injury contraction.

SOLstretch injury

SOL damage was completed following Waregral. (1994).Briefly, muscles
were left quiescent for 10 min ahgwas determinednitial measurements included
isometrictwitch force with a 0.5 mgpulse at 80 Hz and tetanic foraes@0ms trains of
0.5 ms pulses at DHz spaced 3 minutes apaRor stretch injury, muscle length was
initially shortened froni,to 09L, followed by immediate lengthening from Q.9to 1.1
Lo (V: 1.5L¢/S). DuringlengtheningSOL was stimulated at 125 Hz for 133 ms.
Eccentric contractions was repeated 10 times with 4 minute ohrestween each series
of stretch injury Post injury measuremenigreobtained immediately antb minutes

after last stretch injuryantraction.

Specific force calculation

To obtain normalized forces from EDL and SOL aodtrol forexisting
hypertrophy ilmdxmyafibres, the cross sectional area for each muscle was determined
by dividing the mass of muscle (g) by the product of its optimum fibre Iébhgthnd
density of mammalian musc{&.06 mg/mni), and presented as specific force;(sP
equation below L:wasdetermined by multiplying 4 by the previously determined
muscle length to fibre length ratio, 0.44 for the EDL and 0.71 for the SOL (Brooks &

Faulkner, 1988)
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sP(g/mnT) = Tetanic or twitch forcé (muscle mass/;l* 1.06)

Histochemistry andmmunohistochemistry
Muscle Embedding

After stretch injury the mid1/3 of both damaged and control muscles from EDL
and SOL were mounted on a small moundrgbmatrix on cork plates and cooled in

methylbutanes peiSteinbrecht & Zierold1984)

Fibronectin

Immunohistochemistry was completed on 5 um sectidntgined froma cryostat
(HM 560 MV, Thermo Fischer Scientifigt-20 °C to identify intracellular accumulation
of fibronectin as a marker etccentric inducethjury. This was achievethrough the use
of an avidin biotin complex methotMjlchek, 1935).To ensureproper tissue adhesion,
superfrost colorfrost (VWR, PA) micro slides were udgwefly, to furtherincrease the
adheraceof tissueto the slidestissue sectiongereinitially fixed in cooled acetoneZ0
°C) for 15 minutes. After washing (3 times for 5 minutdiis-buffered salinéTBS)),
slides were incubated fa0 minutes at room temperature in 3%kIdiluted in
methanoko block endogenous peroxidase activgter arother wash in TBSjon
specific binding was blocked wib0pl of blocking buffer (5%bovine serum albumjn
0.3% triton X100 in TBSjor 30 min Without washing, 25@ of primary anttmouse
fibronectin monoclonal antibodyroduced in rabbitSigma)previouslydiluted to 1/100
in blocking bufferwas applied to the slide sectidios 2 hours at room temperatuikiter

washingwith TBS (3 times for 5 minR50ul of antirabbit secondary biotinylated
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antibody (Sigmagliluted to 1/150 in blocking buffewvas applied to each tissue section

for 30 minat room temperature. After another session of washing with TBS (3 times for 5
min), 150yl of strepavidin peroxidase was addedeach slide for 30 min at room
temperatur@andwashed after in TBS (3 times fom&in). Avidin peroxidase was

previously preparedbypi xi ng 10 &L of awvpedxidaseiabhmdLofil 0 ¢ L
TBS. To prepare the slides for visuation, slides were incubated forZ2 min in250 pl

of 3, 30di ami(DAB)ditutedzto 1d4n doebledistilled water(DDW). DAB is
oxidized in the presence of peroxidassulting in the deposition ofgolden brown

precipitate at the site of enzymatic activibAB development was closely monitored
followed by immediate immersion in DD\After precipitationFinally, slides were

washed in DDW 2 timefor 3 min. Negative controls (no application of primary

antibody) were used teterminenonspecific binding of secondary antibody. Four
regions(each 0.07 mf) accounting foR0% of total coss section argaf each slide
wererandomlyselected and all the immune reactions were itledtiThe ®lected

regions werescored to quantify the magnitude of fibronectin entrg psrcentage of

fibronectinpositive fibres on each muscle sect{amean + SE).

