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Abstract

Skeletal muscles make up 40% of body weight in humans. Any compromises in muscle function will cause
major consequences to the quality of aperéos | 1 f e . It I s therefore ext
maintained in a state of homeostasis. To do this, muscle fibres that become damaged must be repaired by
tissueresident musclstencells throughout the life of an animaéveratiifferentkinds of musclessociated

cellshave been describadgluding the two main populatisrsatellite cells (a population of muscle stem

cells) and fibro/adipogenic progenitors (FAPS) (a populafiamesenchymal stem cell§)sing zebrafish as

a model, themportance of musclassociated cella maintaining muscleomeostasis demonstrateddur

labhas previously generatadollazbasedransgenidine that labelsollagerexpressingellsin zebrafish

Usinga combination oimmunohistochemistrgndconfocal microscopyl characterize the dynamics and
function ofcollaZ muscleassociated cells. A developmental time cosinegsthatcollaZ intramuscular
cellsincrease in numbers during juvenile staljagsponse tmuscle injurycolla2 muscleassaiatedcells

are expanded and contribute to muscle regeneraf@metic ablatiorof collaZ cells, results in a
compromised regenerative resporidsing Cremediated lineage tracinghe developmental origin of
intramuscular cellss tracedo the dermongtome and sclerotome, two scitimpartments of the embryonic

somite Finally, characterization @fcolla2mutant line of zebrafisfuggestthat Typel collagen is important

for maintaining musclentegrity. Theseobservatios suggesthe importance afolla2 muscleassociated

cells in maintaining muscle homeostasis and for producirttaellular matrix (ECMpithin the skeletal

muscle issue to prevent degeneration.
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Chapter One: Introduction



1.1: Introduction

Skeletal muscle cellsre a unique cell tydgecaus¢hey are multinucleated and form as long fibres
bothinvivoandinvtroRe s ear ch t hroughout the 19500ckatef.ocused
At the time, it was thought that multiple nuclei arise from either the division of nuclei wsthgl@myotube,
or the fusion of mononucleated myoblasts with other mononucleated myoblasts and multinucleated
myotubes. In 1961, it was definitiyefietermined that the latter is the cg@eoper and Konigsberg, 1961;
Stockdée and Holtzer, 196 1frollowing these discoveries, a population of cells was identifsgtt electron
microscopyas being very closely associated with muscle fammesvas referred to as a satellite @éduro,

1961) Furthermore, similar populations were found inrtiie@nd the mouse model in later yé&idly and

Zacks, 1969; Ontell and Kozeka, 1982grhapshe most interesting discovergroe in 1971, when it was
determined thathese satellite cells asesource of nucldor newly formedmultinucleated musclftores

(Moss and Leblond, 1971These early studies exemplify the importance ofmagcle cells in the
maintenance ofmuscle fibrg, whichwe have termed muselssociated celldn recent years, several
populations of musclassociated cells have been identified as having crucial roles during both muscle
homeostasis and muscle regenerdfladson et al., 2013; Wosczyna anddRea 2018) A summanof the

different types of musclassociated cellEnd their functionsan be founéh Table 1

1.2: Somitogenesis and somite compartments

During development, somitéerm asbilateral structuresn segmented animals. Once properly
paterned, the somiavill give rise to many different tissue types including the skeletal mésstamite can
be further subdividedinto threeseparate&ompartments that are known as shler@gome, myotome, and
dermomyotome(Figure 1.1). How these struates come intexistenceas of great interest to the scientific
community as mangssueshroughout the body ari$e®m somites In early somitogenesis, the presomitic

mesoderm begins to segmeitd small blocks of tissugsomites) at very specifgpatal intervak and in a
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repetitivemannerDepending on the speciesw many somites are present and how long it takes for each of
them to form is highly variahl@hecurrent model of somite formation is knowrttas clock and avefront
model(Gibb et al., 2010)n this model, it has been determined tatch signalingoropagategrom the
tailbud and is seen as a wave until it reaches the position htautgwv somite will form. This wave is what
describes the fAclocko of the process. Where th
wavefront is defined by the intexgion of retinoic acid signaling coming froamterior structures, and
fibroblast growth factor (FGF) and@/nt signals coming from the tailbud. A schematic of this model can be
seen irFigure 1.2

After formation of the somite, it further subdivides itieee separate compartments, the sclerotome,
the myotome, and the dermomyotorftee €lerdome idocated at the ventral side of the somite and is known
to give rise to the vertebrae and cartilaginous strucfGiasst et al., 2004)The initial formation of the
sclerotome is highly dependent on induction by the notochord as the sclerotome does not form in a notochord
deficient anima{BrandSaberi et al., 1993yhe myotomeis located centrally within the soma#adbegins
asa group of pioneer yotomal cells that will elongate to form the first muscle §lwihin the somite
(Kahane eal., 1998a)This initial formation of muscle fibres is known as the first wave of myogenesis in the
developing somite. A second wave occurs latecands exclusivelfrom the dermomyotom(&ros et al.,
2004; Kahane et al., 1998hhe dermoryotome is located near the surface of thetsapn the lateral edge
Along with the dermomyotome giving rise to muscle, khiswn to contribute to the formationtbedermis
(Gros et al., 2004)n fact, it hasalsobeen shown that cells of the dermomyotome give rise to satellite cells
(Gros et al., 2005; Schienda et al., 20018) the zebrafishpnany of these processes are conse®ed
advantage towstlying the zebrafish is that live imaging can be done from the time of somite formation to fully

matured muscle fibreSoon after soite formation in the zebrafisthte ent i re somite wi | |
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rotation, whichmoveghe anterior portion of the somite on the lateral su(factiway et al., 2007; Stellabotte
et al., 2007§Figure 1.3) This lateral surfacdefines the embryongiermomyotomen zebrafishOurlabhas
also added to the research on sclerotome develophasvihgthatthe zebrafislsclerotomelso has a dorsal
compartmeniand that the sclerotome can also give rise to tendbjeest al., 2018)
1.3: Myogenesis

Skeletal muscléorms when cells within the myotome of teemites enter the myogenic lineage
pathwayand begin to fuse together to form myotulbes cellsto enter the myogenic lineage, they must
sequentially express genes that are in the family of myogenic regulatory factors ([MtiRFs)1.4). MRFs
are trangription factors in the dsic helixloop-helix family thatregulate the differentiation ohyogenc
progenibrs and maintain muscle specific gene expregdammit et al., 2006 he first of the MRFs to be
expressed ar®lyogenic factor §Myf5) and Myogenicdifferentiation 1(MyoD), which is followed by
expression oMyogeninand therMrf4. Mice that are deficient for boltyf5 andMyoD lack the ability to
form skeletal muscle progenitors and therefore lack skeletal nalistdgether(Rudnicki et al., 1993)
However, this is not the only time that cellsstrenter the myogenic lineage. Throughout the life span of the
muscle, fibres can become damaged or lost due to amdrwill theefore need to be repaired or replaced.

Tissue egeneration requsethe activation of tissue resident stemiscéhat prolierate and
differentiate into their specific tissue typBsiring development, stem celi® set aside amdaintained as an
undifferentiated cell until triggered to enter the cell cyitleskeletal musclet)e satellite cells are these stem
cells thatare set aside and maintadhn a quiescent statmtil activated'Schultz et al., 1978following
musck injury, satellite cellbegin to sequentially express the MRIrsilar to that seen during development
(Cornelison and Wold, 1990nce activated, satellite cells can repair damaged muscle fibres tbmeuafh
two different mechanisms, 1) by fusing with existing muscle fibres, or 2) by fusing with each fativar to

new muscle fibore¢However, in aged mice, satellite cells have a reduced capacity to proliferate and
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differentiatelf these older satéé cells are transplanted into young mice, they regain their abjlitgliferate
and differentiate(Carlson and Faulkner, 1989)his study suggests that the activation and eventual

differentiation is regulated by extrinsic factors from the surrounding environment
1.4: Muscle-Associated Cells

Manydifferent populations ahuscleassociated cells are known to modulate the homeostasis of the
muscle tissue including satellite cellsyist2 muscleprogenitors, pericyte®WI'/Pax7 interstitial cells
(PICs) fibro/adipogenic progenitors (FAPspnnective tissue fibroblasandtenocytesTable 1). Also, of
great interest to the topic of regeneration is the involvement of many immune cell types sutbphsges,
eosinophils, and-fegulatory cellsOf these populationsf muscleassociated cellsome are shown to be
myoganic, while others are shown to be more of a support cell for the myogenic populations. In this section,
differentpopulations as well as the controversies surroundingshistudied paationswill be discussed
1.4.1: SatelliteCells

The satellite celk a very wellstudied population due to its early discovery and its importance during
the process of muscle repair and regeneralisrmentioned previously, it was identified using electron
microscopy and can provide muscle fibres with nuclei, attndpedi its multinucleated characterisidong
with these observationthe satellite cell can be found underneath the basement membrane of the muscle
fibres and projects shorprocesses in parallel with the muscle fifiéebster et al., 2016A very well-
establishednarker of satellite cells is the transcription fagaired box 7(Pax?. In Pax7" mice, satellite
cells are absestiggestinghat it plays a key role intaer the generation of satellite cells or the maintenance
of the quiescent sta(€eale et al., 2000} was later showthrough ablation of Pax&xpressing cells that
satelite cells are absolutely required for proper regeneration of injured skeletalstiLeyojeer et al., 2011,
Sambasivan et al., 201However, it was still unclear as to the exact role of Pax7 in quiescerteszati.

Further researclidentified that Pax7lays key roles inpromoting proliferation, and inhibiting the
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differentiationtowards the muscle &f{Soleimani et al., 2@). It was also determined thahenPax7is
degradedby Caspase,3he myogenic differentiation of the satellite £l initiated (Dick et al., 2015)
Together, lese studies confirm that Pax7 promotesqgtiescence of the satellite cpbpulation until
activatedby a variety ofdifferent activatiorcues Another characteristic of satellite cells is that thayergo
asymmetricell divisions which is a mechanism usedeapopulate the satellite cell pgkiluang et al., 2007)
Thesatellite cell imlsoconserved imvertebrate models such@ssophilamelanogasteaindcan be marked
by the expression afhl, a zinc finger homeodomain transcription fa¢@iraturvedi et al., 2017)

Much of the current research surrounding satellite cells has shifted towards studying the heterogeneity
of this population. During homeostasatellite cells will continuallgontribute to muscle fibresroudout
life, buttheir numbers and activities differ depending on which muscle tissue is aliélyetet al., 2015)
However, debate over the specificity of this contribution exists. Since there are multiple ftgigsta
andllb/x being fast twitch fibres and tybéeing slow twitch fibes, it is easy to believe that thiéferent
types are created from distinct subpopulations of the satellite cell pool. In recent years, it was determined that
aportion of the satellite cell population remains quiescent over long periods of time ahedawvalled
Al abel r liaceals(Chakkalgkal et al.a2@)dMore recently, it was discovered that this population
can be labelled by the coexpressiofPak7,Pax3andMx1 in adult mice(Scaramozza et al., 2019; Der
Vartanian et al., 201%1owever, this populatiowas deterimed to haveorestrictiondo the type of muscle
fibresit produces. Instead, it is a population tiaa lower levels of oxidative stress and Ig antivated with
extreme stresses such as environmental pollutants and radiation.

