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ABSTRACT

Skeletal muscle is a heterogeneous, multinucleated, post-mitotic tissue
that contains many functionally diverse fibre types that are capable of adjusting
their phenotypic properties in response to altered contractile demands. This
plasticity, or adaptability of skeletal muscle is largely dictated by variations in
motoneuron firing patterns. For example, in response to increased tonic firing of
slow motoneurons, which occurs during bouts of endurance training or chronic
low-frequency stimulation (CLFS), skeletal muscle adapts by transforming from a
faster to a slower phenotypic profile. CLFS is an animal model of endurance
training that induces fast-to-slow fibre type transformations in the absence of fibre
injury in the rat. The underlying signaling mechanisms regulating this fast-to-
slow fibre type transformation, however, remain to be fully elucidated. It has
been suggested that myogenic stem cells, termed satellite cells, may regulate
and/or facilitate this transformational process.  Therefore, the signaling
mechanisms involved in CLFS-induced satellite cell activation as well as the role
satellite cells may play in CLFS-induced skeletal muscle adaptation were
investigated in rat. A pharmacological inhibitor of nitric oxide (NO) synthase,
N®-nitro-L-arginine methyl ester, was used to investigate CLFS-induced satellite
cell activation in the absence of endogenous NO production. Results suggest that
NO is required for early CLFS-induced satellite cell activation, but a yet-to-be
defined pathway exists that is able to fully compensate in the absence of
prolonged NO production. A novel method of satellite cell ablation (i.e. weekly

focal y -irradiation application) was used to investigate CLFS-induced skeletal



muscle adaptation in the absence of a viable satellite cell population. Myosin
heavy chain (MHC), an important structural and regulatory protein component of
the contractile apparatus, was used as a cellular marker of the adaptive response
to CLFS. It was demonstrated that satellite cell activity may be involved in early
fast-to-slow MHC-based transformations to occur at the protein level without
delay in the fast fibre population, and may also play an obligatory role in the final
transformation from fast type IIA to slow type I fibres. Interestingly, additional
results show that NO appears to be a key mediator of MHC isoform gene

expression during CLFS-induced fast-to-slow fibre type transformations.
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slowest (i.e. type I) to fastest (i.e. type IIB). Statistical symbols
indicate: © difference from Control, * difference between Stim and IRR-
Stim of the same number of days of stimulation (P < 0.05).
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CHAPTER FIVE

5.1

5.2

5.3

5.4

5.5

Photomicrograph of representative immunohistochemical BrdU stain
used to identify activated satellite cells (arrow) in rat tibialis anterior
muscles (4). Bar represents 10 pm. Number of BrdU positive nuclei
per 100 fibres in rat tibialis anterior muscles (B). Statistical symbols
indicate: ¢ difference from respective control group (Control or L-
Control), * difference between Stim and L-Stim of the same number of
days of stimulation (P < 0.05).

Fold changes in MHCI mRNA (4), MHCIla mRNA (B), MHCIId(x)
mRNA (C) and MHCIIb mRNA (D) gene expression levels in rat
tibialis anterior muscles. Statistical symbols indicate: ¢ difference from
respective control group (Control or L-Control), * difference between
Stim and L-Stim of the same number of days of stimulation (P < 0.05).

Example of the electrophoretic method used to quantify MHC isoform
composition of Control and 10 day stimulated (10d Stim) rat tibialis
anterior muscles (4). Percentage of MHCI, MHCIla, MHCIId(x) and
MHCIIb distribution in rat tibialis anterior muscles as determined by
densitometric evaluation of duplicate gels (B). Statistical symbols
indicate: © difference from respective control group (Control or L-
Control), * difference between Stim and L-Stim of the same number of
days of stimulation (P < 0.05).

Representative MHC isoform immunohistochemistry
photomicrographs of Control and 10 day stimulated rat tibialis anterior
muscles. Immunostains for MHCI (clone BA-D5), MHClIla (clone SC-
71), all MHC’s except MHCIId(x) (clone BF-35) or MHCIIb (clone
BF-F3). Bar represents 100 um.

The percentage of fibres expressing MHCI (4), MHCIlla (B),
MHCIId(x) (C), MHCIIb (D) and multiple MHC isoforms (E).
Statistical symbols indicate: © difference from respective control group
(Control or L-Control), * difference between Stim and L-Stim of the
same number of days of stimulation (P < 0.05).

CHAPTER SIX

6.1

Akt signaling. Arrows=activation, bars=inhibition, dashed line=direct
activation. 4E-BPl=eukaryotic initiation factor 4E-binding protein-1;
elF2B=eukaryotic initiation factor 2B; FoxO=forkhead box O;
GSK3p=glycogen synthase kinase 3f; mTOR=mammalian target of
rapamycin; PDK1=3'-phosphoinositide-dependent protein kinase-1;
S6K=ribosomal protein S6 kinase; TSC2=tuberous sclerosis complex-
2; T=increase. With permission from Coffey & Hawley (2007).
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6.2

6.3

6.4

Schematic representation of the possible mechanisms of satellite cell
activation. Ca®"-CaM=calcium-calmodulin complex; DGA=dystrophin
-glycogen associated; HGF=hepatocyte growth factor protein (active
form); L-Arg=L-arginine; L-Cit=L-citruline; MMP=matrix
metalloproteinase; NO=nitric oxide; NOS=nitric oxide synthase;
PG=proteoglycans; straight arrows=NO-dependent satellite cell
activation pathway (A); dashed arrows=potential NO-independent
activation pathways (B and C).

Proposed model. Nitric oxide facilitates calcium-induced NFAT
nuclear accumulation and subsequent expression of slow-type mRNAs
by inhibiting GSK-3f and reducing export of NFAT from the nucleus.
Cat+=calcium; cGMP=cyclic guanosine monophosphate; GSK-
3pB=glycogen synthase kinase-33; NFAT=nuclear factor of activated T
cells; NOS=nitric oxide synthase; p-NFAT=phosphorylated NFAT;
sGC=soluble guanylate cyclase. With permission from Drenning et al.
(2008).

Simplified scheme of the signaling pathways involved in activity-
dependent up-regulation of slow muscle gene expression.
Ca’'=calcium; CaMK=calmodulin-dependent protein kinase; GSK-
3p=glycogen synthase kinase-33; HDAC=histone deacetylase;
MEF2=myocyte enhancing factor-2; NFAT=nuclear factor of activated
T cells; NO=nitric oxide; P=phosphorylated.

APPENDIX A

1

MHCI mRNA (4), MHCIla mRNA (B), MHCIId(x) mRNA (C) and
MHCIIb mRNA (D) expression levels expressed as a percent of total
MHC mRNA content in rat tibialis anterior muscles of sham-operated
(Control) and the contralateral right legs of y -irradiated plus 21 day
stimulated (IRR-Stim) or stimulated only (Stim). Statistical symbol
indicates: ¢ difference from Control (P < 0.05).

Percentage of MHCI (4), MHCllIa (B), MHCIId(x) (C) and MHCIIb
(D) distribution in rat tibialis anterior muscles of sham-operated
(Control) and the contralateral right legs of y -irradiated plus 21 day
stimulated (IRR-Stim) or stimulated only (Stim). Statistical symbol
indicates: ¢ difference from Control (P < 0.05).

The percentage of fibres expressing a particular MHC isoform in rat
tibialis anterior muscles of sham-operated (Control) and the
contralateral right legs of y -irradiated plus 21 day stimulated (IRR-
Stim) or stimulated only (Stim). Statistical symbol indicates: °
difference from Control (P < 0.05).
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The proportion of pure and hybrid fibre types I (4), /IIA (B), 1A (C),
IID (D) and 1IB (E) in rat tibialis anterior muscles of sham-operated
(Control) and the contralateral right legs of y -irradiated plus 21 day
stimulated (IRR-Stim) or stimulated only (Stim). Statistical symbol
indicates: ¢ difference from Control (P < 0.05).

Citrate synthase (4) and glyceraldehyde phosphate dehydrogenase (B)
activities in rat tibialis anterior muscles of sham-operated (Control) and
the contralateral right legs of y-irradiated plus 21 day stimulated (IRR-
Stim) or stimulated only (Stim). Statistical symbol indicates: °
difference from Control (P < 0.05).

APPENDIX B

1

Representative real-time polymerase chain reaction amplification plot
of MHCI mRNA that had a cycle threshold (horizontal red line) of
0.0257.

Representative real-time polymerase chain reaction amplification plot
of MHCIla mRNA that had a cycle threshold (horizontal red line) of
0.0393.

Representative real-time polymerase chain reaction amplification plot
of MHCIId(x) mRNA that had a cycle threshold (horizontal red line) of
0.0206.

Representative real-time polymerase chain reaction amplification plot
of MHCIIb mRNA that had a cycle threshold (horizontal red line) of
0.0573.

Representative real-time polymerase chain reaction amplification plot
of 18S rRNA that had a cycle threshold (horizontal red line) of 0.0937.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

Adult skeletal muscle is a heterogeneous, multinucleated, post-mitotic
tissue containing many functionally diverse fibre types that are capable of
adjusting their structural, functional, metabolic and molecular properties in
response to altered contractile demands (reviewed by Pette & Staron, 1997; Pette,
1998; Pette & Staron, 2000; Pette, 2001). The underlying signaling mechanisms
that lead to phenotypic transformation, however, remain unclear. One possible
mechanism that has been suggested to regulate and/or facilitate this
transformational process are myogenic stem cells, termed satellite cells that are

associated with all skeletal muscle fibres (Schultz et al., 1990).

Named for their location between the basal lamina and the sarcolemma of
adult skeletal muscle fibres (Fig. 1.1), satellite cells are undifferentiated,
mononucleated, muscle progenitor stem cells that constitute approximately 1-4%
of total myonuclei (Schultz & McCormick, 1994). Normally quiescent in adult
skeletal muscle, satellite cells become active in response to a number of stimuli
including muscle growth, damage, innervation/denervation, stretch, overload and
exercise (Putman et al., 1999; Seale & Rudnicki, 2000). It is well established that
in response to skeletal muscle hypertrophic stimuli or damage, quiescent satellite
cells begin to actively cycle and fuse with existing myofibres or with each other,
creating new myonuclei or forming new myofibres, respectively (reviewed by
Schultz & McCormick, 1994; Hawke & Garry, 2001; Charge & Rudnicki, 2004;
Adams, 2006; O'Connor & Pavlath, 2007). As Schultz & Darr (1990) and
Bamman (2007) point out, however, the role of satellite cells in endurance

exercise-induced skeletal muscle adaptation is less clear.



Figure 1.1 First documented satellite cell. Arrows indicate satellite cell.
SC=extreme poles of the satellite cell. © Mauro, 1961. Originally published in J.
Biophys. Biochem. Cytol. 9: 493-494.

The work presented in this thesis examines the activity-induced activating
signaling mechanisms and subsequent contributions of satellite cells to skeletal
muscle transformations in rat fast-twitch skeletal muscle. The second chapter is a
review of the literature, examining the pertinent components of skeletal muscle
and the satellite cell population associated with it, specifically focused on rodents.
The first section of the literature review provides a general overview of the
heterogeneity of adult skeletal muscle and its ability to adapt in response to
varying contractile demands such as chronic low-frequency stimulation (CLFS),
an animal model of endurance exercise training. The second section reviews the
different roles that satellite cells play in skeletal muscle including development,
regeneration, hypertrophy and fast-to-slow fibre type transformations. The recent
classification of satellite cells as stem cells is also addressed in this section along
with the proposed underlying signaling mechanisms controlling the ability of
satellite cells to generate both differentiated skeletal muscle progeny and to self-
renew. Additionally, the model of gamma (y)-irradiation as a method of satellite
cell ablation is reviewed. The final section addresses the signaling mechanisms
involved in satellite cell activation. The nitric oxide (NO)-dependent satellite cell

activation pathway that involves NO, hepatocyte growth factor (HGF) and the



satellite cell c-met receptor, is reviewed along with this pathways potential
involvement in CLFS-induced satellite cell activation. NO-independent satellite

cell activation is also discussed.

The three studies in this thesis are presented as sequential chapters (3-5).
The study detailed in Chapter 3 implemented a novel y-irradiation protocol that
successfully ablated satellite cell activity in the rat mixed fast-twitch tibialis
anterior muscle throughout 21 days of CLFS. This allowed investigation of the
effects of long-term CLFS-induced fast-to-slow skeletal muscle fibre type
transformations, in the absence of a viable satellite cell population. Moderate
attenuation of CLFS-induced fast-to-slow fibre type transformations was observed
in long-term stimulated muscles that were exposed to y-irradiation. Specifically,
the final type IIA to I transformation did not occur in these muscles. Thus,
satellite cells appear to play a direct role in fast-to-slow fibre type transformations
that is quantitative in nature. Considerable adaptive potential does, however,
seem to reside in myonuclei, which indicates that the primary role of satellite cells

may be to maintain the long-term stability of the transformed state.

The second study (Chapter 4) examined the involvement of satellite cells
in response to short-term (1 to 10 days) CLFS-induced fast-to-slow fibre type
transformations in rat tibialis anterior muscle. It was reported that significant
satellite cell activation occurred at 1 day of stimulation and confirmed previous
results that maximal proliferation occurs between 5 and 10 days of stimulation
(Putman et al., 1999). Additionally, in those muscles exposed to y -irradiation,
fast-to-slow fibre type transformations during short-term CLFS were attenuated in
the fast fibre population and the final fast-twitch to slow-twitch transformation
was prevented, as similarly observed during long-term CLFS. These findings
indicate that satellite cell activity may also be important during short-term CLFS.
Collectively, it appears that existing myonuclei can support fast-to-slow fibre type

transformations up to a certain threshold or myonuclear domain ceiling beyond



which satellite cells may be required, particularly for the final transformation

from type IIA to type I fibres.

The final time-course study (Chapter 5) was the first to investigate the
signaling mechanisms involved in CLFS-induced satellite cell activation and
specifically, the NO-dependent satellite cell activation pathway in rat tibialis
anterior. Endogenous NO production was blocked by orally administering a
pharmacological inhibitor of NO synthase (NOS) activity, N“-nitro-L-arginine
methyl ester (L-NAME). In those animals that received L-NAME, early CLFS-
induced satellite cell activity was blocked, but by 5 days of stimulation, satellite
cell activity was able to fully recover. Therefore, it appears that only immediate
CLFS-induced satellite cell activation occurs via a NO-dependent pathway, while
a yet-to-be identified NO-independent pathway exists that is able to fully
compensate during NO suppression. Additionally, in the L-NAME treated
animals, the up-regulation of myosin heavy chain (MHC) mRNAs involved in
CLFS-induced fast-to-slow transformations was prevented. Therefore, NO also
appears to be directly involved in regulating CLFS-induced MHC gene

expression.

Collectively, these studies indicate that NO is required for immediate
satellite cell activity, which in turn, is involved in both short-term and long-term
CLFS-induced fast-to-slow fibre type transformations. Additionally, NO also
appears to be a key mediator of MHC gene expression in response to CLFS. The
overall results and interpretations of findings are discussed in the final chapter of
this thesis (Chapter 6). Rationales for future studies are also presented that would
further our understanding of the underlying cellular and molecular mechanisms
responsible for activity-induced satellite cell activation and the regulation of fast-

to-slow skeletal muscle transformation.
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CHAPTER TWO

LITERATURE REVIEW

2.1 ADULT SKELETAL MUSCLE
2.1.1 Diversity

Skeletal muscle is a heterogeneous tissue containing structurally,
functionally and metabolically distinct fibre types (reviewed by Pette & Staron,
1997, 2000; Pette, 2002; Spangenburg & Booth, 2003). A summary of some of
the characteristics of the current fibre type nomenclature is given in Table 2.1.
Differences in MHC isoform content, metabolic enzyme activity levels and
myonuclear domain sizes between the various skeletal muscle fibre types are

highlighted in this section.

Table 2.1 Characteristics of skeletal muscle fibre types.

Classification scheme

Myosin heavy chain MHCI MHClIIa MHCIId(x) MHCIIb
Fibre type Type I Type IT1A Type IID(X) Type IIB
Contractile speed  Slow-twitch Fast-twitch Fast-twitch Fast-twitch

Metabolic Profile  Oxidative  Oxidative-Glycolytic Glycolytic  Glycolytic

Currently, the most accepted and widely used method of fibre type
classification is performed according to MHC isoform content, which is an
important myofibrillar protein because it dictates the rate of force development
and the maximum shortening velocity of cross-bridge formation (Pette & Staron,
1997). MHC-based fibre types are classified as type I, ITA, [ID(X) and IIB that

contain the corresponding MHC isoforms listed in increasing order of shortening
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velocity: MHCI, MHClIla, MHCIId(x) and MHCIIb (Table 2.1) (Pette & Staron,
1997).

Metabolic profiles also differ between the different skeletal muscle fibre
types (Table 2.1). Type I fibres primarily generate ATP, an intracellular energy
transfer molecule, through mitochondrial pathways of aerobic substrate oxidation.
Carbohydrate, fatty acid, keytone body and amino acid oxidation that involve the
production of acetyl coenzyme A fuel this process. In the mitochondria, the citric
acid cycle begins with the reaction between acetyl coenzyme A and oxalocateate
to from citrate, which is catalysed by the “aerobic-oxidative” enzyme, citrate
synthase (CS). Subsequently, the high-energy electrons produced by the citric
acid cycle are passed down the electron-transport chain to electron acceptors such
as oxygen. Part of the energy released during this process is used for ATP
resynthesis via oxidative phosphorylation. Conversely, the type II fast-twitch
skeletal muscle fibres generate most of their energy through the glycolytic
pathway, which represents the initial reactions of glycogen and glucose
catabolism. This process involves a series of enzymatic steps, in which,

glyceraldehyde phosphate dehydrogenase (GAPDH) is involved.

In addition to distinct MHC isoforms and metabolic properties, skeletal
muscle fibre types also contain varying myonuclear domain sizes. A myonuclear
domain is the finite volume of cytoplasm surrounding and controlled by the gene
products of a single myonucleus (Cheek, 1985; Hall & Ralston, 1989; Pavlath et
al., 1989; Allen et al., 1999). Slow-twitch skeletal muscle fibres (i.e. type I)
contain a larger number of myonuclei, smaller cross-sectional areas and
cytoplasmic volume (Gibson & Schultz, 1982, 1983) and therefore, smaller
myonuclear domain sizes compared with fast-twitch skeletal muscle fibres (i.e.
type 1IB) (Cheek, 1985; Schultz et al., 1990; Tseng et al., 1994; Roy et al., 1999).
Because slow-twitch skeletal muscle fibres are recruited first and therefore most

often, the smaller myonuclear domain sizes of these fibres are presumably a



requirement of their higher biosynthetic activity levels and greater protein

turnover compared with fast-twitch skeletal muscle fibres (Schultz ef al., 1990).

2.1.2 Plasticity

Skeletal muscle displays a great deal of plasticity or adaptability that is
largely dictated by variations in motoneuron activity. The dominant influence of
the motoneuron was demonstrated most clearly by nerve cross-union studies that
showed the cross-reinnervation of a fast-twitch muscle with a slow-twitch nerve
(or visa versa) resulted in a fast-to-slow transformation (or visa versa) (Buller et
al., 1960). The resultant phenotypic changes following cross-reinnervation have
been shown to be primarily due to the motoneuron-specific impulse patterns
delivered to the muscle (Salmons & Verbova, 1969). During this transformation,
it is not uncommon for a fibre to simultaneously express two or more different
MHC isoforms (Pette & Staron, 1997; Pette, 2001). These “transitional” or
“hybrid” fibres presumably reflect the dynamic remodeling state of a muscle
undergoing adaptation to altered physiological demands (Pette & Staron, 1997;
Putman et al., 2000; Pette, 2001). For example, skeletal muscle fast-to-slow
transformation follows the “next nearest-neighbour” rule; according to this rule,
hybrid fibre types bridge the gaps between the pure fibre types undergoing a
predictable pattern of transformation as follows (with minor exceptions to certain
pathological conditions): [IB—IID(X)/B—IID(X)—IA/D(X)—IA—I/ITA—I
(Fig. 2.1) (reviewed by Pette & Staron, 1997, 2000; Pette, 2002). It should be
noted that in response to certain altered physiological demands, hybrid fibres cans
simultaneously express three or more MHC isoforms (Pette, 2002). Additional
factors that also play important roles in both the maintenance and transformation
of skeletal muscle fibres, but are beyond the scope of this literature review,

include mechanical overload/unloading, hormones and ageing.



Figure 2.1 Schematic representation of reversible fibre type transformations in
response to altered neuromuscular activity. With permission from Pette (2002).

2.1.2.1 Chronic Low-Frequency Stimulation

CLFS is an endurance exercise model that is ideal for studying the effects
of enhanced neuromuscular activity on various structural, functional, metabolic
and molecular properties of skeletal muscle in the absence of fibre injury in the rat
(Simoneau & Pette, 1988; Delp & Pette, 1994; Putman et al., 1999, 2000; Putman
et al., 2001). Figure 2.2 illustrates the CLFS model in rat and summarises CLFS-
induced transformations. The sustained tonic pattern of motor nerve activity
induced by CLFS mimics the electrical discharge pattern of slow motoneurons
innervating slow-twitch muscles, but does not mimic voluntary muscle activation
for two reasons (Pette & Vrbova, 1999; Ljubicic et al., 2005). First, during
voluntary contractions, motor units (a motoneuron and all the muscle fibres it
innervates) are recruited in a strict hierarchical order according size, known as
Henneman’s Size Principle (Henneman et al., 1981). Second, these motor units
fire asynchronously and with different frequencies. Normally, the smallest motor
units fire first followed by larger motor units when more force is needed. CLFS
overrides both of these activation patterns by imposing the electrical discharge

pattern of slow motoneurons as well as activating all motor units synchronously.



Despite the differences between normal and electrically induced skeletal
muscle activity, CLFS has certain advantages. First, all motor units receive the
same pattern of activity, thus providing a standardised regime. Second, since the
targeted motor units are all recruited synchronously, the adaptive potential of
skeletal muscle is maximally challenged. Specifically, the large motor units that
are not normally recruited experience the greatest transformations in response to
CLFS (Pette & Vrbova, 1999; Ljubicic et al., 2005). Third, having CLFS
restricted to the target muscle allows for comparison to an internal contralateral
control muscle and minimal secondary systemic effects. Taken together, the
standardised and highly reproducible conditions of CLFS allows for higher levels
of activity-induced fast-to-slow transformations to occur in a well-defined shorter
period of time compared with voluntary exercise (Pette, 2002; Ljubicic et al.,

2005).

