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LAY ABSTRACT

Skeletal muscle health is, in part, maintained by a population of stem cells asswittated
individual muscle fibres. When muscle is damaged or stressed, these cells become
activatael, aid in muscle repair, and help drive adaptaitm exercise. The céml
purpose of this thesis was to examine the relationship between muscle capillaries and
muscle stem cells, and determine how that relationship impacts muscle stem cell function.
We demonstrated that muscle stem cells and capillaries exist in closmiprdr each

other in skeletal muscleWe observd that a greater muscle capillarization is linked to
improved muscle stem cell function during muscle repbiowever, we also report that

the distance between muscle capillaries and muscle stem callmdmgreater in aging,

and may be a root cause of impaired muscle stem cell function in aging.



Ph.D. Thesi$§ J. P. Nederveen; McMaster Universiti{inesiology

ABSTRACT

Skeletal musclgossesses gemarkable plasticityable torepair, remodel and adafu
various stressorsA population of resident muscle stesalls, commonly referred to as
satellite cells (SC)are largely responsible for skeletal muscle plasticityf.he loss of
muscle mass and plasticity typically observed in aging has been attributed to the
deterioration of SC functionSC reside in a quiesnt state, but following stimuli they
become actig, proliferate and eventually differentiate, fusing to emgimuscle fibres.

The progression of SC through this process, termed the myogenic program, is
orchestrated by a complex network of transcripfactors termed myogenic regulatory
factors. SC function is regulated by various growth factors and/or cytokin€ke
delivery of these signalling factors to SC is, in part, dependent on their proximity and
exposure to local microvascular blood flow. The purpose of this thesis was to examine
the relationship between skeletal muscle capillaries and muscle SC.xaméned the

effect of age on the spatial relationship between SC and muscle fiber capillaries, and
observed that type Il muscle fiber SC were located at a greater distance from the nearest
capillary in older men as compared to their younger counterpéftsthen examinethe
changes in SC activation status following a single bout of resistance exercise, prior to and
following a 16wk progressive resistance training (RT) program. We observed that
following RT, there was an enhanced SC activationmesponseto a single bout of
resistance exercise. This enhanced response was accompaaredhcrease in muscle
capillarization following training. Furthermore,we investigated the impact of muscle

fiber capillarization on the expansion and activation stafuS® in acuteresponse to
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muscle damaging exercise in healthy young men. We observed thstlem
capillarization was positively related to SC pool activation and expansion. Taken
together,we demonstrate that muscle capillarization may be related t&&heesponse
following acute resistancexerciseor exercisanduced injury, and may be implicated in
adaptation to RT. Furthermore, the spatial relationship between muscle capillaries and

SCis negativelyalteredby aging.
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PREFACE

The notion of tissue regeneration is as ancient and timeless as the Greek mythos.
| n H e Sheagehyas punishment for bringing the gift of fire to humanity, the titan
Prometheus was chained to a rock amongst the Caucasus Mountains. Every day, his liver
was devoured by eagles, only to be renewed every evening. The term regenerate derives
its archaic rots from the Latin termegenerarewhichmean®t o make over, ge
agai @b bei ng born againé. The word conjures
organs rapidly repairing themselves at dusk, in this case, a curse of his immortality. In
this way, Prometheus serves as a metaphor for bringing scientific enlightenment to
humanity, but also provides us with a poignant example of the seemingly godlike quality
of regeneration.

While the story of biology is considerably less fanciful, theadble plasticity
and the extraordinary abilities of human skeletal muscle to regenerate and repair are no
less fascinating than the myth. In 1961, Dr. Alexander Mauro discovered a cell that was
6wedged between the pl asmabaneenbe mtnemembt dree
Mauro asserts that these cefis,nt i mat el y associated with the
chosen to call satellite e I. With considerable foresight, Mauro predicted that these
cells, located on the periphery of the muscle filmeight bepertinent to the vexing
problem of skeletal muscle regenerafiowith these findings, observed through the lens
of an electron microscope, the foundation for the field had been set. Their identification in
humans by Dr. Ruben Laguens in 1963 opened newdms in human muscle
physiology. For the last nearly 60 years, the study of satellite cell biology has progressed,
inextricably linked with muscle regeneration and repair.

Here, we turn to another legend. The fountain of youth, as suggestedduipttisr
in The Historiesneeds no introduction. Considerable evidence exists of aasageiated
decline in satellite cell content and capacity to regenerate muscle. In 2005, pivotal work
would be published suggesting that satellite cell activity of agestle could be
rejuvenated, if the circulation of the aged animal was linked to one more youthful.
Determining the humoural factors that alter the function of aged satellite cells, and how
they are delivered through circulation, adds another page histoey of human

physiology.

Hvar sem fjandinn er par hefur hannsind. a wi se man changes his
wi I llcefandic proverb.

Xiv
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CHAPTER 1:

INTRODUCTION
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1.1 OVERVIEW of the Aspects ofSkeletal Muscle

In humans, skeletal muscle comprises ~40% of total body weight, therefore
constituting one of the largest and most metabolically active tissues. From a mechanical
perspective, sdetal muscle maintains posture, facilitabesathing, generates lomotion
and is associated with independence. From a metabolic perspective, skeletal muscle
provides storagéor amino acids and carbohydratas well as the cellular machinery to
provide energy for physical activignd the maintenance bbmeostasis.

Muscle fibresare arranged into bundles, separditgdonnective tissue, forming
skeletal muscleMuscle fibresare highly vascularized, in order to provide sufficient
oxygen and nutrierdelivery, andareinnervatedby type | (slow contracting, fajue
resistant, highly oxidative) and type Il (fast contracting, low fatigue resistant, highly
glycolytic) (205)motor neurons Therelativeproportion of thesdistinctmyafibre
isoformsultimatelydetermines the coractile property of a muscle. Irrespie of fibre
type, the processes for muscle contraction aresimee with action potentials triggering
actin filaments to slide over the myosin filaments, resulting in contra(it®). Taken
together, skeletal muscle exists as a functional unit, comprised naifoniyofibres but
also motor neurons, muscle capiland extracellular matrix as structural support.

Skeletal musclés one of the most dynamic tissues in the human boajyable of
remarkable plasticity and adaptatiowhereas endurandgpe exercise generally leads to
adaptations within skeletal muscle that leads to increased oxidative capacity, resistance
training is characterized by increases in muscle mass andifibrieading to increased

force generationMyofibres themselves are peasiitotic and multinucleated, and thus
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derive their extensive plasticity primarily from existing myonuclei and the presence of
muscle resident stem cellsnpwn assatellite cells).However, recently discovered cell
populations such as progenitor interstitial c€li$2, 133) side population cellEL50,
185)and even circulating hematopoetic stem d@& 106)have been suggested to
contribute to the remodelling of skeletal mudddsue.

1.1.1 Origins of Skeletal Muscle

During vertebrate embryonic development, the generation of muscle, termed
dmyogenesi§ is completed in distinct phasgs4). In the early embryonic phase, three
divergent germ layers; the ectoderm, mesoderm anddenaio are forme¢4). The
mesoderm is then further separated, with the paraxial aspect condensing into somites,
developing from the anterior aspect of the embryo down toward th{@)tailhe growing
structure of the embryo is altered by fluctuating gexgressior{47) and various
signalling molecules, with the spatiotemporal nature of these morphogens causing
different cellular responses in different regions of the emptgd These somites,
following signalling from the Notch, noggin and Wnt pathwastgsequently develop
both dorsal and ventral compartme(it). The most dorsal aspect of the somite
becomes tnhyeo téodmeerbmof r om whi ch the vast major
minus some muscles of the head, are deri¥d8). The expression of the paired box
transcription facto(Pax 7 can be observed in cells within the dermomyotome structure
(93) and this cell population continues to mature into the myotome comprised primarily
of progenitor cells Theseprogenitorcells exlibit heightened expression of MyoD and

Myf5 (142), bothbasic helixloop-helix transcriptional activatotselonging to the
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myogenic regulatory factqMRF) family that are considered indicators of terminal
differentiation into the myogenic lineage51) From the epaxial aspect of the myotgme
the dorsal muscles devel@5) whereas the hypaxial aspect develops into the torso
(36) and limb muscle§145) Muscles at the extremities, respiratory muscles, muscles of
the tongue and some facial muscles amved from cells at the junction of the ventral
and lateral sides of the myotome from myogenic cells capable of extensive migration
(194). Proliferating myogenic cells, originally exhibiting upregulated MyoD and Myf5,
begin to express the later stage MRRyogenin and MRF4, terminally differentiating
and subsequently increasing myofibrillar protein specific genes such as myosin heavy
chain (MHC), actin and muscle creatine kine). Thus, the initial oOte
multinucleated myofibres are generatkdling this period, as mononuclear myogenic
cells fuse togetherExtensive proliferation occurs until the myonuclear content reaches
homeostasis, and myofibrillar protein synthesis reaches its(p8akin this way,
subsequent waves of proliferationdadiifferentiation continue to develop perinatal
muscle arrangedponthe gructural template.

During the course of embryonic development of skeletal muscle, a subpopulation
of myogenic cells do not terminally differentiate and withdraw from thlecgele, giving
rise to gpopulationresident satellite cell (SC) that remains mitotically quies(@®ht
157). Skeletal muscle, from the perinatal phase through maturation, is dependent on the
contribution of SC in order to maintain tissue homeos{asig) by contributing their
nuclei to existing myofibres throughout the lifespan. Indeed, SC are unequivocally

important for the maintenance, repair, and regeneration of myof{it8e420, 166and
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potentially skeletal muscle remodelling and adaptation in response to hyper{@ihic
and norhypertrophic stimul{89).

1.1.2 Muscle stem cells

Satellite cells were first identified via electron microscopy as mononucleated cells
residing beneath the basahiina and in close association with the sarcolerfirh8) At
the time of their discovery, it was hypothesized they may be involved in skeletal muscle
regeneratiorf118).

Early radioactive nucleotidabelingexperiments revealed that SC werpaiale
of mitosis and contributed nuclei to the associated {ib36, 158) Work by Snow et al.
(178)suggested that while SC are normally mitotically quiescent in adult skeletal muscle,
they can enter into the cell cycle following muscle injuBbservéons from this study
also suggested that this SC population could yield proliferative myogenic progenitor cells,
termed myoblastEl78). Myoblasts had previously been shown to fuse together, creating
multinucleated myotubas vitro (100, 207) Consistat with this, there was a
proliferation and expansion of the SC pool on isolated damaged myofibres, which was
subsequently followed by fusion to form functional myotufdes 100) Taken together,
these early observations support the notion that SC batdrio muscle regeneration and
repair, via the donation of nuclei to damaged fibres.

Stem cells are defined by their ability to differentiate into distinct tissues and by
their abilitytosefr enew, r ef e-need 0t 0-8 a6 s dantifiedn |
through an elegant transplantation experiment, wherel32-§C, along with their intact

myofibres, were transplanted from healthy mice into the muscles of an iraetioent
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muscular dystrophic mouse that had undergone muscle irradi€@pnFollowing the

graft, it was observed that a single myofibre could give rise to d¢é0®vdibres,

containing ~30,000 myonuclei, and observed a nearptlincrease in the size of the

SC pool(40). Similarly, even when single labelled SC were traasgd into the same
irradiated dystrophic mouse muscle, new myofibres were generated and the progeny of
the labelled SC remained in the mugqdlé4) Taken together, these findings support the
notion that SC are a population of monopotent stem cells leapaterminal

differentiation and selfenewal.

It is well established that SC are the primary source of progenitor cells in adult
skeletal muscleHowever, there is some evidence to suggest that muscle, albeit with a
reduced functionality, is gable of being maintained without the presence of SC in adult
skeletal muscle The notion that not$C progenitors, such as circulatingne marrow
derived stem cedland hematopoietic stem cgl, 106) as well as muscle resident
CD45'/Scat (50, 150,185), PWT interstitial cells(133), and Twist2 cells(112), could
contribute in some capacity to muscle repair and/or maintenance has been suggested.
However, it is important to note that while these various populations of atypical
progenitor cells doyast, there is limited evidence to suggest that they play a meaningful
role in the maintenance and/or repair of skeletal muddlme importantly, few of them
have been observed in human skeletal muscle and their precise function and/or purpose
remain pody understood.