Going back to the myoge lineage that was discussed above, it has also been determined that the
satellite cell population in homeostatic mice exist in many differenttijpiignal states within gamyogenic
lineage suggesting an overall heterogeneity within the populgii@mo and Doles, 2017During

homeostasisatellite cells arthereforeactivatel independentlyfeach other. However, during injury, many
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satellite cells areoordinatedand most satellite cells progress to the later states within the myogenic lineage
(expression oMyoD andMyogenin. The few satellite cells that do not exprig®D or Myogeninare
thought to be a subpopulation tkatfrenews and remains as a stem (&allang et al., 2007)his self
renewal characteristic of only some of the population further complithée idea ofsatellite cell

heterogeneity-How satellite cells choose to undergo differentiation oireewal is highly debated.

1.4.2 Twist2" Muscle Progenitors

While the satellite cell hadeen the mairfiocus of skeletal muscle regeneraticesearchother
populationof muscleassociated cellsave been implicatebhaving myogenipotentialsA population of
cells expressing the gefavist2was identified adeingmyogenic(Liu et al., 2017a)The expression of
Twist2is specific to interstitial cells between muscle fildresvever, this Twist2 population does not express
Pax7and there are far moiievist2 cells tharPax7 satellitecells. Previously it wasshown thaffwistl, a
paralogue of wist2 has annhibitory effect on myogenesgislamamori et al.,997; Hebrok et al., 1994
the study by Liet al. (2017), it was shown that/erexpression ofwist2in vitro results in a maintained
progenitor statesuggestinghat it possibly works similarly tdwistl to prevent myogenesigollowing
differentiaton, this population loses expressioiaist2making it difficult to determine what cell types this
population gives rise to. Using lineage tracing technjgiveis2” interstitial cells give riséo type llb/x
musclefibres only. This population has bedarther characterized and the specifititytype 1lb/x muscle
fibresis due to chemorepellent cues coming from tyged typela fibre through &ema3aNrpl signaling
axis(Li et al., 2019)
1.4.3: Pericytes

Pericytes are closely associated with blood vessels, distinct from satelliteutetigirability to
generate new muscle fibrbas been debated. Undiervitro conditions, pericytesolated from human

skeletal muscle tissuae multipatent with the ability to differentiate into muscle fib(&ellavalle et al.,
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2007) It was later showthatlabeling ofskeletal musclgericytescould be done in mouse usialaline
phosphatases a markdiDellavalle et al., 2011)Vhen using this marker, pericytes are shoviorto muscle

fibres andcontribute tdhe pool ofPax7 satellite cellsAnother study shows that the pericyte population can

be subdivided into two populatioidgstiri/NG2" andNestiyNG2', type 1 and type2 respectivelyBirbrair

et al., 2013)Typel pericytes were shown to expredateletderivedgrowth factor receptorb (PDGFRD)
andcontributes tadipogtes while type2 pericytes are myogenic. However, a more recent study shows that
pericytes marked by-box 18(Thbx1§ are plastic under in vitro conditions, but not in vivo as previously
described for typ@ pericyteqGuimardesCamboa et al., 201 AVhile the literature omericytes remains
controversial, the discrepancies are likely due to the incomplete understaraingaopericyte is defined

and what markers are used for the population. Many of these studies define pericytes as being perivascular
and expressing previsly described pericyte markers, but the reality is that further characterization needs to
be done taoule out the labelling of otheell populations by accident.

1.4.4:PW1/Pax7 interstitial cells (PICs)

Similar to pericytesPW1I/Pax7 interstitial cells (PICs) are another controversial population of
muscleassociates cells with myogenic potenBdCs are interstitial cells that atefinedby thepresencef
PW1/Peg3®xpressiorand the absence Bax7expressionin vitro studies show that these cells have the
potential of forming myotubes irRax*dependent mechanigMitchell et al., 2010)t was later discovered
thatPW1can be used to label subpopulations of all muscle resident stem cell/progenitor populations, again,
bringing yp the question of how a population of cells is defifahnerec et al., 2013)Iso, moststudies
done to show myogenic abilities have been done imuaiang it difficult to conclude that they are myogenic
in vivo. It is possible tht PICs arepartially committed in vivodue to thesurrounding micrenvironment

whereas PICs in isolation v back to the multipotent state

14



1.4.5: Fibro/adipogenic Progenitors (FAPS)

While many different populations of muselssociated cells are shot be myogenic, a population
known as fibro/adipogenic pregitors (FAPSs)also callednesenchymal stem/progenitor cells (MS@s
nortmyogenic(Joe et al.2010; Uezumi et al., 2010, 201EAPS are a population of cells that are distinct
from satellite cells and marked by expressiorPlateletderived growth factor eptorU (P d g)f r U
Following muscle injury, FAPs will proliferate antbdify the stem cell nichi® help promote regeneration
After their proliferative phase, these cells will undergo apoptosis to reduce the numbers back to a normal level
(Lemos et al., 2015¥ his process is important for the prevention of muscle fibrosis following injury.

A unique feature dfAPsis that theyhave been shown give rise to both fibroblasts and adipocytes
andnot muscle fibregJoe et al., 2010The choice as to which cell type BAP commits to seems to be
depedent on the surrounding environmeAtipogenic differentiatiorby FAPsonly occursfollowing
glycerol injection or in models of fatty degenerafidezumi et al., 2010)t wasrecently shown that FAPs
are ciliated andespond to Hedgehog (Hh) signaling during muscle regengiétipimke et al., 2017Hh
signaling in FAPs modulates the differentiation of FAPS to adipocytes, aviagteofHh signaling induced
adipogenesidn contrast, dferentiation into fibroblasteccurs in modelsfanuscular dystrophgind aging

where fibrais is a common hallmar&rfmuscle degeneratigdezumi et al., 2011)

1.4.6:Connective Tissue Fibroblasts

Using Transcription fator 4 (Tcf4) as a marker, researchers halgeidentfied a population that
partially overlapsvith FAPS called connective tissue fibroblagtéathew et al., 2011; Murphy et,£011)
Similar toFAPs, these connective tissue fibroblasts arem@mgenic antbcdize within the interstitial space
between muscle fibregvhile this popultion is labelled byl cf4 andAlpha-smooth muscle actig}SMA),
they are also shown to exmd3 d g,fsugiesting thathey may representt subpopulation oFAPS.

Following ablation ofhe Tcf4" population, satellite cells exhibit a reduced capacity to differeatidtespair
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injured muscle fibre@urphy et al.2011) ConverselyTcf4 cells fail to proliferate following injury when
Pax7 satellitecells are bhlated However, during chronic degeneration of muscle tissue, this population can
be detrimental because it appears to be the main source of musc@lortiseras et al., 2018)is perhaps

this population of FAPSs that need to undergo apoptosis for proper muscle reggiheratiret al., 2015)

1.4.7: Tenocytes

Besidesnuscleassociatedells that lie between individual muscle fibres, there is a specialized group
of fibroblasts that localize to tineammaliariendon Tendonsrea unique type of connective tissue timids
the muscle fibres to the bones and adiéov the transmission dbrces from the muscle to the skeleton
facilitating movemenitStructurally, tendons consist@fvery dense netwioof extracellular matrix (ECM)
proteinsand specialized fibroblast cells known as tenocytesse tenocytes are responsible for depositing
theECM molecules to form a structure known as the myotendinous junction. One of the ways that tenocytes
regulatethe composition of the ECM molecules within the myotendinous junction is threughnscription
factor, ScleraxigScy, which is known taegulate a variety of ECM genes such as colla(ieijard et al.,
2007) Using aScxknockout mouse, it was also shown Betis requiredor the proper differentiation of
tendon progenitor@viurchison et al., 2007Dne of themost commonly usedharkersto label properly
differentiated tendocellsis TenomodulifThmd (Brandau et al., 2001xperimentdn chickshave shown
that tenocytesriginate from amall region between the sclenme and myotome that has been called the

syrdetomegBrent et al., 2003)
1.4.8: Immune-Muscle Interactions During Muscle Regeneration

1.4.8.1: Innate immune system during muscle regeneration
Innate immunity is primarily thought of as first line of defense when it comes to infectious disease.
However, it is now being studied with respect todts during regeneration of a variety of tissue types. In

skeletal muscle specifically, the innate immune system has been shown to ihfittesue very rapidly
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following injury. The complement system appabethe first to infiltrate the damagédsue and is shown
to cause the recruitment of other immune ¢Elisnette et al., 2000)he mast cell is also one of these early
innate immune cells to ittfiate injured muscle tissu¢Collins and Grounds, 2001; Gorospe et al., 1996)
Once at the jored site, mast cells secrete FTNBnd many other inflammatory cytokineshich in turn will
recruitand activatether cell typesTheneutrophil is anotheype ofinnate immune cedthat is recruited to
a muscle injury by mast ce(Bumont et al., 2008}-ollowing infiltration, the neutrophils will clear debris
and secrete cytokines that will recruit macrophages to the injuryigisdly, eosinophils are known to
cooperate with FAPs by the secretion of intéated (IL-4) and interleukirl3 (IL-13) (Heredia et al2013)
These signals are important for FAP proliferation and activation at the injured site.

Macrophages ageratherinteresting innate immune cbicause their cellular state is tisspecific.
Within the skeletal muscle following injury, there twe types of macrophages tirdtitrate, M1 type and
M2 type. The M1 typeor inflammatory typehas been shown to be importentemoving debris from the
injured site as well as promoting the recruitment of satellite(Biamonti et al., 2013Yhe M2 type of
macrophagénowever, is anihflammatory and prevents the damage causedIbynnfatory immune cells
from getting out of han@\rnold et al., 2007)n fact, the induction of artflammatory cytokines will trigger
the switch of an M1 type macrophage into an M2 typeaRlss of the type, both madnage subgroups
are essential for proper regenerafiohazaud et al., 2009; Liu et al., 2017b; Middel et al., 201 ¢p\éral.,
2016)
1.4.8.2: Adaptive immune system during muscle regeneration

Less information is known about the adaptive immune system and its importance during muscle
regenerationl-cells have been identified as a populationftimations during muse regeneration by further
promoting macrophage infiltratigdhang &al., 2014) T-cells have also been shown to promote satellite cell

expansiorwhen cecultured in vitrg(Fu et al., 2015) ike macrophages;dells also come in manyffdrent
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states and often hadéferentroles during infection and regeneration. Of interest to muscle regeneration is a
population known as-fegulatory cells (Tregs). During muscle regeneraficegs are recruited to the injury
site by FAPs through iatleukin33 (IL-33) (Kuswanto et al., 2016)he ecruitmenbf Tregsappears to be
associated with the pioflammatory to preregenerative stages of the repair prodespleing the Treg
population dung injury repairesulsin a prolongedhflammatory stagesuggesting a role in promoting the
switch(Burzyn et al., 2013)
1.4.9:Collagen Expressing MuscleAssociated Cells

Another method for visualizing museéesociated cells is through the use@bH al:GFPreporter
mousgChapmantal., 2017)Using this lineChapmaret al.identified three gtinct populations of collagen
expressing musckassociated cells based on the expression of the mariatsgrinandStem cell antigen
1 (Scal). Purification techniques in pristudies show thaisingantibodies againgt fintegrincan isolate a
pure population of muscle progenitor cédanceBose et al., 2001pcal expressing cells on the other
hand have been shown to be Rmyogenic in culturgyotentiallyrepresenting theAP populatiorbased on
previous isolation techniqudgdoe et al., 2010However,these assumptis were not confirmed with
additional marker analysi$he third population #t the authors isolated was negative for both markers and
was termed as a populatiorfibfoblasts since they expresanyECM molecules, such as fibrillar collagens
While it is known that this is a heterogenous populationetaet populations and thextentof the
heterogeneity is still unknown.
1.4.10: Telocytes

Finally, we come to a population of cells that has only been characterized using electron microscopy
known as a telocyte. Morphologically, a telocyte has many long cellular projectionqsabto# from its
cell body which have been called telopo€baitow, 2017)Very little is known about the functionality of

thesdelocytes, but tiey are predicted to be highly communicative. In the skeletal muscle, electron microscopy
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showstelocytesbeing present in the interstitial sp&Pepescu et al., 201Interactions between telopodes
and a variety of diérent cell types, including satellite cefind other teloytes can be observed. Sométwf
proposed markers of telocytes inclu@gveolin 1(Cav]), Vimentin (Vim), and cKit. As discussed
previously, vimentin has been shown to be a markatonhective tissue fibroblasts. It is therefore
inconclusive as to whether these identified pofuathave overlap and to what extent.