Figure 2.2 The CLFS model and a summary of the CLFS-induced adaptations.
Ach=acetylcholine; Ca®'=calcium; CLFS=chronic low-frequency stimulation;
CS=citrate synthase; COX=cytochrome c oxidase; EDL=extensor digitorum
longus; GAPDH=glyceraldehyde phosphate dehydrogenase; NMJ=neuromuscular
junction; PFK= phosphofructokinase; TA=tibialis anterior. With permission from
Ljubicic et al. (2005).
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CLFS-induced fast-to-slow fibre type transformations occur in a specific
time-dependent manner. Jaschinski et al. (1998) detected fast-to-slow MHC
isoform transformations beginning at the mRNA level at 1 day after the onset of
stimulation that rapidly continued to change through 10 days in rat fast-twitch
skeletal muscle (Fig. 2.34). Corresponding changes at the MHC protein level
first occurred at 5 days of stimulation and were found to be most rapidly
transforming by 10 days of CLFS (Fig. 2.3B). At 21 days of stimulation, 80-90%
of fast-to-slow fibre type transformations have occurred (Fig. 2.34 and B).
CLFS-induced metabolic energy adaptations also occur in a time-dependent and
sequential manner as demonstrated by Simoneau & Pette (1988). They showed
CLFS-induced time-dependent increases in CS (aerobic-oxidative pathway
enzyme) and concomitant decreases in GAPDH (glycolytic pathway enzyme) in
fast-twitch skeletal muscle across different species, including rat (Fig. 2.4; rat
species denoted by the symbol x). This observed increase in mitochondrial
enzyme production by CLFS is considered to be reflective of mitochondrial
biogenesis. For example, linear correlations have been shown to exist between
the increase in CS activity, total mitochondrial volume and aerobic-oxidative
capacity (Reichmann et al., 1985). Therefore, CLFS-induced reciprocal changes
in enzyme activity patterns ultimately alter the metabolic profile of the muscle
fibre type from glycolytic to predominantly aerobic-oxidative. CLFS-induced
fast-to-slow fibre type transformations were also associated with increases in
satellite cell activity, number and fusion to transforming fibres (Putman et al.,
1999). Interestingly, maximum satellite cell activity has been shown to occur
between 5 and 10 days of CLFS in rat fast-twitch skeletal muscle, when fast-to-

slow fibre type transformations are most readily transforming (Fig. 2.5).
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Figure 2.3 Changes in MHC mRNA (A4) and protein isoforms (B) in extensor
digitorum longus muscle of rat. MHCIIb (O), MHCIId/x (v), MHCIla (A), and
MHCI (o). Statistical symbol indicates: * first time point that was significantly
different versus control. With permission from Jaschinski et al. (1998).
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Figure 2.4 Changes in activities of CS and GAPDH in tibialis anterior muscles
of mouse (@), rat (x), guinea pig (A ) and rabbit (m). Statistical symbol indicates:
* first time point at which changes reach significance compared to zero time.
With permission from Simoneau & Pette (1988).

Figure 2.5 Number of previously or currently proliferating satellite cells in rat
extensor digitorum longus muscles. Statistical symbols indicate difference from:
* euthyroid (euthyr.), ® hypothyroid, ‘contralateral controls, ¢ 5d stimulated, and ©
10d stimulated. With permission from Putman et al. (2000).
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2.2 SATELLITE CELLS
2.2.1 Satellite Cell Function

As mentioned in Chapter 1, section 1.1, satellite cells are mononucleated
muscle progenitor cells associated with all post-mitotic skeletal muscle fibres.
The different roles that satellite cells play in skeletal muscle are discussed in this

section.

2.2.1.1 Muscle Development

Skeletal muscle and satellite cell development are considered a
synonymous process. Additionally, satellite cell regulation in adult skeletal
muscle closely parallels the program manifested during myogenesis (Seale &
Rudnicki, 2000). It is therefore essential to review the developmental process of
skeletal muscle and satellite cells. Pownall et al. (2002) presents an excellent
review of skeletal muscle development and the key role myogenic regulatory
factors (MRFs; Myf5, MyoD, MRF4 and myogenin) play in this process. MRFs
are a family of transcription factors that have been identified as key regulators of
muscle cell specification and differentiation that possess the capacity to convert
non-muscle cell types into muscle (Pownall ef al., 2002). Each of the MRFs has
been shown to heterodimerize with the ubiquitous basic helix-loop-helix proteins.
This protein structural motif binds to DNA at E-boxes (i.e. CANNTG) that are
present in the promoter and enhancer regions of many skeletal muscle specific
genes. Figure 2.6 illustrates the developmental process of the structures involved
in embryonic skeletal muscle and satellite cell development from the presomitic

paraxial mesoderm to the dermomyotome.
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Figure 2.6 Embryonic origins of skeletal muscle and satellite cells. DML=dorsal
medial lip; VLL=ventral lateral lip. With permission from Parker et al. (2003).

Embryonic myogenesis begins in newly formed, transitory structures,
termed somites that rapidly give rise to the sclerotome and dermomyotome, from
which muscle and satellite cell precursors originate (Pownall et al., 2002). These
precursors are characterized by their expression of the paired-box transcription
factors (Pax)3 and Pax7. Pax3 has been shown to be involved in the delamination
and subsequent migration of embryonic myogenic progenitor cells (Parker et al.,
2003), while Pax7 appears to be essential for satellite cell specification, survival
and self-renewal (Kuang ef al., 2007). Upon migration to the primary myotome
and sites of skeletal muscle limb formation, these transcription factors decline and
MRFs are up-regulated, which further enforce commitment to the myogenic
lineage (Cossu et al, 1996; Parry, 2001; Pownall et al., 2002; Chargé¢ &
Rudnicki, 2004). The dermomyotome, however, is a transient structure that can
only produce a limited number of muscle progenitor cells, which are not capable
of supporting continued skeletal muscle growth during the late embryonic and

fetal stages of development.
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Recently, a distinct population of cells has been identified that is vital for
the continued development of skeletal muscle (Gros et al., 2005; Kassar-
Duchossoy et al., 2005; Relaix et al., 2005). These satellite cell precursor cells
originate in the central region of the dermomyotome, express both Pax3 and Pax7
and continue to proliferate during embryonic and fetal myogenesis (Gros et al.,
2005; Kassar-Duchossoy et al., 2005; Relaix et al., 2005).  Subsequently, they
either 1) become committed myogenic progenitor cells by up-regulating MRFs,
fuse with existing primary or secondary myofibres and contribute myonuclei or ii)
take up residence in the satellite cell niche of these myofibres and maintain
expression of Pax7 and for the most part, down-regulate Pax3 (Gros et al., 2005;
Relaix et al., 2005; Kuang et al., 2007). These results suggest that satellite cell
precursor cells maintain muscle growth during late embryonic and fetal

development (Gros et al., 2005; Relaix et al., 2005; Kuang et al., 2007).

2.2.1.2 Stem Cells

Stem cells are defined by their ability to generate differentiated progeny
and undergo self-renewal. In response to a number of stimuli, satellite cells
become active and proliferate, thus generating a pool of muscle progenitor cells.
Subsequently, about 80% of these cells terminally differentiate and contribute
myonuclei, while the other 20% repopulate the satellite cell niche and become
quiescent, thus representing the self-renewing potential of satellite cells (Schultz
& McCormick, 1994; Schultz, 1996; Rouger et al., 2004; Zammit et al., 2004;
Collins et al., 2005; Mitchell et al., 2005). Additionally, satellite cells can also
give rise to non-myogenic cells such as osteoblasts and adipocytes (Shefer et al.,
2004). Because of their ability to generate differentiated progeny and undergo
self-renewal, satellite cells have recently been accepted as a stem cell population
(reviewed by Collins et al., 2005; Holterman & Rudnicki, 2005; Zammit et al.,
2006).

A number of models have been proposed to explain the underlying

mechanisms controlling the ability of satellite cells to generate both differentiated
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skeletal muscle progeny and to self-renew (reviewed by Dhawan & Rando, 2005;
Holterman & Rudnicki, 2005; Scime & Rudnicki, 2006). Two of these models
include asymmetric cell division (Fig. 2.7a) and the differential expression of

MRFs (Fig. 2.7b), which are not considered to be mutually exclusive.

Figure 2.7 Models of satellite cell self-renewal: asymmetric cell division (a) and
differential expression of the myogenic regulatory factors (b). With permission
from Holterman & Rudnicki (2005).

The asymmetric cell division model (Fig. 2.7a) involves the production of
two daughter cells, which differentially express Numb. Upon activation, satellite
cells express Notch, which inhibits myogenic differentiation and therefore
supports the proliferative state. One of the daughter cells, however, subsequently
up-regulates the Notch inhibitor, Numb (i.e. Numb+) and progresses through the
myogenic pathway becoming a myonucleus. The daughter cell that expresses low
or absent levels of Numb (i.e. Numb-) returns to quiescence and repopulates the
satellite cell niche. The differential expression of MRFs model (Fig. 2.7b) is
considered to parallel events of embryonic myogenesis. In this model, satellite
cell progeny first express Myf5 or MyoD followed by their co-expression during
the proliferative state. MyoD is considered necessary for the progression to
terminal differentiation while Myf5 seems necessary for proliferation.
Subsequently, a few daughter cells down-regulate MyoD and return to the

quiescent state, whereas most daughter cells maintain MyoD expression and go on
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to terminally differentiate by up-regulating MRF4 and myogenin and contribute

myonuclei.

2.2.1.3 Muscle Regeneration

In response to muscle injury, numerous lines of evidence have shown that
muscle regeneration requires satellite cell activity. Specifically, the obligatory
role that satellite cells play in muscle regeneration was clearly established using
selective irradiation (model to be discussed in section 2.2.1.4.1) to ablate satellite
cells in damaged skeletal muscle (Robertson et al., 1992). An excellent review by
Chargé & Rudnicki (2004) details the regulation of skeletal muscle regeneration
and the role that satellite cells play in this process. Briefly, in response to
damage, satellite cells re-enter the cell cycle and contribute myonuclei in order to
repair injured fibres or in the case of extensive muscle damage where fibres have
actually been destroyed, satellite cells can also initiate the de novo formation of
skeletal muscle fibres by fusing with each other (Fig. 2.8). As well, a portion of
activated satellite cells return to quiescence in order to repopulate the satellite cell

pool.

Figure 2.8 Satellite cell response to skeletal muscle damage. With permission
from Hawke & Garry (2001).
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2.2.1.4 Muscle Hypertrophy

Skeletal muscle hypertrophy is defined by an increase in cell size resulting
from increased myofibrillar protein content and mass (O'Connor & Pavlath, 2007)
that occurs in response to muscle growth and overload. In both cases, satellite
cells are responsible for providing the additional myonuclei to enlarging fibres in
order to maintain a relatively constant myonuclear domain size (Fig. 2.9)
(reviewed by Schultz, 1989; Adams, 2006; O'Connor & Pavlath, 2007). The
involvement of satellite cells in growing post-natal skeletal muscle has been the
focus of numerous studies. For example, Moss & Leblond (1970) were the first to
document how post-mitotic muscle fibres gained myonuclei during growth by
showing that after a single ["H]-thymidine injection only proliferating satellite cell
nuclei were labeled and that these cells then fused with muscle fibres, thereby
contributing myonuclei. In support of this observation, ablation of satellite cell
activity by y-irradiation or hindlimb suspension in the muscles of young and
rapidly growing rodents resulted in negligible hypertrophy (Darr & Schultz, 1989;
Barton-Davis et al., 1999).

Figure 2.9  Satellite cell contribution of myonuclei to hypertrophying skeletal
muscle fibres. Note that the cross-sectional area within each of the triangles (i.e.
myonuclear domain) of the myofibres is similar in size. With permission from
Hawke (2005).
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A number of studies have also investigated the involvement of satellite
cells in adult skeletal muscle hypertrophy due to functional overload. The
removal of synergist muscles (i.e. synergist ablation) has long been used as a
model of functional overload that results in hypertrophy as well as fast-to-slow
fibre type transformations (Rosenblatt & Parry, 1992, 1993; Adams et al., 2002).
The most conclusive evidence that satellite cells play an obligatory role in
overload-induced hypertrophy comes from studies where fy-irradiation was
applied to rodent hindlimbs, which were subsequently overloaded by synergist
ablation (Rosenblatt & Parry, 1992, 1993; Adams et al., 2002) or voluntary wheel
running (Li et al., 2006). Results uniformly indicate that ionising radiation
suppresses or prevents all of the hypertrophy normally seen in these overload
models. Collectively, these studies show that satellite cell activity is required for
skeletal muscle hypertrophy. It is important to note, however, that small increases
in myofibre cross-sectional area and cytoplasmic volume can be supported by
existing myonuclei up to a certain threshold, or myonuclear domain “ceiling”,
above which myonuclear accretion from satellite cells is required to support
continued hypertrophy (Kadi et al., 2004; Petrella et al., 2006; O'Connor &
Pavlath, 2007).

2.2.1.4.1 Gamma Irradiation

The structure of DNA contains two strands, each of which has a “back-
bone” of alternating phosphate and sugar groups with attached bases. The two
strands are connected by hydrogen bonds between the paired bases, adenine with
thymine and guanine with cytosine. DNA exposed to low levels of ionising
radiation such as y-irradiation can produce three major types of damage: single
and double strand breaks and base damage (Coggle, 1983). After exposure to y-
irradiation, post-mitotic myonuclei are able to quickly repair their damaged DNA
and maintain normal cellular functions (Wheldon et al., 1982; Mozdziak et al.,
1996; Phelan & Gonyea, 1997). DNA possesses an amazing ability to repair
itself, mostly due to the double-helical structure that allows for the

complementary undamaged strand to serve as a template in repairing the other,
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which is enzymatically controlled. The detailed mechanisms of repair are,
however, beyond the scope of this literature review, but an excellent multi-author
review titled, “DNA Repair in Mammalian Cells” (Nouspikel, 2009b) discusses a
number of DNA repair processes in depth, including direct damage reversal (Eker
et al., 2009), base excision repair (Robertson et al., 2009), nucleotide excision
repair (Nouspikel, 2009a; Tornaletti, 2009), mismatch repair (Kunz et al., 2009)
and single- and double-strand break repair (Pardo ef al., 2009).

On the other hand, when irradiated and thus damaged mitotic cells such as
satellite cells attempt to divide, mitotic failure (Wakeford et al., 1991) and
apoptosis (Wheldon et al., 1982) ensue. Single doses of ionising radiation
ranging from 16 to 30 Gy (Wheldon et al., 1982; Gulati, 1987; Mozdziak et al.,
1996; Phelan & Gonyea, 1997; Heslop et al., 2000; Adams et al., 2002) and up to
60 Gy (Lewis, 1954) have been used to ablate satellite cell activity while
maintaining normal skeletal muscle fibre morphology and function. The
collective results of these studies, however, indicate that the success of these
doses to ablate satellite cell activity is dependent on the amount of ionising
radiation administered, on the nature and severity of physiological stimuli leading

to satellite cell activation, and on the species investigated.

Although most satellite cells seem to be ablated after a single 20 to 30 Gy
dose of ionising radiation, it has been noted that a single 25 Gy dose of y-
irradiation disrupts mitotic activity of avian satellite cells in vivo for only 7 days
(Mozdziak et al., 1996), with significant recovery occurring between 9 and 12
days post-irradiation (Wakeford et al., 1991; McGeachie et al., 1993; Mozdziak et
al., 1996). In support of these observations, studies utilising a rat model reported
a significant increase in myotube formation 7 days after a single 20 Gy dose of
ionising radiation (Gulati, 1987), and greater skeletal muscle DNA content 15
days after a single 25 Gy dose of ionising radiation (Adams et al., 2002). The
reason for the apparent radiation resistance of some satellite cells may include the

capacity to undergo at least one mitotic division before cell death (Coggle, 1983;
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McGeachie et al., 1993; Mozdziak et al., 1996), the ability to recover and thus
remain fusion-competent, and/or differentiated satellite cell progeny, which are
past the radiosensitive phase, may fuse directly to existing fibres (Wakeford et al.,
1991; Robertson et al., 1992; McGeachie et al., 1993; Mozdziak et al., 1996,
1997; Adams et al., 2002).

2.2.1.5 Fast-to-Slow Fibre Type Transformations

Consistent with the uneven myonuclear distribution between the different
fibre types, as mentioned in section 2.1.1, slow-twitch skeletal muscle fibres also
contain a larger number of satellite cells compared with fast-twitch fibres (Gibson
& Schultz, 1982, 1983). Additionally, satellite cells become active in response to
a number of stimuli including exercise-induced fast-to-slow fibre type
transformations (Putman et al., 1999). Based on these observations, satellite cell-
derived myonuclear addition may be a prerequisite for exercise-induced skeletal
muscle fast-to-slow fibre type transformations or be involved in the maintenance

of the transformed state (Schultz ez al., 1990).

To date, there have been a limited number of studies that have directly
investigated the involvement of satellite cells in exercise-induced fast-to-slow
fibre type transformations (Rosenblatt & Parry, 1992, 1993; Adams et al., 2002;
Liet al., 2006). Collectively, these studies reported no attenuation of fast-to-slow
fibre type transformations in response to functional overload (Rosenblatt & Parry,
1992, 1993; Adams et al., 2002) or voluntary wheel running (Li et al., 2006) in
muscles that were also exposed to ionising radiation. Unfortunately, these studies
were not without their shortcomings. First, only a single 25 Gy dose of ionising
radiation was administered before the onset of exercise. Consequently, a
significant amount of satellite cell proliferation was observed in response to 14
days of voluntary wheel running in mouse plantaris muscles (Li ef al., 2006) and
greater skeletal muscle DNA content was reported after 15 days of functional
overload in rat plantaris muscles (Adams et al., 2002). Secondly, only Li ef al.

(2006) directly measured proliferating and previously proliferating satellite cells
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in vivo by DNA labeling with 5-bromo-2’-deoxyuridine (BrdU), while Adams e?
al. (2002) measured DNA content and Rosenblatt & Parry reported myonuclear-
to-myoplasmic volume ratio (1993) or assumed ablation of satellite cell activity
(1992).  Thirdly, fast-to-slow fibre type transformations were assessed by
measuring only MHC protein isoforms (Adams et al., 2002; Li et al., 2006), or
just the four adult pure fibre types (Rosenblatt & Parry, 1992, 1993), which does
not allow the detection of hybrid fibre types, whose appearance is a hallmark
indication of skeletal muscle undergoing transformation (Pette & Staron, 1997;
Putman et al., 2000; Pette, 2001). Lastly, synergist ablation overload models are
considered to be only modest fast-to-slow fibre type transformational stimuli
(Pette & Staron, 1997). Based on the limitations of these studies, the question
still remains as to the involvement of satellite cells in fast-to-slow fibre type

transformations.

2.2.2 Satellite Cell Activation

The signaling mechanism(s) involved in exercise-induced activation of
satellite cells in the absence of fibre damage have yet to be investigated. To date,
HGF is the only confirmed growth factor that provides a signal that can activate
quiescent satellite cells (Allen et al., 1995; Tatsumi et al., 1998), and it is located
downstream of NO (Fig. 2.10, pathway A). The NO-dependent satellite cell
activation pathway will be discussed in this section as well as its potential
involvement in CLFS-induced satellite cell activation. The possibility of NO-

independent satellite cell activation will also be reviewed (Fig. 2.10, pathway B).

2.2.2.1 Nitric Oxide

NO is a gaseous short-lived ubiquitous signaling molecule that is
controlled at the synthesis level by NOS, which converts L-arginine and
molecular oxygen to L-citrulline and NO. Since NOS synthesises NO, which can
only diffuse short distances, the localisation of NOS must be spatially associated

with its downstream targets.
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Figure 2.10 Proposed signaling cascade for satellite cell activation. Ca®'-
CaM=calcium-calmodulin complex; DGA=dystrophin-glycogen associated;
HGF=hepatocyte growth factor protein (active form); L-Arg=L-arginine; L-
Cit=L-citruline; MMP=matrix metalloproteinase; NO=nitric oxide; NOS=nitric
oxide synthase; PG=proteoglycans; straight arrows=NO-dependent satellite cell
activation pathway (A); dashed arrows=potential NO-independent activation
pathways (B).

Skeletal muscle expresses three NOS isoforms: endothelial (e)NOS is
specifically associated with mitochondria, inducible (i)NOS is pathologically
expressed and neuronal (n)NOS is the most abundant NOS isoform in skeletal
muscle (Stamler & Meissner, 2001). nNOS is anchored to the sarcolemma via the
dystrophin-glycoprotein complex (Kobzik et al., 1995; Stamler & Meissner,
2001) and is primarily regulated by intracellular calcium (Ca>") through
calmodulin binding (Bredt, 2003). In addition to increasing in response to shear
damage, stretch and overload, nNOS activity and NO production have been
shown to increase in response to a variety of electrical stimulation protocols (i.e. 2
Hz/min, 25 Hz/60 min, 100 Hz/5min and 10 Hz/3 weeks) that include CLFS
(Stamler & Meissner, 2001).
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2.2.2.2 Hepatocyte Growth Factor

HGF is localised in the extracellular matrix of uninjured skeletal muscle
fibres (Tatsumi et al., 1998), where it may associate with glycosaminoglycan
chains of proteoglycans. Specifically, the inactive form of HGF (90 kDa single
chain) is first synthesized in the cytosol and then exported to the extracellular
matrix where specific proteases such as urokinase and tissue-type plasminogen
activator, cleave it into heterodimers (60 kDa oa-chain and 30 kDa $-chain) held

together by a disulfide bond (Tatsumi & Allen, 2004).

2.2.2.3 Nitric Oxide-Dependent Satellite Cell Activation

The role of NO and HGF as positive regulators of satellite cell activation
has been demonstrated by a variety of investigative approaches that include in
vitro, in vivo and cultured single fibres that retain their resident satellite cells in a
quiescent state. Bischoff (1986) first showed that satellite cells on single fibres
became activated when exposed to crushed muscle extract. It was later shown
that HGF contained within the crushed muscle extract, and specifically its
colocalisation with the satellite cell c-met receptor, was the mechanism
responsible for activation (Tatsumi et al., 1998). NO was first implicated in
HGF-mediated satellite cell activation by Anderson (2000) who showed that
treatment with L-NAME just prior to crush injury prevented both the
colocalisation of HGF with c-met, as well as immediate satellite cell activation in
vivo. Subsequent NO inhibition studies support this observation (Anderson &
Pilipowicz, 2002; Tatsumi et al., 2002; Sakata et al., 2006; Tatsumi et al., 2006).
Additionally, satellite cell activation can be augmented in response to
supplemental NO administration (Anderson & Pilipowicz, 2002; Tatsumi et al.,
2002; Betters et al., 2008a; Betters et al., 2008b). Collectively, these studies
show that NO is released upstream of HGF and influences HGF-mediated satellite
cell activation (Fig. 2.10, pathway A). Recently, Tatsumi & Allen (2008)
elaborated on the NO-dependent satellite cell activation pathway, suggesting that
NO may activate HGF release from its tethering in the extracellular matrix by
stimulating matrix metalloproteinase (MMP)-2. MMPs are a large family of
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endopeptidases that collectively degrade one or several extracellular matrix
constituents including collagens, elastin, fibronectin, laminin and proteoglycans
(reviewed by Haas, 2005). Once active, MMP-2 appears to liberate HGF with its
associated extracellular segment of proteoglycan that is subsequently presented to
the satellite cell c-met receptor, generating a signal for activation (Yamada et al.,
2008). Interestingly, Haas ef al. (2000) found that both MMP-2 mRNA and the

active 62 kDa form of the protein increased significantly in response to CLFS.

2.2.2.4 Nitric Oxide-Independent Satellite Cell Activation

It has been proposed that signaling mechanisms involved in satellite cell
activation may also function in a NO-independent pathway (Fig. 2.10, pathway B)
(Wozniak et al., 2005). This idea was originally supported by results from nNOS"
" mice that showed only delayed satellite cell activation after muscle injury and
were capable of full regeneration (Anderson, 2000). The possibility of alternative
NO production sources from eNOS and/or iNOS, however, could not be ruled out.
On the other hand, Sellman et al. (2006) and Gordon et al. (2007) found that
satellite cell activity and subsequent myonuclear addition, respectively, in 7-12
day overloaded plantaris muscles of rats that received L-NAME were similar to
control overloaded muscles. Additionally, stretch-induced increases in satellite
cell activity have been observed as early as 2 days after hindlimb suspension in
rats treated with L-NAME (Tatsumi et al., 2006). Collectively, these results
indicate that both NO-dependent and NO-independent mechanisms may play a

role in satellite cell activation.
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!CHAPTER THREE

EFFECTS OF SATELLITE CELL ABLATION ON LOW-FREQUENCY-
STIMULATED FAST-TO-SLOW FIBRE TYPE TRANSFORMATIONS
IN RAT SKELETAL MUSCLE

3.1 INTRODUCTION

Satellite cells are quiescent myoblasts associated with post-mitotic skeletal
muscle fibres that underlie the regenerative, and possibly adaptive, potential of
muscle fibres. In this regard, satellite cells seem to function primarily as a source
of new myonuclei by leaving their quiescent state, actively cycling, and fusing to
existing skeletal muscle fibres or to each other, forming new myofibres (Bischoff
et al., 1994; Putman et al., 1999b). The role of these muscle precursor cells
during postnatal growth, overload-induced hypertrophy and regeneration is well
documented (reviewed by Schultz & McCormick, 1994; Charge & Rudnicki,
2004). The role of satellite cells in activity-induced fibre type transformations is,

however, less clear.