While many aspects of muscle progenitor function remain nebulous, it is has been

established that commitment to the myogenic lineage requires the paired box transcription
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factor, Paxq{133, 170) Together, Pax7 and the myogenigukatory factors play a
critical role in orchestrating the progression of SC from the quiescent state, through
proliferation and into terminal differentiation.

1.1.3 Pax7 and the myogenic regulatory factors

The Pax7 gene is a member of the paired box (Paxdioamg gene family of
transcription factorand is specifically expressed iquiescent and activated 84, 170)
Pax7 expression also appears to be necessary to maintain stem cell quality of the SC by
facilitating selfrenewa) as well as maintaining quiescer(@40) While the precise
cellular role of Paxhas not beeslucidated, it also appears that Pax7 plays a critical role
in the initiation and progression of the myogenic progr&widence by McKinnel et al.
(126)suggess that Pax7 interacts with a specific histone methyltransfemasplex that
in turndirects the methylation dfistone H3K4 to inducBNA modifications The
change to the chromatin stemming from this interaction facilitates the transcription of
Myf5, thus initiating entry into the myogenic prograhe interplay between Pax7 and
the myogenic regulatory factors also appears to influence the progression of SC through
the myogenic programindeed, dowsregulation of Pax7 appears to be necessary for the
initiation of myogenic differentiatio(140, 141, 17Q) Pax7 ceexpression with MyoD in
SC during the proliferative phase appears to end with the-deguiation of Pax(212)
Consistent with this, work by Olguin and colleag(e$l) suggests that Pax7 &n
myogenin are reciprocal inhibitors of each other, and thus the-deyutation of Pax7
must occur in order to achieve terminal differentiatitmterestingly, during SC

proliferation, a subpopulation of SC dowegulate Pax7 and thus initiate terminal
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differentiation whileother subpopulations dowegulate MyoD, retracting back to

cellular quiescence and thus renewing the SC @81212) These observations suggest
that MyoD expression does not necessarily warrant commitment to the myogenic
programand thus highlights the importance of Pax7 expressidme importance of Pax7
was demonstrated by the developmer?ax7 null mice (Pax7). Pax7/- mice survive
embryonic development due to an increased activity of a Pax7 orthologug2Bax3
Howeve, these animals possess a marginal SC pool that diminishes rapidly during post
natal developmen{tl57) suggesting that Pax7 is critical to the existence andeaadfwal

of the SC pool. Together, these datauld indicate that Pax7 is important for

maintaining a viable SC population and temporal apd downrregulation of the gene
guides the SC through the myogenic program through interactions withytbgenic
regulatory factors.The nolecular regulation 08C proliferation and differentiatiors

driven by the expression of Pax7 and the myogenic regulatory factor (MRF) family,
including MyoD, Myf5, myogenin and MRF4 (Figure 1))pon exposure to a
physiological stimuli, SC exit quiescence and become acBeagellite cell activation can
be intiated by a number of growth factors and/or signaling pathways (discussed in
Section 1.2.2). Activated SC are characterized by the upregulation of MyoD and Myf5
(42, 66, 206) In animal models, MyoD appears prior to any other indicator of cell
proliferaion (174)as early as-12h following injury. Interestingly, MyoD upregulation
appears following nowlamaging and/or hypertrophic stimulation without the expansion

of the total SC poq90)in humans.
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Figure 1. The myogenic program.
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Figure 1. Schematic representation of theormal myogenic program in response to
physiological stimuli. Satellite cells are typically mitotically quiescent and reside witt
a specialized niche situated beneath the basal lamina and the sarcolemma of the
associated myofibre. Following stimuli, sléite cells begin the myogenic program by
becoming activated and then begin to proliferate, expressing MyoD and Myf5. Follc
proliferation, the satellite cells begin differentiation, desegulating the paired box
transcription factor Pax7 and expregsMRF4 and Myogenin. During differentiation, tt
satellite cells fuse to themselves forming new myofibres, fuse to existing myofibres
donate their nucleus, or return to their quiescent state, thus renewing the satellite ¢
pool. Various growth factorsuch as hepatocyte growth factor (HGF), inslike growth
factorl (IGF1), myostatin, platelet derived growth fac®B (PDGFBB), vascular
endothelial growth factor (VEGF) and a number of the interleukin famihg(H6, -10, -
13) have been shown be regulators of the myogenic program.

This evidence suggests that the presence of MyoD may indicate that a SC has

entered into the proliferative phase of the myogenic program, but may not continue all the
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way into terminal differentiation. Furthernggrit appears that the early expression of
MyoD is associ atcoedmwitttredad satt edfl idepreel | s,
without first undergoing proliferatiofl55), suggesting that there may be subpopulations
of SC within the overall poolRegardless of the implication that there may be
heterogeneity amongst the SC p(id5) the vast majority of SC express either MyoD or
Myf5 within 24h and typically ceexpress these factors within 48 Foowing injury
(42, 43) Given that it appeathat MyoD and Myf5 are upregulated concomitantly
suggests that they may have differing functionadult skeletal muscle. Work with
MyoD/- mice suggests that SC were more driven towardrealwal as opposed to
myogenic differentiation, whereas Myfimice demonstrate a reduced capacity for SC
proliferation. Taken together, it appears that the entrance of the SC into various phases of
the myogenic program is influenced by the expression of MyoD and/or (1§85 210)
Following proliferation, the mjority of SC progress into differentiation and fuse
with each other to creatle novamyofibres or fuse with existing myofibres.
Differentiation is driven by the upregulation of transcription factors myogenin and MRF4
(43, 206) The downstream targetérmyogenin and MRF4 are genes that code for
structural and/or contractile proteins essential for myofibrillar formation and functionality
(12). Considerable work has established the intrinsic influence of Pax7 and the MRFs in
orchestrating myogenesis, S€lfrenewal and the progression through the myogenic
program. However, there are also a number of extrinsic regulators and signaling
molecules that initiate and influence myogenisis during the lifespan as well.

1.1.4 The muscle stem cell niche

10
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The microenvionment provides important structural and signalling cues to stem
cells, regardless of tissue ty(#39). Satellite cells are situated in a specialized location,
termed the 0SC nichebo. This niche is surr
innenation, and is associated with and secured within the extracellular matrix (ECM).
Within the SC niche, the SC is influenced by-teltell interaction92), as well as
autocrine and paracrine signallinghe upper boundary of the satellite cell niche, th
basal lamina, is comprised of typoimary constituents, collagen type IV and lami@in
(U2, b1 anmiichaskembléiato crodsiked networksand are furthelinked
by the glycoprotein nidogef189). Amongst the basal lamina are a seriebindlings
si t es -ntegrinstbat an€har the actin skeleton of the SC to the HCM)and
allow for the transduction of mechanical force into biochemical signdltiay thus
being crucial for SC regulatiorResident fibroblasts secrete a numbegrofvth factors
and facilitate organization of the ECM by the deposition of collagen and other proteins
(189). Proliferating cell nuclear antigen (PCNA) was no longer detected in SC following
muscle denervation, suggesting that loss of motor neurontgatigiy limit the ability of
SC to proliferat€105). Taken together, these findings suggest that cells and structures
(e.g., fibroblasts, macrophages, motor neurons) associated with the SC niche play an
indispensable role in regulating SC. However, tleximity of SC to capillaries, residing
just outside the niche, and the demonstrated importance of cellular cross talk between
endothelial cells and SC demands considerable attention.

Vasculature associated with SC niche

11
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To maintain skeletal musclh®omeostasis and to respond to increased metabolic
demandsthe delivery of cytokines, nutrients and oxygen via the microvasculature is an
absolute necessityindeed, work by Christov and colleagy85) suggests that muscle
SC may ben close spatial pramity to capillaries and consequentyndothelial cells
After determining the close physical juxtaposition of endothelial cells and SC across
species via electron microscopy, this group observed that SC were more frequently
associated with capillariess @ompared to myonucléss).

Furthermore, these endothelialls are capable of stimulating myoblast
proliferation by the secretion of a number of growth fac{88 such as hepatocyte
growth factor (HGF), insuliiike growth factorl (IGF1), plaelet derived growth factor
(PDGFBB), vascular endothelial growth factor (VEGF) and fibroblast derived growth
factor (FGF) (furthediscussed in Section 1.2.2By co-culturing endothelial cells and
myogenic cells, there was a marked increase in praflierin the myogenic population
In contrast, when growth factolGF-1, HGF, bFGF, PDGIBB, and VEGF were
specifically inhibited individually, there was a decrease in SC proliferation ~50%,
however, global inhibition of growth factors resulting in ~9@8duction in proliferation.
The crosgalk between muscle SC and endothelial cells may be reciprocal for endothelial
cell proliferation as well, as following incubation of myogenic-ctivedgrowth
factors, po-angiogenic effects and capillarystture formation were observgad5). This
relationship betweeS8C and the microvasculatuseparticularly evident during muscle
regeneration, with the process of myogenic repair and angiogenesis occurring

simultaneously113) During muscle regeneration, thhesue undergoes extensive re

12
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vascularizatior{72, 77, 192) The primary driver of angiogenesis is VE@P), and the
overexpression of VEGF can stimulate SC proliferann vivo, while the inhibition of
VEGF can result in diminished myoblast difatiationin vitro (22). While also being
secreted from endothelial cells, it also appears that VEGF can be produced and secreted
(34), by primary myoblast$70), and isupregulated during terminal differentiati¢2®).
Furthermore, VEGF can also actmyogenic cells in an autocrine fashion, stimulating
cellular movement and/or migration and promoting differentiai®® 34, 70) Work has
previously shown that VEGF is capable of stiating myogenic cell migratio(0), and

can promote the establishmeri myofibreswith centrally located nucl€b). Previous

work has shown that VEGF receptor mRNA expression (VEGF recgpidEGF

receptor2) is also present in myogenic cells, appears to bapregulated in satellite
cellsfollowing damagg5). Taken together, these data suggest that there may be critical
interactions between muscle SC and the microvasculature in skeletal milssle
suggestions supported by observations in patients with amyopathic dermatomyositis, in
which individuals have a redtion in muscle capillaries without myofibdamagg57).

In this clinical populationa proportionate reduction in muscle SC and capillarization in
thesame muscle has been obser(&%). Importantly, in areas of the muscle cross
section where capillaration is preserved, there is maintenance of SCtqud485).

Taken together, patients with amyopathic dermatomyositis undergo specific SC loss,
occurring selectively in muscle fibres with a reduced number of supporting capillaries
While these limiteabbservations are important, there remains a marked paucity in the

literature regarding the relationship between SC and the microvasculateatimy

13
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human models, particularly during muscle repair or in the context of .atyingart, this
may be due tahallenges in accurately identifying the activation status of a relatiaedy
muscle stem celh vivo.

1.1.5 The identification of quiescent anl active satellite cells in vivo

Using electron microscopy, Mauro and colleagiids)first identified SC,
characterizing their location d®eneath the basal lamina and above the sarcolemma of a
mydfibre. However, the progression of technology and immunohistochemistry has made
the identification of SC possibdlia immuoflourescent microscopychubert and
colleagueq168)used the glycoprotein LelO, and determined that SC were not only
morphologically different from myonuclei, but confirmed that they resided beneath the
basal lamina Further study of Ledl9 identified that ithay be involved in cell adhesion,
analogous to the function areuralcell adhesion molecule (NCAM)/CD5én neural
cells(108), and that both proteins had identical staining pattefisis,the antigen
NCAM, expressed othe surface 08C, has been used frequently in the identificabion
human Sy various group$32, 94, 95, 114, 138, 196However, there are some
limitations to the use of NCAM as a SC identifier, as the protein is expressed in other cell
types including Schwann cells, intramuscular nerves and motor unit end terf@éal
128) In light of this, alternative markehsve been utilized to properly quantify SC such
as cMet (110, 129, cell adhesion protein Madherin (MCad) (156, 165) andPax7
(117, 125) though eachwvith their own challengesC-met is a receptdor hepatocyte
growth factor andk present in bth quiescent and activated $2) but also appears in

capillaries and some interstitieglls in human skeletal musd®10). C-met expressiors
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low in human SCand may ptentially onlyidentify a subppulation of the overall pool
and therefore is not considered@d measure of human $25) M-cad is a less
frequently used marker of SX@75), due to thalifficulty in producing a qualityantibody
for use in human tissue, but is remains an identfi&@C that closely mirrors results
usingNCAM (87).