Massonds trichrome staining

Massonds tr i chr ongeantfytfilarosigdollagen was wused t o
accumulatioh and regeneration (centralized nuclei) in muscle secismeiRuegg and
Meinen(2014. Briefly, 12 um sectionson superfrost slides (VWRjyere incubated in
10% formalin and Bouin solution for 1 and 12 hquespectivelyfollowed by 2 minutes

of washing under running tap water followed by 1 min of wash with DDW. Slides were
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treated with hematoxyliachieved by mixig equal parts dVeigertiron hematoxylin A
(1% hematoxylin in ethano& B (30% ferric chloride and 7.5% HCL DDW)

(Trichrome staining kit, Sigmajor 5 minutes and washéad DDW for 3 minutes. 8arlet
acid fuchsin/ Biebrich scarlet acid fuch$ih9 %Biebrich scarlet, 0.9%uchsin, 1%

acetic acifiwas used for cytoplasm staining for 5 minutes, and wash&inamutes in
DDW. To prepare the uptake of aniline blue that stains the collagen fibres dark blue,
slides were incubated with phosphotungand phosphomolybdic acid (1 volume of
phosphotungstic, 1 volume of phosphomolybdic and 2 volumB®gY¥) for 10 minutes.
Each section was incubated with aniline biR2&% in 2% acetic acjdand washed in
DDW after 5 minutes. Slides were dehydratedscending concentration ethanol at
70%, 80%, 9%, 1000 and xyleng98.5% xylenesn ethylbenzene basispach for 3 min.
Finally, slides were mounted with 1 drop of xylene based mounting media (Fégplesr
Scientific)and stored at room tempaue¢. High magnification photographs of each
muscle cross sectiomere takerusing a computer based image processing software (NIS
elements; series 4, Nikon knagePro 7.01). Muscle crosssectional area was measured
manually by drawinground theouter bader of the fibre FHbrotic area stained in blue
were gquantifiedn the whole cross section by drawing arogagdharea,divided by the
muscle crossectional area and reported as percentage of fibrosis across the muscle.
Total fibres and fibres witbentralized nuclei were identifiedanuallyin 4 region of
muscle (each 0.0/ for ~20% of cross sectignandreported apercentagef

regenerated fibres.
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Myosin ATPase staining

Myosin ATPase was quantified as per Brooke & Ka{36i70). Briefly, gctions
of muscle (12 um) were piiacubated iralkalinesolution(alkaline solution: 7.05%
glycine, 18 mM calcium chloride, 0.1 N sodium hydroxid®DW, pH 10.3 for 15
minutes. After rinsing, tissue sections were incubated in ATP solution (2.7 mM ATP
dissolved in alkaline solution, pH 9.4) for 15 minutes. After 3 washes with 1% calcium
chloride, slides were incubated with 2% cobalt chloride. Final step was completed by
incubating the slides fafew seconds in 1% ammonium sulfide used to provide &blac
precipitate. Slides were then dehydratgdsubmersing imising concentration of ethanol
at 70%, 80%, 90%, 100% and xyleff@gma, cat no. 247642ach for 3 min. Finally,
slides were mounted with 1 drop of xylene based mounting media (Crépb&r

Scientific)and stored at room tempaurgg.