Slow-twitch (oxidative) skeletal muscle fibres are known to contain a
larger number of myonuclei and satellite cells compared with fast-twitch
(glycolytic) fibres (Gibson & Schultz, 1982, 1983). CLFS is a model of muscle
training that induces maximal fast-to-slow fibre type transformations in the
absence of fibre injury in rat (Simoneau & Pette, 1988; Delp & Pette, 1994;
Putman et al, 1999a; Putman et al., 1999b; Putman et al, 2001). These
properties make the application of CLFS to rat fast-twitch muscle an ideal
experimental model in which to study the contributions of satellite cells to fibre
type transformations. Previous studies have shown that fast-to-slow fibre type

transformations are associated with increases in satellite cell activation, number

' A version of this chapter has been published. Martins, KJB, Gordon T, Pette D, Dixon WT,
Foxcroft GR, MacLean IM and Putman CT. (2006). Effects of satellite cell ablation on low-
frequency-stimulated fast-to-slow fibre type transitions in rat skeletal muscle. Journal of
Physiology (London), 572: 281-94.
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and fusion to transforming fibres, especially within the IIB fibre population
(Putman et al, 1999b). Collectively, these findings suggest that higher
myonuclear content is a prerequisite for fast-to-slow fibre type transformations in
rat skeletal muscle, and that satellite cells play an important role in this adaptive

response.

Rosenblatt er al. (1992, 1993) reported that satellite cell ablation by
exposure to a single 25 Gy dose of y-irradiation prevented fibre hypertrophy but
did not prevent fast-to-slow fibre type transformations after 4 weeks of
compensatory overload in rodent extensor digitorum longus muscle following
removal of the synergist tibialis anterior. They concluded that satellite cell
involvement was not a requirement for fibre type transformations. Furthermore, it
has been noted that a single 25 Gy dose of y-irradiation disrupts mitotic activity of
avian satellite cells in culture for only 7 days (Mozdziak et al, 1996) with
significant recovery occurring between 9 and 12 days post-irradiation (Wakeford
et al., 1991; McGeachie et al., 1993; Mozdziak et al., 1996). In support of these
observations, studies utilising a rat model reported a significant increase in
myotube formation 7 days after a single 20 Gy dose of ionising irradiation
(Gulati, 1987), and greater skeletal muscle DNA content 15 days after a single 25
Gy dose of ionising irradiation (Adams et al., 2002). Thus the question remains

as to the involvement of satellite cells in fast-to-slow fibre type transformations.

The purpose of this study was to test the hypothesis that fast-to-slow fibre
type transformations would be attenuated in rat tibialis anterior muscles exposed
to y-irradiation after 21 days of CLFS. In order to sustain complete satellite cell
ablation throughout 21 days of CLFS, tibialis anterior muscles were exposed to a
25 Gy dose of y-irradiation every 7 days. A single 60 Gy dose of ionising
irradiation has been shown to not cause muscle fibre damage or abnormalities in
rabbit skeletal muscle (Lewis, 1954). Likewise, the three weekly 25 Gy doses of
y-irradiation used in the present study did not cause any muscle fibre damage or

abnormalities in rat skeletal muscle. Thus, this model allowed us to successfully
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investigate fibre type transformations during 21 days of CLFS, in the absence of a

viable satellite cell population.

Immunohistochemical detection and quantification of satellite cell content
was assessed with a number of different antibodies. The Ca®’-dependent
transmembrane satellite cell anchor protein, muscle (M)-cadherin, was used to
assess quiescent satellite cells (Kuschel ef al., 1999; Putman et al., 2001).
Continuous DNA labeling with BrdU, followed by immunolocalisation was used
to detect satellite cell proliferation (Schultz, 1996), while the muscle-specific
transcription factor myogenin was used to determine the number of satellite cell
progeny committed to terminal differentiation (Putman et al., 1999b). Total
myonuclear content was evaluated on serial sections stained with hematoxylin and
anti-laminin (Putman et al., 2001). The activities of the reference enzymes CS
and GAPDH were also measured to investigate coordinate changes in metabolic
properties. MHC-based fibre type transformations were evaluated at the protein
level by gel electrophoresis, by immunohistochemical staining of frozen serial
sections with monoclonal antibodies (Putman et al., 1999b), and at the mRNA
level by reverse transcriptase-polymerase chain reaction (RT-PCR) (Jaschinski e?
al., 1998; Bamford et al., 2003). Complete ablation of the satellite cell pool
significantly attenuated, but did not abolish, MHC-based fast-to-slow fibre type
transformations during 21 days of CLFS.

3.2 METHODS
3.2.1 Animals

Twenty-nine adult male Wistar rats (Charles River Laboratories, Montreal
PQ, Canada) weighing 296 + 13.7 g (mean £ SEM) were used in this study. All
animal procedures were carried out in accordance with the guidelines of the
Canadian Council for Animal Care (CCAC) and received ethical approved from
the University of Alberta. Animals were individually housed under controlled

environmental conditions (i.e. 22°C with alternating 12 h light and dark cycles)
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and received standard rat chow and water ad libitum. Animals were randomly
assigned to one of the following three groups receiving either: sham operation +
weekly doses of y-irradiation focused on the left leg only (IRR, n=8), IRR + 21-
days of CLFS of the left leg (IRR-Stim, n=11), or 21-days of CLFS (Stim, n=10).
The application of CLFS tended to elicit a compensatory effect in the contralateral
control muscles due to increased weight bearing (data shown in Appendix A), as
previously observed (Putman et al, 2000). Therefore, comparisons were

evaluated against the right contralateral control leg of IRR (Control, n=8).

3.2.2 Chronic Low-Frequency Stimulation and BrdU Labeling

CLFS was applied across the left common peroneal nerve as previously
described (Simoneau & Pette, 1988; Putman et al, 2004). Bipolar electrodes
were implanted under general anaesthesia [75 mg (kg body wgt)" ketamine and
10 mg (kg body wgt)" xylezine] lateral to the common peroneal nerve of the left
hindlimb, externalised at the dorsal intrascapular region, and connected to a small,
portable stimulator. CLFS (10 Hz, impulse width 380 ps, 12 h day™) was applied
for 21 consecutive days; strong persistent dorsiflexion was observed in the left
legs of IRR-Stim and Stim twice daily throughout the study. This time point was
selected because fibre type transformations are essentially 80-90% complete after
21-days of CLFS, at both the protein and mRNA levels (Jaschinski ef al., 1998).
Animals received a continuous infusion of the thymidine analogue BrdU (5
mg/200 ul) via subcutaneously implanted Alzet® mini-osmotic pumps (model

2004, 0.25 ul/hr release rate and 200 ul volume) (Schultz, 1996).

3.2.3 Gamma Irradiation

On days 1, 7 and 14, animals were anaesthetised by an intraperitoneal
injection of Somnotol [45 mg (kg body mass)'] and placed in a Gammacell 40
Cesium-137 Irradiation Unit (Health Services Laboratory Animal Services,
University of Alberta). Satellite cells of the left tibialis anterior muscle were

ablated by exposing the left anterior crural compartment to a total of 25 Gy of y-
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irradiation (0.56 Gy per min") (Rosenblatt ef al., 1994), while the remainder of
the animal was shielded by two 2.5 cm thick lead plates. Irradiation was
interrupted at regular intervals to monitor the heart rate and respiratory rate of the

animals.

3.2.4 Muscle Sampling

Upon completion of the stimulation period, animals were euthanised with
an overdose of Somnotol [100 mg (kg body mass)™'], followed by exsanguination,
and the tibialis anterior muscles were excised from both hindlimbs, weighed,
fixed in a slightly longitudinally stretched position, and frozen in melting
isopentane (-159°C). Muscles were stored in liquid nitrogen (-196°C) until

analysed.

3.2.5 Antibodies

The following monoclonal antibodies directed against adult and
embryonic MHC isoforms (Schiaffino et al., 1988; Schiaffino et al., 1989) were
harvested from the supernatant of hybridoma cell lines obtained from the
American Type Culture Collection (Manassas, VA, U.S.A.): BA-DS5 (IgG, anti-
MHCI), SC-71 (IgG, anti-MHCIIa), BF-F3 (IgM, anti-MHCIIb), BF-35 [IgG, not
MHCIId(x)], and BF-45 (IgG, anti-MHC-embryonic). Anti-dystrophin
monoclonal antibody (clone DYS2, Dy8/6CS5), directed against the carboxyl
terminus, was obtained from Novocastra Laboratories (Newcastle, U.K.).
Monoclonal anti-desmin (clone DE-U-10) and monoclonal anti-vimentin (clone
VO9) were obtained from Sigma (Deisenhofen, Germany). Goat polyclonal anti-
M-cadherin (N-19) and mouse monoclonal anti-myogenin (clone F5D) antibodies
were obtained from Santa Cruz Biochemicals (Santa Cruz, CA, U.S.A.). Mouse
monoclonal anti-5-bromo-2’-deoxyuridine (clone BMC 9318) was obtained from
Roche Diagnostics Corporation (Indianapolis, IN, U.S.A.). Rabbit polyclonal
anti-laminin (IgG) was obtained from ICN Biochemicals (Costa Mesa, CA,
U.S.A.). Biotinylated horse-anti-mouse-IgG (rat-absorbed, affinity-purified),
biotinylated horse-anti-goat-IgG, biotinylated goat anti-rabbit IgG, and
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biotinylated goat anti-mouse IgM were obtained from Vector Laboratories, Inc.
(Burlingame, CA, U.S.A.). Non-specific control mouse-IgG was obtained from

Santa Cruz Biochemicals.

3.2.6 Immunohistochemistry for Myosin, Dystrophin, Vimentin, Desmin

and Laminin

Tibialis anterior muscles were mounted in embedding medium (Tissue-
Tek O.C.T. Compound, Miles Scientific, U.S.A.) at -20°C and 16 um-thick frozen
sections were collected from the mid point of each muscle, also at -20°C.
Immunostaining was completed according to established protocols (Putman et al.,
2001). Briefly, sections were air-dried, washed in phosphate-buffered saline
(PBS) with 0.1% (v/v) Tween-20 (PBS-T), with PBS, and then incubated for 15
minutes in 3% (v/v) H,O, in methanol. Sections stained for MHC isoforms (i.e.,
BA-DS5, SC-71, BF-35, BF-45), dystrophin, vimentin, or desmin were then
incubated at room temperature for 1 h in a blocking solution [BS-1: 1% (w/v)
bovine serum albumin, 10% (v/v) horse serum in PBS-T, pH 7.4] containing
Avidin-D Blocking Reagent (Vector Laboratories Inc.). Sections stained with
anti-laminin or anti-MHCIIb (BF-F3) were incubated at room temperature for 1
hour in a similar blocking solution, with the exception that goat serum was
substituted for horse serum (BS-2). Sections were incubated overnight at 4°C
with a primary antibody that was diluted in its corresponding blocking solution,
also containing Biotin Blocking Reagent (Vector Laboratories Inc.), as follows:
BA-DS, 1:400 in BS-1; SC-71, 1:100 in BS-1; BF-35, 1:10,000 in BS-1; BF-F3,
1:400 in BS-2; BF-45, 1:50 in BS-1; DYS2, 1:10 in BS-1; V9, 1:20 in BS-1; DE-
U-10, 1:100 in BS-1; anti-laminin, 1:100 in BS-2. These dilutions were
determined by applying different concentrations of the primary antibody (i.e. neat,
1:10, 1:20, 1:40, 1:100, 1:200, 1:400, 1:500, 1:1,000 and 1:10,000) to skeletal
muscle tissue and choosing the dilution with the best signal-to-noise ratio.
Sections were washed as before and one of biotinylated horse-anti-mouse-IgG
(BA-D5; SC-71; BF-35; BF-45; DYS2; V9; DE-U-10), biotinylated goat-anti-
mouse-IgM (BF-F3), or biotinylated goat-anti-rabbit-IgG (anti-laminin) was
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applied for 1 hour at a dilution of 1:200. After several washings, sections were
incubated with Vectastain ABC Reagent [i.e. avidin-biotin Horse Radish
Peroxidase (HRP) complex], according to the manufacturer’s instructions (Vector
Laboratories Inc.). Sections were then washed and reacted with 0.07% (w/v)
diaminobenzidine, 0.05% (v/v) H,0,, and 0.03% (w/v) NiCl, in 50 mM Tris-HCI
(pH 7.5); sections stained for desmin and laminin were reacted with the same
substrate solution, but without NiCl,. Control samples were run in parallel in
which the primary IgM antibody was omitted, or a non-specific mouse IgG
antibody was substituted (Santa Cruz). Those sections stained for laminin were
counterstained with Harris” Haematoxylin (Fisher Diagnostics, Fair Lawn, NJ,
U.S.A)) and used to evaluate the total number of intrafibre myonuclei. All
sections were subsequently dehydrated, cleared, and mounted with Entellan

(Merck, Darmstadt, Germany).

3.2.7 Immunohistochemistry for BrdU, Myogenin and M-cadherin

Immunostaining for BrdU was completed according to Schultz et al
(1996), while myogenin and M-cadherin staining were completed according to
established procedures (Putman et al., 2000). Briefly, 16 um-thick sections of
tibialis anterior muscles were air-dried. Sections stained for BrdU were fixed for
15 minutes in 70% (v/v) ethanol at room temperature, whereas sections that were
stained for myogenin or M-cadherin were prefixed for 10 min in cold acetone (-
20°C). Sections were then washed in PBS-T and PBS, incubated for 15 minutes
in 3% (v/v) H,0O; in methanol, and washed again. Sections stained for BrdU were
further incubated in 2N HCI for 1 hour at room temperature and washed. All
sections were incubated for 1 hour in a blocking solution (BS-1) containing
Avidin-D Blocking Reagent (Vector Laboratories Inc.) and washed. Sections
were then incubated overnight at 4°C with primary anti-BrdU (1:10), anti-
myogenin (1:10), or anti-M-cadherin (1:50) that were diluted in BS-1, also
containing Biotin Blocking Reagent (Vector Laboratories Inc.). Sections were
washed as before and biotinylated horse-anti-mouse-IgG (anti-BrdU; anti-

myogenin) or biotinylated horse-anti-goat-IgG (anti-M-cadherin) was applied for
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1 hour at a dilution of 1:200. After several washings, sections were incubated
with Vectastain ABC Reagent. The sections were washed and reacted with DAB,
H,0,, and NiCl, in 50 mM Tris-HCI, pH 7.5. All sections were subsequently

dehydrated, cleared, and mounted with Entellan (Merck, Darmstadt, Germany).

3.2.8 Immunohistochemical Analyses

All semi-quantitative analyses were completed with a Leitz Diaplan
microscope (Enrst Leitz Wetzlar GmbH, Germany) fitted with a Pro Series High
Performance CCD camera (Media Cybernetics, U.S.A.) and a custom designed
analytical imaging program (Putman et al., 2000). A similar number of fibres
stained for the various MHC isoforms were examined from three distinct cross
sectional areas (CSA) of tibialis anterior (deep, middle, and superficial) for each
of the Control (total fibres: 426 + 14 fibres/muscle), IRR (total fibres: 417 + 16
fibres/muscle), IRR-Stim (total fibres: 451 £ 12 fibres/muscle), Stim (total fibres:
452 + 35 fibres/muscle), IRR-Stim contralateral control (total fibres: 404 £+ 15
fibres/muscle), and Stim contralateral control (total fibres: 453 + 35
fibres/muscle) legs. A total of 19,121 fibres were examined for fibre type
distribution analyses. Fibre cross-sectional area analyses were performed on the
same fibres. Types I, IIA and IIB fibres were identified by positive staining of
fibres and type IID(X) fibres were identified by the absence of staining. Fibre
damage was evaluated using anti-desmin, anti-vimentin, and anti-dystrophin
(Putman et al., 1999b; Putman et al., 2001; Peters et al., 2003). Damaged fibres
were considered to be vimentin positive, dystrophin negative, and/or to display an
altered pattern of desmin staining (i.e. absence of staining or foci of positivity).
The entire cross section of each muscle was examined. The mean CSA examined
for quiescent satellite cells (M-cadherin), proliferating satellite cell progeny
(BrdU), terminally differentiating satellite cell progeny (myogenin), and total
intrafibre myonuclei (Harris” Hematoxylin with laminin) were 4.6 + 0.04, 19.5 +

2.1,1.2+0.1, and 1.1 £ 0.005 mm?, respectively.
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3.2.9 Electrophoretic Analysis of Myosin Heavy Chain Protein Isoforms

Quantitative MHC isoform analyses were completed according to the
methods described by Hidmaéldinen & Pette (1996) and Putman et al. (2004).
Muscle samples were homogenised on ice in 6-volumes of buffer containing 100
mM NaP,O; (pH 8.5), 5 mM EGTA, 5 mM MgCl,, 0.3 mM KCl, 10 mM DTT,
and 5 mg ml”' of a protease inhibitor cocktail (Complete™, Roche Diagnostics
Corporation, Indianapolis, IN, U.S.A.). This protease inhibitor cocktail is a
proprietary blend of protease inhibitors used for the inhibition of serine, cysteine
and metalloproteases. Samples were stirred for 30 minutes on ice and centrifuged
at 12,000xg for 5 minutes at 4°C, and the supernatants were diluted 1:1 with
glycerol. Samples were then stored at -20°C until analysed. Prior to gel loading,
muscle extracts were diluted to 0.2 pg pl” in a modified Laemmli-lysis buffer
(Laemmli, 1970) and boiled for 6 minutes. MHC isoforms were separated
electrophoretically on 7% (w/v) polyacrylamide gels containing glycerol, under
denaturing conditions. Samples (1 pg total protein per lane) were electrophoresed
in duplicate at 275 V for 24 hours at 8°C. Gels were then immediately fixed and
MHC isoforms were detected by silver staining and evaluated by densitometry

(Syngene ChemiGenius, GeneSnap™ and GeneTools™, Syngene, U.K.).

3.2.10 Myosin Heavy Chain mRNA Analyses by Reverse Transcriptase-

Polymerase Chain Reaction

MHC isoform expression was further examined at the mRNA level using
RT-PCR according to established procedures (Jaschinski et al., 1998; Bamford et
al., 2003). Briefly, frozen powdered tibialis anterior muscles were homogenised
in TRIzol® and subsequently centrifuged. Chloroform was then added to the
supernatant and centrifuged to obtain phase separation. Isopropanol was added to
the aqueous phase and RNA was allowed to precipitate overnight at -20°C. After
centrifugation, the pellet was washed in 75% (v/v) ethanol and air-dried. The
pellet was resuspended with DEPC water and treated with a DNAse kit according
to manufacturers’ instructions (Ambion/Applied Biosystems, Austin, TX, USA).
The concentrations and purity of the RNA extracts were evaluated by measuring
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the absorbance at 260 and 260/280 nm, respectively, using a microplate reader
(Spectra Max 190, Molecular Devices, Sunnyvale, CA, U.S.A.) and 96-well flat
bottom UV-transparent plates (Costar®, Corning Incorporated Life Sciences,
Acton, MA, U.S.A.). Oligo (dT15) primers (Invitrogen, Life technologies,
Burlington, ON, Canada) and Moloney murine leukemia virus (M-MLV) DNA
polymerase (Invitrogen, Life Technologies) were added to diluted samples (1 pg
ul™") and reverse transcription was performed for 1 h at 37°C. o-actin was used as
an internal standard and its primers did not cross-react with primers for any of the
MHC isoforms (Bamford et al, 2003). Therefore, the a-actin assay was
multiplexed with each of the assays for the various MHC isoforms. The number
of cDNA amplification cycles was optimised for each MHC isoform [i.e., MHCI:
25 cycles; MHClIa: 22 cycles; MHCIId(x): 22 cycles; MHCIIb: 22 cycles] to
ensure cycles were within the geometric phase of amplification. Primer
sequences, annealing temperatures, and Mg”" concentrations for the various
primer sets have been described previously (Bamford et al., 2003). MHCI,
MHClIIa, and MHCIId(x) amplicons were resolved on 2% (w/v) agarose gels for 4
hours at 100 mA. MHCIIb amplicons were resolved on 4% (w/v) agarose gels,
also for 4 hours at 100 mA. Gels were subsequently stained for 30 minutes with
an ethidium bromide solution, visualised under UV light, and analysed by
densitometry (Syngene ChemiGenius, GeneSnap™ and GeneTools™, Syngene,
U.K.) (Bamford et al, 2003). The quantity of cDNA within each lane of the
agarose gels was well within the established linear range for detection and
quantification (i.e. 50 pg pl”" - 10 pg pl™"). All samples were normalised to the
internal standard a-actin, and each MHC mRNA isoform was expressed as the
percent of total MHC mRNA. The within-sample coefficient of variation was

consistently low (11 = 1%).

3.2.11 Enzyme Measurements

The reference enzymes CS (EC 4.1.3.7) and GAPDH (EC 1.2.1.12) were
extracted in a high-salt medium containing 5 mM EDTA, 100 mM sodium
potassium phosphate buffer (pH 7.2) (Reichmann et al., 1983), with the addition
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of 0.1% (v/v) Triton X-100, in order to ensure complete extraction of soluble and
structure-bound activities. To stabilise GAPDH, DTT was added to an aliquot of
the supernatant fraction yielding a 2 mM final concentration. The use of DTT has
been imperically derived from Reichmann et al., (1983) who found that the
activities of glycolytic enzymes (i.e. GAPDH and phosphofructokinase) were
better preserved in a reduced environment. GAPDH activities were immediately
measured at 30°C (Bass et al., 1969; Putman et al., 2004). CS activities were

subsequently measured at 30°C (Srere & Lowenstein, 1969; Putman et al., 2004).

3.2.12 Statistical Analyses

Data are presented as mean + SEM. Differences between group means
were assessed using a two-way [i.e. treatment (irradiation, stimulation or
irradiation plus stimulation) X leg (manipulated or control)] Analysis of Variance
(ANOVA). When a significant F-ratio was found for the interaction, differences
were located using the “Least Significant Difference post-hoc analysis.

Differences were considered significant at P < 0.05.

3.3 RESULTS
3.3.1 Animal and Muscle Weights

The animals initially weighed 296 + 14 g and at the end of the experiment
weighed 340 = 12 g. The absolute weight gain was similar for all groups. There
was no difference in weight of the tibialis anterior of IRR (691 * 34 g) compared
with Control (691 = 24 g). The weights of the tibialis anterior muscles of IRR-
Stim (499 = 30 g) and Stim (460 = 8 g) were significantly less than Control. The
reduction in muscle mass in Stim and IRR-Stim was attributed to the

transformation from a fast to a slower phenotype (Fig. 3.11), as opposed to fibre

? In all statistical analyses perfomed throughout this thesis, both the Least Significant Difference
and Newman-Keuls post-hoc analyses were run and found to yield the same results.
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degeneration (section 3.3.3) or pathological atrophy. This finding is consistent

with previous studies of CLFS in rat muscle (Putman et al., 1999c).

3.3.2 Satellite Cells

Quiescent satellite cells were identified by strong positive staining for M-
cadherin (Fig. 3.14), while activated and previously activated satellite cells were
determined by quantifying BrdU staining (Fig. 3.18). Terminally differentiating
satellite cell progeny were identified by strong nuclear staining for myogenin
(Fig. 3.10). Serial sections were also stained with anti-laminin and
counterstained with hematoxylin to identify satellite cells and their progeny, as
well as myonuclei (Fig. 3.1D). The number of myonuclei was calculated by
subtracting the number of M-cadherin-, BrdU-, and myogenin-positive cells (Fig.

3.2).