In contrast tacell surface proteind?ax7is a nuclear marker of SC that is
expressed in matureuscle(102, 170) Pax7 has been extensively used to identify SC in
human tissu¢175)and has also been shotmbe reliable in mic€211) Studies
demonstrate th&C quantification usind?ax7or NCAM/CD56 yield results that are
within 5% of each othegl11, 117, 125, 130, 19650me of the variation that exists may
be due to the diffemces in the expression of Pax7 or NCAM/CD56 duttregearly
(183)phases of terminal differentiatidg5s).

Irrespective of what antibody is used to identify SC, it is the combination of the
SC marker and its location between the sarcolemma arxh#ad lamina that is critical in
accurately determining SC contéthi0, 111) Furthermore, accurate enumeration of the
SC population also requires thpalysisof a significant number of myibbres. Work by
Mackey et al(117)illustrated that at leas&ype | and 75 type Il muscfibres are
required to make a reliable estimatiorfibfe type specific satellite cell content in
healthy young menHowever, whether enumerating the same numbébias will
provide an accurate estimation of SC conterdther populations has not been well
established In a population such as elderly individuals, in which SC content has been

reported to be significantly lower than in healthy young (&4, 195, 196)he counting
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of additional muscldibres (and thus icreasing the number of SC including in the
analysis) may yield a more accurate assessntemthermore, a growing number of
studies suggest that SC must be enumeratedibinegtype specific mannerin both
healthy young and clinical populations, the [g80l at rest can be significantlyfferent
amongsfibre types(7, 181, 196)including hybridfibres (89). The SC pool also appears
to respond to exercise stimuli irfibre type specific manner, dependion exercise
modality (28), highlighting the relevance of fibttgpe specific analysis of SC content.
While the quantification of the SC pool in a quiescent state is valuable, evaluating
the responsiveness of the SC pool to a given stimuli (i.e., exercise, muscle damage,
injury) is equally important Therefore, various markers indicative of the cell cycle or of
their stage of the myogenic program (i.e, quiescence through to proliferation and/or
differentiation) have been utilized in combination with a SC marker. In humwaiis,
proteins that indicate proliferation such as PC;7), Ki67 (116), or MyoD (90), have
been utilized, there does not appear to be a consensus regarding which marker best
describes the proliferating SC pool. -&T is typically expressed during the edd@¥
phase of the cell cycle, increasing through S and G2 and finally peaking in M(f8ase
On the other hand, PCNA is expressed only in tph&e and late G1, and is not visible
in the nuclei in the G2 or M phas@€3). There appears to be a disaegpy in the
number of Ki67' cells as compared to PCNAells following exercise in humaii28).
This discrepancy may be due to the relatively short (~90 minjifeatif the protein Ki
67 (79)as compared to the longer (~20 hour) Hi&df of PCNA (16).

The protein MyoD is considered an excellent marker of SC proliferation given the
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repeated observation that it is a primary driver of myoblast proliferé@@rl29) MyoD

may also serve as an excellent marker for the early phase of differentiatiba, a
upregulation of MyoD occurs concomitantly with the downregulation of Pax7 during that
phase of the myogenic progrd210) When assessing MyoD -¢ocalization with

nucl ear ma r-diamidiso2-fhenyliadole; DAPH an@l anatomical location

(i.e., the presence of laminin), in the absence of Pax7, it can be used as a marker to
identify SC that may have moved entirely out of quiescence, through proliferation and is
in the early phase of differentiation.

As immunohistochemistry, flow cytoetry and related molecular biology
techniques have improved over the last decade, the identification of SC cells in various
stages of the myogenic program has become edd@wvever, we are still limited by the
fundamental shortcomings of these technggadéten amounting to a limitation in the
number of molecular markers that can be visualized at the same time.

1.2 MUSCLE STEM CELLS AN D EXERCISE

1.2.1 Acute satellite cell responsé humans

In humansSC function can be assessed by evaluating the SGglmoling an
acute bout of exerciselnaccustomedorced muscle lengthening contractions (i.e.,
eccentric muscle contractions) have been used to induce ultrastructural demagele
fibres and induce a repair respoK8e62, 153) A significant expasion of the SC pool
has been detected early as 6h following a gjie bout of eccentric exerci$é5, 55, 60,
121, 122, 130, 138, 190N list of findings regarding the expansion of the SC pool

following eccentric contractioris shown inTable 1 Theincrease in satellite cell
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number following eccentric contractionsstieeen observed as early as 4h goarcise
recovery, with the peak typically oacing around 72h postxercisg175). While a

number of the studies in Tableahalyzed SC contenttwh ol e muscl ed (i
muscle), eccentric exercidenown to preferentially recruit type 1l muscle fib(@87),

results in aype Il SC expansiom young men, sggesting that this model is also capable
of inducing afibre-type specific change in tI&C pool(28).

Similarly, the SC pool response has also been evaluated followindamoaging
exercise such as a single bout of resistance (RES), moderate intensity continuous (MICT)
or high intensity interval training (HIIT) exercis&ollowing RES, ther is a robust
increase in the activation and expansion of the SC({doI85, 124, 201)Interestingly,
it appears that as few as three maximal isometric contractions are capable of upregulating
myogenin MRNA expression, associated with SC differentig@d While inducing a
less robust response from the SC pool than either eccenmtRES exercise, HIIT and
MICT also induce a SC response even underimgertrophic conditionacross a range
of subjects including healthy young and older individ{@6:114) Regardless of the
modality, it appears that exercise can activate and/or expand the resident population of SC
in human skeletal muscleConsiderably less understood are the growth factors and/or
cytokines that are released during exercise tlagt play a role in the guidance of the

myogenic program.

1.2.2 Satellite cell regulators
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Eccentric contractioinduced muscle damage as well as other forms of exercise

aresufficient to prompt a SC response. However, the precise factors that initiate SC

activity are not welunderstood. Within the niche, SC can be influenced by a variety of

factors, including gtokines

Table 1. Percentage bange in satellite cell corgnt in response to a single bout of
eccentric exercise

Citation Age Exercise Fibre 1h 3h 4h 24h 48h 72h 96h 120h 196h
Protocol Type
25+ 50o0ne
3 legged drop
Crameri et down jumps Mixed 146 192 168
al., 2004 8 x10 reps
30deg. &
8 x10 reps
120deg.s*
Dreyer et 23i 6xl16repsat Mixed 141
al., 2006 35 60deg. s
O6 Rei | 21+ 10x30reps, Mixed 5 138 148 119
al., 2008 2 180deg. &
McKay et 22+ 10x30reps, Mixed 73 155 185 108
al., 2009 1 180deg. &
Mikkelsen 23+ 200 reps, Mixed 96
etal., 2009 3 120 deg. 3
McKay et 21+ 10x30reps, Mixed 36
al., 2010 2 180 deg. 3
Tothetal., 21+ 10x30reps, Mixed 15 17 27
2011 2 180deg. &
Mixed 25
Cermaket 23+ 10x30reps | 0
al., 2013 1 180 deg. 3
Il 73
Mixed 25
Hyldahlet 23+ 196reps, I 30
al., 2014 2 180deg. &
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Il 25
Buford et 23+ 110% 1 RM, Mixed 23 19
al., 2013 4 one legged
plantar
flexors

A compilation of studies that have assessed satellite cell content in response to a single bout of ecc
exercise in adults. Type |, type | muscle fibres; Type Il, type Il muscle fibers; Mixed, mixed muscle fi
All values are expressed as a percentage increase from the baseline (i.e., prior to eccentric exercis:

Cytokinesare small secreted proteins released by eelihave a specific effect
on the interactions and communications between, @ils driveautocrine, endocrine and
paracrine signaling that orchestrate progression of SC through the myogenic program.
Regulatory factors such as HAEF-1, myostatinPDGFBB, VEGFandIL -6 have been
shown to be key regulatoo$ the myogenic prograrfi75, 210) HGF, a stromal
mesenchymatierived growth factor is a potent activator of quiescent SC as demonstrated
in rodentg131, 186, 187) Consistent with thig13indi ng,
reported that 24h following eccentric contractiaduced darage in humans there was a
concomitant increase in SC number &@F activator (HGFAprotein content. Another
cytokine that has received considerable attention due to its hypothesized involvement in
SC activation in both roden(@9) and humang§74, 122)is IGF1, which is produced by
the liver and muscle alike. IGFco-localizes with Pax7 SCin human musclg74), and
there is an increase in IGE/Pax7 cells 24h after eccentric contractionduced damage
(122). Furthermore,hiree spliced variants ¢&F-1 have been described in skeletal
muscle (i.e., IGFLEa, IGF1Eb, and IGFLEc)and are all thought to make contributions

to skeletal muscle regenerati(2®, 162, 208, 209)IGF-1Ec(i.e., mechano growth
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factor; MGF) and Myf5 appear temporally linkeallowing eccentric damage suggesting
that IGR1Ec may be involved in SC activation/proliferatid22) Conversely, IGFLEa
and Eb are temporally linked with myogenin expression suggesting thdtE&Bnd Eb
may be associated with differentiation or trensition from proliferation to

differentiation. Myostatin (Mstn), a member of thensforming growth facteb ( G F
family, has long been thought to regulate SC function due to its involvement in muscle
fibre hypertrophy and/or hyperplasia duringsole growth(127). In Mstn knockout

mice, SC proliferation and pool size are significantly higher as compared toypdd
counterparts. It has also been shown that Mstn is expressed in human skeletal muscle SC,
and in resting conditions approximately?8 of the SC pool is Mstnsuggesting that

Mstn may play a role maintaining SC in the quiescent §i2#, 176) Following a bout

of resistance exercisthere is a significant decrease in the proportion of SOcalized
with Mstn (124, 176).The decrease in the proportion of SClacalized with Mstn

occurs at the same time that MyoD isnggulated and a greater proportion of SC are in
the Sphase of the cell cycld 24) which may suggest Mstn downregulation is required
for SC proliferation The interleukin family of cytokines, many of which are known to
increase during/following exercig¢Bl, 61, 146)can be secreted from skeletal muscle,
making them potential candidates as SC regulatbraditionally known as an
inflammatory cytokinelL -6 is the most well characterized interleukin in the context of
exercise, is known to respond to various forms of exe(8is&4, 61, 123, 146, 19@nd
importantly is known to @ly a role in SC functio(iLl23, 190) Signal transducer and

activator of tanscription 3 (STAT3) is a downstream target 66I{191), and following
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IL-6 bindingtotheIt6 RU receptor, JAK2 is phosphoryl a
phosphorylation of STAT3 leading to dimerization and translocation of STAT3 to the
nucleus initiatingranscription of downstream targets. Both@l121)and STAT3(190)
co-localize with SC following an acute bout of eccentric contractidiee genetic
knockout of IL-:6 has been shown to result in diminished SC proliferation by impairing
STATS activationand expressioof its target gene cyclin DAL71) Likewise, IL-6
treatment of rat SC led to increased proliferation, phosphorylation of STAT3 and
increased cyclin D1 expressi¢h04) In humans, the temporal response obIL
following exercise appears tiffer depending on intaity and duration of exercise
(247) In humans, srum IL-6 has been shown to increase rapidly following eccentric
exercise and remains elevated similar totitme course for SC expansi¢h21)with a
peak in 16 occurring a f& hourspostexercise While serum IL-:6 concentration may
not perfectly reflect the cytokine concentration in the SC nitlesedatasuggest that the
IL-6 response may plan important role in regulating SC during pesercise recovery
1.2.3 Satellite cels and hypertrophy