Lipid analysis
Lipid extraction
Frozen muscle samples were homogenized in 10 valofmEris HCL (pH 8.0).
Lipids wereextractedrom the homogenateccording to Bligh & Dyer (1959Briefly,
70 pl ofwhole muscle homogenates were added to 3.75 ml of chloroform: methanol (1:2)
supplemented with 0.1% butylated hydroxytoluene and vortex for 2 minutes. Samples
were vorteerdbriefly after the addition of 1.25 ml of chlorofor@DW was added (1.25
ml), sampés were vortexed and spun at 720g for 6 minutes. Lipids were then isolated by

collecting the bottom chloroform phase, and stora®@tC until further analysis.
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Thin layer chromatography

Thin layer chromatography (TLC) was used to separate individuapBties as
per Mahadevappa and Holub (1987). Briefly,-poated silica gel 60lates (EMD,
Mississauga, ONCA) were heated at 110°C for 20 minutes and kept in a desiccating
chamber to cool before use. Samples were dried down under nitrogensauspeaded
in chloroform: methanol (2:1) and spotted onto the plate. The plates were then placed in a
chamber containing a solvent system (chlorofamathanolacetic acidwater;
50:37.5:3.5:2) for approximately 2 hours. The plate was removed and sgtiefare
being sprayed with dichloroflouroscene (DCF) solution (1:1 methaatér and 2',7"
DCEF filtered and washed with petroleum ether) and set in a chamber containing 25%
ammonium hydroxiden DDW for 5 minutes to develop. The plate was viewed under
ultraviolet light and the bands marked (framgin: sphingomyelin phosphatidylcholine,
phosphatidylseringghosphatidylinositolphosphatidylethaslamine,cardiolipin) and

scraped into individual 15mL kimex tubes.

Methylation

The scrapings wemmethylated as per Mahadevappa & Holub (1987). In brief, 6%
H,SQO, in methanolwas added to each tube with 10 pg of internal standard (tridecanoic
acid; 13:0) and incubated at 80°C for 2 hours. Samples were allowed to cool, 1 mL of
water and 2 mL of petrolew ether were added, and the solution was vortexed before
being centrifuged for 6 minutes at 720g. The top phase was extracted and put into a
microvial (Fisher Scientific, CA, USA), dried down under nitrogen and resuspended in 10

pL of dichloromethane forrealysis by gas chromatography.
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Gas chromatography

The FA composition of each PL was analyzed by gas chromatography (GC;
Bradley,etal,200/7) . A 1 ¢l sample of fatty acid met
sample was injected into a GC (Trace GC Uliitaermo Electron Corp, Milan, Italy)
supplied with a split/splitless injector, a fast flame ionization detector (FFID), and Triplus
AS autosampler (Trace GC Ultra, Thermo Electron Corp, Milan, Italy). With helium as a
carrier gas, FAMEsvereseparated on dFM RTXWAX analytical column (Trace GC
Ultra, Thermo Electron Corp, Milan, Italy) and identified by comparison of their
retention times with those of a known standard solution (Supelco 37 component FAME
mix, Supelco, Bellefonte, PA, USA). The areas ofheadividual peakvereconverted to

concentrations with the aid of tridecanoic acid (13:0) as the internal standard.

Statistical analysis

Values are expressed as mean + standard error (SE). To assess differences
between groups (WT vead® and age (1@vks and 20vks), a two way analysis of
variance (ANOVA) was used (R core team, Au
was used to determine differences within groups and ages for variables of interest (fibre
type composition, PL FA composih, intracellular fibronectinfibrosis, andtwitch
characteristics)Linear correlations between variab{@L.FA compogion, intracellular
fibronectin and filbosis)were determined with Pearsoorrelation coefficientsStatistical

significance was defined as<0.05 for all analysis.
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CHAPTER 3: RESULTS
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Morphometric

At 10 weeks of age, body mass was similar betweéx(29.2 + 3.9gand WT
(25.2 = 1.0g)however at 20 weeks of agedxmice weresignificantlyheavier(35.5 £
1.5g)compared t@0 week oldNT (28.9 + 3.3gand 10 week oldhdx Both EDL and
SOL muscle masses were greatamuixcompared to WT for both age groudable
3.1). Cross sectional areasd percent fibre typagere similar between genotypes and
ages for each musgcleith the exceptin thattype | fibreswere higherand type Il fibres

were lowerin EDL of 20 week oldndxcompared td0 week old.