In many cases, we rely amolecularmarkers to define a specific population of cells, but some of the
most commonly usesharker may not be the most suitable for marking pure populations of one cell type.
How to define &ell is becoming a large topic of debate in current research. Are we truly defining a new cell
type or are we just seeing different cellular states ofthe sell type? Regardless, further research is needed
to determine the different functions of eawfi type/state to better understand processes such as muscle
regeneration. Currently, we know of four different populations of masslaciated cells thate myogenic:
satellite cellsTwistZ muscleprogenitors, pericytes, and PICs. However, it is micewhether these four

populations are truly distinct from one another.
1.5: Muscle-Associated Cellsn Zebrafish

One limitation ofusing mice to study the process of muscle regenerationdgfitty of live in
vivo imaging Many of the studies tate rely on fixed tissue samples to visualize a single snapshot of a highly
dynamic processresearchers have turned to the zebrahghto itstransparency during developmant
stagesilowingfor visualization otellular dynamic$ollowing muscle injuy. In thelarval zebrafishmuscle
progenitor cellarelabeled by Pax@nd Pax3showing thehigh degreeof conservation betwedish and
mouse muscle progenitotdowever, due to the duplication of the teleost genome, zebrafish possess two
separate Paxgenespax7aandpax7bBased orthe expression dynamics of Pax7 genes, mpsaigenitors
within the zérafish embryo can be divided into three separate populations; the first expessaanly,

the second expressipgx7bonly, and a population otxdtexpressing cell&nappe et al., 2015; Pipalia e
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al., 2016)Whenembryoniamuscle fibres are damageabst of the responding cells a@x7apax7bduat
expressing cells, which most frequentlseiuvith the damaged fibrde authors also show that low numbers
of pax7aonly cells respond by forming nascent fibies also showrhatpax7aexpressing cells respond
differently to large and small injuri¢knappe et al., 2015)sing apax7a:GFPtransgenic zebrafish, they
showthat muscle fibres produced followingmall injury are noGFP'. In contrast, large injuries produce
GFP fibres following repairTogether, these studies present evidence for the complexity of the regenerative
processwith different injuries evoking different responses from different gplég This furthers he
argument of heterogeneity within the satellite cell population

As mentioned previously, satellite cells are known to be dermomyaterred(Gros et al., 2005;
Schienda et al., 2006 zebrafish, the dermomyotome is also refdoed the external cell lay@evoto et
al., 2006; Hammond et al., 200ifwas originally described irebrafish in 1969 as a group of flat cells on
the surface of the myotome, but was not gitierdermomyotome designatiMiaterman, 1969%imilar to
other species, the cells of the external cell layer are muscle progenitors and give rise to muscle fibres
throughout developmeiRecently, the external cell laygas shown tgive rise to deep fibrassociated cells
thatundergo asymmetric\dsion when activated following injur§Gurevich et al., 2016 hisis consistent
with studies in moseard is thought to be the early satellite cell population in zebr#fisheir study, they
determined thatmet a known marker of satellite cells in rodents, marks satidéteells in larval zebrafish
and is specific to interstitial myotomal ceflowing muscle injurycmet cells divide and give rise to one
daughter cell expressing ordgnetwhile the other daughter cell expresses botbtandmyf; one of the
MRFs required for progression through myogenic differentiation.sliggests that marf the common
features seen for satellite cells in mice, hold true when using the zebrafish as a model.

Another common characteristietween the zebrafish and mouse mdgl¢hat Pax7 muscle

progenitors are present in adult zebrafdgmntification of hese progenitors has been confirmed through both
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in vivo imagingand in vitrofibre isolation which is commonly used in mouse mod8erberoglu etla

2017; Tee et al., 2012; Zhang and Anderson, 281t zebrafish musclerpgenitors appear to be localized
mainly to thelateralmuscle, an area that is populated by the slow twitch muscle (ft@dseroglu et al.,

2017) Very fewPax7 muscle progenitors appear in the deep tissue where the fast twitch muscles populate.
However theresponsef these Pax®ellsto an injury issimilar tothat of the mouse. Thdiyst migrate to

the area of the injury and begin proliferating. Following their proliferation, many of the daughter cells begin
to differentiateSince Pax7 shows little expression throughout the fast twitch musclertroprgait is not

clear whethePa(7 labelingrecapitulates the total number of mustémprogenitorcellsin adult zebrafish.
Current reearclsuggests thatmetmay be a better marker for this population in juvenile zebrafish as it marks
muscleassociated cells within the fast twitelgiongGurevich et al., 2016)

Studies on adult myogenesis in zebrafish up to this pei@blean Imited to just a handful of studies
(Berberoglu et al., 2017; van Raamsdonk et al., 1983; Rowlersoid @@).most of which use needle prick
injuries rather than cardiotoxin and glycerol injectitmthese studies, they show twerall organization of
muscle in the adult zebrafidiow muscle regenerates following injury, and that Pax7 is necessanpier
muscle regeneration. Besides the overall organization of the muscle fibre types, the majority of the themes
remain conseed in zebrafish muscle regeneration.

While FAPs are still an uncharacterized population in the zebrafish, tenocytes aretdkimvn
present. However, there are differences in the localization of this population due to the different structural
architecture of the muscles. In the zebrafish, the muscle fibres do not attach directly to the skeleton. Instead,
the somites are sepacitey myotendinous junctions that are comprised of many different ECM molecules.

It is at these myotendinous junctidrat the muscle fibres attach to transmit forces on the axial skétleton.
was further determined that the cells present at these jurastidmghly analogous to tenocytes of the mouse

and chick in that they express many of the same ECM geiobsasnnd, a variety of different collagens
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and the tenocyte progenitor marlger(Bricard et al., 2014Jt has alsdoeen shown in the zebrafish model
that mproper maintenance of the myotendinous junction by tenocytes results in severeletaguisent
(Subramanian and Schilling, 201%his demonstrates the impaitaole thatenocyteplay in maintaining

overallmuscle integrity.
1.6: Muscle Degeneration and Conective Tissue Disorders

By far the most common and wkiiown muscle degenerative disorder is Duchenne Muscular
Dystrophy (DMD). DMD is causdaly defects in the connection between the muscle fibre and its surrounding
ECM (Rahimov and Kunkel, 2013yhe most common defect occurs in thetgn Dystrophin, which is an
intracellular scaffold protein within skeletal mus&gstrophin allows for the contractile structures within
the muscle to become attached to the extracellular envirormeergtthe dystrophirglycoprotein complex
(DGC). The main functionof Dystrophinwithin the muscle fibres is to protect the membrane from
mechanical stresses caused by muscle contréegtmof et al., 1993HoweverDMD is not the only form
of muscular dystrophy that can occuth@typesinclude Limb-Girdle Muscular Dystrophy ar@dongenital
Muscular Dystroples which areslightly different from DMD because they do not affect Dystraghithe
case of LimkGirdle MusculaiDystrophy the defect can be foundsarcoglycan, whicls a component of
the transmembrane portion of the DGC. Congenital Muscular Dystrophies have a variety of different causes
and new forms of this condition are still being defined today. One in particular is caused by mutations within
LamininlU 2 ,  wthe cantact poist between the transmembrane domain of the DGC and thEHECM.
suggestshat defects in the ECNhat attaches indirectly to the DGC colddd to muscle degenerative
disordes

Defects in the ECM have been broadly teremedonnective ssie disorderg'he ECM is made up
of a variety of different proteinaf the glycosaminoglycan, fibrous protein, and +matiagen glycoprotein

families. By far the most abundant proteins within the ECM are part of the collagen farbiiguf proteins.
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Cdlagen exists in many different forms including fibril forming, fitadisociated, and network forming to

name a fewRicardblum, 2011)Fibril forming collagens give the tissue tensile strength to resist stretching
forces. Of the 28 known collagen subtypes, 7 are fibril forming, types I, I, 1ll, V, XI, XXIV, a0dIX

These collagns constitute the majority of collagens found throughout the Dgoly IV Collagenis also a

highly abundantCollagenand makes up the basement membrane of every tissue type including skeletal
muscleWhile many proteins exist within the ECM of skelataiscle, only one subtype of collageoilagen

typeVI, has been described eausinga form of muscular dystphy when muated However, two
connective tissue disorders associated to defects in fibril forming collagens, Osteogenesis Imperfecta (Ol) and
EHersDanlos Syndrome (EDS), have reported muscle weakness in patients.

Ol is named as such because there are signifiefattsiin the bone of individuals affected by the
disorder, with the most common conckeingthat the bones fracture very easiliieTmain contributor to
these defects is mutations that affect the structure and processing of type | collagens, vehitioss th
abundant of the collagen proteins and is found in almost everyttissughout the bodyResearch on the
disorder has mainfipcused on the bones and why they become fractured so easily. Recently, an interesting
connection was made between theghainenotype and overall muscle mass in mouse modelgJs#dDby
et al., 2018; Tauer and Rauch, 20THe conclusns were that increasing the overall skeletal muscle mass
helps to prevent bone deformities. This suggests that marey/lmbrile phenotypes seen in patients with Ol
could be caused by underlying defects in the skeletal muscle tissue.

EDS on the other hdnis another fibril forming collagen associated disorders, which is primarily
caused by defects in the structure and peieg of collagen types |, 1, and V. A wide range of phenotypes
is seen depending on the underlying mutation, but some commaoedeatong the majority of EDS patients
is joint hypermobility, skin hyperextensibility, and tissue fradflifiglfait et al., 2017)The most severe cases

of EDS fall under aubgroup known as vascular EDS, which is associated with defects inctylfzeél.
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Due to type lll collagen being important for providing structure to the blood vessels, the mairpelsehaty
are clinically presented are easily ruptured blood vessels. Patients with these defects often die prematurely due
to aortic aneurysel However, many of the other subgroups of EDS have a relatively common occurrence of

muscle weakness suggestingneaommon and overlapping symptoms to patients with Ol

1.7: Rationale and Hypothesis

Our lab has recently idenéfilseveral populations Gfollagen 1aZcollad* muscleassociatedells
in the adult zebrafish. | hypothesize that thesdaZ muscleassociatectells are essential for the
maintenance of muscle throughout the life of the animielfirst part othisthesis, | highlight m§indings
oncollaZ cells with a focus on theollaZ muscleassociatedells(collaZ intramuscular cellsollaZ
dermomyotomdike cells, and tenocytesind how they function duringomeostatigyrowth and muscle
regeneratiorin the second partshav evidencdor thesomiticorigins ofadult zebrafish intramuscular cells
using Cremediatedineage tracing techniques. Finally, | demonstrate the importance E€¥en the
maintenance of skeletal muscle. Usirmpda2mutant line of zebrafish, | shahow the loss of a key ECM
proteinresults in thelegenerabn of skeletamuscle. Through these studies, | emphasize the importance of

collagerexpressing cells in maintaining the homeostasis of skeletal muscle.
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Chapter 2. Materials and Methods
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2.1: Zebrafish Strains

All zebrafish strains used in this thesis were maintained using standard cemtlitiorocedures
were conducted with respect to the guidelines outlined by the Canadian Council on Animal Care. All
protocols werepproved by the Animal Care Committee at the University of Calgary (#8028). The
transgenic strains used wetella2:Gal4(Ma et al., 2018; Sharma et al., 2QX®1a2:GFP(Ma et al.,
2018) ctgfa:Gal4, lyzC:Lasp2aYFP (Oehlers et al., 2015pax7b:GalFF (Pipaliaetal., 2016) pdgf r U: N
P d g-RRP{b-actin:GFRP d g-C (EldRass et al., 2017) p d gRFi(Abdo & all 206; Whitesell et
al., 201), ptc2:EGFRCreERT2,nkx3.1:Gal4Ma et al., 2018shha:CreERT2JAS:CreERTZSharma et
al., 2019)UASEGFP,UAS:NTRmCherryUbi:loxP-GFP-STORIoxP-mCherry(Ubi:Switch)(Mosimann
et al., 2011)Ubi:Zebrabow(Pan et al., 2013ard wifl:Gal4. All of the Gal4 and UAS lines were created
through Tol2 mediated transgeseshha:CreERT2s from MarieAndrée Ak i me ncklla®® | ab .
mutant line was maintained as heterozygdtesnozygousnutants were obtained through heterozygous

intercrosses.