In rodent models, it has been we#itablished that SC are necessary for successful
skeletal muscle regeneration and/or refEH20, 166) However, there is still a healthy
debate regarding the contributions of SC during muscle ffijgpertrophy As a post
mitotic tissue, skeletal muscle relies on the additiodeohovanuclei from an exogenous
source, predominately SO he nucl ei within the muscle (t
postulated to be responsible for the governance ofes golume of the myofibrillar

cytoplasm(76), in what has been ter me@. the Omyonu
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Hypertrophy, therefore demands the addition of new myonuclei in order to support
additional cytoplasn(3, 76) While it appears that minor incresssin muscle fibre size do

not require significant increases in myonu¢lel8), sustained and considerable growth in
fibre size require the accretion of myonuclear coneh) derived from SC activity

Early work suggested that mice that had undergongcletargeted irradiation (and thus
presumably damaged the resident SC) were not capable of hypertrophy following 3
months of synergist ablation, whereas the controlimadiated mice were able to mount

a significant respongd). However, work by Mc@rthy and colleagues (2011) examined

the importance of SC during museilere hypertrophy usg aPax*"ER- diphtheria

toxin A (DTA) strain of rodents, which allows for the controlled ablation of Pax7 cells
through tamoxifen administratiomhis studydemonstratechiat theravereno

differencesin the hypertropit response to two weeks of synergist ablatimtuced
hypertrophyin animals that underwent SC ablation as compared tetypkel mice In a

follow up study, the samgroupreported thahypertiophy was not compromised

following two weeks usingynergist ablationbut was indeed affectddllowing a period

of 8 weekgq64) with impaired growth observed in tikax#"ERi DTA mouse Taken

together, these studies represent thgaing debateegardingthe role of SC diing the
hypertrophic response, as it appears that short term hypertrophy can occur without SC,
but long term hypertrophy and/or sustained hypertrophy is reduced in the absence of SC.
While elegantly designed, these studiesegepre nt -pbhygspoa ogi cal 6 condi

achievable only in the animal modélherefore, descriptive human studies are required
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in order to understand the associations between muscle fibre hypertrophy and changes in
SC content and myonuclear number.

In humans, skeletal muscle hypertrophy is achidheaughresistance exercise
training. In a growing number of studies, it has been observed that an increase in muscle
fibre size is associated with an increase in SC content and/or myonuclear accretion
following resistance trainingp0, 96, 195) Interestingly, astrongpositive correlation
between the increase in SC content and the hypertrophic response to resistance exercise
training (i.e., the change in fibre size) is conserved across men and womenessgaird
age(11, 115, 148, 197)Furthermore, it appears that muscle hypertrophy is accompanied
by an increase in myonuclear contdail, 96, 149)with larger myofibres containing
more nuclei than smaller fibrés8, 96, 172)

1.3 AGING MUSCLE

Theprogressie loss of skeletal muscle massd strength is a hallmark of aging and
is referred to as 6ésarcopeni ab. The i mpac
functional capacity, loss afdependencgancrease inncidenceof injury and an increse
in morbidity (37,88, 107)Consi dering that the worl dds po
will triple within ~50 years, andctogenarias are the fastest growing subpopulation in
the world(204), sarcopeniaepresents an immense economic burden in Caaradia
around the world180).

The structural changes associated with human aging are extensive, including

changes in the size and number of myofil{d€®) which leads to a decrease in

maximum force productio(l77, 200) An extensive shift in mate fibre type
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distribution toward a greater percentage of type | fibres as compared to type Il fibres
occurs with aging32, 55, 63, 196) Furthermore, the prevalence of denervation in older
human skeletal muscle has also been shown to be associatéibneitiipe grouping of
denervated type Il myofibrg461, 193) As aconsequence of thfgore type grouping,
olderskeletal muscle may loske mosaidike distribution of fibreq161, 193) which has
been proposed as a possible mechanism for thefidesational strength observed in
olderindividuals(98). Furthermore, aged musdkemore susceptible to injut8, 19)

and demonstrates a diminished capafdtymuscle repair/regeneratign3, 91)as
compared to young muscle. Due to these impairments in the ability to repair and/or
remodel skeletal muscle with aging, satellite cells have been implicated as a potential
factor contributing to sarcopenia.

1.3.1 Satellite cells and aging

In studies asseisgy muscle CSA via histochemical and/or immunohistochemical
methods, there is a general consensus that while type | nfilbselsize remains
undiminished with age, there is a loss of type 1l muscle(8i2e38, 55, 109, 148, 196)
Furthermore, human sties have repeatedly observed that the loss of type 1l muscle fibre
size in older muscle occurs concomitant with a reduction in type Il muscle fibre SC
content(116, 123, 124, 19399) Work by Brack and colleagu€$4) supports the notion
that there is #ss of SC content prior to agelated muscle atrophyGiven that SC are
the primary source for nuclear addition to existing myofibres, the authors proposed that
the loss of SC conteand thugheinability to contribute new nucldeadsto an increasik

domain size thatiggers cytoplasmic atropht4) in mice In humans, muscle CSA in
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elderly menwaspositively correlated with both myonuclear content and SC content,
supporting the notion that the decline in SC content may play a role in the loasaém
CSA typically observed in aging.97). However, recent work by Fry and colleag(es)
challenges this notion as they usedPaaF"®ERi DTA strain of mice to selectively

ablate muscle SC, thus severely impairing regenerative function aaaiodeling ability

as compared to wild type mic&ollowing a tweyear aging period, similar muscle loss
was observed in both tlexperimental and wildype mice, suggesting that the loss of
muscle SC typically observed with aging may not be a majoribatdr tothe

progression oarcognia(65). The translation ohnimal data can be challenging, as
experimental animalare kept in a controlled environment, primarily sedentary. Given
that a major contributor to sarcopenia appears to be adverse @eenilfness,
musculoskeletal injuries, periods of bedrest or even inclement wegthed)43, 202)

the interpretation of results from animal studies must be done with caution, and validated
in humans when possibléVhile not sarcopeniger se the atophy or immobilization
models have been used in humans in order to more fully understand changes to the
muscle with disuse. In a stully Suetta and colleaguék32), single leg immobilization

was applied for 2 weeks, followed immediately by 4 weekglofidingin a cohort of

healthy young and old men. Whereas the loss in muscle size and SC content observed
with immobilization was recovered in the young men, this was not the case with their
older counterpartél82) The authors postulated that a reéucin sensitivity to growth
factors controlling muscle size and SC function may explain the impairment in recovery

in older men. Collectively, these data suggest that not only are elderly individuals
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undergoing a naturally occurring decline in musclesnbsat may also be at risk for
singular events that accelerate the loss of muscle mass and function.

The agerelated decline in muscle size appears to be related in some capacity to
the loss of SC content. However, there also appears to be-aglage loss of muscle
SC functionality and/or ability to progress through the myogenic program, which may
also contribute to the progression of sarcopenia. The impact of aging on SC function in
human skeletal muscle is best demonstrated using a single larmaging or non
damaging exercise to stimulate a SC response. Followsigke bout of eccentriG5,
201)or resistance exercig#24, 176)the SC response appears to be both delayed and
blunted in older as compared to younger nidmns impaired response is mainly attributed
to the lack of response in type Il muscle @24, 176) Age related dysfunction in SC
activation, driven primarily by the impaired response of type Il muscle SC, is supported
by experiments examining the cejlate in both young and older individualk2d).
Following a resistance bout of exercise, there was a delayed entry into S phase of the cell
cycle in old as compared to young men, with young men exhibiting a significant increase
24h postexercise while thelder men did not realize a significant expansion until 48h
postexercise recovery. There also appears to be a diminished number of SC in S phase at
48h postexercise in old as compared to the young group. Taken together, these data
reinforce the notiothat there is a blunted proliferative response in older adults, reflected
by both cell cycle kinetics and a lack of MyoD-tggulation in the SC pool.

Furthermore, while older muscle can hypertrophy following prolonged resistance

training (195, 197, 199)the response appears to be blunted in older men especially in
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type 1l myofibres(101, 148. Takentogether, these studies suggest that the activation
and/or expansion of SC following exercise can be mainly attributed to the reduction in
function of typell associated SCThe deficiency in function, paired with the loss of type
Il SC content with aging, may play a ralee observed loss of muscle mass with aging

In order to combat sarcopenia, a mechanism that might expéiosthof SC must be
elucidated.

1.3.2 Age-related loss of muscle capillarization

Muscle capillaries are responsible for thedivery ofoxygen, nutrients and growth
factorsto skeletal muscleLined by endothelial cellgapillaries are suited for gas
exchange/growth factor deliwedue to their thirstructure(67, 83, 132) Through arterial
stiffening, wall thickeningor a decrease in endothelial cells and thus a loss of muscle
capillaries (i.e., microvasculaturghe circulatory system is adversely affected by aging
(169) Importantly, the loss and/or alteration of the peripheral microcirculateysa
rolein ageassociated organ dama@s2) With aging there is reduced blood fl¢a2)
and vascular conductan¢®8) to the lower limbs at rest. Consistent with thiod flow
and vascular conductance were attenuated in aged individuals as compared {&3pung
Furthermore, observations of a blunted microvascular bloodrésponses post
absorptive and pogtrandial conditions following protein ingestion have been reported
(134, 173) Taken together, these findings suggest that there is a concomitant loss of
function with aging, and many groups have identified morphological desbohanges

in capillarization with aging as well.
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The morphological aspexbf the capillaries and their relationship to the size
and/or tortuosity ofhe mycfibre has been shown to be relevant for the exchange and
perfusio of circulating factor$¢80,82). Indeed, the quantification of muscle
capillarization must be performed accurately to assess changes related to diffusion or
perfusion. Early work utilized the analysis of capillary contacts (CC), or the individual
capillary-to-fibre ratio (C/k), the latter of which includes a sharing factor (SF) calculation
in order todetermine dibre-type specific C/F(80,82) These measurements can be used
to accurately detect the capillarization of a given aredijlimetareabased measurements,
such as qaillary density (CD) maype a moreappropriatanarkerto estimatehe delivery
of substrate$59) and/orthe removal of waste produdtsd8)from the mydibres via
primarily passive diffusionHowever, indexes of the capillatg-fibre surface, such as
the capillaryto-fibre perimeter exchange (CFPE) index may provide the susgtantial
information regarding the capacity of either oxygen or growth factors reliant on receptor
mediated proesses at the myofibre membrarighe CFPEs cdculated by the equation
CFPE =C/FR / P. The inclusion of the myofibre perimet&) (@s related to individual
capillary supply to the myofibre is crucial, as P is related to the 3D surface area of the
fibre. In contrast, the measurement of fibre area, (CSA) is proportional to the volume
of the fibre. Therefore, by using P and not FA, the CFPE index takes into account the
capillary-to-fibre surface, and thus can accurately assess microvascular supply to the most
relevant area of oxygen flux and/aowth factor receptor&0, 81)

While the measurement oépillarizationhas not been consistent on a sttaly

study basis, it appears that human aging has a deleterious impact on muscle
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capillarization(144). Coggan and colleagué38, 39)observed a &% decline in both
number and density of microvascular capillaries in older as compared younger.women
In a longitudinal study, Frontera and colleag(63) observed that there was a ~20%
decrease in CD in men from the age of 65 to Urder closer examation, there also
appeared to be a fibtgpe specific response in the loss of capillaries with ageeed,

when analyzing both isoforms of type Il myofibres (i.e., lIA, 1IB), Proctor and colleagues
(1995) observed a significant decline in capillarizatin older adults as compared to
young individuals. Consistent with this, a loss of type Il myofibre capillarization with
age have been repeatedly repo(@# 46, 152) The loss of endothelial function,
exacerbated by a loss of type Il fibre capitaet i on, may help to expl
resi stanced ob ¥ ,r185e203pndmaycalsalbe an urddrlyitgtfastor

in the loss of type Il CSA observed with agirfgurthermore, this loss of muscle
capillarization and/or perfusion may lintite delivery of growth factors and nutrients to
the muscle SC nichaNhile not a model of aginger se there are other clinical
populationghat highlightthe relationship between muscle capillaries and SC. Individuals
suffering fromamyopathicdermatomyositis show a reduction in muscle capillarization in
theabsence of myofibrillar damag@®7). Interestingly, these individuals also exhibit a

loss of SC content proportionate to the loss of muscle capillariz&bnFurthermore, it
appearsthat in areaof the musclevith preserved capillary content, there is also a
maintenance of SC conte(®5). Taken together, these data indicate that SC loss occurs
selectively in muscle fibres with a diminished network of capillariése loss of

capillary content leading to a reduced delivery ofi®@Gulating growth factors or some
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combination of both factors may lead to an altered niche and subsequent loss of
functional SC in aging.