Contractile properties before and after the stretictury

A series of feccentric contractioret the rate of 0.5J.S in dystrophic EDlat 10
weeksresulted inr~30% decline in maximum isometric twitch after 15 min of fatigue
recovery, which was ~2.5 times greater than the(\able 3.2) At 20 weeksthere was
an~55% depression in force outpotmdxEDL, compared te-4.5 %in WT. Moreove,
the kengtheningontractions resulted in 2btetanic force depressionimdxEDL at 10
weeks, which was ~2 times greater tiaklVT. At 20 weeks, force declined to Bafter
15 min of rest, which was3 times more thathatof WT. The lalf relaxation time (HRT)
and time to peak tension (TPa@%)dystrophic and WT EDlkemained unaltereacrass

both 10 and 20 weeks

In SOL, after 10 eccentric contractions at 1 83 .and 15 minutes of fatigue
recovery, the isometric twitclind tetanicespmses remained unchanged across WT and
mdxat 10 and 20 weekJ able 3.3) After recovery from fatigue, the HRT and TPT were

unaltered across dystropgland WTSOL at 10 and 20 weeks
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Table 31. Body mass, mscle mass, muscle cross sectional area and percent fibre type of

extensor digitorum longus and soleus muscles for 10 and 20 week old wild typeband

mice.
Body EDL SOL
mass  Mass XSA Lo Typel Typell Mass XSA Lo Type Type
(9 () (mm?) (mm) Fibres Fibres (g) (mm?)  (mm) | [
(%) (%) Fibre Fibre

s (%) s (%)

WT- 277+ 127+ 22+% 11.8+ 50= 957+ 141+ 13+ 122 363 647

10 0.5 1.6 0.2 0.1 2.0 5.5 2.7 0.2 +01 +71 %22
mdx 27.8+ 182+ 3.0% 11.9 51= 96.0+ 18.7+ 2.2+ 11.9 407 600
10 0.2 6.1 1.4 +0.3 24 2.4 4.8* 0.7 +0.2 +£85 +55
WT- 317+ 129+ 11+ 122+ 7.2=% 938+ 156+ 1.0= 12.7 384 636
20 0.2 2.8 0.3 0.3 13 4.3 2.0 0.2 +0.2 +41 £41
mdx 354+ 18.8% 14+ 124+ 185+ 829+ 194+ 11+ 13.1 432 573
20 0.2 3.6* 0.2 0.2 1.3 A 6.0t A 2.2* 0.3 +0.2 +28 *44

Values are mean + SEM; n=5; EDL, extensor digitorum longus; SOL, soleudONT
wild type 10 weeks old; W-RO, wild type 20 weeks olandx10, mdx10 weeks old;
mdx20, mdx20 weeks old; XSA, crossectional area; * denotes significantly different

from WT of the same age; A denotes signifi
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Table 32. Contractile parameters obtained from EDL of WT amikat 10 and 20 weeks of age.

EDL WT mdx
10 wks 20 wks 10 wks 20 wks
Control Post 15min  Control  Post 15min  Control Post 15min  Control Post 15min
Post Post Post Post
Twitch 1.93 + 1.19+ 1.20 + 225+ 158+ 1.46 1.59 + 0.%5+ 0.97 + 1.6 + 054+ 0.72+
(g/mnf) 03 0.4 0.34 0.34 0.34 0.33 0.40 0.31*  0.26* 026 0.09 *% 0.06
*AO
Tetarr.]rléls 6.98 + 7.74 104 + 7.86 * 8.68 3.79 = 4,74 + 6.59% 196+ 3.36%
/m . X . X . X . X . X . X . X * A C 0.65
(@mnf) 9513 ;i 1ge 145 126 145 O7%16 o0 q1sc 095 058 SR
Twitch
HRT 27.1 98+13 22.8 214 + 12.1 + 19.2 + 23.1+ 16.5 + 23.1+ 225+ 152+ 246%
7.4 o 5.9 2.1 0.9 3.1 2.6 2.8 4.2 4.7 1.1 2.2
(ms)
Twitch
TPT 19.2 + 16.0 £ 17.3 + 214 + 16.4 + 171 + 18.3 + 17+ 0.4 16.5 + 209 + 177+ 17.3 %
(ms) 2.8 04 0.8 15 1.2 0.6 0.8 - 1.3 3.5 1.9 1.4