2.2: Vibratome Sectioning

Sacrificed zebrafish were fixed in 4% paraformaldehyde (PFA) Bitdéthyl sulfoxide PMSO)
in a 5ml or 50ml conical tube depending on the number of Agter fixation of juvenile or adult zebrafish,
they were degicified in0.5M Ethylenediaminetetraacetic adel¥TA) at eitheroom temperaturd(T) for
ddayor 4eC for 7 day sn3wekksolcda notneed o leellecaciisdes/dondte s s t T
have calcified borge After decalcification, zebrafish were washedPimosphate Buffered SalinBRS
(Table 2), cut so that only the trunk betwede dorsal and anal fins were |eiinbedded in 20% Gelatin
(made in PBSand fixed overnighin 4% PFAIn their original conical tubeg\fter fixation, gelatin blocks
were washed in PBSx 10 minutes eadnd mounted on the vibratorse that posterior facing upwards

and the ventral part of theHigs facing the bladevibratome sections weabtained using a speed of ~3.00

26



(0.1225 mm/sand a vibration frequency setting eBn a Leica VT1000S vibratomiglost transverse

sectionswere madetoathickne of 150 em,5bQ@temome were 250
2.3: In Situ Hybridization

In situ hybridization wasonducted initiallyising standaritro blue tetrazolium chlorid&-Bromo
4-chloro-3-indolyl phosphat€NBT/BCIP) single in situ hybrigation procedurefsom our lah Briefly, on

day 1, sections were washed in PBS + 0.1% tween (PBT) 4 xufesnin per meabi |l i zed u:
Proteinase Kor 30 minuteswashed in PBT 2 x 5 mites, refixed with 4% PFA for 30 mirtes, washed in

PBT 3 x 5 minites, put into prehyhdizaton solution(Table 2) for 2 hours af 0 ga@d finally hybridized
overnightwiththeolla2za nt i sense pr ob eollaZrobéWas r@nove®from ithessgctiols, t h €
and washed in 100% prehybridization solution, 75:25 prehybridization s@Mi&SC(Table 2) 50:50
prehybridization solution:2X SSC, 25:pkehybridization solution:2X SSC, and 2X S$®.1% tween
(SSCT)forS5mirutess each at 70eC. Sections watsandlkR2n wast
mnutess i n 0. 1X SX§ &Gtionswere pr€art@ antidddy stainingvashing in 75:25 0.2X

SSCT:PBT, 50:50.2X SSCT:PBT, 25:75 0.2X SSCT:PBT, and PBT for Butes each. Blocking was

done in 2ng/ml BSA +5% sheep serum in PBT for 2 hours at RT. Antibody was dilt&€80in blocking
solution and sections were incubated in this ov
the antibody solution ¥ 25 mirutes in PBT. Sections were the preparedBiT/BCIP staining by washing
3x5minutesin NTMT(Table2) NBT (33. 75¢l per 10 ml) and BCIP
stock solutions into NTMT. Incubation was done in the darkale#it staining could be sedtiter staining

was complete, sections were washed 4 x &tesiin PBT and equilibrated $9% glycerol before mounting

onto aslide.Several modifications to the protocol were tried to improve staining of adult zelmafisation

in 100% nethanolovernight at2 0 ev&3 used to pretreat vibratome sections. The incubation timiy of
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€ g / prateinase Kranging from 0 minutes to 3 houas)d antibodies r angi ng from overni
h o ur s werd altered l@¢ol1a2 antisense probe used was digoxigenin (DIG) labeled.

For in situ hybridization on cryosectioresimodifiedprotocol wa obtained from the Burns
labto accommodate the use of slidBgefly, cryosections were defrostatlRT for an hour before
washing 2 x 5 minute in Millipore water. Endogenous peroxidases were quenched by incubating
the slide in 3% HO> in methanol andnen washed 2 x 5 minutes in Millipore water. Todla2
antisene probe was diluted 1:200 in prehybridization solution and denatured for 10 minutes at
70¢C. For the probe incubation, a hybridizat:
1X salts(Table 2) + 50% formamide at the bottom of a slide box. Slidesenplaced so that the
sections |l aid flat above the solution (not to
coverslip was placed over each. The incubation chamber was then carefully wragpegvimap
and placed i n a eféertightoQneay 2ashimy sdlutioa (1X% SSC + 50%
formamide + 0.1% TweeB 0) was preheated to 65eC. Cover sl
slides into fresh wash solution. Slides were
Slides were thn washed in 1X Maleic Acid Buffé¢irable 2)+ 0.1% Tweer20 (MABT) 3 x 30
minutes at RTSlides were put into an incubation chamber with paper towel wet with PBS and
incubated in blocking solution (MABT + 2% Blocking reagent (Roche) + 20% sheep serum) at
RT for 2 hours. After blocking, arbIG AP antibody was diluted 1:4000 in blocking solution was
added to the slides (300 €l) and a coverslip
was done overnight at 4 e Cowingday, theslides\wene washed on ¢
8 x 20 minutes in MABT and then 3 x 10 minutes in NTMT. Staining wag @oriNBT/BCIP
(3. 5¢l each per ml) diluted in NTMT + polyvin

staining, Slides were washed 4 x 5 mewuin PBT before mounting with a coverslip.
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2.4: Immunohistochemistry

For antibody stainingvibratome section were washed with PBS + 0.8% Triton (PBTriton) 3 X 5
minutes. Antigen retrieval was done by incubating the sections in 150 mM TisH®IQ for 5 minutes at
RT and then 15 minutes at 70eC. After antigen r
permeabili zed wi t h 30Inbhutes. Gectiois wdrertren refixed ia 4%e PFA for 20 r
minutes at RT. After fixation, sgons were washed 4 x 15 minutes in PBTriton and blocked for 2 hours at
RT in PBTriton + 1% BSA. Primary antibodies were diluted in blocking solution and sectiomsowbeted
overnight at 4eC. The foll owi ng 18 migutes RBfritoomar y a
Secondary antibody was then diluted in PBTriton and sections were incubated in this solution overnight at
4 e Mfter incubation in secondary antidhg sections were washed 5 x 15 minutes in PBTriton and check for
staining by confocamicroscopy.Antibody staining was done for the dystroglycan protein using anti
dystroglycan supernatant (1/20)Secondary antibody was conjugated to A#88 (1/500). For
immunohistochemical stains suchzasP1 (1/1000), Sytox Green (1/20,000), DRAQS5 QD) and Alexa
633 conjugated Phalloidin (1/50@ections were first incubated in PBTriton%al a y s . @he stathe C
were then diluted in PBTriton and the sectimsr e i ncubat ed overnight at 4«
were washed 5 x 15 minutes in PBTriton and equilibrated into 50% glycerol for confocal microscopy. In
cases where stains warsed alongside antibody staining, the stains were incubated iméeaation as

the secondary antibody.
2.5: Cryosectioning

For embryonic cryosections, fixed embryos were cryoprotected in 30% sucrose until they sunk to the
bottom of the tube (~20 mutes). Once in 30% sucrose, the embryos were transferred to OCT compound
(VWR) and oriented to obtain transverse sections. Oreged, the OCT was frozen-8t0 €S@me dult

zebrafish were fixed in 4% PFA and embedded exactly as esxBtier adult ebrafish were sacrificed and
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filleted beforeimmediately embedded in OCT usik®y0 e C i s Aftgr sentibnangntieese fresh filte
were fixed in 4% PFA for 30 minutes in a slide holddter fixation, the slides are washed in PBS for 30
minutes and aitried for at least 2 hours at RT. Once air dried, the slides are ste#ed gt C. For al |

tissues used3-20¢ ntransverssections were obtained using a Leica cryostat
2.6: Hematoxylin and Eosin Staining

Cryosectios were stained with hematoxyland eosin using standard proceduBegfly, slides
were incubated in hematoxylin for 3 maies in an opaque coplin jar. The slides were therdhniie running
tap waterfor 2 mirutes. Slides were then transferred to a coplin jar containing eosincaéted for 30
seconds. Finally, slides were rinseith running tap water for 2 mires and then air dried. Slides were left

as air dried or mounted in glycefol microscopy
2.7: Muscle Injury

Fish were anaesthetizeding MS2225 ml 0.4% TricaingTable 2) + 125 ml fish waterand
injected intramuscularly -W0otdMeCaherotldxich. sk rjr
using an insulin syringe and a dissection microsdojeetion was done into the trunk of the zebrafish just
posteior to the dorsal and anal $nThe depth of the needle prick was controlled by a stagpeplatform
of the microscope was covered with cling wrap aaetpaper towel. Anothexet paper towel was used as a
blanket to hold the anaesthetized fish ircg@uring injection After injection, zebrafish were recoveiied
system watein isolation for the first 2 days after injury. For recovery times longer than 2 days, injured

zebrafish were put back into circulating tanksl being sacrificed and fixed.
2.8: Cell Ablation

colla2:Gal4; UAS:NTRnCherrytransgenic zebrafish were incubate® imM metronidazolen
system watefor 72 houran the dark The metronidazole solution was changed every 24 hours. Before

changing the solution, the zebrafish weredied left in their holding tanks for 18D mins before moving to
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the new metronidazole solution. After the 72 hours of incubditiermetronidazolsolution was gradually
removed by several system water changes over the course of dridowere allowetb recover for 48
hours and then injected with 15 e¢L ofFshweeeM Car d

put back to circulatinganks befordeingsacrifieedat 7 daysafter injury
2.9: Cre-mediated Lineage Tracing

In embryonic zebrah, Cremediated lineage tracing was done through incubation of transgenic Cre
recombinase lines inl 0  4hytiroxytamoxifen (4OHT) for the specified amount of time at the desired
stagesAt adult stages, Crmediated lineage tracing was doneviy different methods. The first attempted
protocol was to incubafshi n U-OldTNbr 12 hours followed by #2-hourchase in system vweatand
another 1zhour4-OHT incubation. After this treatment, zebrafish were fixed-aBland 9weeks post
treatmen{wpt). For the second protocahic u b a t i oHOHT +r1% DMSE dr 17 hourg/as done

After this treatment, zebrafish were fixed 12 days tpestmentdpt).
2.10: Standard Length Measurements