1.3.3 Implications of an altered SC environment with aging

An agerelated eduction in muscle SC content and function has a considerable
impact on the preservation of muscle size, as well as the ability for skeletal muscle to
repair following injury. There is growing evidence to suggest that the dysregulation of
SC during muscleepair may stem from extrinsic signaling within the SC niche. When
aged muscle is grafted into a youthful environment, there is an improvement in
regenerative capaci(27, 160); in contrast, when young muscle is transplanted into aged
animals, there ia significant impairment in regenerati(26, 27) In an elegant
experiment, Conboy and colleagyé4) demonstrated that when the circulation of an
aged mouse iIis paired with a young counterp
a rescuing offte regenerative potential in the muscle of the aged mice. These findings
are reinforced by cell culture experiments observing that when SC from young mice are
exposed to the serum from aged mice, there is a decrease in their myogenic gbfential
27). The aged environment also appears to impair function in SC derived from young
animals, therefore suggesting that the systemic environment may determine the cell
regenerative capacifyts, 154) Taken together, these observations suggest that there are
sydemic factors that facilitate SC function, and that the absence of these factors may be
pivotal to the impaired SC response in aged muscle.

While the parabiosis model is a powerful model to study the impact of the

systemic environment with aging,dbes not take into account the altered delivery of
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these circulating cytokines through skeletal mutitdé may occur normally with aging
This point becomes patrticularly relevant when considering that the impact of aging on
skeletal muscleapillarizationin rodent modelss not entirely clear, with some studies
reporting a reductiofil59), others reporting no change and/or an incréd8g A loss of
skeletal muscle capillarization with agionguld limit the ability of growth factors and
nutrients to reach the SC mieemvironment In the parabiosis model, the exposure of
old muscle to circulating growth factors/cytokines of the young animal may be sufficient
to improve SC function However, a reduction of either conduction via the
microvasculature or the concentration of the circulating growth factors likely both
contribute to impaired SC function under normal aging conditibinetefore, it is crucial
more experimental work must be conducted in integrated human models.

The loss of mgfibre capillarization with aging has therefore been seen as an
important component for skeletal muscle maintenance and gr@en that there are a
number of cytokines and growth factors in circulation that have been observed to be
regulators of SC faction, the delivery of these signals to the muscle SC would therefore
rely, in part, on sufficient perfusion of the myofibre3ytokine delivery to the SC niche,
paired with the celtell cross talk observed between endothelial cells an(8%(35)
suggest the importance of muscle capillarization to SC function.

The functional relationship between the SC and the muscle microvasculature has
not been well elucidated. Furthermore, how this relationship is altered in a population
suffering from a redction in SC content concomitant with a reduction in muscle

capillarization, such as aged individuals, remains an important question.
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1.4 Content of Thesis

1.4.1 Purpose of Thesis

The research experiments contained in the current thesis were designed to intkstigate

relationship between human skeletal muscle capillaries and resident muscle SC.

)

ii)

In Chapter 2, we examined whether the spatial relationship between SC and
capillaries were relevant for the activation status of the SC pool following a
single bout of restance exercise. To gain insight whether there were any
changes with this relationship with aging, we compared the relationship
between SC and the nearest capillary between healthy young and older men.
In Chapter 3, we examined the activation responseec$C pool following a
single bout of resistanggpe exercise prior to and following 16 weeks of
progressive resistance training.

In Chapter 4, we assessed the activation status and expansion of the SC pool
following a bout of eccentric contractionduced muscle damagde a group

of healthy young men with a broad scaling of muscle fibre capillarization

1.4.2 Hypotheses

)

We hypothesized that following exercise, activated SC would be situated in a
closer proximity to the nearest capillary as compared to thesscgent
counterparts We hypothesized that there would be a greater distance between
type Il associated SC in muscle capillaries in older as compared to younger

men
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We hypothesized that following long term RT there would be an enhanced SC
activationresponse We hypothesized that following training, there would be
increased markers of capillarization and muscle perfusion that may influence
SC activation

We hypothesized that individuals with higher indices of muscle capillarization
would exhibit a geater activation and/or expansion of the SC pool in response

to exercisenduced muscle injury.
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CHAPTER 2:
SKELETAL MUSCLE SATELLITE CELLS ARE LOCATED AT A CLOSER
PROXIMITY TO CAPILLARIES IN HEALTHY YOUNG COMPARED WITH
OLDER MEN.
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Skeletal muscle satellite cells are located at a closer
proximity to capillaries in healthy young compared
with older men
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Abstract

Background Skeletal muscle satellite cells (SC) are instrumental in maintenance of muscle fibres, the adaptive responses to ex-
ercise, and there is an age-related decline in SC. A spatial relationship exists between SC and muscle fibre capillaries. In the present
study, we aimed to investigate whether chronologic age has an impact on the spatial relationship between SC and muscle fibre
capillaries. Secondly, we determined whether this spatial relationship changes in response to a single session of resistance exercise.

Methods Muscle biopsies were obtained from the vastus lateralis of previously untrained young men (YM, 24 3 years;
n=23) and older men (OM, 67 4 years; n=22) at rest. A subset of YM (n=9) performed a single bout of resistance exercise,
where additional muscle biopsies taken at 24 and 72 h post-exercise recovery. Skeletal muscle fibre capillarization, SC content,
and activation status were assessed using immunofluorescent microscopy of muscle cross sections.

Results Type Il muscle fibre SC and capillary content was significantly lower in the YM compared with OM (P < 0.05). Further-
more, type |l muscle fibre SC were located at a greater distance from the nearest capillary in OM compared with YM (21.6+ 1.3
vs. 17.0+£0.8 um, respectively; P <0.05). In response to a single bout of exercise, we observed a significant increase in SC
number and activation status (P < 0.05). In addition, activated vs. quiescent SC were situated closer (P < 0.05) to capillaries.

Conclusions We demonstrate that there is a greater distance between capillaries and type Il fibre-associated SC in OM as
compared with YM. Furthermore, quiescent SC are located significantly further away from capillaries than active SC after single
bout of exercise. Our data have implications for how muscle adapts to exercise and how aging may affect such adaptations.

Keywords Muscle stem cells; Pax7; MyoD; Capillaries; Perfusion
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Introduction

The gradual loss of skeletal muscle mass is a hallmark of aging.
The loss of muscle can mainly be attributed to the reduction in
type Il muscle fibre size'? and is accompanied by a decline
in type Il muscle fibre satellite cell (SC) number.>™ Skeletal
muscle SC are known to play an obligatory role in regeneration
following injury, and while typically residing in a quiescent state,
they can become active in response to a stimulus like exercise
and/or mechanical damage. Following activation, SC proliferate

and differentiate to supply additional myonuclei or return to a
quiescent state again to replenish the resident pool of SC.°
The addition of new myonuclei to existing muscle fibres repre-
sents an essential step in the maintenance and remodelling pro-
cess of skeletal muscle. Hence, a reduction in SC number and/or
function has been hypothesized to play a critical role in the de-
velopment or progression of muscle fibre atrophy with age.®®

A host of circulating growth factors [e.g. insulin-like growth
factor-1 (IGF-1), hepatocyte growth factor (HGF), interleukin
6 (IL-6), myostatin] have been hypothesized to be regulators

© 2016 The Authors. Journal of Cachexia, Sarcopenia and Muscle published by John Wiley & Sons Ltd on behalf of the Society of Sarcopenia, Cachexia and Wasting Disorders
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.
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of SC function.”** The delivery of these systemic signals
to the muscle SC would rely in part on their proximity to local
microvascular flow. Delivery of these systemic growth factors
to the muscle fibre could be a key event in SC recruitment
thereby supporting muscle repair and or remodelling/
adaptation. Interestingly, a study by Christov et al. reported
that a spatial association exists between SC and capillaries
in skeletal muscle.®® This study reported that activated and
differentiating SC were located closer to a capillary as
compared with quiescent SC.** Hence, the distance of a SC
to its nearest capillary may be an important factor in whether
SC become activated in response to stimulation. This observa-
tion may be particularly relevant in senescent muscle, as
muscle fibre capillarization declines with advanced age,**
with a specific reduction in type Il fibres.’>™® However,
whether the distance between SC and capillaries changes
with age remains unknown. Therefore, we assessed the
spatial proximity of SC to capillaries in the resting state in
both type | and type Il muscle fibres in a group of healthy
young and older men. To gain insight into the relevance of
the SC—capillary distance, we examined whether the spatial
relationship between SC and capillaries may be of importance
in SC function in response to a single resistance exercise session.
We hypothesized that there would be a greater distance
between type Il-associated SC and capillaries in older compared
with younger men. In addition, we hypothesized that following
exercise, activated SC would be closer to capillaries than their
quiescent counterparts suggesting that SC proximity to circulat-
ing factors is important in their mobilization.

Methods
Participants

Twenty-three healthy young men [YM: 24 +3years; mean
+standard error of the mean (SEM)] and 22 older men (OM:
67 4 years) were recruited to participate in this study. All
participants were recreationally active with no formal weight
training experience in the previous 6months. Exclusion
criteria included smoking, diabetes, the use of non-steroidal
anti-inflammatory drugs or statins, and history of respiratory
disease and/or any major orthopaedic disability. Participants
were informed about the nature and risks of the experimental
procedures before their written consent was obtained.

Muscle biopsy sampling

Percutaneous needle biopsies were taken, after an (~10h)
overnight fast, from the mid-portion of the vastus lateralis
under local anaesthetic using a 5mm Bergstrom needle
adapted for manual suction. Subjects had not participated
in any physical activity at least 96 h before the collection of
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the baseline biopsy (Pre). In a subgroup of YM (n=9), two ad-
ditional muscle biopsies were taken from the same leg, 24
and 72 h after a single session of resistance exercise. Incisions
for the repeated muscle biopsy sampling were spaced by
approximately 3cm to minimize any effect of the previous
biopsy. Upon excision, muscle samples were immediately
mounted in optimal cutting temperature (OCT) compound,
frozen in liquid nitrogen-cooled isopentane, and stored at
—80°C until further analyses.