Values are expressed mean + SEMEDL, Extensor digitorum longus; WT, Wild typRT, half relaxation time; TP;Tltime to peak
tension* denotes significant from controld. d e n ot e s fram WjTa within saraeragee¥ denotes significance from 10 wks

within same genotype
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Table 33. Contractile parameters obtained from SOL of WT iamkat 10 and 20 weeks of age.

SOL WT mdx
10 wks 20 wks 10 wks 20 wks
Control Post 15min  Control Post 15min  Control Post 15min  Control Post 15min
Post Post Post Post
Twitch 1.51 + 1.10 + 1.19 + 1.61 + 1.16 + 1.21 + 0.95 + 0.60 + 0.67 + 1.44 + 0.8 + 0.94
(g/mn?) 021 0.17 0.19 0.10 0.08* 0.08 0.2 0.15 0.16 0.18 0.11 0.12
Tetanus 9.49 % 8.63 + 8.80 + 10.03 + 9.11 + 10.00 + 8.52 +
8.53 +
(g/mmz) 0.88 0.76 0.76 0.64 89206 0.71 i:}i ggg*i Si?gzi 1.21 0.99* 0.99
Twitch 387+ 325+ 324+ 519+ 483+ 434+ 613+ 602+ 584+ 589+ 517+ 55+46
HRT 2.1 4.7 1.3 2.1 4.1 1.7 4.2 3.9 2.1 5.2 3.6
(ms)
Twitch 372+ 352+ 348+ 387+ 362+ 361+ 325+ 311+ 313+ 339+ 317+ 305+
TPT 2.1 3.8 2.7 2.0 6.1 3.1 2.1 3.6 2.7 1.8 1.5 2.4
(ms)

Values are expressed as mean + SERL, Soleus; WT, Wild typddRT, half relaxation time; TP;ltime to peak tensiorf denotes

significant from contral
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Membrane composition

Membrandipid analysis demonstrated decreased PC and increaséd SM
dystrophic EDL at 10 and 20 weeks compared to \{(Figg A4). In general, amonthe
four major FA classes, MUF#ere increasednd n6 PUFA werdecreaseth mdxEDL
at 10 and 20 weelkeomparedo WTs.Specifically, amondPL species]18:0 andMUFA
(mainly 18:1) were increasedndPUFA (mainly18:2n6 was decreased mdxEDL
compared to WT at 10 and 20 we@k$C and P$Table A.1 Table A.4. Moreover,
MUFA (mainly 18:1)was increasednd n6 PUFAwvere decreased mdxEDL at 20
weeksin SM ard PEcompared to WTTable A.2 Table A.3. In Pland CLFAs, there
was an increase in MUFA and a decrease in PURAdRrat both age groupsompared
to WTs(Table A.5,Table A.6).

In SOL,among PLclassesCL was increased imdxat 10 and 20 weeks
compared to WTdn generalMUFA remained unchanged at 10 weeksystrophic
phenotypeompared to WTs buihcreased at 20 weeKdoreover,n6 PUFAwas
decreased at 10 and 20 weeksixcomparedo WTs (Fig. A7). Specificallyin CL,
SM, and PEthere wasncreasd MUFA with decreasgé n6 PUFAIn mdxSOLin 20
weeks compared to WT (Table AAZ9). In PC, only MUFA were increased mdxat 10
and 20 week (Table AQ). Finally, in Pl and PSMUFA wasincreasecandPUFA

(mainly 18:2n6) was decreased (Table A.11, Table A.12).
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Eccentric inducedmuscle damage

Intracellular fibronectin

In general, the percentage of total fibres that were fibronectin positive did not
differ between streteed and nosstretched EDL (Fig 3). The only exception was that
the percentage of fibronectpositive fibres was higher in stretched 20 weeknottk
compared to nostretched 20 week olthdx 20 week old WT, and 10 week afablx

The percentage of total fibres that were fibronectintp@sdid not differ between
stretchedss. nonstretchedSOL (Fig 3.2). However, the percent fibronecfiositive
fibres were higher in both nestretched and stretched 20 week midxSOL compared
to 10 week oldndxand 20 week old WT.