Similar results were observed in all states of satellite cell activity (Fig.
3.2). In all cases, IRR and IRR-Stim did not differ from Control (Fig. 3.24, B, C
and D). In contrast, a 7.7-fold increase in M-cadherin positive nuclei (Fig. 3.24),
8-fold increase in BrdU positive nuclei (Fig. 3.2B), 3.8-fold increase in myogenin
positive nuclei (Fig. 3.2C) and 3.3-fold increase in the number of myonuclei were

observed in Stim compared to Control.

3.3.3 Structural Morphology

Serial sections stained with vimentin, dystrophin, and desmin were used to
identify damaged fibres (Fig. 3.3), as previously described (Putman et al., 1999b).
The entire CSA of 58 tibialis anterior muscles were examined and only 7 fibres
were vimentin-positive, dystrophin-negative, and displayed foci of positivity
and/or the absence of desmin staining. These 7 fibres were evenly distributed
between all groups. Further inspection of hematoxylin and eosin stained cross
sections did not reveal fibre necrosis or fibres with centrally located nuclei (Fig.

3.4).
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3.3.4 Mpyosin Heavy Chain mRNA Expression

Examples of the semi-quantitative analytical methods used to determine
mRNA expression levels of adult MHC isoforms are illustrated in Fig. 3.5. IRR
was not different compared with Control in all MHC mRNA expression levels
(Fig. 3.6). Twenty-one days of CLFS induced transformations in the fast-to-slow
direction that were detected at the mRNA level. Specifically, IRR-Stim and Stim
MHCI mRNA (Fig. 3.64) and MHCIla mRNA (Fig. 3.6B) similarly increased,
while MHCIIb mRNA (Fig. 3.6D) decreased compared with Control. Changes in
MHCIId(x) mRNA levels were unremarkable (Fig. 3.6C).

3.3.5 Mpyosin Heavy Chain Isoform Transformations

A representative gel showing the quantitative analytical method used to
measure MHC isoform content in muscle extracts is illustrated in Fig. 3.7. A
similar MHC isoform distribution was observed between IRR and Control (Fig.
3.8). As similarly observed at the mRNA level, CLFS induced fast-to-slow
MHC-based transformations at the protein level. Specifically, IRR-Stim and Stim
resulted in similar 3.0-fold increases in MHCIla (Fig. 3.8B) and 2.0-fold
decreases in MHCIIb (Fig. 3.8D) compared with Control. In contrast, MHCI
content was 1.75-fold greater in Stim compared with IRR, which remained
unchanged in IRR-Stim (Fig. 3.84). MHCIId(x) content remained largely
unchanged by CLFS and/or weekly exposure to y-irradiation (Fig. 3.8C).

3.3.6 Fibre Type Transformations

Fibre type transformations were assessed by semi-quantitative
immunohistochemical analyses on serial sections (Fig. 3.9) in the deep, middle,
and superficial regions of each tibialis anterior muscle, in order to ensure
representative sampling. When data were summarised as the proportion of fibres
expressing a particular MHC isoform (Fig. 3.10), no differences were observed
between IRR and Control. As similarly observed in MHC isoform proportions,

CLFS induced fast-to-slow fibre type transformations. Specifically, Stim
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displayed increases in the percentage of fibres expressing slower MHCI and
MHCIla, and decreases in the percentage of fibres expressing faster MHCIId(x)
and MHCIIb compared with Control. When, however, muscles were also
exposed to weekly doses of y-irradiation, fibre type transformations only occurred
amongst fibres expressing fast MHC isoforms. Specifically, IRR-Stim only
displayed increases in the percentage of fibres expressing MHCIIa and decreases

in MHCIId(x) compared with Control.

Detailed fibre type analysis, which included the detection of all pure and
hybrid fibre types revealed similar results (Fig. 3.11). For the most part, IRR was
similar to Control, the lone exception being a 1.3% increase in type [ID(X)/B
hybrid fibres compared with Control. CLFS induced fast-to-slow fibre type
transformations. Specifically, Stim displayed increases in the proportions of the
slower type I (Fig. 3.74), VIIA (Fig. 3.7B), 1A (Fig. 3.7C), TA/D(X) (Fig. 3.7D)
and ITA/D(X)/B (Fig. 3.7E) fibres with concomitant decreases in the proportion of
the faster type IID(X) (Fig. 3.7F) and 1IB (Fig. 3.7H) fibres compared with
Control. In IRR-Stim, however, these fast-to-slow fibre type transformations
were again limited to the fast fibre population. Specifically, IRR-Stim only
displayed increases in the proportions of the slower type IIA (Fig. 3.7C) and
ITA/D(X)/B (Fig. 3.7E) fibres with concomitant decreases in the faster type
IID(X) (Fig. 3.7F) and 1IB (Fig. 3.7H) types compared with Control. Moreover,
the proportion of the slowest type I (Fig. 3.74) and I/IIA (Fig. 3.7B) fibres of Stim
were significantly greater compared with IRR-Stim. A small population of type
I/ITA/D(X)/B hybrid fibres differed between IRR-Stim and Stim (Fig. 3.71).

MHC-embryonic was not detected in extrafusal fibres (data not shown).

3.3.7 Fibre Cross-Sectional Areas

For the most part, weekly doses of y-irradiation (i.e. IRR) had no effect on
fibre CSA (Table 3.1). When data were summarised according to the CSA of a
particular MHC isoform expressed, those fibres expressing MHCI and MHClla in
IRR-Stim were significantly larger compared with Stim and Control. Both IRR-
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Stim and Stim displayed similar decreases in the CSA of fibres expressing
MHCIIb compared with Control. The CSA of individual fibre types varied in
IRR-Stim in a manner that was consistent with attenuation of fast-to-slow fibre
type transformations. The CSA of individual fibres revealed that type I fibres of
IRR-Stim were larger than Control, whereas, Stim did not differ from Control.
Additionally, the CSA of type IID(X) fibres in IRR-Stim were 2.5-fold larger

compared with Stim.

3.3.8 Engyme Activities

Mitochondrial CS and glycolytic GAPDH activities of IRR and Control
were the same (Fig. 3.12). IRR-Stim and Stim similarly displayed greater than 2-
fold increases in CS activity and greater than 1.5-fold decreases in GAPDH

activity.

3.4 DISCUSSION

The findings of the present study extend those of Rosenblatt ef al. (1992,
1993) and Putman et al., (1999b). The current study shows that exposure to three
weekly doses of 25 Gy of y-irradiation completely ablated the satellite cell
population and did not cause muscle fibre damage or any structural abnormalities
within the target muscle after 21 days of CLFS. This novel approach allowed for
direct investigation of the role that satellite cell recruitment plays in activity-
induced fibre type transformations, in the absence of fibre regeneration. The main
finding of this study was that fast-to-slow fibre type transformations were
attenuated, but not abolished, in rat tibialis anterior muscles that were devoid of

satellite cell mitotic activity.

3.4.1 Satellite Cell Ablation by Irradiation

Exposure to low levels of y-irradiation causes multiple single and double

strand breaks as well as base damage in target DNA (Coggle, 1983). Once
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irradiated satellite cells attempt to divide, mitotic failure (Wakeford et al., 1991)
and apoptosis (Wheldon et al., 1982) ensue. Post-mitotic myonuclei, on the other
hand, reportedly maintain normal cellular functions after exposure to comparable
levels of y-irradiation (Wheldon et al., 1982; Mozdziak et al., 1996; Phelan &
Gonyea, 1997). Previous irradiation models used to ablate skeletal muscle
satellite cells have used single doses ranging from 16 to 30 Gy (Wheldon et al.,
1982; Gulati, 1987; Mozdziak et al., 1996; Phelan & Gonyea, 1997; Heslop et al.,
2000; Adams et al., 2002). The collective results of those studies indicate that the
success of satellite cell ablation is dependent on the dose of ionising irradiation
administered, on the nature and severity of physiological stimuli leading to
satellite cell activation, and on the species investigated. Although most satellite
cells seem to be ablated after a single 20 to 30 Gy dose of ionising irradiation, the
basis for muscle fibre regeneration after 7 days (Gulati, 1987) appears to be the
survival of a small population of radiation-resistant satellite cells (Heslop et al.,
2000). The reason for the apparent radiation resistance of some satellite cells may
include the capacity to undergo at least one mitotic division before cell death
(Coggle, 1983; McGeachie et al., 1993; Mozdziak et al., 1996), the ability to
recover and thus remain fusion-competent, and/or differentiated satellite cell
progeny, which are past the radiosensitive phase, may fuse directly to existing
fibres (Wakeford et al., 1991; Robertson et al., 1992; McGeachie et al., 1993;
Mozdziak et al., 1996, 1997, Adams et al., 2002).

In the present study, a total dose of 75 Gy was administered over a 3-week
period that may have exceeded the minimum dose required to sustain complete
satellite cell ablation, including any potentially radiation-resistant satellite cells.
Exposure to a 25 Gy dose of y-irradiation each week, however, was high enough
to continuously disrupt satellite cell mitotic activity, yet was low enough that it
did not cause skeletal muscle damage, skeletal morphology abnormalities, or
interfere with CLFS-induced changes in muscle gene expression as shown by
changes in the expression of MHC isoforms, which are known to be

transcriptionally regulated (Jaschinski et al., 1998). The absence of increases in
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M-cadherin- and BrdU-positive cells in IRR-Stim clearly shows that satellite cell
mitosis was inhibited.  Further, the absence of increases in terminally
differentiating satellite cells and myonuclear content indicates that direct fusion of

satellite cells to transforming muscle fibres did not occur.

3.4.2 Fibre Type Transformations in Normal and Irradiated Muscles

In order to elicit a pronounced stimulus for fast-to-slow fibre type
transformations in the absence of muscle fibre regeneration, CLFS was employed,
which is a highly standardised and reproducible model of muscle training that
mimics the electrical discharge pattern of slow motoneurons innervating slow-
twitch muscles. CLFS is an ideal model for studying the effects of enhanced
contractile activity on various structural, functional, metabolic, and molecular
properties (Pette & Vrbova, 1992, 1999; Ljubicic et al., 2005) because it activates
all motor units of the stimulated muscle and, therefore fully challenges the
adaptive potential of the target muscle (Pette & Staron, 2000). In the presence of
a viable satellite cell population, CLFS is known to induce increases in satellite
cell number and activity, and large fast-to-slow phenotypic changes, specifically
within the fast fibre population, which are further advanced at the mRNA level
compared with protein expression levels (Putman et al., 1999b). This delayed
adaptation at the protein level likely reflects the more advanced state of change at
the mRNA level compared with the much slower rate of MHC protein turnover.
In the current study, these findings were confirmed at the MHC protein and

mRNA levels.

Weekly doses of 25 Gy of y-irradiation alone did not affect cellular
metabolism or MHC isoform expression, which is consistent with previous
findings (Wheldon et al., 1982; Weller et al., 1991; Rosenblatt & Parry, 1992,
1993). Since y-irradiation only affected mitotically active satellite cells, any
changes that occurred within y-irradiated muscles that underwent 21 days of
CLFS were due solely to the fast-to-slow fibre type transformational stimulus

mediated through existing intrafibre myonuclei.
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In contrast to the works of Rosenblatt & Parry (1992, 1993), which
showed no attenuation of fast-to-slow fibre type transformations in the extensor
digitorum longus in response to 4 weeks of compensatory overload after exposure
to a single dose of y-irradiation, the results of the present study showed a modest,
yet significant attenuation of CLFS-induced fast-to-slow transformations at the
protein level during weekly exposure to ionising irradiation. Specifically the final
fast type IIA to I transformation did not occur. Interestingly, MHC mRNA
expression was not different between IRR-Stim and Stim. Therefore, in those
muscles that were exposed to y-irradiation, the limiting factor in CLFS-induced
fast-to-slow fibre type transformation does not appear to be the ability to produce
MHC mRNA, but the signalling pathways associated with post-transcriptional
and/or translational regulation. Results of the current study also show that the
CLFS-induced metabolic transformations, as reflected by the similar changes in
the activity levels of marker enzymes of glycolytic (GAPDH) and aerobic-
oxidative (CS) energy metabolism (Pette & Vrbova, 1992; Pette & Staron, 1997),
are unaffected by exposure to satellite cell ablation. Collectively, the findings of
the present study indicate that although considerable plasticity occurs within
existing myonuclei to support fibre type transformations, satellite cell

contributions may further facilitate this process.

3.4.3 Conclusions

Results of the present study show that CLFS-induced fast-to-slow fibre
type transformations are moderately attenuated at the protein level in rat tibialis
anterior muscles exposed to y-irradiation. Specifically, the final fast type IIA to
type I transformation did not occur. Thus, it appears that the roles of satellite
cells during CLFS-induced fast-to-slow fibre type transformations may be to
maintain stability of the transformed state within the fast fibre types and allow the

final fast-twitch to slow-twitch transformation to occur.
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Figure 3.1 Photomicrographs of representative immunohistochemical stains of
M-cadherin (4), BrdU (B), myogenin (C), and laminin and haematoxylin (D).
These stains were used to identify quiescent satellite cells (A4; arrow),
proliferating satellite cells (B; arrow), terminally differentiating satellite cell
progeny (C; arrow) and intrafibre muscle nuclei (D; arrow) in rat tibialis anterior
muscles. Scale bar represents 40 um.
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Figure 3.2 Number of quiescent satellite cells (4), proliferating satellite cells (B),
satellite cell progeny committed to or in the later stages of terminal differentiation
(O), and intrafibre muscle nuclei (D) per unit area in rat tibialis anterior muscles.

Statistical symbols indicate difference from: © Control, * IRR, " IRR-Stim (P <
0.05).
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Figure 3.3 Example of the criteria used to determine a damaged fibre in rat
tibialis anterior muscle (asterisk), which required positive staining for vimentin
(4), the absence of dystrophin (B) and the absence of desmin positivity (C). IgG
control (D). Scale bar represents 30 um.
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Figure 3.4 Representative photomicrographs of haematoxylin and eosin stains of
Control (4), IRR (B), IRR-Stim (C) and Stim (D) in rat tibialis anterior muscles.
Scale bar represents 100 um.
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Figure 3.6 MHCI mRNA (4), MHCIla mRNA (B), MHCIId(x) mRNA (C), and
MHCIIb mRNA (D) expression displayed as the percent of total MHC mRNA
content in rat tibialis anterior muscles. Statistical symbols indicate difference
from: © Control, " IRR, " IRR-Stim (P < 0.05).
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Figure 3.7 Example of the electrophoretic method used to quantify MHC
isoform composition of rat tibialis anterior muscle. Control and Stimulated
(Stim) are shown.
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Figure 3.8 Percentage of MHCI (4), MHClIla (B), MHCIId(x) (C) and MHCIIb
(D) distribution in rat tibialis anterior muscles as determined by densitometric
evaluation of triplicate gels. Statistical symbols indicate difference from: °
Control, " IRR, " IRR-Stim (P < 0.05).
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Figure 3.9 Representative photomicrographs of MHC immunohistochemistry of
Control (4, B, C, D, E) and IRR-Stim (F, G, H, I, J) in rat tibialis anterior
muscles. A and F, immunostains for MHCI (clone BA-D5); B and G,
immunostains for MHClIIa (clone SC-71); C and H, immunostains for all MHC’s
except MHCIId(x) (clone BF-35); D and /, immunostains for MHCIIb (clone BF-
F3); E and J, IgG control. Scale bar represents150 pm.
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Figure 3.10 The percentage of fibres expressing a particular MHC isoform in rat
tibialis anterior muscles. Statistical symbols indicate difference from: ¢ Control, ¥
IRR, IRR-Stim (P <0.05).
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Figure 3.11 The proportion of pure and hybrid fibre types I (4), I/IIA (B), IIA
(O), MTA/D(X) (D), TA/D(X)/B (E), IID(X) (F), ID(X)/B (G), 1IB (H), and
I/TA/D(X)/B (1) in rat tibialis anterior muscles. Statistical symbols indicate
difference from: ¢ Control, ” IRR, * IRR-Stim (P < 0.05).
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Figure 3.12 Citrate synthase (4) and glyceraldehyde phosphate dehydrogenase
(B) activities in rat tibialis anterior muscles. Statistical symbols indicate
difference from: © Control, ' IRR,  IRR-Stim (P < 0.05).
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SCHAPTER FOUR

SATELLITE CELL ABLATION ATTENUATES SHORT-TERM FAST-
TO-SLOW FIBRE TYPE TRANSFORMATIONS IN RAT FAST-TWITCH
SKELETAL MUSCLE

4.1 INTRODUCTION

Adult skeletal muscle contains heterogeneous, post-mitotic fibres that are
capable of adjusting their structural, functional, metabolic and molecular
properties in response to altered contractile demands such as endurance exercise.
MHC is an important myofibrillar protein that largely dictates the rate of force
development and maximum shortening velocity of cross-bridge formation, thus
forming the basis for the most accepted and widely used method of fibre type
classification (Pette & Staron, 1997). MHC-based fibre types are classified as
type I, 1A, IID(X) and IIB that contain the corresponding MHC isoforms listed in
increasing order of shortening velocity: MHCI, MHCIla, MHCIId(x) and
MHCIIb (Pette & Staron, 1997). CLFS is a model of endurance exercise training
that induces fast-to-slow fibre type transformations that follow the “next nearest-
neighbour” rule (reviewed by Pette & Staron, 2000; Pette, 2002). According to
this rule, hybrid fibre types, which co-express MHC isoforms within a single
fibre, bridge the gaps between the pure fibre types undergoing a predictable
pattern of fast-to-slow transformation as follows: [IB—IID(X)/B—IID(X)—
ITA/D(X)—ITA—I/IIA—1. Additionally, CLFS-induced fast-to-slow fibre type
transformations occur in the absence of fibre injury in the rat and are associated
with increases in satellite cell number, activity and fusion to transforming fibres
(Delp & Pette, 1994; Putman et al., 1999, 2000; Putman et al., 2001; *Martins et
al., 2006).

? A version of this chapter has been published and all tables and figures have been reproduced with
permission from Martins KJ, Murdoch GK, Shu Y, Harris RL, Gallo M, Dixon WT, Foxcroft GR,
Gordon T and Putman CT. (2009). Pfliigers Arch 458, 325-335.

* Martins ef al. 2006, which is a published version of Chapter 3, will hereafter be referred to as
Chapter 3.
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Satellite cells are myogenic stem cells associated with adult skeletal
muscle fibres that underlie the regenerative, and possibly adaptive, potential of
muscle. It is well established that in response to skeletal muscle hypertrophic
stimuli or damage, quiescent satellite cells begin to actively cycle and fuse with
existing myofibres or with each other, creating new myonuclei or forming new
myofibres, respectively (reviewed by Schultz & McCormick, 1994; Hawke &
Garry, 2001; Charge & Rudnicki, 2004; Adams, 2006; O'Connor & Pavlath,
2007). As Schultz & Darr (1990) and Bamman (2007) point out, however, the
role of satellite cells in endurance exercise-induced skeletal muscle fast-to-slow
fibre type adaptation in the absence of injury is less clear. Results from Chapter 3
show that in rat tibialis anterior muscles exposed to weekly doses of y-irradiation,
long-term (21 days) CLFS-induced fast-to-slow fibre type transformations within
the fast fibre population occurred normally, while the final fast type IIA to slow
type I fibres was prevented. This model of y-irradiation was shown to completely
ablate the satellite cell population (Chapter 3). At this time point, 80-90% of fast-
to-slow fibre type transformations have already occurred (Jaschinski ef al., 1998),
suggesting the primary roles of satellite cells during long-term CLFS-induced
fast-to-slow fibre type transformations may be to i) maintain stability of the
transformed state (Schultz et al., 1990) within the fast fibre types and ii) allow the

final fast-twitch to slow-twitch transformation to occur (Chapter 3).

On the other hand, CLFS-induced fast-to-slow fibre type transformations
are known to go through a unique period of rapid transformation within the first
10 days. Jaschinski et al. (1998) detected fast-to-slow MHC isoform
transformations beginning at the mRNA level after 3 days of CLFS that rapidly
continued to change through 10 days. Corresponding changes at the MHC protein
level first occurred at 5 days of stimulation and were found to be most rapidly
transforming by 10 days of CLFS (Jaschinski ef al., 1998; Putman et al., 1999).
Interestingly, maximum satellite cell activity and fusion to transforming fibres,
mostly within the fast fibre population, have also been shown to occur between 5

and 10 days of CLFS (Putman et al., 1999). Collectively, these observations
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suggest satellite cells may play an active role in the early phase of transformation

to CLFS, especially within the fast fibre population.

The purpose of the present study was therefore to test the hypothesis that
in those muscles exposed to y-irradiation, short-term (1 to 10 days) CLFS-induced
fast-to-slow fibre type transformations would be i) attenuated in the fast fibre
population and 1ii) prevented from the final fast-twitch to slow-twitch
transformation. Additionally, CLFS-induced satellite cell activation has not been
investigated at time points earlier than 5 days in vivo. In light of the rapid CLFS-
induced fast-to-slow transformations seen at the MHC mRNA and protein levels,
it seems plausible that substantial satellite cell activation may occur within the
first 4 days. CLFS was therefore applied for 1 to 10 days. In order to sustain a
nonviable satellite cell population throughout this time, tibialis anterior muscles
were exposed to a 25 Gy dose of y-irradiation before the onset of CLFS and at
regular intervals throughout the stimulation period (Chapter 3). Satellite cell
proliferation was assessed by continuous DNA labeling with BrdU in vivo,
followed by immunolocalisation (Schultz, 1996). MHC-based fibre type
transformations were evaluated at the mRNA level by real-time RT-PCR (Vinsky
et al., 2007), and at the protein level by SDS-PAGE (Hémaéldinen & Pette, 1996;
Putman et al., 2004) and immunohistochemistry (Putman et al., 2001; Putman et

al., 2003).

4.2 METHODS
4.2.1 Animal Treatment and Care

Fifty-four adult male Wistar rats (Charles River Laboratories, Montreal,
PQ, Canada) weighing 320 + 3 g (mean = SEM) were used in this study. Animals
were individually housed under controlled environmental conditions (22°C with
alternating 12 h light and dark cycles) and received standard rat chow and water
ad libitum. All animal procedures were carried out in accordance with the

guidelines of the CCAC and received ethical approval from the University of
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Alberta. Animals were randomly assigned to one of the following nine groups
receiving: sham operation of the left leg only (Control); y-irradiation plus 1 day
(1d IRR-Stim), 2 days (2d IRR-Stim), 5 days (5d IRR-Stim) or 10 days (10d IRR-
Stim) of CLFS of the left leg only; 1 day (1d Stim), 2 days (2d Stim), 5 days (5d
Stim) or 10 days (10d Stim) of CLFS only (n = 6, animals each group).

It has been previously shown that low doses of y-irradiation alone (i.e. a
single 60 Gy dose or three weekly 25 Gy doses) do not cause skeletal muscle fibre
damage (Lewis, 1954) or MHC protein, mRNA expression and metabolic
abnormalities (Chapter 3). In accordance with the guidelines of the CCAC, a
Control plus y-irradiation group could not be justified as ethically appropriate and
was therefore not included in this study. Unstimulated contralateral right legs
served as internal controls. The application of CLFS, however, elicited a
compensatory effect in the contralateral control muscles due to increased weight
bearing (data not shown), as previously observed (Putman et al., 2000; Chapter

3), therefore comparisons were made to Control.

4.2.2 Chronic Low-Frequency Stimulation and BrdU Labeling

CLFS (10 Hz, impulse width 380 ps, 12 h day™) was applied across the
left common peroneal nerve, directed to the tibialis anterior muscle for 1, 2, 5 or
10 consecutive days (Simoneau & Pette, 1988; Putman et al., 2004). Animals
received a continuous infusion of BrdU (10 mg ml') via subcutaneously
implanted Alzet® mini-osmotic pumps (model 2ML1, 10 ul hr™' release rate and 2
ml volume) (Schultz, 1996), which were replaced 1 wk later in those animals

receiving 10 days of stimulation.