Exercise protocol

To determine the impact of exercise on SC content and activa-
tion status in relation to skeletal muscle fibre capillarization, a
subset of YM (n=9) performed a single session of exercise. In
short, the YM performed a single session of exercise that
consisted of four sets of eight repetitions each at 80% of
1 RM on leg press (Maxam, Hamilton, Ontario), leg extension
(Atlantis, Laval, Quebec), calf press, and leg curl (Hur, Kokkola
Finland). The final set of each exercise was performed to voli-
tional failure.®® A resting period of 2min between sets was
allowed. All participants were verbally encouraged during the
exercise session to complete the entire protocol. Prior to and
following the resistance exercise, a 5 min warm up/cool down
was performed on a cycle ergometer. We selected a
resistance-type exercise protocol based on previous work that
suggests that either concentric and/or eccentric muscle contrac-
tions are sufficient to cause an expansion of the SC pool and are
well tolerated by participants®

Immunofluorescence

Muscle cross sections (7 pm) were prepared from unfixed
OCT embedded samples, allowed to air dry for 15-45min,
and stored at —80°C. Samples were stained with antibodies
against Pax7, myosin heavy chain type |, laminin, MyoD1,
and CD31. For immunofluorescent detection, appropriate
secondary antibodies were used. Detailed antibody informa-
tion is found in Table 1. Nuclei were labelled with 4’,6-
diamidino-2-phenylindole (DAPI) (1:20000, Sigma-Aldrich,
Oakville, ON, Canada), prior to cover slipping slides with fluo-
rescent mounting media (DAKO, Burlington, ON, Canada). For
co-immunofluorescence staining, sections were fixed with 4%
paraformaldehyde (PFA, Sigma-Aldrich) for 10 min followed
by multiple washes in PBS. Sections were then covered for
90 min in a blocking solution containing 2% bovina serum al-
bumin, 5% foetal bovine serum, 0.2% Triton X-100, 0.1% so-
dium azide, and 5% goat serum (GS). Following blocking,
sections were incubated in the primary antibody Pax7 at 4°
C overnight. Following washes in PBS (3 x5min), sections
were then incubated in the appropriate secondary antibod-
ies. Sections were then re-fixed in 4% PFA and re-blocked in
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Antibody Species Source Clone Primary Secondary

Anti-Pax7 Mouse DSHB Pax7 1:1 Alexa 594, 488 goat anti-mouse 1:500

Anti-laminin Rabbit Abcam ab11575 1:500 Alexa Fluor 488, 647 goat anti-rabbit, 1:500

Anti-MHCI Mouse DSHB A4.951 1 Alexa Fluor 488 goat anti-mouse, 1:500
slow isoform

Anti-CD31 Rabbit Abcam ab28364 1:30 Alexa Fluor 647 goat anti-rabbit, 1:500

Anti-MyoD Mouse Dako 5.8A 1:50 Goat anti-mouse biotinylated secondary

antibody, 1:200; streptavidin-594
fluorochrome, 1:250

Detailed information on primary and secondary antibodies and dilutions used for immunofluorescent staining of the frozen muscle cross

sections.

a blocking solution containing 0.01% Triton X-100 and 5% GS
in PBS. Following blocking, sections were incubated in the pri-
mary antibody CD31 at 4°C overnight. Following washes
(3 x5 min in PBS), sections were then incubated in the appro-
priate secondary antibodies. Sections were then again re-
blocked in 10% GS in PBS. Sections were then incubated se-
quentially in the third primary antibodies, either a primary
antibody cocktail (i.e. MHC and laminin) for the fibre-specific
SC quantification or MyoD1 for the quantification of activated
SC. This was followed by incubation in the appropriate sec-
ondary antibody (Table 1). The staining procedures were ver-
ified using negative controls, in order to ensure appropriate
specificity of staining. Slides were viewed with the Nikon
Eclipse Ti Microscope (Nikon Instruments, Inc.,, USA),
equipped with a high-resolution Photometrics CoolSNAP
HQ2 fluorescent camera (Nikon Instruments, Melville, NY,
USA). Images were captured and analysed using the Nikon
NIS Elements AR 3.2 software (Nikon Instruments, Inc.,
USA). All images were obtained with the 20x objective, and
at least >200 muscle fibres/subject/time point were included
in the analyses for SC content/activation status, fibre cross-
sectional area (CSA), and fibre perimeter. Slides were blinded
for both group and time point. The quantification of muscle
fibre capillaries was performed on 50 muscle fibres/subject/
time point.?* Based on the work of Hepple et al.,?? quantifica-
tion of (i) capillary contacts (CC, the number of capillaries
around a fibre), (ii) the capillary-to-fibre ratio on an individual
fibre basis (C/Fi), (iii) the number of fibres sharing each capil-
lary (i.e. the sharing factor), and (iv) the capillary density (CD).
The CD was calculated by using the cross-sectional area (um?)
as the reference space. The capillary-to-fibre perimeter ex-
change index (CFPE) was calculated as an estimate of the
capillary-to-fibre surface area.?? The SC-to-capillary distance
measurements were performed on all SC that were enclosed
by other muscle fibres. The measurement was taken by iden-
tifying a SC (i.e. Pax7" co-localized with DAPI, beneath the
basal lamina) and tracing the perimeter of the muscle fibre
of which it was associated to, down to the nearest capillary
(Figure 2A). If two capillaries were situated within visually
similar distances, both distances were traced and the lesser
of the two was recorded. All areas selected for analysis were
free of ‘freeze fracture’ artefact, and care was taken such that

59

longitudinal fibres were not used in the analysis. Muscle
fibres on the periphery of muscle cross sections were not
used in the analysis. SC-to-capillary distances were verified
by two independent researchers, showing an inter-observer
reliability correlation of 0.98.

Statistical analysis

Statistical analysis was performed using Sigma Stat 3.1.0 anal-
ysis software (Systat Software, Chicago, IL, USA). A two-way
ANOVA was conducted for baseline comparisons between
the young and old group in a fibre type-specific manner. For
the subset of participants who performed the single session
of resistance-type exercise, a two-way repeated measures
ANOVA for time (Pre, 24 and 72h) and SC population
(Pax7*/MyoD~ and Pax7*/MyoD" cells) as within-subjects fac-
tors. Significant main effects or time x SC population interac-
tion were analysed using Tukey’s post-hoc test. Statistical
significance was accepted at P < 0.05. All results were pre-
sented as means +SEM.

Results
Muscle fibre CSA and fibre-type distribution

There was no difference in type | muscle fibre CSA and perim-
eter observed between YM and OM (Table 2). In type Il fibres,
muscle fibre CSA and muscle fibre perimeter were signifi-
cantly lower in OM compared with YM (both P < 0.05, Table
2). Muscle fibre-type distribution was not significantly differ-
ent between YM and OM. The percentage of type Il muscle
fibres was significantly greater than type | fibres in both
groups (P <0.05, Table 2).

Muscle fibre capillarization

No differences in type | muscle fibre CC, C/Fi, CFPE, or CD
were observed in resting muscle biopsy samples between
YM and OM. In type Il muscle fibres, CC, CFPE, and C/Fi ratio
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Table 2. Skeletal muscle fibre characteristics in young and old men
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Table 3. Skeletal muscle capillarization in young and old men

Fibre
type

YM
(n=22)

oM
(n=23)

Fibre area (pmz)

5716 £393 5899 + 265,
| 6677 = 465* 4940 =216 *

Fibre perimeter (umz)

| 299+ 10 296+ 8

1l 334+ 11* 286 + 8**
Fibre-type distribution >(fibre %)

| 33+3 38+2

] 67 £:3* 622"

Mean + SEM.

YM, young men; OM, old men.

*Significant effect of fibre type (P < 0.05).

**Significant effect for age (P < 0.05).

were significantly greater in YM compared with OM (all
P < 0.05, Figure 1C-D, Table 3). In both groups, CC, CD, and
CFPE were greater in type | compared with type Il muscle
fibres (all P < 0.05, Figure 1C-D, Table 3).

Satellite cell content and distance to nearest
capillary

At rest, the number of type l-associated SC was not different in
YM (10.6 £0.7 Pax7" cells/100 type | myofibre) compared with

Fibre type YM (n = 23) OM (n = 22)
Capillary contacts

| 330+0.24 3.16+0.20

] 2.27 £0.18* 1.90 +0.09*
Individual capillary-
to-fibre ratio (C/Fi)

| 1.76 = 0.08 1.69 = 0.08

] 1.65x0.07* 1.21.£0.07***
Capillary density
(capillaries x mm ™ °)

| 573 +28 542 =32

Il 352 +30* 392 +21*
CFPE (capillaries
X 1000 um ")

| 5.95+0.24 5.75.£0.25

Il 496 +0.24* 4.16 £0.21***
Mean + SEM.

YM, young men; OM, old men; CFPE, capillary-to-fibre perimeter
exchange index.

*Significant effect of fibre type (P < 0.05).

**Significant effect for age (P < 0.05).

OM (10.9+0.9 Pax7" cells/100 type | myofibre; Figure 2F).
However, type Il muscle fibre SC content was significantly lower
in OM compared with YM (7.9+0.7 vs. 11.9+0.7 Pax7"
cells/100 type Il myofibres, respectively; P < 0.05; Figure 2F).

Figure 1 Fibre type-specific staining with muscle capillaries. (A) Representative image of a MHCI/laminin/CD31 stain of a muscle cross section. Single
channel views of (B) CD31. (C) Fibre-specific capillary-to-fibre ratio (C/F;). (D) Fibre-specific capillary-to-fibre perimeter exchange index (CFPE). Values
represent means + SEM; *P < 0.05, significant vs. type |; **P < 0.05, significant vs. young.
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Figure 2 The number of type | and type Il satellite cells per muscle fibre. (A) Representative image of a MHCI/laminin/CD31/Pax7 stain of a muscle
cross section. Single channel views of (B) Pax7/CD31, (C) Pax7/DAPI, (D) Pax7/MHCI/laminin, and (E) CD31/MHCI/laminin. (F) The number of type |
and type |l satellite cells per muscle fibre and (G) distance to the nearest capillary. Values represent means + SEM, *P < 0.05, significant vs. type |;

**P < 0.05, significant vs. young.
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In relation to type l-associated SC, there was no difference in
distance to nearest capillary between YM and OM (14.6+1.1
vs. 15.0+1.2 um, respectively; Figure 2G). There was a greater
distance between type ll-associated SC and the nearest capillary
in OM as compared with YM (21.6+1.3 vs. 17.0+0.8um,
respectively, P < 0.05; Figure 2G).

Satellite cell content, activation status, and
distance to nearest capillary in response to exercise

In response to the single session of resistance exercise, total
Pax7" cells/100 fibres were higher at 24 h but did not reach
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Distance (um)
b

significance until 72h compared with Pre in YM (P < 0.05,
Table 4). Pax7*/MyoD "~ cells/100 fibres did not change from
Pre to 24 and 72h after exercise (Table 4). Pax7*/MyoD"*
cells/100 fibres were significantly increased at 24 and 72h
as compared with Pre (P < 0.05, Table 4).

Pax7*/MyoD" cells were closer to the nearest capillaries
compared with Pax7*/MyoD~ cells both prior to exercise
(Pre) and at 24 h post-recovery (P < 0.05, Table 4). This differ-
ence was abolished at 72 h post-exercise, as there were no
differences in measured distance between SC and capillaries
that were Pax7'/MyoD ™~ or Pax7‘/MyoD" (P < 0.05). Pax7*/
MyoD cells were located closer to the nearest capillary at
72 h as compared with 24 h (P < 0.05, Table 4).
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Table 4. SC activation status after a single bout of exercise in young men
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Cell population Pre 24h 72h
SC (per 100 myofibre)
Total Pax7 " 9.6+1.0 12.0+0.9 12.6 = 1.0*
Pax7*/MyoD 3.1+09 7.7 £0.9% 6.3 +0.6%
Pax7*/MyoD™* 0.1+0.1 2.4 +0.5* 5.3 1.%**
SC distance to capillary (um)
Total Pax7 ™" 16.0+1.6 18.5+2.0 15.6 1.6
Pax7*/MyoD ™ 18315 21416 15.1 % 1.6**
Pax7*/MyoD™* 13,721 5% 15.3:%:2.0%%* 16.0+1.3

Mean = SEM.

SC, satellite cell.

*Significantly different compared with Pre (P < 0.05).
**Significantly different compared with 24 h (P < 0.05).
***Significantly different compared with Pax7 */MyoD ™

Discussion

The present study observes a spatial relationship between SC
and capillaries in both type | and type Il muscle fibres in human
skeletal muscle. We report a greater distance between capil-
laries and type Il muscle fibre-associated SC in OM compared
with YM. In addition, we report that active SC are situated in
closer proximity to capillaries in response to a single session
of resistance exercise as compared with quiescent SC.

It has been well documented that the loss of muscle mass
with age can mainly be attributed to the reduction in type Il
muscle fibre size,"?* directly impacting physical function in
older adults. Likewise, we report significantly smaller type II
muscle fibre size and perimeter in OM compared with YM
(Table 2). Skeletal muscle SC have been suggested to play
an important role in muscle fibre maintenance and remodel-
ling.2* As such, it is hypothesized that a reduction in SC number
and/or function may be a critical factor in the development of
type Il muscle fibre atrophy with aging.2*%® Consistent with
previous literature from our own laboratory® as well others,>%*

we report a lower number of type ll-associated SC in OM

compared with YM. Understanding the sources of impaired
SC regulation in aging muscle is of importance in developing
intervention strategies to more effectively combat the loss of
muscle mass with age.