Overall, type I fibes inboth EDL andSOL muscles of WT anchdxin both age
groups were the majority of fibres with intracellular fiboroneckig(3.1 andFig. 32).In
EDL, the ratio of fibronectin positive type | to type Il fibres was increased in 20 wks old
mdxcompared to their WTs, but the ratio remained unchanged in 10 whsdaiahice.

In SOL, the ratio was unalterednmdxat both 10 and 20 week. Moreoyer SOL
independent of membrane damage, the proportion of type | and |l fibsés/e

forfibronectinremainedunchangedcross WTs anchdxat both age groups.
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Figure 31. Percent fibronectipositive fibresan wild type andmdx stretched and nen
stretchedextensor digitorum longus mus@e 10 and 2@veeks ofage.Percentage of

fibronectin positive fibres represents the fibres with intracellular fidrtin divided by

the total number of fibreJ.ype | and Il fibres represetite fibres with intracellular

fibronectinfrom stretched muscl&alues are mean + SENMVT, wildtype;* denotes

significance from norstretchedA denotes si gni f thesameage fr om W
group ¥ denotes significance from Wkeks of agevithin the samegenotype + denotes

significance from type | fibres.
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Influence of membrane lipid compositionestentric inducednuscle damage

To assess the correlation of membrane lipid compositicetoantric induced
muscle damage, only the PL and FAs that significantly changed in EDL or soleus were
selected.
For SM FA, the general trend was that saturated and monounsaturated fatty acids
demonstrated a positive correlation with percent fibronguisitive fibres wheeas
polyunsaturated fatty acids veenegatively correlated (FB3). Specifically, SM 16:0
(20 wks; r: 0.73, p: 0.04, 20 wks; r:0.12, p:0,089:0(10 wks; r: 0.97, p:0.02, 20 wks;
r:0.42, p: 0.04)and 18:1(10 wks; r:0.67, p:0.03, 20 wks; r: 0.59, p: 0.0&re
significantly positively correlated with percent fibroneetnositive fibres in both 10 and
20 week oldndxEDL. In contrast, only 20 week old WT SM 1qr&0.89, p9.03) 18:0
(r=0.39, p=0.04) and18:1(r=0.31, p=0.05)were significantly positively correlated to
percent fibronectipositive fibres. SM 18:2n6 was significantly negatively correlated in
10 week oldndx(r=-0.73, p=0.03nd WT(r=-0.77, p=0.03) and approached
significance (p®.07) in20 week oldndx

For PC FA, the general trend was 16:0 and 18:2n6 demonstrated a negative
correlation with percent fibronectpositive fibres whereas 18:0 and 18:1 demonstrated a
positive correlation (Fig.8). Specifically, these correlations were significarmoixfor
all PC FA in both age groug$6:0 at 10 wksndx r=-0.63, p=0.02, 16:0 at 20 wksdx
r=-0.81, p=0.0718:0 at 10 wkendx r:=0.93, p=0.01, 18:0 at 20 wksdx r=0.59,
p=0.04, 18:1 at 10 ke mdx r=0.83, p=0.04; 18:1 at 20 wksdx r=0.89, p=0.0118:2n6
at 20 weekandx r=-0.74, p=0.04)with the exception of 18:2n6 at 10 weeks of age. In