4.2.3 Gamma Irradiation

One day before the onset of stimulation, satellite cells of the left tibialis
anterior muscle were sterilised as before (Chapter 3). Briefly, anesthetised

animals [75 mg (kg body wt)" ketamine, 10 mg (kg body wt)" xylezine and 0.5
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mg (kg body wt)' acepromazine maleate] were placed in a Gammacell 40
cesium-137 irradiation unit (Health Services Laboratory Animal Services,
University of Alberta) and the left anterior crural compartment was exposed to a
25 Gy dose of y-irradiation (0.56 Gy min™) while the remainder of the animal was
shielded by two 2.5 cm thick lead plates. 10d IRR-Stim received a second 25 Gy

dose of y-irradiation 1 wk later.

4.2.4 Muscle Sampling

Upon completion of the stimulation period, animals were anesthetised and
the tibialis anterior muscles were excised from both hindlimbs, quickly fixed in a
slightly longitudinally stretched position and frozen in melting isopentane (-
159°C). Muscles were stored in liquid nitrogen (-196°C). Animals were then
euthanised with an overdose of Euthanyl [100 mg (kg body wt)"'] (Bimedia-MTC
Animal Health Inc., Cambridge, ON, Canada), followed by exsanguination.

4.2.5 Antibodies

The following monoclonal antibodies directed against adult and
embryonic MHC isoforms (Schiaffino et al., 1988; Schiaffino et al., 1989) were
harvested from the supernatant of hybridoma cell lines obtained from the
American Type Culture Collection (Manassas, VA, USA): BA-D5 (IgG, anti-
MHCI), SC-71 (IgG, anti-MHClIa), BF-F3 (IgM, anti-MHCIIb) and BF-45 (IgG,
anti-MHC-embryonic). Clone BF-35 (purified IgG, not MHCIIx) (also known as
MHCIId) was a generous gift from Prof. S. Schiaffino (Padova, Italy). Mouse
monoclonal anti-BrdU (clone BMC 9318) was obtained from Roche Diagnostics
Corporation (Indianapolis, IN, USA). Biotinylated horse anti-mouse IgG (rat-
absorbed, affinity-purified) and biotinylated goat anti-mouse IgM were obtained

from Vector Laboratories, Inc. (Burlingame, CA, USA).
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4.2.6 Immunohistochemistry for Myosin and BrdU

10 um-thick transverse frozen sections were collected from the mid belly
of each tibialis anterior muscle. Immunostaining was completed according to
established protocols for MHC isoforms (Putman et al., 2001; Putman et al.,
2003) and BrdU (Schultz, 1996). Briefly, sections were fixed for 15 min in 70%
(v/v) ethanol, washed once in PBS-T, twice with PBS and then incubated for 15
min in 3% (v/v) H;O, in methanol. Sections stained for BrdU were then
incubated for 1 h in 2N HCI and washed as before. Sections stained for BA-D5,
SC-71, BF-35, BF-45 and BrdU were incubated for 1 h in BS-1 containing avidin-
D blocking reagent (Vector Laboratories Inc.). Sections stained for BF-F3 were
incubated in BS-2. Sections were incubated overnight at 4°C with a primary
antibody that was diluted in its corresponding blocking solution containing biotin
blocking reagent (Vector Laboratories Inc.) Biotinylated horse anti-mouse IgG
(BA-D5; SC-71; BF-35; BF-45; anti-BrdU) or biotinylated goat anti-mouse IgM
(BF-F3) was then applied for 1 h (Vector Laboratories Inc.). After several
washings, sections were incubated with Vectastain ABC Reagent according to the
manufacturer’s instructions (Vector Laboratories Inc.) and reacted with 0.07%
(w/v) diaminobenzidine, 0.05% (v/v) H,O, and 0.03% (w/v) NiCl, in 50 mM
Tris-HC1 (pH 7.5). All sections were subsequently dehydrated, cleared, and

mounted in Entellan (Merck, Darmstadt, Germany).

4.2.7 Immunohistochemical Analyses

MHC isoform semi-quantitative analyses were completed with a Leitz
Diaplan microscope (Ernst Leitz Wetzlar GmbH, Germany) fitted with a Pro-
Series High Performance Charge-Coupled Digital camera (Cohu Inc., San Diego,
CA, USA), Image-Pro Plus imaging software (Media Cybernetics Inc., Bethesda,
MD, USA) and a custom-designed analytical program (Putman et al., 2000). A
similar number of fibres, totaling 60,996, were examined from each group for the
various MHC isoforms from three representative cross-sectional areas of tibialis

anterior muscles (i.e. deep, middle and superficial regions). Type I, IIA, I1IB and
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embryonic fibres were identified by positive staining and type IID(X) fibres were
identified by the absence of staining with all antibodies directed against the
various MHC isoforms. BrdU semi-quantitative analysis was completed with a
Leka DMRBE microscope (Leica Microsystems GmbH Wetzal, Germany) at
640x magnification. BrdU positive nuclei were enumerated on cross-sections of
all tibialis anterior muscles. A total area of 4.4 + 0.06 mm” was examined for

each muscle.

4.2.8 Electrophoretic Analysis of Myosin Heavy Chain Protein Isoforms

Quantitative MHC isoform analyses were completed as previously
described (Hidmaéldinen & Pette, 1996; Putman et al., 2004). Briefly, frozen
tibialis anterior muscles were homogenised in an ice cold buffer containing 100
mM NaP,O; (pH 8.5), 5 mM EGTA, 5 mM MgCl,, 0.3 mM KCI, 10 mM DTT
(Sigma-Aldrich, Oakville, ON, Canada) and 5 mg ml” of a protease inhibitor
cocktail (Complete™, Roche Diagnostics Corporation). Please refer to Chapter 3,
section 3.2.9 for futher details regarding the protease inhibitor cocktail. The
supernatants of centrifuged samples were diluted 1:1 with glycerol and stored at -
20°C until analysed. Extracts were diluted in modified Laemmli-lysis buffer
(Laemmli, 1970) to a concentration of 0.2 pg pul”, boiled for 6 min and cooled on
ice prior to gel loading. MHC isoforms were separated electrophoretically on 7%
(w/v) polyacrylamide gels containing glycerol, under denaturing conditions.
Samples (1 pg total protein per lane) were electrophoresed in duplicate at 275 V
for 24 h at 8°C. Gels were then fixed and MHC isoforms were detected by silver
staining and evaluated by integrated densitometry (ChemiGenius, GeneSnap and

GeneTools, Syngene, UK).

4.2.9 Mpyosin Heavy Chain mRNA Analyses by Real-Time Reverse

Transcriptase-Polymerase Chain Reaction

Patterns of MHC isoform expression were further analysed at the mRNA
level using real-time RT-PCR. The TRIzol® RNA extraction procedure was
performed according to an established procedure (Vinsky et al., 2007). For a
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detailed description of the extraction procedure, please refer to Chapter 3, section
3.2.10. The concentrations and purity of RNA extracts were evaluated by
measuring the absorbance at 260 and 260/280 nm, respectively, using a
NanoDrop ND 1000 system (Rose Scientific Ltd, Edmonton, AB, Canada).
cDNA synthesis was performed according to an established procedure (Bamford
et al., 2003). Briefly, oligo (dT;s) primers (Invitrogen, Life Technologies,
Burlington, ON, Canada) and M-MLV DNA polymerase (Invitrogen, Life
Technologies) were added to diluted samples (1 pg pl™) and reverse transcription
was performed for 1 h at 37°C. Primers (Invitrogen, Life Technologies) and
Tagman-MGB probes (Applied Biosystems, Foster City, CA, USA) were
designed with EMBL-EBI and aligned using Clustal W for rat MHCIp (X15939),
MHClIIa (L13606), MHCIId(x) (XM 213345) and MHCIIb (L24897) (Table 1).
Real-time PCR was performed on 1 pl cDNA samples, in duplicate, using an ABI
7900HT thermocycler (Applied Biosystems). For futher details regarding the
specific cycle thresholds and examples of amplification plots of the various MHC
isoforms, please refer to Apendix B. 18S RNA (Applied Biosytems) was used as
the endogenous control. Relative changes in MHC isoform gene expression were
determined using the 2**“* method of analysis (Livak & Schmittgen, 2001).
Please refer to Apendix C for a detailed list of each MHC isoform and 18S cycle
threshold (Ct) value that was obtained for each group. Inter-assay variation was
evaluated by repeated analysis of a known sample on each 96-well plate and
confirmed to be negligible (data not shown). Additionally, the amplification

efficiencies of the MHC- isoforms and 18S were similar (data not shown).

4.2.10 Statistical Analyses
Data are summarised as means + SEM. Within each group (i.e. Stim or
IRR-Stim) differences were assessed compared to Control (i.e. 1d, 2d, 5d or 10d
Stim versus Control) using a one-way ANOVA. Differences between the IRR-
Stim and Stim groups at each time point were assessed using a two-way ANOVA.
When a significant F ratio was found for the interaction, differences were located

using the Newman-Keuls post hoc analysis. Differences were considered
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significant at P < 0.05. There were no differences between the left and right legs
of Control, as determined by the t-test for dependent samples, therefore these data

were pooled.

4.3 RESULTS
4.3.1 Animal and Muscle Weights

All animals initially weighed 321 + 3 g and similarly gained 26 + 5 g
during 10 days of stimulation. Additionally, animal weights did not differ
between Stim and IRR-Stim groups of the same number of days of stimulation at
all other time points (i.e. 1d, 2d and 5d). Tibialis anterior muscle weights were

not different between the left and right legs of all groups.

4.3.2 Satellite Cell Activity

An established method was used to assess satellite cell proliferation
(Chapter 3). The number of proliferating and previously proliferating satellite
cells was determined by quantifying BrdU staining. Only those stained nuclei
that were unambiguously fused to existing muscle fibres were counted, as shown
in Fig. 4.14. CLFS first induced an increase in BrdU-positive nuclei at 1 day
after the onset of stimulation (i.e. 1d Stim; 3.9-fold increase) up to a maximum of
a 13.8-fold increase at 10 days of stimulation (i.e. 10d Stim) compared with
Control (Fig. 4.1B). In contrast, y-irradiation plus 1 day (i.e. 1d IRR-Stim; 2.1 +
0.3 positively stained nuclei mm™), 2 days (i.e. 2d IRR-Stim; 1.4 + 0.2), 5 days
(i.e. 5d IRR-Stim; 1.6 = 0.1) or 10 days (i.e. 10d IRR-Stim; 2.0 £ 0.3) of
stimulation did not alter the number of proliferating and previously proliferating

satellite cells compared with Control (Fig. 4.1B8; 1.5 + 0.2).

4.3.3 Mpyosin Heavy Chain mRNA Expression

CLFS-induced MHC isoform transformations at the mRNA level occurred
in the direction of fast-to-slow at 10 days of stimulation [i.e. 10d Stim; MHCIIb
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mRNA—MHCIId(x) mRNA—MHCIla mRNA—MHCI mRNA]. Specifically,
10d Stim MHCI mRNA (Fig. 4.24), MHCIla mRNA (Fig. 4.2B) and MHCIId(x)
mRNA (Fig. 4.2C) increased compared with Control, with no increase in the
expression of MHCIIb mRNA (Fig. 4.2D). In 10d IRR-Stim, increases in MHC
mRNA levels were observed in 10d IRR-Stim for MHCI (Fig. 4.24) and MHClla
(Fig. 4.2B) compared with Control. Additionally, 10d Stim MHCIId(x) mRNA
was 6.9-fold greater compared with 10d IRR-Stim (Fig. 4.2C).

4.3.4 Mpyosin Heavy Chain Isoform Transformations

A representative gel showing the quantitative analytical method used to
measure MHC isoform protein content in muscle extracts is illustrated in Fig.
4.34. CLFS-induced fast-to-slow MHC isoform transformations were first
observed at 5 days of stimulation [i.e. 5d Stim; MHCIIb—MHCIId(x)—MHClIIa]
and continued further at 10 days of stimulation [i.e. 10d Stim;
MHCIIb—MHCIId(x)—>MHCIla—MHCI] (Fig. 4.3B). Specifically, the slower
MHCI and MHCIla content of 10d Stim both increased 1.9-fold with a
concomitant 1.3-fold decrease in MHCIIb content compared with Control. 10d
IRR-Stim MHC fast-to-slow transformations only occurred amongst the fast
MHC isoforms as shown by a 1.7-fold increase in MHClIa along with a 1.3-fold
decrease in MHCIIb content. Importantly, the relative content of IRR-Stim
MHCI was not different from Control and the main effect of MHCI content was
significantly greater in Stim compared with IRR-Stim (P < 0.02). This finding is
consistent with Chapter 3 observations that showed the CLFS-induced fast
MHClIIa to slow MHCI transformation did not occur in those muscles previously
exposed to y-irradiation. Interestingly, the relative content of MHCIId(x) in 10d
IRR-Stim was significantly larger than in 10d Stim. This, however, likely reflects
the restriction of fast-to-slow transformations to the fast MHC isoforms following

satellite cell ablation.
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4.3.5 Fibre Type Transformations

Detailed fibre type analysis, which included the detection of all pure and
hybrid fibre types, were assessed by semi-quantitative immunohistochemical
analyses on serial sections (Fig. 4.4) in the deep, middle and superficial regions of
each tibialis anterior muscle. CLFS-induced fast-to-slow fibre type
transformations were, however, only observed in the deep and middle regions and
therefore the analysis was restricted to these areas. As similarly observed in
MHC isoform proportions, fast-to-slow fibre type transformations began at 5 days
of stimulation [i.e. I[ID(X)—IIA] and further continued at 10 days of stimulation
[i.e. ID(X)—IIA—I] (Fig. 4.5). Specifically, 10d Stim displayed increases in the
proportions of the slower type I/IIA (Fig. 4.5B), IIA/D(X) (Fig. 4.5D) and
ITA/D(X)/B (Fig. 4.5E) fibres with a concomitant decrease in the proportion of the
faster type IID(X) fibres (Fig. 4.5F) compared with Control. At 10 days of
stimulation in IRR-Stim (i.e. 10d IRR-Stim), however, these fast-to-slow fibre
type transformations were limited to the fast fibre population. Specifically, 10d
IRR-Stim only displayed increases in the proportions of the hybrid type
ITA/D(X)/B fibres (Fig. 4.5E) with a concomitant decrease in the proportion of the
pure type IID(X) fibres (Fig. 4.5F) compared with Control. Most importantly, the
emergence of hybrid fibre types that are a hallmark of the response to CLFS
(reviewed by Pette, 2002) was not the same in 10d Stim and IRR-Stim.
Specifically, the proportion of type HHA/D(X) fibres in 10d IRR-Stim was
significantly lower compared with 10d Stim (Fig. 4.5D). The proportion of type
ITA/D(X)/B fibres was also significantly lower in IRR-Stim compared with Stim
(Fig. 4.5F; main effect P < 0.02). Additionally, consistent with Chapter 3
findings, proportions of the slowest type I (Fig. 4.54) and type I/IIA (Fig. 4.5B)
fibres in all IRR-Stim groups were not different from Control. Embryonic MHC

was not detected in extrafusal fibres (data not shown).
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4.4 DISCUSSION

The findings of the present study extend previous works (Delp & Pette,
1994; Putman et al., 1999, 2000; Putman et al., 2001; Chapter 3) by investigating
early time points (i.e. 1 to 10 days) of CLFS-induced fast-to-slow fibre type
transformations when maximum satellite cell activity and fusion to rapidly
transforming fibres are known to occur, especially within the fast IIB and IID(X)
fibre populations (Putman et al., 1999). In the present study, the absence of
increases in BrdU-positive nuclei in all IRR-Stim groups clearly shows that
satellite cell activity was ablated throughout the entire study, thus allowing the
early adaptive phase of CLFS-induced fast-to-slow fibre type transformations to
be investigated in the absence of a viable satellite cell population. The novel
findings of this study are that i) CLFS-induced satellite cell proliferation in vivo
begins at 1 day of stimulation and continues throughout the 10 day stimulation
period; in those muscles exposed toy -irradiation, fast-to-slow fibre type
transformations during short-term CLFS are ii) attenuated in the fast fibre
population and iii) prevented from the final fast-twitch to slow-twitch

transformation.

4.4.1 Chronic Low-Frequency Stimulation Model of Muscle Training

CLFS is a model of endurance muscle training resulting in skeletal muscle
fast-to-slow fibre type transformations and associated fibre atrophy, which is ideal
for studying the effects of increased contractile activity on various skeletal muscle
structural, functional, metabolic and molecular properties in the absence of fibre
damage in rat (as reviewed by Pette & Staron, 1997, 2000; Pette, 2002). The
CLFS-induced decrease in fibre cross-sectional area, specifically in the fast I1IB
and IID(X) fibre types, is the result of transformation to a slower fibre type, as
opposed to fibre degeneration (Delp & Pette, 1994; Chapter 3) or pathological
atrophy. CLFS induces rapid and predictable fast-to-slow fibre type
transformations by mimicking the electrical discharge pattern of slow
motoneurons that innervate slow-twitch muscles. Unlike other rodent exercise

models such as voluntary wheel running, however, it causes synchronous
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recruitment of all targeted motor units, including those not normally recruited
during endurance exercise training (Pette & Staron, 2000). In doing so, the
adaptive potential of CLFS-targeted muscles is maximally challenged. Also, the
standardised and highly reproducible conditions of CLFS allows for activity-
induced fast-to-slow phenotypic changes to occur in a well-defined time-
dependent manner (Jaschinski et al., 1998; Pette, 2002). For these reasons, the

CLFS model of muscle training was used in the present study.

4.4.2 Fibre Type Transformations in Irradiated Muscles

There are a limited number of studies that have investigated exercise-
induced fast-to-slow fibre type transformations in muscles that have also been
exposed to ionising radiation (Rosenblatt & Parry, 1992, 1993; Adams et al.,
2002; Li et al., 2006). Results from Chapter 3 and the current study are in
contrast with those previous investigations, which reported no attenuation of fast-
to-slow fibre type transformations in response to overload (Rosenblatt & Parry,
1992, 1993; Adams et al., 2002) or voluntary wheel running (Li et al., 2006) in
muscles that were also exposed to ionising radiation. The major differences
between those studies (Rosenblatt & Parry, 1992, 1993; Adams et al., 2002; Li et
al., 2006) and the present studies (Chapters 3 and 4) were three-fold. First,
disruption of satellite cell mitotic activity after a single 25 Gy dose of y-irradiation
has been shown to occur for only 7 days (Mozdziak et al., 1996) with significant
recovery taking place 9 and 12 days post-irradiation (Wakeford et al., 1991;
McGeachie et al., 1993; Mozdziak et al., 1996). Therefore, weekly 25 Gy doses
of y-irradiation were administered to ensure continuous mitotic disruption of the
satellite cell pool while previous studies (Rosenblatt & Parry, 1992, 1993; Adams
et al., 2002; Li et al., 2006) only administered a single 25 Gy dose of ionising
radiation before the onset of exercise. Consequently, in those studies, a
significant amount of satellite cell proliferation was observed in response to 14
days of voluntary wheel running in mouse plantaris muscles (Li ef al., 2006) and a
greater skeletal muscle DNA content was reported after 15 days of compensatory

overload in rat plantaris muscles (Adams et al, 2002). Second, in order to
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determine the specific effectiveness of ionising radiation on preventing satellite
cell proliferation and subsequent myonuclei contribution, only Li ez al. (2006) and
the present studies (Chapters 3 and 4) directly measured proliferating and
previously proliferating satellite cells in vivo. On the other hand, Adams et al.
(2002) measured DNA content and Rosenblatt & Parry reported myonuclear-to-
myoplasmic volume ratio (Rosenblatt & Parry, 1993) or assumed satellite cell
sterilisation (Rosenblatt & Parry, 1992). Third, comprehensive and detailed MHC
isoform identification methods (i.e. immunohistochemistry, gel electrophoresis
and RT-PCR) that detect both pure and hybrid fibre types, were used in Chapters
3 and the present study to assess fast-to-slow fibre type transformations. In
contrast, others have only quantified the proportions of MHC protein isoforms
(Adams et al., 2002; Li et al., 2006) or restricted their analyses to only adult pure
fibre types (Rosenblatt & Parry, 1992, 1993). Taken together, these differences
likely accounted for the ability to detect attenuation of fast-to-slow fibre type

transformations in the IRR-Stim muscles in Chapter 3 and the present study.

4.4.3 Fast-to-Slow Fibre Type Transformations and Myonuclear Domains

Schultz & Darr (1990) were first to introduce the idea of satellite cell
involvement in fast-to-slow fibre type transformations. They hypothesised that
since slow-twitch skeletal muscle fibres contain a larger number of myonuclei,
smaller cross-sectional areas and cytoplasmic volume (Gibson & Schultz, 1982,
1983) and therefore, smaller myonuclear domain sizes compared with fast-twitch
fibres (Cheek, 1985; Schultz et al., 1990; Tseng et al., 1994; Roy et al., 1999),
satellite cells play an obligatory role in maintaining the newly fast-to-slow
transformed state. Smaller myonuclear domains are presumably a requirement for
higher biosynthetic activities and protein turn over in slow-twitch fibres
(Goldberg, 1967). For example, the transformation from a fast-twitch to a slower-
twitch fibre type would include a decrease in myonuclear domain size by the
addition of new myonuclei coupled with a decrease in fibre cross-sectional area
and cytoplasmic volume. The results of previous studies (Putman et al., 2000)

support this hypothesis, while data from the present study further indicates that
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satellite cells may also facilitate fast-to-slow fibre type transformations during the

early phase of transformation to CLFS.

It has been previously shown that during short-term CLFS, maximal
satellite cell activity and fusion were primarily targeted to the fast IIB and IID(X)
fibre types, which preceded fast-to-slow fibre type transformations (Jaschinski et
al., 1998; Putman et al., 2000) and preceded decreases in the cross-sectional areas
of those fibre types (Delp & Pette, 1994). Therefore, the myonuclear domain
sizes of the fast fibre types, which are actively undergoing fast-to-slow
transformations, are the first to decrease by the incorporation of satellite cells
during short-term CLFS. By comparison, during long-term CLFS, further
reductions in myonuclear domain sizes occur via decreases in fibre cross-sectional
area of the newly transformed fibres and to a lesser extent by the fusion of
satellite cell progeny (Chapter 3). In those muscles exposed to y -irradiation,
results from the present study show that short-term CLFS-induced fast-to-slow
fibre type transformations, within the fast fibre population, were attenuated.
These findings indicate that satellite cell activity may be important during short-
term CLFS to reduce the myonuclear domain sizes of the fast fibre types, thus
increasing necessary biosynthetic activity, allowing them to transform without
delay. In contrast, satellite cells appear to play an obligatory role in the final

transformation from fast type IIA to slow type I fibres (present study; Chapter 3).