Standard lengt{SL) is defined as the distance in miktars from the tip of the snout to the beginning

of the tail fin(Parichy et al., 2009y 0 measure this, a dissection microscope and ruler were used.
2.11: Microscopy and Image Processing

For confocal microscopy, an Olympus FV1200 inveméztoscope was used with 2QX75 NA),
and 30X(1.05 NA silicone oil immersigmbjective lensedmage tiling was performed for imaging full
sectionausing the multarea tool on th®lympus softwareTo image in situ hybridization results, @ica
M165 FCand a ZeiséxioimagerZ1 were used. The Zeigsioimager Zlused 20X@.50 NA), 40X 0.75
NA), and 63X {.4 NA oil immersiohobjectives. ImageJ software was used for confocakimemgessing.
Forquantification ofpercent regeneratiamFigure 3.13 ROIs were drawaround the injured tisspand he

area of the ROl was measuréte amount of phalloidiimuscle fibresverethen measured usifiga n al y z e
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parti cl es 0 reaofphalgpidirt staiaing withix ke ROThegphalloidin area was then divided by

the total injured area to assess the proportion covered by muscle fibres. For uninjured fish, the entire lower
right quadrant of the section was measured for comparisovalddiswere normalized to the uninjured

controls that did not receive MTZ incubatiéior quantification of muscle cross sectional aré€guare 5.2

each i mage was analyzed in ImagedJ. As bektore, t
patc | es® on t he c¢ han ke duantficatmmof dgstfoglycdn antensiteesigliie m2 on |l vy .
4 ROIs of the same size were drawn (one in each quadrant of each section) and the average intensity was
measured for the green (dystroglycamd ble (nuclei) channels. The dystroglycan intensities were
normalized to the nuclei intensities to get an accurate measure of the normalized intensity for each section

(dystroglycan/nuclei).
2.12: Statistical Analysis

Graphed resudtwere plotted usimp GraphPad Prism software. Statistical significamoP-values
weredetermined using a MaiWwhitney Utest andlesignated by asterisks as follows: < 0.0001 (***), <

0.001 (***),<0.01 (**), <0.05 (*), and > 0.05 (nsot significant
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Sol ut i For ma
80 g NacCL
2 g KCI
14. 4 HP ONa
10X PB] 2.4 HPPRH
800 ml Mi |l i pore water
pH adjusted to 7.4 with HC
Fill to 1 L with more Mil/|
175.3 g NaCcCl
88. 2 g Sodium Citrate
20X SS 800 ml Millipore water
Adjust pH to 7.0 with a fe
Adjust to 1 L with more Mi
5 ml 1 M Tris pH 9.5
1 ml 5 M NaCcCl
N 2.5 ml I M MgC
(80mI) 550 wow-zraween
Fill to 50 ml with Millipo
500 ml For mami de
250 ml 20X SSC
. 0.5 g Torula yeast tRNA (S
IDr;Jnnyi' 0.05 g Heparin
1 ml Tween 20
9 ml 1 M Citric Acid
240 ml Millipore water
0.4 g Tricaine
| 2.15 ml 1M Tri sHCI pH 9.0
554?1T;; 90 ml Millipore water
Adjust pH to 7.0 with 1 M
Fill to 100imli woté water M
114 g NacCl
14.04 g Tris HCI pH 7.5
1.34 g Tris Base
7.1 g°PCNaH
100 ml 0.5 M EDTA
Fill to 1 L with Millipore
58 g Maleic Acid (sl owly d
5X Mal ei 43.8 g NaCcCl
Buf fer 1 L Millipore water
AdjpBtto 7.5 with NaOH (he

TablkorR2mul as for reagents wused.
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Chapter 3: Collagen Expressing Cells in Adult Zebrafish
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3.1: Introduction

Severalpopulationsof muscleassociated cells play an integral part in the homeostasis of skeletal
mugle. It is therefore important that we understieddifferent types of cells that are present and how they
function duringnuscle development, growtmd repair. In thishapter, the worloneto characterize novel
populatiors of muscleassociatedellsin the adult zebrafiswill be discussedrhese musclassociated cells
are thought to play important roles during muscle homeostasis and regengsatigracolla2:Gal4;
UAS:NTRmCherry transgenic zebrafish, Have characterizeé collaZ muscleassociatd cells during
juvenile and adult growthJsing in situ hybridization andl1a2:GFPtransgenic zebrafish, the expression
dynamics otolla2 are also presegt.| also shovthatcollaZ cellsexpandiuring muscle regeneratiand
contribute to the foration of new muscle fibreg\lso, throughmetronidazolenduced cell ablatiomf
collaZ cells, | show compromised muscle regenerafibrough these studies, we can concludectiiag2
labels musclassociated cells that are important for the formafioiew muscle fibres during homeostasis

and regeneration.

3.2: colla?labelsseveralmuscleassociateccellsin adult zebrafish

To determine thdistributionof colla2 cells, | usedtolla2:Gal4; UAS:Kaedgigure 3.1A) and
colla2:Gal4; UAS:NTRnCherry(Figure 3.1B-F) transgenic zebrafisiThrough confocal microscoply
identified threepopulatiors of collaZ muscleassociated call One such populationan be seen lying
between muscle fibrasith several long processes that appear to be interactingwigthboring fibres
(Figure 3.1A 3.1B,and 3.1D) For the rest of this thesis, | will refer to these celtsa@lda? intramuscular
cellsh Another population ofollaZ muscleassociated cells that che seen is the tenocytaleng the
myotendinous junitns(Figure 3.1A, 3.1C, and 3.1D)The finalcollaZ muscleassociated population that
can be seen is a layer of cells on the surface of the nfiegtiee 3.1E) Also, at the surface of thessue

several muscle fibres appear to be mChéfigure 3.1E). This suggests that this layécellsthat are
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Figureharacterization of coll agen Ae)
col 1az2: Gal 4 ;ad uzAsEh rkeafleidsels Kaede expre:
intramuscular cells (arrow) and teno:
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collaZ could be muscle progenitaepresenting a dermomyotosiiies population. For the rest of this thesis,
| will refer to this population aéollaZ dermomyotomdike cellsh Aside from the mscleassociated
populations colla2:Gal4; UAS:NTRnCherryalso appears to label cells of the skin, scaled bone
associated celi§igure 3.1Eand 3.1B. In conclusion| identified three populations afollaZ muscle

associated cellsollaZ intramusalar cells, tenocytes, andl1la2 dermomyotomdike cells.
3.3: collaz intramuscular cellsincrease in number and density during juvenile

development

To further characterizenlla2 muscleassociated celladevelopmentaimecoursdrom 2 weeks
post fetilization (wpf) to 12 wpfwas collectedo determinethe appearance and progression of each
population. At each timepoint, Bolla2:Gal4; UAS:NTRnCherry zebrafish were fixedsectioned
transversely and counterstairveith phalloidin and sytox gredfrigure 3.2) At 2 weeks post fertilization
(wpf), tenocytesaindcollaZ dermomyotomdike cells are already present. However, orgvacollaZ
intramuscular cellare present at this timepo{figure 3.2A and 3.2G) At 4 wpf, tenocytes, armbl1a2
dermomwptomelike cellsare still preserandcolla2 intramuscular cells are still low in numbéFgure
3.2B and 3.2H) Similar patterrs of expressiomersisthroughout the rest of the stages analyzed (6 wpf, 8
wpf, 10 wpf, and 12 wpflith the only exceptiobeing that theol1laZ intramuscular cells appearit@rease
in numbesas the fish agdfigure 3.2GF and 3.2HL).

To better chracterize theol1la2 intramuscular cellgjuantificatiors of collaZ intramuscular cells
and muscle fibres at each stages doneusing 4 sections from each fish anl #hsets from each section.
Following quantification, the number afl1aZ intramuscular cells per fibre appears to inceasthe fish
grow from 2 wpf to 12 wpfFigure 3.2M). Thisincreaseénowever, does naiccurbetween 8 and 1@pf,
suggesting a possible change in the dynamicsldf2 intramuscular cedl between these two stages.

further quantified the density thifemuscle fibrgby dividing the fibre counts by the total are@ach inset.

38



colla2:Gal4; UAS:NFRCherryPhalloidinNuclei

2wpf 66.5mm 4wpf 1E12mm 6wpf 1516mm 8wpf 1921mm 10wpf 2E23mm 12wpf 2425mm

a sk 0.015- 0.003 ok k|
o 157 ns "
o Fkkk & & 5
iT — o . )
::g‘; . Py Ng_ ek 4%. ns .‘ ek
= ] < 0.0104 - s 00024 — * h
3 10 L % z & o 2 .
£ 2 L & ?
_ [+] ©
E *kkk L) —_— *kkk =
S sl = &% o~ 2 8 0.0051 _ 3 0.001 >
e e L h, =
.,

& % :
E = ’ £

0.0 —— T T T T 0.000 41— r r r r ' 0.000

2wpf 4wpf 6wpf 8wpf 10wpf 12wpf 2wpf 4wpf 6wpf 8wpf 10wpf 12wpf 2wpf 4wpf Swpf 3wpf 10wpf12wpf

39



Figure 3. 2 z&hiaovoal clead2p r essi ng cell s thro
devel ofge)ntTr ansver se sceoctliao2znsGad 4nCjh WA & iNIz
stained with phalloidin (-Gedd) 2anwde eskyst opxopsfti
mCherry e(xgprreeesns)i oins seen in intramuscul ar
der mo myloitkoenec el | s (cleolnlgs asrurrorwosuyn,dianngd t he n
fish. At 4-Honopw,p f(6B( @ond)w,H 8 D -Jad)dw pJfl 0( EKbada)d d |
wpf (FLO@MAdhdrry expr easlsli omf itshe exeaaméa ncel |
label iinngt rcafmu s c ul aa ntdeenlolcsy t (easr if(oawsr)®avd lena sl4s 3 9
stage.antM)f iQuati on of the number of intrai
of muscle fibre densityl afOxeQuluanmteinfsiid gt
average of 4 insets per se€5iowmm. (SN Emfdmr (:
1686 mm (62wpmm, (&D%pmn, (2A &pfinm and xpf)
as mean i+s tSiDc NSt Martegystlal Pes: **** < 0.0001

em (FA ,em5 @LG .

40



This revealedhat the musclefibresdensityis decreasing between each stage except for 10 and.Tehspf
suggests that hypertrophy of the muscle fibres is occurring at all stages beforg¢FigungoB.2N) Of the
stages analyzed, the largest amountwgcle fibre hypertrophy appears to odmm 2 wpf to 4 wpf with
the stages between 4 wpf and 10 sipbwingrelatively stable rates of hypertroplhyalso quantified the
density ofcollaZ intramuscular cellby dividing the total number of cells in &aoset by the area of the
inset. Fr eachtime point the density ofol1a2 intramuscularcells continuallyincreasdrom 2 wpf to 8 wpf
(Figure 3.20) This is followed by a sharp decline in the densityahifa2 intramuscular cellat 10wpf,
which therincresses at 12 wpf. Altogether, this data suggests thebtha? intramuscular cellare actively
proliferating between 2 wpf and 8 wiphere appears to be no biagalflaZ intramuscular cells to either
slow twitch @ fast twitch regions at all gfas.In conclusion, tenocytes andl1a2 dermomyotomdike cells
are consistently present at all stages analyzed, edflla2 intramuscular cellincreasen numbers during

juvenile growth.
3.4 ldentifying markers of potential subpopulations ofcolla2 intramuscular
cells

Due tocollaZ intramuscular cellseing presernin the adult zebrafist wanted to characterize their
identity todeterminef they represenany of the already identified populations of musalsociatedellsin
mouse and humarsince satellite cells arthe best known and most important population for muscle
homeostasis and repaipax7b:Gal4FF; UAS:EGFRPipalia et al., 2018)ansgenic zebrafish was used to
identify pax7bexpressing satellite cells in juvenile and adeftirafish(Figure 3.3A and 3.3B). During the
juvenile stages (2 wpf and 4 wpf) mastx78 cells are found irthe presumptive dermomyotome and
between muscle fibres, mostly in the slow twitch area of fibresp&erts cellsbetween muscle fibresuld
be found in the fast twitch muscle area, which is not the caselfa2 intramuscular cellsThis suggests

thatpax7b cellsrepresent a different population thwiilaZ intramusculacells.In adultpax7b:GalFF;
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UAS:EGFPtransgenic zebrafish, no labeling can be seen in any structure,cotidnbedue toweak
expressioras Pax7 antibody staining doabdl satellite cells in adult zebrafi@erberoglu et al., 2017)
However, Pax7 antibody does not discriminate betywaersandpax. Thereforeit remains possiblinat
pax7bexpressiofs absent in adult zebrafish satellite cells.