Adequate muscle fibre perfusion and the consequent deliv-
ery of nutrients and growth factors are indispensable for
muscle mass maintenance.?® However, CD has been reported
to decline with increasing age, with a reduction specific to the
type Il muscle fibres.***®1%27 |n agreement, we report a
~25% lower C/Fi ratio for type Il fibres in OM compared with
YM. Furthermore, type Il muscle fibre CFPE index was also
markedly lower in OM compared with YM. CFPE is
indicative of capillary supply relative to the fibre surface.®
Therefore, a decrease in the capillary-to-fibre surface area
(e.g. a decrease in CFPE) would result in a reduction in diffu-
sional conductance from the capillary lumen to the muscle
cell membrane, potentially limiting the delivery of systemic
nutrients and/or signalling factors to the muscle fibre. There
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within time point (P < 0.05).

are numerous circulating growth factors that control activa-
tion and expansion of the SC pool (e.g. IGF-1, FGF, MGF,
myostatin, IL-6 and HGF).*? Therefore, a greater distance be-
tween the point of delivery and the actual SC may therefore
impact SC function.*®?° Interestingly, Christov et al.** have
shown that a spatial relationship exists between SC and mus-
cle fibre capillaries, with active SC located at a closer proxim-
ity compared with quiescent SC. We extend on these findings
by showing that the distance between a quiescent SC (Pax7*/
MyoD ) and its closest capillary was greater in type Il com-
pared with type | muscle fibres in both YM and OM. Interest-
ingly, the distance between type ll-associated SC and the
nearest capillary was significantly greater in OM as compared
with YM. The fibre-type specificity of this observation is in
line with previous studies***” showing that aging mainly
has an impact on type Il muscle fibres. Therefore, the group-
ing of type Il fibres that has been observed in aging®° may
result in considerably less muscle capillarization and/or perfu-
sion and may play a role in the observed greater distance be-
tween type Il SC and capillaries in OM.

The importance of the spatial relationship between SC and
capillaries is also highlighted by observations made in clinical
populations. Patients suffering from amyopathic dermatomyo-
sitis have a reduction in muscle capillaries without myofibre
damage.? In these individuals, a proportionate reduction in
muscle SC and capillarization in the same muscle has been
observed.’® Importantly, in areas of the muscle cross section
where capillarization is preserved, there is maintenance of SC
quantity.*® Taken together, the observations that individuals
presenting with amyopathic dermatomyositis undergo specific
SC loss, occurring selectively in muscle fibres with a reduced
number of supporting capillaries, are important. Therefore,
we propose that the greater distance between type Il muscle fi-
bre SC and capillaries in older adults is an important factor un-
derlying the impaired SC response to acute exercise® and loss in
type Il muscle fibre size observed in aging muscle.

In YM, a robust increase in SC number and activation status
is typically observed in response to single session of
resistance-type exercise.®*?32 MyoD is a primary myogenic
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regulatory factor known to be expressed during SC prolifera-
tion and during the transition between SC proliferation and
differentiation.>® We observed that activated SC (MyoD*/
Pax7*) were more closely situated to capillaries compared
with quiescent SC prior to (13.7+1.5 vs. 18.3+1.5um,
respectively) and 24h (15.3+2.0 vs. 21.4+1.6 um, respec-
tively) following the single session of resistance exercise.
However, the distance between quiescent SC and the nearest
capillary was markedly reduced between 24 and 72 h of post-
exercise recovery. We speculate that this may be because of a
greater exposure to circulating growth factors (as delivered
by capillaries), which may cause a more rapid activation of
muscle SC closer to capillaries while those with reduced ex-
posure to growth factors remain quiescent. Alternatively, SC
have been reported to have extensive migratory behav-
jour.3%3% As such, SC that are located near capillaries and sit-
uated close to the site requiring repair or remodelling may be
activated quickly, and the reduction in SC-to-capillary dis-
tance observed 72 h following exercise may be reflective of
muscle SC migration.

The results from the present study clearly indicate that the
spatial relationship between SC and muscle fibre capillaries
may be important in overall SC function. Previously, we have
shown that the increase in type Il muscle fibre SC content is
delayed in response to a single session of exercise in older
adults and is accompanied by a blunted SC activation re-
sponse.®® This attenuated response may play an important
role in the reduced capacity of senescent muscle to increase
muscle fibre size and/or mass with prolonged exercise train-
ing.3*37 Whether an increase in muscle fibre capillarization
may optimize SC function during post-exercise recovery, and
thus augment the muscle adaptive response to prolonged ex-
ercise training in older adults, remains to be established.
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CHAPTER 3:

ALTERED MUSCLE SATELLITE CELL ACTIVATION FOLLOWING 16 WK
OF RESISTANCE TRAINING IN YOUNG MEN
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Nederveen JP, Snijders T, Joanisse S, Wavell CG, Mitchell
CJ, Johnston LM, Baker SK, Phillips SM, Parise G. Altered
muscle satellite cell activation following 16 wk of resistance
training in young men. Am J Physiol Regul Integr Comp Physiol
312: R85-R92, 2017. First published November 9, 2016; doi:
10.1152/ajpregu.00221.2016.—Skeletal muscle satellite cells (SC)
play an important role in muscle adaptation. In untrained individuals,
SC content and activation status have been observed to increase in
response to a single bout of exercise. Muscle fiber characteristics
change considerably when resistance exercise is performed chroni-
cally, but whether training status affects the activity of SC in response
to a single bout of exercise remains unknown. We examined the
changes in SC content and activation status following a single bout of
resistance exercise, before and following a 16-wk progressive resis-
tance training (RT) program in 14 young (25 * 3 yr) men. Before and
after RT, percutaneous biopsies from the vastus lateralis muscle were
taken before a single bout of resistance exercise and after 24 and 72 h
of postexercise recovery. Muscle fiber size, capillarization, and SC
response were determined by immunohistochemistry. Following RT,
there was a greater activation of SC after 24 h in response to a single
bout of resistance exercise (Pre, 1.4 = 0.3; 24 h, 3.1 = 0.3 Pax7"/
MyoD" cells per 100 fibers) compared with before RT (Pre,
1.4 = 0.3; 24 h, 2.2 = 0.3 Pax7"/MyoD™ cells per 100 fibers, P <
0.05); no difference was observed 72 h postexercise. Following 16 wk
of RT, MyoD mRNA expression increased from basal to 24 h after the
single bout of exercise (P < 0.05); this change was not observed
before training. Individual capillary-to-fiber ratio (C/Fi) increased in
both type I (1.8 0.3 to 2.0 = 0.3 C/Fi, P < 0.05) and type II
(1.7 £ 0.3t0 2.2 = 0.3 C/Fi, P < 0.05) fibers in response to RT. After
RT, enhanced activation of SC in response to resistance exercise is
accompanied by increases in muscle fiber capillarization.

muscle stem cells; Pax7; MyoD:; capillaries; perfusion

THE ACTIVATION, proliferation, and/or differentiation of satellite
cells (SC) are important events in postexercise recovery lead-
ing to muscle fiber adaptation, remodeling, and repair. After a
single bout of damage (21, 22) or resistance exercise (37) in
humans, expansion of the SC pool is observed by 24 h, peaking
at 72 h postexercise (36). Irrespective of the model employed,
these aforementioned studies (21, 22, 37) were primarily per-
formed on exercise-naive participants. Presumably then, the
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typically observed increase in SC content may be a result of
general stress rather than a refined adaptive response to an
exercise bout. It is well established that repeated bouts of
exercise result in markedly reduced indexes of muscle damage
and stress following subsequent bouts (20). Similarly, exercise-
trained individuals typically demonstrate an attenuated damage
or stress response to a habitual exercise challenge (28, 29, 44),
suggesting that adaptation has occurred. However, whether the
acute SC response following a single bout of exercise is altered
in exercise-trained individuals (i.e., individuals who are accus-
tomed to the exercise stimulus) compared with exercise-naive
individuals following a single exercise session remains un-
known. Consequently, comparing the change in SC content in
the untrained and trained state following a single bout of
exercise can provide insight to the nature of adaptation.

The progression of SC through the myogenic program is
orchestrated by a transcriptional network collectively known as
the myogenic regulatory factors (i.e., MyoD, Myf5, Myogenin
and MRF4). There is relatively little known regarding adapta-
tion in the myogenic program following exercise-training. In
addition, various regulatory factors such as hepatocyte growth
factor (HGF), interleukin 6 (IL-6), myostatin, insulin-like
growth factor-1 (IGF-1) have been shown to be key regulators
in the process of activation, proliferation and/or differentiation
(21-23, 26). Some of these factors are produced locally by
skeletal muscle (27, 39). As an ‘endocrine organ’, skeletal
muscle tissue produces and releases various cytokines that act
in a paracrine, autocrine, or endocrine fashion (27). Consistent
with this notion, it has been shown that the systemic environ-
ment plays a critical role in SC function (3, 9). Although
regulatory signals may originate locally, they may also be
derived from other organs and the broader circulatory system
(42). Therefore, it has been hypothesized that muscle fiber
capillarization may play an important role in the regulation of
SC (5).

In healthy young men, RT is sufficient to promote capillar-
ization (11). The increase in capillary number, induced by
training, likely reflects the necessity to match the demand for
oxygen (15) and nutrients (6, 7) to support growing/adapting
muscle fibers. Furthermore, the increase in capillary number is
larger as compared with the increase in muscle fiber size,
leading to a greater number of capillaries per area muscle,
which suggests a more efficient perfusion of the muscle fiber
following prolonged resistance exercise training (14). Whether
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increased muscle fiber capillarization influences SC regulation
in healthy young adults remains unknown.

We assessed the activation of the SC pool in response to a
single bout of resistance exercise in a group of healthy young
men before (untrained state response; UTSR) and following
(trained state response; TSR) 16 wk of resistance training (RT).
We hypothesized that, following RT there would be an aug-
mented activation of muscle SC in response to a single bout of
resistance exercise and that this would be associated with
enhanced muscle fiber perfusion.

METHODS
Participants

Fourteen healthy young men (YM: 25 £ 3 yr; mean * SE) were
recruited to participate in this study. All participants were recreation-
ally active with no formal weight training experience in the previous
6 mo. The participants in this study were a subset of a larger project
investigating the adaptation of skeletal muscle tissue to prolonged
resistance exercise training in healthy young men and included data
relating to fiber cross-sectional area, strength changes with training,
and expansion of the quiescent satellite cell pool (1, 24). The partic-
ipant selection for the present study was based upon the availability of
tissue for all time points for which to perform immunohistochemical
analysis. Exclusion criteria included smoking, diabetes, the use of
nonsteroidal anti-inflammatory drugs (NSAIDs), and/or statins, and
history of respiratory disease and/or any major orthopedic disability.
The study was approved by the Hamilton Health Sciences Integrated
Research Ethics Board and conformed to the guidelines outlined in the
Declaration of Helsinki. Participants gave their informed written
consent before their inclusion to the study.

Muscle Biopsy Sampling

Percutaneous needle biopsies were taken after an (~10 h) overnight
fast, from the midportion of the vastus lateralis under local anesthetic
using a 5-mm Bergstrom needle adapted for manual suction (2).
Subjects had not participated in any physical activity for at least 96 h
before the biopsy collection before the bout of resistance exercise in
the untrained condition (i.e., before resistance training) and the trained
condition (i.e., following resistance training). The muscle biopsy
procedure was repeated under the same fasted condition (~10 h) 24 h
and 72 h following the single bout of resistance exercise detailed
below. Incisions for the repeated muscle biopsy sampling were spaced
~3 cm apart to minimize any effect of the previous biopsy. Upon
excision, muscle samples were immediately mounted in optimal
cutting temperature (OCT) compound, frozen in liquid nitrogen-
cooled isopentane, and stored at —80°C until further analyses.

Exercise Training

Exercise training was performed four times per week, divided into
two upper and two lower body sessions under strict supervision as
described previously (24). The lower body session consisted of five
exercises: leg press, leg extension, leg curl, calf press, and plank
exercise. The upper body session consisted of six exercises: chest

Table 1. Antibody information

ALTERED SATELLITE CELL ACTIVATION AFTER TRAINING

press, shoulder press, lat pull down, row, biceps curl and triceps
extension. Training progressed from two sets performed at 70% of 1
repetition maximum (RM) to four sets performed at 85% of 1RM,
with the final set performed to the point of momentary muscle
exhaustion. At the conclusion of each workout, and on the mornings
of non-training days, participants consumed a beverage containing
30 g of whey protein, 25.9 g of carbohydrates and 3.4 g of fat
(Musashi p30, Notting Hill Victoria, Australia).