4.4.4 Conclusions

Results of the present study show rat tibialis anterior muscles exposed to
y-irradiation, short-term CLFS-induced fast-to-slow fibre type transformations are
attenuated in the fast fibre population and prevented from the final type IIA to I
transformation. Thus satellite cells appear to play an active role early on in the
time course during CLFS-induced fast-to-slow fibre type transformations.
Considerable adaptive potential does, however, exist within myonuclei and their
domains up to a certain threshold beyond which satellite cells may be required,

especially for the final transformation from type IIA to type I fibres.
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Figure 4.1 Photomicrograph of representative immunohistochemical BrdU stain
used to identify proliferating and previously proliferating satellite cells (arrow) in
rat tibialis anterior muscles (4). Bar represents 10 pm. Number of proliferating
and previously proliferating satellite cells per unit area in rat tibialis anterior
muscles (B). Statistical symbols indicate: © difference from Control, * difference
between Stim and IRR-Stim of the same number of days of stimulation (P <
0.05).
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Figure 4.2 Fold changes in MHCI mRNA (4), MHCIla mRNA (B), MHCIId(x)
mRNA (C) and MHCIIb mRNA (D) gene expression levels in rat tibialis anterior
muscles. Statistical symbols indicate: © difference from Control, * difference

between Stim and IRR-Stim of the same number of days of stimulation (P <
0.05).
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Figure 4.3 Example of the electrophoretic method used to quantify MHC
isoform composition of rat tibialis anterior muscles (4). Control and stimulated
(10d Stim) are shown. Percentage of MHCI, MHCIla, MHCIId(x) and MHCIIb
distribution in rat tibialis anterior muscles as determined by densitometric
evaluation of duplicate gels (B). Statistical symbols indicate: © difference from
Control, * difference between Stim and IRR-Stim of the same number of days of
stimulation (P < 0.05).
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Figure 4.4  Representative  photomicrographs of MHC  isoform
immunohistochemistry of Control (4, B, C and D) and 10 day stimulated rat
tibialis anterior muscles (£, F, G and H). A4 and E, immunostains for MHCI
(clone BA-DS5); B and F, immunostains for MHCIIa (clone SC-71); C and G,
immunostains for all MHC’s except MHCIId(x) (clone BF-35); D and H,
immunostains for MHCIIb (clone BF-F3). Bar represents 100 um.
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Figure 4.5 The proportion of pure and hybrid fibre types I (4), I/IIA (B), lIA
(C), TA/D(X) (D), ITA/D(X)/B (E), IID(X) (F), [ID(X)/B (G) and IIB (H) in rat
tibialis anterior muscles. Fibre types are listed in order from slowest (i.e. type I)
to fastest (i.e. type IIB). Statistical symbols indicate: ° difference from Control, *
difference between Stim and IRR-Stim of the same number of days of
stimulation (P < 0.05).
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CHAPTER FIVE

NITRIC OXIDE SYNTHASE INHIBITION DELAYS CHRONIC LOW-
FREQUENCY STIMULATION-INDUCED SATELLITE CELL
ACTIVATION AND PREVENTS SKELETAL MUSCLE ADAPTATION

5.1 INTRODUCTION

Adult skeletal muscle contains heterogeneous, post-mitotic fibres that
demonstrate remarkable plasticity in response to altered contractile demands such
as exercise. Muscle fibre type diversity is, in part, attributed to the various MHC
protein isoforms that largely dictate the rate of force development and maximum
shortening velocity of cross-bridge formation (Pette & Staron, 1997). MHC-
based fibre types are classified as type I, IIA, IID(X) and IIB that contain the
corresponding MHC isoforms listed in increasing order of shortening velocity:
MHCI, MHCIla, MHCIId(x) and MHCIIb (Pette & Staron, 1997). CLFS is a
model of endurance exercise training that mimics the tonic firing pattern typical
of slow motor neurons and induces satellite cell activation and subsequent fusion
to fast-to-slow transforming fibres in the absence of skeletal muscle damage in the
rat (Delp & Pette, 1994; Putman et al., 1999, 2000; Putman et al., 2001; Chapter
3). This fast-to-slow fibre type transformation follows the “next nearest-
neighbour” rule where fibre types undergo a predictable pattern of transformation
in the direction of [IB—IID(X)—IIA—I (Pette & Staron, 2000; Pette, 2002). The
mechanisms responsible for initiating satellite cell activation and regulating fast-
to-slow fibre type transformations, however, are not yet fully understood.
Moreover, the molecular control of CLFS-induced satellite cell activation has yet

to be investigated.

Two factors, HGF and NO have been shown to activate quiescent satellite
cells. To date, HGF, which is localised in the extracellular matrix of uninjured
skeletal muscle, is the only growth factor shown to activate satellite cells from
quiescence in primary culture and in vivo (Allen et al., 1995; Tatsumi et al.,

1998). In response to mechanical stretch (Tatsumi et al., 2001; Anderson &
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Pilipowicz, 2002; Tatsumi et al., 2002) or injury (Tatsumi et al., 1998; Anderson,
2000), HGF colocalises with the c-met receptor on satellite cells and initiates
activation. The second factor, NO, is a short-lived ubiquitous signaling molecule
that is controlled at the synthesis level by NOS, which in turn is regulated by
Ca”"-calmodulin binding (Stamler & Meissner, 2001). Initially demonstrated by
Anderson et al. (2000), the release of HGF, HGF/c-met colocalisation and
immediate satellite cell activation are blocked if NOS is inhibited (Anderson &
Pilipowicz, 2002; Tatsumi et al., 2002). Additionally, satellite cell activation can
be augmented in response to supplemental NO administration (Anderson &
Pilipowicz, 2002; Tatsumi et al., 2002; Betters et al., 2008a; Betters et al.,
2008b). Collectively, these studies show that NO is released upstream of HGF
and influences HGF-mediated satellite cell activation. Interestingly, nNOS,
which is the primary isoform expressed in normal skeletal muscle, is upregulated
in response to CLFS in rat (Reiser et al., 1997). Therefore, it seems possible that

CLFS-induced satellite cell activation may occur via a NO-dependent pathway.

The pathway by which tonic firing of slow motor neurons induces
transcription of slower-fibre-specific genes involves sustained elevations in
intracellular Ca*" levels sufficient to stimulate calcineurin signaling activity (Liu
et al., 2001; Tothova et al., 2006). Calcineurin is a Ca2+/calmodulin—dependent
serine/threonine protein phosphatase that dephosphorylates cytoplasmic nuclear
factors of activated T-cells (NFAT), resulting in its nuclear translocation and
activation of a slow muscle gene program (Chin et al., 1998). Low-frequency
stimulation has been shown to cause calcineurin-dependent NFAT nuclear
translocation in vitro (Liu ef al., 2001) and in vivo (Tothova et al., 2006). NFAT
transcriptional activity, however, is subject to a dynamic cycle of activation (i.e.
dephosphorylation) and deactivation (i.e. phosphorylation) resulting in
nucleocytoplasmic shuttling. Skeletal muscle NFAT rephosporylation can occur
by several protein kinases, such as glycogen synthase kinase-3 (GSK-3[), which
has been identified as an important regulator of NFAT-mediated increases in slow

MHC gene expression (Jiang et al., 2006) and nuclear export after prior electrical

94



stimulation (Shen et al., 2007). Recently, Drenning et al. (2008) have shown that
NO facilitates NFAT nuclear accumulation and increased MHCI mRNA
expression via GSK-3B inhibition in C,C;; myotubes. Collectively, these
observations suggest that CLFS-induced satellite cell activation and subsequent
fast-to-slow fibre type transformations may be regulated, at least in part, by NO

signaling.

The purpose of the present study was therefore to test the hypotheses that
in vivo pharmacological inhibition of NOS activity in the rat would prevent 1)
immediate CLFS-induced satellite cell activation and ii) subsequent fast-to-slow
fibre type transformations. Endogenous NO production was blocked by
administering a pharmacological inhibitor of NOS activity, L-NAME. Satellite
cell activity was assessed by continuous DNA labeling with BrdU followed by
immunolocalisation (Schultz, 1996). MHC-based fibre type transformations were
evaluated at the mRNA level by real-time RT-PCR (Vinsky et al., 2007), and at
the protein level by SDS-PAGE (Héamaéldinen & Pette, 1996; Putman et al., 2004)

and immunohistochemistry (Putman et al., 2001; Putman et al., 2003).

5.2 METHODS
5.2.1 Animal Care and Treatment

Sixty adult male Wistar rats were used in this study (Charles River
Laboratories, Montreal, PQ, Canada). Animals were individually housed under
controlled environmental conditions (22°C with 12:12-h light-dark cycle) and
received standard rat chow and water or L-NAME solution ad libitum, which was
measured and replaced daily. Body mass was also recorded daily throughout the
experimental period and the dose of L-NAME, per kilogram of body mass, was
calculated for each rat in the treatment groups. All animal procedures were
carried out in accordance with the guidelines of the CCAC and received ethical
approval from the University of Alberta. Animals were randomly assigned to one

of the following ten groups: sham operation of the left leg only (Control); L-
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NAME plus Control (L-Control), 1 day (1d L-Stim), 2 days (2d L-Stim), 5 days
(5d L-Stim) or 10 days (10d L-Stim) of CLFS of the left leg only; 1 day (1d
Stim), 2 days (2d Stim), 5 days (5d Stim) or 10 days (10d Stim) of CLFS only (n
= 6, animals each group). The application of CLFS has been shown to elicit a
compensatory effect in the contralateral control muscles due to increased weight
bearing (Putman et al, 2000; Chapter 3; *Martins et al., 2009), therefore
comparisons were made to Control or L-Control. Animals in the Control, 1d
Stim, 2d Stim, 5d Stim and 10d Stim groups were also part of another study
(Chapter 4) that was conducted in parallel with the present study.

5.2.2 Systemic Inhibition of Nitric Oxide Synthase Activity

The pharmacological inhibition of NOS was achieved by administering
the competitive non-isoform specific NOS inhibitor L-NAME (Sigma-Aldrich,
Oakville, ON, Canada) daily in the drinking water of animals starting 2 days prior
to the onset of stimulation and continuing until euthanisation. A L-NAME
concentration of 0.75 mg ml™ was used that resulted in a dose of ~100 mg (kg
body mass™) day'. A dose of 90-100 mg (kg body mass™) day" has previously
been shown to effectively inhibit NOS activity in the rat (Smith e al., 2002;
Sellman et al., 2006; Soltow et al., 2006).

5.2.3 Chronic Low-frequency Stimulation and BrdU Labeling

CLFS (10 Hz, impulse width 380 ps, 12 h day™) was applied across the
left common peroneal nerve as previously described (Simoneau & Pette, 1988;
Putman et al., 2004; Chapter 3; Chapter 4). Briefly, bipolar electrodes were
implanted under anesthesia [75 mg (kg body wt)" ketamine, 10 mg (kg body wt)
xylezine and 0.5 mg (kg body wt)"' acepromazine maleate] lateral to the common
peroneal nerve of the left hindlimb, externalised at the dorsal intrascapular region,
and connected to a small, portable stimulator. Animals were allowed to recover

for 7 days before the onset of 0, 1, 2, 5 or 10 consecutive days of stimulation.

> Martins et al. 2009, which is a published version of Chapter 4, will hereafter be referred to as
Chapter 4.
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Animals received a continuous infusion of the thymidine analogue BrdU (10 mg
ml™) via subcutaneously implanted Alzet® mini-osmotic pumps (model 2ML1, 10
ul hr' release rate and 2 ml volume) (Schultz, 1996), which were replaced 1 wk

later in those animals receiving 10 days of stimulation.

5.2.4 Muscle Sampling

Upon completion of the stimulation period, animals were anesthetised and
the tibialis anterior muscles were excised from both hindlimbs, quickly fixed in a
slightly longitudinally stretched position and frozen in melting isopentane (-
159°C). Muscles were stored in liquid nitrogen (-196°C). The anesthetised
animals were euthanised after all muscles were collected with an overdose of
Euthanyl [100 mg (kg body wt)'] (Bimedia-MTC Animal Health Inc.,
Cambridge, ON, Canada), followed by exsanguination.

5.2.5 Antibodies for Inmunohistochemistry

Monoclonal antibodies directed against adult and embryonic MHC
isoforms (Schiaffino et al., 1988; Schiaffino et al., 1989) were harvested from the
supernatant of hybridoma cell lines obtained from the American Type Culture
Collection (Manassas, VA, USA): BA-D5 (IgG, anti-MHCI), SC-71 (IgG, anti-
MHClIIa), BF-F3 (IgM, anti-MHCIIb) and BF-45 (IgG, anti-MHC-embryonic).
Clone BF-35 (purified IgG, not MHCIIx) (also known as MHCIId) was a
generous gift from Prof. S. Schiaffino (Padova, Italy). Mouse monoclonal anti-
BrdU (clone BMC 9318) was obtained from Roche Diagnostics Corporation
(Indianapolis, IN, USA). Biotinylated horse anti-mouse IgG (rat-absorbed,
affinity-purified) and biotinylated goat anti-mouse IgM were obtained from

Vector Laboratories, Inc. (Burlingame, CA, USA).

5.2.6 Immunohistochemistry for Myosin and BrdU

Tibialis anterior muscles were mounted in embedding medium (Tissue-

Tek O.C.T. Compound, Miles Scientific, USA) and 10 um-thick transverse frozen
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sections were collected from the mid-belly of each tibialis anterior muscle at -
20°C. Immunostaining was completed according to established protocols for
MHC isoforms (Putman et al., 2001; Putman et al., 2003) and BrdU (Schultz,
1996). Briefly, air-dried sections stained for BrdU were fixed at room
temperature for 15 min in 70% (v/v) ethanol, washed in PBS-T and then with
PBS. All sections were then incubated for 15 minutes in 3% (v/v) HyO; in
methanol and washed as before. Sections stained for BrdU were permealised for
1 h in 2N HCI and washed. Serial sections stained for BA-D5, SC-71, BF-35,
BF-45 and BrdU were incubated at room temperature for 1 h in BS-1 containing
avidin-D blocking reagent (Vector Laboratories Inc.). Sections stained for BF-F3
were incubated in BS-2. Sections were incubated overnight at 4°C with a primary
antibody that was diluted in its corresponding blocking solution containing a
biotin blocking reagent (Vector Laboratories Inc.). Antibodies were diluted as
follows: BA-D5 at 1:400, SC-71 at 1:100, BF-35 at 1:10,000, BF-45 at 1:50 and
anti-BrdU at 1:10 in BS-1; BF-F3 at 1:400 in BS-2. After several washings, a
biotinylated horse-anti-mouse-IgG (BA-D5; SC-71; BF-35; BF-45; anti-BrdU) or
biotinylated goat-anti-mouse-IgM (BF-F3) was applied for 1 hour at a dilution of
1:200. Sections were then washed again and incubated with Vectastain ABC
Reagent according to the manufacturer’s instructions (Vector Laboratories Inc.),
washed and reacted with 0.07% (w/v) diaminobenzidine, 0.05% (v/v) H,O, and
0.03% (w/v) NiCl, in 50 mM Tris-HCI1 (pH 7.5). Control samples were run in
parallel in which the primary IgM antibody was omitted, or a non-specific mouse
IgG antibody was substituted (Santa Cruz). All sections were subsequently

dehydrated, cleared, and mounted in Entellan (Merck, Darmstadt, Germany).

5.2.7 Immunohistochemical Analyses

MHC isoform semi-quantitative analyses were completed with a Leitz
Diaplan microscope (Ernst Leitz Wetzlar GmbH, Germany) fitted with a Pro-
Series High Performance Charge-Coupled Digital camera (Cohu Inc., San Diego,
CA, USA), Image-Pro Plus imaging software (Media Cybernetics Inc., Bethesda,
MD, USA) and a custom-designed analytical program (Putman et al., 2000).

98



MHC isoforms from three representative cross-sectional areas of tibialis anterior
muscles (i.e. deep, middle and superficial regions) were examined from each
group. Type I, IIA, IIB and embryonic fibres were identified by positive staining
and type IID(X) fibres were identified by the absence of staining with all
antibodies directed against the various MHC isoforms. A similar number of
fibres were examined across all groups, totaling 80,726. BrdU semi-quantitative
analysis was completed with a Leka DMRBE microscope (Leica Microsystems
GmbH Wetzal, Germany) at 640x magnification. BrdU positive nuclei were
enumerated on cross-sections of all tibialis anterior muscles. An average of 521 +

12 (mean + SEM) fibres were examined for each muscle.

5.2.8 Mpyosin Heavy Chain mRNA Analyses by Real-Time Reverse

Transcriptase-Polymerase Chain Reaction

Patterns of MHC isoform expression were analysed at the mRNA level
using real-time RT-PCR (Vinsky et al., 2007; Chapter 4). Please refer to Chapter
3, section 3.2.10 for further details regarding the RNA extraction procedure. The
concentrations and purity of RNA extracts were evaluated by measuring the
absorbance at 260 and 260/280 nm, respectively, using a NanoDrop ND 1000
system (Rose Scientific Ltd, Edmonton, AB, Canada). cDNA synthesis was
performed according to an established procedure (Bamford ef al., 2003). Samples
were diluted to 1 pg pl” and reverse transcription was performed for 1h at 37°C
with oligo (dT;s) primers (Invitrogen, Life Technologies, Burlington, ON,
Canada) and M-MLV DNA polymerase (Invitrogen, Life Technologies). Primers
(Invitrogen, Life Technologies) and Tagman-MGB probes (Applied Biosystems,
Foster City, CA, USA) were designed with EMBL-EBI and aligned using Clustal
W for rat MHCIB (X15939), MHClla (L13606), MHCIId(x) (XM 213345) and
MHCIIb (L24897) (Table 5.1). Real-time PCR was performed on 1 pl cDNA
samples, in duplicate, using an ABI 7900HT thermocycler (Applied Biosystems).
For futher details regarding the specific cycle thresholds and examples of
amplification plots of the various MHC isoforms, please refer to Apendix B. 18S

RNA (Applied Biosytems) was used as the endogenous control. Relative changes
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284t method of

in MHC isoform gene expression were determined using the
analysis (Livak & Schmittgen, 2001). Please refer to Apendix C for a detailed list
of each MHC isoform and 18S Ct value that was obtained for each group. Inter-
assay variation was evaluated by repeated analysis of a known sample on each 96-
well plate and confirmed to be negligible (data not shown). Additionally, the
amplification efficiencies of the MHC isoforms and 18S were similar (data not

shown).

5.2.9 Electrophoretic Analyses of Myosin Heavy Chain Protein Isoforms

Relative contents of the various adult MHC isoforms were analysed as
previously described (Haméildinen & Pette, 1996; Putman et al., 2004). Briefly,
frozen powdered tibialis anterior muscles were stirred on ice for 30 min in a
buffer containing 100 mM NaP,O7 (pH 8.5), 5 mM EGTA, 5 mM MgCl,, 0.3 mM
KCl, 10 mM DTT (Sigma-Aldrich, Oakville, ON, Canada) and 5 mg ml” of a
protease inhibitor cocktail (Complete™, Roche Diagnostics Corporation). Please
refer to Chapter 3, section 3.2.9 for futher details regarding the protease inhibitor
cocktail. ~ Samples were then centrifuged at 12,000xg for 5 min at 4°C;
supernatants were diluted 1:1 with glycerol and stored at -20°C until analysed.
Prior to gel loading, muscle extracts were diluted in modified Laemmli lysis
buffer to a concentration of 0.2 pug ul"' and boiled for 6 min (Leammli, 1970).
Samples (1 pg total protein per lane) were electrophoresed (275 V for 24 h at
8°C) in duplicate on 7% (w/v) polyacrylamide gels containing glycerol, under
denaturing conditions. Gels were then fixed and MHC isoforms were detected by
silver staining and evaluated by integrated densitometry (ChemiGenius,

GeneSnap and GeneTools, Syngene, UK).

5.2.10 Statistical Analyses
Data are summarised as means + SEM. Differences between group means
were assessed using a two-way ANOVA [i.e. treatment (stimulation or L-NAME
plus stimulation X days of stimulation (0, 1, 2, 5 or 10 days)]. When a significant

F ratio was found for the interaction, differences were located using the Newman-
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Keuls post hoc analysis. Differences were considered significant at P < 0.05.
There were no differences between the left and right legs of Control or L-Control,
as determined by the t-test for dependent samples, therefore these data were

pooled.

5.3 RESULTS
5.3.1 Animal and Muscle Weights

Animals initially weighed 318 + 3 g and similarly gained 29 + 6 g during
10 days of stimulation. Additionally, animal weights did not differ between Stim
and L-Stim groups of the same number of days of stimulation at all other time

points (i.e. 0d, 1d, 2d and 5d).

5.3.2 Satellite Cell Activation/Proliferation

An established method was used to assess BrdU positive nuclei (Chapter
3). Activated and previously activated satellite cells were determined by
quantifying BrdU staining. Only those stained nuclei that were unambiguously
fused to existing muscle fibres were counted, as shown in Fig. 5.14. CLFS first
induced an increase in BrdU-positive nuclei at 1 day of stimulation (i.e. 1d Stim;
3.9-fold increase) up to a maximum of a 21.3-fold increase at 10 days of
stimulation (i.e. 10d Stim) compared with Control (Fig. 5.1B). Interestingly, L-
Stim BrdU-positive nuclei only remained at control levels for the first two days
(i.e. 1d L-Stim, 2d L-Stim), and then increased to the same extent as Stim (i.e. 5d
Stim and 10d Stim; Fig. 5.1B).

5.3.3 Mpyosin Heavy Chain mRNA Expression

Control and L-Control were not different from each other (Fig. 5.2).
CLFS-induced fast-to-slow MHC isoform transformations at the mRNA level
began at 5 days of stimulation [i.e. 5d Stim; MHCIIb mRNA—MHCIId(x)
mRNA] and continued at 10 days of stimulation [i.e. 10d Stim; MHCIIb
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mRNA—MHCIId(x) mRNA—MHCIla mRNA—MHCI mRNA]. Specifically,
10d Stim MHCI mRNA (Fig. 5.24), MHCIla mRNA (Fig. 5.28) and MHCIId(x)
mRNA (Fig. 5.2C) increased compared with Control, with no increase in the
expression of MHCIIb mRNA (Fig. 5.2D). In contrast, all L-Stim MHC mRNA
isoforms remained at control levels throughout 10 days of stimulation (Fig. 5.2).
Additionally, 10d Stim MHCI mRNA, MHCIla mRNA and MHCIId(x) mRNA
were 17-fold (Fig. 5.24), 26-fold (Fig. 5.2B) and 9-fold (Fig. 5.2C) greater
compared with 10d L-Stim, respectively.

5.3.4 Mpyosin Heavy Chain Isoform Transformations

A representative gel showing the quantitative analytical method used to
measure MHC isoform protein content in muscle extracts is illustrated in Fig.
5.34. Control and L-Control were not different from each other (Fig. 5.3).
CLFS-induced fast-to-slow MHC isoform transformations were first observed at
10 days of stimulation (Fig. 5.3B). Specifically, the relative content of 10d Stim
MHCI increased 2.0- and 2.6-fold compared with Control and 10d L-Stim,
respectively, which were not different from each other (Fig. 5.3B). As observed
at the mRNA level, MHC isoform protein content in L-Stim remained at control

levels throughout 10 days of stimulation (Fig. 5.3B).

5.3.5 Fibre Type Transformations

Detailed fibre type analysis, which included the detection of all pure and
hybrid fibre types, was assessed by semi-quantitative immunohistochemical
analyses on serial sections in the deep, middle and superficial regions of each
tibialis anterior muscle (Fig. 5.4). As observed in Chapter 4, CLFS-induced fast-
to-slow fibre type transformations were only observed in the deep and middle
regions and therefore the analysis was restricted to these areas. Consistent with
the observations in MHC isoform protein content, CLFS first induced fast-to-slow
fibre type transformations at 10 days of stimulation (i.e. 10d Stim), while L-Stim
remained at control levels. Specifically, increases in the proportion of fibres
expressing the slowest MHCI were observed in 10d Stim compared with Control
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and 10d L-Stim, which were not different (Fig. 5.54). Additionally, the
emergence of hybrid fibre types that are a hallmark of the adaptive response to
CLEFS (Pette, 2002) was not the same in Stim and L-Stim. Overall, the proportion
of fibres expressing multiple MHC isoforms (i.e. hybrid fibres) in 10d Stim was
1.8- and 3.1-fold greater compared with Control and 10d L-Stim, respectively,
which were not different from each other (Fig. 5.5E). Embryonic MHC was not

detected in extrafusal fibres (data not shown).