P d g ndRJd g hawvebbeen shown to label FAPs and pericygspectivelyFor P d g,fwe U
obtaineda gene trapping transgetiiee, p d g f-p dJg-MiR B P-actinsFRp d g-€ (p 9 g MRFBIN
short)(El-Rass et al., 207, in which thep d g demeltdis been split by mRFP and a ubiquitously expressed
GFP. The mRPis fused tdhe Nterminus ofp d g dnd GFP is fused to thet&minus op d g. tJsing)
thep d g mRFBrransgenic zebrafish, noanuscular cellappeared to be label@@gure 3.4A and 3.4B.
Instead, autofluorescence of the extracellular matrix (ECM) can be seen in both the red and green channels
because higher amounts of lase&re used compared to tleella2 transgenic The autofluorescence is
stronger in the green chanma the crostinking of the ECM fluoresces in the Wyfeen wavelengths
(Voytik-Harbin et al., 2001Howeverthep d g f r Uinedid@HaBel clusters of celiiowing an absence
of autdluorescencéhat sit at the end of the myotendinous junctions on the sufiadhe other hand, a
p dgf B UASaNTRmMCherrytransgenidine did label adult pericytes-igure 3.4C). To determine if
thep d g tcellstare alsgollaZ | wanted to uséhe colla2:GFPline. Unfortunately,colla2:GFPis too
weak and did not label maoglla2 intramuscular cell§igure 35). In conclusionp d g f r Udoes RoF P
label intramuscularcsllbup d g f r b : Ga | #mEhermyddds®hildNtTs fkely thatthep d g*tetisb
are pericytes and most are visibly next to blood vessels, further investigation will be needed to determine if
p d g'fcdllstare alsoollaZ orifallp d g fcallshre gricytes.

colla2:Gal4; UAS:NTRnCherry labels manyintramuscular cells. It is therefore likely that
subpopulatiosof collaZ intramuscular cellexist From previous work in our lalyif1:GFP transgenic

zebrafish can be used to lapak7expressing callbetween muscle fibres at 5 days post fertilization (dpf). It
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is therefore possible thatfl also labels a population of muscle progenitors during juvenile and adult stages.
Sincewifl:GFP is a rather weak transgenic lingfl:Gal4; UAS:NTRmCherrytransgenic zebrafish were

used to identifyvifl expressing cells in juvenile and adult zebrafish. At 4 wpf, intramuscular cells that are
mCherry can be seen sparsely throughout the m{Bigjare 3.6A-C). Interestingly, several small muescl

fibres can be sedhat are also mChefrfFigure 36B-E), sluggesting thatvifl™ cells are myogeniBased

on the location and pattern of these fibres, they are likely slow twitch and intermediatedibR&amsdonk

etal., 1982) This pattern psists to adult stages, however, the muscle fibres that appear to be labeled by
mCherry are mostly intermediate fibres between the fast twitch and slow twitcH{Fegime 3.6FJ). Also,

of note is that theif1* intramuscur cells are more ramified idalt stages and appear to be in clusters. It is
unknown whether these clusters are in the same position when comparing different fish. However, their
morphology suggests thaifl could be labeling a subpopulationasfilaZ2 intramuscular cells. Future

experiments will need to be performed to determine the relatioofthipse two populations

3.5: Staining ofcolla2 intramuscular cells using in situ hybridization

To fully characterizeolla2 intramuscular cells, their identity must be confirmed by Eouksitu
hybridization ofcolla2with the other known markers of muselesociated cells. However, this technique
has not been used extensively for studying adult zebrafish and will firébesoptimized using single gene
in situ hybridization. Wha mount in situ hybridization of adult zebrafish that had been deskinned was
initially attempted using standard whole mount procedures. This proved to be difficult as heavy amounts of
backgroundstaining (hazy staining throughout tissue) could be sedifishaand most real staining (dark
purple staining within specific cells) was present on the surface of theFigguwe 3.7) To try and increase
the accessibility of thiissueto the prole, adult zebrafish were fixed with 4% PFA atetalcified with0.5M
EDTA for at | east 4 days at RT or 5 days at 4eC

sectioned to a variety of thicknesses ranging frord61600 € m. | nionon these vitragone | di z a t
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sections had variable resuivith specific staining appearing most heavily in younger zelfifigive 3.7CG
J). Zebrafish at 3 dpf showed normal and strong staining after being vibratomeeddotifore staining
(Figure 3.7C) At younger juvenile staged4 wpf(Figure 3.7D)and15 mm SL(Figure 3.7G) staining for
colla2was relatively strongAs we progressed to later juvenile stages, 6 (igre 3.7E), 18mm SL
(Figure 3.M), and 20 mm SkFigure 3.7), colla2staining started ttade and was natiways visible in
certain pag of some sections. Finally, in fully adult zebrafisigear post fertilization (ypfjFigure 3.7H
and 23 mm Sl(Figure 3.7J), the vibratome sections show either very light staining or no staining at all for
colla2 As staining focolla2was not alwayaniform for each of the timepoints tested, it is unclear whether
1) the permeability of adult muscle is different than youfigerwhich prevents staining, or 2) there is
substantiallyeducedolla2expression in adultompared to juveniles

Toruleout he permeability possibility, | perform
generated from cryosectioned musdelrgosections were originally made from fixed adult trunks, however,
they were fragile and dried up very quickly in th€Rigure 3.8A and 3.8B) Cryosectioning on fresh adult
muscle fillets showed better tissue integrity after sectioning. Using theg Halarprotocol for in situ
hybridization showed successtudl1a2 staining in 3 dpf transverse cryosections with some background
staining, while adult zebrafish showjedt background staining (hazy and repecific)(Figure 3.8C and
3.8D) To try and minnize background staining on cryosections, a new protocol for the Burns lab was
obtained and tested on the same set of slidel.tki¢itnew protocol, staining on 3 dpf transverse sections
showed specific staining the correct locatiofFigure 3.8E) Howe\er, no staining in the adult secton
could be seefirigure 3.8F) Together,hiese results suggest that¢tbH.a2gendikely has low expression in

the adultghat is below the threshold of detectimyregular in situ hybridization techniques.

54



3.6: Adult collaZz muscleassociated cells are myogenic during muscle

homeostasis

To determine the function @blla2 muscleassociated dis, | preformed Crenediated lineage
tracing to determine the fateafl1a2 muscleassociated cell®reviouslyusingcolla2:Gal4; UAS:NTR
mCherryzebrafish, it was determindlaat several small fibres on the surface of the mupgeaa to be
mCherry (Figure 3.1 and 3.2) This suggests the presence of an adult dermomyotome in zekrhith
has previously been proposed based on the evidence of small cells at the surface of timejunesdie
zebrafish(Hollway et al., 2007)ThereforecollaZ muscleassociatedellscould becontribuing to overall
growth and homeostasis of skeletal muscle. To testatis2:Gald; UAS:CreERT2; Ubi:Switttansgert
zebrafishwere usedb do lineage tracing on adatil1aZ cells In this transgeniting, all cells begin as GFP
expressing cells. The indtion of Creeecombinase results in the excision of Gititch allows for mCherry
to be expressed. Since the @Greontrolled by theolla2 promoter and enhancer regions, we restrict its
activity tocolla2 cells. We also control the activity of Cre lgihg it to the estrogen receptor. Under this
control, Cre remains in the cytoplasm ufilydroxytamoxifer(4-OHT), an analogue of estrogen, is added
to the system. I n this exper4OnEfori2hoursfaiowddbyaz ebr af
12-hour chase in system watend then another2-hour incubationin 4-OHT. Following this treatment,
&Gwitchedfish were fixed at-1 3, and 9wpt. At 1 wpt, very few mCheriycells could be seen, however, a
small cluster of mCherfymuscle fibres could be seffigure 3.9A and 3.9B) At 3 wpt more mCheriy
muscle fibres can be seen in a large clustar the susice(Figure 3.9C and 3.9D) This trend continues to
9 wpt with nore clusters being visib{gurface and deep fibrggjgure 3.9E and 3.9F) This data suggests
thatcollaZ muscleassociatedells are continually contributing to the formation and growthuafcle fibres.
However, the amount &witchingithat was done/as minimal in these experiments. To try and increase the

amount ofswitching) 1% DMSO was 4@HT andincubationtwaselond oves M hours
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continuously. Afer incubation ofcolla2:Gal4; UAS:CreERTZ2; Ubi:Switchebrafish, fixation
was done at 12 dpt. While it is difficult to determine whetis&ritchingdwas more efficient in
this case de to low n number, clusters of mChéernguscle fibres can be seen ashe previous
experiment(Figure 3.10A and 3.10B) In another region of the section however, an mCherry
intramuscular cell is present, but it is ressociated with any mChefrynuscle fibregFigure
3.10C) These results suggest tbatla2” muscleassocited cells are contributing to fibres during

homeostasis, but not all intramuscular cells are equitzalen

3.7:collaZz muscleassociatedcellscontribute to skeletal muscle regeneration

Muscleassociated cells have been extensively studied with respbeirtooles during muscle
regeneration. As discussed in the introduction, several different types of cells are important for the process of
muscle repair. Thereforguscleassociated gulations labeled bgolla2likely play a role during muscle
regenerabn. One of the most widely used protocols to damage skeletal muscle in the mouse is cardiotoxin
injection. Cardiotoxin is a small peptide toxin that has been extracted from snake Masdaxin causes
muscle hypercontraction, which ultimately resultthe death of the fibrésllowed by the induction dhe
regenerative response.