Single Bout of Resistance Exercise

To determine the impact of resistance exercise on SC content and
activation status in relation to RT, participants performed a single bout
of resistance exercise both before and following 16 wk of RT. In
short, the participants completed four sets of eight repetitions each at
80% of 1RM on leg press (Maxam, Hamilton, Ontario), leg extension
(Atlantis, Laval, Quebec), calf press and leg curl (Hur, Kokkola
Finland). The single bout of exercise was performed at the same
relative intensity both before and following RT. The final set of each
exercise was performed to volitional failure (1). A resting period of 2
min between sets was allowed. All participants were verbally encour-
aged during the exercise session to complete the entire protocol. Prior
to and following the resistance exercise, a 5 min warm up was
performed on a cycle ergometer.

Immunofluorescence

Muscle cross sections (7 pm) were prepared from unfixed OCT-
embedded samples, allowed to air dry for 30 min and stored at
—80°C. Samples were stained with antibodies against appropriate
primary and secondary antibodies, found in Table I, as previously
described (25). Nuclei were labeled with DAPI (4',6-diamidino-2-
phenylindole) (1:20,000, Sigma-Aldrich, Oakville, ON, Canada), be-
fore being coverslipped with fluorescent mounting media (DAKO,
Burlington, ON, Canada). The staining procedures were verified using
negative controls, to ensure appropriate specificity of staining. Slides
were viewed with the Nikon Eclipse 7i Microscope (Nikon Instru-
ments), equipped with a high-resolution Photometrics CoolSNAP
HQ2 fluorescent camera (Nikon Instruments, Melville, NY). Images
were captured and analyzed using the Nikon NIS Elements AR 3.2
software (Nikon Instruments). All images were obtained with the X20
objective, and =200 muscle fibers per subject per time point were
included in the analyses for SC content/activation status (i.e., Pax7*/
MyoD™ or Pax7*/MyoD ), and fiber cross-sectional area (CSA), and
perimeter. The activation status of SCs was determined via the
colocalization of Pax7 " and DAPI (Pax7*/MyoD ") and/or the colo-
calization of Pax7, MyoD and DAPI (i.e., Pax7"/MyoD™). Slides
were blinded for both group and time point. The quantification of
muscle fiber capillaries was performed on 50 muscle fibers per subject
per time point (30). Based on the work of Hepple et al. (15),
quantification of /) capillary contacts (CC; the number of capillaries
around a fiber), 2) the capillary-to-fiber ratio on an individual fiber
basis (C/Fi), 3) the number of fibers sharing each capillary (i.e., the
sharing factor), and 4) the capillary density (CD) was performed.
The CD was calculated by using the cross-sectional area (um?) as
the reference space. The capillary-to-fiber perimeter exchange index
(CFPE) was calculated as an estimate of the capillary-to-fiber surface

Antibody Species  Source Clone Primary Secondary
Anti-Pax7 Mouse DSHB Pax7 15| Alexa 594, 488 goat-anti mouse 1:500
Anti-laminin Rabbit Abcam abl1575 1:500  Alexa Fluor 488, 647 goat anti-rabbit, 1:500
Anti-MHCI  Mouse DSHB A4.951 Slow isoform 1:1 Alexa Fluor 488 goat anti-mouse, 1:500
Anti-CD31  Rabbit Abcam ab28364 1:30  Alexa Fluor 647 goat anti-rabbit, 1:500
Anti-MyoD  Mouse Dako  5.8A 1:50  goat anti-mouse biotinylated secondary antibody, 1:200: streptavidin-594 fluorochrome, 1:250

Detailed information on primary and secondary antibodies and dilutions used for immunofiuorescent staining of the frozen muscle cross sections.
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.
10 um

Fig. 1. Fiber type-specific staining with muscle capillaries. A: representative image of a MHCI/laminin/CD31/Pax7/DAPI stain of a muscle cross section. Channel

views of CD31/Pax7 (B) and Pax7/DAPI (C).

area (15). The SC-to-capillary distance measurements were performed
on all SC that were enclosed by other muscle fibers, and has been
described previously as well as in Fig. 1 (25). All immunofluorescent
analysis were completed in a blinded fashion.

RNA Isolation

RNA was isolated from 15 to 25 mg of muscle using the TRIzol/
RNeasy method. All samples were homogenized with 1 ml of TRIzol
Reagent (Life Technologies, Burlington, ON, Canada), in Lysing
Maxtrix D tubes (MP Biomedicals, Solon, OH), with the FastPrep-24
Tissue and Cell Homogenizer (MP Biomedicals) for a duration of 40 s
at a setting of 6 m/s. After a 5-min room temperature incubation,
homogenized samples were stored at —80°C for 1 mo until further
processing. After thawing on ice was completed, 200 ml of chloro-
form (Sigma-Aldrich, Oakville, ON, Canada) were added to each
sample, mixed vigorously for 15 s, incubated at RT for 5 min, and
spun at 12,000 g for 10 min at 4°C. The RNA (aqueous) phase was
purified using the E.Z.N.A. Total RNA Kit 1 (Omega Bio-Tek,
Norcross, GA) as per manufacturer’s instructions. RNA concentration
(ng/ml) and purity (260/280) were determined with the Nano-Drop
1000 Spectrophotometer (Thermo Fisher Scientific, Rockville, MD).
RNA integrity was determined using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Toronto, ON, Canada). Samples were reverse
transcribed using a high-capacity ¢cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA) in 20-pl reaction volumes, as
per manufacturer’s instructions, using an Eppendorf Mastercycler

epGradient Thermal Cycler (Eppendorf, Miss
obtain cDNA for gene expression analysis.

ssauga, ON, Canada) to

Quantitative Real-Time RT-PCR

All QPCR reactions were run in duplicate in 25-pl volumes
containing RT Sybr Green qPCR Master Mix (Qiagen Sciences,
Valencia, CA), prepared with the epMotion 5075 Eppendorf auto-
mated pipetting system (Eppendorf), and carried out using an Eppen-
dorf Realplex2 Master Cycler epgradient (Eppendorf). Primers are
listed in Table 2 and were resuspended in 1X TE buffer (10 mM
Tris-HCI and 0.11 mM EDTA) and stored at —20°C before use.
mRNA expression was calculated using the 224’ method, and fold
changes from baseline were calculated using the AAC, method (18). Gene
expression was normalized to the housekeeping gene [3-2-microglobulin
(B2M). Expression of 32M did not differ between time points.

Statistical Analysis

Statistical analysis was performed using Sigma Stat 3.1.0 analysis
software (Systat Software, Chicago, IL). To assess the long-term
changes in muscle fiber characteristics in response to 16 wk of RT,
two way ANOVA was performed with time (pre- and postexercise
training) and fiber type (type I and II) as within-subject factors, and

Table 3. Skeletal muscle fiber characteristics before and
after 16 wk of resistance exercise training in young men

Table 2. Primer sequences for quantitative real-time PCR Fiber Type Pre Post
Jiber ares 2 ~ " "

Gene Name Forward Sequence (5'—3") Reverse Sequence (5'—3") Fiber area, pum :l :;’;i i :t;:(]) :._]22 i ::;##
Myf5 Fiber perimeter, um? I 294+ 9 309 = 11#
MyoD II 319 = 10* 359 = 18%#
MRF4 Fiber type distribution, fiber % I 333 382
B-2-m Il 67'£ 3% 62 2%

MyoD, myogenic determination factor; Myf5, myogenic factor-5; MRF4, Values are means = SE. *Significant difference between fiber types (P <

myogenic regulatory factor-4; -2-m, 3-2-microglobulin.

0.05): #significant effect of exercise training (P < 0.05).
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Table 4. Skeletal muscle fiber capillarization characteristics
before and following 16 wk of resistance exercise training in
young men

Fiber
Type Pre Post
Capillary contacts I 3.18 £0.17 3.78 £0.22
I 2.12:*0.16* 295 0.21%
Individual capillary-to-fiber ratio (C/Fi) 1 1.71 £0.08 1.94 = 0.03#
I 1.64 £0.09 2.07 %= 0.09%
Capillary density, capillaries/mm? I 586 * 32 640 * 54
II 383 +34% 400 % 33*
CFPE, capillaries/1,000 pm I 589021 645=*022#

I 5.07x0.19% -595:* 0.18%#

Values are means = SE. CFPE, capillary to fiber perimeter exchange index.
*Significantly different compared with type I muscle fibers (P < 0.05):
#significant effect for exercise training (P < 0.05).

appropriate post hoc analysis was performed if interactions were
detected. Separate one-way repeated-measures ANOVA, with time
(Pre, 24 h, and 72 h) as a within factor, were performed to assess the
following: the acute change in satellite cell activity status (i.e.,
Pax7"/MyoD ™~ and/or Pax7*/MyoD" cells); the acute change in
distance of activated SC to nearest capillary following a single bout of
resistance type exercise; the acute change in MRF mRNA expression,
before and following 16 wk of RT. In the one-way repeated-measures
ANOVA design for the acute SC response, postexercise time points
were only compared with baseline, and Bonferonni corrections were
applied to account for multiple comparisons. In addition, to assess the
difference in the acute SC response before and following 16 wk of
exercise training, a paired sample Student’s #-test was utilized to compare
the change in SC content and activation status (Pre vs. 24 h, and Pre vs.
72 h), before and following 16 wk of RT. Statistical significance was
accepted at P < 0.05. All results were presented as means = SE.

RESULTS
Muscle Fiber CSA and Fiber-Type Distribution

Muscle fiber CSA was significantly greater in type II com-
pared with type I, both before and after RT (P < 0.05, Table
3). We previously reported a significant increase in muscle
fiber CSA in a larger cohort (1). Analysis of this subset of
subjects resulted in similar statistically significant changes to
those observed in the larger cohort previously reported (1). The
percentage of type II muscle fibers was significantly greater
than type I fibers (P < 0.05, Table 3); muscle fiber type
distribution did not change with RT. After 16 wk of RT, there
was a significant increase in both type I and type II muscle fiber
CSA and perimeter (P < 0.05, Table 3). Furthermore, after16
wk of RT, type II muscle fiber CSA was greater than type I
(P < 0.05, Table 3).

Table 5. Fiber type-associated SC content and distance to
nearest capillary before and after 16 wk of resistance
exercise training in young men

Fiber Type Pre Post
SC, Pax7" cells/100 myofibers 1 109 £ 0.8 13.4 = 0.6#
11 11.9 + 0.8%  15.6 = 0.9*#
SC distance to capillary, pm I 15:2:%1.0 13.9 £ 0.7
11 16.8 £ 0.7* 15.9 = 0.9*

Values are means = SE. SC: satellite cell. *Significant effect of fiber type
(P < 0.05); #significant effect for exercise training (P < 0.05).

ALTERED SATELLITE CELL ACTIVATION AFTER TRAINING

Muscle Fiber Capillarization

There was greater CC (the number of capillaries around a
fiber), C/Fi ratio (capillary-to-fiber ratio), CFPE (capillary-to-
fiber perimeter exchange index), and CD (capillary density) in
type I compared with type I muscle fibers (P < 0.05, Table 4).
In both type I and type II muscle fibers, CFPE and C/Fi was
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Fig. 2. Characterization of the activity status of satellite cell (SC) after a single
bout of resistance exercise before (UTSR: open bars) and after 16 wk of RT
(TSR; filled bars). Quantification of these cell populations as total number of
Pax7" SC (A), number of MyoD*/Pax7* (active SC; B), number of MyoD /
Pax7" (quiescent SC; C) per 100 myofiber before, 24 h, and 72 h postexercise
recovery. *Time effect vs. Pre (P < 0.05); bar indicates that effect of time is
present for both before and after 16 wk of RT. #Significantly greater (P <
0.05) increase with time TSR vs. UTSR. Values are means = SE.
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