5.4 DISCUSSION

Nitric oxide has been established as an important signaling molecule in
skeletal muscle (Stamler & Meissner, 2001). Therefore, the effect of blocking
NOS activity on CLFS-induced satellite cell activation and fast-to-slow MHC-
based fibre type transformations were examined. Multiple early time points of
CLFS were chosen because CLFS-induced satellite cell activation has been shown
to occur as early as 1 day after the onset of stimulation with maximum
proliferation occurring by 5 to 10 days (Putman et al, 1999; Chapter 4).
Additionally, CLFS-induced fast-to-slow MHC isoform transformations have
been shown to begin at the mRNA level after 3 days and at the protein level after
5 days that rapidly continued to change through 10 days (Jaschinski et al., 1998).
This delayed adaptation at the protein level likely reflects the more advanced state
of change at the mRNA level compared with the much slower rate of MHC
protein turnover. Results of the current study support these findings, while the
main findings of this study were that blocking NOS activity with L-NAME
delayed CLFS-induced satellite cell activation and prevented fast-to-slow fibre

type transformations in rat fast-twitch muscle.

5.4.1 Nitric Oxide and Satellite Cell Activity

It appears that this is the first study to investigate the underlying signaling
mechanisms involved in CLFS-induced satellite cell activation. As reviewed by

Wozniak et al. (2005), the NO/HGF-dependent satellite cell activation pathway
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has been well defined, but signaling mechanisms involved in satellite cell
activation may also function in a NO-independent manner. This idea was first
supported by results from nNOS™ mice that showed only delayed satellite cell
activation after muscle injury and were capable of full regeneration (Anderson,
2000). The possibility of alternative NO production sources from eNOS and/or
iNOS, however, could not be ruled out. More recently, stretch-induced increases
in satellite cell activity have been observed as early as 2 days after hindlimb
suspension in rats treated with L-NAME (Tatsumi et al., 2006). Additionally, in
7 and 12 day overloaded plantaris muscles of rats whose NOS activity was
blocked, satellite cell activity (Sellman et al., 2006) and subsequent myonuclear
addition (Gordon et al., 2007), respectively, were similar to normal overloaded
muscles. Collectively, it appears that both NO-dependent and NO-independent
mechanisms may play a role in satellite cell activation. Results from the present
study suggest that the immediate and/or preferred CLFS-induced satellite cell
activation pathway occurs in a NO-dependent fashion as shown by the lack of
increase in satellite cell activity for the first 2 days of stimulation in L-NAME
treated rats. However, findings from recent studies (Sellman et al., 2006; Tatsumi
et al., 2006; Gordon et al., 2007) and the present study also indicate that an
alternative satellite cell activation pathway, which has yet to be identified, exists

that can fully compensate in the absence of prolonged NOS activity.

5.4.2 Nitric Oxide and Fast-to-Slow Fibre Type Transformations

In order to elicit a pronounced stimulus for fast-to-slow fibre type
transformations in the absence of muscle fibre regeneration, CLFS was employed,
which is a model of muscle training that mimics the electrical discharge pattern of
slow motor neurons innervating slow-twitch muscles. Unlike other rodent
exercise models, however, it causes synchronous recruitment of all targeted motor
units, including those not normally recruited during exercise training (Pette &
Staron, 2000). In doing so, the adaptive potential of CLFS-targeted muscles is
maximally challenged. Also, the standardised and highly reproducible conditions
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of CLFS allows for activity-induced fast-to-slow phenotypic changes to occur in a

well-defined time-dependent manner (Jaschinski et al., 1998; Pette, 2002).

To date, there are very few studies that have investigated the involvement
of NO in fast-to-slow fibre type transformations (Smith et al., 2002; Sellman e?
al., 2006; Drenning et al., 2008). Sellman et al. (2006) reported that L-NAME-
induced NOS inhibition prevented the up-regulation of MHCI mRNA in rat
plantairs muscles following 5 days of functional overload, which was also
confirmed in vitro (Drenning et al., 2008). Present results not only support, but
extend these recent observations by indicating that NO may also play a critical
role in the expression of fast MHC mRNAs involved in CLFS-induced fast-to-
slow transformations within rat fast-twitch muscle [i.e. MHCIIb
mRNA—MHCIId(x) mRNA—MHCIla mRNA]. Whether L-NAME is
preventing this fast-to-slow MHC-based transformation via the same pathway
proposed by Drenning et al. (2008) requires further investigation. At the protein
level, Smith et al. (2002) found that NO was required for chronic overload-
induced fast-to-slow MHC isoform transformations in rat. They also reported,
however, that type IID(X)/B fibre types significantly increased in response to L-
NAME treatment; this effect was not observed at the MHC isoform protein level
in that study (Smith et al, 2002). Results from the present study show that
indeed, L-NAME prevented CLFS-induced fast-to-slow MHC isoform protein
and fibre type transformations, but did not significantly affect basal expression
levels. This difference in findings between Smith et al, (2002) and the current
study may have been due to the different analytical methods employed to detect
fibre types. In the present study, immunohistochemical fibre type analysis was
performed that utilised monoclonal antibodies directed against the four adult
MHC isoforms expressed in rat, as well as detecting all pure and hybrid fibre
types. On the other hand, Smith ez al., (2002) performed histochemical myofibril
ATPase analysis that only detects type I, IIA and the combination of IID(X) and
IIB, and restricted their analysis only to these fibre types. Taken together, these

differences likely accounted for the discrepancy in findings.
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5.4.3 Conclusions

Results of the present study indicate that NOS activity is important for
CLFS-induced satellite cell activation, but an unknown alternative mechanism
exists that is able to fully compensate under conditions where NO levels are
suppressed within rat tibialis anterior muscles. Additionally, NO appears to be a
key mediator of MHC expression during CLFS-induced fast-to-slow fibre type

transformation.
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Figure 5.1 Photomicrograph of representative immunohistochemical BrdU stain
used to identify activated satellite cells (arrow) in rat tibialis anterior muscles (4).
Bar represents 10 pm. Number of BrdU positive nuclei per 100 fibres in rat
tibialis anterior muscles (B). Statistical symbols indicate: © difference from
respective control group (Control or L-Control), * difference between Stim and L-
Stim of the same number of days of stimulation (P < 0.05).
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Figure 5.2 Fold changes in MHCI mRNA (4), MHCIla mRNA (B), MHCIId(x)
mRNA (C) and MHCIIb mRNA (D) gene expression levels in rat tibialis anterior
muscles. Statistical symbols indicate:  difference from respective control group
(Control or L-Control), * difference between Stim and L-Stim of the same
number of days of stimulation (P < 0.05).

109



Figure 5.3 Example of the electrophoretic method used to quantify MHC
isoform composition of Control and 10 day stimulated (10d Stim) rat tibialis
anterior muscles (4). Percentage of MHCI, MHCIla, MHCIId(x) and MHCIIb
distribution in rat tibialis anterior muscles as determined by densitometric
evaluation of duplicate gels (B). Statistical symbols indicate: © difference from
respective control group (Control or L-Control), * difference between Stim and L-
Stim of the same number of days of stimulation (P < 0.05).
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Figure 5.4 Representative ~ MHC  isoform  immunohistochemistry
photomicrographs of Control and 10 day stimulated (10d Stim) rat tibialis
anterior muscles. Immunostains for MHCI (clone BA-D5), MHCIIa (clone SC-
71), all MHC’s except MHCIId(x) (clone BF-35) and MHCIIb (clone BF-F3) are
shown. Bar represents 100 um.

111



Figure 5.5 The percentage of fibres expressing MHCI (4), MHClla (B),
MHCIId(x) (C), MHCIIb (D) and multiple MHC isoforms (F). Statistical
symbols indicate: © difference from respective control group (Control or L-
Control), * difference between Stim and L-Stim of the same number of days of
stimulation (P < 0.05).
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CHAPTER SIX

GENERAL DISCUSSION AND INTERPRETATIONS

6.1 SUMMARY OF RESULTS

The purpose of the preceeding experiments was to investigate the activity-
induced activating signaling mechanisms and subsequent contributions of satellite

cells to skeletal muscle adaptations in rat.

Chapter 3 tested the specific hypothesis that long-term (21 days) CLFS-
induced fast-to-slow fibre type transformations would be attenuated in rat fast-
twitch tibialis anterior muscles exposed to y-irradiation. Chapter 4 investigated
earlier time points of stimulation and tested the specific hypothesis that in those
muscles exposed to y-irradiation, short-term (1 to 10 days) CLFS-induced fast-to-
slow fibre type transformations would be 1) attenuated in the fast fibre population
and ii) prevented from the final fast-twitch to slow-twitch transformation. In
response to weekly focal 25 Gy doses of y-irradiation, the disruption of satellite
cell mitotic activity was successfully maintained throughout 21 days of
stimulation while not causing any skeletal muscle damage, morphology
abnormalities, or interfering with baseline muscle gene and protein expression.
Therefore, the following outcomes are described in rat tibialis anterior muscles
exposed to y-irradiation: 1) short-term CLFS-induced fast-to-slow MHC isoform
protein and fibre type transformations are attenuated in the fast fibre population
and prevented from the final fast-twitch to slow-twitch transformation, ii) long-
term CLFS-induced fast-to-slow MHC isoform protein and fibre type
transformations are also prevented from the final fast type IIA to slow type I
transformation, and iii) CLFS-induced fast-to-slow MHC isoform transformations
at the mRNA level are initially delayed, specifically in MHCIId(x) mRNA, but at
21 days of stimulation, expression levels of all MHC isoforms are not different
from normal stimulated muscles. In summary, CLFS-induced fast-to-slow MHC
isoform protein and fibre type transformations are attenuated in the fast fibre
population during short-term stimulation and prevented from the final fast-twitch
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to slow-twitch transformation throughout 21 days of stimulation in those muscles
exposed to y-irradiation. At the MHC mRNA level, however, CLFS-induced fast-

to-slow transformations are only initially slightly delayed.

In Chapter 5, it was hypothesised that in vivo pharmacological inhibition
of NOS activity in the rat would prevent i) immediate CLFS-induced satellite cell
activation and ii) subsequent fast-to-slow fibre type transformations. The
inhibition of NOS activity during short-term CLFS in rat tibialis anterior muscles,
produced the following observations: i) satellite cell activity was initially blocked
but, subsequently able to proliferate to the same extent as normally stimulated
muscles, and ii)) MHC-based fast-to-slow transformations at the mRNA, protein
and fibre type levels were not different from control non-stimulated muscles. In
summary, NO appears to be required for immediate CLFS-induced satellite cell
activity but, an unknown alternative mechanism appears to exist that is able to
fully compensate under conditions where NO levels are suppressed within rat
tibialis anterior muscles. Additionally, NO appears to be a key mediator of MHC

isoform expression during CLFS-induced fast-to-slow fibre type transformations.

6.2 SATELLITE CELLS ARE INVOLVED IN CLFS-INDUCED FAST-
TO-SLOW FIBRE TYPE TRANSFORMATIONS

6.2.1 Fast-to-Slow Fibre Type Transformations and Myonuclear Domain
Threshold

A myonuclear domain is defined as the theoretical volume of cytoplasm
surrounding and controlled by the gene products of a single myonucleus (Cheek,
1985). This concept originates from the finding that mRNA produced by a single
myonucleus is restricted to the area immediately surrounding that particular
myonucleus (Pavlath et al., 1989; Ralston & Hall, 1992). The causal link
between satellite cell-derived myonuclear accretion, increased fibre size and a
constant myonuclear domain size during skeletal muscle hypertrophy has been

well recognised (reviewed by Schultz, 1989; Adams, 2006; O'Connor & Pavlath,
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2007). However, small increases in myofibre cross-sectional area and
cytoplasmic volume can be supported by existing myonuclei up to a certain
threshold or myonuclear domain ceiling above which myonuclear accretion from
satellite cells is required to support continued hypertrophy (Chin, 2004; Kadi et
al., 2004; Petrella et al., 2006; O'Connor & Pavlath, 2007). Interestingly, it
appears that a myonuclear domain threshold may also exist in CLFS-induced fast-

to-slow fibre type transformations.

As discussed in Chapter 4, Schultz & Darr (1990) first hypothesised that
since slow-twitch skeletal muscle fibres contain a larger number of myonuclei,
smaller cross-sectional areas and cytoplasmic volume (Gibson & Schultz, 1982,
1983) and therefore, smaller myonuclear domain sizes compared with fast-twitch
fibres (Cheek, 1985; Schultz et al., 1990; Tseng et al., 1994; Roy et al., 1999),
satellite cells play an obligatory role in maintaining the newly fast-to-slow
transformed state. For example, the transformation from a faster to a slower fibre
type would include a decrease in myonuclear domain size first by the addition of
new myonuclei then coupled with a decrease in fibre cross-sectional area and
cytoplasmic volume (Putman et al., 1999). Expanding upon this hypothesis,
based on results from Chapters 3 and 4, it also appears that existing myonuclei
can support fast-to-slow fibre type transformations up to certain threshold, beyond
which, myonuclear accretion from satellite cells is necessary for continued
transformation. For example, the final CLFS-induced fast-twitch to slow-twitch
MHC isoform protein and fibre type transformation did not occur at any time
point in those muscles that had been exposed to y-irradiation. Thus, it appears
that CLFS-induced fast-to-slow transformations within the fast fibre population
can be supported by existing myonuclei but, beyond this threshold, myonuclear
accretion from satellite cells may be required to support the final transformation
from the fast type IIA to the slow type I fibre population. It should be noted that
within the fast fibre population of those muscles that had been exposed toy -
irradiation, fast-to-slow fibre type transformations were initially attenuated during

CLFS. These results indicate that satellite cell activity may also important during
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short-term CLFS to reduce the myonuclear domain sizes of the fast fibre types,
allowing them to transform without delay. Collectively, results from previous
studies (Jaschinski et al., 1998; Putman et al., 1999) and Chapters 3 and 4 support
the following hypotheses, which is currently being investigated: i) myonuclear
domain sizes of the fast fibre types are first to decrease by the incorporation of
satellite cells during short-term CLFS, ii) further reductions in myonuclear
domain sizes occur via decreases in fibre cross-sectional area of the newly
transformed fibres and to a lesser extent by the fusion of satellite cell progeny
during long-term CLFS, and iii) a myonuclear domain threshold exists in CLFS-

induced fast-to-slow fibre type transformations.

6.2.2 Satellite Cells and Translational Capacity

Adams et al. (2002) investigated the underlying cellular and molecular
mechanisms responsible for preventing compensatory muscle hypertrophy to
occur beyond the myonuclear domain threshold in those muscles lacking a viable
satellite cell population. Results of that study indicate y -irradiation-induced
inhibition of the hypertrophy response is not related to the ability of existing
myonuclei to produce mRNA, but to intracellular signaling pathways associated
with the regulation of protein translation. They found that the phosphorylation
states of ribosomal protein S6 kinase-1 (S6K1) and eukaryotic initiation factor
4E-binding protein-1 (4E-BP1) returned to baseline after 3 days of overload in y-
irradiation exposed rat plantaris muscles, which remained elevated throughout 15
days in normal overloaded muscles. Outlined in Figure 6.1, signaling in the Akt-
mammalian target of rapamycin (mTOR) pathway, of which S6K1 and 4E-BP1
are downstream targets, promotes increased protein synthesis in a number of ways
(reviewed by Adams, 2006; Coffey & Hawley, 2007; Miyazaki & Esser, 2009).
For example, phosphorylated S6K1 appears to be involved in facilitating the
translation of components of the translational apparatus itself via recruitment and
promotion of translation of specific mRNA’s that encode several ribosomal
proteins and translation elongation factors. On the other hand,

hyperphosphorylation of 4E-BP1 removes its inhibitory effects on eukaryotic
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initiation factor 4E, which is involved in formation of the initiation complex by
binding to the 5’ end of mRNA and aiding in binding it to the ribosome. Adams
et al. (2002) also found that total RNA retuned to baseline in those overloaded rat
plantaris muscles exposed to y -irradiation, which remained elevated in normal
overloaded muscles. Total RNA is generally accepted as being indicative of
alterations in rRNA and therefore, translational capacity of the tissue, because
approximately 85% of bulk RNA is rRNA. Since rRNA is a final gene product
(i.e. can not be amplified like mRNA via polyribosomes), increasing rRNA
requires more DNA templates, which in skeletal muscle, comes from incrased

satellite cell-derived myonucelar accreation.

Figure 6.1 Akt signaling. = Arrows=activation, bars=inhibition, dashed
line=direct activation. 4E-BP1=eukaryotic initiation factor 4E-binding protein-1;
elF2B=eukaryotic initiation factor 2B; FoxO=forkhead box O; GSK3p=glycogen
synthase kinase 3B; mTOR=mammalian target of rapamycin; PDKIl= 3'-
phosphoinositide-dependent protein kinase-1; S6K=ribosomal protein S6 kinase;
TSC2=tuberous sclerosis complex-2; T=increase. With permission from Coffey
& Hawley (2007).
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Stimulation of fast-twitch muscles with slow-patterned activity causes a
fast-to-slow fibre type transformation that requires both the up-regulation of
slower and repression of faster contractile proteins. Additionally, the smaller
myonuclear domains of slow-twitch fibres are presumably a requirement for the
higher biosynthetic activities and protein turnover rates that occurs in these fibres
(Goldberg, 1967; Edgerton & Roy, 1991; Tseng et al., 1994). Interestingly,
Nader & Esser (2001) found that a single bout of low-frequency stimulation
caused a significant increase in Akt and S6K1 phosphorylation immediately and 3
hours post-exercise, respectively, in rat tibialis anterior musles. Based on the
findings of Adams et a/ (2002) and Nader & Esser (2001), it is therefore attractive
to hypothesise that myonuclear accretion from satellite cells is necessary to
increase traslational capacity for CLFS-induced fast-to-slow transformation to
occur without delay in the fast fibre types and for the final type IIA to type I

transformation.

Results from Chapters 3 and 4 show that CLFS-induced MHC-based fast-
to-slow transformations at the mRNA level were not different, for the most part
(see section 6.2.3), between normal stimulated muscles and those also exposed to
y-irradiation, while at the protein level, transformation within the fast fibres were
delayed and the final transformation to type I fibres did not occur. Therefore, in
those muscles that lack a viable satellite cell populaiton, the limiting factor in
CLFS-induced fast-to-slow fibre type transformation does not appear to be the
ability to produce MHC mRNA, but perhaps the signaling pathways associated
with translational and/or post-translational regulation. = Hence, a natural
progression in the investigation of satellite cell involvement in fast-to-slow fibre
type transformations would be to determine the specific underlying cellular and
molecular mechanisms responsible for impairing MHC-based fast-to-slow
transformations at the protein level in those muscles exposed to y -irradiation.
While it is appealing to propose that this regulation may occur via the Akt-mTOR
patway, there are conflicting data regarding this pathways response to low-

frequency stimulation. As opposed to the findings reported by Nader & Esser
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(2001), Atherton et al. (2005) found that in isolated rat extensor digitorum longus
muscles exposed to 3 hours of low-frequency stimulation, the Akt-mTOR-related
signaling cascade was deactivated. Additional contradictory data also exists

regarding the Akt-mTOR response to treadmill and wheel running in rodents

(Coffey & Hawley, 2007).

6.2.3 Default Satellite Cell Progeny Expression

Throughout 21 days of stimulation, CLFS-induced MHC-based fast-to-
slow transformations at the mRNA level were not different between normal
stimulated muscles and those also exposed to y -irradiation, with one exception
(Fig’s. 3.6 and 4.2). At 10 days of stimulation, MHCIId(x) mRNA expression
was significantly greater in normal stimulated muscles compared to previously
irradiated muscles (Fig. 4.2C). This difference, however, may be due to a lack of
initial default MHC mRNA expression from satellite cell progeny as opposed to
an indication of delayed fast-to-slow MHC mRNA transformation in those

muscles where satellite cell activity was inhibited.

It appears that the default MHC isoform program of satellite cell progeny
from adult skeletal muscle may be MHCIId(x) (Pin & Merrifield, 1997; Conway
et al., 2004). It was demonstrated that satellite cells of the L6 myoblast lineage
(Yafte, 1968) only expresses embryonic and adult MHCIId(x) in vitro (Conway et
al., 2004). Additionally, injection of L6 myoblasts into regenerating adult rat
hindlimb muscles caused formation of MHCIId(x) fibres in vivo (Pin &
Merrifield, 1997). Therefore, since the default program of satellite cell progeny
appears to be MHCIId(x) (Pin & Merrifield, 1997; Conway et al., 2004) and
maximum satellite cell activity and fusion have been shown to occur between 5
and 10 days of stimulation (Putman et al., 1999; Chapter 4), it seems possible that
the significant increase seen in MHCIId(x) mRNA at 10 days in normal
stimulated tibialis anterior muscles may be due, at least in part, to the initial
default MHC isoform expression of satellite cell progeny. It should be noted that

this initial default expression is not fixed but, can be influenced by slow patterns
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of innervation (Pin & Merrifield, 1997; Kalhovde et al., 2005). For example, Pin
& Merrifield (1997) found that those L6 myoblasts that fused with type I fibres
only initially expressed MHCIId(x) mRNA. Furthermore, it has been found that
deinnervated regenerating soleus muscles, which form new fibres from satellite
cells, only display the fastest fibre types (Whalen et al., 1990; Kalhovde et al.,
2005), which is in contrast to its phenotypic profile under normal conditions.
Interestingly, when a slow stimulus pattern was subsequently imposed, a
significant fast-to-slow transformation occurred (Kalhovde et al., 2005). Results
from Chapter 3 support these findings because MHCIId(x) mRNA levels returned
to baseline at 21 days of stimulation, indicating that the default MHCIId(x)
mRNA expression of satellite cell progeny observed at 10 days of stimulation had

been overridden by a prolonged pattern of slow motoneuron activity.

6.3 NITRIC OXIDE-DEPENDENT SATELLITE CELL ACTIVATION IS
THE PREFERRED PATHWAY IN RESPONSE TO CLFS

As discussed in Chapters 2 and 5, the NO-dependent satellite cell
activation pathway has been well defined, but signaling mechanisms involved in
satellite cell activation may also function in a NO-independent manner (Wozniak
et al., 2005). To date, NOS inhibition has been utilised in a number of studies
including in vitro, in vivo and single fibre cultures employing injury-, crushed
muscle extract-, stretch- and overload-induced satellite cell activation models to
investigate the involvement of NO in this process (Table 6.1). Interestingly,
studies that have demonstrated a dependence on NO for satellite cell activation
have focused on early time points of measurement post-activation initiation
(immediate to 48 hours) (Anderson, 2000; Anderson & Pilipowicz, 2002; Tatsumi
et al., 2002; Sakata et al., 2006, Tatsumi et al., 2006), while those results
supporting a NO-independent pathway have focused on later time points (50
hours and 7 to 12 days) (Sellman et al., 2006; Tatsumi et al., 2006; Gordon et al.,
2007). Collectively, these studies and results from Chapter 5, suggest that the

primary and/or immediate satellite cell activation pathway is NO-dependent while
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an alternative pathway, which has yet to be identified, exists that can fully

compensate in the absence of optimal NO availability.