contrast, significance was only found with 1&#80.79, p=0.0}, 18:1(r=0.88, p=0.0%
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Figure 33. Linear fitted regression model e€centric inducedamage correlated with
membrane sphingomyelin (SM) A) 16:0 at 10 we@kg, r=0.11, p=0.25mdx r=0.73,
p=0.04) B) 16:0 at 20 weeks8NT, r=0.89,p=0.03;mdx r=0.12,p=0.05) C) 18:0 at 10
weeks WT, r=0.17,p=0.07;mdx r=0.97,p=0.02) D) 18:0 at 20 weeksN\T, r=0.39,
p=0.04;mdx r=0.42,p=0.04) E) 18:1 at 10 week8$\(T, r=0.21,p=0.07;mdx r=0.67,
p=0.03) F) 18:1 at 20 weekd\(T, r=0.31,p=0.05;mdx r=0.59,p=0.03), G) 18:2n6 at
10 weekqWT, r=-0.77,p=0.03;mdx r=-0.73,p=0.03) and H) 18:2n6 at 20 week&/T,
r=-0.14,p=0.81;mdx r=-0.87,p=0.07)in wild type (WT; solid lines) anchdx(dashed
lines) extensor digitorum longus muscle.
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and 18:2nQr=-0.91,p=0.02 at 10 weeks of age and 14r6-0.94, p=0.0)land 18:1
(r=0.91, p=0.02at 20 weeks of age in WT.
In contrast to EDL, SOL membrane damage was not significantly correlated to

any CL FA(Fig. 3.5).

Fibrosis

Fibre regeneration and fibrosis

Percentage of fibres with central nuclei was highendxcompared to WT in
both fibre types at 10 weeks aBdweeks of age for EDL (Fig.8) and SOL (Fig.7).
Fibrosis was highest in 20 week efdixcompared to 10 week ofddxand 20 week old

WT for EDL and soleus (Figure&.

Influence of membrane lipid composition orfibrosis
Similar to correlations teccentric inducechuscle damaganly the PL and FAs
that significantly changed in ED(SM 160, 180, 18:1, 18:2n6 and PC 15 180, 18:1,

18:2n6)andsoleus(CL) were selected (Appendix Aable A.2, A.3A.8).

For SM FA in EDL, most of the correlations were not significant. The exceptions
were 16:0 in 10 week olehdx(r=0.70, p=0.01)18:1 in 20 week oldhdx(r=0.42,
p=0.04) and 18:26 in 10 week old WTr=0.37, p=0.05)vere significantly positively

correlated with percent fibrosis, whereas 18:2n6 in 10 wébkdx(r=-0.49,p=0.03
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Figure 34. Linear fitted regression model e€centric inducedamage correlated with
membrane phosphatidylcholine (PC) A) 16:0 at 10 w§ékg, r=-0.14, p=0.82mdx r=
0.63, p=0.02)B) 16:0 at 20 weeksdNT, r=-0.94, p=0.01mdx r=-0.81, p=0.07)C) 18:0
at 10 weeksWT, r=0.79, p=0.01mdx r=0.93, p=0.01)D) 18:0 at 20 weeksNT,
r=0.45, p=0.08mdx r=0.59, p=0.04)E) 18:1 at 10 weekS\(T, r=0.88, p=0.04mdx
r=0.83, p=0.04)F) 18:1 at 20 week$\(T, r=0.91, p=0.02mdx r=0.89, p=0.01)G)
18:2n6 at 10 week@VT, r=-0.91, p=0.02mdx r=-0.09, p=0.87)andH) 18:2n6 at 20
weeks WT, r=-0.20, p=0.73mdx r=-0.74, p=0.04)n wild type (WT; solid lines) and
mdx(dashed lines) extensor digitorum longus muscle.
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Figure 35. Linear fitted regression model e€centric inducedamage correlated with
membrane cardiolipin (CL) A) 16:0 at 10 wedkgT, r=0.34,p=0.56;mdx r=-0.001,
p=0.99) B) 16:0 at 20 weekd\(T, r=0.65,p=0.23;mdx r=0.08,p=0.89) C) 18:0 at 10
weeks WT, r=-0.32,p=0.58;mdx r=-0.14,p=0.81) D) 18:0 at 2Qveeks WT, r=0.84,
p=0.06;mdx r=0.42,p=0.47) E) 18:1 at 10 week$\(T, r=0.45,p=0.43;mdx r=0.53,
p=0.34) F) 18:1 at 20 weekd\(T, r=0.53,p=0.34;mdx r=0.52,p=0.36) G) 18:2n6 at
10 weekqWT, r=-0.41,p=0.49;mdx r=-0.45,p=0.43) and H) 18:2n&t 20 weeksWT,
r=-0.12,p=0.84;mdx r=-0.02,p=0.9)in wild type (WT; solid lines) anchdx(dashed
lines) soleus muscle.
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Figure 36. Percentage of type | and Il fibres with central nuclei in wild typenadx
extensor digitorum longus at 10 and 20 weeks of age. Values are mean Y\SEMild