To determinavhethercardiotoxin causemuscle damage adult zebrafish, cardiotoxin injections
wereconpared o PBS i nj ecltniotnisalateXpedi marcths ukmeng 10¢
amounts of death, with about three quarters of the injectéti i) dying within a day after injectioiMost
of the PBS injected fish survived withly a fev deaths within a day after injecti®i22) An undergraduate
student in our lab, Lucy Yang, tested a variety of different concengraticardiotoxin and determined that
l1eM showed a si mil ar mo rUsirgthigechniquel testeevhathsicollalf e P B S

muscleassociatedells play a role during muscle regeneration.
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Skeletal muscle injury was induced dolle2:Gald; UAS:NTRmCherryadult fishusi ng 1&e M
Cardiotoxin or PBS injections and fish were fixed at 1, 3, &nd 14 dagypost injury (dpi). After fixation,
trunks were sectioned using a vibratome and counterstained with sytox green and phalloidwualy previ
Serial sections were imaged, and the éxtite injury was analyzed using ImadpgXalculatinghe area
that the injury covered. When comparing PB&] cardiotoxinnduced injuries, cardiotoxin trends towards
having larger injurieg most of he fish analyze(Figure 3.11) The fish that show similar amounts of injury
compared to the PBS injecteshfiare likely due to a lack of consistency in the injection procedure. Some fish
did not get the full amount of injection due to spillage ftheinjection site. Also, the fact that the data is not
significant could be due to a low number of fish analyzéds experiment. Howevehe recovery time after
injury appears to be similar in batbnditionssuggestinghat a similaregenerativeasponse imduced

Looking closely at the regenerative tinmeirse, at 1 dpi, the muscle fibres appear neuvitti the
injury aregFigure 3.12A and3.12F) By 3 dpi, the necrotic fibres have been cleared and the site of the injury
has become infilttad withmanycells, most of which appear to have small phalloidin stained tissue within
(Figure 3.12B and 3.2G). This suggests that these infiltrating cells are likely immuihetbekt have been
characterized in previous studies as being the first cells to respond to muscle injury. Progressing to 5 dpi,
numerousellsarestill present at the injured site, howewee appearance of smaller phalloidimuscle fibres
forming at theedge of the injured are@e now visiblgFigure 3.12C and 3.22H). These fibres continue to
appear between 5 and 7 dpi. At 7 dpi, the entire injured area has been filled with newlgteshemescle
fibres, which can be seen by their small sizecanthlly located nuclei (Not seen in all new figréSgure
3.12D and 3.221). These new fibres continue to grow in size from 7 to 1{4~tpire 3.12E and 3.22J). In
conclusionPBS and carditoxin induce muscle injugnd shovsimilar regenerative respossegardless of

which is used.
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Sincethe injuryexperiment was done aolla2:Gal4; UAS:NTRnCherryzebrafish] assessetthe
responsand contribution ofollaZ muscleassociatededls to the induced injury. Aéachtime point
mCherry cells could be seen at the site of injury. At 1 dpi, the mCheelg appear to be more ramified at
the injured site compared to a Finjured aregFigure 3.12A and 3.12F)This indicated that theells may
have been activated by the injury. At 3 dpi, several mCheeltg are present within the injury Sifégure
3.12B and 3.12G)At 5 dpi, the mCherfycells are still preseandthe rew muscle fibres that have appeared
near the edge of the umgd tissue are also mChérrguggesting that they have been generated from
previouslycollaZ cells (Figure 3.12C and 3.12H)At 7 dpi, when the entire injured site has been covered
by new muscle fibres, all of the nenusclefibres are mCheriy(Figure 3.12D and 3.12l) However,
between 7 and 14 dpi, the mCherry signal withimtlnsclefibres dissipates, suggesting that ¢bda2
muscleassociated cells aret likely contributing to the growth of the fibr¢Bigure 3.12E and3.12J)
Together, my redts suggest thatol1aZ muscleassociated cells are involved in the regenerative response

and contribute to new muscle fibres formation.
3.8: Ablation of colla2 muscleassociatedcellscompromiseefficient muscle

regeneration

SincecollaZ muscleassoatedcellscontribute to muscleegeneratiorfFigure 3.12AJ), the loss
of this population would likely have affecton how the skeletal muscle regenerates. To test this hypothesis,
| performed genetic ablation obllaZ cells. Due to the mCherry repertin colla2:Gal4; UAS:NTR
mCherryzebrafishbeing fused to nitroreductase (NTR), metronidag@@l€Z) can be converted into a
cytotoxic moleculén the presence of NTFSince theNTR-mCherry is exclusively expressedcinila2
cdls, allcollaZ cells wil be ablated durinifpe time oMTZ incubation This allows for the selective ablation
of collaZ cells in adult zebrafisttolla2:Gal4; UAS:NTRnCherryzebrafish were incubated in system

water(control) or system water containiBgnM metronidazoléablated)in the dark for 72 houis = 9 fish
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per condition). Zebrafish were fed every day before changing to a fresh solution. After incubation in
metronidazole, zebrafish were left for 48 hours before 5 fish in eachaairitnel or ablategroupswere
injected with 15 L 1 €M Cardiotoxin intramuscetl
water to recover for 7 days, at which point they were fixed in 4% PFA + 1% DMSOdpherépoint was
chosen because the entire injueeda shuld be repopulated by small, regenerated muscle fibres. After
fixation, the adult zebrafish were decalcified, put into gelatin blecksd vi br at ome secti or
slices. Sections within the injured region of the fish were then staimehftaidin and sytox green for several
days before confocal microscogplation did not appear to cause any phenotypes aside from the loss of the
red coloration due to high levels of mCherry in the skin of these fish.

Following microscopyablation of dlcolla2 muscleassociated cells was successful (absence of
mCherry) Each section wasirtheraralyzed using ImageJ software to deterrtiieamount of regeneration
that had occurred. For this, both the total injured area and the area of phaliaistite fibre within the
injury were measuregFigure 3.13) By dividing the total phalloidinarea within the injury by thietal area
of the injury site, aneasurement for the proportion of muscle fibre coverage was ctemtbdvalue was
then normalied to the umijured control fish to assess the amount of regeneration that had odeurred.
uninjured zebrafish, the area measured was the entire lower right quadrant of th@-ggpato®.138 and
3.13). Compared taninjured conditiong;ardiotoxinrinduced injuncan recover ~89% in the presence of
collaZ cells Figure 3.13E) However, after ablation @bllaZ cells, the muscle is only able to recover
~70% of the lost muscle fibres, suggesting a reduced ability to regeinézastingly we do still see many
small muscle fibres within the injured tissue suggestingth&a2 cells are nothe only population that is

required for the formation of new muscle fibres.
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3.9: Discussion

3.9.1: Summary

In this chaptergolla2is shown to be expressed in many diffégreell types Of these cell types,
tenocytes,colla2 dermomyotomdike cells, andcolla2 intramuscular cellsfall under the
category of musclassociated celld. also show thatolla2 intramuscular cells increase in
numbers as the zebrafish grows. Whie identity ofcolla2 intramuscular cells is still not
confirmed, it islikely that they constituta heterogenous population. As well, a new mankét,

is identified as marking a small population of intramuscular cells. The expressioia?is also

shown to be high in embryonic and juvenile zebrafish but is low at adult staifes? muscle

assaiated cells are also shown to be present during muscle regeneration and contribute to new

muscle fibre formation. Finally, | show that there is a defie the regenerative response when
colla? cells are ablated before cardiotoximiuced injury(regenemation model presented in

Figure 3.14)

3.9.2colla2labels a heterogeneous population of cells in adult zebrafish

As shown in this chaptgrolla2canbe used to label many adult structures including the bone, skin,
scales, myotendinous junctions, ancamuscular cellsand dermomyotordée cellsthroughout the trunk
of the zebrafish. Of interest to our lab, aredbi@a? intramuscular cellshecolla2” dermomyotoméike
cells, and the tenocytes because theglasely associated with muscle fibrEsr collaZ intramuscular
cells,an increase in numbers is seeming the juvenile to adult growth phase of zebrafish development.
However,theraet whi ch they i ncrease doesndt appear
in the intamuscular cells per fibre can be seen, but the muscle fibredl amersasing in size. This result
suggests one of two things may be occurring. fiestpl1laZ intramuscular cells could be halting or slowing

their proliferation during a time in which the muscle fibres are actively going through hypeiSepbryd,
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thecollaZ intramuscular cellsould be growing at the same réatgtthe rate of muse fibre hypertrophis
much greater between these staglese experiments to determine the proliferatiarotfaZ intramuscular
cellswill be needed to further claaterize this.

In terms of the identity @fol1a2 intramuscular cells, it is uncleas to whether thergpreserdlready
known populations of musesssociated cells. Due to the inabilityabel adult inemuscular cells with in
situhybridization, the identity of theseriaiuscular cellsemainsginknown. Based on thiata showing that
pax7bp d g &ndvifl are expressed in adult zebrafish intramuscular, téipossiblehatmany of these
overlap with thecol1la2 intramusculacell population Duringjuvenile stagegax7h a known marker of
embryoniamuscle progenitors irebraish, is shown to labshtellitelike cellswithin the slow twitch region
of the muscleHowever, irpax7b:GalFF; UAS:EGFRdult zebrafish, expressiongaix7his not seenThis
prevents us from making asglid conclusions about aduibl1a2 intramusculacells However, antibody
staining on adult zebrafish cryosections shows the presence of Pax7 staining vathusautia cells,
mostly within the slow twitch muscle fibre regi@@erberoglu et al., 20175ince many of theollaZ
intramuscular cellglso reside irthe slow twitch musde fibre region, it is possible that thesellaZ
intramuscular cellare Pax7 expressirgptellitelike cells Further characteriian will be needed to
determine itolla2 intramuscular cells are Pax7

FAPs are widely known to be marked by PdgfrC
for skeletal muscle regeneration and have been shown to be fibrogenic under celitaingidoe et al.,
2010; Mathew et al., 2011; Murphy et al., 2011; Ueziral., 2010, 2011)n zebrafish, FAPs have yet to
be identified. Baseoh previous literature in mouseggesting that FAPs are ECM produgitig likely that
collaZ intrarruscular celidabel the FAP population in zebrafish. Even though the traiedjes forp d g f r U
does not label imuscular cells, another marker faneling FAPsn zebrafisimay be requiredn mouse,

P d g & aldoexpresseth FAPs, but at much lowére v e | s ¢ o mpdezumickt att, 2010pd g f r U
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p d g:GaiFB; UAS.NTRmCherryadult zebrafishsomeintramuscular celll on 6t appear t o
associatedDue to the GalFF/UAS systemitg able to amplify reporter expression, it is possible that
zebrafish FAPs may become labeled if they expidgib at a low levelHowever, the use of d g6 labbl
FAPs would not be ideal as thed g:GatFB; UAS:NTRmMCherryzebrafish mostly label pericytésurther
characterization will be needed to deternifiped g dr dJg label flhe FAP population irebraish

wifl is a novel marker of musedsssociated cells, which has never been implicated in previous
studies. In tis study,wif1* cells are shown to be a potential subpopulatiarolifa? intramuscular cells
While the number ofvifl:Gal4; UAS:NTRmCherly zebrafishexamined is low, the cells that expresd
are associated with the region of scattered intermediate muscléiirdzaamsdonk et al., 1982)lso,
several fibres in thiscattered intermediate muscle filgion are mChertguring juvenile stages implying
that they are either expressinifil or generated bwif1" intramuscular cefl Regardless of the mechanism
by whichwifl labds intermediate fibreghe presence ofifl expression implicasWnt signalingin the
maintenance of fanation of muscle fibres in zebrafistifl is a secreted factor that binds to Wnt ligands and
prevents their activity. Specificall yatennhas t he s
been implicated in the activation and proliferatibeatellite cells, which is essential foe early regenerative
respons¢Rudolf et al., 2016)Noncanonical Wnt/PCP signaling has also been implicated in the expansion
of the satellite cell populatighe Grand et al., 2009)on-canonical Wnt/PCP signaligjalso implicated in
the process of muscle fiinigpertrophy(Cheng et al., 2018pincewifl is an inhibitor of Wnt signaling, it is
possible thevifl expressing cells play an important role in regulating thesespescin zebrafish. Further
studies orwif1" intramuscular cells will be needed to determine a function during muscle development,
homeostasis, and repair. Their association with intermexdigtelefibres will also be an interesting avenue

to follow aswif1* intramuscular cells might be muscle progenitors for intermediate muscle fibres specifically
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This type of specific contributidmas only been shown previously fieist2” muscle progenitord.iu et al.,

2017a) To confirm this possibility, lineageacing of adultvif1* intramuscular cells edd be done.