PEOTIDA0
[EWIOU SE JUSIXd JWes 0}
10[ONU +PIg UT 9SBIIOU]

PEOTIDA0
[EWLIOU SB JUd)Xd JWes 0}
10[ONU +PpIg UT 9SBIIOU]

[2Jo1$ [eULIOU
SB JU)Xd duwes 0} J0u Ing
TO[ONU +NPIY Ul dSBAIdU]

1o7onu
+(PIg Ul 9SBAIOUL ON

1o7onu
+(PIg Ul 9SBAIOUL ON

1o7onu
+(PIg Ul 9SBAIOUL ON

1o7onu
+PIg Ul 9SBAIOUL ON

UOTJBAT}OR [[0D
QJI[[91ES JO UOTIBIIPUL ON

I9[ONU [BWW[00ILSqNS
+1PIg Ul aseaIou]

1970nU
+NPIg Ur 9seaIou]

1970nU
+NPIg Ur 9seaIou]

1970nU
+NPIg Ur 9SeaIou]

1970nU
+NPIg Ur 9seaIou]

1970nU
+NPIg Ur 9seaIou]

1970nU
+NPIg Ur 9seaIou]

UOTJBATIOR [0 I[[9)LS
JO SI0JeOIpUI S)BIPITIIU]

peojioao-3sod p 7|

peojiaao-isod py

yojaxns-sod  og

Sunerd-ysod y g¢

Sunerd-ysod y 9¢

[ojons

-1sod y g¢ pue g¢

yojons-ysod y g1

ysnio-isod s ¢

Peo1oA0 QUIPUIY P 7]

PEOLI9A0 quIIpUIY P /

uorsuadsns
BIA {[3)343s quui] puIy q ¢

WNIPaUW JOBIXD
QoSN PAYSILIO U [ 8

[0101)S [EOTURYOAW [ 9¢

uorsuadsns
BIA {[3)a43s quuif puIy q ¢

uorsuadsns
BIA {[3)a43s quui] puIy g ¢

Amfurysnio s ¢

ey

ey

ey

S91q1]
o[3u1s
paImn)
orosnw
jexjnpe
paImn)

ey

ey

ey

(9007) 77 2 uewW(leS

(L00T) ‘v 12 uopIoD

(9007) 7?72 Twnsye [

(Z007) 1v 12 uosIdpUY

(2007) ‘7?72 Twinsye [

(9007) 7?72 Twnsye [

(9002) v 12 eyeses

(0007) vosiopuy

uonIqIyu SON NSy

ON JO 20uasai{ :nsay

uonenIu] UONBANIY
-1S0J JUSWIQINSBITA]
Josuwry

POYIOIA UOTIBALIOY

[9PON

Apmis

"UOTJBAT)OR [[90 JJI[[9)ES Ul QN JO JUSWA[OAUT I} SUNBSNSIAUI [OIBISAI JO Alewiing [°9 d[qeL,

125



As outlined in Figure 6.2A, the current model of skeletal muscle satellite
cell activation involves the stimulation of nitric oxide production via Ca*'-
calmodulin-dependent NOS activity in satellite cells and/or muscle fibres,
followed by MMP-2 activation, which in turn, cleaves the proteoglycan tether
attached to HGF localised in the extracellular matrix, and finally the presentation
of HGF to the c-met receptor (Tatsumi & Allen, 2008). Therefore, it is possible
that the NO-independent pathway could stimulate satellite cell activation via
involvement in one or more of the following steps: i) MMP-2 activation from an
alternative source (Fig. 6.2B), or 1ii) presentation of extracellular matrix-

independent HGF to c-met (Fig. 6.2C).

PG

Figure 6.2 Schematic representation of the possible mechanisms of satellite cell
activation. Ca’"-CaM=calcium-calmodulin complex; DGA=dystrophin-glycogen
associated; HGF=hepatocyte growth factor protein (active form); L-Arg=L-
arginine; L-Cit=L-citruline; MMP=matrix metalloproteinase; NO=nitric oxide;
NOS=nitric oxide synthase; PG=proteoglycans; straight arrows=NO-dependent
satellite cell activation pathway (A); dashed arrows=potential NO-independent
activation pathways (B and C).
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6.3.1 Hepatocyte Growth Factor Liberation from the Extracellular Matrix

MMPs are a major group of proteolytic enzymes that are best know for
their ability to cleave several different extracellular matrix proteins, although
relatively little is known regarding their role in skeletal muscle (reviewed by
Carmeli et al., 2004; Haas, 2005). Thus far, several MMPs have been identified
in skeletal muscle, including MMP-2, -3, -7 and -9 of which, MMP-2, -3 and -9
can cleave heparin sulfate proteoglycans (VanSaun & Werle, 2000; Carmeli et al.,
2004). MMP-3 appears to be specifically associated with argin, a basal lamina
component that plays a key role in the formation and maintenance of the
neuromuscular junction (VanSaun & Werle, 2000), while MMP-2 and -9 are
thought to play important roles in skeletal muscle adaptation to exercise and
regeneration (Carmeli et al., 2004). Additionally, satellite cells and myoblasts
have been shown to constitutively synthesise and secrete MMP-2, but not MMP-9
(Guerin & Holland, 1995; Kherif et al., 1999; Yamada et al., 2008), which has
been shown to be localised in inflammatory cells and activated satellite cells in
injured skeletal muscle (Kherif et al., 1999; Fukushima et al., 2007). Therefore,
the potential involvement of NO-independent cleavage of HGF with its associated
proteoglycan would likely appear to specifically involve MMP-2, which will be
the focus of the following paragraphs.

In addition to the possibility that NO may directly activate MMP-2
(Chakraborti et al., 2003; Yamada et al. 2008), cyclooxygenase (COX) and
mitogen-activated protein kinase (MAPK) signaling have also been shown to
regulate MMP-2. For example, production and secretion of MMP-2 protein have
been shown to occur through a prostaglandin-dependent pathway (Kranenburg et
al., 2004; Husain & Crosson, 2008). Reviewed by Funk (2001), signaling
through this pathway involves the COX enzymes that induce the conversion of
arachidonic acid to prostaglandins, which subsequently bind to G-protein coupled
receptors. Two isoforms of COX have been identified and are present in skeletal
muscle, the constitutively expressed COX-1 that serves basal physiological

functions and the inducibly expressed COX-2 that increases primarily in response
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to inflammatory stimuli. Although COX signaling has not been specifically
investigated in satellite cell activation, COX-1 and 2 have been shown to be
important for skeletal muscle myoblast proliferation, differentiation and fusion in
vitro (Mendias et al., 2004; Bondesen ef al., 2007) and COX-2 appears to play a
role in skeletal muscle regeneration in vivo (Bondesen et al., 2004). Specifically,
Mendias et al. (2004) reported that inhibition of COX-2 resulted in decreased
satellite cell proliferation, differentiation and fusion, while inhibition of COX-1
resulted in decreased differentiation and fusion in cultured rat satellite cells.
Additionally, Mackey et al. (2007) demonstrated that the administration of
indomethacin, a nonsteroidal anti-inflammatory drug that nonselectively blocks
COX activity, abolished a non-injury endurance training-induced increase in
satellite cell activity in humans. Collectively, these studies indicate that COX
signaling, which can be induced in the absence of fibre injury, influences satellite

cell activity that may be mediated in part through MMP-2 activity.

The MAPK family plays an important role in relaying extracellular signals
to intracellular responses (Roux & Blenis, 2004). The most extensively studied
subfamilies of MAPKs are extracellular signal-regulated kinase (ERK1/2), c-jun
N-terminal kinase (JNK) and p38 MAPK. Specifically, ERK1/2, which increases
in response to low intensity exercise (Kramer & Goodyear, 2007), has been
shown to enhance production of MMP-2 and its activator membrane type I
(MT1)-MMP (Haas, 2005) as well as playing an important role in the regulation
of satellite cell activity (Jones et al., 2001; Roux & Blenis, 2004). Moreover, in
response to the application of CLFS in rat, ERK1/2 activity is markedly increased
(Murgia et al., 2000; Altherton et al, 2005) along with mRNA levels of MMP-2
and MT1-MMP, and protein levels of active MMP-2 and MT1-MMP (Haas ef al.,
2000). Interestingly, G protein-coupled receptors transmit activating signals to
the Raf/MEK/ERK cascade (Roux & Blenis, 2004), thus leading to the possibility
that COX may lie upstream of ERK1/2 mediated MMP-2 regulation. Husain &
Crosson (2008) provide evidence in ciliary muscle cells, where they show COX-

dependent prostaglandin-induced secretion of MMP-2 requires the involvement of
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ERK1/2. This signaling pathway appears to be likely involved in CLFS-induced
satellite cell activity but, whether it is regulated by NO must be considered. In
this regard, administration of the NOS inhibitor L-NAME was shown to inhibit
increases in COX-2 mRNA in 14 day overloaded rat plantaris muscles (Soltow et
al., 2006). Additionally, chronic NO deficiency has been shown to inhibit
ERK1/2 and MMP-2 activation in rat hearts (Spanikova et al., 2008).
Collectively, these results suggest that MMP-2 regulation by COX-ERK1/2
signaling may occur in a NO-dependent fashion and therefore, HGF liberation
from the extracellular matrix may not be involved in NO-independent satellite cell

activation.

An additional reason why the above proposed pathway may not be
involved in extracellular matrix HGF liberation has to do with the time line of
satellite cell and COX activation. For example, in response to overload in rat
plantaris muscles, satellite cell proliferation has been detected as early as 2 days
after the onset of stimulus (Sakuma et al., 2003), while inducible COX-2 mRNA
does not increase until 14 days; (COX-1 mRNA does not increase in response to
overload) (Soltow et al., 2006). Although it appears that NO-dependent COX-
ERK1/2 signaling promotes MMP-2 production and activation and therefore, may
play a role in satellite cell activation, based on the time line of overload-induced
satellite cell proliferation and induction of COX-2 production, it seems that COX-
ERK1/2 signaling may play a larger role in the regulation of satellite cells after
activation. In support of this idea, COX signaling is known to be important for
satellite cell proliferation, differentiation and fusion (Mendias et al., 2004;
Bondesen et al., 2007), while ERK1/2 has been implicated as a key regulator of
cell proliferation in a number of tissues (Roux & Blenis, 2004) including skeletal

muscle satellite cells (Jones et al., 2001).

6.3.2 Extracellular Matrix-Independent Source of HGF

Since NO-independent liberation of HGF from the extracellular matrix

does not seem likely (Fig. 6.2B), this raises the possibility that HGF from another
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source may colocalise with the c-met receptor to initiate activation of quiescent
satellite cells. Although HGF associated with heparin sulfate proteoglycans
appears to have a greater affinity for the c-met receptor (Derksen et al., 2002),
HGF alone can also stimulate satellite cell activation as shown in vitro (Tatsumi
et al., 1998). In vivo, it has been demonstrated that overloaded rat skeletal muscle
is associated with increased HGF mRNA and protein content, and increased BrdU
positive satellite cells, all of which are unaffected by long-term L-NAME
administration (Sellman ef al., 2006; Gordon ef al., 2007). While it appears that
NO is required for HGF release from the extracellular matrix (Anderson &
Pilipowicz, 2002; Tatsumi et al., 2002; Tatsumi et al., 2006), the lack of L-
NAME effect on overload-induced HGF mRNA or protein abundance in skeletal
muscle indicates that de novo HGF production may not be dependent on NO.
Therefore, it appears that the NO-dependent release of HGF from the extracellular
matrix may represent an immediate response pathway for satellite cell activation,
while HGF production, which does not seem to require NO signaling, may be
necessary for continued activation, restocking extracellular matrix stores, and/or
play a pivotal role in the NO-independent satellite cell activation pathway (Fig.
6.2C). This potential NO-independent patway is currently under investigation.

6.4 NITRIC OXIDE IS A KEY MEDIATOR OF CLFS-INDUCED FAST-
TO-SLOW MHC-BASED TRANSFORMATIONS

Thus far, only the Criswell laboratory has investigated the involvement of
NO in fast-to-slow MHC-based transformations (Smith et al., 2002; Sellman et
al., 2006; Drenning et al., 2008). They initially reported that NOS inhibition
prevented the up-regulation of MHCI mRNA and protein during functional
overload of the rat plantairs muscle (Smith et al., 2002; Sellman et al., 2006).
More recently, their laboratory has demonstrated that NO facilitates Ca®'-
ionophore-induced NFAT nuclear accumulation and increased MHCI mRNA
expression via GSK-3f inhibition in C,C;, myotubes; Figure 6.3 illustrates their

proposed model of slow gene regulation (Drenning ef al., 2008). Through Ca*'-
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calmodulin binding, NOS catalyses the production of NO. Subsequently, soluble
guanylate cyclase (sGC), the principle receptor for NO, catalyses the formation of
the second messenger cyclic guanosine monophosphate (cGMP) from guanosine
triphosphate. ¢cGMP-dependent kinases then inhibit GSK-3p3, allowing NFAT to

accumulate in the nucleus.

Figure 6.3 Proposed model. Nitric oxide facilitates calcium-induced NFAT
nuclear accumulation and subsequent expression of slow-type mRNAs by
inhibiting GSK-3f and reducing export of NFAT from the nucleus.
Cat++=calcium; cGMP=cyclic guanosine monophosphate; GSK-3B=glycogen
synthase kinase-33; NFAT=nuclear factor of activated T cells; NOS=nitric oxide
synthase; p-NFAT=phosphorylated NFAT; sGC=soluble guanylate cyclase. With
permission from Drenning et al. (2008).

6.4.1 Slow Myosin Heavy Chain Regulation

Based on the findings in Chapter 5, this proposed pathway (Fig. 6.3) might
be extended to include control of CLFS-induced up-regulation of MHCI in vivo.
This, however, would require further investigation. Additionally, NFAT appears
to act synergistically with myocyte enhancing factor (MEF)2 in turning on slow
muscle-specific genes (Chin et al., 1998; Wu et al, 2000). Moreover, both NFAT
and MEF2 consensus binding sequences are present within the transcriptional

control regions of multiple slow-fibre specific genes (Chin et al, 1998). The
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currently known signaling pathways that are involved in activity-induced
regulation of slow muscle specific genes (Liu et al., 2005b) including MHCI
(Meissner et al., 2007; Drenning et al., 2008) are depicted in Figure 6.4; these
include the calcineurin/NO-NFAT, calcineurin-MEF2 and calmodulin-dependent
protein kinase (CaMK)/histone deacetylase (HDAC)-MEF2 pathways. Therefore,
in addition to regulating MHCI gene expression by potentially facilitating NFAT
nuclear accumulation in vivo, NO may also be involved in promoting other
transcription factors associated with slow fibre type gene expression during fast-

to-slow transformations.

Within the nucleus, MEF2 transcriptional activity is controlled through
association with class II HDACs that when dephosphorylated, bind to and
represses MEF2 (reviewed by Bertos et al., 2001). In response to various signals,
HDAC becomes phosphorylated, which allows binding to occur with intracellular
chaperone protein 14-3-3, causing nucleocytoplasmic shuttling of HDAC and
thus, the removal of MEF2 inhibition (Bertos et al., 2001). Exercise such as
voluntary wheel running and low-frequency stimulation have been shown to cause
HDAC4 translocation from the nucleus to the cytoplasm and increase MEF2
activity (Dunn et al., 2001; Wu et al., 2001; Liu et al., 2005a; Liu et al., 2005b),
which in turn, promotes expression of slow muscle-specific genes (Chin et al.,
1998; Wu et al., 2000; Meissner et al., 2007). Therefore, it seems possible that
NO may also influence activity-induced MEF2/HDAC regulation.  This
interaction, however, has not yet been studied in skeletal muscle, but in
endothelial cells NO appears to enhance HDAC activity (Illi et al., 2008).
Specifically, Illi et al. (2008) found that NO induced HDAC4 nuclear
translocation in human endothelial cells. Whether NO exerts the same effect in
activity-induced fast-to-slow transformations in skeletal muscle, however,
remains to be investigated. Additionally, the potential that NO may enhance both
HDAC4 and NFAT nuclear accumulation in activity-induced skeletal muscle
adaptation appears contradictory. It is possible, however, that the activation of

MEF2 via synergistic stimulation by CaMK and calcineurin (Wu et al., 2000),
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may override the potential negative influence of NO-induced HDAC nuclear
translocation on slow gene expression. Collectively, it is apparent that the
mechanisms underlying the key regulatory influence of NO on slow MHC gene

expression requires further investigation, which is currently in its infancy.

Figure 6.4 Simplified scheme of the signaling pathways involved in activity-
dependent up-regulation of slow muscle gene expression. Ca®'=calcium;
CaMK=calmodulin-dependent protein kinase; GSK-3p=glycogen synthase
kinase-33; HDAC=histone deacetylase; MEF2=myocyte enhancing factor-2;
NFAT=nuclear factor of activated T cells; NO=nitric oxide; P=phosphorylated.

6.4.2 Fast Myosin Heavy Chain Regulation

To date, NO regulation of activity-induced MHC-based adaptations has
only been investigated at the mRNA and protein levels of the slowest MHC
isoform (Smith et al., 2002; Sellman et al, 2006; Drenning et al., 2008).
Therefore, the current proposed pathway of NO regulation (Fig. 6.3) does not
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fully explain the requirement of NOS activity for the up-regulation of all MHC
isoforms involved in CLFS-induced fast-to-slow fibre type transformations [i.e.
MHCI, MHCIIa and MHCIId(x)] as observed for the first time in Chapter 5.
Similar to slow gene regulation, calcineurin and CaMK signaling have also been
implicated in the shift from type IIB and IID(X) fibres to the slower type I1A
fibres (Dunn et al., 1999; Allen et al., 2001; Dunn et al., 2001; Allen &
Leinwand, 2002; Miyazaki et al, 2004). In response to overload or low-
frequency stimulation, downstream effectors of calcineurin are most readily
increased in the fastest [IB and IID(X) fibres, while administration of
cyclosporine, at a dose sufficient to inhibit calcineurin activity, prevented
overload-induced increases in NFAT and MEF2 activity, as well as preventing
type IB—IID(X)—IIA fibre transformations in mice (Dunn ef al., 1999; Dunn et
al., 2001; Miyazaki et al., 2004). Moreover, when more potent inhbitors of
calcineurin (i.e. FK506 and CAIN) were used in rats, the slower MHCI and Ila
mRNAs were downregulated with concomitant increases in the fastest MHCIId(x)
and IIb mRNAs (Serrano et al., 2001). Further evidense supporting a role for
calcineurin in mediating fast MHC regulation comes from Allen ef al. (2001,
2002), who demonstrated that Ca®’-ionophore treated C,C;, myoblasts
preferentially activated the MHCIIa promoter and protein content to a greater
extent than the other two fast MHC promoters by calcineurin- and CaMK-
dependent MEF2 and NFAT signaling. Collectively, it appears that in addition to
regulating slow muscle specific genes, both MEF2 and NFAT transcriptional
activity play a role in activity-induced fast-to-slow fibre type transformations
within the fast fibre population. Therefore, the slow MHC gene regulatory
pathway proposed by Drenning et al. (2008) that involves the synergistic
regulatory mechanisms of calcineurin and NO on NFAT, may also apply to fast
MHC gene regulation during fast-to-slow fibre type transformations. Again, the
potential regulation of NO on MEF2 transcriptional activity has yet to be
investigated in skeletal muscle. The influence of NO on NFAT nuclear
accumulation in vivo is currently under investigation. Prelimary results show that

CLFS-induced increases in NFAT nuclear localisation, as detected by
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immunofluorescence in rat tibialis anterior muscles, does not occur in L-NAME
treated animals. Quantitative confirmation is being performed by western blot

analysis of NFAT phosphorylation states in the rat extensor digitorum longus.

6.5 CONCLUSIONS

Results from Chapters 3 and 4 reveal that satellite cells may play a role in
the fast fibre population during short-term CLFS-induced fast-to-slow fibre type
transformations and the final fast type IIA to slow type I transformation. It is
possible that satellite cells may be required to increase translational capacity
during CLFS-induced fast-to-slow transformations. As discovered in Chapter 5,
NO appears to be required for immediate CLFS-induced satellite cell activation
but, a yet to be defined pathway exists that can fully compensate in the absence of
NOS activity. It seems that this alternative pathway may involve NO-independent
production of HGF. Additionally, NO appears to be a key regulator of MHC gene
expression during fast-to-slow fibre type transformations. It is possible that NO
regulates CLFS-induced MHC gene expression by promoting NFAT nuclear
accumulation via GSK-3B inhibition. This and other potential regulatory

pathways, however, require further investigation.
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APPENDIX A

Figure 1 MHCI mRNA (4), MHCIla mRNA (B), MHCIId(x) mRNA (C) and
MHCIIb mRNA (D) expression levels expressed as a percent of total MHC
mRNA content in rat tibialis anterior muscles of sham-operated (Control) and the
contralateral right legs of y -irradiated plus 21 day stimulated (IRR-Stim) or
stimulated only (Stim). Statistical symbol indicates: ¢ difference from Control (P
<0.05).

143



Figure 2 Percentage of MHCI (4), MHCIla (B), MHCIId(x) (C) and MHCIIb
(D) distribution in rat tibialis anterior muscles of sham-operated (Control) and the
contralateral right legs of'y -irradiated plus 21 day stimulated (IRR-Stim) or
stimulated only (Stim). Statistical symbol indicates: © difference from Control (P
<0.05).
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Figure 3 The percentage of fibres expressing a particular MHC isoform in rat
tibialis anterior muscles of sham-operated (Control) and the contralateral right
legs of y-irradiated plus 21 day stimulated (IRR-Stim) or stimulated only (Stim).
Statistical symbol indicates: ¢ difference from Control (P < 0.05).Control (P <
0.05).
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Figure 4 The proportion of pure and hybrid fibre types I (4), I/IIA (B), 1A (O),
IID (D) and IIB (E) in rat tibialis anterior muscles of sham-operated (Control) and
the contralateral right legs of y-irradiated plus 21 day stimulated (IRR-Stim) or
stimulated only (Stim). Statistical symbol indicates: © difference from Control (P
<0.05).
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Figure 5 Citrate synthase (4) and glyceraldehyde phosphate dehydrogenase (B)
activities in rat tibialis anterior muscles of sham-operated (Control) and the
contralateral right legs of'y -irradiated plus 21 day stimulated (IRR-Stim) or
stimulated only (Stim). Statistical symbol indicates: © difference from Control (P
<0.05).
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APPENDIX B

Figure 1 Representative real-time polymerase chain reaction amplification plot
of MHCI mRNA that had a cycle threshold (horizontal red line) of 0.0257.
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Figure 2 Representative real-time polymerase chain reaction amplification plot
of MHCIla mRNA that had a cycle threshold (horizontal red line) of 0.0393.
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Figure 3 Representative real-time polymerase chain reaction amplification plot
of MHCIId(x) mRNA that had a cycle threshold (horizontal red line) of 0.0206.

150



Figure 4 Representative real-time polymerase chain reaction amplification plot
of MHCIIb mRNA that had a cycle threshold (horizontal red line) of 0.0573.
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Figure 5 Representative real-time polymerase chain reaction amplification plot
of 18S rRNA that had a cycle threshold (horizontal red line) of 0.0937.
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APPENDIX C

Table 1. Real-time polymerase chain reaction threshold cycle (Cr) values in rat

tibialis anterior muscles.

Days of Threshold Cycle Values
g "
Group Stim- — Condition e Vigcila MHCHAx)  MHCID 188
ulation
Control 0 Sham 31.0+£0.7 23.5+#0.8 25.6+1.0 23.3+0.9  19.9+0.8
Manipulated L-NAME 259+40.2 20.1£0.2  20.0+0.2 18.6£0.2  20.3+1.0
1 Control 29.0+0.6  20.6+0.3  24.5+0.3 21.440.2 16.8+0.4
IRR 31.7£0.9  22.5+1.1 25.4+1.0 242+1.1  20.6+0.6
L-NAME 26.6£0.6 20.7+0.4  20.6+0.4 19.2+0.6  19.0+0.6
2 Control 28.840.5 21.0+0.3  23.7+£0.3 21.3+0.2  15.3+0.6
IRR 28.5+£0.2 18.3£0.3 21.3+0.2 19.6£0.2  15.0+0.4
L-NAME 26.7£0.8 20.0+0.3  20.5+0.3 19.5¢0.5  18.4+0.8
5 Control 32.1+0.1 21.840.3  23.6+0.3 25.0+0.7 21.4+0.4
IRR 28.5£1.0 17.9+0.3 20.6+0.4 20.3+0.7  13.3+0.2
L-NAME 254+40.7 18.840.6 21.5+0.7 20.840.5  15.7+0.7
10 Control 31.3+03  21.1+0.3  24.4+0.6 26.6£0.6  22.1+0.8
IRR 28.8+£0.5 17.9+04 22.5+0.6 22.6+£0.7  18.5+0.7
L-NAME 259+1.6 19.840.8 23.6+0.9 22.240.8 16.4+1.1
Data are means £ SEM. 2" was calculated using the following formula: 2[-

exponent (manipulated gene of interestc; — endogenous 18S¢¢) — (control gene of
interestc, — endogenous 18Sc)].
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