type;* denotes significance from WT within the same age group

91



® Typelfibres ® Typellfibres
601 *

woihire
il

[}
(=]
1

Percentage of Fibres with Central Nuclei
M

01 —Sme® _smam . Saget _ENgn r
WT 10 wks mdx 10 wks WT 20 wks mdx 20 wks

Figure 37. Percentage of type | and Il fibres with central nuclei in wild typenadx
soleus at 10 and 20 weeks of age. Values are means t\8EMyild type;* denotes

significancefrom WT within the same age group.
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Figure3.8. Percentage of fibrosis in extensor digitorum longg soleusValues are

means + SEMWT, wild type;* denotes significance from WT at 20 weeks
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and 20 week old WTr=-0.39, p=0.03yere significantly ngativelycorrelated (Fig
2.9

Similar to SM, most of the PC FA correlations in EDL were not significant. The
only exceptions were that in 10 week old mice, 16:®ix(r=0.85, p=0.0%and 18:0 in
WT (r=0.73, p=0.05yvere significantly positivelgorrelated with fibrosis (Fig.320).

There were no clear trends in soleus CL FA wbamelaed against fibrosis (Fig
3.11). At 10 weeks of age, 16:0 was significantly positively correlated with fibrosis in
bothmdx(r=0.76, p=0.03and WT(r=0.29,p=0.05)whereas 18:0 was significantly
negatively correlate@WVT, r=-0.22, p=0.04mdx r=-0.97, p=0.03) At 20 weeks of age,
16:0 formdx(r=-0.90, p=0.03and WT(r=-0.73, p=0.05)18:0for WT (r=-0.89,
p=0.04) and 18:2n6 fomdx(mdx r=-0.87, p=0.04yere significantly negatively

correlated with fibrosis, whereas 18:1Innaxwas significantly positively correlated.
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Figure 3.9Linear fitted regression model brosiscorrelated with membrane
sphingomyelin (SM) A) 16:0 at 10 wee@&/T, r=-0.06,p=0.12;mdx r=0.70,p=0.01),

B) 16:0 at 20 weeksNT, r=0.36,p=0.21;mdx r=0.13,p=0.38, C) 18:0 at 10 weeks
(WT, r=0.77,p=0.12 mdx r=-0.46,p=0.42), D) 18:0 at 20 weekd\T, r=0.39 p=0.51;
mdx r=0.64,p=0.23, E) 18:1 at 10 week3\(T, r=0.01,p=0.97;mdx r=0.10,p=0.86),

F) 18:1 at 20 weeksdNT, r=0.60,p=0.28;mdx r=0.42,p=0.04), G) 18:2n6 at 10 weeks
(WT, r=0.37,p=0.05;mdx r=-0.49 p=0.03) and H) 18:2n6 at 20 weekd/T, r=-0.39,
p=0.03;mdx r=-0.18 p=0.07)in wild type (WT; solid lines) anchdx(dashed lines)
extensor digitorum longus muscle.
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