3.9.3 Expression dynamics ofcolla2during zebrafish growth and development
Unlike colla2:Gal4; UAS:NTRnCherrytransgenizebrafishcolla2:GFPdoes not label many of
the intamuscular cells. The reason for the phenomenon is likely due G&aH/UAS system causing
amplification of lowlevel expression. Therefore, the levetalfla2expression within imbmuscular cells is
likely lower than thdevels in tenocytes, dermis, scales, and {asseciated cell3he idea thatollazis
expressedt low levels in immuscular cells also has implications for the attempts to do in situ hybridization
on adult zebrafish. Since the expressiototfaZis likely low and attempts to do in situ hybridization were
done on secti@(vibratomesectionsandcryosectiony it is possible that all transcripts are being slightly
degraded during the in situ hybridization procedure. Normally, if a gene is exptésgletesels, this would
not be an issue and staining would likely still be possible. For loygessed genes, this slight level of
degradation could remove all transcrptking it impossible to detdbie transcriptdt is therefore necessary
that future experiments include highly expressed genes to confirm that the in situ protocol is Ruattikigg.
the colla2:GFP transgenic expressidingether with the in situ hybridization results suggests that the
expression ofolla2is highest during embryonic and juvenile stages. During these stages, the zebrafish is
undergoing rapid growth and likelyeds a lot of collagen to be deposited inglmving ECM. Once the
fish stops growing rapidly, it is possible that the collagen does not need to be deposited in the ECM as quickly.
In the rainbow trout, a much larger species of fish compared to zebeafestt, research has been
done to identify th process of forming the ECM in skeletal mugRilliere et al., 2018)n theirstudy, they
show that the presence of collagen is mostly within the skin and at the myotendinous junctiondtesurly on.
not until much later th&ollagen igdeposited in the space between musclesfilbiteeyare also able to see

staining of severalollagenexpressingntramuscular cells in adult stages through in situ hybridization. It is
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possible that due to the size of the rainbow trout, it requires more collagen to be produceddoguisetrdr

cells beause a lot more collagenneeded to beeposited. An average zebrafish can grow up to 5 cm in
length and can live for approximately 5 years in ideal conditions. A rainbow trout on the other hand, can grow
to be 12@&m in size and has a lifespan of agprately 11 years. Therefore, the averagavr rateappears

to be much faster in the rainbow trout than the zebrafish because it grows to be about 24 time larger in only
twice the lifespanThis difference in growth rate could have implications for theust of collagen that is

needed to be proded. Further research into the deposition of-tygmlagen should be conducted in the
zebrafish to determine when collagen is deposited between muscle fibres, as was done for the rainbow trout.

3.9.4:collaZ cells are important for skeletal muscle repair

During skeletal muscle regeneration, many different mess$®ciated populations are
important for orchestrating the regenerative response. Through cardiotdxoed muscle injury
experimentscolla2 musle-associated cells appear to play a crucial role in the regenerative
response. Early characterizatiomplicated adultcollaZ dermomyotomedike cells in the
formation of muscle fibres at the surface and near the myotendinous jsredgesting that éy
are myogenicWhether or notolla2 intramuscular cellsr tenocytes participated in myogenesis
was still up for debate. After conducting injury experiments, it beaantent thatolla2 cells
are involved in muscle regeneration. Early in the regenerssponsesomecolla2 cellswithin
the injured areahow a ramified morphology suggesting activation. This ramified morphology
closely resembles the FAP population, which have been shown to do the same in mouse following
cardiotoxin injury(Uezumi et al., 2010} ater, at 5 dpi, mCherfynuscle fibres begin to populate
the injury site suggesting that the new fibres that are being formed came directlyoldaf
cells. Whether these aoella2 dermomyotomdike cels or colla2 intramuscular cellss not
currenty known. Based on the data presented for lineage tracing ofcadlldt? cells, it is likely
that both are possible. In these experiments, veryctd®a? cells wereswitchedto mCherry
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expressing des. Since very few cells are originaligwitched) it can be assumed that all of the
mCherry cells within a cluster arineagerelated. Most of the large clusters of mChémmyuscle
fibres are found near the surface or myotendinous junctsunggestig that they could be
originating from thecolla2 dermomyotomeike cells.However, 1 week aftelswitchingdadult
colla2 muscleassociated cellshé onlymusclefibres that are slightly mCheriare deep within

the skeletal muscle and away from the neywolinous junctionsuggesting that its origimay be
from colla2 intramuscular cellsin order to confirm that bottol1a2” dermomyotomsike cells
andcolla? intramuscular cellgive rise to muscle fibres and contribute to muscle regeneration,

specificmarkes for each population will be needed.

The importance afollaZ cells during muscle regeneration is further exemplified by the defects seen
in the ablation experiment. By measuring the proportiphalfoidin° muscléibres within the injured regip
a significant reduction in the amount of muscle that is regenerated can be semsidaecells are ablated
before injury It is currently unclear as to which of the mussdsociated populations is responsible for the
loss of regenerative abilitiddowever, since theollaZ intramuscular cells anmbl1aZ dermomyotome
like cells are thought the be progenitor like, these two populations are likely involeeder to tease out
which populations are responsible foe defect; specific markers ket individual populations would be
needed. For tenocytes, we couldtnsedor scxaas markers, but the other two populations still need a marker
to be identifiedA single cell RNA sequencing experiment ondbiaZ population could be a means for
identfying these markerdnterestingly,colla2 cells have also been implicated in the regeneration of the
adult zebrafish hegBanchedranzo et al., 2018)n this stdly, the authors found thatl1la2 cels contribute
to a transient stage of fibrosis during regeneration. Similar to the study presented here, genetic ablation of
these cells compromises the hearts regenerative ability. This suggesid#iZatells maybe important for

the regeneration ohultipletissuesn addition taheskeletaimuscle andtheheart.
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While tenocytes have never been shown to make new muscle thilengsire still involved in the
process of muscle fibre attachment to the myotendinous jufstioramanian and Schilling, 201 this
case, hlation of the tenocyte population may still cause a defect in regeneration. However, the defect would
not be the lack of ndwregenerated fibresut the inability tattach to the myotendinous junction causing
disorganized muscle fibres throughout thiered site. In the current experiment, the defect seen is not
disorganized muscle fibres, but a reduced number of newledofiires making the attachment to the
myotendinous junctions not a likely cause to the phenotype. The fact that we still see\niones being
formed in ablated zebrafish suggests thatdti&a? populations are not the only populations that arebtepa
of making new muscle fibres in adult zebrafiSbing back to the single cell RNA sequencing experiment
proposal, it may be merinformative to analyze the entire muscle tissue éolba2:Gal4; UAS:NTR
mCherryzebrafish to then compare tt@laZ populations with other populations and potentially identify a
colla2 population thahasmuscle stem/progenitor cell characteristics

In conclusion, mangollaZ cells exist in the adult zebrafish includrwla2 dermomyotomdike
cells andcollaZ intrammuscular cells. These two populations have been identified as having myogenic
capabilitesand contribute to muscle fibre formation during homeostasis and regeneration. While the identity
of each of these populations has yet to be characterizearfyligsults suggeshat they play aivotal role

in maintaining muscle homeostasis
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Chapter 4. Using Lineage Tracing to Characterize the Origin and

Fate Potentials ofintramuscular Cells
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4.1: Introduction

Many disorders that are foutwlaffect children from birth axaten due to defects that occur during
development. It is therefore important to stueprocesses of developménitdetermindiow certain adult
cell types arise and which embryonic structures give rise to theselgal musclg, the developmental
origin of satellite celllave been shown to originate from the dermomyo{@ras et al., 2008nd pericytes
within skeletal muscle are likely originating from the sclerot{agiget etl., 2008) Howevernone ofthe
other musclassociated cell tygdnave a defined embryonic origimthe previous chapteiryvas showrthat
collaZ muscleassociatedellsare crucial for muscle homeostasis and repair. It is therefore of great interes
to determine what embryonic structures give riseltta2 intramuscular cellandcollaZ dermomyotome
like cells Since the muscle originates from embryonic somiteslikelg thatcolla2 muscleassociated
cellsalso originate from the somites. discussed previously, the embryonic somite can be divided into three
compartments, the dermomyotome, sclerotome, and mydfortrace these specific compartments, | have
utilized Cremediatedlineage tracing techniquésy labeling the specific embryon@ompartments in
guestion.My results suggest a modilat intramuscular celloriginate from the dermomyotomech

sclerotomewhile dermomyotomdike cells originate fronthe dermomyotome
42: colla2 and nkx3.1 Gal4 transgenics label the dermomyotome and

sclerotome

In order to do lineage tracing of the embryonic somite compartments, markerdiffetbat
compartmentsnust be identifiedFrom previous studies in our lab, it was determinedttiih2labelsthe
dermomyotome and sclerotorderivedcells(Sharmaet al., 2019and thahkx3.llabelsthesclerotoméMa
et al., 2018)Confocal microscopy on transverse sectiooslita2:Gal4; UAS:NTRnCherryzebrafish fixed
at 72hours post fertilizationhpf) showed spdiic expression oimCherryin the dermomyotome and

sclerotomederived c#s surrounding the notochord and spinal ¢eidure 4.1A and 4.1B)nkx3.1:Gal4;
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UAS:NTRmCherryzebrafish at 48 hpghow no labeling ofhe dermomyotome, howevér,does lael
sclerotomederived cd (Figure 4.1C and 4.1D)Using these twéal4 lineswe cardrive Creexpresmsn

in the sclerotome and dermomyotome compartments.
4 3. Lineage tracingwith a colla2driver

As discusseth chapter 3¢olla2:Gal4 UAS:CreERT2; UiSwitchtransgenizebrafishwere used
to Gwitchband permanently labebl1aZ cells during embryonic developméhigure 4.2A). As mentioned
previously, tamoxifen is used to control the timing of Cre activity by translocating it to the nucleus. Here,
colla2:Gal4; UAS:CreERTZ2; Ubi:Switctebrafish were incubated in tamoxifen foraits at 72 hpf. This
treatment causes tid@vitchingdof dermomyotome and sclerotome derived cells from expressing GFP to
mCherry. To determine the adult structures thatehmamyotome and sclerotome contributéseitched
zebrafishwere allowed timé¢o grow andwerefixed at 4 wpf andL ypf. At 4 wpf, many structures are
mCherry including the bony parts of the spine, skin, muscle fibragmoscular cellsmyotendinous
junctions,dermomyotore-ike cells,and components of the fi{fSigure 4.2Band 4.2C) Allowing further
growth to 1 year shows the same structures being labeled as in 4 wpf, but with more muscle fibres being
mCherry (Figure 4.2D and 4.2E) Interestinglythe mCherrymuscle fibres appear to be segregated by the
myotendinous junctions implying that the dermomyotome cells are compartmentally reStnietetbre,
the amount of red fibres that can be seen within a single compartment is dependent omtiué amascle
progenitors that were originaligwitchedfor that compartment. Another interesting finding is dfiadf the
muscle fibres that are mChérat the 1 ypf timepoirdre also GFPsuggesting that cell fusion is the primary
mechanism of conbution. In conclusiondermomyotomdike cells intramuscular cells, and tenocyses
likely originating from theembryonicdermomyotomend sclerotome.

To confirm this tracing, | used a second reporterdini@a2:Gal4; UAS:CreERTZ2; Ubi:Zebrabow

to show the lineage potential of the dermomyotome and sclerottraebi:Zebrabowdiffers from
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